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FOREWORD

Navid S. Fatemi
Essential Research, inc.
NASA Lewis Research Center

The Fourteenth Space Photovoltaic Research and Technology (SPRAT XIV) Conference was
held October 24-26, 1995 at the NASA Lewis Research Center, bringing together representatives of the
space photovoltaic community from the U.S. , Europe, and Japan. In attendance were about 100
scientists, engineers, program managers, and others representing 21 commercial corporations, 7
government agencies, and 9 universities.

The latest results of research and development activities, commercialization plans, and flight data
on photovoltaic power generation for space were presented at the meeting. During the course of the
meeting, it became apparent that PV power generation needs of the near future will rest more with the
commercial sector in general and the communication satellite industry in particular, than with the
traditionally government-funded missions. This was indeed good news for the space PV community.

In addition, it was clear that advanced solar cell technologies such as GaAs on Ge, InP on Si or Ge,
and multibandgap cells are rapidly gaining acceptance and utilization as viable cost-effective alternatives to
the conventional Si technology. This fact gave more urgency to the discussions held by the attendees at
the conference workshops dedicated to multibandgap cells, radiation resistance issues, characterization
and testing of new cell types, and solar power satellites.

As with its predecessors, the invited papers, the contributed papers, and the summary of the
workshops presented in this volume make it one of the most up-to-date compendia of space solar cell and
array literature available anywhere.

In conclusion, | would like to thank all those who helped organize and run the conference. They
are: publications chair, Geoffrey Landis; logistics chair, George Rybicki; social events chair, Karen Wester;
secretarial and registration, Jenise Veris, Brunilda Quifiones, and Pat Wielinski; and finally Dennis Flood
for his mentorship. .




The Irving Weinberg Award

The fourteenth Space Photovoltaic Research and Technology executive committee has established the
Irving Weinberg Award, in memory of Dr. Irving Weinberg, a leading contributor to the field of space
photovoltaic research and development for most of his professional career. This award is to be given at
every SPRAT meeting to persons who have made significant contributions to the field of space
photovoltaics. This award is meant to be inclusive of all aspects of space photovoltaic research and
technology, from fundamental investigations of semiconductor materials, to device improvements, and
finally to innovations in hardware for actual mission applications. The recipient of the first Irving Weinberg
award is Professor Chandra Goradia.

Professor Chandra Goradia

Professor Goradia received his M.Sc. degree in physics from the University of Bombay, India, in 1962. He
then received his M.E.E. and Ph.D. degrees in electrical engineering from the University of Oklahoma,
Norman, Oklahoma, in 1964 and 1967 respectively. Since 1967, he has been a faculty member in the
Electrical Engineering Department of the Cleveland State University, where he has been a full professor

since 1981.

Professor Goradia has conducted solar cell research since 1974. For the first five years, his research was
concentrated on theoretical modeling, experimental fabrication and performance evaluation of the Vertical
Multijunction silicon solar cells. Subsequently, inspired by and in collaboration with Dr. Irving Weinberg, he
worked on the theoretical optimal design and performance prediction of a variety of space and terrestrial
solar cells of different materials and geometries. These included the single- and double-connected silicon
Tandem Junction Cell (TJC), high base resistivity conventional silicon nip cells, space GaAs concentrator
cells, CulnSe, and CdTe thin film terrestrial cells, and InP space solar cells.

In 1988, professor Chandra Goradia established, jointly with his research colleague and wife, professor
Manju Ghalla-Goradia, the NASA Lewis-funded Space Photovoltaic Research Center (SPRC) within the
Electrical Engineering Department at Cleveland State University. They have been the co-directors of the

SPRC since its inception.

Professor Goradia has published quite widely in the semiconductors and solar cells area and is the
principal author or joint author of over seventy-five publications in journais and conference proceedings.
Professor Goradia is also a Senior Member of the Institute of Electrical and Electronics Engineers (IEEE).



Planetary and Deep Space Requirements for Photovoltaic Solar Arrays’

C. P. Bankston, R. B. Bennett, and P. M. Stella
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, CA 91109

INTRODUCTION

In the past 25 years, the majority of interplanetary spacecraft have been powered by nuclear
sources. However, as the emphasis on smaller, low cost missions gains momentum, more deep
space missions now being planned have baselined photovoltaic solar arrays due to the low power
requirements (usually significantly less than 100 W) needed for engineering and science
payloads. This will present challenges to the solar array builders, inasmuch as planetary
requirements usually differ from earth orbital requirements. In addition, these requirements often
differ greatly, depending on the specific mission; for example, inner planets vs. outer planets,
orbiters vs. flybys, spacecraft vs. landers, and so on. Also, the likelihood of electric propulsion
missions will influence the requirements placed on solar array developers.

This paper will discuss representative requirements for a range of planetary and deep space
science missions now in the planning stages. We have divided the requirements into three
categories: Inner planets and the sun; outer planets (greater than 3 AU); and Mars, cometary,
and asteroid landers and probes. Requirements for Mercury and Ganymede landers will be
covered in the Inner and Outer Planets sections with their respective orbiters. We will also discuss
special requirements associated with solar electric propulsion (SEP). New technology
developments will be needed to meet the demanding environments presented by these future
applications as many of the technologies envisioned have not yet been demonstrated. In
addition, new technologies that will be needed reside not only in the photovoltaic solar array, but
also in other spacecraft systems that are key to operating the spacecraft reliably with the
photovoltaics.

GENERAL CONSIDERATIONS

Planetary and deep space scientific exploration is faced with the same programmatic requirements
common to virtually all space programs in the 1990’s, and beyond. These programs will face
tightly constrained budgets that are often near $100 million for the design, fabrication and
integration of the spacecraft. Launch services costs must be kept to a minimum. Tight funding
requires the payload system developer to produce mission hardware that is mass and volume
efficient. The more capability which can be packaged in a small, light weight system the smaller
and less expensive the launch vehicle that is required to boost it. Spacecraft and payload
development cycles will frequently be only 2-3 years. This will demand that proven or accepted
designs and technologies must be ready for implementation once project start is approved, since
critical design reviews may be schedtiled within three months of project start. -

Accordingly, overlaying requirements associated with low mass, low cost systems will always be in
place as part of the system trade-offs. This means that compact packaging and lowmass =~ =~
structures conforming to launch vehicle restraints will be needed. In general, the highest
efficiency cell technologies consistent with the cost constraints will be sought as planetary and
deep space missions are usually power limited. Finally, short cycle times also require that

! The work described in this paper was performed by the Jet Propulsion Laboratory, California Institute of
Technology, under contract with the National Aeronautics and Space Administration.
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constituent components are readily available for rapid assembly and that vendor source
agreements are in place. o

Finally, beyond direct power system considerations, there are a host of ancilliary spacecraft
technology considerations for the described mission concepts. Such considerations play a key
role in determining power system feasibility. Some of these considerations include fault tolerance
and reliability requirements, on-board autonomous operations capability, power-down cruise
capability, low-temperature tolerances and thermal control constraints, and power storage
requirements and capabilities for off-sun events and pointing anomalies. While beyond the scope
of the photovoltaic solar array requirements addressed in this paper, such considerations and the
technologies needed to address them are enabling for application of photovoltaics in many of the
applications described here, especially for those missions beyond the orbit of Mars.

INNER PLANETS AND THE SUN

Several inner body explorations are under study at the Jet Propulsion Laboratory.

Missions being planned for exploration inside 1 AU include a Mercury lander and orbiter
combination, and a “solar probe” to investigate solar regions within one-half of a solar radius. A
mission to Venus is also under study, but has not identified exceptional technology demands that
are beyond the need for rapid, low cost implementation with the best performance, lowest mass,

and most compact packaging.

A mission to Mercury is now being planned for launch around 2010. It would consist of an orbiter
carrying a separate lander package. The orbiter design life is one year following orbit insertion,
while the lander will descend to the surface and would function for one Mercurian day (176 Earth
days). Orbiter and lander power needs are 210 W and 25 W respectively. For both orbiter and
lander, the thermal environments are extraordinary, where the solar flux at 0.4 AU is about 10¢
W/m2. On the surface the subsolar temperature is 700K, with a black body emission from the
surface of 530K. At night the lander temperature would drop to 90K. The high temperatures will
require welded solar array construction along with many new array materials. These must also be
capable of withstanding wide temperature swings in eclipse or the day/night cycle. Also, off-sun
pointing performance of the baselined GaAs solar arrays will be required and characterization of
the performance of the system at highly oblique angles (10°-25°) will be necessary. Solar radiation
levels will require the use of heavy shielding. Note that a solar electric propulsion option is being
considered for this mission; the advantages of such an approach are described in the SEP
discussion below.

The solar probe mission (Figure 1) has the goal of making in situ measurements as far into the
solar atmosphere (solar corona) as possible. lts perihelion is 4 solar radii where the spacecraft
would be exposed to 3000 suns solar flux at 0.3 AU. For a solar powered mission, two solar arrays
may be required. A large, low mass array would be required from launch outward to 5.2 AU,
inasmuch as the spacecraft requires a gravity assist at Jupiter to place it on the desired trajectory.
This array would also be utilized on the cruise inward to about 0.7 AU. The area of the large solar
array will be determined by the requifement to provide 60 W at 5.2 AU for spacecraft survival. This
array must perform under low intensity, low temperature conditions, and will be gimbaled to
provide pointing capability on and off sun as the spacecraft moves away and then retums. Low
mass designs will be required, with flexible fold out panels. An inflatable structure is presently the
baselined concept. This array would be jettisoned at about 0.7 AU (or at 400K) in favor of a
second smaller panel for the region 0.7-0.3 AU. This would be a rigid panel with welded cells for
survivability. This array will also require pointing off-sun as it approaches the sun. It is possible that
the second array may not be necessary if the primary array can be feathered sufficiently and
controllably to keep temperatures within a safe range. The characteristics of cell performance at
highly oblique, yet high intensity, incident solar fluxes must be determined for the cells selected.



OUTER PLANETS

Very low-power missions to the outer solar system that have been studied include a Galilean
orbiter and Ganymede lander combination, and a flight to the Kuiper belt. Also, a much higher
powered mission to search for extra-solar planets is being considered that would perform its
investigations from up to 5 AU. While onboard power requirements would be moderate, the low
solar intensity will require very large array areas. For example, the solar intensity at 5 AU would be
only 54 W/m? and even if as much as 25 percent can be converted (a high value) to electrical
power, this would yield only 13.5 W/m?of array area. As a result, such missions will demand
extremely compact packaging and low mass structures to conform to launch vehicle constraints.
In tum, the large area, low mass designs will impact allowable spacecraft loads. Inflatable array
structures, with and without concentration, and multi-band gap cells will be considered if available.
In general, the highest efficiency cell technologies operable under low intensity, low temperature
conditions will be needed.

For the Galilean orbiter, the spacecraft power required is 50-100W at Jupiter, equivalent to at least
2500 W at 1 AU. If radiation damage, either from solar flares, or trapped radiation in the Jovian
belts is included, the 1 AU power level equivalent may be on the order of 4 KW. These arrays will
require both early cruise off-sun pointing and reliable performance under low intensity, low light
(LILT) conditions. The Ganymede lander will require only a few watts, but must operate in the
average temperature range 150-170 K under the extreme low light and high radiation (100 kRad
qualification level) conditions near Jupiter. The low light conditions would require stowage of an
exceptionally large solar array in comparison to the lander. Furthermore, the difficulty in providing
energy storage and thermal control under such conditions may make a radioisotope source
necessary for the lander.

A “Kuiper Express” (Figure 2) is being studied to conduct reconnaissance of the primitive objects
of the Kuiper Belt. Launch would take place after 2000 with a ten year cruise phase. Mission
options include fly bys of Mars, an asteroid, Uranus, and Neptune in route. Solar electric
propulsion via 6-2.5kW ion engines would be used out to 3 AU, with solar power continuing to
provide at least 10 W out to 50 AU. An inflatable, “mini-dome” fresnel concentrator array has been
baselined to meet the challenging power requirement in the low light conditions, while meeting
packaging and mass constraints. Thus, significant technology challenges remain before these
mission requirements can be met.

Finally, the search for extra solar planets with a spacecraft (Figure 3) at 5 AU has the goal of
identifying the presence of planets within 10 parsecs. The spacecraft, a large aperture
interferometric telescope, would require about 600W generated from varying sun angles under
LILT conditions. Launch mass constraints dictate a solar array performace target of >200W/kg at 1
AU. The plan is for 2 single axis, articulated arrays for this special application. Inflatable array
technology is presently baselined.

MARS, COMETARY, AND ASTEROID LANDERS AND PROBES

Most sfudies of other landers and probes usually focus on the Mars environment, since that
planet is is the one for which a series of landers and probes are planned well into the next century.
Energy management on the Martian surface will be affected by the weather, latitude, and
temperature swings during the day/night cycle. On the other hand, conditions on a comet or
asteroid may provide different challenges. The surface density and composition of a comet are
unknown to the extent that a probe could encounter rock, “sand”, or ice..

The environment encountered by Mars landers depends significantly upon the latitude of the

landing and weather conditions, particularly the likelihood of dust storms. Power levels vary from
as low as milliwatts in a quiescent mode to near 1 watt for brief periods for a so-called
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microlander/penetrator, up to 100 watts for more complex rovers or other science packages.
Surface temperatures will likely range between 150K (night time at 70" south latitude) to 300K in
the day time. Low mass, highly compact packaging will be essential for these systems. In
addition, the probe may experience landing conditions ranging from a soft landing to shock
loadings up to 10,000 g's for the case of a penetrator afterbody. These conditions might also be
common to asteroid landings.

Surface weather conditions on Mars are of special concern due to the possibility of blowing dust.

- This will affect solar array performance either through obscuration of the sun or deposition of dust
on the surface of the array. Optical depths of 3.6 have been measured by the Viking | lander and
up to 6 are possible in low to middle latitudes, thus reducing the solar flux by as much as 85
percent. The Mars Pathfinder/Rover mission will carry a small experiment, supplied by NASA's
Lewis Research Center, to determine the effects of dust on solar cells in the Martian environment

at Ares Vallis(19°N, 32°'W).

The use of solar arrays for a cometary lander (Figure 4) would present additional problems. A
proposed lander for the Rosetta mission to the comet “Wirtanen™ would require 1-10 W of power
at about 3.25 AU. The surface temperatures are expected to be 130-150K with power
requirements being sized to recharge batteries during a 15 hour rotation cycle. A comet lander
system powered by a solar array may require that that rendezvous occur far enough from the sun
such that the comet is relatively inactive to minimize the effects of dust or other debris
contamination. Due to these issues, along with mass and volume constraints, no solar array
system has yet been baselined for a comet lander misssion.

SOLAR ELECTRIC PROPULSION

One of the more exciting applications for interplanetary photovoltaics is solar electric propulsion
(SEP). Combining high power lightweight solar arrays with efficient ion propulsion will provide a
multitude of benefits for future missions. For many missions the use of SEP will dramatically
reduce flight times to distant targets. For others, the use of SEP will allow for increases in the
spacecraft science mass. These benefits arise from the advantage of SEP in achieving high
spacecraft velocities with a minimum of mass. These advantages are well understood by mission
designers and the first New Millennium (NM) mission is planned to space qualify an SEP stage
suitable for a wide range of small spacecraft missions.

Unlike conventional Earth orbiting spacecraft, where high powered array systems are combined
with heavy battery storage systems, SEP stages will rely only on PV for propulsion, with no
allocation for thrusting during non-illuminated periods. As a result, the solar array can be a
significant fraction of the SEP mass and low mass array technology is directly applicable. SEP
arrays may also serve a dual purpose for outbound missions, for as the array power drops with
increasing solar distance, eventually being insufficient for propulsion stage operation, it is in most
cases more than sufficient to power a small spacecraft. In this manner a well designed mission
would utilize a single array for both propulsion and the spacecraft. This is the approach that will be
followed for the first New Millennium flight. For the NM flight test, it will be critical to verify that the
solar array is not degraded to any extent by metallic erosion products of the SEP thruster. Since
the thruster operates best at high voltages, the NM array will be operated at approximately 100 V
with down conversion used for the spacecraft (28 V) and up conversion used for the ion thruster
(1000 V). Due to inefficiencies in the conversion process and the high power level required for
the thruster, future efforts will attempt to design direct drive solar arrays that can operate at 1000 V
and directly feed the propulsion stage. At present, these voltage levels have not been
demonstrated with solar arrays and will be a formidable challenge. Concentrator solar arrays that
require fewer cells are the most likely choices for such systems.



EXAMPLE SEP BENEFITS

An example of the advantages attributable to the use of SEP is in the Mercury Orbiter/Lander
mission described previously. Optimum SEP trajectories, based on the performance of xenon ion
“NSTAR?” thrusters, with flight times between 600 and 880 days were developed. The spiral
trajectories have flight times equal to or less than those required for multiple Venus and Mercury
gravity assists. Launch opportunities exist approximately every four months. Various SEP system
mass reductions were examined including an “advanced SEP” design which incorporates “TAL”
(anode layer) thrusters.

Unlike the all chemical propulsion design, the maximum landed mass for an SEP-delivered system
occurs for lander deployment from low circular orbits. The reason is that the AV required to
circularize the orbit at Mercury is less than 10% of the total AV required for the mission (for the
chemical mission option, the maximum orbiter and lander masses are delivered for Mercury orbits
which are highly eccentric). In this case, the otbiter propellant savings associated with using a
high eccentricity orbit do not compensate for the higher lander propellant loads.

Assuming major improvements in high-I,,, high thrust, lightweight chemical propulsion, the
Mercury orbiter/lander mission is extremely challenging and requires the use of low mass
spacecraft systems. Advanced SEP offers the promise of significantly higher delivery masses and
shorter flight times compared with the all chemical option.

CURRENT SPACECRAFT DEVELOPMENTS

Several photovoltaic powered planetary missions are in development or will begin development in
fiscal year 1996. These include the Mars Pathfinder lander and rover mission, the Mars Global
Surveyor orbiting mission, the Mars 1998 orbiter and lander mission, the Near Earth Asteroid
Rendezvous (NEAR) mission, and the first New Millennium flight now planned for an asteroid and
cometary rendezvous. These missions utilize advances in solar array technology that have
emerged in recent years, especially the emergence of GaAs/Ge solar cells. The Applied Physics
Laboratory’s NEAR will be the first NASA planetary mission to launch with GaAs/Ge. The NEAR
array will provide 1800 W at 1 AU and 400 W at 2.2 AU on its trajectory to the asteroid Eros. In
addition, all of the planned Mars missions will utilize GaAs/Ge solar cells for the orbiter or lander, or
both, in order to achieve the desired energy balance, especially when packaging has limited
available surface area. This marks a clear transition to the acceptance of GaAs/Ge solar arrays for

planetary missions.

The Mars Global Surveyor orbiter, to be launched in November of 1996,employs 2-GaAs/Ge and

2-Si panels to provide 667 W of power. It will collect a variety of data on Mars surface and
atmospheric characteristics over a two year mission. Of particular note is the fact that the arrays will
be utilized for aerobraking to circularize the orbit following insertion. This has resulted in special
design considerations relating to thermal issues. The Mars Pathfinder Mission to be launched in
December of 1996 employs GaAs/Ge for cruise, lander and a 6-wheeled rover vehicles. This
mission is to be the first of a series of missions to place weather, seismological, and other
monitoring and scientific instruments on the Martian surface. The lander array will provide about
200 W on clear days and the rover array 16 W. For the Mars 1998 mission, now in the early phase
of development the baseline now includes GaAs/Ge on an orbiter (1440 W), GaAs/Ge on a lander
cruise anay (470 W) and Sl ona Iander array (1 440 W all powers are BOL)

The first New Mlllenmum ﬂlght plans to employ a llnear concentrator array, supplued by the Balhstxc
Missile Defense Organization in partnership with NASA Lewis Research Center, with -
GalnP/GaAs/Ge, 2-junction, muiti-bandgap solar cells. This mission will demonstrate solar electric
propulsion for the first time in a planetary exploration environment. The array will provide 2.6 kW at
1 AU (BOL) to an NSTAR xenon ion thruster system. Approximately 200 W will be used by the
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New Millennium spacecratft for engineering and science functions, The combined demonstration
of concentrator array, multi-bandgap cells, and solar electric propulsion will open a new era in
scientific exploration of deep space.

SUMMARY

We have provided a repesentative sampling of studies that provide a wide range of requirements
for the future use of photovoltaic solar arrays in planetary and deep space scientific missions.
These requirements represent major challenges for solar array technology developers. Inner
planet missions face special thermal and possibly high radiation environments. Missions that
would travel to more than 3 AU or beyond must perform under low intensity, low temperature
conditions, also with the possibility of high radiation environments. A completely different set of
requirements await solar arrays that must be landed on the surfaces of temrestrial planets or small
planetary bodies, where dust and atmospheres, in addition to possible wide temperature cycles
must be taken into account. Finally, requirements for low mass and compact packaging will require
innovative structures and deployment techniques, such as inflatable systems, in order to meet
launch vehicle constraints. Such concepts may also include innovative architectures like a
combined power and telecommunications system using a dployable concentrator/antenna. If
proven feasible, a “power antenna” system might enable a low power photovoltaic power source
to be used at greater distances from the sun while meeting high science telemetry data rates. The
realization of such innovative architectures will, of course, depend heavily on parallel advances in
other spacecraft technologies. Spacecraft pointing, attitude control, thermal control, and fault
tolerance requirements will be key drivers in the power system evolution to come.

Earth

Figure 1. Solar Probe Spacecraft Concept
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DEVELOPMENT OF ADVANCED SI AND GA AS SOLAR CELLS FOR INTERPLANETARY MISSIONS

G.Strobl", P.Uebele’, R.Kem', K.Roy’, C.Flores?, R.Campesato? C.Signorini®, K.Bogus®, P.Coz*

1ASE, Heilbronn Germany; ‘cISE spa, Milano ltaly; 3ESA/ESTEC, Noordwijk The Netherlands; ‘CRSC,
Roma Italy.

Abstract

The deep space and planetary exploration project have been acquiring more and more importance and
some of them are now well established both in ESA and NASA programs.

This paper presents the possibility to utilise both silicon and gallium arsenide solar cells as spacecraft
primary power source for missions far from the Sun, in order to overcome the drawbacks related to the
utilisation of radioisotope thermoelectric generators - such as cost, safety and social acceptance.

The development of solar cells for low illumination intensity and low temperature (LILT) applications is
carried out in Europe by ASE (Germany) and CISE (ltaly) in the frame of an ESA programme, aimed to
provide the photovoltaic generators for ROSETTA: the cometary material investigation mission scheduled
for launch in 2003. The LILT cells development and testing objectives are therefore focused on the
following requirements: insolation intensity as low as 0.03 Solar Constant, low temperature down to -150
C and solar flare proton environment.

At this stage of development, after the completion of the technology verification tests, it has been
demonstrated that suitable technologies are available for the qualification of both silicon and gallium
arsenide cells and both candidates have shown conversion efficiencies over 25 % at an illumination of
0.03 SC and a temperature of -150 C. In particular, when measured at those LILT conditions, the newly
developed “HI-ETA/NR-LILT" silicon solar cells have reached a conversion efficiency of 26.3 %, that is the
highest value ever measured on a single junction solar cell.

A large quantity of both “HI-ETA/NR-LILT *“ silicon and “GaAs/Ge-LILT” solar cells are presently under
fabrication and they will be submitted to a qualification test plan, including radiation exposure, in order to
verify their applicability with respect to the mission requirements. The availability of two valid options will
minimise the risk for the very ambitious scientific project.

The paper describes how the technical achievements have been possible with Si and GaAs LILT solar
cells (including a comparison between measured and modelled 1-V characteristics) and it presents the
technology verification tests results.

1. Introduction

In the last few years, both in Europe and in U.S.A., considerable resources have been dedicated to the
development of solar cells capable of good performances under low light intansity and low temperature
conditions. The effort is motivated by the increasing scientific interest in space missions far from the sun.
As a matter of fact, interplanetary explorations and cometary investigation projects are well established
both in ESA and NASA scientific programmes.

Although the spacecraft primary power source in deep space could be provided by the Radioisotope
Thermoelectric Generators (R.T.G.), the use of photovoltaic generators would be preferred because of a
number of factors, like cost, safety, social acceptance and, as far as European Missions are concerned,
non availability of R.T.G. technology in Europe.

The R.& D. programme “Solar cells for Low Intensity / Low Temperature (LILT) applications” was initiated
by ESA in 1991 with the general aim of supporting future interplanetary projects and with an initial target
for 0.1 Solar Constant (S.C.) and -100-C. LILT conditions. More recently, the LILT R.& D. programme has
been finalised to a specific mission: ROSETTA, the ESA project for cometary investigation, due for launch
in 2003. The ROSETTA baseline mission foresees 10 years lifetime and two options power requirements
at 5,8 A.U. 260W and 680W respectively. The LILT cell development programme objectives have been
consequently adapted to the ROSETTA LILT conditions, i.e. low intensity equivalent to 0.03 S.C. and
temperature down to -150 C.

The ESA LILT cell R&D. programme consists of the parallel developments of two different technologies,
silicon and gallium arsenide, and it is carried out by the co-operation of two European Companies: ASE,
taking over the leadership of the programme, the silicon cell development and the whole characterisation
work; CISE, executing the gallium arsenide development. Both the two technology developments have
been based on existing space proven cell structures, initially characterised at LILT conditions and then
modified in order to reduce the LILT degradation effects [2,3,4]. Subsequently, a technology verification
test programme has been accomplished on the newly developed Si and Ga As LILT cells and, finally, 150

samples are presently under manufacturing.
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2. Silicon solar cell development
2.1 HI-ETA/NR-LILT silicon solar cell

The interest in using silicon solar cells to power spacecrafts for interplanetary missions began over three
decades ago. Anyhow, severe fill factor degradation effects under LILT conditions, occurring on a
statistical basis and which could not be assessed from room temperature measurements, prevented
silicon solar celis to be used under these particular conditions so far [1].

With the newly developed HI-ETA/NR-LILT silicon solar cell, it has been demonstrated for the first time
that the detrimental effects of fill factor deterioration are suppressed, even more that the fill factor is
increasing at low temperature as expected from Shockley’s diode theory.

The HI-ETA/NR-LILT silicon solar cell structure, its LILT performance, fundamental LILT characterisation
and first results obtained during technology verification testing have already been presented in previous
papers [2,3,4]. Here a review of the main achievements will be given, recent results of electron irradiation
test with HI-ETA/NR-LILT solar cells will be presented and another inherent design feature of HI-ETA/NR-
LILT sotar cells, namely an integrated Zener diode (1ZD) for by-pass shunting will be discussed.

The HI-ETAMNR-LILT silicon solar cell has all the characteristic features of the standard HI-ETA
technology, such as 10 Qcm/CZ base material, n*/pp* structure, front and rear side oxide passivation, fine
grid line pattern defined by photolithography, double layer antireflection coating, Al rear side reflector and
space proven TiPdAg contact system. In addition, the HI-ETA/NR-LILT silicon solar cell has a non-
reflective front surface realised by inverted pyramids for a high current output, it is equipped both with a
planar structure including a p* - guard-ring channelstopper for eliminating edge channel currents and with
heavy n** - diffusion under the front contact grid for reducing diode loss currents caused by filamentary
paths under the front contact metal. By these measures a high efficiency is achieved and the diode loss
currents under LILT conditions are reduced resulting in no fill factor degradation.

Although the structure of the HI-ETA/NR-LILT silicon solar cell is more complicated than standard HI-ETA
cells, it can be fabricated in a standard HI-ETA silicon solar cell production line.

The illuminated |-V characteristics of bare HI-ETA/NR-LILT silicon solar cells as measured under an
insolation intensity of 0.11 SC and 0.037 SC in the temperature range of +25°C to - 150°C are displayed
in Figure 1. The measurements have been performed in a vacuum chamber with quartz window, where
the samples could be cooled by liquid nitrogen and the insolation intensity of the solar simulator could be
adjusted by a grey filter and the lamp current.

As can be realised from Figure 1, the current is decreasing at low temperature for both intensities due to
an increase of energy gap E; and a reduction in minority carrier lifetime t [2]. The voltage strongly
increases at low temperature due to a reduction of the diode saturation current J, which is varying with the
square of the intrinsic carrier density n, [5]. The most remarkable result is the fill factor behaviour at
extreme LILT conditions. Even for an insolation intensity of only 0.037 SC and temperatures as low as -
150°C with its very low photogenerated current there exists no fill factor degradation, since the diode loss
currents are reduced to very low levels. Instead the fill factor is increasing at low temperature following
Shockley’s diode theory due to a reduction of the thermal voitage U;=kT in the exponential function of the
diode equation [5].

The dark forward J-V characteristics of HI-ETA/NR-LILT and standard HI-ETA solar cells are displayed in
Figure 2 and 3 as measured for varying temperatures between +25°C and - 175°C and fitted with the
weli-known two diode model [2]. The two-diode model is consisting of two diodes in parallel with one
following ideal Shockley’s behaviour and the other taking into account recombination/generation currents
within the space charge depletion region. From Figure 2 and 3 it can be realised that in case of HI-
ETA/NR-LILT silicon solar cells the measured curves are very close to the theoretical ones, whereas for
standard HI-ETA solar cells there are strong deviations especially in the low current, low temperature
region. These deviations of measured dark J-V characteristics from modelled ones are responsible of the
fill factor deterioration of standard HI-ETA solar cells under LILT conditions and have already been
observed in previous work [6] (“flat spot” effect). .

2.2 Integrated Zener Diode (I7D)

From standard silicon space solar cells it is known that in reverse bias conditions, e.g. in partially
shadowed arrays, the solar cell may fail due to a non-reversible localised break-through of the pn-junction
for voltages higher than 20V. This effect is well-known as the hot-spot phenomenon. Highly doped
junctions, however, such as the n*/p* (emitter/channelstopper) junction, exhibit a relatively large leakage
current under low reverse bias voltages: this results in the reversible Zener break-through of HI-ETA/NR-
LILT solar cells, displayed in Figure 4 as measured in dark and under AMO illumination for temperatures
varying from +25°C to -150°C. From the temperature behaviour of the Zener voltage U, which is in the
range of 6 - 8 V, it can be deduced that avalanche break through is the responsible mechanism. Thus the
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behaviour of HI-ETA/NR-LILT silicon solar cells in reverse bias is characterised by an integrated Zener
diode (1ZD) for by-pass shunting. The equivalent circuit can be inspected in Figure 5.

3. (Ga As solar cell development

3.1. LILT GaAs solar cell structure

The GaAs solar cells were grown utilizing a MOCVD system working at a very low pressure (20 mbar) in
order to improve the gas velocity and therefore the layer uniformity and to reduce the gas consumption.
The sources for Ga, As and Al are trimethylgallium, arsine and trimethylalluminium. The dopants are
silane and dimetylzinc. The basic structure of a GaAs LILT solar cell is illustrated in Figure 6.

The epitaxial GaAs layers can be grown on GaAs or on Ge substrates.

A GaAs LILT solar cell differs from a standard GaAs solar cell for these characteristics:

- very low doping level in the cell base

- high doping level in the cap layer

- antireflection coating deposition

- introduction of a i-layer into the junction

The impact of these items on the LILT performances will be explained in the following.

Low doping level in the base. The short circuit current of a solar cell decreases at low temperature
because of the energy gap increasing. The temperature coefficient of the short circuit current is affected
by the temperature behaviour of the hole diffusion length in the base region. As demonstrated [7], the
temperature behaviour of the diffusion length depends on the doping level, in particular at low doping level
the hole diffusion length increases as the temperature decreases. Therefore a doping level of 2x10'%cm™
was chosen for the base of LILT solar cells.

High doping level of the cap. The dominant mechanism for the ohmic conduction between GaAs and
metal depends on the doping level of the semiconductor. In general there are three mechanisms of
conduction: a) thermoionic emission (TE), b) thermoionic field emission (TFE), ¢} field emission (FE). The
first two mechanisms are temperature dependent and at low temperature present a high contact
resistance value. The FE mechanism is tunneling dominated and then temperature independent. In order
to obtain a good contact for a LILT solar cell it is recommended that the FE mechanism dominates, then a
high doping level of the cap layer is requested. For LILT solar cells a doping of 2x10"°cm™ was selected
for the cap layer.

ARC deposition. The antireflection coating deposition technique affects the dark currents. The electron
beam evaporation forces the tunneling and the generation-recombination currents to increase and lower
open circuit voltage and FF were measured at low temperature and low intensity conditions. For these
reasons, thermal evaporated coating (ZnS/MgF2) was used for preliminary samples. This double
antirefiection coating is optimal for a bare GaAs solar cell operating at low temperature because of its low
reflection in the UV part of the spectrum (in fact at low temperature the energy gap increases and shifts
the spectral response towards higher energies).

i-layer. The dark currents of a GaAs solar cell at low temperature are affected by the tunneling of carriers

through lmpunty states in the space charge region [2]. In order to limit the tunneling current, an undoped
i-layer was introduced into the junction. The spacer thickness was varied from 12 nm to 35 nm. The effect
of the thinner spacer was negligible because of the Zn diffusion during p-type layer growth. GaAs LILT
solar cells were characterized in low temperature, low intensity conditions. Table | reports the
performances in AMO, 0.11 - 0.03 suns and 25/-150 C for different GaAs samples with and without spacer
in the p-n junction. The cells with spacer have higher FF at low temperature and low intensity. Thus this
cell type is the most suitable one for LILT applications.

From Table I, it is possible to notice that GaAs/GaAs cells with 35 nm spacer exhibit very good LILT
performances, an efficiency of 25.4% was reached at -150 C, 0.11 suns and an efficiency of 24.7% was
reached at -150 C, 0.03 suns.

In order to understand the FF temperature behaviour and to estrapolate GaAs solar cells behaviour at
LILT conditions, dark measurements at low temperature are necessary.

The experimental dark I-V curves of different GaAs samples were recorded and fi tted using a triple diode
model developed by CISE [4 ]; the introduction of the i-layer lowers the tunneling saturation current of one
order of magnitude.
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3.2 _Compatison between GaAs/GaAs and GaAs/Ge LILT cells ..

Using the MOCVD technique it is possible to grow the GaAs epitaxial layers on GaAs or Ge substrates.
Basically there are no differences in the performances of a LILT GaAs cell grown on GaAs or Ge
substrate even if we expect for GaAs/Ge cells a conversion efficiency a little bit smaller than for the pure
GaAs cell. The main advantages of growing on Ge are:

- lower cell cost;

- higher mechanical strength;

- lower thickness with the possibility to decrease it down to 100 um;
- lightweight solar cells, as a consequence of low thickness.

The main difficulty to transfer the LILT structure on a Ge substrate is to obtain a passive GaAs/Ge solar
cell. The passivity means that the Ge substrate does present neither a heterojunction with GaAs nor a
diffused junction into Ge due to the different diffusion coefficient and solubility of Ga and As in the Ge.

In fact, as demostrated in [8], an active GaAs/Ge solar cell is not suitable for LILT application because of
the difference between temperature coefficients of Isc for the GaAs and the Ge junctions. Moreover an
active GaAs/Ge cell shows a knee in the |-V curve under sunlight because of the imperfect matching of
current between the two junctions. ' '

From LILT characterization it is possible to determine if a GaAs/Ge cell is active or passive by means of
the open circuit voltage temperature coefficient. In fact while for passive solar cells the Voc temperature
coefficient is equal to that of GaAs/GaAs cell (1.9-2.0 mV/C), for active GaAs/Ge solar cell the Voc
temperature coefficient exceeds 2.2 mV/C. The Ge contribution to the open circuit temperature coefficient,
in an active cell, is quite variable and depends on the dark mechanism that dominates the dark I-V curve
of the Ge junction.

The analysis of the voltage temperature coefficient is not a very precise method to decide if a cell is active
or passive. In fact, according to our experience, if the Ge extravoltage is in the range of 10-30 mV, the
temperature coefficient could be similar to that of a pure GaAs cell. For this category of cells the best way
to decide the existence of a Ge P/ junction is to measure the cell voltage under a solar simulator, at the
same current, using both a neutral filter and a short-wavelength pass filter.

Some high efficiency GaAs/Ge LILT solar cells were produced and measured. Table Il reports the low
temperature, fow intensity characteristics of a GaAs/Ge solar cells. The efficiency of this cell in standard
conditions was 20.9 %, AMO, the cell area is 2x4 cm2. At low temperature (-150 C), 0.11 suns, the
efficiency of this cell was 24.5 %. The passivity of the cell was verified by means of the open circuit
voltage temperature coefficient that was similar to that of GaAs/GaAs solar cells, and by means of filters.
Some dark |-V curves of GaAs/Ge solar cells have been recorded. Figure 7 shows a comparison between
dark I-V curves at room temperature and low temperature for GaAs/GaAs and GaAs/Ge solar cells. At
low voltages, a strong contribution of the dark current is shown in GaAs/Ge solar cells while it is not
noticeable in GaAs/GaAs solar cells. This contribution seems to be related to shunt paths across the
junction. The shunt paths can be induced by dislocations originating at the cell edge during the dicing saw
cutting process, while the GaAs cells are usually cleaved after scribing. A mesa etch before cell cutting
could be the best solution to this problem.

3.3 Correlation between room and low temperature measurements

The electrical characterization of illuminated parameters of GaAs solar cells in low temperature, low
intensity conditions, needs quite sophisticated apparatus to be made and it is time-consuming.

Then it is advisable to completely characterize only few samples under LILT conditions and identify a
correlation method between room temperature and LILT performances.

In fact it is possible to predict the behaviour at low temperature and low intensity of short circuit current
and open circuit voltage of a given sample, when the illuminated |-V performances and the dark curve at
room condition are known. ) o

In fact Isc is linearly depending on the solar intensity and the temperalure coefficient is well established.
From the dark curve it is possible to estimate the Voc at low intensity, and then applying the temperature
coefficient for the open circuit voltage it is possible to predict the low temperature behaviour.

The estimation of FF and efficienicy of the sample is much more complicated because the temperature
coefficient of the FF differs from one sample to another. In order to have a preliminary evaluation of the
LILT performances of a GaAs solar cell, the room temperature performances and the dark I-V curve at
300 K and 123 K are needed.

A computer code was developed that extrapolates the illuminated performances from the dark curves

measurements.
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Table il provides with a comparison between the LILT performances (directly measured under the solar
simulator) and the values extrapolated from the dark curves for a GaAs LILT sample.

4 Technology verification testing

In parallel with the cell technology development work a wide range of testing activities has been
performed with both 40 HI-ETA/NR-LILT and 40 GaAs-LILT solar cells and solar cell assemblies (SCA's)
including front interconnector adherence, rear interconnector adherence, extended storage simulation,
antireflection coating adherence, BOL performance and EOL performance measurements[4]. 1 MeV
electron irradiations with fluences ranging from 10"e/cm? to 10'°e”/ have been performed at the Inter-
faculty Reactor Institute of the Technical University in Delft/The Netherlands

In this paper the EOL performance data of HI-ETA/NR-LILT solar cell assemblies are presented in detail.
The front and rear side silver interconnectors have been welded by using the parallel gap welding process
and for glassing 100um thick CMX coverglasses have been used.. Before electron irradiation, the HI-
ETA/NR-LILT SCAs have been measured under low intensity illumination at room temperature,
subsequently the 1 MeV electron irradiation has been carried out at room temperature and after electron
iradiation the cells have been measured again under low intensity illumination at both room temperature
and low temperature. The degradation data for the different electron irradiation dosages have been
determined from different HI-ETA/NR-LILT SCAs of the same struciure and the absolute low temperature
EOL data of one SCA have been related with the absolute low temperature BOL data of another SCA in
order to calculate the relative degradation behaviour.

In Figures 8 to 11 the relative degradation data of HI-ETA/NR-LILT SCAs measured during this electron
irradiation experiment are displayed including absolute BOL values for open-circuit-voltage (Voc), short-
circuit-current density (Jsc), maximum power density (Pn,), fill factor (FF) as measured under an
insolation intensity of 0.11 AMO and temperatures ranging from +25°C to -175°C.

Five LILT Ga As solar cells (three GaAs/GaAs and two GaAs/Ge) were dressed with silver plated
molybdenum interconnectors and 150 um thick coverglasses and submitted to electron irradiation at Delft
University. The cells were measured at LILT conditions before and after iradiation.

The electrical tests, carried out after irradiation, showed some incongruities, probably because ot difficuit
measurement accuracy at very low intensities.

A new batch of Ga As samples has been submitted to electron irradiation and sent to Spasolab laboratory
(Madrid, Spain) for electrical performance testing: the discussion on Ga As solar cell radiation hardness at
LILT conditions shall be based on those measurement results, expected in November ‘95.

5. Conclusions and future work

The ESA R. & D. programme “Solar cells for Low Intensity / Low Temperature applications” is coming to a
conclusion: suitable technologies are available for the qualification of both silicon and gallium arsenide (on
germanium) LILT solar cells, according to the ROSETTA mission requirements.

The availability of two technologies will minimize the risk for the project.

With the newly developed HI-ETA/NR-LILT silicon solar cells it has been demonstrated for the first time
that the fill factor deterioration which prevented silicon solar cells to be used under these conditions so far
can be suppressed. In future work emphasis will be paid on raising the current especially at low
temperature operation.

The LILT GaAs solar cell structures were optimized both on GaAs and Ge substrates using a small scale
MOCVD Aixtron reactor.According to the experimental results, the highest efficiency can be obtained at
LILT conditions with GaAs solar cells grown on GaAs substrates. The GaAs/Ge structure seems to be
slightly affected by the lattice mismatch between the substrate and the grown layers.A test procedure was
proposed to predict the LILT behaviour of GaAs solar cells avoiding time-consuming and expensive low
temperature measurements.

100 HI-ETA/NR-LILT silicon solar cells and 50 LILT GaAs solar cells are being produced and will be ready
by December 1995; a dedicated test plan has been defined, including: LILT electron and proton
irradiation, 1-V measurements at high intensities, LILT electrical performance measurements on large
number of samples for statistical assessment.

Low temperature electron irradiation experiments have been set up, including in-situ electrical
measurements without any warming-up annealing and, on this purpose, dedicated test facilities have been
developed at the University of Paris.

The final part of the development and the additional work needed to achieve the qualification are expected
to be carried out in the frame of the ROSETTA project.
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TABLE I LILT performances of bare GaAs/GaAs solar cells

[sample: moc88b AMO performances Isc = 260.5 mA FF = .81
without spacer 1sun,25C Voc = 1037 mV Eff. =19.8 %
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TABLE ll: GaAs/Ge solar cell LILT characteristics

Sample: GaAs/Ge C85A2 with ARC
MO, 1 SC, 25C : I =264 mA V= 1079 mV FF

- _INSOLATION = 0.11SC

vm Im FF
[C] [mV] [mA] [mV] | [mA] [%] [mV/IC] | [UAIC]
25 975 28.8 826 26.5 0.78 18.6 - -
0 1023 28.5 865 26.3 0.78 19.3 -1.92 12.0
-50 1126 28.0 976 26.1 0.81 21.6 -2.06 10.0
-100 1223 27.7 1064 26.0 0.82 23.4 -1.94 6.0
-130 1278 26.9 1128 25.0 0.82 23.8 -1.83 26.7
150 | 1309 1141 | 253 | 0.82
-+ INSOLATION = 0.03 SC =
T Voc Isc vm Im FF
_[C] [mV] [mA] [mV] [mA] [%] [mV/C] | [uA/Cl
22 905 9.3 745 8.5 0.75 16.7 - -
0 953 9.1 803 8.3 0.77 17.6 -2.18 9.1
-50 1051 9.0 901 8.2 0.78 19.6 -1.98 2.0
-100 1145 8.9 982 8.2 0.79 21.3 -1.88 2.0
-130 1201 8.8 1042 8.1 0.80 22.3 -1.87 3.3
-150 1232 8.7 1065 8.0 0.80 22.5 -1.74 5.0
TABLE Il : Comparison of the predicted and measured values of a GaAs LILT solar cell
thizj'
T(K) V (mV) | Io(mA) Eff(%) | VodmV) | 1(mA) | ¢ Eff(%)
295 951 29.7 .76 17.6 954 29.7 .76 17.8
223 1110 28.8 .83 21.9 1107 28.8 .82 21.6
123 1300 27.8 .85 25.4 1306 27.8 .85 25.4
295
223 1042 85 .82 20.8 1042 85 .82 20.5
123 1251 8.1 .83 24.1 1255 8.1 .83 24.1

-16-




[HI-ETA/NR-LILT Silicon Solar Cell
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Figure 1: lluminated |-V characteristics of bare HI-ETA/NR-LILT silicon solar cells (3.78cm=6.19cm) as

measured under an insolation intensity of 0.11SC and 0.037SC in the temperature range of +25°C and -
150°C.
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Figure 2: Measured dark J-V characteristics of HI-ETA/NR-LILT silicon solar cell (3.78cm+6.19cm) as a
function of temperature with theoretical fit curves of double diode modelling.
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Figure 3: Measured dark J-V characteristics of standard HI-ETA silicon solar cell (3.78cm=6.19cm) as a

function of temperature with theoretical fit curves of double diode modelling.
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Figure 4; Dark reverse I-V characteristics of HI-ETA/NR-LILT silicon solar cells as measured in dark and
under AMO iflumination for temperatures varying between +25°C and -150°C.
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Figure 5: Equivalent circuit for |-V characteristics of HI-ETA/NR-LILT silicon solar cell with integrated
Zener diode (1ZD) for by-pass shunting.
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thick CMX coverglasses under LILT conditions after 1MeV electron irradiation at room temperature.
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Figure 9: Degradation of short-circuit-current density Joc of HI-ETA-NR/LIL SCAs (3.78cm=6.19cm) with
100um thick CMX coverglasses under LILT conditions after 1MeV electron irradiation at room temperature
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Naval Research Laboratory, Code 6615, Washington, DC 20375, and
Department of Physics, University of Maryland Baltimore County, Baltimore, MD 21228

INTRODUCTION

The Naval Research Laboratory (NRL) has been involved in the development of solar
cells for space applications since the 1960s. It quickly became apparent in this work that
radiation damage caused to solar cells by electrons and protons trapped by the earth’s magnetic
field would seriously degrade the power output of photovoltaic arrays in extended missions.
Techniques were therefore developed to harden the cells by shielding them with coverglass, etc.
Ultimately, however, there is a limit to such approaches, which is determined by the radiation
response of the semiconductor material employed. A desire for high efficiency and radiation
resistance led to the development of alternative cell technologies such as GaAs, which has since
become the technology of choice for many applications. InP cells are currently the most
radiation resistant, high efficiency, planar cells known.

NRL first sponsored InP solar cell technology in 1986, when Arizona State University
was contracted to grow p/n cells by liquid phase epitaxy. NRL's interest in InP cells was
generated by the results presented by Yamaguchi and his co-workers in the early 1980s on the
remarkable radiation resistance of cells grown by diffusion of S into Zn doped p-type InP
substrates. These cells also had beginning of life (BOL) efficiencies ~16%(AM0). Related to
the radiation resistance of the cells was the fact that radiation-induced damage could be optically
annealed by sunlight. Relatively large quantities of 1x2 cm2 diffused junction cells were made
and were used on the MUSES-A and the EXOS-D satellites. These cells were also available in the
U.S. through NIMCO, and were studied at NRL and elsewhere. Workers at NASA Lewis became
involved in research in InP cells about the same time as NRL.

SINGLE JUNCTION AND TANDEM CELLS GROWN ON InP SUBSTRATES

in 1987 a high level Navy sponsor became interested in InP cells, which led to a one
year contract from NRL to Spire Corporation in 1988-89. The goals of this program were to
produce large area (2x2 cm?) cells with BOL efficiencies >16%. The cells were to have space
qualified contacts and antireflective (AR) coatings and to show a radiation resistance better than
both single crystal GaAs and Si cells. The shallow homojunction technology which was developed
in this program enabled cells to be made with AMO efficiencies >19%. More than 300 cells
were eventually produced, many of which have been flown on space experiments such as PASP
PLUS on the APEX satellite. Thesé tests have confirmed the high radiation resistance of InP
cells. NRL has published widely on the radiation response of these cells and also on radiation-
induced defect levels detected by DLTS and other techniques.

During the late 1980s NRL began sending small amounts of funding to SERI (now NREL)
for the development of tandem junction cells made by epitaxially growing an InP top cell
(Eg~1.32 eV) on a lattice matched GalnAs bottom cell (Eg~0.73 eV). The cell was grown in both

3- and 2-terminal versions, with the latter requiring a connecting tunnel junction. This early
work led in 1991 to a three year contract with NREL with the goals of producing large area
(2x2 cm?2), 2-terminal cells with high BOL efficiencies and with EOL efficiencies greater than
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epitaxially grown, single junction InP cells. During the course of this program, several cells
with AMO efficiencies >22% were produced, but the funding ran out before the grid design and
the AR coatings could be fully optimized. It was thought that with such optimization efficiencies
close to 25% could have been readily achieved. In a 2-terminal tandem junction cell the
photocurrent of both subcells has to be matched. Although this can be achieved relatively easily
at BOL, superior radiation response for the cell requires that the current matching be
maintained as both subcells degrade individually. Research at NRL showed that current
matching in the subcells could be maintained to higher radiation levels by reducing the base
doping of the GalnAs cell below the initial levels used (~5x1017 ¢cm3). Data were taken in these
studies which will enable InP-GalnAs tandem cells to be grown in the future that can maintain
current matching under AMO light up to 1 MeV electron fluences >1016 cm-2.

Five 2x2 cm2 tandem cells were provided to the U.K. DRA for the STRV 1b solar cell
experiment and two of these cells were incorporated on the satellite. These were the only 2-
terminal, tandem cells on the STRV experiment.

DEVELOPMENT OF CELLS GROWN ON Si and Ge SUBSTRATES

Both the single junction and the tandem junction cell development were very successful
as research programs. However, it was realised that the high cost and relative brittleness of
InP wafers meant that if inP cell technology were to become a viable space power source, the
superior radiation resistance of InP would have to be combined with a cheaper and more robust
substrate. The main technical challenge to this approach was to overcome the effect of the
dislocations produced by the lattice mismatch at the interface of the two materials. Building on
the success of the initial program, NRL secured funding from ONR to support a Phase 1 and 2
effort at Spire to produce InP on Si cells. The goals of this program were to produce cells as
large as 2x4 cm?2 with high BOL efficiencies and with EOL efficiencies comparable to InP
homoepitaxial cells. Both cell polarities were investigated and several schemes for alleviating
the ~8% lattice mismatch between InP and Si have been tried, including the use of GalnAs and
GalnP grading layers. The best efficiencies to date (~13% on a 2x4 cm2 cell) were achieved
with n/p cells. It is hope to continue this cell development into a Phase 3, with the goals of
increasing the BOL efficiency and fabricating more than 400 2x4 cm?2 cells for assembly into
two small power panels for the STRV 1 c¢/d satellite for launch in 1998.

As of the Phase 2 program at Spire, ONR/NRL sponsored a study with an independent
contractor to evaluate the potential commercial market for InP/Si cells into the next decade.
This study was completed in July of this year. The main conclusions of this study, which was
made by Booz Allen & Hamilton, were that a niche market exists for InP/Si technology for
missions that operate in high radiation environments. These would include several of the
proposed global satellite communication systems such as Ellipso and Odyssey. Based on current
and projected systems in these orbits, the addressable market for InP/Si technology by the year
2007 was estimated to be 15 kW per year. Outside the niche market the study found that InP/Si
technology would have comparable performance and cost to GaAs/Ge.

In June of this year, NRL negotiated a contract with Applied Solar Energy Corporation as
prime contractor, and with RT| and NREL as subcontractors, to develop a 2-terminal, InP-
GalinAs tandem junction cell on a robust substrate. The goals of this program are essentially to
produce a cell that substantially exceeds the efficiency of the InP/Si cell at all particle fluences.
it has ben decided that a Ge substrate will be used initially, although the possibility of
eventually employing a Si substrate is included in the program. Because of the problem of auto-
doping, the p/n polarity is preferable from an epitaxy viewpoint and one of the early successes
in this program is that by carefully controlling the diffusion of Zn in a relatively thick p-type
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emitter, RTI have produced single junction p/n InP cells with efficiencies >16%. It is thought
that p/n cells can be grown eventually with efficiencies close to the best achieved in n/p cells.
The proton response of InP and GalnAs single junction cells is the same for both p/n and n/p
polarities, so there is much flexibility for the best ultimate cell geometry. It is hoped that this
development program will last several years.

REMAINING CHALLENGES

Although NRL's InP cell development has been very successful, there are several
technical challenges still remaining. The most elusive of these has been that the ready optical
annealing of radiation-induced damage observed in diffused junction InP cells has never been
fully reproduced in cells grown by epitaxy, even in cell structures that appear to be identical.
Secondly, efforts to minimize the effects of dislocations produced in the heteroepitaxy of InP on
Si and GalnAs on Ge cells have still not yet been fully explored. This problem needs to be tackled
both by reducing the number of dislocations produced and by reducing the electrical effect of
those remaining. The task of scaling up the InP/Si cell to much larger dimensions also still
remains to be attempted, but there seems no reason in principle why cells as large as 8x8 cm?2
could not be grown if required. Finally, of course, cell structures have to be developed that can
be produced in large quantities at a competitive cost.
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INTRODUCTION

The current DRA photovoltaic programme is funded mainly by the UK Ministry of Defence. The
programme is aimed at research and development into the performance of new solar cells and array
concepts. The core of the programme consists of studies to determine the potential benefits and
disadvantages of using the different solar cell/array combinations on future MoD spacecraft. The main
areas of interest are cost, mass, volume, lifetime, radiation hardness, area, reliability and when the
relevant technologies are likely to reach maturity. The programme addresses two timeframes, 5-10
years and 10-15 years. This is backed up by an extensive programme of cell characterisation and
environmental testing to provide data for the studies. When the opportunity arises flight experiments
are conducted to verify the results from the ground testing and to demonstrate the performance in the
real environment with all its synergistic effects.

SOLAR ARRAYS

The initial trade-off studies have looked at three typical missions, 3 and 6 kW GEO communications
satellites and an 8.7 kW LEO remote sensing spacecraft, all powers being end of life. They have
considered the impact of a range of cell types on conventional rigid arrays eg. the Fokker ARA and
Aerospatiale GSR3 and on the conventional flexible array, eg. the TRW EOS and Spar Olympus. The
6 kW study has been reported in reference 1.

The LEO study involved the sizing for a single wing remote sensing spacecraft which would
generate 8.7kW after 5 years. Six cell types were involved in the study: Si BSR, Si BSFR, Si HIiETA,
GaAs/Ge and GalnP/GaAs/Ge tandem cell. These cells were assumed to be laydown onto
conventional flexible and conventional rigid substrates and the salient parameters for each array
design were calculated (mass, area of wing, cost of protoflight array and recurring cost). In the case
of the tandem cell, educated estimates were made of the likely performance and cost once the cell
is fully qualified. Figures 1 and 2 illustrate the cost and mass for the rigid and flexible respectively.
(The estimated costs are relative for comparative purposes only)}.

The 3kW GEO conventional flexible and rigid array study considered a number of advanced cell
technologies in two timeframes:

In the Medium term (5-10 years), the cells used in the study were the Silicon high efficiency and IlI-
V high efficiency cells. The study showed that at the power level of 3kW the mass of a rigid array
using the IV cells were substantially lower than for Silicon (5b5kg, GalnP/GaAs against 100kg, Si
HIiETA). The flexible array showed no advantages, being heavier and more expensive in most cases.

In the Long term (10-15 years), the cells used in this study were the advanced thin Silicon,
ultrathin ll-V, multijunctions and thin fiim low efficiency CIS, CdTe and o-Si. Due to the long
timeframe the cell cost and operating performance could be only roughly estimated. However the
study showed that in terms of cost, the thin film cells could effect substantial savings at array level

in comparison with the higher efficiency cells.
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SOLAR CELLS

New solar cells, as they become available from the manufacturers, are being acquired and subjected
to qualification and environmental tests to determine likely in-orbit losses (2). This is to verify
manufacturers claims and provide specific performance data for use in the solar array trade off
studies. The environmental testing is primarily electron and proton irradiations performed at AEA
Technology (UK Atomic Energy Authority). A dedicated facility has been developed for the proton
irradiation of solar cells and is being used on a collaborative programme with Phillips Laboratory that
has just commenced. :

PROTON IRRADIATION FACILITY

The facility is based on the AEA Technology, 7 MV Tandem Van de Graaff accelerator, and consists

of a well characterised source of protons with a dose rate range of 108 to 10° protons em2 571,
providing an energy range of 2-10 MeV on the target plane. The proton beam is scattered using a
thin foil to provide irradiation over a large area. Reproducibility of exposure dose is better than 5%,
and the energy of the protons to better than 1%, with an energy distribution at the target plane of
typically 150 keV. The proton intensity distribution across the target plate is currently uniform to
+10%. This can be made better by moving further away from the scattering foil but with a
reduction in dose rate.

A new target chamber has been developed to allow the irradiation of cells under a wide range of
conditions: unidirectional or isotropic irradiation, at different temperatures -170 °C to + 150 °C, with
or without illumination, with or without the cells electrically active. Provision has also been made for
a solar simulator to allow the in-situ measurement of the cells, see figures 3 and 4. The target plate
was designed to accommodate a number of single cells or strings, in any arrangement, to a
maximum size of 110mm square. Gas nitrogen and or liquid nitrogen is passed through the plate to
control the temperature. Typical temperature stabilities observed to date are +100 = 1°C; -100
+ 2°C. The target plate is driven by a computer- controlled stepper motor and may be set at any
angle in 360 degrees, in steps of 0.9 degrees, to the beam, or oscillated with a selected angular
velocity profile to simulate isotropic conditions.

Secondary energy reducing foils, of increasing thickness, can be placed between the scattered
proton flux and the cell to reduce the incident proton energy from 10 MeV to 2 MeV in 1MeV steps.
With increasing foil thickness the proton energy distribution increases, to the extent that it is
possible to simulate the proton spectra between 1 and 10 MeV for different orbits rather than
treating it as discrete energies. With the inclusion of even thicker foils and/or dropping the initial
proton energy it will be possible to subject cells to spectra of keV protons, which can be
characterised, but not discrete energies.

FLIGHT EXPERIMENTS
AT-

UoSAT-5 satellite was launched into a 770 km Sun Synchronous orbit on the 16th July 1991 on an
Ariane 4 launcher as a secondary payload to ERS-1. One of the payloads is the DRA solar cell
experiment. The experiment consists of the -V measurement of various types of silicon, gallium
arsenide and indium phosphide solar cells from the UK, Europe and the USA. Results have been
presented before, references 3,4. The experiment continues to work with data being collected every 3
months. Figure 5 shows a comparison of the short circuit current of 2 GaAs cells on the experiment,
one with a conventional adhesive bonded 200um CMG coverglass and the other with the same
coverglass but teflon bonded to the cell by Pilkington Space Technology. The degradation in current is
less than 1% and there is no significant difference between the 2 cells.
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STRV-1A/B

STRV-1A/B were launched on 17 June 1994 into a geostationary transfer orbit, GTO, (200x36000
km), figure 6 shows STRV-1A. Unfortunately the solar cell technology experiment (Ref 5} on board
suffered a major failure with its sun overhead detectors during launch. Attempts to overcome this
problem have failed resulting in no meaningful |-V data being obtained. The only positive result from
the experiment is the temperature difference between two GaAs ceils. One cell has a conventional
AR coated CMG coverglass and the other has an early version of the Pilkington Infra-Red rejection
coating for Silicon on the coverglass. Even though this coating is for a Silicon cell and not fully
optimised nor designed for operation on a spin stabilised satellite such as STRV, this cell is running
6 °C cooler than the cell with the conventional AR coating.

On STRV-1B we are able to monitor the current of the solar panels at the operating point of 28V.
The data from the panels has been corrected for temperature, Earth-Sun distance and solar aspect
angle by Dr Dean Marvin of the Aerospace Corporation. Figure 7 shows the degradation of the
current at 28V for the 4 panels. For the -Y, -X and +Y panels, all GaAs/Ge, the actual degradation
was approximately agreeing with the prediction up to 300 days and then deviates. After 450 days
the panels have degraded by approximately 8% compared to the predicted 10%. However, for the
+X panel, which is GaAs/GaAs, the actual degradation is slightly worse than predicted up to 300
days and then converges with the predicted degradation curve. The GaAs/Ge panels were typically
18.5% efficient at beginning of life compared to 19.8% for the GaAs/GaAs panel. Radiation
monitors on A and B are indicating that the radiation environment is less severe than predicted by
the AE8 and AP8 environment models and so the GaAs/Ge results are not unexpected. The
GaAs/GaAs result is probably due to the cell structure, giving higher initial performance but softer
radiation characteristics.

In this year's work programme the existing Surrey Satellite Technology design of the measurement
electronics package is being reviewed to identify all the short comings and potential modes of
failure. A new design is being developed to overcome these. This will then followed by the
‘manufacture of a breadboard model that can be fully tested to ensure correct, reliable operation.
This is to give confidence for any future flight of a solar cell experiment.

LABORATORY

To support ‘the cell/panel characterisation and envwonmental testmg programme the DRA maintains
a comprehensive test laboratory. This is subject to a continual programme of equnpment ‘upgrades to
improve the quality of the measurements and meet new testing requurements We are currently in
the process of developing a new close spectral match simulator for the testing of muliti-junction
solar cells. Figure 8 shows the spectrum of the basic simulator design, giving a very good Class A
spectrum. The simulator uses a compact Xenon arc lamp and an incandescent lamp with simple
filtering. Work is now ongoing to modify this spectrum to produce the close match design. In
addition to measuring multi-junction cells it is intended that the Close Match simulator will be used
to generate primary standard reference celis.

- FUTURE WORK

Solar Arrays

The above solar array trade off studies will be repeated as and when more cell data becomes
available, to verify the assumptions made or to correct them as necessary. New data will be derived
from in-house testing, DRA flight experiments, from manufacturers and also from the exchange of
information through conferences and collaborations. The studies will also be extended to include
new solar arrays designs, eg. Able’s Ultraflex and the Linear Concentrator array and new concept

arrays.
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Solar Cells

The solar cell testing programme will continue as new and/or better cells become available from
manufacturers. We also intend to shortly commence a long term UV irradiation programme on a
range of cell types.

Flight E .
The flight of STRV-1C/D is currently in the planning stage, proposed !aunch end of 1998 into GTO.
We are currently looking into the possibility of the re-flight of the solar cell experiment, determining
costs and looking for collaborators on the experiment. The opportunity also exists for the flight of
small panels of advanced high power cells, with the current being monitored at the operating point
as on STRV-1B. It is hoped that the flight, if it occurs, will be backed up by a comprehensive ground
based radiation test programme to allow accurate estimates of the degradation to be made for
comparison with the actual in-flight degradation. The possibility of flying strings of advanced cells
as an experiment on the proposed Skynet-4F Communications satellite is also being investigated.

Laboratory

In addition to the introduction of the close spectral match simulator, work will be undertaken to
automate the measurement of cell |-V and spectral responses. The intention is to have the cells on
most test programmes to be hard wired onto a substrate (removing any possibility of handling and
probe damage}, with connection of the cells to the electronic load through a 20 channel multiplexer.
All of the measurement conditions, light intensity, measurement block temperature and cell selection
is to be controlled via computer. The required sequence of measurements will then be programmed
in removing the need for operator intervention and hence reduce testing costs.

CONCLUSIONS

The DRA photovoltaic programme is wide ranging in its activities, providing an independent
assessment of new solar cell and array technologies in development around the World, for our MoD
customer. Further activities are planned in these areas to meet the future requirements of MoD
spacecraft.
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ABSTRACT

This paper describes Japanese activities on mainly silicon solar cell research,
development and applications. The high efficiency thin silicon solar cells and the same
kinds of solar cells with integrated bypass function (IBF cells) were developed and
qualified for space applications. The most efficient cells (NRS/LBSF cells) showed average
18% at AM0 and 28°C conditions. After electron irradiation, NRS/BSF cells showed higher
efficiency than NRS/LBSF cells. The IBF cells do not suffered high reverse voltage and can
survive from shadowing The designs and characteristics of these solar cell are presented.
In the last section, our future plan for the solar cell calibration is presented.

INTRODUCTION

Silicon solar cells have been used as the most popular electrical power source for
spacecrafts over thirty years. They have been in the advantages of high reliability,
low mass and low cost compared to other solar cells for many years. The performance of
silicon solar cells bad increased from 10% efficiency in the early 1960's to 15% in the
end of 1980"s. NASDA and SHARP have continued to develop Si solar cells with higher
efficiency, higher radiation resistance and lower mass. We developed the ultrathin 50m BSFR
cells in 1980’s. The ultrathin solar cells have been used for JERS-1 and ETS-VI and the
solar cell monitor (SCH) on EIS-V showed their excellent radiation performance (Ref.1).
However the spacecraft have made a demand of higher power from year to year. GaAs solar
cells have been expected to supplant Si solar cells. Although the GaAs solar cells have high
efficieny and high radiation resistance, they have also the disadvantages of high mass, high
fragility and high material cost resulted from the source limits which will become very
important factor considering the future large scale space application, for example, space
stations or space platforms. We thought the high efficiecy Si solar cells compared
favourably to the GaAs solar cells could be realized and the development was started in
1990. Ve have finished the develoments of several types of high efficiency Si solar cells in
1995. They are 100um thick NRS/LBSF (Nom Reflective Surface/Localized Back Surface Field)
cells with about 18% efficiency, NRS/BSF (Non Reflective Surface/Back Surface Field) cells
with about 17% and NRS/LBSF & NRS/BSF cells with IBF. First, the solar cell applications
for NASDA satellites are introduced, then the designs and characteristics of these advanced
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Si cells are presented and discussed. Our activities for the umiversal calibration system of
space solar cells are also introduced in the last section of this paper.

SOLAR CELL APPLICATIONS

The historical solar cell applications for NASDA satellites are shown in Table 1.
This table shows the application and trends in development of several kinds of solar cells
for space. The solar cells except high efficiency Si solar cells shown in Table 1 were
introduced at the SPRAT XI (Ref.2). The 10Qcm NRS/BSF cells have been brought into mass
production for ADEOS-II program and the 2Qcn NRS/BSF cells with IBF are studying to be
adoped for OICETS program. The NRS/BSF cells will use the blue red reflective (BER)
coverglasses made by OCLI to reduce the cell solar absorptivities and the operational
temperature of solar array.

HIGH EFFICIENCY SILICON CELLS

Schematic drawings of the NRS/LBSF cell and NRS/BSF cell are shomn in Figure 1 and
Figure 2 respectively. Their designs are the same except two differences. The NRS/LBSF cell
has a locally diffused P* back surface field layer and a plapar PN jumction. On the other
hand, the NRS/BSF has a normal P* back layer and a pormal PN jumction. Both solar cells have
20im squared inverted pyramids on the cell active area to reduce light reflection loss and
the Si0, passivation layers on the front and back surfaces to reduce surface recombination
loss of minority carriers. Direction of the inverted pyramids was declined by 4o degrees to
the cell edge to minimize a risk of open failure of a string. The NRS/LBSF cell was made
from only 2Qcm Si substrates because the fill factor of the 10Qcm NRS/LBSF cell was lower
than the 2Qcm NRS/LBSF cell (Ref.3). The NRS/BSF cells were made from 2Qcm and 10Qcm Si
substrates and both cells showed each advantage for different radiation conditions. The
typical electrical parameters and solar absorptivities of three types of high efficiency
cells are given in Table 2. The NBS/LBSF cells showed the highest efficiency (average
18.0%) of three kinds of cells. The NRS/BSF cells showed lower efficiency (avrage 17.0 to
17.3%) than the NRS/LBSF cell. We measured reverse saturation currents Jq; and Joz of these
cells using two diodes model and ND filters method. The NRS/LBSF cell gave lower Jo; (6X
10-1%A/cm?) by about one third and a little lower Joz (7x107°A/cm®) than the NRS/BSF cell
(Jo.:1.8x107'2A/cm?, Joz:1.0x10-%A/cm®). In generally the localized BSF is neccessary to get
high open circuit voltage (low Jo,) and the planar PN junction is meccessary to get large
fill factor (low Joz). But the “planar PN junction did not improve the fill factor of the NBS
/BSF cell and was not npeccessary for them We found that the planar PN junction decreased-
Jo, and was effective to increase the fill factor of the NRS/LBSF cell with low J,, but not
effective for the NRS/BSF cell with relatively high Jo,. Solar absorptivities of these cells
were about (.85 and lower by about (.05 than those of the conventional textured cells. The
improvement was resulted from the introduction of the Si0; passivation back layer.

The results of 1MeV electron irradiation to these solar cells are shown in Figure 3.
The NRS/LBSF cells showed larger degradation than the NRS/BSF cells and conventional BSFR
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cells with the same thickness in the low fluence range (less than 1x10!‘e/cm?). On the other
hand, the NRS/BSF cells showed smaller degradation rate than the conventional BSFR cells.
The 2Qcm NRS/BSF cells showed higher power at lower fluences than 1x10'‘e/cm? compared to
the 10Qcm NRS/BSF cells. The 10Qcm NRS/BSF cells showed the highest power at higher
fluence range than 1x10'* e/cm®. These results suggest the radiation characteristics of NRS/
BSF cell is dominated mainly by the bulk damage and the damage of Si/Si0. interface is added
to the bulk damage in the NRS/LBSF cell (Ref 4). The back Si/Si0; interface of the NRS/LBSF
cell is susceptible to the electron irradiation and increase Jo, rapidly and decrease open
circuit voltages of the NRS/LBSF cells. The radiation characteristics of NRS/BSF cells were
similar to that of the conventional BSFR cell. The inverted pyramid surface made more
minority carriers near to the PN junction than the flat surface and even the normal pyramid
surface. They improved the cell radiation characteristics (Ref.5). These high efficiency
cells showed about 20% higher power than 200m BSR cells used for geostationary satellites
at their EOL (1MeV electron fluence of 1x10!%e/cm?).

The NRS/LBSF cells will be applicable to the satellites with low radiation at low
altitude or with short mission lives. The NRS/BSF cells will have wide space applications
due to their high radiation resistance and relatively low costs.

HIGH EFFICIENCY SILICON CELL WITH IBF

A Schematic drawing of the high efficiency Si cell with IBF is shown in Figure 4.
The idea of IBD (integrated bypass diode) to protect the solar cell from the hot spot due to
cell shadowing was studied in 1970's (Ref.6). However the IBD cell needed a small diode
integrated in a solar cell and a special interconnection. It needed neccessarily high cost
and did not become popular. The IBF (integrated bypass function) is a simple idea to protect
the solar cell from the cell failure due to shadowing. The IBF cell has many small dots of
P* diffused layer in the front N* diffused layer. The P* dots are formed by the same boron
diffusion as the back surface P* diffusion and form high doped P*N* junctions in the N*
diffused layer. Therefore the IBF cells need only a swall amount of additional cost compared
to the usual cells. Because the high doped P*N* junctions can flow much more reverse current
compared to the cell PN junction and more current than the cell short circuit current at low
reverse voltage (about -3V), the IBF cell does pot suffered a high reverse voltage and
can survive from shadowing As the reverse current increases in proportion to the total
length of P*N* jumctions, we can easily control the reverse chracteristics of the cell
without a remarkable power loss (Ref.5). Considering the temperature effects of the reverse
I-V chracteristics (the reverse current decreases with temperature increase), we think the
avalanche breakdowns of P*N* junctions are being induced at low voltages in the IBF cells.

The typical reverse I-V characteristics of a 2x2cm? IBF cell is shown in Figure 5.
The NRS/LBSF and NRS/BSF cells with IBF were developed and qualified for space application.
The electrical parameters of them are shown in Table 3. The efficiencies of the NRS/LBSF
cell and NRS/BSF cell with IBF were lower by 0.8% and 0.3% respectively than those of the
same kinds of usual cells. The specification of reverse current was determined to be more
than 0.2 A per 2x2cm? at the reverse voltage of -3 V using the electrical and thermal
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simiulations of solar array with the IBF cells. The radiation characteristics of the IBF
cells were almost the same as those of the same kinds of usual cells. The reverse
characteristics of the IBF cells were hardly changed by 1 MeV electron irradiation to 3x10'°
e/cm?. The temperature coefficients of the electrical parameters and solar absorptivities of
them were almost the same as those of the same kinds of usual cells.

The reverse bias tests using NRS/BSF cells with IBF were successfully performed
using the test configuration shown in Figure 6. The test results showed the IBF cells did
not suffered hot spots or PN junction failures. We think the IBF cells are usefull to
realize the solar array with a simple design, high reliability and less cost which have cell
shadowing problems.

FUTURE PLAN FOR SOLAR CELL CALIBRATION

We have proposed the solar simulator calibration method of space solar cells to the
space agencies in the world. The solar simulator method is shown in Figure 7. The advantages
of the solar simulator method are as follows;

1. A large mmber of cells can be calibrated in a short period.
2. Cells can be calibrated regardless of weather or environmental contamination.
3. Cells can be calibrated at relatively low cost.

The solar simulator calibration value and the balloon flight calibration value of a
solar cell was compared. The difference between our calibration value and the balloon flight
calibration value was 1.1% to 2.2 % using spectral irradiance of W0 (World Meteorogical
Organization). And we caluculated confidence intervals from these results to amalyze the
uncertainty of this method. A very small value of total confidence interval (0.25%)
indicates that the solar simulator method is highly accurate systematically. The accuracy of
the solar simulator method is comparable with the balloon flight calibration method. We
belive that the solar simulator method can be applied to the primary calibration of Si solar
cells and are going to prepare the ISO draft standards on space solar cell calibration

CONCLUSIONS

New high efficiency silicon solar cells with efficiencies of 17% and 18% (ANO,
1 sun) were qualified for spacé use and their characteristics were clarified. The NRS/LBSF
cell gave the highest efficiency at BOL condition. But the NRS/BSF cells showed higher
radiation resistances than the NES/LBSF cells. Both cells gave about 20% higher
efficiencies than 200im thick BSR cells used for geostatiomary satellites at their EOL
condition (1MeV electron fluence of 1x10'%e/cm?).

The design, characteristics and test results of the IBF cells were presented. By
forming small P* dots in the N* diffused layer, the reverse characteristics of the cells
could be controlled without remakable power losses. The IBF cells would contribute to
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realize the solar array with a simple design. high reliability and less cost.

- The advantages of the solar simulator calibration method were presented. We are

going to prepare the ISO draft standards and expect this method will be accepted as primary
calibration of Si solar cells by ISO in future.
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Pmax [mW]

Table 2 Typical Electrical Parameters and Absorptivities

Resistivity Voc Isc FF | Pmax Eff. as
Call Type (Q cm) my) _ (mA) _(mi¥) _(%)
NRS/LBSF 2 637 194 0.78 97.6 18.0 0.84
NRS/BSF 2 630 191 0.78 - 93.6 17.3 0: 85
NRS/BSF 10 625 191 0.717 92.0 17.0 0.85

Note : AMO , 135.3mi/cm* , 28°C
Cell Size 2cmx2cm , 100um thick
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Table 3 Typical Electrical Parameters and Absorptivities

Resistivity Voc lsc FF Pmax EFff. as
Cell Type Qem | @ (mA) _(mn ®
[NRS/LBSF with IBF 2 625 193 C0.77 92.9 17.2 0.84
NRS/BSF with IBF 2 625 191 0.77 32.0 17.0 0.85
NRS/BSF with IBF 10 620 191 0.76 90. 3 16.7 0.85
Note : AMO , 135.3mW/cm’ , 28°C
Cell Size 2cmx2cm , 100um thick
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COST TRADE BETWEEN MULTI-JUNCTION, GALLIUM ARSENIDE,
AND SILICON SOLAR CELLS

Edward M. Gaddy
Goddard Space Flight Center
Greenbelt, MD 20771

Abstract

Multi-junction (MJ),' gallium arsenide (GaAs), and silicon (Si) solar cells have respective test efficiencies of
approximately 24%, 18.5% and 14.8%. Multi-junction and gallium arsenide solar cells weigh more than silicon solar
cells and cost approximately five times as much per unit power at the cell level? A trade is performed for the TRMM
spacecraft to determine which of these cell types would have offered an overall performance and price advantage
to the spacecraft. A trade is also performed for the multi-junction cells under the assumption that they will cost over
ten times that of silicon cells at the cell level. The trade shows that the TRMM project, less the cost of the
instrument, ground systems and mission operations, would spend approximately $552,000 dollars per kilogram to
launch and support® science in the case of the spacecraft equipped with silicon solar cells. If these cells are
changed out for gallium arsenide solar cells, an additional 31 kilograms of science can be launched and serviced at
a price of approximately $90 thousand per kilogram. The weight reduction is shown to derive from the smaller area
of the array and hence reductions in the weight of the amray substrate and supporting structure.

If the silicon solar cells are changed out for multi-junction solar cells, an additional 45 kilograms of science above
the silicon base line can be launched and supported at a price of approximately $58,000 per kilogram. The trade
shows that even if the multi-junction cells are priced over ten times that of silicon cells, a price that is much higher
than projected, that the additional 45 kilograms of science are launched and serviced at $180,000 per kilogram.
This is still much less than the original $552,000 per kilogram to launch and service the science. Data and
qualitative factors are presented to show that these figures are subject to a great deal of uncertainty. Nonetheless,
the benefit of the higher efficiency solar cells for TRMM is far greater than the uncenrtainties in the analysis.

Tradeoff Between Multi-Junction, GaAs, and Silicon Solar Cells

The TRMM spacecraft has actually already chosen gallium arsenide cells. These were selected in 1991, before
multi-junction cells were remotely available, and just as adequate technical and price information on gallium
arsenide cells was attainable. Thus what follows only estimates the relative value of the different types of solar cells
to a spacecraft. The weight data used in this exercise, which includes more than just the weight of the cells e.g.
the weight of the array’s mechanical systems, is based on that which was originally estimated for silicon and gallium
arsenide solar cells, with the estimates for the multi-junction cells scaled from the estimate for the gallium arsenide
cells. Subsequently, the weight for the selected gallium arsenide array has increased due to an increase in the
weight of the array mechanical systems. At least an equal, and probably a greater increase would have occurred for
the silicon array. This means that the weight estimates for all the cell types should be higher than given in this
paper and that the resulting trade between the cells, computed below, predicts a too small advantage for the more

efficient cells.

The TRMM spacecraft is planned to be earth pointing and to fly at an initial altitude of 350 km and an inclination of
35°. For any of the solar cells, the spacecraft has two solar array wings and flies with the velocity vector
perpendicular to a line drawn between the wings. From here, the designs depart. The multi-junction or gallium
arsenide solar arrays can power the spacecraft with four panels or two panels per wing. The wings for the more
efficient multi-junction cells are of course smaller than the wings for the gallium arsenide solar cells. The silicon
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solar array needs twelve panels or six per wing. This means of course that the weight of the silicon panels is
significantly greater. All of this is summarized in Table I.

TRMM Array Comparisons fo.l;a:'ezsln Watt at End of Life Array
Parameter Si GaAs MJ
Weight of Cell Stack, Wiring, Connectors & 48 kg 47kg 38 kg
Misc.
; Array Area 262m 18m? 134 m?
Armray Temperature 74C 87¢C 87C

BOL Efﬁciehcy at Operating Temperature 11.3% 15.8% 21.4%
EOL Efficiency at Operating Temperature  9.4%  13.3% 18.0%

Number of Panels 12 4 4
Number of Panel Hinges 20 4 4
Number of Delay Actuators 2 0 0
Number of Potentiometers 12 2 2
Mechanical System Weight 144 kg 94kg 81 kg
Total Weight 192 kg 141 kg 119 kg

The cost of these three arrays, including test costs, even though the only test specifically called out is a
deployment test, is summarized in Table II. With respect to the multi-junction solar cells some caution is in order.
The price estimates used assume that the multi-junction solar cells are mature and is derived by using a ratio of .86
between gallium arsenide and multi-junction cell arrays on a basis of power produced.* This ratio will not hold for
the first several multi-junction solar cell arrays produced. As a result, the price for the multi-junction cell array in
Table il is too low for the first few multi-junction arrays. This underestimate is taken into account later.

Table I

TRMM Solar Array Cost Comparison
Component SiCost () GaAs Cost ($) MJ Cost ($)

Cell Stack, Wiring, 2,470,000 4,200,000 3,620,000
Connectors & Misc.

Panel Substrate . 436,600 300,000 . 223,333

Panel Hinges & Boom 200,000 80,000 80,000

Delay Actuators 70,000 0 0

Potentiometers 3,000 500 500

Deployment Test -150,000 75,000 75,000

Total 3,329,600 4,655,500 3,998,833
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Table Il does not show the price advantage of the multi-junction and gallium arsenide solar arrays to the spacecraft.
This is because these arrays offer substantial weight reductions, see Table |, and some of this reduction can
increase the amount of science that the spacecraft can canry hence increasing the cost effectiveness of the
spacecraft. Below, this advantage is estimated first for the gallium arsenide and then the multi-junction cells.

Value of GaAs Array Weight Reduction on Spacecraft Science

From Table |, the gallium arsenide array is 51 kilograms less than the silicon array. Not all of the 51 kilograms can go
into science. Some of the weight must go into the various spacecraft systems that support the increase in science.
Such systems are increased in weight in rough proportion to the percentage weight increase in science. The
amount of increase is computed using equations (1) through (6). Some spacecraft systems, those whose size is
primarily determined by the spacecraft weight, remain unaffected by the increase in science. These systems are
attitude control, propulsion, structure and thermal.

The equations (1) through (6) and their solutions account for the effect of the spacecraft systems that increase in
weight. These equations predict an increase in the weight of the solar array as well as other spacecraft systems.
The solar array weight increases, as do the other subsystem weights, to support the increase in the science
capability. This means that the GaAs array will have to be more powerful than the silicon array. The data in Tables |
and Il do not reflect this. To obtain final costs for the spacecraft array this change in array and other subsystem
costs is accounted for later in the paper. In equations (1) through (6), the variables INSTR, CDH, COMM, HGAS,
ELEC, PWR, and SA are respectively the weights of the scientific instruments; command and data handling,
communications, high gain antenna, electrical, power exclusive of the solar array, and solar array systems on the
spacecraft with the silicon array. The variables ACDH, ACOMM, AHGAS, AELEC, APWR and ASA are the increases
in the weights of the respective systems as a result of the additional capability they must have to serve the
additional science when the silicon array is replaced by a gallium arsenide array. The variable CF is the fraction of
the command and data handling system that is used to support science. This fraction is obtained because about
13.85 kb/sec are used for the spacecraft while about 169.80 kb/sec are used for the instruments. This same
fraction is used for the communications and high gain antenna. The variable PF is the fraction of power that is used
by the instruments in normal operation, in this case 382 watts out of the total spacecraft wattage of 938.5 watts. SF
is the fraction of weight by which the solar array increases when there is an increase in the array’s power producing
capability. In this case it means that the solar array increases .863% for every 1.0% increase in the array’s power
producing capability. The six equations imply that the capability of the spacecraft systems is proportional to weight.
Although this is a reasonable approximation, it is not necessarily the case. For the greatest accuracy, each
spacecraft subsystem would have to be redesigned for the increased capability and then its weight reestimated. In
the context of this paper, the resources to do this are not available and the approximation used is good enough.

(1) CF*CDH (51-ACDH-ACOMM-APWR-AELEC-AHGAS-ASA)/INSTR ACDH,
(2) CF*COMM (51-ACDH-ACOMM-APWR-AELEC-AHGAS-ASA)/INSTR ACOMM,
(3) CF*HGAS (51-ACDH-ACOMM-APWR-AELEC-AHGAS-ASA)/INSTR AHGAS,
(4) PF*ELEC (51-ACDH-ACOMM-APWR-AELEC-AHGAS-ASA)/INSTR AELEC,
(5) PF*PWR (51-ACDH-ACOMM-APWR-AELEC-AHGAS-ASA)/INSTR APWR,
(6) SF*PF*SA (51-ACDH-ACOMM-APWR-AELEC-AHGAS-ASA)/INSTR ASA,

LI L L [ I ||

INSTR
CDH

- COMM
HGAS
ELEC
PWR

SA

633 kg
83.0 kg
32.4 kg
81.8 kg
263. kg
172. kg
141. kg

[LI I I | R

.918
.407
.863

CF
PF
SF
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Solving these equations yields the following results:

ACDH = 3.74 kg,
ACOMM = 1.46 kg,
AHGAS = 3.68 kg,
AELEC = 5.25 kg,

APWR = 3.43 kg,

ASA = 2.43 kg,

Total = 20.0 kg.

The above results mean that the spacecraft can accommodate 51 - 20 = 31 kg of additional science. A value for
this increased science can be computed as follows. The launch costs for the TRMM spacecraft are approximately
$116.8 million and the spacecraft costs, exciuding instrument, ground systems, and mission operations, are
approximately $232.7 million. This means that the total costs to get the science to orbit, and to support it with the
spacecraft are $349.5 million. This figure must be increased because the capability and complexity of some of the
subsystems has increased. Using the results of equations (1) through (6) as shown in Table IlI, leads to a price
increase of $2.8 million. Again, this assumption is a reasonable approximation, but not completely accurate.

The scientific instruments weigh 633 kilograms (The TRMM spacecraft itself will weigh approximately 3,512
kilograms). This means that the launch costs for the original scientific payload are $552,000 per kilogram. On this
basis the launch and support of the additional 31 kilograms cost about $17.1 million. This far exceeds the price of
the more expensive gallium arsenide solar cells. Another measure of this is that the added 31 kilograms cost

$2.8 million or $90,000 per kilogram to launch and support, about a factor of 5 less than the first 633 kilograms on
a per weight basis. Another measure is that the silicon powered spacecraft launches 633 kilograms of science ata
cost of $552,000 per kilogram. The gallium arsenide spacecraft launches 664 kilograms of science at a cost of

$531,000 per kilogram.

This analysis underestimates, to a degree, the value of the gallium arsenide solar cells. For example in the power
and electrical systems, the predicted increase in weight is assumed 1o be directly proportional to the increased
power requirement. This is not the case; the power system weight will go up somewhat less than the linear
increase predicted. The analysis, in another way, overestimates the value of the gallium arsenide solar cells. This is
because the value of the first 633 kilograms of science is undoubtedly higher on a per weight basis than the value
of the next 31 kilograms. The analysis also overestimates the value of the gallium arsenide cells in that their use
resulted in an atypical reduction in the complexity of the solar array. This made the gallium arsenide cells look
“better” than they would be on average.

Most importantly, this analysis presumes a clean possibility to organize and plan the spacecraft to the optimum.
This is plainly not the case. For example, the satellite weight becomes a much more critical parameter as the
spacecraft weight is about to be too heavy for the planned launch vehicle and to bump the spacecraft to the next
larger vehicle. As another example, the power system weight is heavily dependent on batteries whose weight and
size are not readily available in the exact optimum size. In addition, the design of spacecraft is such that
subsystems are frequently not completely optimized for many reasons, one of which is just to get the heritage and
known price of a previously existing subsystem. Furthermore, most of the GSFC spacecraft fly instruments and
technology that have not been flown before or even done before. As a result, the spacecraft must carry rather
significant weight contingencies. In short, the business of fabricating a spacecraft such as TRMM involves a great
deal of intuitive judgment and a high degree of uncertainty. it is messy. Nonetheless, averaged over a large
number of spacecraft, the predictions made here have merit in assigning value to the weight saved by a solar array
and serve as a guide as to whether more efficient solar cells have value.

The history of TRMM illustrates the uncertainties of the predictions made above and the messiness of planning a
unique spacecraft. On TRMM the gallium arsenide solar cells were selected, but the saved weight went into added
fuel to keep the spacecraft aloft for the required time rather than into the scientific payload. Subsequently, the
atmospheric models used to evaluate the decay of the spacecraft orbit changed, so the additional fuel was no
longer necessary to meet mission requirements.
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item (An asterisk indicates that subsystem price

changes with solar cell price)
Test

Structure

Deployables

Optical Alignment

Gimbal

ACS

*Power (Exclusive of Array)
Amray

Thermal Design

Thermal Contamination
Thermal Coatings
Reaction Control System
*Electrical including | & T
*C &DH

Software
*Communications
Subtotal

Software Management
System Engineering
Project Support
Instruments ($73.2)

P.A.

Ground Systems($25.2)
Mission Operations($3.7)
MPS (Center Tax-Overhead)
Subtotal

Contingency

Civil Servants

Total

Table il
Cost of Spacecraft Systems for TRMM in Millions of Dollars

Cost With Si

Armay

4.7
12.6
7.0
7
2.8
15.2
7.3
3.3
3.5
1.6

5.3
214
11.0

21

6.0

104.8

1.8

4.9

4.1

N/A

5.5

N/A

N/A
26.9
148.0

9.0
75.7

232.7
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Cost With
GaAs Armay

4.7
12.6
7.0
7
2.8
15.2
7.4
4.7
3.5
1.6

5.3
21.8
11.5

2.1

6.3

107.6

1.8

4.9

4.1

N/A

5.5

N/A

N/A
26.9
150.8

9.0
75.7

235.5

Cost With
MJ Amray

4.7
12.6
7.0

2.8
15.2
7.5
4.1
3.5
1.6

5.3
22.0
11.7

2.1

6.4

107.4

1.8

4.9

4.1

N/A

5.5

N/A

N/A
26.9
150.6

9.0
75.7

235.3



Value of MJ Array Weight Reduction on Spacecraft Science

The methodology used in this section is the same as that used in the previous section. From Table |, the multi-

junction cell array is 73 kilograms less than the silicon array. Again, not all of the 73 kilograms can go into science.
The spacecraft system weights will increase per the equations below. The variables have the same meaning and
the constants have the same values as in equations (1) through (6) except for SA which is given its value below.

CF*CDH (73-ACDH-ACOMM-APWR-AELEC-AHGAS-ASA) /INSTR = ACDH,

CF*COMM (73-ACDH-ACOMM-APWR-AELEC-AHGAS~ASA) /INSTR = ACOMM,
CF*HGAS (73-ACDH-ACOMM-APWR-AELEC-AHGAS-ASA)/INSTR = AHGAS,
PF*ELEC (73-ACDH-ACOMM-APWR-AELEC-AHGAS-ASA)/INSTR = AELEC,
PF*PWR (73-ACDH-ACOMM-APWR-AELEC-AHGAS-ASA)/INSTR = APWR,
SF*PF*SA (73-ACDH-ACOMM-APWR-AELEC-AHGAS-ASA) /INSTR = ASA,
SA = 119 kg
Solving these equations yields the following results:
ACDH = 5.39 kg,
ACOMM = 2.10 kg,
AHGAS = 5.31 kg,
AELEC = 7.57 kg,
APWR = 4.95 kg,
ASA = 2.95 kg,

Total = 28.3 kg.

This means that the spacecraft can accommodate 73 - 28 = 45 kg of additional science. The total costs to get the
science to orbit, support it, and send raw data back are computed as $235 million in Table Ill. This figure includes
the increased capability and complexity of some of the subsystems due to the increase in science. Again the
launch and support costs for the original scientific payload are $552,000 per kilogram. On this basis the additional
45 kilograms cost about $24.8 million to launch and support the spacecraft. Once again this far exceeds the price
of the more expensive solar cell array. The solar array makes the added 45 kilograms available at $2.6 million or
$57,000 per kilogram, an order of magnitude less than the first 633 kilograms on a per weight basis.

Sensitivity Analysis

That the cost of the first several multi-junction solar arrays would be signiﬁcantly greater than that quoted in Table |
and Table lil was mentioned earlier. Making the assumption that this pnce is twice that given for gallium arsenide
cells in Table Il will give a notion of how sensitive this analysns is to the price of the arrays. This assumption is quite
conservative even for the first few multi-junction arrays in that if the entire difference is due to cell cost, the multi-
junction cells should be about an order of magnitude more expensive than gallium arsenide cells. This price
difference cannot begin to be predicted. The material cost of the multi-junction cells should be quite close to that
of gallium arsenide solar cells. The capital equipment used to produce them should be the same as for gallium
arsenide cells. The labor used to produce multi-junction cells may be slightly greater than galllum arsenide cells in
that the multi-junctions must stay longer in the reactor that grows additional cell layers . The major difference may
well be that the mutti-junction cells will have a lower yield than the galllum arsenide cells or that some sort of
protection against reverse bias will have to be added; but in short, the price estimate from reference 1 appears
reasonable. The first few arrays may be much more expensive because the cells may well give “teething problems”
of an as yet unknown nature. This means that the manufacturer will face possible losses that will cause a significant
protective increase in price. A factor of two is more than adequate to cover contingencies.

Making an assumption of a factor of two in array price will change the analysis as follows. If the multi-junction solar
array is priced at twice that of the gallium arsenide amray as well as increased in power output to support additional
science, it will cost $9.6 million rather than the $4.1 million shown in Table IIl. This means that overall cost to the

project will rise $5.5 million to $8.1 million from the $2.6 million given in the preceding analysis. This is $180,000
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per kilogram; still substantially less than the $552,000 per kilogram cost to launch and service the science with a
silicon array.

Range of Validity of the Analysis

This results of this analysis depend on the higher efficiency solar cells to reduce the mechanical weight of the solar
array substantially. This is true with an array such as TRMM that has relatively heavy substrates, and mechanical
deployment and positioning systems. The analysis may lose validity if the cells can no longer leverage their
efficiency advantage to cut array mechanical systems weight.

There are two types of arrays where the analysis in this paper may not hold true. The first is a body mounted array
on spinning spacecraft. If such a spacecraft can obtain adequate power with the area available on its body with the
use of silicon arrays, the use of higher efficiency cells would be counterproductive because the higher efficiency
cells are heavier. The second type of array for which the analysis may be invalid is a deployable array such as the
Advanced Photovoltaic Solar Array (APSA)® or Solar Array Flight Experiment (SAFE)® or the Hubble Space
Telescope Array’. For these arrays, the reduction of weight with the increasing efficiency of cells is not necessarily
achievable because most of the mechanical weight of these arrays is in the blanket storage and deployment
mechanisms. Changing to a more efficient cell will have little effect on reducing this mechanical weight. This issue
is quantitatively discussed by Ralph® who uses only the launch cost per unit weight. In this case, the analysis still

favors the higher efficiency cells.

Conclusions

From this study, both gallium arsenide and multi-junction solar cells offer significant cost advantages to spacecraft
having deployable arrays. Gallium arsenide solar cells offer increases in the scientific payload at about $90,000 per
kilogram and multi-junction solar cells offer increases in the scientific payload at about $ 58,000 per kilogram. This
compares to the payload that costs $533,000 to launch and support. The magnitude of this advantage is
dependent on the higher efficiency cells to reduce the mechanical and structural weights of the solar array
through a reduction in the array’s area.

' P. K. Chiang, et al, “Large Area GalnP,/GaAs Tandem Cell Development for Space Power Systems,” Twenty-
Third Photovoltaic Specialists Conference, 1993, pp. 659-664.

2 Gene Ralph, “High Efficiency Solar Cell Arrays System Tradeoffs,” JEEE First World Conference on Photovoltaic
Energy Conversion, 1994, Hawaii, Figure 1, p.1998.

3 Throughout this paper the term “support” means to provide the scientific instrument with environmental
protection from the space environment, to keep it at acceptable temperatures and to send the data it
produces to earth in readable form. In shon, the services provided by the spacecraft.

4 Gene Ralph, “High Efficiency Solar Cell Arrays System Tradeoffs,” p. 1998.

$ Paul Stella and Richard Kurland, “Thin Film GaAs for Space—-Moving Out of the Laboratory,” Twenty-Third
Photovoltaic Specialists Conference, 1993, pp. 21-26. —

& “Solar Array Flight Experiment,” Final Report, LMSC-F087173, under Contract NAS-8-31352, April 1986.

7 Lothar Gerlach, “The Solar-Power Generator for the Hubble Space Telescope,” ESA Journal, vol. 14, no. 2,
1990, pp. 149-168. ’

® Gene Ralph, “High Efficiency Solar Cell Arrays System Tradeoffs,” Figure 7, p. 2000
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THE PROGRESS OF LARGE AREA GalnP,/GaAs/Ge TRIPLE-JUNCTION CELL DEVELOPMENT AT
SPECTROLAB'

P. K. Chiang, D. D. Krut and B. T. Cavicchi
Spectrolab Inc.,
Sylmar, California

ABSTRACT

This paper describes the successful demonstration of high efficiency, large area monolithic triple-
junction, n on p, GalnP./GaAs/Ge cells. The highest open circuit voltage and cell efficiency (cell size: 2 cm x 2
cm) measured to date are 2.573 V and 23.3%, respectively, under 1 sun, AMO illumination. A very uniform
distribution of cell efficiency across a 3" diameter wafer is also achieved. The temperature coefficient and 1 MeV
electron irradiation results are obtained. We have incorporated a triple-junction cell in the 1995 JPL balloon
flight. The I-V resuit obtained from the balloon flight and the solar simulators are compared. Finally, we have
fabricated more than 50, 2 cm x 2 cm triple-junction cell-interconnect-cover (CIC) assemblies. The highest CIC
efficiency is 23.2%. No degradation in CIC performance after 100, -120 °C to +140 °C thermal cycles was
observed.

INTRODUCTION

The GalnPx/GaAs/Ge monolithic multijunction cell is an attractive technology for space applications due to
its high efficiency and radiation hardness. Ge is a low cost (compared to GaAs or InP) substrate available in 100 mm
wafer diameters sufficiently rugged for thin, large area cell fabrication. In past years, Spectrolab has demonsirated
dual-junction cell efficiencies up to 24.2% (cell size: 0.5 cm x 0.5 ¢cm) under 1x, AMO illumination on Ge substrates [1].
Concurrently, we have modeled a triple junction version of the cell utilizing the Ge as a voltage booster. Model results
indicated with the inclusion of a third junction in the Ge substrate, the cell efficiency will have an additional 2% to 2.5%
(absolute efficiency) increase.

Under this U.S. Air Force development contract, the objective has been to demonstrate proof-of-concept triple
junction devices and to deliver celis with a goal of 24% efficiency. The ultimate objectives are (1) to demonstrate a
26.5% cell efficiency and (2) to exiend the growths to larger reactors capabie of supporting volume production. In this
work, we have utilized a multipie wafer reactor to grow the triple-junction GalnP/GaAs/Ge cells. The highest efficiency
achieved to date is 23.3% for a cell measuring 2 cm x 2 cm. We have also achieved a very uniform distribution of cell
efficiencies across 3" diameter wafers. Average cell efficiency of 22.8% across the 3" diameter wafer indicates
large area cells, upto 4 x 6 cm? across 3"wafer are possible. Cells have been characterized by electron imradia-

" This Work is supported by the Department of the Air Force and Managed by Phillips Laboratory, Space Power and
Thermnal Management Division, under Phillips Laboratory contract no. F33615-91-2146.



tion stability (1 MeV), and temperature coefficient measurements for both dual and triple-junction cells. The
results indicate the difference in absolute efficiency between these two devices is 2% at an operating

temperature of 54 °C.

In addition, we have incorporated a triple-junction cell in the JPL balloon flight 1995. The same cell was
also measured by NREL and Spectrolab. The efficiency measured from the balioon flight is 0.7% and 1.9%
(relative efficiency) lower than what measured by NREL and Spectrolab, respectively.

Finally, we have fabricated more than 50 triple junction welded CICs. The highest CIC efficiency is
23.2%. The average efficiency for the 50 CICs (CIC size: 2 cm x 2 cm) was 22.0% and is very comparable to
that which was measured on the bare cells (average cell efficiency is 22.1%) before they were fabricated into
CICs. Several CICs were subjected to a 100 thermal cycle test with the temperature varying from -120 °C to
+140 °C in each cycle. No degradation was observed for this test.

GalnP,/GaAs/Ge TRIPLE-JUNCTION CELL RESULTS
GalnPJ/GaAs/Ge Triple-Junction Performance Modeling

in this work we first performed modeling to calculate the minimum achievable efficiency in the triple-junction
cell in the high volume production envionment. Our approach has been to combine what we have already
demonstrated on the duakjunction with conservatively modeled performance for the Ge bottom cell. The triple-junction
cell structure shown in Fig. 1 consists of a dual-junction GainP,/GaAs interconnected to the Ge bottom cell through a
second GaAs tunnel junction. The resultant I-V curve for a triple-junction GainP/GaAs/Ge cell is shown in Fig. 2. The
expected minimum average efficiency at beginning-of-life (BOL) is 26.5%. Previous work on the electron irradiation of
Ge cells demonstrated a low rate of current and voltage loss up to high fluence levels [2,3]. At an EOL fluence of 1 x
10" 1 MeV electrons/cm?, the Ge cell will continue to function as a voltage booster and the triple-junction cell will

have an efficiency greater than 21%.

GalnPJ/GaAs/Ge Triple-Junction Solar Cell Fabrication

The cell structure utilized in this work has been shown in Fig. 1. The thickness of the emitter and base layers
in GainP, cell were 0.1-0.15 um and 0.4-0.48 um, respectively. The carrier concentration in the emitter of both cells
was 1-3x10" cm®. The base of the top cell was doped 10 a level of 1-3x10" cm, while a base doping of the 3-6 x 10'°
cm” was targeted in the GaAs cell to maximize EOL current collection. A high bandgap AlinP; layer was used to
passivate the front of the GainP; cell; the back surface was passivated in this cell with an AlGalnP layer. A GalnP;
layer was used for the window on the GaAs cell. An AlGaAs (or GainP;) was used for the GaAs cell back surface
passivation. The Ge bottom cell active junction was formed by As diffusion into a p-type Ge substrate.

The GalnP,/GaAs/Ge triple-junction cells were grown on 3-inch diameter Ge substrates. The grown
wafers show mirror like shiny surface morphology. Cells were then processed into a 2 cm x 2 cm cell size using
standard single junction GaAs/Ge producing procedures. After processing, cells were evaluated by light |-V
measurements. Since current in these cells is limited by the top two cells, the X-25 simulator intensity was set
with JPL balloon flight GalnP; and GaAs (filtered by GalnP,) standard.

The highest efficiency measured to date is 23.3% (AMO, 28 °C) fora 2 cm x 2cmcell. As shownin Fig. 3
the open circuit voltage (Voc), short circuit current (Isc), and fill factor (FF) are 2573 V, 58.06 mA and 86.1%,
respectively. To our knowledge this is the first, and the highest efficiency reported for, an n/p GalnP./GaAs/Ge tripie

junction cell.
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Figure 4 shows the best measured cell efficiency distribution for cells grown on a 3 inch diameter
substrate. The cell efficiencies, with an average of 22.8% (1x, AMD), were uniformly distributed across the
wafer. The average Voc, Isc and FF, were measured at 2.549 V, 58.1 mA and 84.7%, respectively, in this wafer.
Good cell uniformity across the 3 inch diameter wafer indicates large area, 4 cm x 6 cm cells could be fabricated.
The spectral response was measured using light bias at different wavelength. The extenal quantum efficiency
(Q.E.) of the three subcells are clear from the data in Fig. 5. After integration of the extemal Q.E. with AMO
spectrum we obtained a much higher current in the Ge cell and confirmed that the current triple-junction cell
performance is limited by the top two cells.

GalnP/GaAs/Ge Triple~Junction Solar Cell Characterization
Electron Irradiation Test Results

In this test we madnated a small quantity of bare cells. The electron energy and fluence used in this test
were 1.0 MeV and 1E15 e/cm?, respectively. After the imradiation, cells were re-measured with X-25 simulator.
Due to a lack of balloon ﬂlght standard, for end-of-life (EOL), the X-25 simulator intensity was set with JPL
balloon flight GalnP, and GaAs (filtered by GalnP;) standard cells for BOL.

The light |-V results for the irradiated cells are summarized in Table 1. Voc1, Isc1, FF1 and Eff1 are the
open circuit voltage, short circuit current, fill factor and efficiency, respectively, for BOL. Voc2, Isc2, FF2 and
Eff2 are the results for EOL. Average Voc, Isc, FF and Eff ratios for cells measured at EOL to BOL are 82.4%,
81.1%, 99.2% and 74.4%, respectively. Since the ratio of Isc is very close to that measured in GaAs single
junction cells, we concluded that the EOL performance of triple-junction cell is limited by the degradation of
GaAs cell. In order to verify this, we performed spectral response measurements on these cells. As shown in
Fig. 6 the external Q.E. for both GalnP, and GaAs cells degraded at EOL. The ratio of integrated current for
EOL to BOL are approximately 93% and 80%, respectively, for the GalnP; and GaAs cells, which confirms that
the EOL performance of current triple-junction cell is limited by the degradation of the GaAs cell. Recently, we
have improved the GaAs single junction cell electron irradiation performance. We will incorporate this into the
triple junction cell growths and expect a better EOL performance in optimized triple junction cells.

GalnP,/GaAs/Ge Triple-Junction Cell Temperature Coefficient Measurement

Several triple-junction cells have been used for the temperature coefficient measurements. Light I-V
measurements were performed at four different temperatures (10, 28, 50 and 80 °C). The open circuit voltage
_ decreases with increasing temperature is shown in Fig. 7. The decrease in the Voc is due to the increasing dark

currents. The rate of decrease of Voc with temperature is 6.07 mV/°C. For comparison, the temperature
coefficient of 3.99 mV/°C for the dual-junction cell is also plotted in the same figure.

The short circuit current increases with increasing temperature is shown in Fig. 8. The improvement in
Isc with increasing temperature is due mostly to the shift in the absorptlon edge of three cells. The rate of
increase of short circuit current density with temperature is 0.0162 mA/cm ’rC. ,

The efficiency decreases with increasing temperature for both dual and triple-junction cells are shown in
Fig. 9. The rate of decrease of Eff with temperature are 0.040 and 0.053 %/°C (absolute), respectively, for dual
and triple-junction cells. This figure also clearly shows the difference between these two devices is 2% at an

operating temperature of 54 °C, as we previously reported [1].
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GalnPx/GaAs/Ge Triple-Junction Cell Balloon Flight Measurement Results

Triple junction device measurements are performed using Spectrolab’s modified X-25 simulator. The
simulator contains an attachment with a movable set of filters that aillow trimming simulator's spectral content to
achieve proper color balance between the GalnP; top cell to GaAs middle cell with respect to the set of balloon

flight standards.

Device 2T110A4 was measured using this simulator with appropriate set of top and middie cell
standards. This cell was also measured at NREL using multi-source filtering attachment. In addition to
Spectrolab and NREL measurements, Cell 2T110A4 was mounted onto the standard JPL balloon package and
flown on the 1995 balloon flight. The results and temperature corrected results are shown in Table 2.

Measurement differences between Spectrolab ground and balloon measurements are less than 2%.
Most of the error is in the voltage measurement, rather than Isc and fill factor. This error may be related to the
difference in temperature coefficients of the measured cell and the values measured for other devices (presented
in this paper). Similarly, the difference between NREL and Spectrolab measurements is less than 2%. Good
agreements in measured cuments between three measurements show that terrestrial measurements of

multijunctions within 1% are possible.

GalnP,/GaAs/Ge TRIPLE-JUNCTION CIC RESULTS

In this work, we have successfully fabricated full CIC structures. In order to meet the delivery
requirement, fifty bare cells with an average efficiency of 22.1% were selected for the CIC fabrications. Silver
straps were used to weld to the top metal contact of the cells. Three mil thick, CMX glasses were cut to the size
of the cells and cemented to the surfaces of the cells. After fabrication, light |-V were re-measured. The highest
efficiency measured to date is 23.2% (AMO, 28 °C) for a 2 cm x 2 cm CIC. The Vo, Isc, FF are 2.564 V, 57.76 mA
and 86.3%, respectively. The average efficiency for these 50 CICs is 22.0%, which is very comparable to the
average bare cell efficiency of 22.1% before they were fabricated into the CICs.

Several CICs were subjected to a 100 thermal cycle test. In this test, the temperature varied from -120
°C to +140 °C at the rate of 15 °C/min in each cycle. After the test, they were re-measured. The I-V results are
very close to what were measured before the thermal cycle test indicating no degradation occurred during this

themmai cycle test.

CONCLUSIONS

GalnP,/GaAs/Ge triple-junction cells have been successfully demonstrated. The best cell efficiency of 23.3%
AMO, 28 °C) is the highest reported efficiency for this device. With optimization, these cells are capable of providing a
minimum average efficiency of 26.5% in volume production. The electron irradiation of first few cells yielded
average P/P; at 0.744. This performance is limited by the GaAs middle cell. With optimization the P/Pg in this
device is expected to improve to 0.80 at 1.0 MeV (1E15 e/cm?) electron iradiation. We have completed
temperature coefficient measurements shown 2% absolute efficiency difference between the dual and triple-
junction cells at operating temperature of 54 °C. Finally, the triple junction CICs were successfully fabricated
indicating the “transpancy” of the product to standard Spectrolab’s welded panel fabrication process. The best
CIC (2 cm x 2 cm) efficiency is 23.2%. No degradation in CICs was observed after thermal cycle testing.

50-



REFERENCES

[1] P.K. Chiang et. al., "Large area GalnP/GaAs/Ge multijunction solar cells for space applications®, Proc. 1st world
conf. on PV energy conversion, 1994, pp. 2120-2123.

[2] R. Venkatasubramanian et. al., "High temperature performance and radiation resistance of high efficiency Ge and
SihgrGeg g solar cells on lightweight Ge substrates®, Proc. 22nd IEEE PVSC, 1991, pp.85-89.

[3] D. D. Kn# et. al., "The development of Ge bottom cell for monolithic and stacked multijunction applications”, Proc.
22nd IEEE PVSC, 1991, pp. 90-92.

Table 1 Light I-V test resuits for BOL and EOL

Vocit Voc2 Ratio Isc1 Isc2 Ratio FF1 FF2 Ratio Efft Eff2 Ratio
M » ’ (mA) (mA) - (%) (%) (%) (%)
81.16 81.08 0.999 225 16.8 0.744

2T101A-5 2.524 2324 0.921 60.68 49.10 0.809
2T110A-5 2526 2342 0.927 6066 49.35 0.814 8367 8242 0.985 232 17.3 0.743

0.811 8242 8175 0.992 229 17.0 0.744

Avg: 2.525 2.333 0.924 60.67 49.23

Table 2 Triple Junction Cell Testing Results

Spectrolab Measurement JPL Bailoon NREL
(ASTM AMO) (WRRL AM0O)
Measured at 28°C Measured at 53.5°C Corrected to Measured at
28°C 25°C
Isc 58.47 mA 59.98 mA 58.83 mA 58.97 mA
Voc 2541V 2.355V 2510V 2.553 v
Eff 22.95% T 21.15% 22.51% 22.6%
FF 83.94% 81.96% — 83.89%
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Fig. 3. I-V curve for the highest efficiency GalnPy/GaAs/Ge triple junction cell
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Fig. 7. Open circuit voltage of dual and triple-junction cells as a function of temperature
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STATUS OF MULTIJUNCTION SOLAR CELLS

Y.C.MYeh and C.L. Chu
Applied Solar Energy Corporation
15251 Don Julian Rd. '
City of Industry, CA §1745-1002

INTRODUCTION

This paper describes Applied Solar's present activity on Multijunction space cells. We have worked on a veriety
of MJ cells, both monolithic and mechanically stacked. In recent years, most effort has been directed to
GalnP,/GaAs monolithic cells, grown on Ge substrates, and the status of this cell design will be reviewed here.

Purpose of Work

MJ cells are in demand to provide satellite power because of the acceptance of the overwhelming importance of
high efficiency to reduce the area, weight and cost of space PV power systems. The need for high efficiencies
has already accelerated the production of GaAs/Ge cells, with efficiencies 18.5-19%. When users realized that
MJ cells could provide higher efficiencies (from 22% to 26%) with only fractional increase in costs, the demand
for production MJ cells increased rapidly.

The main purpose of the work described is to transfer the MOCVD growth technology of MJ high efficiency cells
to a production environment, providing all the space requirements of users.

TECHNICAL APPROACH

The feasibility of the high efficiency MJ cells considered here, was demonstrated primarily by an NREL group
under Dr. Jerry Olsen. The challenge is to transfer this MJ cell to production status. This required validation that
large area MJ cells could be fabricated evaluation of the relative merits of P/N and N/P configurations, and
demonstration that Ge substrates could replace GaAs, to provide larger area, thin MJ cells.

The main technical challenges for MJ cells result from the larger numbers of cell design options (10-12 layers)
and from the controlled MODVD procedures required for uniform multilayer growth over substrates. -

The approach used is to systematically vary the various layers using design of experiment methods to optimize
the layers for high efficiency. These tests are made in a large capacity MOCVD reactor to validate that these
optimization procedures can be achieved at production levels. Production operation includes the need to
upgrade the toxic disposal (involving both P and As) and establishing of maintenance schedules to provide
round-the-clock operation, to meet user delivery schedules. .

There is one other important factor in control of the growth procedures. The BOL cell efficiency depends on the
current match between the GalnP; and GaAs cells, and is highest when the sub-cell currents are equal.
However, because radiation degrades the subcells at different rates, (usually the GaAs cell degrades faster when
exposed to only the longer wavelengths transmitted by the the GalnP. cell), in order to meet typical space
mission requirements, it is necessary to modify the growth procedures to over-match the GaAs cell. Although
this reduces the BOL efficiency slightly, the EOL efficiency is improved. We have investigated this tailoring of
radiation performance, including steps to increase the radiation resistance of the GaAs sub cell, and have
validated a model which allows prediction and monitoring tests that ensure than large numbers of MJ cells have
consistent EOL performance, meeting specific flight conditions.
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For MJ cells, the contact requirements are not excessive . The higher internal impedance of the cell allows very
low series resistance (high CFF) to be obtained with low metal shading (~ 3%). The requirements for bondability
contact adhesion and minimization of interaction between the contact metallization and the MJ cell structure can
be fulfilled using experience gained on GaAs/Ge cells. We are continuing to evaluate possible improved
metallization schemes. For MJ cells, there is only slight decrease in CFF resuiting from the larger grid path
length on larger size substrates.

The AR coatings need modification, to ensure the correct match for 2J (and 3J cells).

To control and monitor MJ cell performance, we have developed a set of inline characterization tests. A major
requirement is that the solar simulators used can replicate the AMO spectrum for all cells in the stack, and over
the whole cell area. We are using two-light simulators, one an existing Hoffman simulator, the other a Xe light
simulator, with added optical filters. We are also modifying a large area pulsed solar simulator for testing strings
and panels made from MJ cells. The simulator coefficient is checked by radiometers, and also using balloon-
flown subcells or secondary standards to calibrate simuiator.

The I-V data are analyzed in detail to extract the performance of the overall cell and of the subcells.

Other tests include:

- Visual check of surface morphology of MOCVD grown layers. (This follows procedures developed
successfully with GaAs/Ge cells)

- Detailed analysis of illuminated |-V performance

- Spectral analysis of individual cell output

- C-V Polaron profiling, to derive the impurity concentration and thickness of the main layers, usually
the emitter and base of the subcells.

- X-ray diffraction to check the lattice spacing and strain

- Spectral reflectance to check solar absorptance and AR coatings

For tests of external cell features, (contact strength, temperature cycling, humidity etc.) the usual QA equpment
and procedures are used.

RESULTS ACHIEVED

The initial efficiency goal (21.5 - 22%) has been achieved for large area cells (over 4 cm?, up to 36 cm?), grown
in a large production MOCVD reactor.

As mentioned above, the major factor in achieving high efficiency for large area MJ cells is not to correct for the
slight loss in CFF resulting from longer grid length, but the need to optimize all the crtical layer growth

parameters over larger areas.

Figures 1 and 2 show AMO I-V curves for two cells of different area. The radiation performance has been
modeled. Figures 3 and 4 show the performance of dual-junction cells for a range of 1 MeV fluences, as a
function of the subcell current mismatch. Figure 5 shows some experimental radiation data for dual junction

cells, plotted with the model predictions.

Figures 6 and 7 shows some in-line characterization results, the measurement of the spectral response of each
subcell, and the deviation of the bandgap of the GalnP; cell.

These MJ cells have successfully passed the space qualification tests shown in Table1.

Present efforts continue to increase the yield for cells made under production conditions.
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DEVELOPMENT WORK

In addition to the on-line yield improvements, several other areas of MJ cell development are proceeding at
Applied Solar, to meet future production requirements.

Enhanced Dual Junction Cells

Work is proceeding to develop dual-junction cells with enhanced output. This involves improving the passivation
at several cell interfaces, and also some fine-tuning of the growth parameters. The design of the enhanced
output cells (minimum average goal 24%) will also ensure that the cells meet specified radiation exposures.

Triple-Junction Cells

The user-demands for GaAs/Ge cells led to the requirement that the GaAs/Ge interface should be
photovaoltaically inactive, and the growth procedures were defined to tender this interface inactive.

For MJ cells, it is easier to provide matching current in a Ge cell under a 2J cell, and work has proceeded to add
a third (Ge) cell under the dual junction cell. In the best case, this should further increase efficiency to 26%, with
no penalty in radiation resistance, and minimum increase in temperature coefficients.

Applied Solar has continued work begun (with RTI) on making dual junction monolithic cells from AlGaAs &or
GalnAsP) cells grown on Ge cells. We. are re-evaluating the options for forming Ge cells, which retain best
performance after exposure to the full growth sequence of GaAs and GalnP; cells.

On a NASA-Lewis SBIR, in Phase | we studied the options available to include Ge PN junctions. The methods
adjustment of the growth parameters to form the PN junction in-situ (the method used to make GaAs/Ge cells
with active interface), or preforming Ge PN cells, by epitaxial growth, or by ion implantation or diffusion. We
have established that high emitter doping density (>5 x 10" cm™) is needed to ensure effective PN junctions in
P/N structures after As in-diffusion occurs during growth of the GaAs cell.

We are also studying the many impurity interactions that take place across the GaAs/Ge interface during the
growth schedule.

We have established that the quality of present N-Ge substrates can provide matching current when illuminated
under the dual-junction layers. The main emphasis is on maximizing the Voc and CFF of the Ge cell under the

same illumination conditions.

Other MJ Cells

We have begun work (with NREL and RTI) on an NRL contract, to investigate MJ celis (InP/InGaAs) grown on
Ge substrates. The goal of this contract is to provide high EOL performance. The main technical emphasis is to
optimize the cell performance by growing intermediate layers with increasing lattice spacing on the Ge substrates
to reduce the effects of the lattice mismatch between Ge and the other two cell materials.

We are also continiung to explore the methods developed with RTI, on mechanically stacked MJ cells with
improved cell-cell bonding methods. This option allows cells with suitable bandgaps but widely varying lattice
spacings to be combined effectively.

SUMMARY

This paper described Applied Solar's current activity in MJ cells. The goals are to meet increased user demands
for higher efficiency large area space cells, at production levels. We have described the production build up of
dual junction cells, primarily in demonstrating growth of all the DJ cell layers in a large throughput MOCVD
reactor. We have also established effective in-line characterization, analysis and testing methods. Space-
qualified post-growth process methods have been demonstrated.
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We outlined work to enhance DJ cells, and to add a third junction. We also described work on some associated
MJ cell designs.

Tabfe | Space Qualification Tests Completed

PARTICULATE RADIATION PROTON ENERGY:
200 KeV
FLUENCES
1E + 11 TO 1E + 13 elcm’
ELECTRON ENERGY:
1-MeV
FLUENCES
3E+13 TO 3E + 15 efcm®
UV RADIATION 550 - SUN-HOURS AT 1-SUN AMO
HUMIDITY 95% AT 45°C FOR 30 DAYS
OPTICAL PROPERTIES ABSORPTIVITY = 0.89, EMISSIVITY = 0.85 WITH OCLI 0213
GLASS COVERSLUIDE
WELDABILITY FRONT/BACK CONTACT 45° PULL, 350 GRAMS
SOLDERABILITY FRONT/BACK CONTACT 45° PULL, 600 GRAMS
ANGLE OF INCIDENCE ' 0° TO 80° SUN ANGLE AT ROOM AMBIENT
REVERSE BIAS SOAK 30-MINS DARK REVERSE AT 120°C,1.67 X 1sc
REVERSE BIAS CYCLING > 25,000 CYCLES AT 120°C, 1.67 X 1sc
TEMPERATURE COEFFICIENTS 28°C TO 120°C, 0 TO 3E +15, 1-MeV ELECTRONS
THERMAL CYCLING 5,000 CYCLES FROM -110°C TO 120°C
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InP tunnel junctions for InP/InGaAs tandem solar cells!"

M. F. VILELA® N. MEDELC!b, A. BENSAOULAb, A. FREUNDLICH? and P. RENAUD?
® Space Vacuum Epitaxy Center, University of Houston, Houston, TX 77204-5507
® Also International Stellar Technologies, Inc., 9209 Hilldale St., Houston TX USA 77055

We report, for the Brst time, an epitaxially grown InP p*/n** tunnel junction. A diode with peak current
densities up to 1600 A/cm“ and maximum specific resistivities (Vp/lp - peak voltage to peak current ratio) in
the range of 10"4Q-cm? is obtained. This peak current density is comparable to the highest results previously
reported for lattice matched Ing 53Gag 47As tunnel junctions. Both results were obtained using chemical beam
epitaxy (CBE). In this paper we discuss the electrical characteristics of these tunnel diodes and how the growth
conditions influence them.

1. Introduction

The drive for higher photovoltaic efficiency has led the technology away from single-junction cells and toward
multiple-bandgap (tandem) cells. These multi-bandgap devices can be better matched to the solar spectrum. In
this approach, cells of different bandgaps are placed optically in series, either during the growth process
(monolithic tandems) or by being joined together after individual processing (mechanically stacked tandems).
With regards to production costs and compatibility with current panel fabrication standards, the monolithic
approach is superior.

InP solar cells have shown higher radiation resistance than the more traditional solar cells such as Si
and GaAs, and are ideally suited for space applications. Due to their potential high efficiency, InP/InGaAs
tandem solar cells seem to be the ideal doublet for both space and terrestrial applications.

Chemical Beam Epitaxy (CBE) has been shown to be a powerful technology for the growth of
phosphorus-based compounds. Moreover, CBE permits reproducible and precise control over the layer
composition and doping and has demonstrated growth of complex heterostructures with interfaces below one
monolayer fluctuation. Therefore, CBE appears to be the technique of choice for solar cells such as the two-
terminal multi-junction InP/InGaAs.

The key to achieving very high conversion efficiencies for monolithically integrated tandem solar cells is
realizing stable and optically transparent tunnel junctions. We have recently demonstrated Ing 53Gag 47As
tunnel junctions with very high peak current densities on InP, GaAs, and Si substrates using CBE. Growing InP
layers on top of these tunnel junctions did not degrade them [1). However, InGaAs tunnel diodes absorb a
significant portion of the low energy photons thus limiting the efficiency of the tandem device. In this work we
report the first realization of an InP tunnel junction with a peak current density of 1600 A/cm?. The InP tunnel
junction is utilized to provide the crystallographically compatible and optically transparent ohmic interconnect
between the InP and InGaAs solar cells.

2. Experimental growth

Epitaxial runs were accomplished in a Riber CBE 32 system using Trimethyl-indium (TMI), Triethyi-Gallium
(TEG), and pre-cracked Arsine (AsH3) ang Phosphine (PH3) as growth precursors. Solid Beryllium and Silicon
were used as p and n doping sources respectively. 7 a3 0 A

Be-doped p-InGaAs with net hole concentrations varying from,2 x 10 cm tq,2 x 10 cm and Si-
doped n-InGaAs with net electron concentrations varying from 1 x10 cm to 2 x 10 cm_ were achieved;
more details on these results can be found in reference [2).

(1) This work was supported by the following State of Texas Advanced Technology and Research Programs:
#93-03652-224, #93-03652-236, #93-03652-243, #93-03652-260. The work at 1.S.T. Inc. was supported by
NASA SBIR Program #NASW-4093.



The InP layers were grown at temperatures ranging from 753K (480°C) to 803K (530°C) and growth
rates yarying from 05 pmg/hr to 1 um/hr. Be-doped p-InP with net hole concentrations varyigg from
2x10,,cm, to1x 10 cm and Si-doped n-InP with net electron concentrations varying from 1 x 10 c¢m to
4x10 cm were achieved.

The InP beryllium doping study shows that the p-type carrier concentration levels vary with Be source
temperature, the growth temperature and growth rate, Fig. 1. A similar behavior was observed for Be-doped
InGaAs layers grown by CBE [3]. A drastic drop in the carrier concentration for higher Be source temperatures
was observed: the same behavior exists for Be-doped InP epilayers grown in our laboratory by molecular beam
epitaxy (MBE). The threshold for this drop seems to be related to other growth parameters. For example, at a
growth rate of 1um/hr and a growth temperature of 783K (510°C), the maximum doping level reached was for a
Be source at 1203K (930°C). Using a growth rate of 0.75 um/hr and the same growth temperature of 783K
(510°C), the maximum doping leve! was reached for a Be source at 1153K (880°C).

Fig. 1 shows that the carrier concentration is more sensitive to growth temperature than to growth rate.
For instance, a change in the grgwth fate from 1,0 0.75 um/hr (2.78 to 2.08 A/s) only slightly increases the
hole concentration, from 4x10 cm to 5x10 cm3; this difference is within the experimental error.
However, if the growth;temperature is.gecreased by 45 K (from 828K (555°C) to 783K (510°C)) the doping level
increases from5x 10 cm to1x10 cm .

The Be source activation energy was determined to be 3.0 eV.
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Fig. 1: Hole concentration in InP as a function of the Beryllium source temperature.

Fig. 2 shows the electron concentration as a function of the Si effusion cell temperature. High and low
electron concentrations were obtained. The electron concentration was found to be minimally sensitive to both

the growth temperature and the growth rate.

The silicon activation energy was found to be 7.57 eV.
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3. Photovoltaic results

The CBE technique is expected to allow the realization of tunnel junctions with superior properties. Those
devices require both degenerately doped semiconductor layers and low interdiffusion of doping species in the
narrow (~20 nm) space charge region of the junction. This is possible since high quality InP and InGaAs layers
can be grown at much lower temperatures than those required in more conventional techniques, such as liquid
phase epitaxy (LPE) and metallorganic vapor phase epitaxy (MOVPE).

In previous reports [1,2] we have reported Ing 53Gag 47As tunnel junctions with peak current densities of
up to 1015 A/cm? using CBE. Ing 53Gag 47As tunnel junctions grown on GaAs and Si substrates which yield
peak current densities as high as 560 A/cm? were also demonstrated {1], see Table 1. We would like to point
out two major results of that work. First, the peak current densities reached by those diodes were the highest
ever reported for this kind of tunnel diode. Second, and most important, those characteristics were unchanged
even after subsequent growth of a thick (3 um) InP solar cell at high growth temperature (>833K (560°C)),
representing more than 2 hours of growth. We summarize our Ing 53Gag 47As tunnel diodes results in
Table 1.

Table 1
InGaAs Tunnel Diodes
substrate ' peak current resistivity annealing
Alcm? (x10Q-cm? '

InP 1015 25 No

GaAs 452 4 No

Si 560 4.8 No

InP* 580 3.14 No

InP** 860 2.9 2 hr (> 560°C)

* tunnel diode belongs to the same wafer used for **.
** half wafer used in * was reloaded in the growth chamber and had an additional InP solar cell grown on it.



Our preliminary work on the growth of InP and InGaAs solar cells resulted in photovoltaic converters with
AM1.5 efficiencies equal to 18% for InP and 10.2% for Ing 53Gag 47As. We have also fabricated InP/InGaAs
tandem devices which were grown using a 0.1 um thick InGaAs tunnel diode as the interconnect. The tunnel
diodes are shown to provide a low resistivity ohmic contact, even at simulated high concentration sunlight. The
open circuit voltage of the tandem device is the sum of the InP and InGaAs individual cell voltages. The
spectral response of this tandem revealed minimal sensitivity for photons with energies between 1.4 eV and
0.75 eV. This is due to photon absorption in the InGaAs tunnel diode. The use of very thin tunnel diodes should
minimize this absorption. However, Wanlass et al [4] showed, by using MOVPE, that the use of ultra-thin tunnel
diodes precludes using this tandem technology for high concentration applications, because the degradation of
the tunne} diode electrical characteristics.

We summarize our photovoltaic results in Table 2.

Table 2
Photovoltaic Performances

Solar Cell Voc - Jsc FF n
(AM1.5 values) V mA/cm? % %
InP 0.81 28 80 18.1
InGaAs 0.25 60 62 10.2
InP/InGaAs tandem* 1.2 60 82 -
InP/InGaAs tandem 1.0 8 76 6.3

* - under concentrated light; Voc - open circuit voltage; Jsc - short circuit current density; FF - fill factor;
n - efficiency; AM1.5 - air mass 1.5.

4. InP tunnel diodes devices

The samples grown in this study are simple InP p*/n** junctions. In order to investigate the evolution of the
tunnel characteristics for tandem solar cell applications, all samples have an additional InP p-type layer grown,
which simulates the InP top solar cell in the actual tandem device (the thickness was determined by computer
modeling [5]). The growth is terminated with an Ing 53Gag 47AS p-type contact layer. The complete structure is
shown in Fig. 3. For all samgles analyzed, the n-doped InP layer characteristics were kept constant, with the Si
doping at ND- N,=1x 1019 ¢m3, a thickness of 750 A, a growth temperature ( Tg) of 783K (510°C), and a
growth rate (rq) of 1 um/hr. Only the p+ layer growth parameters were varied. Fig. 4 shows the -V
characteristics of a device, CBE 399, exhibiting a peak current density of 1,600 A/cm . This tunnel junction
imposes a voltage drop on the tandem device in the microvolt range, for a sunlight concentration of 100x (AMO
spectrumj .

The Be-doped InP layer for this device was grown under the following conditions: Tqg = 773K (500°C);
rg = 0.75um/hr; and Tge = 1153K48803C). The doping level in this layer, as extracted from the Hall
measurements, is N -N_=7x10 cm . To our knowledge this is the first demonstration of an

epitaxially-grown InP thneFdiode.

The dependence of the tunneling characteristics on the Be-doped InP layer growth parameters was
investigated. The tunneling characteristics are completely lost if, taking the growth conditions of the sample
CBE 399 as reference (see Table 3), we increase the growth temperature by 30K (from 773K (500°C) to 813K
(530°C)), or if we increase the growth rate by 33% (from 0.75 to 1 pm/hr (2.08 to 2.78 Ars)), or if the Be source
temperature rises beyond the threshold, as explained in the section 2. The results are summarized in Table 3.
The samples shown in the table were selected to stress the level of growth control required in order to achieve
tunnel diodes with superior properties. More studies are necessary to figure out the mechanisms controlling the
diffusion and/or the incorporation of Be in InP.

The doping levels of both layers comaposing tunnel diode CBE-399, as deduced from our Hall
measurement calibration graphs, were: 7 x 10% cm™ for the p layer (see Fig. 1) and 1 x 10'° cm™ for the n
layer gsee Fig. 2). Those doping concentrations give an effective doping level, N*= Nax Np/ (Na + Np), of
4 x 10'® cm™. The theoretical expression developed by Kane [6] (see Vilela et al [2]), correlating the effective
doping level and peak current in tunnel diodes, predicts a peak current of less than 200 A/cm?. However, the



1,600 A/cm” peak current density exhibited by CBE-399 demands an effective doping level of 8 x 10" cm™, at

cm’ for each adjacent layer in the CBE 399 device. In other words, the theoretical calculatiog
implies that one or both doping layer levels in that tunnel junction are underestimated. Also, the 1,600 A/cm
peak curmrent value shows a minimal interdiffusion between both layers. Indeed, if Be or Si were fast diffusing
elements in CBE grown InP material, tunnel diodes heated to 803K (530°C) for 20 minutes, as CBE-399 was,

least 2 x 10"

would show peak current densities much lower than 1,600 A/cm .

Secondary lon Mass Spectrometry (SIMS) profiles will be performed in this device, in order to address

this discrepancy between theory and experiment.

InP Tunnel Diodes Growth Parameters Effects of the Be doped InP layers,

Table 3

SAMPLE Growth Temp. Growth Rate  Be Temp. Peak Current
°C um/h °C Alcm?®

CBE 399 500 0.75 880 1,600

CBE 469 500 1 880 No (B)

CBE 449 530 0.75 880 No (2)

CBE 407 500 0.75 820 No (S)

For all the sanﬁples the n++doped (silicon) InP layer characteristics were fixed at a Np- Na= 1 x 10“n cm ?
thickness of 750 A, a growth temperature (Tg) of 783K (510°C) and a growth rate (rg) of 1 um/hr.

No - means no tunnel characteristics presented.
(Z) means Zener, (B) means Backward or (S) means Simple diode.

=1x10
0.1 um

Ing 53Gag 47As:Be
p§+ 2

InP:Be
p=2x1018
0.25 um

InP:Be -
p*=5x1018-7x1018
0.075 um

InP:Si
n*t*+=1x1019
0.075 um

InP:Si
n=2x1018
0.05 um

InP:S
n-type substrate
n=2x1018
~400 um

Fig. 3: Schematic representation of the InP tunnel diode studied in this work.
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Fig. 4: 1-V characteristic of an InP tunnel junction (mesa 200 um in diameter) fabricated on InP
substrate. This tunnel diode has a cap layer simulating the InP solar cell growth during the tandem
fabrication ( 20 min growth at 803K (530°C})).

5. Conclusion

In summary, using Chemical Beam Epitaxy, we have demonstrated the fabrication of InP tunnel diodes with
very high peak current densities (up to 1600 A/cm?). This peak current is one of the highest ever reported for
tunne! junctions fabricated with [ll-V compounds. This realization should allow the growth of InP/InGaAs
tandem solar cells with optically transparent and electrically compatible interconnects for concentrator
applications. This tunnel junction induces a voltage drop in the microvolt range for a concentration of 100x
AMO. We are currently working toward the fabrication of such monolithically integrated InGaAs/InP tandem
solar cells. We have also demonstrated the drastic influence of the growth rate and growth temperature on the
tunneling characteristics of these devices. Finally, the absence of any degradation in InP tunnel diodes
subjected to the growth of a top InP solar cell, combined with the efficiencies reached by our single solar cells
(InP and InGaAs in Table. 2), make CBE the ideal technology for the fabrication of high performance
InGaAs/InP tandem solar cells.

The authors would like to thank Alex ignatiev for helpful discussions, David Moore for the legibility of this
text and Ping-chi (Pablo) Chang for his assistance during CBE growth.
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INTRODUCTION

An analysis embodied in a PC computer program is presented, which quantitatively
demonstrates how the availability of radiation hard solar cells can help minimize the cost of a
global satellite communications system. An important distinction between the currently
proposed systems, such as Iridium, Odyssey and Ellipsat, is the number of satellites employed
and their operating altitudes. Analysis of the major costs associated with implementing these
systems shows that operation at orbital altitudes within the earth's radiation belts (103 to
104km) can reduce the total cost of a system by several hundred percent [1,2], so long as
radiation hard components including solar cells can be used. A detailed evaluation of the
predicted performance of photovoltaic arrays using several different planar solar cell
technologies is given, including commercially available Si and GaAs/Ge, and InP/Si which is
currently under development.

Several examples of applying the program are given, which show that the end of life
(EOL) power density of different technologies can vary by a factor of ten for certain missions.
Therefore, although a relatively radiation-soft technology can usually provide the required EOL
power by simply increasing the size of the array, the impact upon the total system budget could
be unacceptable, due to increased launch and hardware costs. In aggregate, these factors can
account for more than a 10% increase in the total system cost. Since the estimated total costs of
proposed global-coverage systems range from $1B to $9B, the availability of radiation-hard
solar cells could make a decisive difference in the selection of a particular constellation
architecture.

EMERGING SATELLITE COMMUNICATION SYSTEMS

The first satellite communication systems deployed provided mainly point-to-point
communications, although connection to mobile handsets was possible where cellular systems
were available. The new systems are designed to provide global communication services
directly to maritime and land-mobile terminals in addition to fixed communication centers. To
provide global coverage, some of these systems plan to orbit as many as 840 satellites
(Teledesic). The orbital altitudes selected range from low earth orbit (LEO, 1000 km or less)
to geostationary earth orbit (GEO, 35,793 km). Medium earth orbits (MEQ) are used to
designate altitudes between these extremes and would include highly elliptical orbits (HEQ).
The geostationary orbit, initiated with INTELSAT | in 1965, has been widely used for global
communications. However, the propagation delay (0.6 seconds for a typical international
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connection), high latitude shadowing effects, the power required for the up-link and the
possibility of catastrophic system failure due to the loss of a single sateliite, have led to the
development of altemative LEO and MEO systems.

THE OPTIMUM ALTITUDE

The total cost of deploying a global satellite communications system is a strong function
of altitude. The requirement for global coverage defines the minimum number of satellites
required as a function of altitude. The number decreases by a factor of about 25 in moving from
LEO to GEO. On the other hand launch costs increase markedly as the altitude increases. When
communication systems costs are calculated based upon satellite cost per kg and launch cost per
kg, a shallow minimum in the cost curve is found at altitudes between 2,000 and 10,000 km.
Fig. 1 shows typical estimates for launch costs and the total mass of satellites in orbit plotted
versus altitude. The total mass is the product of the number of satellites and their individual
mass. Launch costs are taken from the TRW Space data Book and are an average for several
launch vehicles, including various configurations of the Titan IV, and the shuttle.

The exact location of the minimum in the cost curve is sensitive to relatively small
changes in the detailed parameters of a given system especially when details about satellite
capability are included, e.g. the number of communication channels, the type of data
transmitted, etc. A general estimate of system costs based on Fig. 1 are compared with actual
cost estimates for individual systems in Fig. 2. As can be seen all of the data indicate that below
2,000 km the costs of these systems increase precipitously. A curve similar to Fig. 2 has also
been discussed by Logston [1].

There are a number of other reasons why a MEO system is a favored configuration. These
include lower life-cycle costs than LEO because of fewer satellites (and ground stations for some
systems), less potential for launch failures than LEO, shorter transmission delay than GEO,
higher elevation angles than LEO or GEO, and less frequent handoffs than LEO [3].

The major obstacle to establishing cost-effective MEO systems is the fact that the earth’s
radiation belts reach a maximum intensity in this region. Of electronic satellite components,
solar cells are particularly vuinerable to radiation damage because of the necessity to maximize
their exposure to the sun. The availability of radiation hard solar cells are therefore critical to
achieving he potential benefits of MEO operation.

SELECTING AN OPTIMUM SOLAR ARRAY FOR A MEO COMMUNICATIONS SYSTEM

In order to compare different array technologies and to optimize the implementation of a
given technology, many different factors must be accounted for [4]. The computer program
developed for this purpose calculates the EOL power density of solar arrays taking into account
the cell geometry, coverglass thickness, support frame, electrical interconnects, electrical
harness, adhesive, and packing density. The EOL power density can be determined for any
altitude from LEO to GEO, and for equatorial to polar planes of inclination. The mission duration
can be varied over the entire range planned for the proposed satellite systems. An algorithm is
included in the program for determining the degradation of cell efficiency due to proton and
electron irradiation for different solar cell technologies [5] using the data given in the Solar
Cell Radiation Handbook [6]. Solar flare effects can also be included.

The program can be used to determine the optimum configuration for any cell technology
as a function of a particular orbit and a specified mission life. Consequently, it is possible to
compare the expected performance of all kinds of cells including those that are currently
available and those that are expected to be available in the near future. The critical factor from
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the cost point of view is the EOL power density in watts per kilogram. This can be transiated
directly into cost. Factors such as beginning of life (BOL) efficiency and even the cost per cell
are found to have a much weaker impact on the final cost of the system.

RESULTS OF THE ANALYSIS

An example of the results obtained with the program is shown in Fig. 3 for three
different solar cell technologies: Si, GaAs/Ge, and InP/Si. It will be shown below that if the
array support material is kept the same, the single most important variable is the coverglass
thickness. In Fig. 3, the optimum coverglass thickness for each technology for orbits in the
radiation belts has been used. The values for the remaining parameters such as the cell
thickness, the support frame and the mission life were made identical. It can be seen that the
InP/Si technology surpasses all others in EOL power density even though the BOL efficiency was
equal to or less than the other two technologies. The difference was especially noticeable in
orbits in the radiation belts where the InP/Si EOL power density exceeds those of the other
technologies by 50 to 300%.

In Fig.4 we show that there is an optimum coverglass thickness for each technology if the
EOL power density is to be maximized for a particular mission. For operation in the radiation
belts, the optimum thickness for InP/Si is ~12 mils, whereas for GaAs/Ge it is ~30 mils and
for Si ~20 mils. Slightly different curves would be obtained for different missions.

The sensitivity of the cell types to factors such as BOL efficiency and substrate thickness
has also been examined. These factors are not as readily changed as coverglass thickness but can
be expected to improve as cell development continues. Results appear in Figs. 5 and 6. In Fig. 5
the EOL power density is given versus the BOL efficiency. These curves were derived assuming
that as-grown and radiation-induced defects have the same effect on cell efficiency. For silicon,
the BOL efficiency has no effect on EOL power density over the full range studied for this
particular mission. Some improvement is obtained for inP/Si and GaAs/Ge up to about 15%,
but little enhancement in EOL power density occurs beyond that point. InP/Si is markedly
superior to the others for BOL values ranging from 10 to 25%. Fig. 6 shows that the EOL power
density is relatively insensitive to cell thickness. As was found for BOL efficiency, the relative
ranking of the different technologies is not changed as cell thickness varies from 2 to 16 mils.

Some insight into the contribution of the various factors to the EOL power density can be
obtained by examining their relative weights for typical input values. Results for the three
technologies are given in Table | for the particular mission used for Figs 3 - 6.

Table |
Percentage Contributions of Major Elements to the Total Array Weight
InP/Si GaAs/Ge Si
12 mil glass - 30 mil glass "~ 20 mil glass
12 mil cell 8 mil cell 4 mil cell
14% BOL 18% BOL 14% BOL
Frame 59.7 43.4 60.2
Glass 19.4 . 33.7 o 31.6
Cells 19.1 21.1 2.9
Elect. Harn. 1.8 1.7 1.8
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As can be seen in Table 1, the largest single contributor to the total weight of all the
arrays is the honeycomb frame holding the cells. It should be noted that in addition to structural
support, the frame plays an important role in shielding the cells from the underside,
contributing the equivalent of a 30 mil coverglass. Unlike efficiency and cell thickness, the
array material can be changed relatively easily. Results of substituting a flex array with 1/10
the density of a honeycomb are shown in Fig. 7.

Fig. 7 shows that marked improvement occurs in the EOL power density of the InP/Si
technology as a result of using the flex array. The influence upon the other two cell types is
marginal. The reason for the difference is the radiation hardness of the InP/Si cell. Note that
the shielding effect of the substrate has been taken into account for InP/Si and GaAs/Ge in Fig. 7,
but not for the ~4 mil thick Si cells, because it has such a small effect.

SUMMARY

We have examined the various factors which influence the EOL power density for three
different planar solar cell technologies. The performance of the InP/Si technology in the middle
of the radiation belts was found to exceed those of alternative technologies by a substantial
margin. Factors such as BOL efficiency and cell thickness did not strongly influence the results.
However, the density of the array support frame has a marked effect on the result.

To achieve the same total power output as the InP/Si technology, the mass of the more
vulnerable solar arrays would have to be increased by as much as 450%. The additional
hardware and the associated launch costs add significantly to the cost of the total system.
Technical problems introduced by the larger arrays can further magnify the costs. The
availability of radiation-hard solar cells, therefore, could make a decisive difference in the
selection of a particular constellation architecture when total system costs are measured in
billions of dollars.
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GLOBAL MOBILE SATELLITE COMMUNICATION SYSTEMS
Cost Determining Factors as a Function of Altitude

100 // 100
=]
é e} SR IR A I 4 B B 1 EEETEE SR 8 A% B K o 11 557 S R D I I 80
3 -
S 2
3
E 60—...-........ P P N 60 g
§ ' == Launch Cost o
o]
f -+ Total Mass 2
E e s e e - S P N I 40 ’a
© 40 =
2 =]
B 2]
a .
- - P FRURN U SR U I ) A G B A vt HEER B L & 3 JUURDEIN P - B N S 20
: 5 20 ‘
) 0 0
100 1,000 10,000 100,000

Orbital Altitude (km)

Fig.1 T_he total mass of a global mobile communication satellite system and the launch cost per
kilogram, both as a function of orbital altitude.
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Fig.2 The estimated total cost of a global mobile satellite communication system as a function
of orbital altitude, based on inputs such as the total mass of the system and launch costs.
Actual estimated costs by proposers of several commercial systems are also shown.
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EOL SOLAR ARRAY POWER DENSITY vs ALTITUDE
10 Year Mission - Circular Orbit - 60° Inclination
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Fig. 3 End of life (EOL) power density as a function of orbital altitude for arrays of InP/Si,

GaAs/Ge and Si solar cells for a 10 year mission in a circular orbit with a 600 angle of
inclination. A standard Al honeycomb array material has been used in each case.

EOL POWER DENSITY vs COVERGLASS THICKNESS
5 Year Mission - 7400 km Circular Orbit - 60° Inclination
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Fig. 4 End of life (EOL) power density vs coverglass thickness for arrays of InP/Si, GaAs/Ge
and Si solar cells, for a 5 year mission in a 7,400 km circular orbit with a 600 angle of

inclination. This is an orbit in the heart of the earth's radiation belts.
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EOL POWER DENSITY vs BOL EFFICIENCY
5 Year Mission - 7400 km Circular Orbit - 60° Inclination
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Fig. 5 End of life (EOL) power density vs beginning of life (BOL) efficiency for arrays of

InP/Si, GaAs/Ge and Si solar cells, for a 5 year mission in a 7,400 km circular orbit
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EOL POWER DENSITY vs SOLAR CELL THICKNESS
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Fig. 6 End of life (EOL) power density vs cell thickness for arrays of InP/Si, GaAs/Ge and Si

solar cells, for a 5 year mission in a 7,400 km circular orbit with a 60° angle of
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EOL SOLAR ARRAY POWER DENSITY vs ALTITUDE
10 Year Mission - Circular Orbit - 60° Inclination
Flex Array - 0.2 kg/m 2
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Fig. 7 End of life (EOL) power density as a function of orbital altitude for arrays of InP/Si,
GaAs/Ge and Si solar cells, for a 10 year mission in a circular orbit with a 60° angle of
inclination. A flex array material has been used in each case. Compare this figure with
Fig.3 to see the effect of the lighter array material.
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Abstract

InP p+/n/n+ solar cells, fabricated by metal organic chemical vapor deposition, (MOCVD) were
irradiated with 0.2 MeV and 10 MeV protons to a fluence of 1013/cm2. The power output degradation,
IV behavior, carrier concentration and defect concentration were observed at intermediate points
throughout the irradiations. The 0.2 MeV proton-irradiated solar cells suffered much greater and more
rapid degradation in power output than those irradiated with 10 MeV protons. The efficiency losses were
accompanied by larger increases in the recombination currents in the 0.2 MeV proton-iradiated solar cells.
The low energy proton iradiations also had a larger impact on the series resistance of the solar cells.
Despite the radiation induced damage, the carrier concentration in the base of the solar cells showed no
reduction after 10 MeV or 0.2 MeV proton irradiations and even increased during irradiation with 0.2 MeV
protons. In a deep level transient spectroscopy (DLTS) study of the irradiated samples, the minority carrier
defects H4 and H5 at Ey + 0.33 and E, + 0.52 eV and the majority carrier defects E7 and E10 at E.- 0.39
and E.-0.74 eV, were observed. The defect introduction rates for the 0.2 MeV proton irradiations were

about 20 times higher than for the 10 MeV proton irradiations. The defect E10, observed here after
irradiation, has been shown to act as a donor in irradiated n-type InP and may be responsible for obscuring
carmrier removal. The results of this study are consistent with the much greater damage produced by low
energy protons whose limited range causes them to stop in the active region of the solar cell.

Introduction

A near record AMO efficiency InP solar cell of 19.1% was achieved through MOCVD growth of a
homoepitaxial InP p+/r/n+ structure.(1) This type of structure has the potential to simplify the growth of
heteroepitaxial InP cells on Si by eliminating the problem of counter doping of the base region in the InP
on Si n on p cells. Electron irradiation testing of MOCVD InP p/n cells has also shown that they have
superior radiation resistance to MOCVD InP n/p cells. (2)

Several phenomena are observed in irradiation studies of n-type InP that may contribute to its improved
radiation resistance. It has been observed that carmier concentration in n-type InP, rather than decreasing,
increases after electron and proton iradiation.(3,4) This phenomenon, which we shall call carrier
enhancement, has been observed only in pn diodes in which the p region was zinc doped. (5)
Furthermore, this effect is correlated with a specific defect through the use of DLTS. (3) In contrast, it has
been shown that the carrier concentration in p-type InP decreases after either proton or electron
irradiation.(6,7) In the present study we observe the effects of high and low energy proton irradiations on
the defect structure and carrier concentration in the n-type region of the diode. In particular we focus our
attention on the radiation effects which involve low energy protons whose range is such that they stop
within the active n-type region of the pn diode. We concern ourselves mainly with the defect structures,
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possible carrier enhancements and the differences in the effects of low and high energy particles on the
series resistance and performance of InP p+/n/n+ solar cells. It is of particular interest to observe the
effects of carrier enhancement on the performance of the solar cells.

Experimental

The diodes and solar cells used in this study were fabricated by MOCVD at the Spire Corporation under
contract with NASA Lewis. The cell configuration, dopants, and concentrations are shown in Figure 1.
Cell performance was measured in the calibration laboratory of the Photovoltaic Branch at NASA Lewis,
using a Spectrolab X-25 xenon arc solar simulator and a flight-calibrated InP standard cell. The low energy
proton irradiations were performed at the University of Michigan’s lon Beam Laboratory and the high
energy proton iradiations were performed in the tandem Van de Graaff accelerator of Western Michigan
University. Spectral response and IV measurements were made prior to the irradiations and at each step
throughout. Carrier concentrations were measured using the capacitance-voltage (CV) technique. The
concentration and energy levels of the radiation-induced defects were measured by DLTS. The
concentration of defects have been corrected for incomplete trap filling (8), and the energy levels have
been corrected for the Frenkel-Poole effect. (9)

sults and Discussion

The pre-irradiation performance parameters of the p on n cells are given in Table 1.

Fill Factor % Efficiency %

Jsc (malem?)

236
225

Voc(mV)
851.4
854.9

847 12.41
85.2 11.95 ||

Table 1. Pre-irradiation cell performance parameters

The performance of these cells was clearly not state of the art. As indicated before, cells of up to 19.1 %
have been fabricated in this configuration.(1) The cells used in this study were produced as part of a
development program; therefore, growth and cell design parameters had not yet been optimized. The
post irradiation cell performance parameters are given as a function of fluence in Table 2. The normalized
efficiency as a function of fluence in presented in Figure 2.

Energy (MeV) 02 | o2 10 10 10
Fluence cm-2 | efficiency % Isc(ma) | Voc (mV) efficiency % | Isc(ma) | Voc (ma) II
0 12.41 236 851 11.95 225 855
101 837 19.8 772 11.81 22.4 852

102 485 143 649 1045 214 g8 |
L 108 2.75 10.8 545 7.90 190 | 75 |

Table 2. Pre and Post Irradiation cell performance parameters
The dramatic difference in damage rates is immediately evident. The low energy protons produce far

more degradation than the 10 MeV protons. The reason is that the range and damage production rate of
the two particles differ dramatically. The 10 MeV proton has a projected range of 497 um and will pass
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completely through the active region of the cell. The 0.2 MeV proton however has a projected range of
1.56 um and will stop inside the active region of the cell. (10) An incident proton produces maximum
damage at the end of its track and, since the 0.2 MeV proton stops in the active region of the solar cell it
produces a greater number of defects in this region of the cell. The low energy proton thus produces a
much greater amount of degradation. The degradation is dominated by a reduction in short circuit current
in the 0.2 MeV cells but is comparable in open circuit voltage and short circuit current in the 10 MeV
irradiated cells. This is also related to the differences in damage production of the two particles. Although
the 0.2 and 10 MeV irradiations both increased the dark cumrents, the 0.2 MeV proton irradiations had a
greater effect by more strongly reducing the diffusion length and thus reducing the current collected. This
effect is clearly visible in the external quantum efficiency curves given in Figure 3.

Figure 3 shows the external quantum efficiency of the unirradiated and irradiated cells. The 0.2 Mev
proton irradiations had a more pronounced effect on the quantum efficiency. The 10 MeV irradiations
produced a relatively uniform degradation in output as a function of wavelength. The 0.2 MeV irradiations,
however, produced a larger degradation in the red end of the spectrum. This reflects the strong effects of
the 0.2 MeV protons in reducing the diffusion lengths in the cells. The quantum efficiency in the red
portion of the spectrum, where the light is absorbed more weakly, and thus penetrates to a deeper depth,
is more strongly affected by the low energy protons which have a greater effect in reducing the diffusion

length of photogenerated carriers.

The 10 MeV proton radiation resistance of the p/n/n+ MOCVD solar cells versus n/p MOCVD solar
cells (2) and diffused junction n/p solar cells(11), is shown in Figure 4. The radiation resistance of the
p//n+ cells in this study is better than that of the /p MOCVD configuration but is still not as good as that
of the diffused junction cells. The starting efficiencies of all three cells however, were not the same and so
although the results suggest that the p/n MOCVD configuration is better than the nfp MOCVD
configuration, the data must be viewed cautiously. The variations in radiation resistance between the
diffused junction and MOCVD n/p configurations has been the subject of some study. (12) The
differences in performance between MOCVD and diffused junction cells have to do with the annealing of
defects in the diffused cells. In the diffused junction cells the radiation induced defects anneal easily
during operation and the power output recovers, while in MOCVD cells, the defects, as identified by
DLTS, anneal out, cell power output recovery is not observed, or at least not to the same extent. (12) The
variation in radiation resistance between cells based on n and p type InP materials may also have to do with
the introduction rate of the defects. It has been demonstrated that the introduction rate of defects is lower
in n type than in p type materials. (13,14) An absence of radiation induced carrier removal may also help
improve the radiation resistance in n type InP.(3)

Carrier concentration data for the irradiated samples are presented in Figure 5. It can be seen that not
only is carrier removal not observed after proton iradiation but that the carrier concentration increases
slightly in the case of 10 MeV irradiations, and strongly in the 0.2 MeV imradiations. The lack of carrier
removal has been previously observed in n-type InP and has been correlated with a radiation induced
defect. (3) As the 0.2 MeV protons have a higher defect production rate than the 10 MeV protons, they
produce a larger increase in carrier concentration.

IV curves were also taken throughout-iradiations and cell parameters were measured. The data is
presented in Table 3 . The series resistance as a function of fluence is plotted in Figure 6.

From the data it can be seen that the 0.2 MeV proton imadiations produce a larger increase in the
recombination currents in the solar cells. The differences produced in series resistance as shown in
Figure 6, became more pronounced at higher fluences. The recombination current is related to the defect
concentration in the depletion region and the 0.2 MeV protons produce more defects in this region and
thus a greater increase in recombination currents. In the case of the low energy protons the degradation in
the diffusion current is slightly higher than the degradation in the recombination current. This indicates
significant damage in the depletion region, emitter and base. In the case of the 10 MeV irradiations the
degradation in the recombination current is very limited, but much greater in the diffusion
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10

Energy (MeV) 02 02 0.2 10 10 |

Fluence (cm2) | Jos (A/cm?) | Jop (Alcm?) | Rg (ohm) | Joy (Aem?) | Joz (Aem?) | R (ohm)
0 32x1017 |5.3x10-14 049 |5.85x10-18 |1.17x10-12 | 051
101 1.85x10-11 | 1.08x109 —— |591x10-18 |2.22x10-12 | 052

Table 3. Pre and Post Irradiation IV Data

1.5 x10-1 5.5 x108 1.04x10-17 | 7.84x10-12 0.63
1.2 x109 1.75x10-8 9.09x10-12 0.61

7.11x10-11

current . This suggests that little damage is produced in the emitter and the depletion region by the

10 MeV protons and that most of the damage occurs in the base. This again is a result of the high damage
production rate of the low energy protons which stop in the active region of the solar cell as opposed to
the high energy protons which pass through the cell or produce damage deeper in the base of the cell.

The series resistance of the solar cells was also more strongly affected by the low energy protons but
the effect was pronounced only at the highest fluence. This effect occurs at the same point where the
carrier concentration increase was observed in the low energy proton irradiated samples. It is apparent
that the carrier concentration increase, which has been related to the presence and concentration of a
radiation induced defect (3), does not reduce the series resistance or benefit cell performance. The
increase in carrier concentration has not been observed in the 10 MeV proton irradiated cells due to the
lower defect introduction rates of the 10 MeV protons.

DLTS was used to study the defect spectra and to measure the defect introduction rates in the
samples. The DLTS spectra are shown in Figures 7 through 11. A preirradiation analysis showed that no
deep levels were present in the samples. The defect concentrations were measured throughout the
experiments and the introduction rates calculated. The data appears in Tables 4 and 5.

Fluence,$ (cm2) 1x 101 5x 1011 1x 10122 1x101

Nt (cm-3) E7 1.08 x 1014+ 0.1 3.65x1014+£0.16 5.87x 10141 0.20 8.67 x 1015 +0.41
Ny (cm3) H4 —_ 1.55x1074+ 0.1 2.96x 1014+ 0.08 —_—

Nt (cm3) Hs —_ 1.06 x 1014 3.08 x 1014+ 0.28 —

Nt (cm3) E10/11 —_ —_ - 4.88 x 1015 +0.41
Ni/ ¢ (cm3) E7 1080 730 587 865 (873)
N7/ (cm1) H4 —_ 3 310 296 —  {296)
Nt/¢ (cm-1) H5 — 212 308 —  (308)
N/ (cm-1) E10/11 —_ —_ — 488 (488)

Table 4. Defect Concentrations and Introduction rates in 0.2 MeV Proton Irradiated InP
(Numbers in parenthesis are a least squares fit of all Ny vs. ¢ data.)
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Fluence,$ (cm2) 1x10M 1x10® 1x108

Nt (cm3) E7 — 6.48x 1013+ 053  |5.24 x 1014+ 0.21
Nr (cm3) H4 — 2.92x 1013+ 0.28 |1.82x1014:£0.08
N (cm3) H5 — 156X 1013+ 041 [1.22x 1014 0.13
Ny (cm3) E10/11 — — 7.79x1013 £0.40
N/ em 1) E7 6458 524 (51.8)
N/ (om-1) 4 — 292 182 (177)
N/ (em 1) HS — 156 122 (12.1)
— 78 (78

N7/0 (cm -1)E10/11 —

Table 5. Defect Concentration and Introduction Rates in 10 MeV Proton Irradiated InP
(Numbers in parenthesis are a least squares fit of all Ny vs. ¢ data.)

The post iradiation DLTS analysis revealed the presence of two deep levels in the minority carrier
spectra and three deep levels in the majority carrier spectra. Only two of the majority levels could be
resolved in both the high and low energy proton irradiations, the first, Ec-0.37 eV is referred to in the
literature as E7.(5) The second level was found considerably deeper in the gap at E;-0.74 eV, andis
known as E10 or E11, (4,5). An additional level, E9 at Ec-0.64 eV was observed after the 10 MeV proton
irradiations but it could not be clearly resolved in the 0.2 MeV spectra and no systematic study of this
defect was performed. The defect E7 is associated with an antisite vacancy pair, (Vin-Pin)-(17) The defect
E10/11 is correlated with a displacement in the P sublattice of InP and thought to be a complex between
this displacement induced defect and an intrinsic defect or impurity. (3)

The relative concentrations of the two defects in the majority carrier DLTS spectrum in the case of the
0.2 MeV irradiations is not in agreement with some of the results in the literature, ie. E7 not E10/11 is the
defect with the largest introduction rate.(5) This however is a result of the metastable nature of the defect
E7. The defect E7 is the major defect in the spectrum known as the B configuration, which results from
cooling the sample under reverse bias.(17)

The minority carrier spectra in both high and low energy proton irradiations showed two deep levels at
E,+0.29 and E,+0.52 eV, referred to in the literature as H4 and H5.(15). The defect H4 is thought to be a

displacement on the P sublattice of InP, possibly Py, . H5 is thought to be a complex of a defectand a
dopant impurity, Vi;-Zn or Pip-Zn, as evjdenced by the strong dependence of its introduction rate on the

dopant concentration. (18) The minority carrier spectra shown here in which H4 is the defect with the
highest introduction rate, is in agreement with the spectra published in the literature.(15)

The defect introduction rates were calculated from a least squares fit of the defect concentration
versus particle fluence. The data are shown graphically in Figures 11 and 12. The data presented in the
graphs corresponds to a least squares fit of all data up to the highest fluence at which reliable data could
be extracted, the final value calculated in this manner is presented in parenthesis in the highest fluence
column. This was a particular problem in the case of minority carrier analysis after 0.2 MeV iradiations at the
highest fluences. A high concentration of defects can affect the quality of a DLTS analysis by introducing
leakage currents, increasing series resistance or by producing very high defect concentrations. (16) In the
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case of the lowest fluence 10 MeV irradiations the defect concentrations were below the detection limit of
our instrument. The vaniation in defect introduction rates calculated with each additional data point is
illustrative of the error which might be introduced by estimating introduction rates from a single data point,
a practice which is common in the literature. This estimation however was necessary in this case for the
calculation of the defect E10/11 which required scans up to 400K due to its large activation energy.
Intermediate measurements were not made in this case to avoid annealing out the radiation damage.

The defect introduction rates measured here are very much higher in the case of the 0.2 MeV protons
than for the 10 MeV protons and both are considerably higher than those measured for 1 MeV electrons.
(6,13) An attempt was made to correlate the defect introduction rates with the energy loss rates of the
particles in the material. The great majority of the energy loss of a high energy particle incident on a
material is by ionization of the lattice atoms, but a small fraction is lost producing lattice atomic
displacements. The energy lost by atomic displacement can be estimated using TRIM. (10) The software
predicted that the 0.2 MeV protons would produce 25 times as much damage as the 10 MeV protons. In
comparing the introduction rates observed here, the ratio of defect introduction rates for 0.2 MeV to
10 MeV for the defects H4 and H7 is roughly 16, but for the defect H5 it is exactly the 25 predicted. Thus
there seems to be a reasonable correlation between the predicted energy loss and defect introduction
rates.

The exception to this observation is the relationship in the introduction rates of E10/11 in the two cases
above, the prediction is a ratio of 25 but the observed ratio is 63. The reason behind this discrepancy may
be related to the nature of the defect E10/11. This defect has only been found in p/n junction diodes
where the p dopant is zinc, it has not been found in irradiated Schottky barrier diodes. (5,13) Thus, it is
theorized that the formation of E10/11 requires the participation of Zn in the n-type material from the
diffusion front tail produced during the formation of the pn junction. (5) The introduction rate of E10/11
was also found to depend strongly on electron energy, leading one to believe that Zn atoms ejected into
or implanted into the n region of the diode by proton irradiation may enhance the formation rate of E10/11.
(5) In this case the low energy proton irradiations may have caused a large redistribution of the Zn due to
the large number of displacements they cause in the junction region, as compared to the 10 MeV protons
and 1 MeV electrons. The 0.2 MeV protons thus produced an anomalously high defect introduction rate
for E10/11 by implanting more Zn into the n-type region of the diodes.

The superior radiation resistance of the p/n-type InP solar cells may be related to the defect
introduction rates. In this study the introduction rate of the dominant majority carrier defect E10 in n-type
InP was about 8 per 10 MeV proton. The defect introduction rate for the dominant majority carrier defect
H4 in p-type InP was found to be approximately 90 per 10 MeV proton. (12} The lower defect introduction
rate in n-type InP may contribute to enhanced radiation resistance in p/n InP solar cells. This finding is an
agreement with previous authors who found the same relationship in electron irradiated InP.(13,14)

Conclusions

The 0.2 and 10 MeV proton irradiations produced dramatically different rates of degradation in the
p/n/n+ InP solar cells studied. The relative rates of damage were correlated with the different ranges and
damage production rates of the two particles. The low energy protons stopped in the active region of the
cell and produced a dramatic decrease in efficiency, dominated by a decrease in the diffusion length of
photogenerated carriers. The 10 MeV protons produced degradation dominated by an increase in dark
currents in the cell. The MOCVD p/n/n+ InP solar cell configuration studied here showed better radiation
resistance than the MOCVD r/p configuration in the literature. Studies of the radiation damage showed
that the lack of carrier removal in n-type InP was not the reason for the enhanced radiation resistance, as
increases in series resistance and no cell performance recovery as observed to attend this phenomenon.
A DLTS study of the defects showed no significant differences in the defect spectra generated by low
and high energy proton irradiation, or differences with the 1 MeV electron irradiation spectra in the
literature, but that the low energy protons produced 15 to 60 times as many defects as the high energy
protons. The defect introduction rate for the dominant majority carrier defect in n-type InP was found to be
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lower than that in p-type InP, in agreement with the findings on electron irradiated materials. This fact may
contribute to the superior radiation resistance in n-type InP materials.
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Figure 1. Details of InP cell configuration
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ABSTRACT

The measured degradation of epitaxial shallow homojunction n*p InP solar cells under 1 MeV electron
irradiation is correlated with that measured under 3 MeV proton irradiation based on "displacement
damage dose". The measured data is analyzed as a function of displacement damage dose from which an
electron to proton dose equivalency ratio is determined which enables the electron and proton
degradation data to be described by a single degradation curve. It is discussed how this single curve can
be used to predict the cell degradation under irradiation by any particle energy. The degradation curve is
used to compare the radiation response of InP and GaAs/Ge cells on an absolute damage energy scale.
The comparison shows InP to be inherently more resistant to displacement damage deposition than the
GaAs/Ge.

INTRODUCTION

When determining the best solar cell technology for a particular space flight mission, accurate
prediction of solar cell performance in a space radiation environment is essential. The current
methodology used to make such predictions requires extensive experimental data measured under both
electron and proton irradiation. Due to the rising cost of accelerators and irradiation facilities, such data
sets are expensive to obtain. Moreover, with the rapid development of novel cell designs, the necessary
data is often not readily available. Therefore, a method for predicting cell degradation based on limited
data would be most useful. Such a method has been developed at the Naval Research Laboratory based
on damage correlation using "displacement damage dose" which is the product of the non-ionizing energy
loss (NIEL) and the particle fluence.l Displacement damage dose is a direct analog of the ionization
dose used to correlate the effects of ionizing radiations. In this method, the performance of a solar cell in
a complex radiation environment can be predicted from data on a single proton energy and two electron
energies, or one proton energy, one electron energy, and Cob0 gammas. Summers et al.2 have used this
method to accurately predict the data measured by Anspaugh® on GaAs/Ge solar cells under a wide
range of electron and proton energies. In the present paper, the method is applied to InP solar cells using
data measured under 1 MeV electron and 3 MeV proton irradiations, and the calculations are shown to
agree well with the measured data.
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In addition to providing accurate damage predictions, this method also provides a basis for
quantitative comparisons of the performance of different cell technologies. The performance of the
present InP cells is compared to that published for GaAs/Ge cells. The results show InP to be inherently
more resistant to displacement energy deposition than GaAs/Ge.

EXPERIMENTAL NOTES

: The 1 MeV electron irradiations were performed using the Van De Graff accelerator at the

National Institute of Standards and Technology (NIST). The 3 MeV proton irradiations were performed
using the Pelletron accelerator at the Naval Surface Warfare Center (NSWC) in White Oak, MD. In both
cases the beam current was kept low enough so that no sample heating occurred during irradiation. The
irradiations were done at room temperature, in the dark, and at open circuit. For the electron
irradiations, dosimetry was achieved with a Faraday cup and current integrator. The proton fluences
were determined by collecting all the charge striking the sample holder through a current integrator.

An Oriel 1000W Xe arc lamp solar simulator with AMO filtering was used for PV measurements.
The lamp intensity was adjusted to 1 sun, AMO using an InP reference cell calibrated by Keith Emery at
the National Renewable Energy Laboratory (NREL). Current-voltage (IV) curves were measured using
two Keithley 617 electrometers and a Kepco 50-2M bipolar amplifier.

The solar cells studied here are n*p shallow homojunctions grown epitaxially by metalorganic
chemical vapor deposition (MOCVD) on p-type InP wafers doped with Zn. The cells were grown by
Spire Corporation under contract to the Naval Research Laboratory. The cell base was 3um thick with
Zn as the dopant atom. The emitter was 300 A thick with Si or Se as the dopant atom. The cells were
square, and 0.5 cm on a side. The total area of 0.25 cm2 was used in all calculations.

CORRELATING 1 MeV ELECTRON AND 3 MeV PROTON DAMAGE

For the present study, the degradation of some InP solar cells under 1 MeV electron and others
under 3 MeV proton irradiation has been measured. The irradiations were done incrementally with the
cells being characterized after each fluence increment. The measured degradation of the cell maximum
power (Pyax) under both irradiations is shown in figure 1. Since 3 MeV protons are more damaging, i.e.
have a larger NIEL, than 1 MeV electrons, the data sets are separated along the fluence axis. The goal is
to correlate these data so that the degradation can be described by a single curve. In the present method,
the first step is to convert the fluence values to displacement damage dose by multiplying by the
appropriate NIEL value. The calculated NIEL values for electrons and protons over a wide energy range
incident on Si, GaAs, and InP are tabulated in reference 2. From these tables, the NIEL for 1 MeV
electrons incident on InP is 3.348x10-> (MeV cm2/g) and that for 3 MeV protons is 2.031x10-2 (MeV
cm2/g). The resultant plot of the degradation of Pmax Vs displacement damage dose is shown in figure 2.

As can be seen in figure 2, analyzing the degradation data as a function of displacement damage
dose greatly reduces the separation of the electron and proton data sets. The next step in correlating the
data is to determine an electron to proton dose equivalency ratio (Rep). Rep is defined as the ratio of the
dose along the 1 MeV electron degradation curve to the dose along the 3 MeV proton degradation curve
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which cause equal cell degradation. For the present data, Rep =4.12. By dividing the dose values of the
1 MeV electron data by this ratio, the electron and proton degradation data are correlated (figure 3). The
reason that the electron and proton data do not initially correlate when plotted as a function of
displacement damage dose (i.e why Rep # 1) is that electron damage coefficients in p-type InP do not
vary linearly with NIEL as will be discussed below.

Now that the degradation data has been properly correlated, a characteristic degradation curve for
these InP solar cells can be determined. This curve is determined by fitting the correlated data to the
following expression:

D
P_(D,)=A-Clog(l+=%

D, = displacement damage dose 1
A,C,D, = constants

which is essentially the degradation equation given in the Solar Cell Radiation Handbook4 except that,
here, the parameters are functions of displacement damage dose instead of particle fluence. For the
present data sets, these constants were determined: A = 24.3 (mW/cm?2), C = 4.87 (mW/cm2), and Dy =
1.79x109 (MeV/g). The fit is shown as a solid line in figure 3.

CALCULATING THE CELL RESPONSE TO OTHER IRRADIATIONS

Given the characteristic degradation equation, the response of these InP cells to any other
irradiation can be calculated. This is possible because radiation damage in semiconductors can be related
to NIEL. In the case of proton irradiation of p-type InP, the damage coefficients have been found to vary
lineraly with NIEL>-7. Therefore, the degradation of these InP cells under any proton irradiation can be
calculated by simply dividing the dose range of equation (1) by the appropriate NIEL.

The case of electron irradiation of p-type InP is more complicated. The fact that the measured
electron and proton degradation data do not directly correlate when plotted as a function of displacement
damage dose (figure 2) indicates that the electron damage coefficients in p-type InP do not vary linearly
with NIEL. It has been found in p-type Si and GaAs that the electron damage coefficients vary with the
square of the NIEL1,3. Preliminary results indicate the same to be true for p-type InP8, but more data is
needed to confirm this. Once the dependence on NIEL is established, the degradation under any electron
and proton irradiation can be calculated from the characteristic equation.

COMPARISON OF THE PERFORMANCE OF InP AND GaAs/Ge SOLAR CELLS

By applying the displacement damage dose concept, the response of a particular solar cell to
irradiation by a spectrum of particle energies can be expressed in a single curve. Therefore, this method
of analysis provides a basis for comparing the radiation response of different solar cell technologies on an
absolute scale. As an example, the response of GaAs/Ge solar cells can be compared with the response
of the InP cells studied here. In reference 2, a characteristic degradation curve was determined for
GaAs/Ge solar cells based on measurements made by Anspaugh3. This curve is reproduced in figure 4
along with the characteristic degradation curve for InP solar cells derived here. The InP curve lies above



the GaAs/Ge curve. This indicates that InP solar cells are intrinsically more radiation resistant than
GaAs/Ge solar cells to displacement damage energy.

SUMMARY

The measured degradation of epitaxial shallow homojunction n*p InP solar cells under 1 MeV
electron and 3 MeV proton irradiation has been correlated based on displacement damage dose. From
the correlated data a characteristic degradation curve for these InP cells has been derived which can be
used to calculate the cell response under any particle irradiation. Therefore, through this damage
correlation method, the cell response to irradiation by any spectrum of particles can be calculated from a
minimum of experimental data. The characteristic equation has also been used to compare the radiation
response of these InP cells with that published for GaAs/Ge solar cells. The comparison shows these InP
cells to be inherently more resistant to displacement energy deposition than GaAs/Ge cells.
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FIGURE 1: Measured degradation of the maximum power of epitaxial shallow homojunction n*p InP
solar cells under 1 MeV electron and 3 MeV proton irradiation.  Since 3 MeV protons have a larger
NIEL value than 1 MeV electrons, the data is separated along the fluence axis. The goal of the present
analysis is to correlate these data.
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displacement damage dose by multiplying by the calculated NIEL value for each particle energy.
Analyzing the degradation data as a function of displacement damage dose brings the degradation curves
much closer together.
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displacement damage dose damage correlation method allows the solar cell degradation under irradiation
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comparison of the performance of different cell technologies on an absolute scale. These data show that
InP is inherently more resistant to displacement damage deposition than GaAs/Ge.
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OVERVIEW

Indium phosphide (InP) solar cells were made on silicon (Si) wafers (InP/Si) by to take advantage
of both the radiation-hardness properties of the InP solar cell and the light weight and low cost of Si wafers.
The InP/Si cell application is for long duration and/or high radiation orbit space missions. Spire has made
N/P InP/Si cells’ of sizes up to 2 cm by 4 cm with beginning-of-life (BOL) AMO efficiencies over 13% (one-
sun, 28C). These InP/Si cells have higher absolute efficiency and power density after a high radiation dose
than gallium arsenide (GaAs) or silicon (Si) solar cells after a fluence of about 2e15 1 MeV electrons/cm2.
In this work, we investigate the minority carrier (electron) base diffusion lengths in the N/P InP/Si cells. A
quantum efficiency model was constructed for a 12% BOL AMO N/P InP/Si cell which agreed well with the
absolutely measured quantum efficiency and the sun-simulator measured AMO photocurrent (30.1 mA/cm2).
This model was then used to generate a table of AMO photocurrents for a range of base diffusion lengths.
AMO photocurrents were then measured for irradiations up to 7.7e16 1 MeV electrons/cm2 (the 12% BOL
cell was 8% after the final irradiation). By comparing the measured photocurrents with the predicted
photocurrents, base diffusion lengths were assigned at each fluence level. A damage coefficient K of 4e-8
and a starting (unirradiated) base electron diffusion length of 0.8 pm fits the data well. The quantum
efficiency was measured again at the end of the experiment to verify that the photocurrent predicted by the
model (25.5 mA/cm2) agreed with the simulator-measured photocurrent after irradiation (25.7 mA/cm2).

QUANTUM EFFICIENCY MODEL

The quantum efficiency model used, described well by Hovef, breaks up the total quantum efficiency
into three components. The first is from the cell emitter. In an N/P InP cell, the emitter is very thin (300A)
to limit light absorbed in the emitter which is subjected to a high front surface recombination loss (1e7 cm/s).
The emitter (hole) diffusion length is in almost all conceivable cases larger than the emitter thickness.
Therefore, the model results are virtually independent of emitter diffusion length. Emitter diffusion lengths
of 10, 1, 0.1, or 0.05 pm give the same result as far as the quantum efficiency and the AMO photocurrent are
concerned since all of these lengths are in excess of the 300A emitter thickness. This non-sensitivity of the
photocurrent to emitter diffusion length makes the study of the base diffusion length much easier.
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The second component that contributes to the quantum efficiency is the NP junction depletion space
charge region (SCR). In the NP InP cell the emitter is very heavily doped (> 1e19/cm3) so that a one-sided
step junction approximation is used to calculate the zero-bias SCR width in the base (doping 3e17/cm3),
which is about 630A. To first order, the model assumes that any carriers photogenerated in the SCR are
immediately collected and this component does not depend on either base or emitter diffusion lengths.

The third model component is from the base region of the solar cell, and the model is essentially
similar to that of the emitter (but of opposite polarity and minority carrier types). The surface recombination
velocity at the back of the 3um thick cell was taken to be 1e4 crmvs, but the results are very insensitive to this
value, since the base diffusion lengths are all less than 1um and very iittle is collected from 3um away from

the junction.

Figure 1 shows (black dots) the measured quantum efficiency of a 1 cm2 12% InP/Si cell before
irradiation. The AMO photocurrent from the measured quantum efficiency and |-V measurements at one-sun
on a sun simulator (set with a NASA-calibrated InP reference cell) agreed (30.1 mA). The quantum efficiency
data were non-linear least squares fitted to the model using the Marquandt-Levenberg algorithm. The mode!
fit is shown as the uppermost solid line, and when integrated against the AMO power spectrum, gives a
photocurrent of 30.3 mA, in close agreement with the measured data. The base (electron) diffusion length
extracted at this point was 0.8ym. The cell had not yet been irradiated; the diffusion length is lower than in
homoepitaxial InP due to dislocation defects from the 8% lattice-mismatch in the heteroepitaxial InP/Si cell.
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Figure 1 Measured (black dots) and mode! (solid line) quantum efficiency before irradiation for a 12%
N/P InP/Si cell. Solid line (equivalent to 30.3 mA AMO) is the sum of the three dotted lines,
representing contributions from the base (16.6 mA), depletion space-charge region (SCR)
(10.1 mA), and the emitter (3.6 mA). An electron base diffusion length of 0.8um fit the data.
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DIFFUSION LENGTH DETERMINATION

Using the above quantum efficiency (QE) model, the predicted photocurrent was obtained versus
the base diffusion length (Figure 2). This curve is then used to estimate the diffusion length from the
measured photocurrent. The key to our experiment is the assumption the emitter diffusion length, when
irradiated, is always larger than the 300A emitter thickness, and that the space charge region is to first-order
constant under iradiation. With these assumptions, the base component of the quantum efficiency curve
dominates the photocurrent degradation with irradiation (the other components stay relatively constant).

w
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.

N/P InP/SI Model AMO Photocurrent (mA/cm?)
AN

20
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Base (Electron) Diffusion Length (um)
Figure 2 Model AMO photocurrent for an N/P InP/Si cell vs. base electron diffusion length.

The AMO I-Vs for the 12% AMO BOL N/P InP/Si cell were measured from no irradiation to an
equivalent fluence of 7.7€16 1 MeV electrons/cm2, where the efficiency was 8%. The cells were irradiated
by alpha particles from a 1 mCi Am-241 source. This alpha source is small, self contained, and delivered
an equivalent fluence of 7.7e16 1 MeV electrons/cm2 in only 333 hours. Damage in InP from alphas is
accurately converted into 1 MeV electron equivalent fluence using the non-ionizing energy loss (NIEL)
method®*. For the source-cell distance used, the 3.9 MeV alpha flux was calculated as 1.03e6 a/cm2/s. The
calculated equivalent 1 MeV electron flux was 6.45e10 electrons/cm2/s. Table | shows the equivalent 1 MeV
fluence, the measured photocurrent, and the base diffusion lengths obtained from Figure 2.

Table! Fluence vs. Measured AMO Photocurrent and Estimated Base Diffusion Lengths

Eqv. 1 MeV Electron Fluence AMO Photocurrent Base (Electron) Diffusion Length

#/lcm2 mA/cm2 (um)

0 ) 30.1 08

1.2E14 29.9 08

14E15 29.5 0.7

1.7E16 - 26.8 04

3.8E 16 25.8 0.3

77E 16 25.7 0.3

Q97-



A standard empirical model for diffusion length versus fluence® was fit using Table I data (Fig.3).
The model parameters are the unirradiated electron diffusion length Lo (0.8um, Fig. 1) and K, the damage
coefficient (4e-8). The fit is good except at the highest fluence; this may be due to radiation damage carrier
removal effects changing the width of the space charge region; this effect was not included in our modeling.
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04+
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Figure 3 Estimated base electron diffusion length vs. fluence for an N/P inP/Si cell

We could not measure the quantum efficiency after every iradiation due to some scheduling issues.
However, to confirm the QE model used in calculating Figures 1 and 2 and the diffusion lengths in Table |
was still accurate after heavy irradiation, we measured the cell after the irradiations were all completed. The
data is shown in Figure 4. The fit still agrees reasonably weil with the measured sun-simulator photocurrent.
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Figure 4 Measured (black dots) and model (solid line) quantum efficiency after 7.7e16 1 MeV

electrons (12% BOL N/P InP/Si cell is now 8%). Solid line (equivalent to 25.5 mA AMO) is
the sum of the three dotted lines, representing contributions from the base (11.9 mA),
depletion space-charge region (SCR) (10.1 mA), and the emitter (3.6 mA). An electron base
diffusion length of 0.3um fit the data.
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CONCLUSIONS

The minority carrier (electron) diffusion length in the P-type base of a 1 cm2 N/P InP/Si cell starts
at about 0.8pm (measured 12% AMO efficiency, 30.1 mA photocurrent) before any irradiation, and drops to
about 0.3um after an extremely high 7.7e16 1 MeV electron fluence (measured 8% AMO efficiency, 25.7 mA
photocurrent). Except at possibly the highest fluence tested, it seems that the emitter and space-charge
region contributions to the quantum efficiency and photocurrent may vary only a little in these thin emitter
(300A) cells, with most of the degradation caused by decreased photocollection from the base of the cell.
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ABSTRACT

As part of a continuing NRL program to optimize the space radiation resistance of InP/Ings;Ga, 4;AS
tandem solar cells, In, ;;Ga, ,,As (referred to as InGaAs below) solar cells were irradiated with 1 MeV electrons
and with 3 MeV protons. The cells were grown with a 3 um n-InP window layer to mimic the top cell in the
tandem cell configuration for both AMO solar absorption and radiation effects. The results have been plotted
against "displacement damage dose" which is the product of the nonionizing energy loss (NIEL) and the particle
fluence. A characteristic radiation damage curve is then obtained for predicting the effect of all particles and
energies.

Air mass zero (AMO), one sun solar illumination IV measurements were performed on the irradiated
InGaAs solar cells and a characteristic radiation degradation curve was obtained using the solar cell conversion
efficiency as the model parameter. Also presented are data comparing the radiation response of both n/p and
p/n InGaAs solar cells. For the solar cell efficiency, the radiation degradation was found to be independent
of the sample polarity.

INTRODUCTION

The InP/in, s;Ga, .,As tandem solarcell appears to be a promising solar cell technology for use in severe
space radiation environments, primarily due to the known superior radiation resistance of the InP top cell.
Several reports on both the tandem cell design and radiation response have been presented previously. One
sun, AMO, conversion efficiencies as high as 21.1% and 22.2% at 25°C were measured for monolithic, two-
terminal tandems with total areas of ~4 cm? and ~1 cm?, respectively, for unoptimized cells{ref.1}. The
efficiency could be increased to ~26% when fully optimized(ref.1). Several radiation studies have shown that
the InP/InGaAs tandem cell displays superior radiation resistance{refs.2,3). A new program is now underway
involving NRL, ASEC, RT] and NREL to grow the InP/InGaAs tandem cell on Ge substrates, thereby greatly
increasing cell durability and decreasing cost. Several cell designs are being considered, including both n/p and
p/n polarities. Since Ge is an n-dopant in both InP and InGaAs, the n/p configuration will have to include an
additional tunnel! junction between the substrate and the bottom cell of the tandem.



To optimize the radiation degradation of InP/InGaAs, the radiation response of each component cell,
as well as combined in the tandem configuration, must be investigated. Furthermore, current-matching
between the subcells under irradiation is necessary while still maintaining the open circuit voltages. Otherwise,
current-limiting conditions set in and the tandem cell current would then be controlled by the less radiation
resistant subcell current. The optimization of each subcell can be achieved using such quantities as doping
concentrations and layer thicknesses(refs.2,3).

The radiation degradation of InP cells due to electrons and protons of several different energies for both
the n/p and p/n polarities have been reported(refs.4-6). Also, the radiation degradation of n/p and p/n InGaAs
solar cells to 1 MeV electron irradiation has been reportedirefs.7,8). The radiation response of the two-
terminal InP/InGaAs tandem cell (on InP substrates) in the n/p configuration under both 1 MeV electron and
3 MeV proton irradiations have been reported (BOL efficiency ~20% on a 4 cm? cell}(refs.2,3). The results
showed that the InGaAs cell was the limiting subcell. Therefore, increasing the radiation response of the
InGaAs subcell is imperative for increasing the radiation response of the tandem cell.

This paper reports experimental results of both 1 MeV electron and 3 MeV proton irradiations on
InGaAs solar cells. Cells of both the n/p and p/n polarities were irradiated, with the p/n cells having only 1
MeV electron irradiation exposure. The results obtained from the 1 MeV electron and 3 MeV proton
irradiations were compared using "displacement damage dose", thus giving another example of how useful this
technique is in predicting the damage in any radiation environment{refs.10,11}. A single radiation degradation
curve will be presented which fully describes displacement damage effects in InGaAs solar cells. Several base
carrier concentrations were also considered in an attempt to optimize the cell radiation response to 1 MeV
electrons.

EXPERIMENTAL DETAILS

The irradiations were performed on two different InGaAs cell structures both grown by MOCVD.
InGaAs solar cells of the n/p polarity (A =13.6 mm?) were fabricated by the Research Triangle Institute (RTI)
while the p/n cells (A =25 mm?) were grown by the National Energy Renewable Laboratory (NREL). Both cell
types had a base doping concentration of 2x10'” cm™. The complete cell structures are given in references
7 and 8. An InP window layer was grown on both cell polarities to mimic the tandem cell.

The 1 MeV electron irradiations were performed using a Van de Graaff accelerator either at NASA
Goddard in Greenbelt, MD or at the National Institute of Standards and Technology (NIST) in Gaithersburg, MD,
while the 3 MeV proton irradiations were performed using a Pelietron either at NRL or the Naval Surface
Warfare Center (NSWC) in White Oak, MD. In ali cases, the beam currents were kept low enough to avoid
significant sample heating during irradiation. This is important, especially in InP, since both thermal and
injection annealing during irradiation can occur.

Current-voltage (IV) measurements were performed both in the dark and under one sun, AMO solar
illumination using a Spectrolab X25 solar simulator at 298K. A silicon reference cell was measured on a Lear
jet and then extrapolated to AMO courtesy of NASA Lewis. The simulator intensity was then set for a
measurement on InGaAs. The IV measurements were performed using HP34401A multimeters and a Kepco
36-1.6M bipolar amplifier, with full experiment automation achieved through IEEE-488 GPIB operation with a
QuickBasic program. The measurement errors are expected to be less than 1%.

-

CORRELATION OF 1 MeV ELECTRON AND 3 MeV PROTON DAMAGE

Figure 1 shows the radiation results for 1 MeV electrons and 3 MeV protons on n/p InGaAs solar cells.
The normalized solar cell efficiency is plotted as a function of the particle fluence. The data will be analyzed
in terms of displacement damage dose. To calculate the displacement damage dose, the fluences are
multiplied by the respective nonionizing energy loss (NIEL) values for the particle and energy in question. The
NIEL values for 1 MeV electrons and 3 MeV protons in InGaAs are 2.88x10°° and 2.33x102 MeVcm?/g,
respectively. The method of caiculating NIEL values has been outlined in several prior publications(refs.11,12).
Figure 2 shows the data from Figure 1 plotted as a function of displacement damage dose. It can be seen that
the curves are much closer together when presented in this manner. The next step in the correlation is to
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determine the electron to proton dose equivalency ratio { R.,) as described in reference 9. R, is defined as the
ratio of the dose along the 1 MeV electron degradation curve to the dose along the 3 MeV proton degradation
curve which cause equal cell degradation. For the present data, R.. is found to be 2. By dividing the dose
values of the 1 MeV electron data by this ratio, the electron and proton degradation data are correlated as is
also shown in Figure 2.

Now we have a characteristic degradation curve for radiation damage in n/p InGaAs solar cells. To
describe this radiation damage quantitatively, an equation very similar to the one given in the Solar Cell
Radiation Handbook is shown (for the solar cell conversion efficiency () as an example):

nDy=4 -Clog(1+—zﬁ], (1

P4

where A, C, and D, are the fitting parameters and D, is the displacement damage dose. The degradation as
a function of disp/lacement damage dose is the difference between this equation and the one given in the Solar
Cell Radiation Handbook. Upon a numerical data fit, the following values for the constants were determined:
A=4.76 {%), C=1.353 (%), and D, =1.433x108 (MeV/g). The solid line in Figure 2 shows the characteristic
degradation curve for n/p InGaAs given by Eq. (1).

CELL POLARITY EFFECT ON EFFICIENCY DEGRADATION WITH 1 MeV ELECTRONS

InGaAs solar cells of the p/n polarity fabricated by NREL were also irradiated with 1 MeV electrons.
The radiation results for the solar cell conversion efficiency are shown in Figure 3, where the efficiency
degradation of cells having different polarities for the same base dopant concentration (2x10"7cm3} are plotted
as a function of 1 MeV electron fluence. A complete analysis, using the other solar cell parameters as well
as dark IV data, is currently underway. It can be seen from Fig. 3 that the cell efficiency degradation is
independent of cell polarity. This behavior is different than that reported for InP and Si(ref.13).

CONCLUSION

Having a characteristic degradation curve as a function of displacement damage dose is greatly
beneficial in the prediction of cell response in different radiation environments. It also makes comparison
straightforward with other cell technologies. Using this curve, one can predict the response of the cell in any
radiation environment by simply calculating the NIEL of the cell materia! for the particle and energy of interest.
A spectrum of particle energies, such as that produced by a Co®® source, can also be handled quite simply(ref.
13). This characteristic curve also aids in the absolute comparison of results from different cell technologies.
As an example, the comparison of the degradation of n/p InP homojunction and GaAs/Ge solar cells is given
in the paper by Walters et al. in these proceedings. It is shown that InP degrades less than GaAs/Ge for any
displacement damage dose.

The polarity independence of solar cell efficiency degradation of InGaAs is an important result in the
design of the InP/InGaAs tandem cell. The polarity independence gives us considerable flexibility in optimizing
the final design for the InP/InGaAs tandem cell.
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Figure 3 Efficiency degradation of n/p and p/n InGaAs solar cells. The degradation is shown to be polarity

independent.
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ABSTRACT

The first long-term (3000 hours) UV testing of unirradiated and 1 MeV electron-irradiated GaAs/Ge solar
cells, with multilayer-coated coverslides to reduce operating temperature, has produced some unexpected results.
The cells used for this series of tests displayed a much higher radiation degradation than that predicted based on
JPL Solar Cell Radiation Handbook data. Covered cells degraded more than did bare cells and use of muitilayer-
coated coverslides further increased the radiation degradation in short-circuit current (Isc).

Electron radiation damage to these GaAs solar cells anneals at 40°C when exposed to ~1 sun AMO UV
light sources. The effect appears to be linear with time (~1% of Isc per 1000 UVSH), has not yet saturated (at

3000 hours), and may not saturate until recovery of electron damage is complete. If electron, and perhaps proton
damage, to GaAs solar cells recovers totally with extended exposure to sunlight, the financial implications to the
satellite community are immense. This effect must be confirmed by further laboratory and flight data.

NOTATION

Coverslide Coatings:

ARR = antireflecting

IRR = infrared (IR) reflecting

UVR = ultraviolet (UV) reflecting

BRR = blue-red reflecting (UVR on front; IRR on back)

DSR = double-sided coated coverslides (coating contains both UVR and IRR in the
same namow-band-pass multilayer coating)

SSR = single-sided coated coverslides (coating contains both UVR and IRR in the
same nammow-band-pass multiiayer coating)

INTRODUCTION

Five types of coverslide coatings (see notation above), designed for GaAs solar cells, have been tested as
part of a NASA-sponsored, space-flight qualification for Blue-Red-Reflecting (BRR), multi-layer-coated,
coverslides. Covered cells have been tested for degradation from the humidity, thermal, solar UV, and radiation
environments representative of near-earth orbits (1). Coverslides and solar cells were characterized at each step
of the test to identify the variation within the components and the reasons for changes observed with each step.
As a control on the UV test, several covered INTELSAT-6 silicon solar cells (designated as [-6) were included.

Solar cells change their spectral response with particulate imadiation. In the case of GaAs cells, the
response degradation is highest at the UV and IR ends of the spectrum. This is just where the BRR filters have
their greatest impact; so, it was anticipated that GaAs cells with BRR filters might degrade less under irradiation
than would the same cells without filters. Therefore, a set of solar cells from this test was iradiated to explore this
hypothesis and to provide data for space-radiation-damage predictions. Since extended UV exposure of
preirradiated GaAs cells has not been reported, we used available silicon solar cell data as the only potential
guide. :

1 This paper is based on work performed at COMSAT Laboratories under contract from Goddard Space
Flight Center. The final analysis and paper presented here was funded by HI" Consultants.
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Silicon solar cells have demonstrated an effect called "Photo-Redegradation.” This effect shows up in
cells that have been electron irradiated and then exposed to light for an extended period: the cells degrade
beyond the point that was measured right after irradiation. When first discovered and studied in depth (in the late
'70s), the effect was determined to saturate rather quickly and to appear primarily in float-zone refined material.
The procedure developed at the time was to anneal and stabilize the cells after irradiation with an ovemnight bake

at 60°C under flood-lamp illumination.

In recent years, photo-redegradation has also been observed in crucible-grown silicon material, when
solar cells have undergone UV testing after 1 MeV-electron irradiation and stabilization (2,3). With this
background, the decision was made to run a comparison of irradiated and uniradiated GaAs solar cells in the
same UV test to determine if a similar effect existed in this material as well. This paper describes the electron-
iradiation and subsequent UV-exposure results. '

ELECTRON IRRADIATION

One (1) MeV electron irradiations of the GaAs solar cells were carried out at the National Institutes of
Standards and Technology. Cells were iradiated, in various combinations, at 2, 4, and 4x10™ e-/cm? to provide
data points at 2, 4, 6, 8, and 10x10™ e-/cm? levels. Selected cells were removed from the test at different points to
provide UV-irradiation test samples at the radiation levels more likely to be encountered in common missions (4-
6x10" e-/cm?). The primary purpose of the electron irradiation was to provide irradiated samples for the UV test.
However, useful data for the particular GaAs/Ge cells provided for the test was anticipated. The total number of
cells was limited; therefore, no coverslide group had many cells included. In addition to the normally covered cells
in the test, some bare cells and cells with the coverslides on backwards were also included in an attempt to isolate
damage effects and mechanisms in the electron- and UV-irradiated cells,
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Figure 1 indicates the effects of coverslide type on the electron irradiated cells. This plot compares the
average degradation in short circuit current (Isc) relative to the unirradiated cell current (Isco). The numbers
beside each coverslide type indicate the total number of cells irradiated in each group and the number irradiated
beyond 4 x 10™ e-/cm? respectively (e.g., 5,2 indicates 2 out of 5 cells were irradiated past 4 x 10" e-ilcm?). The
data plotted at "4.5" and "8.5" x 10" e-/cm® are values remeasured after a ~24 hour, 60°C, thermal anneal

following the irradiations to 4 and 8 x 10" e-/cm? respectively.

The dashed curve in Figure 1 is taken from the JPL Solar Cell Radiation Handbook, Addendum 1: 1982-
1988 and represents bare GaAs/Ge 'solar cells from this period. The curve is quite different from the present
covered-cell data, both in slope and degradation level, and thus indicates the danger of depending upon previous
data for projections in a developing technology.

A basis for some of these differences might reside in the damage profile of covered cells versus that of
bare cells. Back scattering of electrons from the surface layer (<5 um thick) of silicon can reduce the damage in
this surface layer by more than 20% compared to that in the subsurface material or in the surface layer with
coverslide applied. In silicon solar cells, this has little effect, since bulk damage to the cell dominates and the
damage in most of this region (which is 100-300pum thick) is independent of coverslide. In GaAs solar cells, with a
total active volume of less than 6 microns thickness and a higher average atomic number, the backscattering
effect and the effect on cells are both greater. If a 30% effect is assumed for the backscattering in GaAs cells, the
ARR covered cell data at 2E14 is in better agreement with the JPL data for bare cells. However, the carmrection is
inadequate at the higher fluences (the difference in slopes also eliminates a simple dosimetry error). Furthermore,
bare cell results from this batch, irradiated at 4E14, also were significantly lower than the JPL data.

Another reason, suggested for the higher than predicted electron-induced degradation, is the possibility
that the Ge substrate is not inactive, as designed, and current may be collected from this region. With irradiation,
loss of this Ge contribution to the Isc would be greater than the loss from the GaAs. The problem with this
explanation is that cells with IR reflectors would be less sensitive to this effect. As seen below, this is contrary to
the experimentally observed results. Therefore, the full high-degradation slope of the present celils, cannot be
attributed to dosimetry, to damage profile problems, or to the Ge substrate alone.

The second important feature of the data in Figure 1 is the difference between the IRR-coated coverslides
and the others. The IRR data, which consists of one cell irradiated to 2 and 6 x 10" e-fcm?, two cells at 4 x 10™ e-
lcm?, and one cell at 4 and 8 x10™ e-fcm?, is internally consistent and clearly different from all but one individual
cell in the 4 other groups of cells. Values of Isc for the three cells, irradiated to 4 x 10" e-/cm?, are within + 0.03.
Cell variation is therefore not enough to explain the difference with the other coverslide types. The data does not
depend upon coverslide orientation. No explanation for the high electron degradation of the IRR coversiides
relative to the other covered cells is offered at this time, beyond the possibility that the coatings used are
susceptible to electron damage.

ULTRA-VIOLET DEGRADATION

The UV degradation results illustrated in Figure 2 are represented by the relative short-circuit current (5)
test data divided by the initial data, | / lo, where lo is the data point taken at the beginning of the UV test)
normalized against the relative Isc of the control cells. The normalized relative currents (lflo / Ic/ico) thus
compensate for any changes in solar-simulator output intensity and spectrum experienced during a scan of the
test and control cells. (The initial data point, lo, Is artificially placed at 1.2 UVSH to provide a starting point on the
log scale and to indicate that some UV exposure takes place during all of the initial measurements prior to
beginning the UV test exposure.)

Most of the cells in this second of two UV tests had their coverslides reversed (and indicated in the
figures by -r) to determine the effects of filtering the UV light through the coversiide (the DSR double-sided
coverslides did not change with inversion), therefore relative values, not absolute values of change are to be
considered in the analysis.
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The most unexpected feature of Figure 2 is the recovery in Isc experienced by the pre-irradiated cells.
Since the unirradiated cells (no-rad) follow the expected UV degradation profiles, recovery of the irradiated
GaAs/Ge cells is neither experimental error nor is it associated with the coverslides. The DSR and SSR cell
results in the figure clearly show a reproducible recovery of the electron-irradiated cells relative to the non-
irradiated cells during extended UV exposure. The data indicate that the extended UV exposure anneais the
electron damage at about 1% per 1000 hours. Recovery curves therefore are generated by adding the UVSH
times 10-5 to the unirradiated cell values at a given time (e.g., at 1000 UVSH, add 0.01). In figure 3, curves are
provided to indicate the predicted level of recovery in Isc for the pre-irradiated cells.
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Figure 2. UV Degradation and Electron-iradiation Recovery for SSR and DSR
A Covered GaAs Solar Cells in Test 2.

The UV degradation results in Figure 3 are those of Figure 2 with the addition of recovery curves and BRR
cells from the same test. This time, the uniradiated cell data are represented by fitted curves, rather than by data
points, to remove some clutter. UV degradation control cells were provided by inclusion of INTELSAT-6 cells that

have been reproducible and well-characterized in past UV tests.

It is clear that qualitatively the pre-iradiated DSR and SSR covered cell data in Figure 3 follow the "DSR +
recovery" and "SSR + recovery” curves quite well. However, the iradiated BRR cells fit the “"GaAs + recovery”
curve, rather than the expected “BRR + recovery” curve. The "GaAs + recovery” curve assumes only recovery
from electron irradiation and no UV degradation (the predicted curve for BRR covered cells would be close to that
of the irradiated "SSR + recovery” curve, since the BRR and SSR UV degradation curves are so close). The high
peak values (~1.025) are unexpected for a recovering iradiated-BRR cell since more than 2% UV degradation

has been observed in both Test 1 and Test 2 for unirradiated-BRR cells. These cells therefore appear to have an
unusually high recovery from electron irradiation (4-5% at 3000 UVSH, rather than 3%).
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Figure 4 displays the ARR covered cells in the same format as used in Figure 3. The unirradiated ARR
covered cell data (from Test 1) shows little UV degradation (Reference 1 data suggests 0.2% loss for a set of ARR
cells). The ARR covered cell (with reversed coverslide) irradiated to 4E14 1 MeV electrons shows a recovery
characteristic of those in Figure 2. The fit is even better if the "ARR + recovery" curve is raised by ~0.005. This

offset could be from statistical variation in the first measurement; or, it could be real and a result of a rapid UV
induced change in refractive index of the optically mismatched system of adhesive and coverslide AR coating
(matched to air, not adhesive).

While the “ARR at 4E14” data in Figure 4 are not fitted as well to the “ARR + recovery” curve as were the
DRR and SSR data, the pattemn is consistent with the estimated recovery formula. The “ARR at 6E14” cell cannot
be forced to fit the recovery model. This cell starts the expected recovery in Isc beyond 100 UVSH; however, the
“ARR + 6E16” data deviates dramatically from the recovery curve beyond 1000 UVSH hours?. This is clearly not
the behavior identified in the earlier cells. The fact that the two ARR cells in Figure 4 had their coverslides applied
oppositely would not account for the observed difference in recovery. The 50% higher electron fluence of the one
cell is not expected to be significant; yet, the same effect is seen in Figure 5 for the IRR cells.
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Figure 5. UV Degradation and Electron-lrradiation Recovery for IRR

Covered GaAs Solar Cells in Test 2.

The irradiated IRR covered cell in Figure 5, with correctly oriented coverslide at 3000 UVSH, shows only a
0 - 1.5% increase in Isc relative to the uniradiated IRR-covered cells in Test 11. In that test, the unirradiated IRR
data varied between 0 and 1% below the initial value. The “IRR at 6E14" cell mimics the “ARR + 6E14” data of
Figure 4 in that it displays an initial recovery followed by a drop in Isc recovery beyond 1000 UVSH. Thus the 50%
increase in prior electron-irradiation fluence appears to be significant. This fluence dependence is unexplained at
this point, unless the higher electron iradiation of the GaAs begins formation of a different defect type that
predisposes the material to subsequent UV degradation.

The unirradiated IRR cell in Figure 5, with inverted coverslide, shows a significantly higher UV degradation
than do the cells with correctly oriented IRR coverslides in Reference 1 (2% vs. 0 - 1% at 3000 UVSH). If this
result is a consequence of the unfiltered UV exposure to the multilayer coating, then the implication is that these
layers are more sensitive to energetic radiation (UV with A < 0.35 ym or 1 MeV electrons) than to the lower energy

2 The deviation begins earlier, if the 1000 UVSH data is lowered by 0.5%, or later, if the data cluster at 1500
UVSH is raised by 0.5%. Such a potential offset in the data points is seen in all of the figures and would be a
consequence of the normalization.
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UV that passes through the CMG coverslide. This sensitivity to energetic radiation could explain the higher loss in
Isc of the [RR-covered cells from the electron irradiation than that observed for the other cells in the same test.

The plotted data in Figures 2-5 include a correction, mentioned for Test 2, in the appendix of Reference
1, that consists of reducing the initial control cell data by 1%. Without this correction, the normalized values shown
(other than the initial values) would be 1% lower. Figure 6 displays the unilluminated control cells on a linear plot
to emphasize the later portion of the test where a deviation is noted between the different cell types. Since the cell
Isc values are self normalized, the ~1% offset in the initial point raises all of the other data points toward 1.01.

The 100% line is an average of the GaAs control cell data beyond the initial point.
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Figure 6. Self-Normalized Control-Cell Data for Test 2 of the Experiment

The GaAs control cells have been electron iradiated, but not exposed to UV. An important question
concerns the long-term recovery of these cells when exposed to 40°C and vacuum but no intense light beyond the
short periods of |-V test measurements. Examination of the data in Figure 6 indicates that the 1-6 cell has
degraded relative to the GaAs control cells. (For this reason, it was removed from the control cell average.)
However, the “ARR at 4E14” cell has degraded less than the “DSR and SSR at 6E14” control cells. Initially, the I-6
degradation had been attributed to scattered UV light affecting the sensitive silicon cell optical stack. However, the
ARR cell is the least UV sensitive of the GaAs cells. Therefore, scattered UV could not be a valid explanation.
Recovery of electron damage is greater for the 4E14 cells than for the 6E14 cells after 1000 UVSH. Data at the
lower UV exposure points is too confused by other effects to allow comment. There is no other data on thermal-
vacuum recovery of these cells, so this must be high on the list of possibilities to be considered.

If thermal vacuum recovery is real for the electron-iradiated GaAs cells, then, the nommalization procedure
should be based on the I-6 cell rather than the iradiated GaAs cells in Figure 6. the consequences of such a
renormalization would be an increase in Isc of all the data by ~0.5% at 2-3000 UVSH. Such a change would
generally improve the fit to the recovery model, reduce the apparent UV degradation of unirradiated cells, and
result in a saturation, rather than a tumover, in the 6E14 cell data beyond 1000 UVSH. It would also indicate that
the recovery of electron damage to GaAs cells will occur with or without light; but, it will be accelerated by the
presence of photo-generated minority carriers.
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DISCUSSION

While variations exist in the individual cells and coverslides of this program and the sample size is small,
detailed analysis of the components and combined structures has allowed an understanding of the loss
mechanisms to be expected from the space environmental effects. Nevertheless, there are two things to consider
in this postulation of photo-recovery for electron irradiated GaAs solar cells

1.~ The measured electron-induced damage in the GaAs/Ge solar cells involved in this test was higher than

expected.

» The degradation in Isc of the solar cells in this test was significantly higher than that seen in prior data (>14%
vs. ~11% at 4 x 10" 1 MeV electrons/cm? and >22% vs. 16% at 8 x 10" /em?).

» The covered cells degraded further than did the bare cells of this test (2 - 8% more in Isc / Isco at 8 x
10"/cm?).

2. Since the test from which the photo-recovery data has been extracted was not designed with this study in

mind, the data is limited and statistics are poor. Nevertheless:

* A significant photo-recovery effect has been seen in 5§ out of 7 electron-irradiated cells that were exposed to
extended UV illumination. (The other two cells, that displayed less recovery, had been exposed to a 50%
higher radiation fluence.)

e None of the many unirradiated cells in the two tests showed any recovery beyond their initial values with
extended UV exposure.

s Three out of three irradiated GaAs control cells, that were exposed to the same handling, measurements, and
thermal-vacuum environment (but not to the UV source), showed much less recovery. Light is therefore
critical to the rate and perhaps to the magnitude of the effect, but not necessarily the only source of the effect.

In summary:
» The initial electron degradation for Isc of these recovering cells was ~15%.
¢ No cells from this batch showed >1% recovery after irradiation when exposed to a floodlamp and

60°C for ~24 hours.
The long-term photo-recovery is a significant portion of the total electron damage (~3 out of 15%). Nevertheless,
it has so far only brought the cells back to the leve! observed in the JPL iradiated GaAs solar cells.
A question remains: are we seeing a recovery of the basic GaAs radiation damage or only a recovery of the
excess damage? Longer-term testing and analysis will be required to properly address this question and others
on the generality of the effect.
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INITIAL RESULTS FOR THE SILICON MONOLITHICALLY INTERCONNECTED SOLAR CELL PRODUCT!
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AstroPower, Inc.
Newark, DE 19716-2000

ABSTRACT

This proprietary technology is based on AstroPower's electrostatic bonding and innovative silicon solar
cell processing techniques. Electrostatic bonding allows silicon wafers to be permanently attached to a thermally
matched glass superstrate and then thinned to final thicknesses less than 25 um. These devices are based on the
features of a thin, light-trapping silicon solar cell: high voltage, high current, light weight (high specific power) and
high radiation resistance. Monolithic interconnection allows the fabrication costs on a per Watt basis to be roughly
independent of the array size, power or voltage, therefore, the cost effectiveness to manufacture solar cell arrays
with output powers ranging from milliwatts up to four watts and output voltages ranging from 5 to 500 volts will be
similar. This compares favorably to conventionally manufactured, commercial solar cell arrays, where handling of
small parts is very labor intensive and costly. In this way, a wide variety of product specifications can be met using
the same fabrication techniques. Prototype solar cells have demonstrated efficiencies greater than 11%. An
open-circuit voltage of 5.4 volts, fill factor of 65%, and short-circuit current density of 28mA/cm? at AM1.5
ilumination are typical. Future efforts are being directed to optimization of the solar cell operating characteristics
as well as production processing. The monolithic approach has a number of inherent advantages, including
reduced cost per interconnect and increased reliability of array connections. These features make this proprietary
technology an excellent candidate for a large number of consumer products.

INTRODUCTION

The monolithically interconnected solar cell (MISC) array benefits from the advantages afforded by thin
solar cell design technology. AstroPower has been developing thin, electrostatically bonded silicon solar cells for
a variety of applications. Specifically, the advantages and benefits of any thin solar cell technology can be
summarized as below.

ADVANTAGES

X Minority carrier diffusion length required to be two times the layer thickness permitting efficient
operation from poor quality or degraded lifetime material.

The thin device design opportunity allows high open-circuit voltage.

Light trapping leads to good light absorption.

Good carrier collection leads to high short-circuit current.

;X

RESULTING IN
« High Specific Power
v High Efficiency
v High Degree of Radiation Tolerance

In addition to the previously stated advantages, the integration of the monoilithic interconnection technique
allows for a number of inherent benefits. These are enhanced reliability of interconnections, lower I°R losses, and

minimization of the impact of shorts and opens in a deployed array.

T This research is supported by BMDO and managed by USASSDC through a current SBIR program, contract
#DASG60-95-C-0007.
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HiGH PERFORMANCE DESIGN

This thin electrostatically bonded solar cell structure incorporates a number of features that will enhance
its efficiency. They include: a thin base layer, high base doping, light trapping and front and back surface
passivation. The thin base layer can be highly doped thereby increasing the output voltage without paying a
penalty in collection efficiency; i.e. current s maintained while the voltage is increased. This is due to the reduced
dependence of collection efficiency on minority carrier lifetime for thin silicon solar cells. This same effect reduces
the solar cell array's dependence on lifetime reducing damage caused by radiation. The degradation
characteristics of thin silicon solar cells are expected to be comparable to GaAs and InP solar cells.

The back of the thinned silicon solar cell is micro-machined using an orientation-dependent etch to
produce random pyramids in the surface. A back surface reflector is then deposited, so that the long wavelength
light that enters the silicon is totally internally reflected by the textured back surface and pianar front surface. Itis
possible to obtain optical thicknesses in the thin silicon that approach twenty times the actual thickness. Light
trapping has been demonstrated in thin silicon structures with textured back surfaces [1, 2]. Light-trapping is
incorporated into the array structure by the use of randomly-oriented pyramids etched into the back surface. The
pyramids will cause light incident on the back surface to be reflected oblique to the piane paraliel with the front.
This will trap weakly absorbed light by total internal reflection at the top surface. Light-trapping allows the effective
thickness to be much thicker than the actual thickness of the device. A reflective metal such as gold or silver
evaporated onto the back surface will make the back surface nearly 100% reflective.

Another contribution to a high open circuit voltage is from the reduced recombination volume of the thin
solar cell. This will require front and back surface passivation, which can be achieved with a thermal oxide on the
front of the device, and a PECVD silicon nitride or silicon dioxide layer on the back. Fill factor improvements can
be achieved because low resistivity silicon base layers can be employed in this solar cell design. This reduces the
series resistance of the base layer in comparison to the high resistivity base layers currently in use for silicon
space solar cells.

Surface passivation is achieved by forming a thermally grown silicon dioxide layer on the front surface
before the electrostatic bonding step. Also, a thermal oxide is grown on the back side, since the glass/silicon
laminate can withstand high temperatures. Passivating silicon oxides can also be deposited onto the back by
plasma-enhanced chemical vapor deposition (PECVD), although thermally grown oxides are preferred.

Electrical isolation of the array elements is achieved by an orientation selective chemical etch process
called "V-groove" etching. The groove is etched completely through the silicon layer after it has been bonded to
the glass and thinned to a nominal thickness of 30 microns. The glass superstrate provides both mechanical
support and electrical isolation.

Re-interconnection is provided by forming ohmic contacts on the side-walls of the V-grooves, which have
been formed so that the base-layer of one array element is exposed on one side of the V-groove and the emitter of
the adjacent array element is exposed on the other side of the V-groove. Thus, by depositing a metal layer in the
groove, series interconnection is achieved. The wrap-around emitter is formed by solid-state diffusion after the
bonding, thinning and V-groove processes. Utilizing a high-temperature process compatible glass superstrate is
critical to forming the wrap-around emitter.

Parasitic losses are minimized by the device design. All contacts are formed on the back side of the solar
cell array, therefore losses due to shading are minimized and can approach zero. Shunt conductance losses,
which have been characteristic of previous monolithic array designs, will aiso be minimized by careful selection of
contact metals and by complete element-to-element isolation provided by the V-groove and glass superstrate.
Series resistance losses will be minimized by.proper selection of the device geometry or by the incorporation of
grid lines on the emitter and/or base. Modeling predicted losses of less than 5% due to shading and series
resistance losses for optimized array geometries. (Shading and series resistance losses of production solar cells

are typically greater than 10%.)
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HiGH RADIATION TOLERANCE
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Improvements in the radiation tolerance of 1 MeV Electron Fluence

silicon solar cells can occur if the active
layers are thinner (20-35 um).

Modeling and experimental data Figure 1: Radiation resistance of space solar cells [3, 4, 5].
showing the efficiency degradation of
candidate space solar cells as a function of 1 MeV electron fluence is shown in Figure 1. Thin, light trapped,
silicon solar cells have a theoretical radiation resistance similar to InP solar cells and better radiation resistance
than GaAs/Ge solar cells. Experimental and theoretical values for a 4-mil thick silicon solar cell are shown to
verify the model.

Because the absorber (base) layer is very thin, the solar cells will be extremely insensitive to changes in
minority-carrier lifetime caused by irradiation. The efficiency of the array is roughly independent of the minority-
carrier diffusion length until it is less than the thickness of the absorber layer. For silicon base layers on the order
of 25 um or less, this is equivalent to a minority-carrier lifetime of 250 nanoseconds (as-grown, non-irradiated
silicon typically has a lifetime greater than 10 microseconds). In contrast, present high-performance silicon solar
cells require minority-carrier
lifetimes on the order of 1
millisecond. This thinned silicon
array design reduces the minority-
carrier lifetime requirement by
more than a factor of one-
thousand. This design will
substantially increase radiation
tolerance and significantly extend
the useful life of silicon solar cells
deployed in space.

Power Loss
(watts)

RELIABILITY o f o _

Due to the higher voltage 2 2 38 48 60
attainable by the monolithically Bus Volt
interconnected solar cell the IR us Voltage

. AP volts
array losses will be minimized for (volts)

any bus voltage when compared —o— Conventional (0.5 volts) =—s—— MISC (12 voits)
to conventional silicon solar cells.
Utilizing a higher voltage also

results in a weight savings at the

Figure 2:  Solar cell voitage effect on power loss.
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array level from the smaller quantity of high current carrying wire necessary for solar cell interconnection and the
reduced dependence on stringing of low voitage devices to achieve the needed bus voltage.
This monolithic interconnection technique offers several additional advantages compared to conventional
array interconnection technologies for space applications. The reliability of the array is enhanced by reducing the
complexity of the interconnections [6], and monolithically interconnected solar cell arrays offers potentially higher
yield compared to conventional array manufacturing processes such as welding [7] or soldering. Typical yield
reductions in standard array interconnection are the result of breakage due to either mechanical or thermal stress.

Another reliability benefit from the high voltage device is the resultant lower power loss from shorts,

opens, and impact damage at the array level. If the monolithically interconnected solar cells are operated either at
the bus voltage or some factor of the bus voltage, loss of a single solar cell within a string will have minimal impact
on the array power generation when compared to typical silicon solar cells. This is shown in Figure 2 using, for
instance, a nominal 0.5 volt silicon solar cell and a 12 volt monolithically interconnected silicon solar cell. As is
shown the power loss is quite dramatic due to the loss of a string of devices as compared to a single or a few

devices when the string of devices becomes disabled.

EXPERIMENTAL RESULTS

The long term goals of this program are to develop
and manufacture lightweight, radiation hard, high
performance, high voltage solar cells for advanced space
power systems and the terrestrial market. Results from initial
prototype solar cell testing are discussed in the following
sections.

|-V CHARACTERISTICS

Device #56 is a 27-micron thick device that is
electrostatically bonded to an akali free high temperature
Corning glass. This device consists of twelve monolithically
series interconnected segments. The |-V curve is shown in
Figure 3.

Fill factor is limited to 61.5% by the high series
resistance and low shunt resistance. Shunt resistance is
approximately 20 ohm/cm? and has limited both Jmp @nd Vi, of
this device. High series resistance is the other limiting factor
of this device. Figure 4 shows the gray |-V response. Itis
evident from this curve that the device is largely

[

;

5 O

Figure 3. Light I-V curve #56.

!
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limited by the low shunt resistance. The total 10
series resistance of #56 can be approximated
from the slope of the light -V curve in the 1
forward bias region near V. Itis estimated at
150 ohms total for this device and is the major 0.1

b b e ]
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contributor to the low fill-factor. This resistance
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overall Ry e Value. Lower resistivity bulk

material is needed, in addition to a lower Rgpee 0.00001
emitter value. The device operation will be ’

optimal when bulk material resistivity is 0.000001 4

approximately 0.3 ohm-cm, and emitter Rypeet
value is approximately 45 - 50 ohms/square.
A second device, #28, is 28-microns
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thick and is processed similarly to the previous Figure 4. Gray I-V curve (#56).

-117-

i
024 036 048 0.

T

6



f b [ } 1E+01 — ; y
S B R 1E+00 i L
i L] e e e
s T s T, e [ —2t0kanmeanm T
Isc 9.8 mA N 1E-03 i 7L p=p
59 [ I A proes ) X LT !
A'::a 3?22::;2 A g 1o 5 ; o e
o Eff | 111% AMI5G 3-eesa e e seere-) 8 1E0S j b
A ! Do & 1E-06 = ?
LIRS RSN S feeer o] 7 1E-07 4 o e S
| Lo 1E-08 12 .
-------------- wooeweeel 1E-09 e ey 4 o
b 1E-10 42— 1e-11 - ?
A e ;
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solar cell. Refer to Figure 5 for the light |-V Voc (volts)
characteristics and Figure 6 for the gray |-V .
characteristics. Fill factor has improved to Figure 6. Gray I-V curve (FZ28).

64.5% due to reduced IR losses in the base.

Performance of #28 shows improvements over #56 which can be attributed to the use of more heavily doped bulk
material. The bulk resistivity is approximately optimal at 0.3 chm-cm, but the emitter R,..; is nearly the same as
#56 at 130 ohms/square, which is nearly three times the ideal value. The gray I-V curve, Fi79ure 6, indicates good
shunt resistivity (23k ohms total) and reasonable J,, and Jo, values of 5x 1072 and 1 x 107, respectively, for a
silicon diode. The series resistance has improved to 110 ohms. Total series resistance is still limiting the fill-factor
of this device, and improvements will be gained with the use of more heavily doped emitters.

SPECTRAL RESPONSE

Quantum efficiency measurements, Figure 7 and 8, indicate reasonable material quality after the
non-optimized high temperature post bond processing. The silicon-glass laminate is subjected to a high
temperature processing step and stress related degradation of the material quality would be expected to degrade
the blue response of the solar cell. Previous work with electrostatically bonded silicon solar cells has shown that
excellent blue response can be attained and that there are no detrimental effects from the bonding step itself or at
post bond processing temperatures below 800°C. Experiments are being conducted to reduce the temperature of
this processing step and to improve the front surface passivation which should result in significantly improved blue
response. )
At greater than 500 nm, both of these devices compare favorably to control samples fabricated on the
same quality starting material. Furthermore, the effective diffusion length, which is derived from the long
wavelength response is 195 microns and 93 microns. This demonstrates a light trapping coefficient of greater
than 7 and 3 respectively. Inconsistencies in the effective diffusion length can be remedied by optimizing the solar
cell processing and carefully controlling the starting material specifications as related to specific process
parameters.
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HiGH TEMPERATURE SURVIVABILITY

High temperature survivable glass/silicon laminates are necessary to enable post bond processing and
long term operational stability. Upper temperature survivability limits have been evaluated for electrostatically
bonded silicon to Corning’s 1737 glass structures. Interfacial degradation has been observed at approximately
70°C below the specified softening point of the specified glass. The upper limit of the 1737 glass bonded to silicon
is approximately 900°C and is related to the softening point of the glass. High temperature survivabiity of Pyrex
glass bonded to silicon was found to be approximately 750°C. Both of these upper limits were approximately 70°C
below the accepted softening point values for the glasses. In order to increase the temperature survivability of the
glass bonded silicon, a higher softening point glass was formulated specifically for this work and evaluated. This
glass formulation was used to electrostatically bond to silicon and has shown good survivability to 900°C. The
projected upper temperature survivability of this bonded glass is approximately 850°C.

High temperature survivability and optical transmission tests were conducted using various commercially
available space quality ceria doped glasses and other glass compounds including a custom formulated ceria
doped glass. Ceria doping is important in the space environment to prevent darkening of the solar cell coverglass
due to ionizing radiation over the projected lifespan of the satellite. The ceria, although imparting some initial tint
to these glasses, makes them more stable and inhibits the formation of color centers.

A high temperature survivable, custom ceria doped glass was formulated successfully by Sem-Com for
our experiments. This glass has been successfully electrostatically bonded to silicon and has survived processing
to 900°C without optical degradation. It has a softening point of 1050° C which is 75° C higher than the Corning
1737 glass we used to successfully fabricate the 10.3% and 11.0% devices. The TCE (thermal expansion
coefficient) of this glass is more closely matched to silicon at 33.5 x 107/°C than the 1737 glass which has a TCE
of 37.8 x 107/°C. This should provide for reduced electrostatic bond induced stress at the glass-silicon interface.
Projected maximum processing temperature of this glass (electrostatically bonded to silicon) is approximately
975°C. Figure 9 shows optical transmission data test results of various glasses including the custom compound.
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Figure 9. Optical transmission properties of various glasses

~ The change in output power of MISC device #CZ55 over 100 cycles from -80°C to +130°C was measured.
Duration of one complete cycle was approximately seven minutes. I-V measurements were taken at 0 cycles, 25
cycles, 57 cycles, 76 cycles, and 100 cycles. No significant change in output power was found over the duration.
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SUMMARY
A wide variety of military, space, and commercial markets can be served by this technology. In order to
penetrate these markets with this new class of solar cell it is necessary to demonstrate the feasibility of solar cell
array products that will be cost-effective, lightweight, high power, high voltage, and radiation resistant. The
specific technical objective of the Phase Il program is to fabricate a prototype of a lightweight, high-efficiency,
monolithically interconnected solar cell array with the previously defined operating parameters.
The advantages of utilizing this technology are:

X Higher Performance
v’ High efficiency thin-device structure and light weight result in high specific power
v Higher output power and better stability than amorphous or polycrystalline solar arrays

X Higher Reliability
v/ High reliability interconnections
v/ Radiation hard

X Higher Design Flexibility
v/ Any size or voltage array can be fabricated cost effectively
v High power, large area, cost-effective, array technology
v/ Current and voltage configurable
v/ Cost effective for high voltage in a small area
v Arrays are practical for charging battery banks, including applications of voltages of 1 to 500 volts
v/ Per-watt cost is independent of the number of interconnections and the array size
v/ No labor/material cost as associated with cut and tabbed cells less than 100cm?

FUTURE PLANS

A preliminary process outline has been designed for production of large quantities of MISC devices for the
terrestrial applications market. Various size wafers can be utilized and these cut to size in the final fabrication step
to obtain the desired current/voltage output. This process has been cost analyzed and the initial results are quite
favorable. AstroPower will direct market the space power applications. The use of high voltage solar cell arrays
has been identified as a critical need for electric propulsion. This solar cell technology can enable electric )
propulsion for orbit raising missions with a considerable savings in launch cost. Secondly, the use of MISC
technology for applications in concentrator solar cell arrays is very interesting due to the lower IR losses
associated with the high voltage output of the solar cells as compared to high current. Presently AstroPower is
preparing to deliver prototype MISC terrestrial and concentrator solar cells for integration into array products by

other manufacturers.
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MONOLITHICALLY INTERCONNECTED GAAS SOLAR CELLS:
A NEW INTERCONNECTION TECHNOLOGY FOR HIGH VOLTAGE SOLAR CELL OUTPUT

L.C. DiNetta and M.H. Hannon
AstroPower, Inc.
Newark, DE 19716-2000

ABSTRACT

Photovoltaic linear concentrator arrays can benefit from high performance solar cell technologies being
developed at AstroPower. Specifically, these are the integration of thin GaAs solar cell and epitaxial lateral
overgrowth technologies with the application of monolithically interconnected solar cell (MISC) techniques. This
MISC array has several advantages which make it ideal for space concentrator systems. These are high system
voltage, reliable low cost monolithically formed interconnections, design flexibility, costs that are independent of
array voltage, and low power loss from shorts, opens, and impact damage. This concentrator solar cell will
incorporate the benefits of light trapping by growing the device active layers over a low-cost, simple, PECVD
deposited silicon/silicon dioxide Bragg reflector. The high voltage-low current output results in minimal IR losses,
while properly designing the device allows for minimal shading and resistance losses. It is possible to obtain open
circuit voltages as high as 67 volts/cm of solar cell length with existing technology. The projected power density
for the high performance device is 5 KW/m? for an AMO efficiency of 26% at 15X. Concentrator solar cell arrays
are necessary to meet the power requirements of specific mission platforms and can supply high voltage power for
electric propulsion systems.

It is anticipated that the high efficiency, GaAs monolithically interconnected linear concentrator solar cell
array will enjoy widespread application for space based solar power needs. Additional applications include remote
man-portable or ultra-light unmanned air vehicle (UAV) power supplies where high power per area, high radiation
hardness and a high bus voltage or low bus current are important. The monolithic approach has a number of
inherent advantages, including reduced cost per interconnect and increased reliability of array connections. There
is also a high potential for a large number of consumer products. Dual-use applications can include battery
chargers and remote power supplies for consumer electronics products such as portable telephones/beepers,
portable radios, CD players, dashboard radar detectors, remote walkway lighting, etc.

INTRODUCTION

This monolithic interconnection process is capable of achieving high bus voitages while significantly
reducing the number of ultrasonic welded, tabbed and soldered, or wirebonded array lnterconnectlons commonly
used for space solar cell array fabrication. The low system current results in minimal I?R losses, while properly
designing the device allows for minimal shading and resistance losses.

A schematic of the device is shown in Figure 1. This device is fabricated on a semi-insulating or surrogate
substrate. The epitaxial layers are grown on"a Bragg reflector which results in light trapping and also offers
additional electrical isolation from the substrate. The areas in between the solar cell elements are seperated by
either rendering them non-conductive or physically dividing the epitaxial layer into segments. Following this the
base layer and emitter of adjoining segments are connected in a series configuration by etching and patterning
appropriately and applying a suitable metallization.

In addition to the reduced interconnect costs and increased reliability, another key benefit of this
technology is the wide range of specifications that solar cell arrays can be designed to meet. Monolithic
interconnection allows the construction costs to be roughly independent of the array size, power or voltage.
Therefore, the cost to manufacture solar cell arrays with output powers ranging from tens of milliwatts up to tens of
watts and output voltages ranging from 5 to 500 volts will be roughly the same. This compares favorably to
conventionally manufactured, commercial concentrator solar cell arrays, where handling of small parts is very
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interconnect metal
(base, emitter contact)
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| GaAs or surrogate PECVD deposited Bragg reflector
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Figure 1. GaAs monolithic array for linear concentrators.

labor intensive and costly. The array can also be configured to provide power at a specified current or voltage by
simply changing the metallization mask set. In this way, a wide variety of product specifications can be met using
the same fabrication techniques.

Due to the higher voltage attainable by the monolithically interconnected solar cell, the I’R array losses will
be minimized for any bus voltage when compared to conventional GaAs solar cells. Utilizing a higher voltage also
results in a weight savings at the array level due to the smaller quantity of high current carrying wire necessary for
solar cell interconnection and the reduced dependence on stringing of low voltage devices to achieve the needed
bus voltage. This monolithic interconnection technique offers several additional advantages compared to
conventional array interconnection technologies for space applications. The reliability of the array is enhanced by
reducing the complexity of the interconnections [1], and monolithically interconnected solar cell arrays offer
potentially higher yields compared to conventional array manufacturing processes such as welding [2] or
soldering. Typical yield reductions in standard array interconnection are the result of breakage due to either
mechanical or thermal stress.
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Figure 2. Solar cell voltage effect on power loss.
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Another reliability benefit from the high voitage device is the low power loss from shorts, opens, and
impact damage at the array level. If the monolithically interconnected solar cells are operated either at the bus
voltage or some factor of the bus voltage, loss of a single solar cell within a string will have minimal impact on the
array power generation when compared to typical GaAs solar cells. This is shown in Figure 2 using, for instance,
a nominal 1.0 volt GaAs solar cell and a 12 volt monolithically interconnected GaAs solar cell. As is shown, the
power loss is quite dramatic due to the loss of a string of devices as compared to a single or a few devices when
the string of devices becomes disabled.

A monolithic interconnection technique offers several advantages compared to conventional array
interconnection technologies. These include;

) The cost of fabricating the array interconnections is reduced and the process can be
automated.

. I°R losses are minimized

. The complexity of the interconnections is reduced thereby enhancing the reliability of the
array.

. The interconnection cost is independent of the array size.

. Yields are higher compared to conventional arréy manufacturing processes such as

welding or soldering.

This monolithic interconnection technique offers the potential to significantly reduce the high current levels
of concentrator systems without degrading the total system power. The monoalithic array will supply power at a
lower current and higher voltage because it is configured as a series connected array of small area devices. This
type of interconnection cannot be done by any other method simply because of the number and size of the
components involved. By reducing the area of array elements, the current is reduced. Reducing the system
current has considerable benefit in reducing the power lost to series resistance. For example, an 8 cm® GaAs
solar cell at 15-suns delivers on the order of 3.6 A and 1 volt for a power of 3.6 Watts. A similar cell configured as
a monolithic array (80 elements at 0.05 x 2 cmz) would deliver the same power at 0.045 A and 80 volts. Thisis a
considerable reduction of the
system current.

600.00 - zero grid width The monolithically
Lo (prismatic cover) f interconnected array in its simplest
Comn ,' ! form consists of a lateral array of
500.00 - o >—o—o devices connected end to end.
T P ey s S Figure 3 shows the projected power
g 400.00 - / /’ : as a function of array element width
k3] b : 50 micron grid width f and.bus bar_ wndth. Using a properly
S 300.00 ~ l , , : designed prismatic cover, the grid
E Py ! 7 I shading can effectively be reduced
& P i ' to zero. Therefore, using coarse,
§ 200.00 TE ' § g 50 micron grid widths, a power
S B S output of over 500 mW/cm? is
100.00 ;' = B feasible with the prismatic cover.
5 I ® . . g With an array element or active area
0.00 — N width of 0.01 cm, it is possible to
achieve 67 volts/cm. An active area
0 0.05 01 width of 0.05 cm enables
Active Area Width [cm] 18 volts/cm, and an active area
width of 0.1 cm results in
10 volts/cm. Higher voltages are
Figure 3. Predicted monolithic array performance. The 0% loss line  feasible using photolithography to
is an ideal case which includes no shading or series reduce the grid width.

resistance losses (AMO, 15X).
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The other cell parameters for this model are: base doping of 3x10""/cm®, base thickness = 1 micron, and emitter
sheet resistivity of 18 ohmv/[1.

The monolithically interconnected concentrator solar cell incorporates the light trapping benefits of an
ultra-thin GaAs solar cell by laterally overgrowing a PECVD deposited Bragg reflector. This reflector consists of
alternating layers of silicon and silicon dioxide deposited by the PECVD process. The silicon/silicon dioxide
system offers significant advantages over the use of Bragg reflectors grown by MOCVD or MBE, foremost of
which is the low cost. For the concentrator solar cell technology, a non-conducting reflector is desirable for
electrical isolation of the substrate and solar cell active layers. The use of lateral overgrowth means the
advantages of light trapping are achieved while maintaining a rugged structure supported by a GaAs or surrogate
substrate. There is the potential for using low cost substrates such as silicon with a low cost, proprietary, GaAs
interlayer. This further enhances the low cost benefits of this technology.

The reflectivity spectrum of a Bragg reflector can be tuned for high refiection depending on the thickness
and number of layers. Reflectivity data of a typical silicon/silicon dioxide Bragg reflector is shown in Figure 4.
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Figure 4. Reflectivity of a two pair silicon/silicon dioxide (55/120/55/1 20 nm) Bragg reflector on silicon.

To obtain lateral overgrowth, the substrate is masked and patterned using standard photolithography
techniques. Openings in the mask (vias) are defined by selective etching to expose the substrate surface. The
areas of exposed substrate serve as sites of preferential nucleation; nucleation is limited to the vias, with virtually
no deposition on the masking layer. As growth proceeds, crystals nucleated at the vias overgrow the masking
layer. o - ] ]

For the. monolithically interconnected concentrator device, the interdevice semi-insulating regions can be
situated directly over both the growth front and the via openings (see Figure 1). Therefore, the material quality in
these regions is not critical. The highest quality material will be in the areas of film laterally overgrown on the
Bragg reflector. -

AstroPower has extensive experience with the lateral overgrowth of GaAs and AlGaAs over both metals
and dielectrics. Figure 5 shows a cross sectional photomicrograph of consecutive AlGaAs layers laterally
overgrowing a tungsten mask. The vias were 10 microns wide on 400 micron centers. The overgrowth layer was
close to impinging (30 microns between growth fronts) and there was no solvent entrapment or voids. The
consecutive layers were uniform and planar. By adjusting the mask spacing and via dimensions, impinging growth

layers are feasible and have been demonstrated.
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Figure 5. Cross-section of AlGaAs layers laterally overgrowing a tungsten mask (100X).

SUMMARY

This unique device uses monolithically interconnected elements for linear concentrator arrays. The low
system current results in minimal I°R losses and device modeling enables minimal shading and resistance losses.
The technology takes advantage of the benefits of light trapping by incorporating epitaxial lateral overgrowth of a
PECVD deposited Bragg reflector. This process is capable of achieving high bus voltages while significantly
reducing ultrasonic welded, tabbed and soldered, or wirebonded array interconnections commonly used for space
solar cell array fabrication.
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ABSTRACT

Dislocations and related point defect complexes caused by lattice mismatch currently limit the
performance of heteroepitaxial InP cells by introducing shunting paths across the active junction and by
the formation of deep traps within the base region. We have previously demonstrated that plasma
hydrogenation is an effective and stable means to passivate the electrical activity of such defects in
specially designed heteroepitaxial InP test structures to probe hydrogen passivation at typical base
depths within a cell stmcture In this work, we present our results on the hydrogen passivation of actual
heteroepitaxial n’p and p’n InP cell structures grown on GaAs substrates by metalorganic chemical
vapor deposition (MOCVD). We have found that a 2 hour exposure to a 13 56 MHz hydrogen plasma at
275 C reduces the deep level concentration in the base regions of both n*p and p*n heteroepitaxial InP
cell structures from as-grown values of 5-7x10" cm™, down to 3-5x10'2cm™ . All dopants were
successfully reactivated by a 400 C, 5 minute anneal wnth no detectable activation of deep levels. |-V
analysis indicated a subsequent ~ 100 fold decrease in reverse leakage current at -1 volt reverse bias,
and an improved built in voitage for the p°n structures. In addition to being passivated, dislocations are
also shown to participate in secondary interactions during hydrogenation. We find that the presence of
dislocations enhances hydrogen diffusion into the cell structure, and lowers the apparent dissociation
energy of Zn-H complexes from 1.19 eV for homoepitaxial Zn-doped inP to 1.12 eV for heteroepitaxial
Zn-doped InP. This is explained by additional hydrogen trapping at dislocations subsequent to the
reactivation of Zn dopants after hydrogenation.

INTRODUCTION

Electrically active dislocations within InP layers grown on lattice mismatched substrates such as
GaAs, Si and Ge currently limit the efficiency of heteroepitaxial InP solar cells (ref. 1). The ~ 8%
mismatch in lattice constant for InP/Si, and 4% for both InPIGe and InP/GaAs, typically result in
threading dislocation densities in the range 1-10x10° cm within the InP layers, much higher than the
theoretically predicted value of 10° em? necessary to achieve heteroepitaxial cell performance
comparable to homoepitaxial InP (refs. 1,2). This fact has prompted the application of many approaches
to reduce this high dislocation density and/or the electrical activity of dislocations, including
compositionally graded buffer layers, thermally cycled growth and hydrogen passivation (refs. 3,4).

Our earlier work on hydrogen passivation of heteroepitaxial InP test structures grown on GaAs
and Ge substrates demonstrated the effectiveness of a post-growth plasma hydrogenation treatment

! Work supported by NASA grant no. NAG3-1461.
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which reduced the dislocation related deep level concentration from ~ 6x10™ cm™ fo ~ 3x10'2 cm™ in the
InP layer (refs. 2,5,6). This passivation was stable up to ~ 550 °C, which combined with dopant
reactivation occurring at ~400 °C, opens a 150 °C post-passivation processing window for cell
completion. The observed deep level passivation was consistent with a 2-3 order of magnitude reduction
in reverse leakage current for diodes fabricated within the heteroepitaxial InP test structures. Further
detailed analysis showed that hydrogen incorporation fundamentally changes the trapping mechanism of
dislocations from the expected extended state behavior, to point-defect-like behavior, significantly
reducing the role of dislocations as the dominant feature in the deep level spectra. In fact, the dominant
level responsible for reverse biased generation-recombination current switched from a deep dislocation
level to a shallow center within the InP bandgap after H-passivation. In this paper we present the first
report of deep level passivation by plasma hydrogenation in actual heteroepitaxial InP cell structures
grown by low pressure metalorganic chemical vapor deposition (MOCVD). We investigate passivation
efficiency in both p'n and n’p cell structures. Results of a comparative study of homoepitaxial InP/InP
and heteroepitaxial InP/GaAs cell structures with regard to hydrogen diffusion and dopant reactivation
kinetics after hydrogenation are discussed to reveal the impact of dislocations on the passivation
process.

EXPERIMENTAL

The heteroepitaxial InP on GaAs structures were grown by low pressure MOCVD in a reactor of
our own design and construction as previously described [ref. 7]. Precursor species of phosphine,
trimethylindium (TMin), silane and diethylzinc were injected into the hydrogen carrier gas. Reactor
chamber pressure was maintained at 150 torr throughout the growth process. A typical InP on GaAs
heteroepitaxial growth included a five minute, 620°C anneal in 1.5 torr partial pressure phosphine prior to
nucleation of a thin layer of InP at 550°C. The susceptor temperature was then raised to 620°C for the
remainder of the growth of the 3-4 pm thick heteroepitaxial layers. A TMIn flow rate of 14.5 pmol min'
resulted in a growth rate of 0.61 nm sec”. Doping of the InP layers was achieved by injection of silane
and diethyizinc for n-type and p-type respectively. Figure 1 shows the measured doping profiles of the
structures investigated here.

Hydrogenation was performed in a Technics Planar Etch Il parallel plate, 13.56 Mhz plasma
reactor, using a 30 sccm fiow rate of semiconductor grade H,, chamber pressure of 750 mToir, and
power density of 0.08 W/cm?. Substrate temperatures were varied from 250° C 275° C. Hydrogen
exposure time was varied from 1.5 - 2 hours. Immediately prior to hydrogen exposure, all samples were
capped with a thin, hydrogen-permeable, cap layer of SiN, to prevent InP surface degradation by
preferential loss of phosphorous during hydrogenation. Optimum cap thickness was found to be 20 nm
for a 2 hour exposure, based on SEM studies of the underlying InP surface as a function of nitride cap
thickness. The nitride layer was etched off in dilute HF before metallization. DLTS measurements were
performed using a Biorad DL4600 DLTS spectrometer and I-V measurements were done using an HP
4145 semiconductor parameter analyzer. Post hydrogenation dopant reactivation annealing was
performed in flowing N, at 400 °C for 5 minutes. Metallization was performed in an e-beam evaporator
using AuGeNi for n-type ohmic contacts and Ag/Zn/Ag for p-type2 contacts (ref. 8). Test devices were

isolated by mesa etching to an active junction area of 0.785 mm?>.

-

RESULTS AND DISCUSSION
3.1 Defect passivation in n*p and p*n heteroepitaxial InP cell structures

Both n’p and p’n cell structures have been used to achieve high efficiency InP homoepitaxial cells to
date. For heteroepitaxial cells grown on group IV substrates such as Ge and Si, the p’'n design is
preferred due to potential autodoping and the development of back to back diodes for n'p structures. In
view of hydrogen passivation however, both the direction of the built in field of p°n cells and the strong
Zn-H bonding typically observed in p-InP might be expected to impede the in-diffusion of hydrogen into
the base region of the heteroepitaxial cell. Hence, hydrogen passivation was performed on cell
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structures of both types to compare passivation effectiveness. Figure 2 shows dark I-V plots for the two
cell types prior to hydrogen processing (as-grown) and after a 1.5 hour hydrogen exposure plus several
post-hydrogenation annealing temperatures. It is seen that the built in voltage improves after
hydrogenation for p°n but not n’p structures, indicating that Vo for the former should be improved.
Furthermore, in both cases, hydrogen is seen to significantly improve the reverse leakage current
characteristics, shown in table I. The 400 C anneal is required to reactivate the Zn dopants in both cell
structures (confirned by C-V measurements).

Table |. Reverse bias Ieakage currents for various hydrogenation anneal conditions.
Device areas are 0.785 mm".

v @ -1V n p devices p n devices

As grown 1.39 mA 1.11mA
hydrogen + 400 °C anneal 10.74 pA 5.21 pA
hydrogen + §12 “C anneal 198 pA 891 A
hydrogen + 602 °C anneal 1.25mA 1.79 mA

From this table, we see that leakage cuments are reduced by more than 2 orders of magnitude for both
cell types after the 400 C dopant reactivation anneal. Only after annealing in excess of 500 C does the
leakage current increase toward its original, non-passivated value. What is clear from these results is
that neither the direction of the built-in electric field nor preferential trapping of hydrogen in the emitter
significantly impedes the desired in-diffusion of hydrogen. However, table | indicates that p'n structures
exhibited a greater rate of thermal degradation. While the reasons for this are unclear, one possibility
might be that Zn is being gettered by threading dislocations as interstitials which are shunting the
junction. We have reported in an earlier work using photoluminescence that interstitial Zn is indeed
gettered by dislocations in heteroepitaxial InP and we are currently performing SIMS and polaron
profiling studies to investigate this possibility in these samples (ref. 8). This suggests that altemnative
dopants to Zn may be appropriate for heteroepitaxial p'n cells.

Figure 3 shows the comesponding DLTS measurements for both the p’n and n’p structures which
confirm that in both cases, hydrogen is passivating deep levels by lowering their concentration by more
than 2 orders of magnitude. To our knowledge, this is the first report of successful hydrogen passivation
in heteroepitaxial InP cell structures. For the n’p structure, the hole trap at 0.69 eV is very close to the
peak T1 (comprised of sub-peaks T1A and T1B) that we have reported previously for heteroepitaxial p-
InP test structures as related to extended defects resulting from lattice-mismatch (either dislocation cores
or point defect clusters) (ref. 2). The dislocation-related hole trap previously labeled T2 in the earlier test
structures is not observed in the cell structure until ~ 0.5 um is removed from the surface. This depth-
dependent concentration is reasonable if this level is related to threading dislocations that have
nucleated from the InP/GaAs interface. The DLTS spectra of the p’n structure indicates passivation of
two electron traps in the n-type base having activation energies of 850 meV and 509 meV for the high
and low temperature peaks, respectively. This is the first report of deep levels in n-type heteroepitaxial
InP and we are currently analyzing the DLTS spectra in detail to determine the relationship of these
states with the presence of dislocations and associated defects, and with our results on heteroepitaxial p-

type InP.

One concem of the hydrogen passivation process is its stability with respect to moderate
temperature exposure and to light exposure. While we are presently investigating the latter, figure 4
demonstrates excellent passivation stability against exposure to a temperature of 80°C. As can be seen,
no detectable deep level reactivation was observed for the 24 hour period studied here. Light soaking
experiments will be performed on actual cells (i.e. with a grid pattem) that are currently being fabricated.
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3.2 Hydrogen diffusion in InP/GaAs and InP/InP cell structures

One of the key issues for hydrogen passivation is the depth of hydrogen diffusion into the cell
structures. Our earlier work on specially designed test structures which incorporated a pn junction buried
2 um below the InP surface demonstrated that hydrogen easily diffuses through the typical base
thickness of a heteroepitaxial cell. Here we investigate the impact of dislocations on the hydrogen
diffusion process within the n’p cell structures by monitoring the Zn dopant deactivation using
electrochemical C-V profiling for homoepitaxial and heteroepitaxial structures. It has been reported by a
number of authors that the dislocations provide ‘expressways' for hydrogen to diffuse into the bulk of the
samples, with hydrogen also showing a strong preference for these extended defects (ref. 10). We
hydrogenated both homoepitaxial and a heteroepitaxial cell structure for 2 hours at 275°C. Figures 5
presents the results of C-V depth profiling of Zn acceptors, before and after hydrogen exposure for the
two structures. Both samples show deep passivation depths. However the heteroepitaxial sample shows
a deeper and much greater degree of acceptor passivation than its homoepitaxial counterpart. This result
confirms that the threading dislocations running from the InP/GaAs interface up to the surface provide a
pathway for fast hydrogen diffusion into the base region from the top surface compared with the case
where these dislocations are absent. Similar studies were attempted for the n-base regions in the p'-n.
However, donor passivation was not observed, consistent with the results of Pearton et al. who have
reported that hydrogen is only weakly bonded to Si donors in InP compared to Zn acceptors (ref. 11).

3.3 Acceptor reactivation in n*p structures

One of the factors which affect hydrogen diffusion is the chemical affinity between the
passivating hydrogen species and ionized dopant atoms. In InP, Zn acceptors are known to be strongly
passivated by positively charged hydrogen ions, where hydrogen is thought to bond with the neighboring
P atom in a bond centered position (ref, 12). It is reasonable to expect that the presence of dislocations
in heteroepitaxial material may significantly complicate this process, for at least two reasons. First,
dislocations appear to be a major sink for hydrogen. Second, the presence of dislocation strain fields
have been shown to getter Zn interstitials, and thereby reduce the substitional Zn concentration (ref. 9).
Zn-H reactivation kinetics for homoepitaxial and heteroepitaxial p-type InP are compared below.

In the absence of an applied electric field, hydrogen-zinc complexes dissociate at temperatures
close to 400°C. Such high temperatures are necessary to (1) separate H from Zn, and (2) provide
enough energy so that the H species can diffuse away from the Zn ion after reactivation. Zundel et al.
(ref. 13) however, have shown that in the presence of a sufficiently strong electric field the dissociation of
these zinc-hydrogen complexes follow first-order kinetics since the applied electric field sweeps out the
reactivated hydrogen which prevents retrapping inside the depletion region. Following this analysis, we
conducted a series of experiments to elucidate this information in heteroepitaxial and homoepitaxial Zn-
doped InP using the n’p cell structure. C-V measurements were made on hydrogenated n'p structures
after systematically annealing under a reverse bias of -8 volts as a function of temperature (70 - 120 °C)
and time (5-30 min ). Following the analysis of Zundel et al., the inactive camier concentration, N;, which
is the concentration of carriers removed by passivation, is plotted in figure 6 acconrding to

Ni= N, - NH exp (- Vai)
where N, is the initial carrier concentration of the as grown sample, N, is carrier concentration at the
chosen depth after hydrogenation, vq is the thermally activated dissociation frequency and t is the time
over which the reverse biased annealing (RBA) takes place. The dissociation frequency has a
temperature dependence, which is given by

vy = voexp (-Ep/KT)

where Ep is the dissociation energy of the zinc-hydrogen complex. First, the annealing experiments were
done for different time periods at a fixed annealing temperature. Then these experiments were repeated
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for other temperatures generating figure 7. The slopes of the lines in figure 7 when plotted against the
annealing temperatures gives the dissociation energy Ep which is shown in figure 8. Analysis of the
homoepitaxial data gives a value of 1.19 eV for Ep, consistent with previous reports by other
investigators for zinc acceptors in homoepitaxial InP (ref. 12). However for heteroepitaxial Zn-doped InP,
we calculate Ep to be 1.12 eV. To the best of our knowledge this is the first reported values for
heteroepitaxial InP and we attribute this lowering to interactions with dislocations in the depletion region.
The local electric and strain fields surrounding the dislocations aid the removal process of hydrogen
from the acceptors once hydrogen is thermally liberated, thereby lowering the apparent dissociation
energy. DLTS measurements shown in figure 8 support this notion, where additional reduction, or
passivation, of the T1 (dislocation-related) level is observed as a function of the RBA process. Since no
additional hydrogen is being provided to the InP structure from the ambient, this passivation can only
occur by trapping hydrogen that has been liberated from Zn acceptors by the low (70-120 °c)
temperature RBA.

4. Conclusions

Hydrogen passivation of n*-p and p'-n InP heteroepitaxial cell structures grown on GaAs
substrates has been demonstrated and investigated. The passivation resulted in a ~ 2 order of
magnitude reduction in reverse leakage current at -1 volt, which corresponds to a > 2 order of magnitude
reduction in DLTS trap concentration within the base region of each cell structure. No reactivation of
deep levels was detected for at least 24 hours due to heating at 80°C in the dark. Fundamental studies
of hydrogen diffusion, and Zn reactivation kinetics with regard to the participation of dislocations were
performed. It was found that dislocations aid the hydrogen passivation process by providing fast
diffusion paths and by lowering the apparent dissociation energy of Zn-H complexes. We are cumrently
processing hydrogen-passivated cells using the procedures presented here, and this will be reported the

future.
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Figure 1. Electrochemical C-V profiles of carrier concentration for (a) n"/p/p* and (b) p* /r/n"/n" cell
structures grown on p’-GaAs substrates used in this study.
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Figure 2. Dark_ I:V_ characteristics of (a) n’p and (b) p'n structures. For each case, a-d denote as-grown,
1.5 hr. H-passivation + 400 °C anneal, 1.5 hr. H-passivation + 512 °C anneal, and 1.5 hr. H passivation +
602 °C anneal conditions. All anneals were for 5 minutes.
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after a 2 hr. H-passivation exposure plus dopant reactivation anneal.
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THE GROWTH OF LOW BAND-GAP InAs ON (111)B GaAs SUBSTRATES!

R. E. Welser and L. J. Guido
Yale University

New Haven, Connecticut 06520-8284

Summary

Growth on the (111)B orientation exhibits a number of advantageous properties as compared to the
(100) during the early stages of strained-layer epitaxy. In accordance with a developing model of
nucleation and growth, we have deposited thin (60 A - 2500 A), fully relaxed InAs films on (111)B GaAs
substrates. Although thicker InAs films are subject to the formation of twin defects common to epitaxy on
the (111)B orientation, appropriate control of the growth parameters can greatly minimize their density.
Using this knowledge base, InAs films up to 2 pm in thickness with improved morphology and structural
quality have been grown on (111)B GaAs substrates.

Introduction

The use of low band-gap materials is of interest for a number of photovoltaic and optoelectronic
applications, such as bottom cells of optimized multijunction solar cell designs [1], long wavelength light
sources, detectors, and thermophotovoltaics. However, low band-gap materials are generally mismatched
with respect to lattice constant, thermal expansion coefficient, and chemical bonding to the most
appropriate commercially available substrates (Si, Ge, and GaAs). For the specific case of lll-V
semiconductor heteroepitaxy, one must contend with the strain induced by both lattice constant
mismatch at the growth temperature and differences in the rates of mechanical deformation during the
cool-down cycle. Several experimental techniques have been developed to minimize the impact of these
phenomena (i.e., compositional grading, strained-layer superlattices, and high-temperature annealing).
However, in highly strained systems such as InAs-on-GaAs, three-dimensional (3-D) island formation and
large defect densities (2 108 cm2) tend to limit their applicability. In these particular cases, the surface
morphology and defect density must be controlled during the initial stages of nucleation and growth.

1 This work has been supported by the NASA Graduate Student Researchers Program (NGT-50832) and
by the National Science Foundation via the Presidential Faculty Fellowship Program (ECS-9253760).
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Thin Film Evolution

At the last SPRAT conference, we reported on a study of the evolution of InAs islands on (100} and
(111)B GaAs substrates [2]. Highly strained semiconductor systems like InAs-on-GaAs, with a 7.1% lattice
mismatch, grow in the Stranski-Krastanov growth mode in which the deposition of a two-dimensional (2-D)
wetting layer is followed by the formation of discrete 3-D islands. The density of the discrete islands is a
function of growth parameters, which, for the metalorganic chemical vapor deposition (MOCVD) system
used in these investigations, are substrate temperature (Tg), TMIn flow (frpmin), and AsHz flow (fagH3).
Moreover, the density, geometry, and defect structure of the 3-D islands differ between the two
orientations.

As the film thickens, the islands coalesce to form a continuous film. The thickness at which this
happens is a function of the density (N;) and the width-to-height ratio (w/h) of the initially discrete 3-D
islands (Figure-1). Specifically, a 2-D film forms more quickly with higher N; and the larger w/h.
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Figure-1 The transition in thin film morphology from discrete 3D islands to a continuous layer as a
function of nominal film thickness, island density, and width-to-height ratio. The critical thickness (t¢) at
which this transition takes place can be expressed as t; = Ni"2(w/h)-1. The solid line assumes a w/h ~ 7
for the (100) orientation, while the dashed line takes w/h ~ 100, which is more appropriate for the (111)B
substrate.
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Featureless 250 A films have been deposited on both substrate orientations by adjusting the growth
parameters in such a way as to increase the island density. However, these films differ remarkably in terms
of surface roughness and defect density. The improved properties of films on (111)B substrates can be
attributed to the lower density, flatter geometry, and fewer threading defects of the initial islands on that
orientation. In particular, (111)B films are atomically terraced with at least an order of magnitude reduction
in threading dislocation density as compared to films on (100) substrates. While these thin 250 Afims
on the (111)B approach the idealized condition for lattice-mismatched films of efficient strain relaxation
between the epilayer and the substrate with a minimal number of threading defects, thicker InAs films on
the (111)B orientation are subject to the formation of hillocks which quickly degrade the film morphology.

Growth on (111)B Substrates

Even in the simple case of homoepitaxy, hillock formation is a common problem which has been
attributed to the formation of twin defects [3,4]. While tilted substrates have typically been employed in
the past to reduce hillock density, recent molecular beam epitaxy (MBE) resuits suggest that nearly
featureless films can be deposited on (111)B substrates under a narrow range of growth conditions, even
if substrates are on-orientation [5,6]. We have reproduced these results in our MOCVD system (Table I).

Table I : Hillock density as a function of growth parameters for 2500 A homoepitaxial GaAs films on
(111)B substrates.

T (°C) {TEGa (scom) fasH3 (sccm) Hillock Density (cm-2)

525 23 100 5x 106
600 23 100 5x 106
650 23 100 5x103
700 23 100 50

600 140 100 1x108
600 140 500 1x107
600 23 100 5x 106
600 23 500 1x 109

-

Although hillock density is particularly sensitive to substrate temperature, it is also found to be a
function of all the growth parameters. At a fixed temperature, slower growth rates and a higher As
overpressure both tend to reduce the number of twins. By appropriately altering growth conditions,
hillock density can be reduced by over six orders of magnitude.
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2-Step Approach

With this in mind, we have implemented a 2-step procedure for the growth of thicker InAs films on
(111)B GaAs substrates. In the first step, optimized conditions for the deposition of a specular, strain-
relaxed 250 A film of InAs are employed. Next the growth is interrupted, and the conditions altered to
approximate those Kielding specular, lattice-matched GaAs films. In this way, the hillock density on lattice-
mismatched 2500 A InAs films has been reduced by over an order of magnitude.

InAs films grown on (111)B GaAs substrates employing this 2-step procedure still exhibit similar
improvements in structural properties compared to InAs films on (100) GaAs. Figure-2 shows the x-ray
diffraction peaks from 2500 A InAs films on (100) and (111)B GaAs substrates. In both cases, the
separation of the film and substrate peaks suggests that both films are nearly fully relaxed. However, the
full width at half maximum (FWHM) of the film peak on the (100) orientation is roughly twice that of the
substrate, indicating a substantial degradation in structural quality. On the other hand, the film peak
FWHM on the (111)B is nearly the same as that of the substrate, suggesting an improved structural quality.
Indeed, cross-sectional TEM of these films indicates at least an order of magnitude lower threading
dislocation density in the (111)B film.

Conclusions

We have produced atomically terraced, fully relaxed InAs films on (111)B GaAs substrates with misfit
dislocations largely confined to the epilayer / substrate interface. The advantages of the (111)B
orientation stem from the shape of the initial InAs islands, their density (which can be manipulated by
adjusting growth conditions), and the nature of their defect structure. Thicker InAs layers on the (111)B
are susceptible to growth defects similar to those observed for GaAs homoepitaxy on (111)B substrates.
However, by implementing a 2-step growth approach, thicker layers of InAs films with reduced growth
defect density have been grown on the (111)B orientation. Thus, the use of (111)B substrates may have
the potential to yield high quality, strain-relaxed material for device applications.

References

1. R. E. Welser and L. J. Guido, Solar Energy Materials and Solar Cells 36, 349 (1995).

2. R. E.Welser and L. J. Guido, Proc. of SPRAT XHI, Cleveland, OH, June 14-16, 1994, p. 409.
3. A.Y.Cho, J. Appl. Phys. 41, 2780 (1970).

4. K. C. Rajkumar, P. Chen, and A. Madhukar, J. Appl. Phys. 69, 2219 (1991).

5. L.Vina and W. I. Wang, Appl. Phys. Lett. 48, 36 (1986).

6. P. Chen, K. C. Rajkumar, and A. Madhukar, Appl. Phys. Lett. 58, 1771 (1991).

-140-



1 llllllll

- /AN  foAs Film
A (200) DR IECTT LI GaAs Substrate
0.8 |- PN
5 : ;
8 06[ _
z | ]
é} - -
3 04 - 5
=0 :
0.2 |- -
0 adadat-bor1 . l'l ' ' e l-‘l irivh b 8wl b bdh )
-0.2 -0.15 O 1 -0. 05 0 005 0.1 0.15 0.2
A(20) (degrees)
@
1 LI L LILERIL LI
S RN IEie il s Substrate
.08 F (333) ,
3 :
S 06
2 I i
2 04Ff _'
= [ ;
0.2 F .
0 . S TTTEE FTEE P PR PR s
-02 -015 Ol -0.05 O 005 0.1 0.15 02
A(20) (degrees)
(b)

Figure-2 X-ray diffraction data from 2500 A films grown on (a) (100) and (b) (111)B GaAs substrates.
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ABSTRACT

It is well known that the behavior of lll-V compound based solar cells is largely controlled
by their surface, since the majority of light generated camiers (63% for GaAs and 79% for InP)
are created within 0.2 uym of the illuminated surface of the cell. Consequently, the always
observed high surface recombination velocity (SRV) on these cells is a serious limiting factor for
their high efficiency performance, especially for those with the p-n junction made by either
thermal diffusion or ion implantation. A good surface passivation layer, ideally, a grown oxide as
opposed to a deposited one, will cause a significant reduction in the SRV without adding
interface problems, thus improving the performance of ill-V compound based solar cells. Another
significant benefit to the overall performance of the solar cells can be achieved by a substantial
reduction of their large surface optical reflection by the use of a well designed antirefiection (AR)
coating.

In this paper, we demonstrate the effectiveness of using a chemically grown, thermally
and chemically stable oxide, not only for surface passivation but also as an integral part of a 3-
layer AR coating for thermally diffused p*n InP solar cells. A phosphorus-rich interfacial oxide,
In(PO3)3, is grown at the surface of the p* emitter using an etchant based on HNOg3, 0-H3POy4
and H3O5. This oxide has the unique properties of passivating the surface as well as serving as
a fairly efficient antireflective layer yielding a measured record high AMO, 25°C, open-circuit
voltage of 830.3 mV on a thermally diffused InP(Cd,S) solar cell. Unlike conventional single
layer AR coatings such as ZnS, SbyO3, SiO or double layer AR coatings such as ZnS/MgF»
deposited by e-beam or resistive evaporation, this oxide preserves the stochoimetry of the InP
surface. We show that it is possible to design a three-layer AR coating for a thermally diffused
InP solar cell using the In(PO3)3 grown oxide as the first layer and Al2O3 , MgF5 or 2nS, MgF»,
as the second and third layers respectively, so as to yield an overall theoretical reflectance of
less than 2%. . N

. Since chemical oxides are readily grown on -V semiconductor materials, the technique
of using the grown oxide layer to both passivate the surface as well as serve as the first of a
multilayer AR coating, should work well for essentially all 11l-V compound-based solar cells.

INTRODUCTION

Calculations show that the majority of light generated carriers in direct bandgap -V
compound semiconductor based solar cells, are created within 0.2 pm of the illuminated surface
of the cellV. For such materials, surface recombination velocity (SRV) and p/n junction depth
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considerations are of critical importance in the design of high efficiency solar cells. Even though
published values of SRV on InP and GaAs vary over a wide range, depending on the surface
preparation and the_techniques used for measurement(?, it is estimated that SRV values can be
as high as 1.8x107 cm/s@4), even for epitaxially grown cells. Therefore, thin emitters and
reduced SRV appear to be necessary conditions for the fabrication of high efficiency HI-V
compound based solar cells. A good surface passivation layer, ideally a grown oxide, will cause
a significant reduction of the SRV without adding semiconductor/oxide interface traps and oxide
bulk defects which are inherent to deposited oxides, thus improving the overall performance of
the HI-v compound based solar cell. Yet another obvious but not often properly addressed
limitation to high performance of these cells, is their high surface reflection, particularly in the
blue region of the solar spectrum.

In this work, we address these two problems with a new optimized three-layer
AR coating for the p*n InP(Cd,S) thermally diffused solar cell. A chemical oxide grown on the
p*-doped emitter serves as the first layer of a three-layer AR coating composed of
In(PO3)a/Al;03/MgF2. This In(POg)3 oxide, which is described in detail elsewhere®, is
primarily designed as a surface passivating layer, and has yielded a record high AMO, 25°C
open circuit voltage V¢ of 890.3 mV, measured on a thermally diffused p*n InP(Cd,S) solar
cell®®. We also investigate a three-layer AR coating composed of In(PO3)3/ZnS/MgF 2. Even
though, in this paper, we demonstrate the effectiveness of the above described AR coatings on
p*n InP solar cells, the concept of using a native oxide passivating layer as the first layer of a
multilayer AR coating should benefit any 11l-V compound semiconductor based solar cells, since
chemical oxides are readily grown on most llI-V semiconductor materials.

EXPERIMENTAL

The 0.8 cm x 0.6 cm p*n InP solar cells were fabricated _using the closed ampoule
technique to diffuse Cd into n-InP:S (Np-Np = 3.5 x1070 t0 3.1 x1017 cm3) with Cd3P; as the
diffusion source. Diffusion temperatures were from 5600 to 660 OC. The substrates were
Czochralski (LEC) grown with EPD of about 5-7 x 104 cm™2. Diffusions were performed through
chemically grown P-rich oxide cap layers.

Au-Ge was used for the back contact. The Au-Zn (0.18 t0 0.3 ym thick) front contact grid
was deposited by evaporation and defined using existing photolithography masks, designed for
the nfp cell configuration. Because Au based contacts are known to penetrate into InP during
sintering at 430 °C, up to depths which are over three times the initial thickness of the
evaporated Au-Zn-Au layer, the thickness of the emitter was kept at quite a high value (>3.5 pm)
while keeping the thickness of the evaporated contacts below 0.3 pm. After sintering, the thick
emitter was thinned down over the uncontacted area using a chemical etch which we call the
PNP etch, based on HNO3, 0-H3POy, and Hp05, especially developed for this purpose(®).

The thermal diffusion process just described is inherently a substantially lower cost
process as compared to the epitaxial process of junction formation and can potentially be used
for large scale batch production of solar cells. To minimize the surface damage which ordinarily
always occurs during thermal diffusion, we used a 3 to 5 nm thick In(PO4)3-rich oxide cap layer
in our diffusion process. In addition, we further improved the quality of our diffused surface by
doing a chemical treatment with the PNP etchant after sintering the front contacts of the cell.
Simple chemical treatments of InP surfaces using HNO; and HF based etchants were found to
decrease the SRV to below 5 x 109 cmis, e.g. 1.7 x 10 for n*-InP and 4.7 x 102 cm/s for pt-
InP, after rinsing the substrates in a HNO3 (15%) solution(4).

Using the PNP etch, from low frequency EG-V measurements, we recorded a surface
state density minimum (Ngg) at the Cd-diffused p*-InP/passivating layer interface as low as 2
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x1010 cm=2 ev-1 (. About 40 nm was removed from the surface of a the p*n InP structure
diffused at 660 OC (surface acceptor concentration: ~ 4 x 10 cm™3; junction depth: ~ 3.5 ym).

The first layer of the designed three-layer AR coating is chemically grown in the process
of thinning the emitter using the PNP etchant. A more detailed description of the composition of
this oxide is published elsewhere®. Here, we will simply state that the residual chemical oxide
is a two-layered oxide composed of a thick In-rich outer layer and a P-rich layer at the interface
with the emitter. This interfacial oxide is rich in In(PO3)3 and has a bandgap of 6.8 +0.2eV(®).
Because the dissolution rate is quite reproducible, a controlled thickness of oxide can be grown
to serve as the first layer of the designed three-layer AR coating.

The SiO, SbyO3, MgF5 and ZnS layers are all deposited by evaporation techniques.

DESIGN OF THE THREE-LAYER AR COATING

The theoretical design of the three-layer AR coating was conducted using standard
optical theory based on the matrix description of each layer of a multilayer system. The optical
impedance of each layer is assumed known, in order to reduce the number of unknown
parameters in the minimization of the reflectance function, and to maintain the problem within
the realistic boundaries of commonly used optical materials. The MATLAB algorithm developed
to calculate and optimize the parameters of the AR coating is based on work done by Nagendra,
and Thutupalli (1988)©),

For solar cell applications, the design of a good AR coating, contrary to common
practice, should not be based merely on reducing the light reflectance but rather maximizing the
external quantum efficiency or minimizing the loss of short circuit current due to reflection. This
last criterion, expressed in terms of the integrated current loss, defined as the ratio of the
integrated short circuit cumrent of the cell to the ideal zero-reflectance integrated short-circuit
current, allows one to take into account the incident light spectrum, and eventually the presence
of a protective transparent cover glass.

Our experiments have shown that the commonly used double-layer AR coating,
ZnS/MgF, deposited on p*n InP solar cell surface leads to a net decrease of the open circuit
voltage (Vc) of the cell by as much as 50 mV due to an increase in SRV, For that reason, we
recommend a three-layer AR coating with In(PO3)3 passivating oxide as the first layer, followed
by either ZnS/MgF%or Alo04/MgF5. The In(PO3)3/Alo03/MgF5 is a new optical system we are
proposing for the p¥n InP solar cell. Al,O3 is known for its stability, its high dielectric constant,
and its radiation tolerance (higher than that of commonly used SiOy). Also, Al;O3 has a closed
packed hexagonal crystal structure, closer to that of In(PO3)3. We expect AloO3 to be superior
to ZnS. MgF5 is a generally preferred outer layer which refractive index of 1.37 gives a good
optical transition to many protective coverglass/adhesive systems(i.e. fused silica/adhesive
1.46/1.43, microsheet/adhesive 1.53/1.43).

RESIJLTS AND DISCUSSION

Table 1. and Table 2. give optimum designs of three-layer AR coatings using
In(PO3)3/ZnS/MgF, and In(POg)3/Alo04/MgF, for different thicknesses of the first layer
In(PO3)3 and a AMO spectrum ranging from 300 nm to 950 nm. The symbols ICL and IRL
represent the Integrated Current Loss, and the Integrated Reflection Loss respectively defined as
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The results suggest that the In(PO3)3/Al,03/MgF5 coating gives a lower ICL than
In(PO3)3/ZnS/MgF2 mainly because of a lower blue reflectance, as shown in Fig. 1.

Considering the first layer of the AR coating, Fig.2 shows that the two-layered oxide
(~750 A) reduces the surface reflectance of an InP solar cell from an average 40% (curve a) on
a bare surface with no oxide, to abaut 20% (curve c). In this particular case, after removing the
In-rich outer oxide layer, the reflectance of the remaining thin In(PO3)3 oxide (300A) is about
25% (curve b). In Fig. 3, it can be seen that a thick two-layered oxide
InoO (~900A)/In(PO3)3(~300A) gives a lower overall reflectance than a single layer of SiO
(800A thick). Its blue reflectance is lower than either SiO, Sby0O3 (750A thick), or a double layer
of ZnS/MgF5 (not shown here). However, SbyO4 has lower mid-spectrum reflectance. Our
experiments show that single layers of SiO, Sb,O3 as well as a double layer of ZnS/MgF 5, even
though they reduce the surface reflection, also tend to increase the surface recombination
velocity on the emitter of a p¥n InP solar cell, leading to a decrease of the open circuit voltage
by as much as 50 mVv(?). Although the reflectance of the double-layer chemical oxide is lower
than that of SiO, it is still too high for use as the only layer of an efficient AR coating.
Furthermore, the In-rich outer oxide layer is unstable and quite electrically conductive, causing a
noticeable drop in the shunt resistance Rgp, and V¢ of the cells. It therefore cannot be used, but
should rather be removed so that only the P-rich oxide remains for use as the first of a three-

layer AR coating.

Curve d) of Fig. 2 shows the calculated reflectance of a three-iayer antireflective coating
composed of In(PO3)a (400A), AloO3 (549A), and MgFy (712A). It can be seen that the
reflectance is reduced to an average of less than 2% when the three-layer coating is used. As,
shown in table 1, the actual loss of current density due to reflection loss, will be less than 1%,
when one takes into account the spectral response of the inP solar cell.

‘In Table 3 are presented measured and predicted performance parameters of p*n
(Cd,S) InP solar cells. Rows 1,3 and 4 of the data refer to thick In-rich chemical oxides (~900A to
1500A) over an interfacial P-rich oxide (~300A to 400A). The parameters in rows 2 and 5 were
measured after removing the In-rich oxide from the surface. The increase in Vo and FF are
expected as current leakage occurs through the In-rich oxide outside the mesa etched active
area. The increase in FF is a consequence of an increase in Rgp, when the In-rich oxide is
removed. After depositing 850A of SiO over the 400A thick P-rich oxide, the increase in Jg is
consistent with a decrease in reflectivity. The last row of table 3. gives an experiment-based
projection of the performance of the cell in row 6, using the optimum three-layer AR coating
designed, the grid coverage of a newly acquired photolithography mask (5%), and an
experimentally achievable improved series resistance of about 0.8 Q-cm2. The projected Jgc
and Vg values of 37 mA/cm2 -and 894 mV respectively can be obtained based on the
quantum efficiency curve of this cell. A fill factor, and efficiency values of 80% and 19.4%
respectively can be achieved on such a cell. [t should be pointed out that these values are
below the experiment-based projections for our state-of-the-art p*n InP solar cells where in
addition to using the designed 3-layer AR coating, reducing the emitter junction depth to less
than 0.3 pm, the specific contact resistance to less than 10~ Q-cm, should make a solar cell of

efficiency, n=21.3% achievable(®).
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CONCLUSIONS

The dual problem of surface passivation and antireflection coating design of lil-V

compound based solar cells have been addressed. We have designed a three-layer optimized
AR coating for p*n InP solar cell, which brings the average reflectance down from about 40% to
less than 2% while at the same time significantly improving the Jgc and V¢ by passivating the
top surface of the emitter. This has been accomplished by using a chemically grown In(PO3)3-
rich passivating oxide layer as the first layer of a 3-layer AR coating, with Al,O3 and MgF, as
the second and third layers. We believe that the significant front surface passivation is to a large
extent responsible for our achieving the record high efficiency Vg of over 880 mV. This concept
of using a passivating chemically grown oxide as the first layer of a multilayer AR coating can be
beneficial to other 1lI-V compound solar cells as well.
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Table 1. Summary of 3-layer ARC design with In(PO3)3/Al,03/MgF,

d|n(po3)3 dai203 dMgFZ Jsc (AMO) icL IRL
(A) (A) (A) mA/cm? (%) (%)
50 647 490 43.99 1.62 2.12

100 602 510 44.00 1.60 2.09
150 534 558 44.03 1.54 2.01
200 460 616 44.06 1.46 1.85
250 420 641 44 11 1.37 1.73
300 422 635 44.17 1.23 1.54
350 425 624 44 .24 1.06 1.38
400 549 712 44 .43 0.64 1.03
450 425 656 44.34 0.83 1.81
500 500 465 44.06 1.48 2.79

Table 2: Summary of 3-layer ARC design with In(PO3)3/ZnS/MgF o

din(PO3)3 dzns dMgF2 Jsc (AMO) ICL IRL
(A) (A) (A) mA/cm?2 (%) (%)

50 466 899 44 .29 0.95 1.30
100 415 898 44 28 0.97 1.36
150 363 894 44.27 0.99 1.40
200 417 767 43.08 3.66 6.13
250 197 825 43.75 2.15 2.59
300 239 918 443 0.93 1.79
350 291 773 43.88 1.88 1.89
400 240 760 4378 2.10 2.06
450 178 753 43.69 2.29 2.22
500 114 752 43.64 241 2.33
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Table 3: AMO, 259C performances of selected p*n InP diffused solar cells measured at NASA

LeRC.
AR Coating - Approx. Emitter Rs Jsc Voc FF n
Thickness 2
{um) (e<m?) | (maem?) | (mv) (%) (%)
In,04 (1500 A)lln(P03)3 (_4004) 0.45 352 26.3 8876 69 11.98
ln(PO3)3 (_400A) 0.45 3.24 275 884.6 73.7 1285
In;04 (_900 A)/ln(Po3)3 (.300A) 0.4 3.35 282 881.7 726 132
Iny03 (L1100 AVIn(PO,)5 (L400A) 294 877.2 617 11.63
in(PO3)3 (L4004) 03 438 276 886.6 62.8 11.25
SiO(_SSOA)nn(PO3)3(__4OOA) 30.95 8875 615 12.36
) Optimized In(PO,), (400A)/ 03 os 37.1 894.2 80.1 19.43
Al,O4(549A)MgF, (7124)

Cell area: 0.48 cm<; front coverage: 9.55%; distance between the 0.3um thick fingers: 620pm. * Experiment-based projected
parameters for the cell in row 6.

Three-layer AR Coating Design
with In(PO3)3 oxide as first layer

- i I e e o e —
I

a: n(PO3)3-ZnS-MgF2

b: In(PO3)3-AI203~MgF2

500 800 700 800 900

Reflectance (%)

Wavelength (nm)

Fig. 1. Reflectance on optimized Three-layer AR coating using: a)In(PO3)3/ZnS/MgF5 b)
In(PO3)3/Al203/MgF2
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Reflectance on InP Surface
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Reflectance (%)
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)} Fig. 2: Surface reflectance vs. wavelength of a) a bare p*n InP surface (no oxide), no grid
fingers; p*n InP solar cells with: b) 10.5% grid coverage, 400 A thick surface oxide layer; )
10.5% grid coverage and 750 A surface oxide; d) a 3-layer AR coating, In(PO3)a/Al203/MgF 3.

Surface Reflectance of InP Solar Cell
with one layer ARC

- ) 70 I S S B A

Akl

Reflectance (%)

in203/In(PO3)3

300 400 500 €600 700 800 900

Wavelength (nm)

Fig. 3: Surface reflectance vs. wavelength of p*n InP solar cells using single layer AR coating of
the passivating chemical oxide (In203/In(PO3)3 ~1100/400A); SiO (800A); and SbpO3 (750A).
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Newark, DE 18716-2000

ABSTRACT

Progress is reported with respect to the development of ultra-lightweight, high performance, thin, light
trapped GaAs solar cells for advanced space power systems. Conversion efficiencies of 17.9% (AMO, 1X) have
been demonstrated for a 3 pm thick, 1 cm? solar cell. This results in a specific power of over 1020 Wikg (with a 3-
mil cover glass) and a power density of 240 W/m?. Device parameters were 1.015 volts open circuit voltage, 80%
fill factor, and a short-circuit current density of 29.54 mA/cm?. In addition to silicone bonding, the use of
electrostatic bonding to attach the cover glass support to the front surface enables an ultra-thin, all back contact
design that survives processing temperatures greater than 750°C. This also results in a 10% reduction of the cell
weight for a potential specific power of 1270 W/kg. All back contact, ultra-thin, electrostatically bonded GaAs solar
cell prototypes have been fabricated demonstrating an open circuit voltage of 1 volt for a cell base thickness of 1
um with a 0.5 um emitter. This technology will result in a revolutionary improvement in survivability, performance,
and manufacturability of lightweight GaAs solar cell products for future Earth-orbiting science and space
exploration missions. The thin, electrostatically bonded, all back contact GaAs device technology has multiple
uses for specialty high performance solar cells and other optoelectronic devices.

INTRODUCTION

A schematic cross-sectional representation of the silicone bonded AstroPower prototype thin GaAs solar
cell design is shown in Figure 1. This device is supported by a 3-mil cover glass which has been attached to the
front surface with a 1-mil silicone adhesive.

cover glass

p-type contact 1
i

l - H y— bonding agent
] GaAs cap layer ———# k y—dielectric
AlGaAs window layers ¢ b — — —— e - — — — — 4+ GaAs emitter, 0.5um
+——GaAs base, 1.0 um

/ back surface

dielectric — reflector/n-type contact

Figure 1. Ultra-thin GaAs solar cell with light trapping.

"This research was supported in part by the Department of the Air Force and managed by Phillips Laboratory,
Space Power and Thermal Management Division under SBIR contract #F29601-93-C-0188.
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The improved device design utilizes electrostatic bonding to attach the cover glass support to the front
surface, enabling an ultra-thin, all back contact design that eliminates grid shading. The electrostatically bonded,
ultra-thin structure survives process temperatures exceeding 750°C. The conceptual design of this unique solar
cell is shown in Figure 2. The p-type region is diffused from the back of the device to the emitter.

diffusion front
(<1% of total area)

junction —— L - X: ————— _G_a:s_ R

dielectric ———»=— - -

Glass superstrate

p-type contact lines or dots

n-type contact lines or dots n-bus bar/reflector p-bus bar/reflector

Figure 2. Electrostatically bonded, all back contact, ultra-thin GaAs solar cell.

The benefits of this device technology include the following:

» specific power improvements over state of the art GaAs/Ge devices

+ high radiation resistance and lower on-orbit operating temperature

» ali back contact design which simplifies electrostatic bonding and eliminates grid shading

+ array tabbing does not require wraparound interconnections

¢ enables cost-effective manufacturing, eliminates adhesive degradation, and provides high
structural integrity

e transferable to any epitaxial growth technology and various solar cell materials and designs
including tandem solar cells and high voltage concentrator cells

« applicable to integrated logic components, LEDs, LED displays, flat screen display drivers,
waveguides, and microwave devices

High Performance Benefits

The uitra-thin, lightweight, light-trapped GaAs solar cell design offers a high specific power in comparison
to silicon and GaAs/Ge devices, which is important for space applications (ref. 1). Light trapping increases the
effective optical path length with the use of a reflector. The benefits of light trapping in GaAs can be realized by
increased optical absorption, collection efficiency and photon recycling (ref. 2). These features lead to increased
open circuit voltages and short circuit currentg (ref. 3).

Radiation damage is the primary degradation mechanism for GaAs solar cells deployed in space. The
ultra-thin, light-trapped GaAs solar cell will have significantly increased EOL efficiencies compared with
conventional solar cell structures because of the thin device layers associated with the structure. This design will
be less sensitive to changes in bulk diffusion length due to the increased optical path length and decreased

recombination volume. :

Thermal stability and tolerance to UV degradation are inherent to the thin device structure and
electrostatically bonded 3-mil glass superstrate. There is neither a darkening effect such as that which occurs with
adhesives after extended exposure to UV light, nor degradation of the bond interface. The maximum power to
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weight ratios can be attained since no additional material is used to form the bond and the electrostatic bond will
not suffer from degradation upon exposure to high temperatures.

The all back contact technology enables tabbing to the p-type and n-type regions of the device to be easily
accomplished from the back of the structure. Placement of the grid pattern for both the n- and p-type contacts on
the back of the solar cell eliminates grid shading losses for fight entering the front of the device. In contrast to
other coplanar contact designs, this technology eliminates the need for micro-machining the solar cell.

The high performance benefits of AstroPowers ultra-lightweight, thin, light trapped GaAs solar cells
enable the devices to meet the technology demands for solar cells with increased performance, as required for the
space cell industry (ref. 4).

RESULTS AND DISCUSSION

The highest efficiency obtained for an ultra-thin, adhesive bonded, LPE grown device achieved to date at
AstroPower is 17.9%. The results of the current-voltage and quantum efficiency measurements are shown in
Figures 3 and 4. As can be seen, the open circuit voltage and fill factor are quite high. The quantum efficiency
measurement indicates some losses in blue response which can be improved with optimization of the emitter and
window layer. '

Table | lists the weight contribution of the major material components for this solar cell. Reducing the
device thickness to 2 microns, with a 2 micron-thick GaAs contact layer, would reduce the GaAs contribution to
5% of the total cell weight. Also, with the electrostatically bonded, all back contact device, the weight of the
adhesive, which is approximately 10% of the total cell weight, would be eliminated. This weight reduction will lead
to the highest possible power densities (greater than 1270 W/kg) for these ultra-thin solar cells.

VOC 1015\/ Y (P
Jsc 29.54 mA/cm® :

Fill Factor 80.3%

Area 1 cm?

Thickness 3um

Specific Power 1020 Wikg

AMO, 1X efficiency | 17.9%

|
i Horz: 0.2 V/div Vert: 5.0 mA/div

Figure 3. Current voltage measurement for ultra-thin device G13901A.
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Figure 4. External quantum efficiency measurement for ultra-thin device G13901A.
Table 1. Weight contribution of the major solar cell components for the ultra-thin device (G13901A).
Material Density Total Weight/cm® Percentage of Total Cell
Weight
Pilkington CMG glass (3-mi) 2.554glcm3 19.46mg 82%
Sylgard Silicone Adhesive (1-mil) 0.9g/cm® 2.29mg 10%
Gallium Arsenide 5.329/cm3 - 1.85mg 8%

Typical values for the dark diode reverse saturation current densities for the GaAs solar cells are
3x10""*A/em? and 5x10° 'Alcm? for the diffusion and depletion region recombination components respectively.
These current densities provide an indication of the junction quality, minority carrier lifetime, and surface
passivation for the device. The dark diode current values obtained at AstroPower are among the best reported by
a number of researchers for high efficiency GaAs solar cells (refs. 5, 6, and 7), further demonstrating the value of
near equilibrium growth processes.

Light-trapping has been demonstrated on the ultra-thin devices. The external quantum efficiency curve
illustrated in Figure 5 shows an increase in long wavelength response (between 650 and 870 nm) of the thinned
solar cell with a back surface reflector, compared to the same device before the thinning procedure (on the GaAs
substrate). The external quantum efficiency of this device was increased by 5.2% at 850 nm with the incorporation
of a back surface reflector. The gain in short circuit current density for this solar cell is approximately 0.7 mA/cm?.
This gain is expected to increase as the active device thickness is decreased to less than 2 microns. The blue

response of this device was low due to a non-optimized AlGaAs front surface passivation layer.
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Figure 5. External quantum efficiency of sample G13405B.

Photographs of the ultra-thin, light trapped device are shown in Figure 6. The front surface is shown in
Figure 6a and the back surface including the n-type contacts and silver reflector is shown in Figure 6b.

(@) (b)
Figure 6. Photograph of the front (a) and back (b) surface of the ultra-thin, light trapped GaAs solar cell.

Fabrication of large area (8 cm?) devices is underway. A photograph of an 8 cm® GaAs solar cell
fabricated on the GaAs substrate is shown i ln Figure 7. Similar devices are bemg processed as ultra-thin, light
trapped solar cells. The results of six 1 cm? devices processed from one 2x4 cm’ LPE growth are shown in
Table Il. The performance of these devices demonstrates the capability of the material to support large area

devices.
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Figure 7. Photograph of a large area (8cm2) GaAs solar cell.
Table Il. Current-voltage characteristics of six 1 cm” devices fabricated from one large area (8cm?®) LPE
growth.
Cell Voc Jsc Fill Factor | Efficiency (AMO, 1X, 25°C) | Efficiency (AMO, 1X, 25°C)

Number V) (mA/cm?) (%) on GaAs substrate (%) of Ultra-thin Device (%)
G13901A | 1.020 | 290 78.9 17.29 17.98
G13901B | 1.015 30.0 79.3 17.89 17.56
G13901C | 1.007 29.1 -78.3 16.98 16.98
G13901D | 1.008 30.2 73.8 16.64 13.94
G13901E | 1.011 31.0 78.4 18.20 17.30
G13901F | 0.987 30.8 72.5 16.33 15.17

Median 1.010 30.1 76.4 17.14 17.14

For the all back contact, electrostatically bonded, ultra-thin GaAs solar cells, the p-type emitter is extended
to the back of the solar cell by a selective diffusion. The surface area of the diffusion front is less than 1% of the
total area of the ultra-thin solar cell. Zinc diffusion profiles were determined by electrochemical CV profiles at
BioRad Semiconductor in Mountain View, Callfomla The electrochemical CV profiles for two zinc diffusions into
n-type GaAs substrates (Si: 0.89-3. 92x10'%/cm’® ) are shown in Figures 8. Figure 8a shows the results of a 2 hour
zinc diffuison at 700°C. The p-region extends at least 1.5 microns into the GaAs substrate and has a high
conductivity. The resuits of a 2 hour zinc diffusion at 750°C are shown in Figure 8b. the p-region extends at least
3 microns into the GaAs substrate and has a high conductivity (SO(Q-cm)’ ). These measurements indicate that

the resistance of the zinc diffused regions is minimal and the width of the back contact fingers can be reduced to
less than 25 microns without hindering the performance of the solar cell.
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Figure 8. Electrochemical CV profiles for zinc diffusion into a GaAs substrate a) 2 hour zinc diffusion at

700°C and b) 2 hour zinc diffusion at 750°C.

In order to achieve a high efficiency, ultra-thin, all back contact solar cell, a high temperature glass
formulation that is CTE matched to GaAs and has a high softening point has been developed. This glass has a
softening point of 880°C, and a CTE of 6.0x10°/K. The annealing point of this glass is approximately 650°C.
Void-free, 6 cm? bonds to LPE GaAs layers on GaAs substrates have been obtained with this high temperature
glass.

GaAs solar cell structures electrostatically bonded to this glass survive the substrate removal procedure
and subsequent processing steps. Ultra-thin (less than 5 microns) GaAs/glass laminates have been heat cycled
to 750°C for two hours and cooled in liquid nitrogen with no degradation of the bond interface. Electrostatic
bonding to this high temperature glass formulation enables high temperature device processing to occur after
coverslide bonding. Future plans include space qualifying this glass with the appropriate testing laboratory and
continuing to work with the glass manufacturer to ensure space survivability of the glass superstrate.

Prototype all back contact devices are presently being processed. To date, open circuit voltages of 1 volt
have been demonstrated for a cell base thickness of 1.0 micron with a 0.5 micron emitter. In addition to
completing 16 and 25 cm? all back contact solar cells on LPE material, this technology will be demonstrated on
MOCVD material over the next few months.

CONCLUSIONS

High performance, lightweight, thin, light trapped GaAs solar cells have been demonstrated. Conversion
efficiencies of over 17.9% (AMG, 1X) have been demonstrated resulting in a specific power of 1020 W/kg (with a
3-mil cover glass) and a power density of 240 W/m2. The incorporation of light trapping has increased the external
quantum efficiency of these solar cells in the Jong wavelength range. Large area, electrostatically bonded, ultra-
thin GaAs solar cell structures have demonstrated survivability to 750°C, with no degradation of the bond
interface. Prototype all back contact devices with open circuit voltages of 1 volt have been fabricated. Future
plans include completing 4 cm?’ all back contact, electrostatically bonded, thin, light trapped GaAs solar cells on
both LPE and MOCVD material for a potential specific power of 1270 W/kg.

The success of this program can lead to the deployment of high performance, thin GaAs solar cells in the
space environment. AstroPower’s solar cell design can have a significant impact on the longevity and power
generation capabilities of space power supplies. The fabrication technology has multiple uses for specialty high
performance solar cells and other optoelectronic devices.
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LABORATORY INSTRUMENTATION AND TECHNIQUES FOR CHARACTERIZING
MULT-JUNCTION SOLAR CELLS FOR SPACE APPLICATIONS

James R. Woodyard
Wayne State University
Detroit, Michigan 48202

ABSTRACT

An integrated system is described which consists of a spectral radiometer and dual-source solar simulator, and
personal computer based current-voltage and quantum efficiency equipment. The spectral radiometer is calibrated
using a tungsten-halogen standard lamp with a calibration based on NIST scales. The quantum efficiency apparatus
includes a photodiode calibrated using NIST scales and a monochromatic probe beam. The apparatus is used to
measure the dependence of the absolute external quantum efficiency of solar cells at various forward-bias voltages
including the maximum-power point under AMO light bias. Quantum efficiencies of multi-junction cells were measured
with both spectral-light bias and AMO light bias. Measured spectral irradiances of the dual-source simulator were
convoluted with cell quantum efficiencies to calculate cell currents as function of voltage. The calculated currents agree
with measured currents at the 1% level.

INTRODUCTION

Multijunction solar cells are attractive for space applications because they can be designed to convert a larger
fraction of AMO into electrical power than single-junction cells. The performance of multi-junction cells is much more
sensitive to the spectral irradiance of the iIIummating source than single-junction cells. The design of high efficiency
multi-junction cells for space applications requires matching the optoelecironic properties of the junctions to AMO
spectral iradiance. Unlike single-junction cells, it is not possible to determine the quantum efficiency of multi-junction
cells using only a monochromatic probe beam. It is necessary to use a light bias because of the series nature of the
cell structure. Burdick and Glatfelter (1) reported a measurement technique for multi-junction cells which employs a
spectral light-bias technique. While the method is useful for understanding and improving multi-junction solar cells, it
does not yield the absolute quantum efficiency under AMO light-bias. Because of the non-finear nature of multijunction
cells, current-voltage characteristics under AMO conditions cannot be caiculated from measurements under non-AMO
conditions using spectral-correction methods.

The goal of the research is to develop a solar simulator which approximates AMO spectral irradiance, and
laboratory instrumentation and techniques, for use in measuring the quantum efficiency and |-V characteristics of mult-
junction solar cells under AMO power-generating conditions. An integrated system is described which consists of a
spectral radiometer and dual-source solar simulator, and personal computer based current-voltage and quantum
efficiency equipment. The spectral radiometer is calibrated using a tungsten-halogen standard lamp which has a
calibration traceable to National Institute of Science and Technology (NIST) scales. The calibrated spectral radiometer
is used to measure the spectral irradiance of the light-bias beam and obtain an integral fit of it in two spectral regions
to the World Radiation Laboratory (WRL) AMO spectral imadiance data. The solar simulator produces a light-bias beam
which is used for current-voltage and external absolute quantum efficiency measurements. The quantum eﬁiczency
apparatus includes a photodiode calibrated using NIST scales and a monochromatic probe beam. The apparatus is
used to measure the absolute external quantum efficiency of tnple-junctlon solar cells at various forward-bias voltages
under both spectral-light and AMO light-bias conditions. @~

SOLAR SIMULATOR DEVELOPMENT
The spectral irradiance of the solar simulator plays an important role in the characterization of multi-junction

solar cells. Characterization techniques such as light I-V and light-biased quantum efficiency measurements require
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matching the solar simulator spectral irradiance as close as possible to the AMO spectrum in order to predict the
performance of cells in a space environment with AMO illuminance.

The spectral irradiance of the solar simulator used in this work was measured with a spectral radiometer
constructed and calibrated in our laboratory. The spectral radiometer employs an integrating sphere, order-sorting
fitters, single-stage monochromator and detector; the detector is a silicon photodiode and temperature stabilized. The
instrument is computer interfaced for control purposes, and data acquisition, display and analyses. The spectral
radiometer was calibrated with a type FEL 1000 W quartz tungsten-halogen standard lamp traceable to NIST scales;
calibrations were carried out using the procedure specified in NBS Special Publication 250-20. The accuracy of
measurements in the 350 to 900 nm range is believed to be better than 4%; the precision of consecutive spectral scans
is better than 1%.

A model SS1000 solar simulator manufactured by Optical Radiation Corporation (ORC) was used in this work.
The light source in the simulator is a xenon high-pressure discharge lamp. The spectral iradiance of the solar simula-
tor, as delivered by ORC, is shown in

Figure 1 by the filled circles. The
spectral iradiance of the WRL AMO Spectral Irradiance of Single-Source Solar
::Ia;:pectrur_rr\‘ 'tshShﬁ‘;w“ f‘;" c?hompaﬂr; 500 ——Simulator Compared to WRL AMO
n purposes in the figure by the so [ ” ' j
line. The spectral irradiance of the 450 | WRL AMO \
simulator differs from AMO in a major 400 ® |Single-Sourte
way in the 300 to 370 nm and 650 to - 350 f
1000 nm wavelength ranges. Above E L
800 nm the spectral irradiance of the « 300 ¢
solar simulator is dominated by xenon E 250
lines. The differences in spectral = 200 i
iradiances of the ORC solar simulator =2 1
when compared to AMO, while gener- = 150 1 \& ]
ally not important in characterizing 100 - ]
single-junction solar cells, can intro- 50 -
duce major errors in light -V and 0 . . . . .
?T:‘jg-tj‘:::c%fl?zgﬁ: measurements of 300 400 500 €00 700 800 900 1000 1100
The solar simulator was mod- Wavelength (nm)

ified to produce a spectral iradiance Figure 1: Measured spectral irradiance of single-source solar simulator

:2:5?::; : %;et;:'mgv:g I;?Z:ggtrcg:: compared with World Radiation Laboratory AMO spectral irradiance.

using a design reported by Bennett
and Podlesny (2). In order to obtain a better match with the AMO spectral irradiance at wavelengths above 700 nm, a
600 W tungsten-halogen lamp and cold mirror were added to the solar simulator. A diagram illustrating the optics of
the modified simulator is show in Figure
2. The design includes two elliptical
mirrors and a flat cold mirror to focus
illumination from the tungsten-halogen Cold Mirror
and xenon lamps on an opfical integra-

tor; the design produces a horizontal \&
light beam which is compatible with the
horizontal optics of the spectral radiom- - '

/ /'

eter and quantum efficiency apparatus.

The cold mirror was custom fabricated 7
to transmit wavelengths greater than Integrator
750 nm and reflect shorter wave-

lengths. The original folding mirror in Tungsten- N\
the simulator was replaced with the Halogen ‘ Xenon Lamp
cold mirror; it is mounted at forty-five Lamp ,

degrees with respect to both the xenon

and tungsten-halogen lamps. The cold
mirror serves two purposes. It trans- Figure 2: Optics of Dual-Source Simulator
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mits the xenon spectrum at wavelengths greater than 750 nm and reflects wavelengths less than 750 nm. The effect
of the mirror on the spectral irradiance of the xenon lamp is to attenuate the xenon lines shown in Figure 1. The mirror
transmits the spectral iradiance of the tungsten-halogen lamp with wavelengths greater than 750 nm while reflecting
wavelengths less than 750 nm.

The opics of the solar simulator, as delivered by ORC, incorporated a second folding mirror, Vicor beam splitter
and Pyrex collimating lens. The Vicor beam splitter was used to produce an optical signal for the feed-back circuit
which stabilizes the xenon lamp current. The folding mirror and collimating lens produce a vertical beam focussed on
a horizontal work surface. The folding mirror and lens were removed to produce a horizontal light beam. The Vicor
beam splitter was replaced with a high-quality quartz beam splitter. The modification in the optics also increased the
UV throughput of the simulator. Additional air cooling capacity was added in order to dissipate the power produced by
the tungsten-halogen lamp. The electronics supplied by ORC with the simulator were used to power and control the
xenon lamp. A D.C. power supply regulated at the 0.01 % level was added to the system for powering the tungsten-
halogen lamp. The stability of the dual-source light beam intensity is at the 0.1 % level.

The spectral iradiance of the dual-source solar simulator was fit to the WRL AMO spectrum by integrating and
comparing the two spectral irradiances in two regions. The simulator and WRL spectral irradiances were integrated
in two regions and compared. One region employed wavelength limits of 350 and 750 nm; the other region had limits
of 750 and 900 nm. The limits of 350 and 900 nm were selected because the quantum efficiency of the triple-junction
solar cells investigated in this work is negligible outside this wavelength range. The wavelength limit of 750 was selected
because it is the bandpass of the cold mirror. Selection of the two regions in this manner made it possible to obtain
integrated spectral irradiance fits in each region almost independently of each other by adjusting the current in the
corresponding lamp; most of the spectral irradiance in the 350-750 nm range is due to the xenon lamp while the
tungsten-halogen lamp produces most of the spectral irradiance in the 750-800 nm range.

The fit of the solar simulator spectral irradiance to the WRL AMO spectrum was carried out using a procedure
which included calibrating the spectral radiometer; adjusting the currents in the xenon and tungsten lamps; measuring
the simulator spectral irradiance; inte-
grating the measured and WRL AMO

spectral irradiances in the 350 to 750
nm and 750 to 900 nm ranges; calcu- Spectral irradlance of Dual-Source Solar

lating the percentage error in the inte- Simulator Compared to WRL AMO
grated measured and WRL AMO 300
spectral irradiances in the two wave- +— WRL ALO
length regions; and repeating the ® Duasi-Sburce
process until the error in each of re- ]
gions was less than 1%. The spectral
irradiance of the dual-source simula-
tor compared to the WRL AMO spec-
trum is shown in Figure 3 by the filled
circles. Comparison of the spectral |
irradiances in Figures 1 and 3 shows 50
the dual-source solar simulator pro-
duces a spectral irradiance which is in Y . .
sigv\;RP'rLﬁmgy better agreement with the 300 400 800 600 700 800 900 1000 1100
V spectrum. The percentage
difference between the integrated Wavelength (nm)
spectral iradiance of dual-source sim-
ulator compared to WRL AMO in Fig-
ure 3 is +0.06% in the 350 to 750 nm
wavelength range and -0.9% in the
750 to 900 nm range.
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Figure 3: Spectral Irradiance of dual-source solar simulator compared
with World Radiation Laboratory AMO spectral iradiance.

QUANTUM EFFICIENCY SYSTEM DESCRIPTION

The quantum efficiency (QE) system was designed and constructed to carry out measurements under
three conditions: dark, spectral-light bias and AMO light bias. A second personal computer is used to control the QE
system, as well as data acquisition, display and analyses. The design permits quantum efficiency measurements with
an accuracy better than 2% over the 400 to 1000 nm wavelength range. The probe beam intensity and calibrated
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detector response result in reductions in accuracy outside this wavelength range. The major components of the system
include two computer-interfaced Scientific Measurement System, Inc. MonoSpec 27 monochromators; two computer-
interfaced motorized filter wheels with filters for order sorting and spectral-light bias; UV-grade fused silica lenses and
beam splitter; two magnesium fluoride coated Al mirrors; computer interfaced Stanford Research Systems model
SR830 DSP lock-in amplifier and chopper; 60 watt quartz-tungsten-halogen (QTH) lamp; and a computer-interfaced
Hewlett-Packard model 6038A power supply for the QTH lamp.

The two monochromators were mounted in tandem and used with the QTH lamp to produce a
monochromatic probe beam for QE measurements of solar cells. Two monochromators are employed to reduce the
stray-light level in the probe beam. Each monochromator has a ruled 1200 grooves/mm grating blazed at S00. The
subtractive mode is used for the physical configuration of the monochromators along with 4 mm slit widths to optimize
light throughput. The measured resolution of the two monochromators is 20 nm. The monochromators are capable
of higher resolution at the expense of probe beam intensity. The monochromator containing the entrance slit and
located next to the input optics is referred to as monochromator #1 in the following discussion; the other monochromator
contains the exit sit and is referred to as monochromator #2.

Optical components located in front of the entrance silt of monochromator #1 serve to focus an A.C.
light beam on the entrance slit and provide order-sorting capabifity. The optics include a QTH lamp, collimating lens,
beam chopper and filter wheel. The beam chopper and filter wheel are mounted next to the entrance slit of the first
monochromator. The beam chopper is used in conjunction with the lock-in amplifier to detect the response of the test
solar cell to the monochromatic A.C. probe beam. The filter wheel contains four long pass filters. The filters provide
order-sorting of the light-beams passing through the monochromators. The filters serve to reject the nth order beams
of wavelength Mn in the QE probe; the higher order beams can introduce large errors in QE measurements.

The optical components at the exit slit of monochromator #2 produce two light beams from the A.C.
monochromatic probe beam which passes through the exit siit. The beams are used to measure the absolute external
QE of a test solar cell. The configura-
tion of the optical components is shown
in Figure 4. The components include a
beam spiitter, two mirrors, lens, cali-
brated silicon photodiode, test-cell
holder and filter wheel, and miscella-
neous optical rails and holders. The
components are enclosed in a black
light-tight aluminum box. The mono-
chromatic A.C. probe beam emanating
from the exit slit of monochromator #2

Light-Tight Box ~_ Cooling Air Exhaust Port

AN -

Fiter Wheel
Test-Cell Holder

AN D.C. Light Beam
Rail N

i S R SRR e O B BT

is spiitinto two separate light beams by Detector ﬂﬁ; or
the beam splitter. The light beam re- Calibrated Lens 5
flected from the beam splitter is fo- ~

pamranearan:

cussed on the calibrated detector by

the lens; the detector is a calibrated Rail —i—5- Beam Spilitter

silicon photodiode and serves as the Exit Slit

reference detector for the QE measure-

ments. The photodiode calibration is .

traceable to NIST scales and permits | o0jing Air Concave Mirror
determining the absolute number of | |nlet Port A.C. Monochromatic Monochromator #2
photons incident on the test cell. The Probe Beam

second light beam transmits the beam * Solar Simulator Light Beam
splitter and is incident on the flat mirror;  Figyre 4: Top view of optical components located at the exit slit of

it is reflected onto the concave miror  manochromator #2.

which focusses the beam on the test

cell. The optics do not permit mea-

surement of the reflected light from the test cell. The QE values measured by the system and reported in this paper
are absolute external quantum efficiencies.

AD.C. light beam originating from the solar simulator and passing through the filter wheel shown in Figure 4
is incident on the test cell; it is coincident with the optical axis defined by the test cell and filter wheel. The spectral
content of the light beam is determined by the filter wheel. Three positions on the filter wheel are used to hold filters

which pass spectra for measuring QE of triple-junction celis under spectral-light bias conditions (1); each filter passes
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a portion of the simulator spectrum for “turning-on” two of the three junctions of a test cell. One position on the filter
wheel is open and used for AMO light-bias measurements; another position contains a black aluminum disk and is used
for measuring QE under dark conditions.

Temperature control of solar cells during light-bias measurements is accomplished by directing room
temperature air on the back of the cell mounted in the test-cell holder. Figure 4 shows the cooling air inlet port which
is mounted opposite the test-cell holder. Air is exhausted through the cooling air exhaust port which is baffled to prevent
ambient light from entering the light-ight box. The air flow is set to insure the active junction of the test solar cell is
maintained at room temperature; the junction temperature is monitored by measuring the open circuit voitage of the
test cell. Temperature probes are included in the system to monitor the ambient air temperature in the light-tight box
and the temperature of the test-cell holder.

The system was designed to minimize electrical noise. Electrical connection of the test and reference cells to
a muttiplexer and lock-in-amplifier are made with BNC cables and connectors. Ground loops are minimized through
the use of a single common ground for all the electrical components; all electrical components are also electrostatically
shielded. The background current levels are less than 1E-12 A and the A.C. monochromatic probe currents of the order
of 1E-6 A. The wavelength is scanned by stepping both of the monochromators in 20 nm intervals, and measuring and
logging ten values of the current at each wavelength. The standard deviation of the ten current values is typically of the
order of 1E-3 of the average value of the measured current. The calibrated detector and test cell currents are
measured sequentially at each wavelength using a multiplexing circuit and lock-in amplifier.

Calibration of the QE system is accomplished following alignment of the optical components and carrying out
two scans. One scan is carmied out with the calibrated detector in the position shown in Figure 4; a second scan is done
with the calibrated detector positioned in place of the test-cell holder. Computer software is used to calculate a
calibration vector which is used in subsequent scans to determine the absolute external QE of solar cells mounted in
the test-cell holder. The calibration vectors are saved on the hard drive and used to determine the long-term stability
of the system. Following a wavelength scan, absolute external QE values are displayed on the computer monitor in
graphical form and in tabular form on the printer. The tabular data are also saved on the computer hard drive for
archival purposes and subsequent analyses. Computer control of the filter wheels, monochromators, QTH lamp power
supply, and lock-in amplifier makes it possible to measure QE over a selected wavelength range in about twenty
minutes. The stability of the system for successive scans is at the 0.1% level.

SINGLE-JUNCTION QE RESULTS

The instrumentation was used to measure the absolute external QE of a single-junction a-Si:H alloy solar cell
with a superstrate structure (3). The
results of the measurements for the
cell without light bias at 24 °C under
short-circuit conditions are shown in Single-Junction QE ve Wavelength
Figure 5 by the open-square symbols. 1.00 . i _ i ]
The maximum value in QE is 0.81 and :
occurs at S90 nm. QE decreases
below 400 nm because of absorption
in the glass superstrate and top p-
doped layer. The reduction in QE
above 700 nm is due to the band gap
of the intrinsic layer. The details of QE
in the 400 to 700 nm range reflect the
roles of the doped layers, intrinsic
layer thickness and carrier transport. 0.20 _-Dar
QE was measured at 24 °C using the | 4 | Light Blas, 24 G
AMO light bias shown in Figure 3; the 0.00
results are shown in Figure 5 by the 300 400 500 600 700 800 900
open triangular symbols. The effect of
AMO light bias on QE is not discernible

on the graph. The measurements L- - - ——— -
show that changes in the occupancy Figure 5: Quantum Efficiency of a single junction a-Si:H alloy solar cell

of the sub-band-gap states resulting under dark and light-bias conditions at 24 °C, and under dark conditions at
from high carier injection levels do not 99 °C.

0.80

0.40

]

Quantum Efficlency

Wavelength (nm)
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have a major effect on carrier transport and collection in single-junction a-Si:H alloy solar cells. The light-tight box
shown in Figure 4 was heated to 55 °C and QE measured under dark conditions. The results of the measurements are
shown by the inverted triangular symbols in Figure 5. QE differences of the order of a few percent are discernible and
may be atiributed to the temperature coefficients of both the test cell and calibrated detector. The 55 °C measurements
show the techniques employed are not critically sensitive to room temperature variations of the order of a few degrees.

The effect of forward-bias voltage on QE for a single-junction a-Si:H alloy solar cell was investigated under light-
bias conditions at 24 °C. The voltage was stepped in increments of 0.1 V from 0.0 to 0.8 V. The results of the
measurements are shown in Figure 6.
The measurements show QE is insen-
sitive to forward bias from 0.0to 0.5 V.
The peak value in QE is 0.8 and oc-
curs at 580 nm. At a forward bias of

Single-Junction QE Dependence on Voitage Blas

0.6 V, approximately the maximum-

power point, QE begins to decrease 1.0 ) 1\
and the peak value shifts to lower 0.8 \f\
wavelengths. Significant decreases w 08 \
occur in QE as the forward bias is 9 o4 N
increased and approaches the open-

circuit voltage. At 0.8 V, the peak in 0.2 N
QE is 520 nm and the value is 0.08. 0.0

An interpretation of the wavelength < 0.2

shiftin the peak of QE shown in Figure %z " :e

6 is as the forward bias voltage is =% o.8
increased, the trapped charge in the =z 1 o §00 00
intrinsic layer plays an increasing im- - 400
portant role in skewing the electric
field distribution towards the front of

the cell; this in tum shifts the peak in Figure 6: Three dimensional view of the quantum efficiency dependence

gnEceig ;#;13:2;‘:’;%? di?:?e:g :; on forward-bias voltage for a single-junction a-Si:H alloy solar cell.

carrier collection.

The instrumentation and measurement methods were evaluated by comparing the short-circuit current
measured under AMO light bias, Isc (meas), with a calculated short-circuit current, Isc (calc). The value of the
calculated short-circuit current was obtained by convoluting the measured quantum efficiency values, QE (A, ), shown
in Figure 5 with the measured spectral irradiance values, SI( A, ), shown in Figure 3. The convolution was carried out
over the 350 to 900 nm wavelength range. The calculated short-circuit current was obtained using the expression:

Wavelength (nm)

M| Coulombs

E( A, SI( A A
Z'Q( ) % SICA ) x Ay x Joulesxnm

Equation 1 lsc(calc) =

where 8,is the wavelength, AA the monochromator step width and A the cell area. The results of the convolution are
shown in Table |. The agreement of Isc (meas) with Isc(calc) is better than 1%. Isc (meas) was measured with a
Keithley model 236 source measurement unit recently
calibrated with NIST scales referenced to NIST publications

#252194 and #251357; Isc (calc) was calculated using Table |

measured QE( A,) and SI(A,) values traceable to NIST

scales, as indicated in the preceding section. The agree- Cell Isc(meas) Isc(calc) Alsc/ Isc
ment between Isc (calc) and Isc (meas) is believed to (ma) (mA) (%)
result from using good measurement techniques and X302 6.315 6.353 0.6%

instrumentation calibrated with scales traceable to INIST. """ "

The measurements characterize the behavior of a single-
junction a-Si:H cell under forward and light bias. They also demonstrate the validity of the measurement technlques

for characterizing single-junction solar cells. These observations alos prove useful in understanding the behavior of
triple- junction solar cells under various biasing conditions.
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SPECTRAL-BIAS TRIPLE-JUNCTION QUANTUM EFFICIENCY RESULTS

QE measurements of triple-junction a-Si:H cells under short-circuit conditions were carried out using the
spectral light-bias technique (1). The structure of the triple-junction celis has been previously discussed (3). The light-
bias technique is based on selectively injecting carriers in cell junctions, and “turning-off” and “turning-on” junctions.
A junction Is referred to as “turned-off” when there is relatively little optical injection of carriers in the junction; it is
“umed-on” when there is a relatively large optical injection of carriers. When one junction is "turned-off’, and the other
two junctions are “turned-on”, the “tumed-off” junction limits the current in the cell. QE of a junction limiting the cell
current can be determined using an A.C. monochromatic light beam, referred to as the probe beam. The carriers
injected by the probe beam in the "tumed-off” junction increase the photoconductivity and produce an A.C. current which
characterizes QE of the junction under the conditions of the measurement. The injection of carriers in the junctions is
determined by the spectral irradiance of
the D.C. light beam and the optoelec-

tronic properties of each of the three Spectral-Light Blas Triple~Junction Solar Cell QE
junctions. The spectral irradiance of pectral--lg as Triple n

the D.C. light beam used in the spectral 1.00 v y v "

light-bias technique is varied to selec- t ®{ Top Jutcﬂon 1
tively tum-on” two of the three junc- 0.80 | Middle unction

tions in the triple-junction solar cell. A | Bottom|Junction
The filter wheel contains three filters; [
each filter has a spectral transmission
which fitters the AMO solar simulator
beam to produce a spectral irradiance
which “tumns-~-on” two of the three junc-
fions. The first filter “turns-on” the mid-
dle and bottom junctions, the second 0.20 3

filter “turns-on” the top and bottom o . 4%, I . ‘.
filters, and the third filter “turns-on” the ooo Lanrto loiiat]l ®tecluiesent
top and mldd_le Junc_tuons. Thus the first 400 500 800 700 800 900
filter makes it possible to measure QE
of the top junction, the second filter the

QE of the middle junction, and the third Figure 7: Spectral light-bias quantum efficiencies of the top, middle and

filter the QE of the third ju."CﬁC.'"' bottom junctions for an a-Si:H triple-junction solar cell.
The quantum efficiencies mea-

sured with the spectral-light bias tech-
nique for the top, middle and bottom -
junctions of an a-Si:H alloy triple-junc- Effect of Spectral-Light Blas Intensity on
tion solar cell are shown Figure 7; the Triple-Junction Solar Cell QE
values were measured at 24 °C. the ) ) ) -
top junction is represented by the curve
with the closed circles. The peak in QE
of the top junction is about 0.54 at 440
nm. QE of the middle junction is shown
by the closed squares; it peaks at 600
nm with a value of about 0.53. QE of
the third junction is represented by the
closed triangles and peaks at 720 nm
with a value of about 0.53.

The relative intensity of the A.C. o o a
probe and D.C. spectral light-bias was E o’ °o o I 8. a
investigated and the results are shown 0.00 aoodons? S ° Q_Q.B.n.u.o.o-o.gij
in Figure 8. The intensity of the probe ' 400 500 800 700 800 900
beam is important in obtaining reliable
QE values. The probe beam intensity
must be much less the intensities of the  Figure 8: Effect of spectra-light bias intensity on QE for an a-Si:H alloy
three D.C. spectral light-bias beams. triple-junction solar cell.
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The role of the relative beam intensities was evaluated by measuring QE with an attenuated probe beam and comparing
it with QE values obtained with an unattenuated probe beam. The results of measurements with a 50% probe beam
attenuation are shown in Figure 8. The symbols used to represent the various junctions are the same as Figure 7. Fill-
ed symbols represent QE measurements with the unattenuated probe beam; the QE values measured with the
unattenuated beam are referred to as 100% intensity in Figure 8. The open symbols in the figure are plotted over the
closed symbols and correspond to QE values measured with the probe beam attenuated 50%. Figure 8 shows QE of
the middle and bottom junctions is not influenced by the probe beam intensity; the top junction shows a reduction in
measured QE values of the order of a few percent when the probe beam intensity is attenuated by 50%. Hence it may
be concluded the QE values obtained with the spectral light-bias technique are not significantly influenced by the probe
beam intensities used in these measurements.

The measurements on the triple-junction solar cells show the top junction is effective in absorbing the shorter
wavelengths of an AMO spectrum, while the bottom cell absorbs the longer wavelengths, and the middle cell the
intermediate wavelengths. Since the junctions are in series, the photocurrent in each junction is the same under power-
generating conditions. The design of a triple-junction cell requires optimal junctions to convert the largest fraction of
the AMO spectrum into electrical energy. It the cell design is not optimal, then one of the junctions may limit the
photocurrent, and carrier recombination in the other two junction will result in lower cell efficiency. The structure of the
quantum efficiency of a triplejunction cell measured under AMO D.C. light bias is useful in evaluating the design of the
cell. If the measured QE resembles one of the curves in Figure 7, the results will suggest cell performance is limited
by the junction which corresponds to the curve.

AMO LIGHT-BIAS TRIPLE-JUNCTION QUANTUM EFFICIENCY RESULTS

The quantum efficieny of
triple-juunction a-Si:H alloy solar cells
were measured using a D.C. light-bias
beam produced by the solar simulator 0.50
adjusted to produce the spectral irradi- {
ance shown in Figure 3. The measure-
ments were carried out with the cells
under short-circuit current conditions.
The results of measurements are
shown in Figure 8. The peak value of
QE is at 460 nm with a value of about
0.40. The curve in Figure 9 has approx-
imately the same shape as the curve in
Figure 7 for the top-junction of the cell.
Figure 7 shows the peak value is 0.54
at 440 nm for the top junction of the
cell measured. The results suggest 0.00 . .
the performance of the triple-junction : 400 500 €00 700 800 301

Triple-Junction QE ve Wavelength
Under AMO Light Blas

0.30 \

Quantum Efficlency

cell under AMO fight bias is limited by
the top junction. QE of three triple- Wavelength (nm)

junction cells were measured; the Figure 9: Quantum efficiency of a-Si:H alloy triple-juction solar cell under
results of the measurements were AMO light bias.

convoluted with the solar simulator
spectral irradiance using Equation 1 in

order to obtaina calculated value for the short-circuit current. Table Il

The results of the caiculations are shown in Table Il '

Isc(calc) is within about 1% of Isc(meas) for the three cells.  Cell  Isc(meas) Isc(calc) Alsc/Isc

The calculations confirm the validity of the D.C. light-bias (mA) (ma) (%)

technique for determining QE of triple-junction cells. STOS 2338 2.361 1.0%
The role of forward bias on QE of a triple-juncton ~ ST17 2386 2395 0.4%

solar cells under AMO D.C. light bias was investigated. Acell ST38 2253 2279 1.1%

was maintained at 24 °C and QE measured with forwa i 1
biases ranging between 0 and 1.82 V. The voltage at the
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maximum-power point was about 1.7

sz'::t’ g’; &pe;\(-’ctﬂ:,zt::’t \!l)ti)alt:egse;}laos, Triple-Junction QE Dependence on Voitage Blas
0.62, 1.02, 1.42, 1.62 and 1.82 V Under AMO Light Blas

were used. The results of the mea- I NG

surements are shown in Figure 10. » 0.5 N

Both the wavelength corresponding H — NN

to the QE peak value and the peak 2 04 1 ______,__-\\ NG
value of QE are strongly influenced E 0.3 - \\\
by the forward-bias voltage. The ‘; — T N N\
peak value of QE decreases from 292 L INL N
0.40 to 0.08 as the forward bias in- € o - - N
creases from O to 1.82 V, for the g \\
same increases in the forward bias, 0.0 - N
the wavelength for the peak QE 0.5

value increases from 460 to 600 nm. %, 1 '°1 . 900
The measurements show QE under "0, 2.0

short-circuit conditions is consider- % wavelength (nm)

ably different than QE measured

near the maxmum-power point. Figure 10: The dependence of the quantum efficiency of a triple-junction
While the shortcircuit mea- a-Si:H alloy solar cell on forward-bias voltage for AMO light bias.

surements suggest the performance
of the cell is limited by the top junc-

tion, the measurements near the Triple-Junction QE Dependence on Solar
maximum-power point suggest both Simulator Spectral Irradlance
the top and middle junctions are

limiting the operation of the ceil.

The response of the triple-
junction cell was further tested by
qualitatively varying the spectral ir-
radiance of the solar simulator by
changing the current in the tungsten-
halogen lamp. The lamp current
was varied from 5.0t0 2.9 A;5.0Ais
the current which produced the fit to
WRL AMO shown in Figure 3. As the
lamp cumrent was decreased, the
spectral irradiance beyond 750 nm
decreased. Figure 11 shows the
behavior of QE. The quantum effi-
ciency with a lamp current of 5.0 Ais
the same as the values plotted in Figure 11: Dependence of tripie-junction quantum efficiency on spectral
Figure 9. The QE curve with a lamp irradiance of solar simulator. The spectral irradiance of the solar
current of 2.9 peaks at 720 nm and  simulator was varied by changing the filament current in the tungsten-
has a value of 0.47; it is similar to the halide lamp.
curve produced by the bottom junc- *
tion shown in Figure 7. Thus as ex-
pected from the changes in the spectral iradiance produced by reducing the current in the tungsten-haiogen lamp, the
cell current is limited by the top junction when the lamp current is
5.0 A; the current in the bottom junction limits the cell current when the lamp currentis 2.9 A.

The investigations of QE measured under AMO light bias conditions reported in this section are preliminary,
however, the results show agreement at the 1% level between measured short-circuit currents and currents calculated
from measured celi quantum efficiencies and solar simulator spectral iradiances. Studies need to be done to
determine the specifications of both the spectral irradiance and radiance of AMO solar simulators to be used in the
characterization of multi-junction cells. The accuracies will depend, among other things, on the number of junctions
in the multi-junction cells and the optoelectronic properties of each of the junctions. The work to determine the

Quantum Efficlency
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specifications for AMO solar simulators can be carried out using small area cells, i.e., cells of the order of 1.0 cm?in
area. While device simulation studies are useful for designing cell structures and defining the optoelectronic of each
Jjunction, laboratory characterization of cells should be carried out both to facilitate solar cell development and optimize
the limited resources available for space testing.

SUMMARY

An integrated system was described which consists of a spectral radiometer and dual-source solar simulator,
and personal computer based cumrent-voltage and quantum efficiency equipment. The spectral radiometer was
calibrated with a tungsten-halogen standard lamp. The quantum efficiency apparatus employed a calibrated reference
detector which was used in measuring the absolute external quantum efficiency of triple-junction a-Si:H ally solar cells.
The calibrations of the lamp and photodiode, as well as the source measurement unit used to measure cell currents
were based on NIST scales. Quantum efficiencies were measured using both the spectral-light bias and AMO light-bias
techniques. Quantum efficiencies measured with the AMO light-bias technique were shown to be dependent on
forward-bias voltage and the spectral iradiance of the AMO light-bias beam. Measured spectral irradiances and
quantum efficiencies were convoluted to caiculate cell short-circuit cell currents. Calculated currents compared with
measured short-circuit currents at the 1% level .
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SOLAR CELL ANGLE OF INCIDENCE CORRECTIONS'
by
Dale R. Burger and Robert L. Mueller
Jet Propulsion Laboratory, California Institute of Technology
Pasadena, California 31109

The Mars Pathfinder mission has three different solar arrays each of which sees changes in
incidence angle during normal operation. When solar array angle of incidence effects was researched
little published data was found. The small amount of published data created a need to obtain and
evaluate such data. The donation of the needed data, which was taken in the fall of 1994, was a
major factor in the preparation of this paper.

BACKGROUND

The Mars Pathfinder cruise phase solar array is body-mounted and will be providing primary
spacecraft power at angles from normal to at least 60 degrees off-normal. The lander solar array is
also fixed and, due to its location on the surface of Mars, will see a constantly changing incidence
angle during a day. The Microrover is a mobile experiment on Mars with a solar array as its top surface
and thus will also see constant changes in incidence angle both from sun position and vehicle
orientation.

A search of the literature for angle of incidence data turned up only a few references (1-4) and
no tabular data. Reference 1 lists the following possible causes of off-normal array power loss other
than the cosine correction:

a. "Qptical effects relating to the first-surface reflectance of the cover slide;

b. Optical effects relating to apparent changes in the optical thickness of coatings and filters,
thereby causing apparent changes in the spectral transmittance and reflectance values;

c. Edge effects relating to refraction, scattering and additional light collection by solar cells and
covers, especially by thicker covers; and

d. Shadowing of solar cells by solar cell cover edges, solar cell interconnectors, wires, and other

relatively small array components.”

Reference 2 mentions as possible causes items a. and b. above while Reference 3 mentions
items a., b., and expands upon c¢. by varying cell-to-cell spacing and cover slide thickness. Reference
3 also adds the following possible power loss cause:

e. Accelerated UV degradation of adhesive due to edge channelling of UV light.
Reference 4 mentions item a. and adds the following possible causes (which are primarily
terrestrial concerns):
f. Shadowing by particulate soiling; and
g. Effect of white or black background.
Due to limitations in space and our data we will be discussing only items a., b., and c. in this

paper.

'The work described in this paper was carried out by the Jet
propulsion Laboratory, California Institute of technology, under a
contract with the National Aeronautics and Space Administration.
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DATA COLLECTION

The Large Area Pulsed Solar Simulator (LAPSS) is a research tool at JPL and was used for
creating and collecting all of the data in this paper. The LAPSS has been described in detail elsewhere
(5) and thus will not be described here. The data used in this paper was contributed by Applied Solar
Energy Research, City of Industry, California and is gratefully acknowledged.

CELLS

The 28 cells used in this study were from seven different lots made with standard processes
but were considered to be research cells and thus no effort was made to compare any cell performance
values except the response of their short circuit current {Isc) to changes in angle of incidence.

Angle of incidence measurements were made on the cells by attaching them to a divider head
which was carefully aligned normal to the light beam at O angle of incidence.

The Applied Solar Energy Corporation (ASEC) cells were all 4 cm by 4 cm GaAs/Ge with the
usual two layer anti-reflection coating on the top surface. Each cell had a CMX coverglass having a
cerium oxide ultra-violet absorption capability. The Pilkington specification for CMX coverglass shows
a quarter-wavelength anti-reflection coating of MgF, on the front surface to maximize transmission at

600 nm.

THEORY

Before data reduction and analysis was attempted, a number of potential angle of incidence

dependent effects were examined.
Cosine - The cosine correction is due to the change in effective array collection area due to the

projection of the off-normal array surface onto a plane normal to incident sunlight.
Fresnel Reflectivity - Fresnel reflection is due to the interface between two optical media having

different indices of refraction. The reflected portion of the incident light is given by:

1[tan2 (6,- &,) , sin®(4,- «w} | (1)

r=_.
2| tan? (¢, + ¢,) sin?(¢,+ ¢,)
where @, is the incident beam angle and the refracted beam angle,@,, is:
carcsin 2si (2)
¢,=arcsi Esm ¢,

-

COATINGS AND FILTERS

Coverglass AR Coating - The MgF, antireflective coating that is normally used on the front
surface of a coverglass is a single layer and thus an increase in the angle of incidence will show little
effect from this coating {6). There could be a small shift of the center frequency toward shorter

wavelengths which could cause a small decrease in output.
Filters - There were no low absorption filters such as blue-red reflection or infra-red reflection,
on the coverglass or the cell front surface therefore optical effects from these filters was not a

concern.
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EXTREME ANGLE EFFECTS

There is a possibility of trapping light or shadowing a cell when very large incidence angles are
encountered. These effects are difficult to quantify but have been reported [3].

LOW INTENSITY EFFECTS

Temperature - A decrease in temperature is normal when the angle of incidence increases for
a solar array exposed to constant sunlight. The pulsed light source of the LAPSS (about 3 msec every
5-10 min.) should not create any temperature effects so this factor could be ignored.

Voltage - Lower intensities due to angle of incidence do result in lower cell voltages. This
study however only focused upon the short circuit current and thus should not have to correct for this
effect.

DATA REDUCTION

The raw data was reduced by use of a JPL BASIC program called REPLOT. This program takes
header file information such as temperature, standard cell Isc, and analog-to-digital counts and uses
this information to convert and correct the digital count IV data for each separate angle of incidence.
This data is shown on Figure 1 as a solid line.

The normal (O degree angle of incidence) short circuit current (Isc) value was first corrected
for the small reflection loss at normal incidence (i.e. 1.7% for index of refraction of 1.3) by dividing
the Isc value at normal incidence by one minus the reflection loss. This corrected Isc value was then
used to create two other sets of values: a predicted Isc versus angle of incidence using the cosine
correction only (shown on Figure 1 as long dashed lines); and a predicted Isc versus angle of incidence
using both cosine and Fresnel corrections (shown on Figure 1 as short dashed lines).

While it was known that the front surface was coated with magnesium fluoride {MgF,), the
exact value of the coverglass front surface index of refraction was unknown and coverglass from the
same lot was not available for measurement. A published material value of 1.38 was first used in the
Fresnel equation (1) but later a better fit between actual and predicted values was found by using an
index of refraction of 1.30.

A prediction error was used to normalize the results as well as to determine the validity of using
the cosine and Fresnel reflectivity approach. The prediction error was calculated by subtracting the
measured data from the predicted value and then dividing by the measured data. The results for 27
of the experimental cells is given in Table | below and shown in Figure 2. One cell was dropped from
the study due to loss of cne measured value.

Table | - Prediction Errors

Cell Angle of Incidence
No. . 10 20 30 40 : 65
T -0.00063 +0.00121 -0.00064 -0.00290 -0.00756
2 -0.00166 -0.00495 -0.00222 -0.00375 -0.00742
3 -0.00027 -0.00020 -0.00033 -0.00243 -0.00878
4 -0.00299 -0.00402 -0.00363 -0.00565 -0.01030
5 -0.00080 +0.00027 ~-0.00045 -0.00010 -0.00796
6 -0.00049 +0.00171  +0.00084 +0.00031 -0.00704
7 -0.00363 -0.00468 -0.00722 -0.00927 -0.01534
8 -0.00051 -0.00323 -0.00471 -0.00541 -0.01001
9 +0.00018 -0.00202 -0.00168 -0.00586 -0.01372
10 -0.00055 -0.00167 -0.00262 -0.00151 -0.00281
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11 -0.00086 -0.00517 -0.00421 -0.00637 -0.01178

12 -0.00382 -0.00624 -0.00921 -0.01081 -0.01434
13 -0.00141 -0.00230 -0.00513 -0.00631 -0.01056
14 -0.00143 -0.00411 -0.00345 -0.00474 -0.00813
15 -0.00135 -0.00225 -0.00267 -0.00497 -0.00608
16 -0.00261 -0.00404 -0.00604 -0.00930 -0.01696
17 -0.00108 -0.00043 -0.00284 -0.00417 -0.01113
18 -0.00045 -0.00032 +0.00059 -0.00408 -0.01258
19 -0.001561 -0.00187 -0.00317 -0.00440 -0.01308
20 -0.00175 -0.00376 -0.00490 -0.00856 -0.01828
21 -0.00094 -0.00326 -0.00582 -0.00717 -0.01259
22 -0.00456 -0.00740 -0.00758 -0.00742 -0.00995
23 -0.00209 -0.00287 -0.00224 -0.00388 -0.00935
24 -0.00102 -0.00305 -0.00206 -0.00486 -0.00919
25 -0.00217 -0.00027 -0.00538 -0.00782 -0.01326
26 -0.00376 -0.00661 -0.00737 -0.00851 -0.01402
27 -0.00322 -0.00697 -0.00717 -0.00598 -0.01447

Note: the expected random error for Isc values taken with the LAPSS is no greater than +/-
0.003.

STATISTICAL FIT

For small angles of incidence the cells had cosine times Fresnel predicted values which ciosely
matched the measured values. However, it was noted that the error between predicted values and
measured values increased with angle of incidence. This trend is seen in Figure 2 and Tables | and II.
It can also be noted in Figure 2 that the spread increases with angle of incidence which is expected
from the effects of the systematic errors which are discussed below.

Table Ii
Ang. of 10 20 30 40 65
Incidence
Mean of -0.0017 -0.0029 -0.0038 -0.0054 -0.0110
Error
Std. Dev. 0.0013 0.0025 0.0027 0.0027 0.0035
Max. Error 0.0002 0.0017 0.0008 0.0003 -0.0028
Min. Error -0.0046 -0.0074 -0.0092 -0.0108 -0.0183

-

Also of interest in Figure 2 is that there seemed to be a normal distribution of the errors around
the means. This hypothesis was checked using a chi-squared test with 3 degrees of freedom. The
results for 10, 20, 30, 40, and 65 degrees were 8.68, 5.475, 1.967, 1.47, and 1.493 respectively.
These chi-squared values were found to be acceptable at the 0.05 level when compared with the 0.95
percentile chi-squared value of 7.815 except the measurements at 10 degrees where there were 15
values that fell between the mean and +1 sigma and only 4 between the mean and -1 sigma. The
only reason that could be found for the skewed values was the possibility that running all of the tests
by rotating the dividing head clockwise as viewed from the top could have introduced some systematic
error. After considering the size of the values involved compared to the LAPSS measurement accuracy
of +/-0.003 and the sensitivity of the mean to outlying values it was decided not to pursue this
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finding.

TREND ANALYSIS

Since the plot in Figure 2 shows a definite trend this trend was plotted as Figure 3 by using
the mean values at each angle as a data point. A fourth order regression curve was selected as the
best fit and this curve gave a good fit to the plotted data with an R value of 0.99988. No conclusions
were drawn from this finding.

Possible explanations for the trend of larger measured data values than predicted values include

the following:
a. Onset of the expected extreme angle improvement;
b. Improved cell performance due to the MgF, AR coating center frequency shift toward
shorter wavelengths;
c. Improved cell performance due to longer optical path length near the cell junction.
d Error in the assumed effective index of refraction.

There was no practical way to check on possibilities a., b., and c. Possibility d. however was
checked by selecting a "typical” experimental cell {i. e., one which had prediction errors similar to the
mean of all of the cells). Cell #13 prediction errors were a reasonable fit to the mean values. Values
for an effective index of refraction of n, were assumed as 1.25, 1.30, and 1.35 with results as shown
in Table IlI.

Table Il
Index Angle of Incidence
n, 10 20 30 40 65
1.25 -0.00175 -0.00260 -0.00527 -0.00593 -0.00223
1.30 -0.00141 -0.00230 -0.00513 -0.00631 -0.01056
1.35 -0.00159 -0.00250 -0.00548 -0.00713 -0.01788

Table Ill shows that the 1.30 effective index of refraction value minimizes the prediction error
at the small angles where the error should be small and does have a trend of larger negative errors at
larger angles of incidence. The 1.25 effective index of refraction value minimizes the total prediction
error but with no trend to the error except a possible positive prediction error at angles above 65
degrees. The 1.35 effective index of refraction value produces prediction errors which are in all cases
larger than those of the 1.30 value. Considering the previously reported performance increase at
extreme angles of incidence it has been decided to remain with the assumed 1.30 effective index of
refraction value. What would have been very useful in this study is measured data beyond 65 degrees
which might allow a better resolution of this question.

While an increasing angle of incidence effect was probably seen, extreme angle effects were
not conclusively noted since the measurements were only taken to an angle of incidence of 65
degrees. A more detailed search of the region between 80 and 90 degrees is required in order to fully
answer this question. Possible additional factors of interest for extreme angle effects are noted in
Reference 3 as: cover slide optical properties, cover slide thickness, and inter-cell spacing.

SYSTEMATIC ERRORS

There are three different systematic error causes: large incidence angles; reduced reading size,
and assumed index of refraction.

Large Incidence Angles - The cosine function is changing very rapidly at large incidence angles
so small angle errors become a problem. Alignment of the cell samples to the light beam was done
with care but the source is 36 feet away from the sample and there is no hard-mounted goniometer
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Il

to use as a reference. An additional problem would be stray room light and wall reflection which
become larger percentage effects as the incidence angle increases. This effect was minimized by
turning off the room lights.

Reduced Reading Size - As the incidence angle increases the Isc decreases so small
measurement errors in Isc become magnified. Of particular interest is the rounding error since all
readings large or small are presented with only two decimal digit accuracy.

Assumed Index of Refraction - As mentioned above, the coverglass front surface index of
refraction used for all predicted values was set at 1.30 to obtain the best data fit. This was done early
in the analysis by using data from only seven of the ASEC cells. Predicted cosine times Fresnel curves
for all celis used this value. A better controlled experiment would measure this value using coverglass
from the same lot. .

There is some beam decollimation but this effect was measured in Reference 3 and found to
be less than 0.5 degrees for a setup similar to the JPL LAPSS. The apparent size of the JPL LAPSS
light source is calculated to be 0.56 degrees on the diagonal of the rectangular source area. This
compares favorably with the sun’s apparent size from Earth which is 0.53 degrees.

RANDOM ERRORS

LAPSS - The best estimate of the LAPSS random measurement error is a maximum of +/-

0.3%. :
A/D Count - The data acquisition system used on the LAPSS is typical in that it uses a digitized

representation of the analog data which consist of whole counts. Rounding off to the nearest count
is then a random error equal to, at most, 1 part in 4096 or roughly 0.024%.

Temperature - Temperature measurements are displayed on the meter to the nearest tenth of
a degree so the rounding of this value is a random error equal, at most, to 5 parts in about 2800.
Fortunately the Isc sensitivity to this error for gallium arsenide cells is about 0.0175%/degC and
0.0145%/degC for silicon cells so the overall temperature error effect of a 0.05 degree rounding error

is small.
Angle - The divider head has 0.1 degree gradations and a backlash of 1.5 gradations. Care was

taken to always move in the same direction to minimize backlash so the setting error would be about
0.05 degree or about +/-1.0% in the worst case at 85 degrees angle of incidence. This study only
took readings in a counter-clockwise direction as viewed from above.

TOTAL RANDOM ERROR

The LAPSS error can not be included in the total random error since it already contains the
other two errors. With that in mind and the fact that the count and temperature errors are
independent, the total random error is calculated as the square root of the sum of the squares:
0.000255 or 0.0255%. This total random error is not large enough to invalidate the conclusions made
below.

OTHER ERRORS
At least one other error source must be mentioned in this discussion. The tests were run only
on single cells which would not necessarily give the same results as tests run on full arrays. Edge

effects, reflections, and shadowing effects are ali possible confounding errors if the conclusions drawn
below are applied to arrays which was the original intent.

CONCLUSIONS
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Using the combined cosine and Fresnel corrections gave very good predictions of the measured

data. For a typical example see Figure 1.
An empirically derived value of the coverglass front surface index of refraction should be used

if possible rather than a published material value.
There is probably an effect from increasing angle of incidence which could not be explained

in detail.
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ABSTRACT

Past NASA missions to Mars, Jupiter and the outer planets were powered by radioisotope thermal generators
(RTGs). Although these devices proved to be reliable, their high cost and highly toxic radioactive heat source has
made them far less desirable for future planetary missions. This has resulted in a renewed search for altemate
energy sources, some of them being photovoltaics (PV) and thermophotovoltaics (TPV). Both of these altemate
energy sources convert lightthermal energy directly into electricity. In order to create a viable PV data base for
planetary mission planners and cell designers, we have compiled low intensity low temperature (LILT) |-V data on
single junction and multi-junction high efficiency solar cells. The cells tested here represent the latest photovoltaic
technology. Using this LILT data to calculate Short Circuit Current (l,.), Open Circuit Voltage (V,), and Fill Factor
(FF) as a function of temperature and intensity, an accurate prediction of cell performance under the AMO spectrum
can be determined. When combined with QUantum efficiency at Low Temperature (QULT) data, one can further
enhance the data by adding spectral variations to the measurements. This paper presents an overview of LILT
measurements and is only intended to be used as a guideline for material selection and performance predictions.
As single junction and multi-junction cell technologies emerge, new test data must be collected. Cell materials
included are Si, GaAs/Ge, GalnP/GaAs/GaAs, InP, InGaAs/InP, InP/InGaAs/InP, and GalnP. Temperatures range
down to as low as -180°C and intensities range from 1 sun down to .02 suns. The coefficients presented in this
paper represent experimental results and are intended to provide the user with approximate numbers.

BACKGROUND

With increasing concems over the safety and cost of RTGs, alternate power sources are being sought. NASA's
current stand on this issue is to avoid using nuclear power sources unless there is no feasible alternative. One
such alternate source of power is photovoltaics, which are widely used today in both space and terrestrial power
systems. Most solar cells are designed to operate at 1 sun intensity (AM0, 136.7 mW/cn®) and moderate
temperatures (20° to 80°C). As space exploratory missions extend beyond earth’s orbit, temperature and intensity
become a concern. Missions are being proposed for Mars, Jupiter, the outer planets, and beyond the solar system.
At these distances, both intensity and array operating temperature drop. Intensity changes inversely as the square
of the distance. Temperature calculations are based on intensity and emissivity. The array temperature can be
as low as -140°C at 6 astronomical units (A.U.), i.e. Jupiter intensity is 5 mW/cm? and -130°C at 5.2 A.U. (1). A
plot of Intensity vs distance is shown on the foliowing page, this plot also includes relative array temperatures at
various planetary distances.

With early LILT measurements dating back 15-25 years, most of the available data is outdated. Solar cells have
become more efficient and more reliable over a range of environmental conditions. Early LILT data was also
performed using older techniques with limited temperature and intensity regulation, and less sensitive measuring
equipment. Flight hardware costs continue to increase, which decreases their allowable design margins. Updating
these measurements is crucial for the recent resurgence in PV for interplanetary missions.

Most temperature effects on solar cell output are understood. As cell temperature drops open circuit voltage V.
will increase linearly, and short circuit current I__ will decrease due to a shift in bandgap (the absorption coefficient
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also decreases with temperature). Fill Factor
will tend to increase proportionally with voltage
but there are many other mechanisms that

contribute to its temperature dependence (2). = et —_—— ——
The most important effect is that the dark Earth 1.0AU. Aray Operating Tomperature: |
current |, decreases as temperature decreases. 152AU. Mars =-9.5°C 1
The temperature effects on voltage and current [ Supier =139 8
can be seen in the following equations (3,4): = ; Uranus = -199 °C
p Jupiter 52AU. Neptune = -214 °C
v = YKT le 1 (1) g 1E m 9.54 AU. Pluto = -221 °C 3
oc — T w S ]
q o = ]
g 1
i
qv 2) T
V) = l.c-lo[ew)d] @ g
o1t 4
= @ % | |
I, o Te ™ 3
Pluto 30.44 A Y.
. . . U . g
where T is temperature, v is the ideality factor, oot b ranus 1919 A |
typically between 1 and 2, k is Boltzman’s Tk Nepune 30.06AU. "7 T :
constant, E,, is the bandgap, and q is the 10 20 20 40

charge on an electron. As temperature
decreases, the bandgap of the semiconductor Distance From the Sun (A.U.)

material increases.  This decreases the Figure 1: Solar Intensity vs. Distance From the Sun
spectrum which can be absorbed and reduces

the photocurrent.
Other LILT effects are not well known. Tandem cells in series must be current matched. As the band gap shifts

with temperature, the current matching may be lost. As cells drop in temperature and intensity, these changes can
be nonlinear. Cells may become shunted and/or carriers and dislocations may be "frozen out”. Three common
LILT phenomenon that lead to performance degradation include cell shunting, formation of a rear contact Schottky
barrier, and the "broken knee” or “flat spot® curve shape (5,6).

CELL TYPES

The cells used for this experiment represent a broad range of new cell materials. Only one of the cells tested
was obtained from a production run; all other cells were grown in research labs. These materials were grown on
substrates which include Si, GaAs, Ge, and InP. The cells are:

» GalnP/GaAs two-terminal monolithic tandem grown on GaAs.
- GalnP cell on GaAs (inactive)
- GaAs cell with a GalnP window layer.

« InP/InGaAs two-terminal monolithic tandem grown on InP.

- InP cell
- InGaAs cell with a InP window and grown latticed matched on InP

- GaAs/Ge (passive Ge), GaAs grown on Ge.

«Si 2 Qcm with BSF. This a production cell.

« inP MOCVD

« .72 eV InGaAs (InP window, InP substrate)

« GaSb (bottom cell of GaAs on GaSb tandem stack)

TEST DESCRIPTION

The test consisted of measuring IV curves of solar cells at varying light intensities and temperature. The
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temperatures ranged from 25°C to -185°C. The
intensities ranged from 1 sun down to .03 suns, or
equivalent distances of 1to 6 au. |-V curves were run
every 25°C at 2.8, 4.7, 11.5, 46, and 136.7 mW/cm?
intensities. The information included in this paper is
only a summary of the data analysis. Figure 2 shows
a diagram of the test setup. LN,

The tests were all conducted at NASA Lewis in the
Solar Cell Evaluation Lab. A Spectrolab X-25 solar
simulator was used to measure the cells. This Heaters 4
simulator provides a close match to the AM0 spectrum
but it is not exact. A monitor cell was placed outside —T
the low temperature plate to correct for flicker in the arc
lamp light source. All the cells were mounted to a test
plate and placed in a closed environment with a quartz 7 “
window and constant nitrogen purge. Temperature of Test Plate
the test plate was maintained by cooling with liquid !
nitrogen and heating with resistive heaters. Up to eight
cells can be tested simultaneously with this setup. All
of the cell measurements and temperatures are
computer controlled. Cells were measured with
standard 4-wire techniques and contacted using Kelvin  Figure 2 LILT Test Setup
probes; no epoxies or solders were used to contact the
cell.

A single thermocouple embedded in the test plate is used for temperature control. Additionally, four witness cells
of similar material and thickness as the test cells were mounted to the test plate and used as a temperature
reference for the cells. A temperature measurement was made at the beginning and end of each IV curve so that
accurate V,, vs T and |, vs T correlations could be made. Typically, a temperature drift of less then 2° was
observed during an IV curve. Each IV curve was performed from V,, to |,..

Light intensity was set up for 1 sun by adjusting the lamp intensity to match I, on a calibrated GaAs/Ge cell at
the plane of the test cells. Intensity was decreased by using metal screens, which lower the amount of light on the
cells without changing the spectrum. The cells were placed far enough behind the screens to avoid 'hot spots’ on
the individual cells.

Quartz Window

Il
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LILT DATA

All the test data was used to calculate temperature coefficients for V_, I, and FF. The data analysis is
presented by cell type. Any anomalies in the cells are shown in the plots of the data or mentioned in the text. All
of the data are normalized to the value at 25°C so that they can be used independently of cell size. Temperature
coefficients are presented in Tables | and I on the following pages. All of these cells were optimized for 1 sun
or greater intensities.

GalnP/GaAs

The GalnP/GaAs cell is a monolithic tandem cell consisting of series connected current matched cells. The cells
are series connected using a tunnel junction. This cell had nearly linear temperature/intensity dependence to about
-90°C, with peak efficiency at around -50°C. Below -80°C, the cell voltage flattened and then dropped to near room
temperature values. A plot of this data at 1 sun is shown in Figure 3. This loss of output below -90°C can be
attributed to the eventual current mismatch of the two cells, parasitic losses in the tunnel junction, and additional
voltage loss from changes in dark current. _

A GalnP cell and a GaAs cell with a GalnP window layer were measured separately. Data on these two
individual cells show that the drop in current is due to limiting by the bottom cell. Both of these cells continue to
operate well below -90°C and indicate that the probable loss in tandem performance could be in the tunnel junction.
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InP/InGaAs
The InP/InGaAs cell is a monolithic tandem cell consisting of series-connected current matched cells. This cell

also had typicail temperature/intensity dependence to about -90°C. This cell had a peak efficiency at near -80°C.
Below -90°C, the cell voltage becomes nonlinear. A plot of this data is shown in Figure 4. The voltage change
does not coincide with the current drop.

Plots of an InP cell and an InGaAs cell with an InP window layer measured separately show typical
temperature/intensity dependence over the entire range of measurements. The voltage slope of both cells tends
to lessen below -90°C. The current of the InGaAs cell changes very little with temperature. This is due to the shift
at both ends of the spectrum. The InP window layer is shifting along with the band edge of the InGaAs cell which,
when integrated over an AMO spectrum, shows little net change in current. This is clearly demonstrated in the

QULT measurements (7).

13 . — . .
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Figure 4 InP/InGaAs at 1 Sun

Figure 3 GainP/GaAs at 1 Sun

Si Cells
The Si cell is a 2Q2cm cell with a BSF. The 1 sun temperature data is shown in Figure 5. Below -100°C the

voltage slope is much lower. This cell had typical temperature/intensity dependence over the entire range of
measurements. Si efficiency increased by 70% from 25° down to -180°C, where it peaks. This cell tends to
operate the best at low temperature due to its shift in bandgap. The bandgap shifts from 1.21 eV up to 1.45 eV,
which is the optimum bandgap single-junction cells under AMO.

InP Cell
This InP cell had typical temperature/intensity dependence over the entire range of its measurements. The

voltage slope did change at temperatures below -75°C, but the change was not as much as seen on the previous
cells. The efficiency on this cell continued to rise over the entire temperature range, increasing by 30% from room
temperature down to -180°C.

InGaAs Cell
The InGaAs cell is grown lattice matched®(.72 eV) to InP with an InP window layer. The voltage also exhibits a

prominent slope change below -100°C. The two InGaAs cells measured here had slightly different coefficients,
which may be a function of their design (two different research labs).

GaAs/Ge and GaAs Cell
The GaAs/Ge cell was cut down from a large area cell and shows severe shunting at low intensities due to the

cutting. Full area cells had no shunting problems. This cell also had a slope change in voltage below -75°C. The
cell had a Schottky barrier at temperatures below -125°C, seen as a bend in the IV curve near V.

Low Intensity measurements were conducted on all cells at every temperature recorded above. The behavior
of I, and V,, followed predicted performance within the ranges of the temperature coefficients presented above.
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The short circuit current varied lineary with intensity
and the open circuit voltage varied with the linearly
logarithm of I,.. The Fill Factor tended to follow V.. 17
The GalnP/GaAs cell at room temperature and -80°C A [
data follow typical temperature trends. The changes in o0 \
voltage slope at lower temperatures reflect possible +— -+ FF >
changes in dark current |, as voltage is defined in
equation 1.

-
tn

TEMPERATURE CORRECTION

Relative Value (o 25°C)
@

The basis for this paper is to attempt to create a data
base for temperature coefficients for a wide variety of
current cell structures. Use of these coefficients can be
derived from the following equation: 9 . . -

1 APy - 1dlw+_1__de+1dFF (4
Poae oT lpdT V,, dT FF dT Temperature (°C)

-
-

From the above equation, which is based on the Figure 5 Si at 1 Sun

maximum power point, temperature correction can be

applied directly. Simpler techniques apply correction

to V... |, and P, (or FF), then use curve fitting to generate the IV curve. This correction works well with normal
IV curves, but does not accurately represent larger cells or arrays which contain steps or inconsistencies in the IV
curve. The following two equations can be applied on a point by point basis to generate an approximate
temperature corrected IV curve.

(4 av V1 FF
\ oc H'-x.-
and
,
o = ] 1 +(An{,i%';:)] ©)
\ ¢

The Fill Factor correction is applied to the voltage equation, but it could be used in the current equation if preferred.
Second order equations can be substituted directly for the single coefficients. In all cases, voltage goes up and
current goes down as temperature decreases. For use in arrays, series and parallel multipliers must also be used
(series cells add in voltage, parallel cells add in current).

CONCLUSION

The data presented in this paper presents a brief overview of the temperature and intensity characteristics of new
cell technologies. The temperature coefficients will help create a database for mission planners. This work is a
continuation of the QULT and LILT measurements published previously (7,8). A comparison of the results of this
paper with those obtained by QULT shows"that |, obtained with temperature-dependent spectral response is in
good agreement with I,, dependence measured with an AM0 simulator. It should be noted that temperature
coefficients tend to vary among similar cells, and the spectrum of the X-25 simulator does not exactly match the
AMO spectrum (it contains more infrared and less ultraviolet).

The coefficients are indicated for the typical characteristics of cells showing common trends. These common
trends are; higher bandgap cells have lower coefficients; voltage increases and current decreases with lowering
temperature; V,, is proportional to the log of intensity, current is directly proportional to intensity, and fill factor tends
to drift up to a peak and drop down.

Although mutlti-junction cells offer higher efficiency than single cells, they do present problems if used over a wide
range of temperatures. Monolithic tandem cells must be designed to match cument over a wide range of
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temperatures, where changes in temperature cause a

shift in bandgap. In both tandem cells presented here,

the bottom cell current remained relatively flat, this is 0
due to the bandgap shift of both cells, the spectral

window to the bottom cell remained constant. Tandem g oo ee mee oo o o
cells measured here worked well together to -80°C and L e
then started to drift nonlinearly.

Most of the cells measured exhibited two slope
curves for V., vs temperature. This characteristic is
indicative of a change in the |, as well as I,.. Different
recombination mechanisms affect different voltage [
ranges and temperatures, i.e., Hall Schottky Read, : Pl
tunneling recombination, junction recombination, and )/-’ G-—2 InGaAs Bottom
surface recombination. The voltage slope at lower e o ﬁ:"’" /Gahs
temperatures tended to be less then near room i | om0 si
temperature.  Within the range of temperatures 05 P
measured for most cells, a peak in fill factor peak could
be observed; this required a second order equation for
curve fitting. , Figure 6 V, Coefficient vs Log(Intensity) on Cells

The plots shown in Figure 6 indicate that the voltage
coefficients tend to increase linearly as a function of the
log of intensity and that their slope also increase with decreasing bandgap. This trend can be mathematically
demonstrated. It can be used to extrapolate temperature coefficients for a wide range of intensities.

The authors would like to graciously thank National Renewable Energy Labs, Applied Solar Energy Corporation,
Spire Corporation, Boeing Corporation, and JX Crystals for providing cells which were used for these
measurements. The authors intend to continue to add to this data as new requirements and cells become

available.
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A SUMMARY OF THE INTERNATIONAL WORKSHOPS ON SPACE SOLAR CELL
CALIBRATION AND MEASUREMENT TECHNIQUES

D.J. Brinker, H.B. Curtis and D.J. Flood
NASA Lewis Research Center
Cleveland, Ohio

P. Jenkins and D.A. Scheiman
NYMA Setar, Inc.
Brook Park, Ohio

ABSTRACT

The first two of a planned series of international workshops concerning space solar cell calibration and
measurement techniques have been held within the past year. The need for these workshops arose from the
increasing complexity of space solar cells coupled with the growing international nature of the market for space
cells and arrays. The workshops, jointly sponsored by NASDA, ESA and NASA, have the objective of
obtaining international agreement on standardized values for the AMO spectrum and constant,
recommendations for laboratory measurement practices and the establishment of a set of protocols for making
interlaboratory comparison measurements. The results of the first two workshops, held in Waikiki, Hawaii, USA
in 1994 and Madrid, Spain in 1995, are presented.

INTRODUCTION

The market for both space solar cells and arrays has become more intemational in recent years. At the
same time, space cell design is becoming increasingly complex with a corresponding increase in the difficulty
of providing accurate on-orbit performance predictions. Thus the need for the universality of calibration and
laboratory measurements was recognized and a series of workshops concerning these issues has been
initiated. The workshops, of which two have been held and a third is planned, have been jointly sponsored by
the European Space Agency (ESA), the National Space Development Agency of Japan (NASDA) and the
National Aeronautics and Space Administration (NASA). The objectives of the workshops include agreement
on standardized values of the Air Mass Zero (AMO) solar constant and spectral intensity distribution,
recommendations for laboratory measurement practices and establishment of a set of protocols for making
interlaboratory comparison measurements. The international intercomparison will include both primary
reference standards and laboratory techniques. The workshops were to be held at approximately one year
intervals in conjunction with major space photovoltaic conferences in order to maximize attendance.

1st WORKSHOP

The First International Workshop on Space Solar Cell Calibration and Measurement Techniques was
organized by the NASA Lewis Research Center. It was held on December 12-13, 1994 in Waikiki, Hawaii,
directly following the 1st World Conference on Photovoltaic Energy Conversion. Thirty-four participants from
England, France, Germany, Japan, Spain and the United States attended the workshop. Their affiliations are
listed in Table 1. During an opening plenary session, each of the sponsoring agencies presented their
objectives for the workshop. Furthermore, it was decided that smaller working groups would be optimum in
light of the diverse topics to be addressed and the short time (two days) allotted for the workshop. The three
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Table | - Affiliations of 1st Workshop Participants

Japan United States Europe
Adv. Eng Services Co. Hughes Space & Com. Deutsche Aerospace
Hi-Reliability Comp. NASA LeRC DRA
ISAS NREL EEV Ltd.
JQA Spectrolab ESA-ESTEC
NASDA USAF/Phillips Lab ESTI
Opto Research Corp. Fraunhofer Institute
Sharp Corp. INTA/Spasolab
Wacom R&D Corp.

M. Wantanabe & Co.

working groups would discuss primary standard solar cells, multijunction devices and laboratory practices.
Reports from each of the three groups would be presented at a closing plenary session, with written reports to
be prepared and distributed after the close of the workshop.

Primary Standard Solar Cells

The need for accurate laboratory measurement of space cells is increasing as the cells become more
complex and mission planners demand ever more precise guarantees of on-orbit performance as the margins
in power systems shrink. These laboratory measurements are possible only with the use of primary (or
reference) standard cells. Historically, primary standards have been made through the use of high altitude
balloons (JPL and CNES), Shuttle experiments (NASA and ESA) and high altitude aircraft (LeRC). The two
balloons and the aircraft are the only methods currently utilized. Concemns of primary standard cell users were
voiced in the working group and include: the seasonal nature and limited space availabie on calibration flights,
the cost of an independent calibration program prohibits users from generating their own standards, and the
aging of standard cells, creating the need for regular re-flight. An indoor (laboratory) method of primary cell
calibration was proposed. It is based on the the measurement of the spectral response of the cell and the
spectral irradiance of the solar simulator lamp. A number of disadvantages and concemns with this method
were identified and a comparison with traditional methods was recommended before any further action could
be taken on the proposal. The conclusions and recommendations of the working group were: 1) increased
opportunities to create space-based primary standards are needed, 2) a research effort to measure the AMO
spectrum should be advocated, 3) an intemational standard for the AMO spectrum and constant needs be
chosen and, 4) an international intercomparison of primary standards should be established.

Multijunction Devices

Multijunction solar cells present new problems because of the requirement for current matching of the
two or three cells of the devices currently under development. Not only are primary standards of complete
devices necessary, but calibrated subcells will most likely be required. Because the different subcells in the
multijunction device generally have different radiation-hardness characteristics, care must be taken in
differentiating between Beginning of Life (BOL) and End of Life (EOL) performance, with each condition
requiring a set of primary standards. Accurate determination of temperature coefficients is also required, with
the different subcells having different temperature coefficients. Most single source solar simulators, unless
carefully filtered, are inadequate for determination of these coefficients. Precision current-voltage
characterization of subcells and full MJ devices will require spectrally tunable solar simulators and subcell
standards. The working group presented the following issues and recommendations to the full workshop: 1)
determination of how well reference cells must be spectrally matched to test cells to avoid spectral mismatch
corrections, 2) optimization of spectral adjustment of simulator for production testing, 3) perform an
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uncertainty analysis to allow extrapolation of laboratory measurements to actual space performance and, 4)
round robin cross-checking.

Laboratory Practices

It was recommended in that the World Meteorological Organization’s (WMO) solar spectrum and
constant (136.7 mW/cm?2) be adopted as a standard. However, each organization will continue to use its own
standards until formal agreement is reached. For intercomparison, a cell temperature of 25 °C will used. Full
area illumination for spectral response/quantum efficiency measurements and total area for efficiency
calculations was also recommended. A round robin intercomparison was proposed for current-voltage and
spectral response measurements. Each of the three sponsoring agencies will provide cells as follows:

Cell type Iradiated Japan Europe United States
Silicon No X X X
Silicon Yes X X X

GaAs No X X

GaAs Yes X X

Hi Eff. Si No X

Hi Eff. Si Yes X

A solar cell holder compatible with both the JPL and CNES balloons was designed and will be used to
mounting the cells designated for the intercomparison.

2nd WORKSHOP

The final action of the 1st Workshop was agreement as to the necessity of a second workshop, to be
held within the next year. This workshop, organized by the European Space Agency and hosted by the
Spanish National Institute of Aerospace Technology (INTA), was held in Madrid on September 12-13, 1995,
directly following the Fourth European Space Power Conference. Twenty-five participants from China,
England, France, Germany, Japan and the United States attended; the affiliation of these attendees is given in
Table 1l. The three working groups from the 1st Workshop reported their findings at an opening plenary
session. The primary objectives of the Workshop were to conclude the discussions begun in the 1st
Workshop and to finalize and implement plans for the round robin comparisons. As in the case of the 1st
Workshop, smaller working groups were formed. These groups were primary standards, AMO solar spectrum
and constant; laboratory measurement practice; multijunction devices and round robin measurements.

Primary Standards, AMO Solar Spectrum and Constant

The tentative agreement on the WMO solar spectrum and constant from the 1st Workshop was
reaffirmed. Participants in this workshgp agreed to survey the “radiometry” communities in their respective
countries for recommendations on AMO spectrum and intensity. A temperature of 25 °C was decided upon for
all laboratory current-voltage and spectral response measurements. The calibration of primary standards was
discussed, with continued reservations about the indoor methods expressed. It was decided that calibration
methods be designated as either “synthetic” (laboratory-based, spectrally corrected) or “space-based” (high
altitude balloon or aircraft, Shuttle or similar flight experiment).

Laboratory Measurement Practice

A general agreement was reached on 25 °C as a reference temperature for all round robin measure-
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Table 11 - Affiliations of 2nd Workshop Participants

Japan United States Europe
Adv. Eng Services Co. NASA LeRC CNES
Hi-Reliability Comp. Deutsche Aerospace
ISAS EEV Ltd.
JQA China ESA-ESTEC
NASDA China Acad. Space Tech. Fraunhofer Institute
Opto Research Corp. INTA/Spasolab
Sharp Cormp.

ments. After a discussion of laboratory practices at the various institutions represented in the working group, it
was decided that two areas that would best benefit from a comparison of results would be the determination of
temperature coefficients and spectral response characteristics. The cell complement would be the same as
that designated during the 1st Workshop, except the cells would not be mounted. The temperature range for
temperature coefficient determination would be +20 to +80 °C, all resuits would be blind until full completion of
the testing. ESA, NASDA and NASA LeRC would participate. The same cell set will be used for the spectral
response measurements, with test conditions left up to the individual agencies but fully documented. An
exchange of test procedures for common laboratory measurements was agreed to by ESA, NASDA and
NASA.

Multijunction Devices

Various measurement techniques and equipment are in use for characterizing multijunction solar cells.
The strengths and weaknesses of the techniques, as well as any previously unforeseen anomalies, need to
be identified. This can best be accomplished through a MJ solar cell measurement investigation. It will not be
a comparison of results, but a practical opportunity to assess measurement techniques for real space cells.
NASA LeRC will obtain and mount about 10 GalnP/GaAs two junction solar cell. LeRC will test the cells on the
Lear aircraft (both Isc and IV measurements) and distribute them to the following possible collaborators:

United States Europe Japan
Agencies: LeRC ESTEC NASDA
JPL INTA ISAS
CNES
DRA
ISE (Freiburg)

After testing at the various agencies, the cells will be returned to LeRC for reflight on the Lear aircraft. All
results will be distributed to all participants.

-

Round Robin Measurements

A working group devoted to round robin measurements was created at the 2nd Workshop. However,
its results mirrored some of those from the working groups previously discussed. They suggested blind
round robin of current-voltage and spectral response measurements be conducted and agreed with the MJ
working group that a around robin for multijunction cells is premature. A round robin of primary calibration
standards would be conducted between the agencies currently calibrating cells, i.e., CNES, JPL and NASA
LeRC. Each participant will provide two cells, one silicon and one gallium arsenide, six celi in all. The
intercomparison will be conducted fully blind, with all data to be distributed only after the calibrations are

complete.
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The 2nd Workshop ended with a plenary session at which time the four working groups reported their
results. Preliminary written reports from two of the groups were distributed, with a final, complete Workshop
Report to be distributed by year's end. A third workshop was decided upon, as a forum for reporting and
discussion of the results of the several measurement activities begun at this workshop. The 3rd Workshop will
be held in Japan in November, 1996, following the 9th Intemational Photovoltaic Science and Engineering
Conference. The workshop will be hosted by NASDA.

CONCLUSION

The first two of a planned series of International Workshops on Space Solar Cell Calibration and
Measurement Techniques have been held during the past year with some forty participants from six countries.
The need for these workshops arose from the increasing complexity of space solar cells coupled with the
growing international nature of the market for space cells and arrays. The objectives of the workshops include
agreement on standardized values of the (AMO) solar constant and spectral intensity distribution,
recommendations for laboratory measurement practices and establishment of a set of protocols for making
interlaboratory comparison measurements. Toward meeting these goals, three round robin measurement
activities have been started: 1) primary calibration standards, 2) laboratory current-voltage and spectral
response characterization and 3) laboratory temperature coefficient determination. A multijunction cell
measurement investigation will also be conducted. The results of these activities will be reported and
discussed at a third workshop, to be held in Japan during November of 1996.
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ABSTRACT

Thermophotovoltaic (TPV) research at NASA Lewis Research Center that began in the late 1980’s is reviewed.
This work has been concentrated on low bandgap indium galliumn arsenide (InGaAs) PV cells and rare earth -
yttrium aluminum gamet (YAG) thin film selective emitters, as well as, TPV system studies. An emittance theory
has been developed for the thin film emitters. Experimental spectral emittance results for erbium Er-YAG and
holmium Ho-YAG show excellent emittance (3 .7) within the emission bands. The .75 eV InGaAs PV cells
fabricated at Lewis have excellent quantum efficiency. An efficiency of 13% has been measured for this cell
coupled to an Er-YAG selective emitter and a short pass IR filter.

Introduction
Thermophotovoltaic (TPV) energy conversion is not a new concept. It has its origins at MIT in the late

1960’s. Early TPV work was confined to the use of silicon Si photovoltaic (PV) cells, which require high
temperature (>2000K) emitters to make an efficient system. In recent years, however, two significant
advances have occurred that make possible efficient TPV energy conversion at moderate temperatures
(<2000K). The first of these developments is efficient low bandgap photovoltaic (PV) cells such as gallium
antimonide (GaSb) and indium gallium arsenide (InGaAs). Efficient selective emitters that have single strong
emission bands at photon energies that match the PV cell bandgap energy is the second important
deveiopment.

Before beginning the review of the TPV research at Lewis a definition of a TPV system is in order.
Figure 1 Is a schematic of a general TPV system. Any thermal energy source, such as the sun, combustion or a
nuclear reaction can be the input energy for the system. Howaever, the thermal energy must be converted to
radiant energy that can be efficiently converted to electrical energy by the photovoltaic (PV) cells. Thus the
radiant energy must have a photon energy equal to or greater than the PV cell bandgap energy. There are two
methods for obtaining the bandgap-matched radiation. Either a selective emitter, which emits most of its
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energy in a single bandgap-matched emission band, or a bandpass filter - grey body emitter combination,
which results in a single bandgap-matched emission band can be used to obtain efficient TPV conversion.
Therefore, there are two basic TPV systems; selective emitter or filter. In this paper we review the research on
selective emitters, low bandgap InGaAs PV cells, as well as, TPV systems studies.

Ty, (themal eficiency) X Tgq (emiter flereficency) X Ty (PV eficiency) = Ny (system eficiency)

combusion

radioisotope block

Agure 1 Thermophotowol aic (TPV) Energy Conversion Concept

The ideal selective emitter would have a single emission band with an emittance approaching one
within that band and negligible emittance outside the emission band. For the photon energy or wavelength
region of interest in TPV (1-3um), an electronic transition of an atom or molecule is required to produce the
desired radiation. However, when atoms are compressed to solid state densities the emission is not
characterized by narrow line emission as with an isolated atom, but by a continuous emission spectrum.

Most solid state materials behave like a grey body emitter, namely they have nearly constant spectral
emittance. The only way to obtain a selective emitter is to find a material that behaves lke an isolated atom. At
low densities such as with a gas or plasma the emission is like that of an isolated atom. Therefore, the first
selective emitter we looked at was a cesium plasma (1). And in fact the emitter efficiency was large (>.7).
However, a plasma emitter has two problems. First of all the operation temperature is too high and secondly
the low plasma density means the power density in the emission band is low.

Fortunately, there are a group of atoms that at solid state densities behave nearly like isolated atoms.
These are the rare earth atoms. For doubly and triply charged ions of these elements in crystals the orbits of
the valence 4f electrons, which account for’emission and absorption, lie inside the 5s and 5p electron orbits.
The 5s and 5p electrons “shield” the 4f valence electrons from the surrounding ions in the crystal. As aresult,
the rare earth ions in the solid state emit in narrow bands rather than in a continuous grey body manner. For
temperatures of interest the rare earths have one strong near-infrared band associated with electron
transitions from the lowest energy level to the ground state The spectra of these rare earth ions in crystals
have been extensively studied. Most of this work is summarized in the text of Dieke (2).

The first selective emitter investigation (3) of the rare earths in oxide form showed the strong infrared
emission bands. However, emittance outside the emission band was also large so that the emitter efficiency
was low. Inthe late 80's Nelson and Parent (4, 5) reported a large improvement in rare earth oxide emitters.
Their emitters are constructed of bundles of small diameter (5-10 um) rare earth oxide fibers similar to the
construction of the Welsbach mantle used in gas lantems. The very small characteristic dimension of these
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emitters results in low emittance outside the emission band and thus greatly increased efficiency. At the
Aubum Space Power Institute fibrous rare earth oxide emitters are being fabricated by a paper making process
(6). The fibrous selective emitters are well suited to a combustion driven system were the fibrous mantie
surrounds the flame. However, for coupling to other thermal energy sources likely to be used for a space
power system, such as nuclear or solar, the fibrous emitter is not so well suited. As just stated, it was the small
characteristic dimension that made the fibrous emitters efficient. Another geometry for achieving a small
characteristic dimension and also easily coupling to any thermal source is a thin film. A thin film containing a rare
earth on a low emittance substrate can be easily attached to any thermal source. In addition, a thin film is more
durable than a fibrous geometry. Therefore, we began theoretically and experimentally investigating rare earth
containing thin film selective emitters (7, 8). Until now, the most successful thin film emitter is yttrium aluminum
gamet (YAG, Y3Al5042) doped with rare earths (9). The rare earth doped YAG, where the rare earth ion
replaces the yitrium ion, is grown as a single crystal and then cut and polished to the desired thickness. A low
emittance, opaque substrate must be placed between the emitter and thermal source to block the grey body
emission from the thermal source.

Although YAG can be doped with any of the rare earths most of our research has been confined to Er -
YAG and Ho -YAG (9, 10, 11, 12). With emission bands at Ay =1.55 um and A, =1.95 um, respectively, they are
of most interest for TPV application. The theoretical analysis of the thin film emitter is based on one
dimensional radiative transfer theory (8, 13, 14) that includes scattering, as well as, emission and absorption. If
scattering Is included the theory is quite complicated. However, neglecting scattering allows an analytic
solution for the spectral emittance, & (13).

(1- Ky

e S22 o fepent(1-au)1-2m, o o 125 o252 ) |

Where £, is the substrate emittance, p,g is the reflectance at the emitter surface, m, is emitter material
index of refraction, Kag = axd is the emitter optical depth where «, is the extinction coefficient (= absorption
coefficient for no scattering) and d is the emitter thickness. Other quantities appearing in eq. (1) are the
following.

L)

2 Ku.
h,= 1-4p,,(1-€, )0 E;(K\,)E,(—) (2
K
h_ = E;(K,,) —u:E,(u—“) @)
D,= 1-4p, (1-€,)E2(K,,) (4
uz=1-1/n{ (5)
. ‘
E,(x) = Jue™"du =+e/*  Exponential Integral of order3 6

o

As eq. (1) indicates the parameters that determine the spectral emittance are the optical depth, which
depends on the extinction coefficient and film thickness, the substrate emittance, emitter material index of
refraction, and reflectance at the emitter surface. Refraction at the emitter surface is accounted for by the
quantity py, = cos 6y, ,where 6, is the maximum angle of incidence at the emitter surface for radiation to escape
the film (sin 8, = 1/m, from Snell's Law for refraction).

The dependence of g on Ky d is approximately 1 - exp (-3Ky4 /2) since Ej3 (x) ~ 1/2 exp (-3x /2).
Equation (1) also shows the importance of substrate emittance. For regions outside the emission band where
oy, and thus Kj 4 is small (E3 (0) = 1/2) the emittance will be dominated by the substrate emittance, ;5 . Thus it
is important to have low substrate emittance to minimize the emission outside the emission band and thus
maximize the emitter efficiency. Low g4 also implies the reflectance (1 - 35 ) at the substrate approaches 1
which means that a significant contribution (1 - €35 term in eq. (1)) to the emission band results from reflection at
the substrate. Therefore, low substrate emittance minimizes emission outside the emission band where ay is

-193-



small and increases emission within the emission band where o, is large.
Knowing the spectral emittance, &, , the emitter efficiency, ne, defined as follows, can be determined.

N
TeA )JdA
_power emitted in emission band _ x{ eu( E ) 7
Me= total power emitted T e
| gen (Tz,k)dl
o

Where e, is the black body emissive power and A is the short wavelength limit of the emission band and A is
the long wavelength limit of the emission band.

27 he?

en (Toh )= —— 7 ®
A’ lexp [lkT J-l
E

And h is Planck’s constant, ¢, is the vacuum speed of light, k is Boltzmann’s constant and Tg is the

emitter temperature. We have found (11,12) that the spectral emittance can be split into 4 bands. For the
region 0 < A < A, the spectral emittance is nearly a constant, £, . Within the emission band (Au A < A) the

emittance shows some variation but can also be approximated as a constant, e, . For < A gA¢ the
emittance is also a constant, & where Ac= 5 umfor YAG. ForAc < A < the extinction coefficient for YAG is
large so that the emittance, ec = 1.0. Therefore, if €3 is approximated by the four band model just described

equation {7) becomes the following.
-1
& G(u) & H(u) e L(u) ] ©

= |1+—
Me g, F(unl) g F(u.u,) ¢ F(u.u,)
Where,
ox? hc hc,
F(ul’un)= I xx dx u1= > ’uu= (10)
s e -1 A KT, — AKT,
ul ]
X
G, (u.)= I dx (11)
- x3
H(u"):! =1 dx (12)
4 - 3
T X hco
L(u.)= 7 uj =1 dx u,= AT, (13)
c - .

As equation (9) shows the emitter efficiency depends on the ratio of the emittances outside the
emission band (g, , & , & ) to the emittance for the emission band, ey, , as well as, the emitter temperature, Tg,

and the emission band location (A, & A;) and the cutoff wavelength, Ac. For given values of the emittance

ratios and emission band location there is an optimum temperature for maximum efficiency (7). Lowe (11, 12),
et al. have experimentally found that the optimum Tg for Ho-YAG with an emission band centered at A = 1.95

pm is approximately 1650K. For Er-YAG, which has an emission band at A, = 1.55 um the optimum Tg will be
higher. Theoretically (7, 8), it has been found that for the case where €, = €, = &, maximum ng occurs when
Ep /k Tg = 4, where Ep = hco / Ap = (hco / 2) (1 /Ay + 1 /A) is the photon energy at the center of the emission

band.
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As mentioned earlier, the rare earth oxide fibrous emitter is efficient because of the small dimension of
the fibers. In the care of the thin film emitter there will be an optimum thickness for maximum efficiency. This
can be seen by considering equation (9). For a given Tg and emission band, the efficiency will be a maximum
when the emittance ratios &/ &y , &, /ep and ¢/ €p are a minimum. As already mentioned in discussing the
spectral emittance (eq. (1) ), the emittance has nearly an exponential dependence 1 - exp (-3Kyg4 /2) on optical
depth, Kyg (=a3d). Therefore, for d = 0, g3~ &35 and therefore gy~ g, ~ g, ~ €. As d increases g, will increase
much faster than g, e, and & since oy, >> oy, 0y, and ¢ = constant. As a result the emittance ratios will decrease
and ng will increase to a maximum for some optimum d. For d greater than the optimum value the emittance
ratios will begin to increase since &, will be nearly constant at its asymptotic value for Kpg <o while g and g, will
be still increasing. Therefore, ng will start to decrease. Lowe (12), et al. experimentally found the optimum
thickness for Er-YAG to be .7 t01.0 mm. Since this is rather a large dimension for a thin film a more appropriate
title should be “thick” film selective emitter rather than thin film selective emitter.

Now consider experimental results for Ho-YAG and Er-YAG selective emitters. The first parameter of
interest in evaluating a selective emitter is the extinction coefficient o, since the spectral emittance depends
primarily on ay, (eq. (1) ). The extinction coefficient at room temperature was cakulated using measured values
of the spectral transmittance and reflectance (9). Figure 2 shows the extinction coefficients of Ho (25%) -YAG
and Er (40%) -YAG (the percentages refer to the percentage of Ho and Erions that replace the yttrium ions in
the YAG crystal). As can be seen the extinction coefficients within the emission bands are large (> 10 cmr1)
compared to regions outside the emission bands where a, < 1.0 cm-1. Therefore, we would expect the same
result when the spectral emittance within the emission bands are compared to the spectral emittances outside
the emission bands.

25 T v T v T AR T so
g 20 b § 40
38_ s [ ] 3,_ 30 | ]
=—b 5 5
£5 B
s 8 g+ E 20 +
i
5t { & 1w}
o 1 —_ L - 1 o
1700 1800 1900 2000 2100 2200 1300 1400 1500 1800 1700
Wavelength, A nm Wavelength, A nm
Figure 2(a) Ho {25%) - YAG Figure 2(b) Er(40%) - YAG

Figure 2 Extinction Coeflicient from Measured Transmission and Reflectance
(a) Ho(25%)-YAG (b) Er{40%)-YAG.
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Figure 3 Theoretical and experimental spectral emittance &, with platinum foil substrate. Theoretical
calculations assumed constant substrate emittance (eg =.2) and index of refraction for YAG (ng=1.9).
(a) Ho(25%)-YAG,.65mm thick; front surface temp. = 1380K, back surface temp. =1616K, average
temp. = 1500K. (b) En(40%)-YAG, 1.04mm thick, front surface temp. =1398K, back surface temp. =
1606K, average temp. = 1500K.

In Figure 3 the measured spectral emittances at an emitter temperature of 1500K with platinum
Substrates are compared to the theoretical emittances. The emitter temperature is the average of the front
(emitting surface) and back (substrate surface) surface terperatures. The theoretical calculations (8, 14),
which include scattering, assumed a constant substrate emittance ( &s = .2) for platinum and a constant index of

refraction (ny = 1.9) for the emitter. Also, the theory used the measured, room temperature extinction

coefficient and assumed a constant emitter temperature. Since these calculations were performed the theory
has been modified to allow a linear temperature variation across the emitter (14). In comparing the theoretical
and experimental ¢y, results, several features should be noted. First, the emittance in the emission bands is
large. Second, results with small scattering (Q, < .5) agree more closely with the measurements. Third, the

measured emittance outside the emission band is considerably higher than the theoretical values. Part of this
discrepancy results from experimental error. In wavelength regions of low emittance, background radiation
becomes significant so that the measured emittances are larger than the actual values (9, 10). Finally, the
theoretical emittance outside the emission band is smaller than the assumed platinum substrate emittance

(es = .2). This result occurs because part of the substrate emission is totally reflected at the emitter surface due

to the refractive limit (um2 term in h_term of eq. (1).

To summarize the selective emitter discussion the following points should be emphasized. First of all,
the thin film Ho-YAG and Er-YAG selective emitters have large emittances (2 .6) within their emission bands.
However, the emittance outside the emission bands is also larger than predicted. For A >5um YAG has a large
extinction coefficient therefore the emittance for A > Sum will be large. For A <5 um the source for most of the
emission outside the emission bands is the substrate. Therefore, it is essential that the substrate emittance be
small in order to obtain good emitter efficiency. As pointed out earlier, low substrate emittance {high substrate
reflectance) increases the emittance within the emission band as well. Currently, we are investigating other
host materials for the rare earth ions. Also, other low emittance substrate such as rhodium are being
investigated.
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The TPV need for a low bandgap energy photovoltaic (PV) cell is the main reason the Lewis research
program (15,16) on indium gallium arsenide (Ing Gayx As) PV cells was initiated. Iny Gaj.x As is a direct bandgap
semiconductor material that has a bandgap ranging from .35eV to 1 .42eV depending on the In/Ga ratio. It is of
interest for tandem solar cells (17), as well as for TPV. Besides Lewis, Iny Gay.x As research is being carried out at
several laboratories including NREL (17, 18, 19), Spire Corporation (20) , Research Triangle Institute (21) and
Rensselaer Polytechnic Institute (22).

in, Gay.x As devices were grown on InP substrates by Organo Metallic Vapor Phase Epitaxy (OMVPE) ina
horizontal, low pressure reactor designed and constructed at Lewis. Details of the growth method are given in
references 15 and 16. Three different bandgap devices have been grown. The first cell grown was In s3 Ga 47 AS
with a bandgap energy, Eg = .75eV, and a lattice constant matched to InP. Also, cells with Eg = .66eV and .60eV,
which are not lattice matched to InP, were grown by incorporating step graded buffer layers between the InP
substrate and the cell structure. These layers are intended to minimize the density of dislocations in the active
device. The device structures are shown in Figure 4.

AufGe Front Metalization Au/Ge Front Metalizaton
. Ta,0. AR Coating , Ta, G5 AR Coating
= “—Jﬂ 0.1 pm n* InP Window
1.5umn’ InP Window 027 um n InGaAs (0.6 8V/0.66eV)
02pmn InGaAs Emitier 225 um p InGaAs (0.6 eV/0.666V)
2.5 um p inGaAs Base 0.17 um p InGaAs (0.65 eV/0.68 eV)
] 15 1M p InGaAs (0.70 V.72 eV)
AT BT Ed 0.3 um p InGaAs (0.75 eVA.75 eV)
0.3 um p* InP BSF 02 um ¢’ InP Buffer
300 um p* InP Substrate 300 um ¢’ InP Substrate
m‘ M Mewm -------------------------------------
: AwZn Rear Metallization

0.75 oV InGaAs Cel Structure

0.50 eVA0.56eV InGaAs Call Structure

Figure 4 Lattice matched (0.75eV) and mismatched (0.60/0.66eV) InGaAs device structures.

in TPV applications the photon generated current densities will be large (1-10a/cm?). Therefore it is critical
to reduce series resistance losses as much as possible. For this reason highly doped InP window layers are used
to reduce the resistance between the current collecting grid fingers. A balance between the absorption losses of
the window layer and the reduction in series resistance means there will be an optimum window thickness. Due to
the lattice mismatch only thin window layers can be used onthe .66 and .60eV cells. Antireflecting (AR) coatings
of tantalum oxide (Tap Os) were applied toreduce reflection in the wavelength regions near the cell bandgaps.

Detailed performance results for the three InGaAs cells are given in references 15 and 16. In this paper we
will consider the spectral response and the unilluminated current-voltage relations (dark diode data). In Figure 5
the extemnal quantum efficiency for the cells is shown. As can be seen the latticed matched, .75eV cell attains the
largest quantum efficiency (> 90%). The .66 and .60eV cells have lower quantum efficiency and also show a “roll
off* for the long wavelengths that the .75eV cell goes not show. Because of the many dislocations in lattice
mismatched cells the minority carrier lifetimes will be short. This fact coupled with longer absorption lengths for
long wavelength photons accounts for the “roll off” at the long wavelengths. Optimization of base thicknesses,
doping levels and the lattice grading structure should improve the long wavelength response.
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Figure 5 External Quantum Efficiency measurements of InGaAs
phototvoltaic devices with anti-reflective coatings.

Bandgap (&V) | A J01 Rs(Q) Rsh ()
I (Alcm*2)
0.75 1.01 3668 0.453 3.43
0.6 0.99 6566 0431 2563
0.60 0.96 2205 | o7 8.0e2

Table 1 InGaAs photovoltaic device diode characteristics for three different bandgaps.
The second column ("A”) is the diode ideality factor, JO1 is the reverse saturation
current (dark current), Rs is the series resistance and Rsh is the shunt resistance.

In Table | the dark diode data for the three cells is shown. As can be seen the dark saturation current, j o1
increases considerably in going from the .75eV lattice matched cell to the .66eV and .60eV lattice mismatched
cells. There is also a significant decrease in the shunt resistance, R, in going from .75eV to .60eV. Also note
that the diode ideality factor A=1 for each of the cells so that recombination current in the depletion region is
negligible. Finally, the series resistance, R, shows a small increase in going from the .60eV cell to the .75eV cell.

The large dark saturation currents and “roll off™ in quantum efficiency for long wavelengths for the lattice
mismatched cells result mainly because of dislocations. Currently, buffer layer design and dislocation passivation
techniques are under development to alleviate these problems. In addition a new cell structure that addresses two
important TPV issues is being fabricated. First of all, photons reaching the PV cell with energy below the bandgap
energy are a loss to the system unless they can be reflected back to the emitter where they are absorbed.
Therefore, placing a highly reflecting surface such as gold on the backside of the cell will reflect these low energy
photons back to the emitter as long as the substrate does not absorb them. The second issue is the high current
density and low voltage associated with low bandgap energy cells necessary for TPV. By using an array of series
connected InGaAs cells the total current can be reduced and output voltage increased thus reducing resistive
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losses. The cell array structure that uses series connection and also a backside reflector is the monolithically
integrated module (MIM) device shown in Figure 6. In this case semi-insulating InP is used as a substrate. The
semi-insulating InP is transparent to low energy photons, which are reflected by the gold layer on the cell backside.
Reflection data for a 350um thick semi-insulating InP wafer with polished surfaces and gold on one side is shown in
Figure 7.Also shown is the reflectance of a MIM cell without an AR coating. As can be seen

> 80% reflection is achieved for the long wavelength (low energy) photons.

= 0/p InGaAs Cell
p [nP Conductor Layer

Insulator
Figure 6 Monolithically Integrated Module (MIM) InGaAs device design.
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Figure 7 Spectral reflectances of polished 350 um thick InP wafer with
gold backside arld Ej = .75 eV InGaAs MIM PV cell

To summarize the InGaAs research the following points can be made. Excellent quantum efficiency has
been measured for the three InGaAs cells investigated. However, dislocations in the lattice mismatched cells
causes a roll-off in the long wavelength quantum efficiency, as well as, reduced minority carrier lifetimes and
therefore increased dark saturation currents. The new MIM structure, which is advantageous for TPV applications

as discussed above, is now being fabricated.
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A computer model for a general TPV system has been developed at Lewis to determine overall TPV
system performance (23). The model has been applied specifically to a solar driven thermophotovoltaic (STPV)
system (24) in addition to the general case where the thermal source is not specified (23). Details of the model can
be found in references 23 and 24. In this paper we present results comparing filter and selective emitter TPV
systems obtained using the systems model.

An important assumption of the model is that the wavelength range (0< A < « ) is divided into four bands.
Within each band the optical properties of each of the components in the system are assumed constant. The
boundaries of each of these bands is determined by the emitter properties or the filter properties depending on
which system is being considered. As already discussed the rare earth-YAG selective emitters are well
characterized by such a four band model. Since we are comparing filter and selective emitter systems the model
used for the PV cell is the same for both systems. We assume an ideal PV cell model. That is the cell quantum
efficiency is 1.0 and the ideal diode equation applies for the current-voltage relation. We also assume the PV cell
bandgap energy, Eg, is matched to the emitter emission band energy or the filter bandpass energy. In other words

(14)

Where as discussed earlier, 4, is the long wavelength cutoff for the emitter emission band or the filter bandpass.
We also assume a constant dimensionless bandwidth A Ey, / Ey, for the emitter emission band or the filter bandpass.

AE,
E,

=(E,-E,) /5 (E.+E,) (15)

Where E; is the photon energy at the center of the emitter emission band or the filter bandpass and E, is the high

energy cutoff for the emission band or filter bandpass.
The overall efficiency ny for a general TPV system is defined as follows.

Nr=NwNeNev (16)
Where the thermal efficiency, nm, emitter-filter efficiency, ngs, and PV efficiency, npy, are defined as follows.
_____power input to emitter ]
M= power input to thermal source (17)
input power to PV cells for A <A,
BT power input to emitter (18)
_ electrical power output from PV cells (19)

e input power to PV cells forA< A,

For comparing selective emitter and filter TPV systems the thermal efficiency, ng,, need not be considered
assuming it is the same for both systems. Therefore, the systems model is used to calculate ngs and npy for a
given emitter temperature, Tg, with bandgap energy Eg being the independent variable. '

The first thing to note about a TPV system is that for a given emitter temperature there is an optimum PV
cell bandgap energy for maximum efficiency and output power density. This is illustrated in Figure 8 where results
for a selective emitter system based on the rare earth-YAG emitter at Tg = 1500K are shown. For this case the
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assumed emittances for the emitter are e, = .75, § = .2, &y = .75, £, = .2 and a dimensionless bandwidth,
AEp / By = .15. These values are representative of the experimental values obtained for Er-YAG and Ho-YAG

(9-12). Reflectance for the PV cell was assumed to be zero for all wavelengths. As can be seen from Figure 8 an
optimum bandgap energy occurs because ngs decreases while npy, increases with increasing Eg. Also, Eg for

maximum power output is slightly lower than Eg for maximum efficiency. Although not shown in the figure, as Tg
increases the optimum values for Eg move to larger values.
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Figure 8 Performance of Rare Earth-YAG selective emitter TPV system at Tg = 1500K.
Properties based on experimental data (g=¢y= 2, p=€c=.75,A 5/ & =.15).
ldeal PV cel (quantum efficiency = 1.).

Now consider the comparison between the rare earth-YAG selective emitter system and two filter systems.
The two filter systems are the resonant-array filter developed by Edtek Corporation (25) and a combination
interference-plasma filtter being developed by Knolls Atomic Power Lab (26). The resonant amay fitter (RAF)
consists of a reflective metal film (gold) containing precisely aligned (1nm precision) small cross shaped holes. The
outstanding feature of this filter is the large reflectance outside the bandpass region {r=r,=.95, r=.97). However,
it also has relatively low transmission (1, =.5) in the bandpass region (A, <A <)) . The dimensionless bandwidth
for the RAF is AEy, / Ep = .4. With further development it is hoped that a transmission of .8 can be obtained (25).
The combination plasma-interference filter (PIF) consists of alternating layers of high and low index of refraction
materials with a coating (such as indium tin pxide) on the back side that functions as a cutoft filter (26) (large
reflectance for A > A¢) . The combination filtter has good transmission (t, =.7) in the bandpass region and large
reflectances (ry=rc=.8, r=.9) outside that region. The dimensionless bandwidth for the PIF is AE, / B, = .6. Forthe
RAF and PIF systems we assumed a grey body emitter with and emittance g;=ep =g =¢&; = .9. Also, we assumed
the filters were lossless (no absorption) so that r + t = 1, where r is reflectance and t is transmission. This is a rather
large assumption since the filter receives the entire radiative output of the grey body emitter. Thus a small (<.1)

absorptance is a significant loss to the system (7).
As well as low absorptance, a filter TPV system must have large reflectance outside the bandpass region

(ru, 1, T ) in order to have high efficiency. Similarly, in a selective emitter system the emittance outside the emission
band (e, &, ec) must be low compared to the emittance within the emission band, e, . One method for
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compensating for the significant emittance (g = &, = .2, & = .75) outside the emission band is to use a PV cell that
has large reflectance outside the emission band and thus reflect this out-of-the emission band radiation back to the
emitter. The MIM InGa As cell discussed earlier is just such a PV cell. Therefore, for comparing the selective
emitter system and the filter systems we assumed a reflecting PV cell for the out-of-the emission band radiation in
the selective emitter system (SER). Since the filter systems have large reflectances outside the bandpass region a
reflecting PV cell is not required in those systems. For the PV cell we assumed the following reflectances;
ry=ny=.03, r= rc =.8, which should be representative of the MIM InGaAs structure.

In Figure 8, the product of efficiencies, ngs npv , for the two filter systems (RAF AND PIF) and the rare earth-
YAG selective emitter system (SER) are compared at Tg = 1500K. As can be seen the RAF system yields the
largest efficiency followed closely by the PIF system. Also note that the optimum bandgap energy is largest for the
RAF system. There are two reasons why the filter systems have larger efficiency than the selective emitter system.
First of all, as discussed earlier, the filters have been assumed to have no absorptance so the calculated efficiency
is larger than for a real system. Second, the large reflectances for regions outside the bandpass region in the case

of the filters is the main reason for their good efficiency.

A comparison of the output power for the three systems is shown in Figure 10. In this case the PIF system
produces significantly more output power than either the RAF or SER systems. The SER system produces slightly
more power than the RAF. For a TPV system the output power, Pgi, is proportional to the following quantities.

Py ~1, §,AE, (20)

Therefore, it is the large dimensionless bandwidth (AEy, / Ep = .6) and large transmission-emittance product in the
bandpass region (1, &, = .63) that accounts for the PIF system having the largest output power. Even though the
SER system has a much smaller dimensionless bandwidth (AE, / Ep = .15) than the RAF system (AE, / B, = .4), the
low bandpass transmission-emittance product {1, €, = .45) for the RAF system results in the RAF system having

the lowest output power. Also, note from Figures 9 and 10 that the optimum Eg for maximum power output is
smaller than the optimum Eg for maximum efficiency. This result was pointed out earlier in discussing Figure 8.
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Figure 9 Efficiency comparison of lossless filter and Rare Earth-YAG selective emitter TPV systems at Tg =1500K.Filter
properties;PIF (gmepmec=.9, r=.9,1 =lc=.8,I=.3,1=1-1,AEp/Ep=.6). RAF(gj=Eyme mE c=.9, Nl =.95,[c=.97,Ip=.5,1=1-T,

AEy, /Ey, =.4).Selective emitter properties;SER(gi=g=.2, gy=€c=.75, fy=ry=.03,n=r=.8, AE, /E, =.15)ldeal PV cell model
used for all cases.
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Figure 10 Power output comparison of lossless fiter & Rare Earth-YAG selective
emitter TPV Systems at Tg = 1500K. Same conditions as Figure 9.

Based on the results of Figures 9 and 10 it would appear that the filter systems will perform better than the
rare earth-YAG selective emitter system. However, as already mentioned if filter absorptance were included the
calculated filter system efficiencies will be reduced. Also, improvements o the selective emitter efficiency can be
made by reducing the emittances and increasing the PV cell reflectances in the regions outside the emission
band. Improving the filter systems efficiency will be more difficult since they already have large reflectance in the
regions outside the bandpass. However, the power output of the RAF system can be improved by increasing the
bandpass transmission from its present low value (1, =.5). Power output of the SER system can also be increased
by increasing the bandwidth (AE;, ) by doping the YAG emitter with two rare earths with contiguous emission bands
such as erbium Er and thulium Tm (10). At the present time there is no clear winner in choosing between filter and
selective emitter TPV systems. Two important issues not yet considered, reliability and cost, will probably be the
deciding issues in determining whether any TPV system becomes a viable energy converter for space or

commercial application.

EMITTER
To complete the review of the Lewis TPV research we will discuss recent experimental results obtained by

coupling the rare earth-YAG thin film emitter and In,Gay.xAs PV cells (27). Several combinations of rare earth-YAG
and In,Gay.,As PV cells were investigated (27). However, in this paper only the Er-YAG and In 53Ga 47As (Eg =
.75eV (1.65 um) ) results will be discussed. This is a well matched system since the emission band of Er (Figure
3b) ranges from A, = 1.4um to A, = 1.7um and the bandgap energy for In s3Ga 47As is Ag = 1.65um .

A schematic of the experimental apparatus is shown in Figure 11. The Er-YAG emitter is heated on the

inside of the door of an atmospheric fumace. Radiation from the emitter is concentrated by a highly reflecting
platinum tube on to either a thermopile detector to measure the total radiant power incident on the PV cell or on to
the InGaAs PV cell. The measured PV cell efficiency is therefore given by the following expression.
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. _ measured maximum output power _ Py (1)
Nev=Tneasured total radiant i input power P,

The maximum output power, Pgi, was determined from measured current-voltage curves. It should be pointed out
that n'py given by equation (21) is not the same as npy given by eq. (19). The radiation in the denominator of eq.
(19) includes only photons with energy greater than the bandgap energy (A sAg) whereas Py, in equation (21)
includes all photon energies. As a result, (npv 2 n'pv).

T platinum tube (internal wails highly polishad)
Alumina '
insulab
in
wates cooled heat
Fumace
intarior | sink
/ -
, ot
Emitter PV cell {or thermopie datactor)
emission from selective emitter

Figure 11 Schematic diagram of test apparatus used to measure PV efficiency.

Properties of the Er-YAG emitter and In s3Ga 47As PV cell used in the experiment have already been
described. For these experiments the Er-YAG emitter was .4mm thick with a platinum foil substrate backed with
silicon carbide (SiC). SiC has large emittance (= absorptance) so that there is good thermal coupling between the
furnace and the emitter. This good thermal coupling reduces the temperature gradient across the emitter. The
.75eV InGaAs cell used in the experiment had a thinner (.05-.1um) InP window layer than the cell shown in Figure 4

and an area of 1cm2.
Two systems were experimentally considered. The first system consisted of the Er-YAG emitter and the
Ins3Ga 47As PV cell. The second system consisted of the same emitter and cell but added an interference

shortpass IR filter between the emitter and PV cell. The filter had a cutoff at A~ 1.6um. For A >1.6um the filter has
greater than .9 reflectance. For A < 1.6 the filter transmission = .7. Therefore, most all radiation with A > 1.6um will
be reflected back to the emitter when the filter is used. (In that case npv =Tpv).

The |-V curves and cell performance parameters obtained for the two systems operating with Tg = 1373K
are shown in Figure 12. Obviously, the addition of the filter greatly improves 7'py (going from 2.3% to 13.2%).
However, the output power (PgL= JscVocFF) is reduced by a factor of two with the filter because of the filter

transmission loss. Use of the MIM cell structure with the back surface goki reflector will give the efficiency
improvement possible with the filter but not suffer the reduction in power resulting from the transmission loss.
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CONCLUSION
Considerable TPV research has been carried out at Lewis beginning in the late 1980's. The work has

been concentrated on thin film rare earth-YAG selective emitters and In,Ga_¢As PV cells, as well as, theoretical and
experimental systems studies. Rare earth-YAG selective emitters with excellent emission band emittance (> .7)
have been produced. However, further research is required to reduce the radiation outside the emission band.
This research is directed at looking at new host materials for the rare earths and lower emittance substrates.

The lattice matched .75eV InGaAs PV cells fabricated at Lewis have yielded excellent quantum efficiency.
A cell efficiency of 13.2% was measured using an Er-YAG emitter and short pass filter. However, for the lattice
mismatched InGaAs cells, dislocations resutting from the lattice mismatch cause reduced quantum efficiency and
increased dark saturation current. A new monolithically integrated module (MIM) structure is being fabricated that is

better suited for TPV applications.
A TPV systems model developed at Lewis is able to model any possible TPV system. The model has
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been used to compare filter‘and selective emitter TPV systems. However, since filter absorptance losses were not
included in the model it is not pos§ible to say which system will yield the larger efficiency. With lossless filters the
model predicts that the filter systems will yield the largest efficiency.
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Thermophotovoltaic Generators Using Selective Metallic Emitters

Lewis M. Fraas, John E. Samaras, James E. Avery
JX Crystals Inc.
Issaquah, WA

and

Richard Ewell
Jet Propulsion Labs

Introduction

In the literature to date on thermophotovoltaic (TPV) generators, two types of infrared
emitters have been emphasized : gray body emitters and rare earth oxide selective emitters.
The gray body emitter is defined as an emitter with a spectral emissivity independent of
wavelength whereas the rare earth oxide selective emitter is idealized as a delta function emitter
with a high emissivity at a select wavelength and a near zero emissivity at all other wavelengths.
Silicon carbide is an example of a gray body emitter (Ref. 1) and Er-YAG is an example of a
selective emitter (Ref. 2). The Welsbach mantle in a common lantem is another example of an
oxide selective emitter. Herein, we describe an alternative type of selective emitter, a selective
metallic emitter. These metallic emitters are characterized by a spectral emissivity curve
wherein the emissivity monotonically increases with shorter infrared wavelengths as is shown in
Figure 1. The metal of curve "A", tungsten, typifies this class of selective metallic emitters.

In a thermophotovoltaic generator, a photovoltaic cell typically converts infrared
radiation to electricity out to some cut-off wavelength. For example, Gallium Antimonide (GaSb)
TPV cells respond out to 1.7 microns (Ref. 3). The problem with gray body emitters is that they
emit at all wavelengths. Therefore, a large fraction of the energy emitted will be outside of the
response band of the TPV cell. The argument for the selective emitter is that, ideally, all the
emitted energy can be in the cells response band. Unfortunately, rare earth oxide emitters are
not ideal. In order to suppress the emissivity toward zero away from the select wavelength, the
use of thin fibers is necessary. This leads to a fragile emitter typical of a lantern mantle. Even
given a thin Er-YAG emitter, the measured emissivity at the select wavelength of 1.5 microns
has been reported to be 0.6 while the off wavelength background emissivity falls to only 0.2 at 5
microns. This gives a selectivity ratio of only 3. Another problem with a delta function selective
emitter is its low power density at practical temperatures because of its narrow emission
bandwidth. The concept of selectivity can be generalized by noting that we simply wish to
maximize the ratio of in-cell-band power to out-of-cell-band power. Using this generalized
selectivity concept and assuming a GaSb cell covered by a simple dielectric filter, we note that
the emissivity selectivity ratio for tungsten is 0.3 (at 1.5 microns) / 0.07 (at 5 microns) = 4.3.

In the following sections, we note that the selective metallic emitters can be valuable in

both radioisotope TPV generators in space and in hydrocarbon fired TPV generators here on
earth. -
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Radioisotope TPV Generators

The Boeing Company first proposed to the Jet Propulsion Labs (JPL) the use of GaSb
infrared cells for RTPV generators arguing that these RTPV generators could outperform
currently used RTGs. Subsequently, JX Crystals licensed the GaSb cell technology from
Boeing. JPL advocated the use of a tungsten emitter (Ref. 4) while NASA Lewis advocated the
use of a Er-YAG selective emitter for this RTPV application. JX Crystals then obtained a small
contract to do a RTPV design trade study with personnel at JPL and NASA Lewis as
subcontractors. In the following, we describe the results of this trade study.

At the beginning of our design trade study, JPL had already designed the small RTPV
generator shown in Figure 2. It used a single General Purpose Heat Source supplying 250 Watts
of thermal power. Our contract goal was to evaluate alterative emitters, infrared filters, and low
bandgap cells for use in the baseline design. Our most important finding was the fact that the
tungsten emissivity curve is in fact selective.

For safety reasons, the emitter temperature for the radioisotope source is limited to 1375
K. If a gray body operating at 1300 K were to be used, its peak energy wavelength would fall at
2.2 microns which is well beyond the GaSb cell band edge wavelength at 1.7 microns. A gray
body emitter model then suggests either the use of cells with longer wavelength response or the
need for an ideal filter or, altematively, the need for delta function selective emitters. However,
when the black body emission spectrum is multiplied by the Figure 1 curve "A" emissivity
function, the peak power wavelength shifts to 1.7 microns as is shown in the spectrum in Figure
3. Given a simple dielectric filter with the transmission spectrum shown in Figure 4, it becomes
apparent that a practical RTPV generator can be fabricated with readily available components.
The key components then become GaSb cells, simple dielectric filters, and a tungsten emitter.
Undeveloped temary or quaternary cells are unnecessary. Fragile rare earth oxide emitters are
unnecessary. And finally, more exotic IR filters are not needed. The performance projections
for this simple RTPV generator are given in the following table.

Table |
GPHS Emitter Gasb Cell GPHS Gross Net Electric Overall
Temp Temp Temp Supply Electric Power System
(Kelvin) (Kelvin) (Kelvin) Power Power (Watts) Efficiency
(Watts) (Watts)
1324 1298 273 250 34.4 327 13.1%
1325 1299 293 250 31.9 30.3 12.1 %

Hydrocarbon Fired TPY Generators using Catalytic Metallic Emitters

JX Crystals has been independently developing hydrocarbon fired TPV generators for
applications here on earth. After the above space contract had terminated, personnel at JX
Crystals discovered that the short wavelength bias of the tungsten emitter could be generalized
to other metals. The Figure 1 curve "B" metal contains a common oxidizing metal catalyst. We
demonstrated the usefulness of this curve "B" metal by fabricating a hydrocarbon fired TPV
generator using GaSh cells and a Bunsen bumer. Our 2 Watt demonstration unit is shown in
Figure 5 operating an AM / FM / tape "boom box". This demonstration unit consists of a propane
bottle connected to a Bunsen bumer with a coil of the curve "B" metal catalyst immersed in the
flame serving as the IR emitter. The 20 GaSb cell circuit shown in Figure 6 is then wrapped
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around the IR emitter converting the infrared radiant energy into electric power. An illuminated
current vs voltage curve for a GaSb cell circuit in a Bunsen burner unit is shown in Figure 7.
The actual operation of Bunsen burmer TPV electric generator will be demonstrated at the
conference.

Figure 8 shows the measured spectrum from our Bunsen burner over the wavelength
range of 1 to 5 microns. Note that the spectra from the blue flame from a Bunsen bumer without
an emitter inserted shows peaks at 4.5 microns and 2.7 microns. These emissions are
associated with CO2 and H,O vibrations in the gas phase and fail outside of the cells response
range. Then with a catalytic metal emitter immersed in the flame we see in Figure 8 the
appearance of a substantial amount of radiated power with a peak falling within the response
range for GaSb cells. The emitter temperature in this case was measured to be 1520 C
(approximately 1800 K). Figure 8 also shows that the spectrum for the catalytic emitter is indeed
suppressed beyond 1.5 microns relative to a gray body emitter with an emissivity of 0.3. This
experimental result is consistent with our expectations given the Figure 1 Curve "B" emissivity
data. If combustion occurs in the gas phase, the energy must then be coupled to the solid
emitter which could be an inefficient process. The advantage for catalytic emitters is that the
combustion occurs on the emitter surface and the energy is automatically coupled efficiently to
the emitter.

Conclusions

We note that certain metals act as selective IR emitters serving to enhance the power
emitted at shorter wavelengths and to suppress the out-of-band power lost at longer
wavelengths. This is advantageous for GaSb TPV cells responding out to 1.7 microns. For
radioisotope TPV generators for use in space, a tungsten emitter operating at 1300 K shifts the
peak power wavelength from 2.2 microns for a gray body emitter to 1.7 microns. For a catalytic
emitter operating in a hydrocarbon flame at 1800 K , the peak power wavelength shifts to 1.3
microns.
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InGaAsSb/GaSb THERMOPHOTOVOLTAIC CELLS

Z.A. SHELLENBARGER, M.G. MAUK, and L..C. DINETTA
AstroPower, Inc.
Solar Park, Newark, DE 19716-2000

G.W. CHARACHE
Lockheed/Martin Corp.
P.0O. Box 1072, Schenectady, NY 12301-1072

SUMMARY

AstroPower is developing InGaAsSb thermophotovoltaic (TPV) devices. This photovoltaic cell is a
two-layer epitaxial InGaAsSb structure formed by liquid-phase epitaxy on a GaSb substrate. The (direct) bandgap
of the In,,Ga,As,.,Sb, alloy is 0.50 to 0.55 eV, depending on its exact alloy composition (x. y}); and is closely
lattice-matched to the GaSb substrate. The use of the quaternary alloy, as opposed to a ternary alloy — such as,
for example, InGaAs/InP — permits low bandgap devices optimized for 1000 to 1500 °C thermal sources with, at
the same time. near-exact lattice matching to the GaSb substrate. Lattice-matching is important since even a
small degree of lattice mismatch degrades device performance and reliability and increases processing
complexity.

Internal quantum efficiencies as high as 95% have been measured at a wavelength of 2 microns. At
1 micron wavelengths internal quantum efficiencies of 55% have been observed The open-circuit voltage at
currents of 0.3 Alcm’ |s 0.220 volts and 0.260 V for current densities of 2 Alem?. Fill factors of 56% have been
measured at 60 mA/cm?. However, as current density increases there is some decrease in fill factor. Our results
to date show that the GaSb-based quaternary compounds provide a viable and high performance energy
conversion solution for thermophotovoltaic systems operating with 1000 to 1500 °C source temperatures.

1. INTRODUCTION

We report our latest results on InGaAsSb thermophotovoltaic (TPV) cells. TPVs are p-n junction
semiconductor devices that convert photons emitted by a heated source directly into electrical power. For TPV
systems utilizing thermal radiation from an emitter heated at 1000 to 1500 °C, there is a need for low-bandgap
cells with a high spectral response in the range of 1500 to 2500 nm wavelength. This implies a TPV cell with a
bandgap of ~0.5 eV. One important potential application is the radioisotope General Purpose Heat Source
(GPHS) where 1100 °C blackbody radiation &an be used for thermophotovoltaic energy conversion. In this paper
we describe high-efficiency TPV devices based on lattice-matched Ing 4sGag 62AS0 075b0 63 (E = 0.53 €V) epitaxial
layers on GaSb substrates. To our knowledge, this is the first report of the InGaAsSb quaternary alloy applied to
TPV devices.

Several theoretical studies have indicated that photovoltaic cells based on the InGaAsSb quaternary alloy
are good candidates for TPV applications that require high spectral response in the 1500 to 2500 nm wavelength
range. Depending on its alloy composition (x, y), the direct bandgap of the In,,Ga,As,,Sb, alloy varies from
0.18 eV (InSb) to 1.43 eV (GaAs). The guaternary alloy can be closely lattice-matched to the GaSb substrate
provided the composition is restrained to values such that y =~ 0.1 + 0.9 x. With this lattice matching condition, the
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bandgap of the quaternary alloy ranges from approximately 0.3 to 0.7 eV. However, there is a further limitation
due to a wide solid-phase miscibility gap in this quaternary at typical growth temperatures. The miscibility gap
evidently precludes bandgaps in the range of 0.35 to 0.5 eV. Therefore, for the spectral range of interest, we
assume the lowest attainable bandgap is 0.50 to 0.52 eV. This bandgap range corresponds to an optical
absorption edge of 2380 to 2480 nanometers.

It is worth emphasizing that the use of the quatemnary alloy, as opposed to a temary alloy—such as, for
example, InGaAs—oprovides the needed bandgap with, at the same time, near-exact lattice matching to the GaSbh
substrate. Lattice-matching is important since even a small degree of lattice mismatch degrades device
performance and reliability. Although there are epitaxy techniques to partially ameliorate effects associated with
lattice mismatch of temary alloy layers on binary substrates (e.g. defect-filtering superlattices, interrupted growth
regimens, etc.), we believe the use of the quaternary alloy to avoid lattice mismatch altogether is a simpler and
more effective approach.

The TPV device we are making is a two-layer epitaxial InGaAsSb structure formed by liquid-phase epitaxy
on a GaSb substrate at a growth temperature of 515 °C. Liquid-Phase Epitaxy (LPE) is a well-established
technology for Il1-V compound semiconductor devices. A major advantage of LPE for this application is the high
material quality, and more specifically, the long minority carrier diffusion lengths, that can be achieved. This
results in devices which are equal or superior in performance to those made by other epitaxy processes such as
molecular beam epitaxy (MBE) or metal organic chemical vapor deposition (MOCVD). Another major advantage
is that LPE is a simple, inexpensive, and safe method for semiconductor device fabrication. Significantly, the LPE
process does not require or produce any highly toxic or dangerous substances—in contrast to MOCVD. Also, the
epitaxial growth rate with InGaAsSb LPE is ~2 microns/minute which is ten to hundred times faster than MOCVD
or MBE. We have successfully scaled up the LPE process for epitaxial growth in a semi-continuous mode on
3-inch diameter wafers. This, combined with the high growth rates, will dramatically improve the manufacturing
throughput compared to traditional and more costly epitaxy processes. Our objective is to develop an epitaxial
growth technology to produce low-cost, large-area, high efficiency TPV devices.

2. EPITAXIAL GROWTH AND FABRICATION OF InGaAsSb TPV CELLS

InGaAsSb photodiodes, light-emitting diodes, and double heterostructure injection lasers made by liquid-
phase epitaxy have been previously reported. We have adapted this technology for the production of InGaAsSb
TPV cells.

We use a standard horizontal slideboat technique for the liquid-phase epitaxial growth of the InGaAsSbh.
The graphite slideboat is situated in a sealed quartz tube placed in a microprocessor-controlled, programmable,
three-zone tube furnace. The growth ambient is palladium-diffused hydrogen at atmospheric pressure with a flow
rate of 300 mi/min.

The substrates are 500-micron thick, chemically polished (100) oriented, n-type GaSb wafers obtained
from MCP Wafer Technology, Ltd (Mllton Keynes, UK) or Firebird Semiconductor, Ltd. (Traxl BC, Canada).
Substrates are doped to 3-5 x 10" ¢m™ with tellurium. The substrate resistivity is 9 x 10 Q-cm, and the average

etch-pit density is approximately 1000 cm 2

The growth solutions are indium (x,,=0.59), gallium (x5,=0.19), antimony (xs,=0.21), and arsenic
(xas=0.01). The melts are formulated with 3- to 5-mm shot of high purity (89.9899%) indium, gallium, and antimony
metals and arsenic added as undoped InAs polycrystalline material. The total weight of the melt is about 10 g.
Prior to growth, the meits are baked out at 700 °C for fifteen hours under flowing hydrogen to de-oxidize the
metallic melt components and outgas residual impurities. After bake-out, appropriate dopant impurities are added
to each melt. The first melt for the growth of the n-type InGaAsSb hase Iayer contains tin or tellurium. The small
amount of Te needed to dope the layer (atomic fraction in the melt = 107 ) is problematic. For reproducible
doping, a weighable amount of Te is added as 100 to 200 mg of Te-doped GaSb (Cr=10" cm™). Tin is added to
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the melt as 10 to 200 mg of high purity shot. Our preliminary results (Section 3) suggest that high n-type doping
concentrations can be achieved more readily with tin than with tellurium. However, the relatively high liquid-phase
concentration of tin afters the melt composition needed to grow the lattice-matched InGaAsSb quaternary with the
desired bandgap. For higher tin doping levels, we will need to re-optimize the melt compositions to include the
effects of dilution with additional tin. This will require a phase equilibria analysis and model of a 5-component
system (In-Ga-As-Sb-Sn). The second melt for the growth of the p-type emitter contains 5 to 100 mg germanium.
Presently, we are beginning a more detailed and systematic characterization of impurity segregation and doping in
the In-Ga-As-Sb quaternary system with the aim of achieving better control and a greater range of doping
concentrations.

The melts are equilibrated for 1 hour at 530 °C and then cooled at a rate of 0.7 °C/min. At 515 °C, the
substrate is contacted with the first melt for two minutes to grow a 5-micron thick n-type InGaAsSb base layer.
Next, the substrate is moved to the second melt for 5 seconds to grow a 0.3-micron thick p-type InGaAsSb emitter
layer.

Front and back ohmic contacts are formed on the epitaxial InNGaAsSb/GaSb structure by standard
processing techniques. The back of the substrate is metallized by plating with an 200-nm thick electron-beam
evaporated Au:Ge:Au:Ni layer and alloyed at 300 °C. The front contact is a grid of 10-micron wide metallization
lines with 100-micron spacing and a single 1-mm wide center busbar. The grid is formed by a photolithography lift-
off process with a 200-nm thick electron-beam evaporated Au:Zn:Au metallization. The front grid is thickened to
5 microns by gold electroplating. The front contact is not sintered. The substrate is masked and pattermed to
define a 1 cm x 1 cm device and isolation etched with a potassium iodide - iodine “gold” etch. Most of our TPV
cells are 1 cm x 1 cmin area; although larger cells (2 cm x 2 cm) with comparable performance have also been
made. In order to simplify the spectral response analysis, we elected not to apply any anti-reflection coatings to
the cells. FIGURE 1 is a top-view photograph of a 1 cm x 1 cm InGaAsSb TPV cell.

3. TPV DESIGN AND OPTIMIZATION

FIGURE 2 shows the TPV device design in cross-sectxon The fabricated cells have a 0.3 to 0.5 micron
thick p-type emitter with a Ge concentration of approximately 10" cm™®, as indicated by Secondary lon Mass
Spectroscopy (SIMS). A thicker, more heavily doped p-layer will reduce the sheet resistance of the emitter and
therefore improve the fill-factor, but will tend to reduce spectral response due to higher free-carmier absorption and
increased sensitivity to front surface minority carrier recombination.

The base thickness in our cells ranges from 3 to 5 microns with a Te or Sn concentration of about 10" to
10'® cm™, as determined from capacitance-voltage measurements and SIMS. FIGURE 3 shows the SIMS depth
profile indicating the abruptness of the p-n junction and the depth uniformity of the doping concentrations. There is
apparently very little smearing of the doping profile due to diffusion or segregation of dopants. Discrepancies
between the Te dopant concentration measured by SIMS (total impurity concentration) and that implied by
capacitance-voltage measurements (net donor concentration) indicate that much of the Te is either not ionized or
else is compensated. This is a common problem in Te doping of Ill-V semiconductors, especially in GaSb-based
materials, and is probably due to the formation of electrically inactive telluride complexes or compounds in the
material. Increasing the Te concentration in the melt showed a “saturation effect” in that the Te doping level did
not increase in proportion to the Te concentration in the liquid phase Our most recent devices incorporate tin as
the n-type base dopant and have base dopings targeted around 10" cm™, Modeling indicates that base dopings
in this range will yield the optimum open-circuit voltages and short-wavelength quantum efficiencies.
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4. TPV DEVICE EVALUATION

We present external and intenal spectral response and current-voltage characteristics for 1 cm x 1 cm
P-1Ng.08Ga0,52AS0.075b0.93:G€ / N-1ng 05Gag 62AS0 07Sbp g3 Te (or Sn) epitaxial cells on an n-GaSb:Te substrate
produced as described above. The external spectral response of a typical InGaAsSb TPV cell is shown in
FIGURE 4. FIGURE 5 shows the corresponding intemal spectral response. The lower external spectral response
is due to grid shading and reflection of incident light from the uncoated InGaAsSb emitter surface. The grid
shading is 18.2%. The absorption edge implied by the spectral response measurements of a number of samples
ranged from approximately 2200 to 2250 nm. At a wavelength of 2000 nm, internal quantum efficiencies as high
as 95% have been measured, and at a wavelength of 1 micron, intemal quantum efficiencies of almost 55% have
been observed. The internal quantum efficiency averaged over the spectral region from 1 to 2 microns
wavelength is 60%. (It should be noted that for the intended TPV applications, the response of the cell for
wavelengths less than 1.5 microns is not important.)

The 1 cm x 1 cm InGaAsSb TPV cells were tested under simulated infrared light using a ZnSe-filtered
tungsten source (Carley Lamps, Inc., Torrance, CA) with a spectral emission in the 800 to 3000 nm wavelength
range. Under an illumination intensity corresponding to a short-circuit current density of 2 Alcm?, open-circuit
voltages as high as 0.260 volts have been measured. FIGURE 6 shows the current-voltage characteristics of a
1¢m x 1 cm InGaAsSb TPV cell under an infrared illumination intensity that yields a short-circuit current density of
62.4 mA/cm? and a open-circuit voltage of 0.178 V. The fill-factor is 0.57. To date, the best fill-factors observed
are less than 0.6. We believe that one cause of the somewhat low fill-factors is series resistance, which is
discussed further in the next section. FIGURE 7 shows open-circuit voltage vs. short-circuit current for varying
light intensity. The open-circuit voltage increases logarithmically with illumination intensity and an open-circuit
voltage of ~0.250 V is reached for current densities of 1 Alcm?. The diode ideality factor in the voltage range of
0.1to 0.25 V is close to 2, implying that high injection is dominant in this voltage range.

5. CONCLUSION AND DISCUSSION

Our results to date have demonstrated the potential of InGaAsSb TPV devices made by liquid-phase
epitaxy. We believe there is still room for substantial efficiency enhancements in these devices by optimization of
the doping levels and layer thicknesses. Further improvemnents might include wide bandgap lattice-matched
AlGaAsSb window layers for front surface passivation, and AlGaAsSb back-surface field cladding layers to reduce
the reverse saturation current and thereby increase the open-circuit voltage. Highly doped contact layers will
provide lower series resistance, as will substrate thinning. Lower series resistance will lead to higher fil factors.
Thinning the substrate will also improve heat sinking of the device.

The required performance of a TPV device is dependent on its system application. Spectral control of
thermal emitters, the use of selective filters and reflectors, heat transfer, and photon recycling effects need to be
included in the device design and system optimization. These considerations are not usually relevant for
conventional photovoltaic devices and therefore the design and optimization rules for TPVs will be significantly
different than those for solar cells. For example, grid obscuration and reflection are not necessarily losses in TPV
systems if photons reflected from the front surface are re-absorbed by the emitter. Our next generation of
InGaAsSb TPV devices will incorporate design features to fully exploit photon recycling effects.
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FIGURE 1: Top-view Photograph of a 1 cm x 1 cm InGaAsSb TPV Cell.
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FIGURE 2: InGaAsSb/GaSb p-n Junction Thermophotovoltaic Cell Design.
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FIGURE 3: SIMS Depth Profile of Doping.
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FIGURE 4: Extemal Spectral Response of InGaAsSb/GaSb p-n Junction Thermophotovoltaic Cell.
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FIGURE 5: Internal Spectral Response of InGaAsSb/GaSb p-n Junction Thermophotovoltaic Cell.
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