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ABSTRACT

A review of the entire research program since its inception ten years ago is
given in this final report. The initial effort focused on the effects of
impurities on the efficiency of silicon solar cells to provide figures of
maximum allowable impurity density for efficiencies up to about 16 to 17%
(AM1). Highly accurate experimental techniques (Capacitance Transient
Spectroscopy) were extended to characterize the recombination properties of the
residual impurities in silicon solar cell. A novel numerical simulator of
solar cell was also developed, using the Circuit Technique for Semiconductor
Analysis, which has provided exact theoretical design criteria on the maximum
allowable impurity density. Recent effort until the end of this program has
focused on the delineation of the material and device parameters which limited
the silicon AM1 efficiency to below 20% and on an investigation of cell designs
to break the 20% barrier. It is shown that the known and newly proposed high
efficiency design criteria, if all implemented successful in one cell, could
give AM1 efficiencies of 20% or higher. These include implementing a thin
graded-base back-surface-field by epitaxy, minimizing emitter contact and
surface or interface recombination losses using high/low emitter junctions,
removing junction perimeter recombination losses, and maintaining a high base
lifetime. Fabrication of such a cell has not been reported although an earlier
cell design of Green came closest without using a graded base nor special
perimeter loss reduction. Novel designs of the cell device structure and
geometry can further reduce recombination losses as well as the sensitivity and
criticalness of the fabrication technology required to exceed 20%. These
include texturized-grooved emitter and reflecting back surface for higher
absorption, floating emitter transistor cell to eliminate emitter bulk and
surface recombination, and polysilicon emitter and base contact barriers to
further reduce emitter contact recombination. These innovative cell designs
are essential to reach the fundamental or intrinsic limit of 25% efficiency. It
is concluded that the practical limitation in silicon cells with efficiency
substantially higher than 20% comes from recombination of the photogenerated
carriers at the residual impurity and defect recombination centers in the base.
This calls for further research on the fundamental characterization of the
carrier recombination properties at the chemical impurity and physical defect
centers. It is futher shown that only single crystalline silicon cell
technology can be successful in attaining efficiencies greater than 20%. Other
forms, such as polycrystalline silicon and amorphous silicon, are unlikely to
exceed 20% efficiency due to the physical defects in these materials, grain
boundaries in the former and dangling bonds in the latter, which are efficient
recombination sites and which cannot be completely passivated, such as by
hydrogen or other neutralizing impurities, in order to reduce the residual
active recombination center densities is less than 10!° cm™3.




TECHNICAL CONTENT STATEMENT

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the
United States Department of Energy, nor any of their employees,
nor any of their contractors, subcontractors or their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness or
usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe
privately owned rights.

Reference herein to any specific commercial proudct, process, or
service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement,
recommendations, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United
States Government or any agency thereof.

-i-




NEW TECHNOLOGY

New high efficiency silicon solar cell structures
have been reported and disclosed to the office of
Patents and Technology Utilizations of the Jet
Propulsion Laboratory of California Institute of
Technology.

- ii -




TABLE OF CONTENT

Section Page

II.

III.

Iv.

COVER PAGE ccceoeescscocssaserscccccccssssssasassesscse =
ABSTRACT cecvevcesocscssacnsctcncccscccccssssasasseonnne =
TECHNICAL CONTENT STATEMENT .cccccesccssccscscsncsnsne i
NEW TECHNOLOGY STATEMENT ¢eeviecccccsocsssssescocnssses 11
TABLE OF CONTENT seeescesccocessncscosssssosasssenesses 1ii
LIST OF ILLUSTRATION <cccesccccccoscvscncnccsnassascscss 1V
LIST OF TABLE cececsccccescscscccaccsscsocscsssssssscse V
INTRODUCTION ccccccococccoccasosssossassssocnsosscsccnns 1
PROGRESSES scceccccccccccocosssnssossossrssocsscscnssscnces 3

2.1 THEORETICAL AND EXPERIMENTAL STUDIES OF IMPURITY
RECOMBINATION CENTERS (Task 1 ) e 0 6 0000080000088 s0 3

2.2 GENERATION OF MATHEMATICAL MODELS (Task 2) eeeeess 10

2.3 IDENTIFICATION OF EFFICIENCY LIMITING FACTORS AND
RECOMMENDATION OF PRACTICAL SOLUTIONS (Task 3) ... 20

2.4 EXPERIMENTAL DEMONSTRATION AND IMPLEMENTATION .... 27

CONCLUSION cceececscccccncnssanscncssscessssasssnsssscns 208

REFERENCES sccccccccessssocsrsscaccossscssscsvssossssncs 32

APPENDIX ccvcescocosessescacscacsscscsccocosscscscscssce 30
HIGH EFFICIENCY CRYSTALLINE SILICON SOLAR CELLS

(Preprint of article to appear in the special
issue of Solar Cell, February, 1986. 44 pages.)

- iii -




LIST OF ILLUSTRATIONS

There are no illustrations in the main text.
There are several figures in the appendix.

- iv—




TABLE I.

TABLE II.

LIST OF TABLES

page

PERFORMANCE PARAMETERS OF THE IDEAL DIODE
SILICON SOLAR CELL (AM1 or AM1.5, 24.0C). 23

PERFORMANCE OF SEVERAL HIGH EFFICIENCY
LABORATORY SILICON SOLAR CELLS. 24




I. INTRODUCTION

This program began on July 1, 1982. The first technical manager of the
contractor was Dr. Ralph Lutwack of the Jet Propulsion Laboratory. The initial
emphasis was on a study of the relations of the material properties and high
efficiency solar cell performance on material composition, which was also the
contract title. The objectives were covered by two interrelated tasks: (1)
theoretical and experimental studies of impurity related energy levels,
densities of these levels and electron-hole thermal capture and emission rates
at these levels; and (2) generation of mathematical models to describe the
experimental results in order to aid in the specification of the material
properties and device structures required for very high-efficiency solar cells.
Dr. Li-Jen Cheng of the Jet Propulsion Laboratory has served as the second

technical manager until the end of the contract, June 15, 1986.

The planning to expand and focus more sharply on the last aspect of task
(2) began in August 1983 resulting in the addition of tasks 3 and 4. Task 3
calls for the identification of the factors which limit the AM1 efficiency of
silicon solar cells with efficiencies below and above 20% and recommendation
of practical solutions to achieve efficiencies greater than 20%. Task 4
‘concerns experimental demonstration and the practical implementation of the

recommended practical solutions.

This is the third and final technical report of this program. In addi-
tion to the previous technical reports [1,2] and resulting publications in the

open literature [3,4], findings from this program have also been reported at




the High-Efficiency Modeling Workshop on March 13, 1984 [5], the High-
Efficiency Crystalline Silicon Solar Cell Research Forum from July 9 to 11,
1984 [6], the 24th, 25th and 26th Project Integration Meetings on October 2,
1984 [7], June 19, 1985 [8] and April 29, 1986 [9] respectively, and the
Workshop on Low-Cost Polysilicon for Terrestrial Photovoltaic Solar Cell
Applications on October 28, 1985 [10]. New cell structures were proposed in a
patent application which was jointly submitted by Chih-Tang Sah and Li-Jen
Cheng and filed by the Jet Propulsion Labortory and NASA with the United States

Patent Office in February, 1986 [11].

This final report will present summaries of the results of this program.
Progresses are described in the next section, section II. A concluding summary
is given in section III. References cited in the text are enclosed by the

square bracket [ ] and a list of references is given in section 1V.




IT. PROGRESSES

Objectives of the tasks are first given. They are then followed by a

description of the progresses made.

2.1 THEORETICAL AND EXPERIMENTAL STUDIES OF IMPURITY RELATED ENERGY LEVELS,

LEVEL DENSITIES AND CARRIER CAPTURE RATES. (Task 1)

This task was a continuation of a previous JPL contract whose main
objective was to provide accurate and detailed characterization of the
recombination properties of residual impurity recombination centers in solar
cell grade silicon. That effort was summarized by its program manager, Dr. Ralph
Lutwack [12]. The residual impurities are present in the original silicon stock
which are not completely removed during the single crystal growth processes,
such as the Czochralskl and the float-zone techniques and other techniques
developed specially for low cost solar cells such as the cast technique. Some
of the principal residual impurities which can significantly increase the
recombination rates of the photo-generated electrons and holes are the
transition metals commonly found in the silicon feed stock, such as Ti, Mo, W
and others [13,14]). 1In addition, recombination impurities can be introduced
during refining of silicon feed stock, such as in the zinc reduction process
[15]. Impurities such as gold are also introduced, unavoidably, during
fabrication even in the most advanced state-of-the-art silicon VLSI production

lines.




2.1.1 HISTORICAL SUMMARY

In the early phase of the solar photovoltaic pragrams which began around
1975, efforts were directed to an investigation of inexpensive solar grade
starting silicon material [12] which contains high densities of these residual
impurities [13,14]. Silicon purification methods to achieve low cost cells and
panels would not allow the complete removal of these residual impurities from
the silicon crystals grown from silicon stocks having a high concentration of
these impurities. Efficiency were limited to about 15%. In order to assess
the importance and the maximum allowable density of these residual impurities
for a given cell efficiency in the 15% range, accurate recombination rates of
electrons and holes at these residual impurity recombination centers must be
known. A focused effort was directed by Jet Propulsion Laboratory [12] to
determine the effects of these impurities on the silicon solar cell performance
and to provide detailed characterization so that accurate electron-hole
recombination parameters at these impurity sites can be obtained. The values
of these recombination rates are needed in order to optimize the design of

silicon solar cells to reach the lowest manufacturing cost.

The most accurate and sensitive method for the determination of the
recombination parameters has been the capacitance and current transient
technique pioneered by Sah and his graduate students during 1964 to 1972 [16]
which was further refined and improved by his recent graduate students [17-23].
The technique is so sensitive that it can detect the trapping of 2000 electrons

or holes trapped at a recombination level in a p/n junction.

During the previous contract, a detailed characterization of the carrier
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recombination properties at the zinc center was completed and the maximum
allowable zinc concentration at a given cell efficiency was computed [18].
Efforts were also made on the characterization of other impurities which may be

present in solar grade silicon, such as Ti and V.

The support of this project was shifted to other sources during the
current JPL contract due to redirecting the current efforts to the designs and
limiting factor delineation of very high efficiency cells. The decision was
based on the incorrect assumptions that in order to reach very high
efficiencies, above 20%, these impurities cannot be present even at the part
per billion level in the silicon single crystal prior to cell fabrication and
that the residual recombination could be from process induced centers
introduced during cell fabrication rather than impurities originally present in
the starting crystal. Other uncertainties were a concern of the identity of
the remaining impurities and on whether it is a chemical impurity or a physical
defect (vacancy) or their complexes; but regardless, their presence prevents
the efficiency to reach its intrinsic value. The intrinsic value, estimated at
25%-aM1 [2,4,6,10], is limited by non-impurity and non-defect recombinations
such as the band-to-band thermal and Auger recombination losses. The concern
on uncontrollable random introduction of the impurity recombination center
during cell fabrication is quite serious. Even for the cleanest silicon VLSI
fabrication facility and production line to date, there is no assurance that
the residual recombination impurity level in the final silicon device chip can

Oll atom/cm3‘ We have demonstrated [18] that

be kept below a density of 1.0x1
the cell efficiency is limited by electron-hole recombination at the impurity
centers even at this low impurity density level. Thus, the question on which

recombination impurity or defect that limits a current production silicon cell

-5-




to less than 20%, is still an open one. And, to reach efficiencies above 20%,
all residual recombination impurity densities must be controlled to a level
significantly (one or two orders of magnitudes) below 101l atom/cm3 which is

yet to be attainable by the current state-of-the-art silicon VLSI technology.

Thus, the question of residual recombination impurity and defect centers
that will limit the efficiency in cells above 20% remains a very important one
which must be resolved. Without the detailed recombination parameters, only a
blind brute-force and expensive purification and fabrication procedure can be
used to reduce recombination losses and there is no assurance that reproducible
efficiency greater than 20% can be attained consistently. The importance of
continuing the fundamental characterization work, which was the principal
objective of the previous contract for cell efficiencies from 10 to 16% or 18%
range, should be emphasized again for very high efficiency cell research in
order to reach efficiencies above 20%. To date, low cost is yet to be a viable
question on cells above 20% since there is no existence proof in one fabricated
cell which has been designed and built to take into account of all the
currently known high efficiency design considerations. These considerations
have already predicted an efficiency greater than 20% in a planar cell

structure without the new high-efficiency device innovations.

Due to the redirection and new focus of the current contract, the support
of the characterization effort on impurity recombination centers was shifted to
other sources in order to continue this valuable research effort. It is
continued not only for its anticipated practical importance just stated, but
also the fundamental understanding of the recombination mechanisms and rates

that can be derived from the careful and detailed measurements. Through the
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advance in the fundamental undertanding, further design guides can be expected
to help attaining very high efficiencies at lower costs. Furthermore, this
basic research is continued in order to take advantage of the large number of
impurity-doped silicon single crystals carefully grown under controlled
conditions by the Westinghouse Research Laboratory under a previous Jet
Propulsion Laboratory contract. Our efforts, not supported by the current JPL
contract, nevertheless, produced several major breakthroughs on the use of the
transient capacitance method to determine the recombination properties of
deep-level electron and hole traps. These new methods have made it possible to
completely characterize the recombination properties of the zinc and titanium
centers which could be important residual impurities in silicon solar cells.

These have been reported in journal articles and summarized as follows.

2.1.2 SUMMARY OF BREAKTHROUGHS ON CHARACTERIZATION OF RECOMBINATION CENTERS

The major breakthroughs are summarized in this section. The details are
documented in the cited journal articles from which the new measurement
procedures can be repeated and the recombination parameters obtained. These

are:

(1) the identification of additional sources of nonexponential transients in
the capacitance-versus-time decay curves [19] which showed that an abrupt or
sharp change in the density of the recombination centers with position or depth
in the p/n junction can give rise to a non-exponential transient even when the

recombination density is very low,

(2) the development and in-depth demonstration of a new variation of the
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capacitance transient method which allows the determination of both the
majority and minority carrier recombination and capture rates at equilibrium
or zero electric field, at a one-level or even two-level recombination center,

using only ONE p/n junction diode [17],

(3) the identification of the quantum mechanisms which control the magnitude of
the capture and recombination rates of electrons and holes at the two zinc
acceptor centers in silicon [20] and the two titanium donor centers in silicon

[21], and

(4) the demonstration of the importance of impurity-related recombination at
the surface and the interfaces on the accuracy of the measured electron and

hole capture and recombination rate coefficients [22].

The new method has also been applied recently to resolve the controversy
on the nature and inter-relationship of the two gold levels in silicon showing
that the gold acceptor level at the silicon midgap is not related to the
phosphorus donor dopant density as suggested by D. Lang but is most likely the
isolated substitutional gold center with the neutral binding potential for a
hole or an electron [23]. This midgap gold level could be one of the most
important residual recombination site in very-high-efficiency (>20%) silicon
solar cells since it is well known that a residual amount of gold is still

present in the highest purity chemicals used in silicon integrated circuit

fabrication.

2.1.3 FUTURE PROSPECTS




To attain very high efficiency, efficiencies greater than 20%, the
importance to have detailed complete characterization of the electron and hole
recombination properties at traps from both chemical impurities and physical
defects cannot be emphasized enough. The previous subsections have given much
of the technical bases on the needs for such a complete and in-depth
characterization research effort. The current state of the knowledge shows
definitely that characterization of recombination centers is at its infancy,
but a very promising beginning in view of the powerful new measurement
techniques described in the previous subsection. At present, only two impurity
centers (zinc and titanium) and no physical defects have been characterized to
the level of detail and accuracy required to do first-principle (in contrast to
empirical) design optimizations using the exact solar cell computer simulator
to be described in the next subsection. Considerable further efforts and
careful measurements are necessary for the many chemical-impurity and
physical-defect centers which are likely to be responsible for the residual

base recombination losses that limit the silicon solar cell efficiency to 20%.

A strong need for compound semiconductor material research, similar to
the silicon impurity studies described here, was recognized and emphasized by
Dr. Henry Brandhorst of NASA Lewis Research Center in a recent report titled,
Issue Study on Multijunction Compound Semiconductor Solar Cells for
Concentrators, in space applications [24]. All of the novel and new extensions
of the capacitance transient spectroscopy techniques, developed for silicon
Just described, are directly applicable to the characterization of electron

and hole traps in GaAs and related compound semiconductor solar cells.



2.2 GENERATIOIN OF MATHEMATICAL MODELS TO DESCRIBE THE EXPERIMENTAL RESULTS
AND TO SPECIFY THE MATERIAL PROPERTY REQUIREMENTS FOR HIGH EFFICIENCY

SOLAR CELLS. (Task 2)

There are two parts to this task: (i) formulation of a mathematical
model for solar cells and (ii) the application of of the model for numerical

analysis and simulation of solar cell performance.

2.2.1 MATHEMATICAL MODEL AND COMPUTER SIMULATOR OF SOLAR CELLS

Formulation of the mathematical model and a computer simulator of solar
cells were accomplished during the previous contract based on a new numerical
technique to be descirbed below. A most versatile solar cell simulator,
written in FORTRAN, was developed from existing codes written by us prior to
the beginning of the previous contract. This simulator can accurately compute
the performances of solar cells of any dopant and recombination impurity
profiles using the experimentally measured electron capture and emission rates

at the recombination centers in the cell.

The method involves the numerical solution of the six semiconductor or
Shockley equations by a new technique, known as the Circuit Technique for
Semiconductor Analysis (CTSA, which is also synonymous with C.T. Sah Associates
in recognizing the efforts of a group of his former associates and graduate
students who had contributed to coding the program based on the c¢ircuit model
developed by him in a series of about ten articles during 1962 to 1972). For a
reference of the details of the development, see the zinc paper [18], the first

annual report of the previous contract [25] and a summary given in the invited
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high-efficiency paper [4] which is also attached as appendix A. In this
technique, the six (or seven if there are two recombination levels in the cell)
semiconductor equations are first employed to synthesize two equivalent circuit
models, one for the d.c. currents and voltages and one for the small-signal
currents and voltages. The latter was originally developed to compute the
small-signal impedance or admittance of the device after d.c. convergence is
achieved. The small-signal circuit model is also used as the error circuit
model to compute the errors in the d.c. voltages or potentials of each node
after every iteration cycle. These voltage errors are then used as the
corrections to the previous d.c. voltages at each node to give a set of new
d.c. voltages which is then used to compute the values of the resistors and
capacitors of the circuit elements of the error circuit model. Using these
equivalent circuit models, the numerical solution procedure becomes very
straight forward - involving the solution of the matrix equations of the error

circuit model for each iteration.

There are many obvious advantages of this method compared with the
conventional finite difference and finite element methods. (1) All the circuit
elements in the small-signal or error circuit model are related to physical
processes of diffusion, drift, carrier capture and emission at deep traps or
deep levels, and carrier interband generation and recombination. (2) Boundary
conditions can be set very easily by shorting, opening or connecting resistors
and capacitors to the appropriate nodes, even for highly nonlinear boundary
effects, without the need of making any approximations such as that employed in
the analytical approaches used in the finite difference and finite element
methods. (3) Any geometry can be easily dealt with, either using a rectangular

grid or non-rectagular grid with visual pictures of the fundamental transport
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processes occuring at each node or grid point. (4) The numerical solution
method follows the conventional ones used in finding the roots of a sparse
matrix without having to develop any new techniques. (5) Convergence has been
very rapid and seldom fails even with poor initial guesses. (6) Small-signal
admittances are automatically computed without further efforts after a
convergent d.c. solution is obtained. (7) The electrical circuit concepts and
the properties of the circuit elements, capacitor, resistor, indepedent and
dependent current and voltage sources, are familiar to engineers and

physicists.

As an example, a complete set of current-voltage characteristics of a
solar cell at AM1 or another illumination level and the four principal cell
performance parameters, VOC, JSC, FF and EFF, can all be obtained in about 60
CPU seconds on a CDC Cyber-175 computer with single (60-bit) precision and at
an accuracy of 0.01 mV., This benchmark is obtained for an arbitrary doping
impurity profile and another arbitrary recombination center density profile,
even if the initial guess is not a highly accurate equilibrium solution of the
electric potential distribution. The CPU time could be reduced to 15 seconds
or less if the initial guess comes from the illuminated solution of a
previously converged solution. The computed results include also the depth
variations of all the internal device parameters, such as the recombination
rates, the charge states, the density of recombination centers in each charge
state, the densities of the trapped electrons or holes at the recombination
centers, the band electron and hole densities, the electric field, the
electrostatic potential, the quasi-Fermi potentials of electrons and holes, and

the net space-charge density.
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2.2.2 APPLICATIONS OF THE CTSA SOLAR CELL SIMULATOR

The second objective involved the application of this solar cell
simulator to exploit the various material and device geometry combinations that
may improve or limit the efficiency. Of the order of one thousand solar cell
designs have been computed during the previous JPL contract [25-33] and the
first year of the current contract [1,3] using this mature and exact solar cell
simulator. The experience accumulated from these calculations, and their
comparisons with the results published by others using other methods such as
the finite difference and finite element methods, suggest that our simulator is
superior and consistently gives more accurate results with negligible random
noise due to truncation and discretation errors. The following is a historical
summary of the use of this solar cell simulator to explore the limiting factors
and barriers to higher efficiencies. It begins with the earliest simulations
made in the previous contract [25] and ends with the latest simulations made

in the current contract [1].

During the first application of this solar cell simulator from January
1977 to April 1978, the effects of the following factors on the solar cell
efficiency were computed and studied [25]: substrate dopant impurity
concentration, presence of a second and coupled recombination level or the
two-electron or two-hole trap, surface recombination, and high illumination
levels to 100 Suns. The steady-state local lifetimes are also displayed as a
function of depth in the cell and their variation related to the fundamental
capture and emission rates of carriers at the traps. Included in the displays
were lifetime variations with position in the dark, at the 0C (open eircuit),

MP (maximum power) and SC (short circuit) conditions as well as from 1 to 100
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suns. The high level lifetime and high level injection conditions become very
evident in the 100-sun results. Conclusions arrived at are listed as follows.
(1) Efficiency as high as 22% can be achieved for a gold recombination density
of 1012 Au/cm3 or a base lifetime of 16 us. (2) The measured experimental
cells doped with Ti and V are consistent with those predicted by the simulator.
(3) There is a predictable advantage of the p-based (n+/p/p+) cell over the
n-based cell (p+/n/n+) due to the smaller hole lifetime in the n-base than the
electron lifetime in the p-base, which advantage diminishes at the high
injection level of 100 suns. (4) Higher efficiency at lower base resistivity
further supports the contention that the efficiency is limited by the base
lifetime or recombination in the base. (5) Increased lifetime and hence
efficiency is observed in the presence of a second and coupled recombination
level over the case of a one-level recombination center. (6) Impurity and
defect recombination centers in the diffused emitter must have very high
densities and must be physically located near the p/n junction boundary to have
a significant effect in degrading the cell efficiency. For example, a lifetime
of 0.1 nanosecond at the front emitter surface gives negligible efficiency
reduction while it becomes significant when the recombination centers are
located at the p/n junction. (7) The position, illumination level, and bias
level variations of the lifetimes from the simulations indicate that
experimental measurements of the lifetimes can be meaningful only if it is
measured at the operating illumination and bias levels. Hence, the dark open
circuit decay (DOCD) and the dark forward-injection-reverse-recovery (DFIRR)
methods frequently used give substantially different lifetimes than the photo-
conductivity lifetimes (PCD) in strong light. It was suggested that a more
reliable method than the DOCD is the small-signal illuminated open-circuit

voltage decay (SSIOCD) method. Two types of small-signal excitations were
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suggested: (i) a small voltage step, and (ii) a small increase or decrease of
the illumination from the steady-state one AM1 sun. Another reliable method is
to obtain the small-signal decay time constant of the short-circuit current
transient after a small voltage step or a small illumination change. These two
new methods would give lifetimes close to the OC and SC conditions. Similarly,
to get the lifetimes for the maximum power condition, the current or voltage
decays should be measured by biasing the cell to the maximum power condition
under the desired illumination condition. To the best of our knowledge, these
new methods have not been implemented by JPL and other solar cell researchers,
although JPL has sponsored several subsequent lifetime measurement projects
using the conventional dark methods whose resulting lifetimes are not

relevant to cell performance optimization studies since they do not

correspond to the 0C, SC or MP conditions.

Optimization of the cell design using the solar cell simulator was
continued from April 1978 to March 1979. Studies included the following [26].
(1) Back surface field substantially increases the efficiency over cells with
back ohmic contacts with the major improvements in open circuit voltage from
550 mV (16.2%) without BSF to 670 mV (19.6%) with BSF and a diffused
back-surface-field profile impurity density profile. (2) There is negligible
difference between an ideal diffusion profile for the emitter impurity compared
with an nearly abrupt profile, both giving 19.6% (19.587 versus 19.592),
further supporting the contention that at 19% and above, the efficiency is
mainly limited by base recombination. This conclusion eluded the solar cell
researchers for the next three or four years until around 1983 when this author
repeated the statement at everyone of his PIM presentations for the next three

or four years that base recombination is the limit - NOT the emitter
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recombination. (3) Auger recombination in the heavily doped emitter has

neglible effect on the efficiency (16.236% dropped to 16.226%) and also in the
heavily doped BSF layer (19.592% dropped to 19.565%). (4) Surface or interface
recombination on either the front or the back surface has negligible effect on

the efficiency when the emitter impurity dopant density is 1020 cm73. The

effect becomes larger when the surface dopant density drops to 1018 cm_3. (5)
Enhanced solubility of the recombination impurity such as gold in the diffused
emitter by the high density of emitter dopant impurity again has little effect
on the efficiency until the substitutional gold density reaches one atomic
percent, an impossible situation since it exceeds the s0lid solubility unless
it is incorporated by ion implantation or recent superlattice technology. Even
at such an improbable high concentration, the efficiency is reduced only by
about 1% from 16.198% to 14.951%. The influence is less for gold in the BSF
layer, for example, the efficienc& drops from 19.261% without gold to 18.125%
with 5% of gold in the BSF layer and assuming all 5% are electrically active
recombination centers. (6) Simulation has also been made for the effect of
defect-impurity pairs in the emitter and BSF layers as recombination sites on
the efficiency since it is well-known that pair and higher order complexes are
likely to form in the presence of high density of dopant impurities such as
phosphorus and boron. Comparison was made with the Sandia high effieciency 10
ohm-cm P+/N/N+ 16.8% cell whose designed value would be 19%. It was concluded
that emitter recombination with 1% gold or 0.1% boron-vacancy complex in the
emitter could account for the degraded efficiency observed. (7) For the first
time, the experimental silicon solar cell parameters of an impurity doped cell,
in this case the Ti-doped Westinghouse cells, are compared with theory. The
CTSA Solar Cell Simulator is used. Using the preliminary recombination rates

of electrons and holes measured in Ti-doped junctions and crystals
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(extrapolated, although very inaccurately from photoconductivity lifetime
measurements), the four cell paraemters computed from the simulator were in
excellent agreement with the measured values, for Ti concentration from 5x10ll
to 5x1014 em™3 , open circuit voltages from 550 mV to 440 mV, short circuit
current density from 22 mA/cm? to 8 mA/en? and efficiencies from 10% to 2.5%.
The agreements over such a large range (three orders of magnitudes of Ti
concentration) were particularly satifying since no previous analytical theory
of solar cells could be used to successfully compute their performance at such
a high concentration of recombination density level that it approaches the
dopant impurity concentration. At such a high density of recombination center,

trapping is so high that the simple minority carrier diffusion theory is no

longer valid.

A major application of the CTSA Solar Cell Simulator was its application
to the determination of the allowable zinc concentration since one of the JPL
material projects used zinec to reduce SiCl in an fluidized bed reactor to yield
low cost granular silicon. This was summarized by Lutwack on page 11 of his
program report [12]. The results of this simulation was given in the third
technical report of the previous contract [27] and a journal article [18]. 1In
order to reach an efficiency of 20%, the zinc concentration in the finished
cell must be less than 5x10l0 Zn/em3 in the P+/N/N+ cell and 2x1010 Zn/cm3 in

the N+/P/P+ cell.

A comprehensive application of the simulator was made to determine the
optimum thickness of BSF cells to achieve the highest possible efficiency since
the short circuit current would decrease with decreasing thickness while the

open circuit voltage will increase monotonically with decreasing thickness.
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This work was reported in the fourth technical report of the previous contract
[28] and published in a journal paper [32]. Only moderately efficient cells
were simulated (about 16 to 17%) although the conclusion holds for higher
efficiency cells. The optimum thickness was about 50 microns which is the
thickness of the active base and emitter layers, not including the substrate.
Thus, for manufacturability and high yields, an epitaxial layer of 50 micron
thick would be the desirable starting materials. A cell optimization
simulation of this type could not be accurately done using analytical solutions
since both the diffusion profiles of the emitter and BSF and the nonlinear or
high injection level effect in the thin base layer must be taken into account
which cannot be modeled correctly by the approximate linear analytical

solutions employed by many solar cell researchers.

The simulator has also been used to delineate an erroneous prediction of
the thickness dependence of the fill factor by the one-dimensional low-level
analytical model employed in Hovel's book on Solar Cell and by articles in
Buckus's reprint collection on solar cells [29,33]. The analytical model does
not predict a drop-off of the fill factor at large thickness due to neglecting
the bulk series resistance and nor a rise at very small thickness when emitter
recombination dominates over the base, resulting in a change from intermediate
injection level in the base to low injection level in the emitter, the latter
due to the high majority carrier density in the emitter. This paper illustrates
one important use of the exact solution and the CTSA Solar Cell Simulator which
is especially important for isolating the origin of the 1% increase or decrease
of efficiency in the above 20% range. Such a delineation study would be futile
using the approximate analytical theory which cannot take into account of the

nonlinear carrier transport and recombination mechanisms which contribute or
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are the causes.

To further improve the collection efficiency and cell performance, the
simulator was employed to find the optimum parameters for a BSF cell with a
built-in electric field from impurity gradient in the base. Physical
intuitions indicated that the sensitivity of the efficilency to the density of
the recombination impurity in the base should be substantially reduced by the
presence of the built-in electric field since it helps to separate the
photo-generated electrons and holes before they recombine and hence allowing
higher impurity density at a prescribed efficiency. The graded base BSF
structure was simulated in the first technical report of the current contract
[1]) and published in a journal article [2]. Using the zinc impurity as the
recombination center model, it was shown that a penetration of the diffused BSF
layer of 40 microns into a 50 micron based layer can give a substantial
increase of the cell efficiency, from 18% to over 20%. It further shows that
such a penetration or grading of the base would reduce the sensitivity to the
recombination impurity density by one order of magnitude. For 20§ efficiency,
the Zn concentration must be less than 1011 Zn/cm3 in a BSF without grading.

2
Grading increases this to 10l Zn/cm3 to still maintain a 20% efficiency.
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2.3 IDENTIFICATION OF EFFICIENCY LIMITING FACTORS BELOW AND ABOVE 20% AND

RECOMMENDATION OF PRACTICAL SOLUTIONS (Task 3)

This objective was added to the contract about January 1, 1984 in order
to focus on the new thrust in high efficiency and very high efficiency solar
cell research and development undertaken by the JPL/DoE silicon solar cell
program. This task contains three objectives which are: (1) identification of
limiting factors below 20%, (2) quantitative analyses for high efficiency cell
designs and (3) recommendation of practical solutions for greater than 20%
silicon solar cells. Results of this study were reported in the second
technical report [3] and an extended version was published in a special issue
of the Solar Cell journal on high efficiency solar cells [U4]. The invited
paper [U4] includes additional historical information of this DoE/JPL solar cell
and other NASA solar cell programs as well as a delineation of the future
research directions and needs on solar cell device and material physics and
manufacturing process engineering. Since the distribution of the solar cell
special issue may be delayed, this invited paper is reproduced in appendix A in

its entirety.

Additional practical solutions were proposed using innovative structures
which are disclosed in a NASA/JPL patent application [11]. Their disclosure in
the form of a PIM report or a contract technical report has been delayed by the

patent filing process. A brief summary will be given.

Investigations on the three objectives are described in the following
three subsections. New results obtained or published since the release of the

second technical report [2] in December, 1984, are added.
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2.3.1 EFFICIENCY LIMITING FACTORS BELOW 20%

Cells with 20% or smaller efficiencies are mainly limited by carrier
recombination via residual impurity and defect recombination centers in the
base layer. In the highest efficiency cells reported by Green with grooved
emitter surface and hence increased emitter surface recombination area, base
recombination is still more than a factor of two higher than the grooved
emitter whose interface recombination is almost an order of magnitude higher
than the best non-grooved emitter also reported by Green. Some earlier high
efficiency cells of the 17% range were also limited by the lack of a back
surface field layer that shields the photo-generated electrons and holes from

the back ohmic contact which has nearly infinite recombination rate.

To identify the causes which limit the cell efficiency to 20%, we
compared the published cell performance data and diode dark current of selected
groups of highest efficiency cells reported to date with the theory. The CTSA
Solar Simulator is NOT used to give the theory for a very simple reason - in
order to reach the highest efficiency, the diode must be at low injection level
and follow the ideal Shockley dark diode equation, J = J1#*[exp(qV/kT) -1],
which we have demonstrated [2,4], and base recombination loss must be the
residual recombination loss with recombination at all other regions of the
diode eliminated, which we have also demonstrated [2,4]. Thus, the ideal
Shockley dark diode equation would accurately give the ultimate efficiency of a
Junction diode solar cell. It is most appropriate to determine how closely the
experimental high efficiency cells reported to date approach that predicted by

the ideal theory. This does not nullify the utility of the CTSA Solar Cell
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Simulator since it is still needed to'given exact simulations in order to guide
the practical design of optimum cell structure or dopant concentration profile
to reach the highest possible efficiency at and above 20%, for in practice, the
ideal diode characteristic is difficult to attain and the CTSA Solar Cell
Simulator can provide the design considerations and rules to approach the ideal

diode.

To delineate the possible losses of the state~of-the-art cells, the
expected performance from the ideal diode cell is tabulated in Tables I and II
[2,4], and compared with those of the high efficiency cells reported to date in
Table II [34-38]. The ideal diode cell performance is computed based on two
input parameters: the experimentally measured J1 and the short circuit current,
JSC, which is set at 36 mA from one optical pass through a cell of about 200
micron thick and an AM-1.5 illumination of 100 mW input optical power which

corresponds to 32 mA at AM-1.0 of about 88.92 mW [4].

A comparison of the experimental cells with theory in Table II shows that
the fill factor (FF) appears to be the remaining parameter that causes the
experimental efficiency to fall below the theory. Series resistance is
probably a main problem while the high base resistivity giving the nonideal or
high level injection condition in the base is also a contributing factor even

at 0.1 ohm-cm due to the long lifetime in the very high efficiency cells.
For all of the cells listed above, base recombination is still the main

limiting loss, at least by a factor of two and often by as much as a factor of

ten or higher than emitter surface recombination.
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TABLE I

PERFORMANCE PARAMETERS OF THE IDEAL DIODE
SILICON SOLAR CELLS

(AM1 or AM1.5, 24.0C)

SOURCE J1 Jsc vocC FF EFF
(1) (ma) (mV) (%)

HONONNESR SANRBNRERE RRBEER O BRERE NRBEREEE  BREARER
THEORY 2.04E-16 36.0 840 0.8664 26.20

THEORY 2.12E-15 36.0 780 0.8588 2h.12

THEORY 2.21E-14 36.0 720 0.8501 22.04

THEORY 2.30E-13 36.0 660 0.8402 19.97

THEORY 2.40E-12 36.0 600 0.8286 17.90

THEORY 2.50E-12 36.0 540 0.8151 15.85

Legned: area=1.0cm2, PIN=100mW.
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TABLE II

PERFORMANCE OF SEVERAL HIGH EFFICIENCY

LABORATORY SILICON SOLAR CELLS

SOURCE/AUTHORS J1 JSC voc FF EFF BASE R
(CELL TYPE) (a) (mA) (mV) (%) (ohm-cm)
ARBARBRBRBARRREE  RRRRRBRREE FARRRR BRRRE BRRBRRRR BRRRRES BRARRRER
Green 1.8E-13 670 0.1
Green N+/P/P+ 4, 2E-13 38.3 661 0.824 20.9 0.2
Green N+/P/P+ 2.9E-13 37.0 654 0.829 20.1 0.1
THEORY 3.2E-13 36.0 660 0.840 20.0 0.2
Green 3.2E-13 36.0 653 0.811 19.1 0.2
Green MINP 6.6E-13 35.5 641 0.822 18.7 0.2
THEORY 1.0E=12 36.0 628 0.834 18.9 0.15
ASEC N+/P 36.0 625 0.805 18.1 0.15
Rohatgi N+/P/P+ 2.0E-12 36.0 627 0.800 18.1 0.2
THEORY 1.2E=-12 36.2 627 0.834 18.9 0.3
Spitzer N+/P/P+ 36.2 622 0.801 18.0 0.3
THEORY 2.0E-12 36.2 605 0.830 18.2 4.0
Rohatgi N+/P/P+ 2.0E~12 36.2 605 0.786 17.2 R0
ASEC N+/P 36.5 610 0.775 17.2 10.0




2.3.2 ANALYSIS FOR HIGH EFFICIENCY CELL DESIGNS

The reported cell performance given above has not incorporated all the
possible high efficiency design considerations which have been analyzed and
discussed in the literature, such as the thinner base and graded base, and
further reduction of base recombination center density. The published
experimental efforts have concentrated on increasing the collection area using
multiple reflection by grooving or texturizing the emitter surface to increase
the short circuit current. The increased emitter surface or interface area
give a corresponding increase of the emitter surface recombination current
which offsets the increased short circuit current. For example, without
grooving, a saturation current of 1.8E-13 A was obtained for approximately 36
mA of short circuit current. Grooving increased the short circuit current to
38.3 mA but also increased the saﬁuration current to as high as 4.3E-13 A so
that the ratio of short circuit to saturation current, (38.3E-3)/(0.43E-12) =
89E-9 is actually decreased from the nongroove value of (36E-3)/(0.18E-12) =
200E-9. This analysis suggests that alternative methods such as reflecting
back surface would be more effective since it would increase the short circuit
current but not the emitter recombination area or emitter recombination

current.
2.3.3 PRACTICAL SOLUTIONS FOR GREATER THAN 20% CELLS

From the foergoing analysis, it is suggested that the 20% efficiency
barrier can be broken with the traditional diode cell structure with planar
emitter surface by incorporating the improvements predicted by theory, such as

the graded thin base [1,3], multiple back surface reflection [4,39], high/low
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junction emitter [40], elimination of both perimeter [30] and bulk [31]

defects, and clean processing to retain high base lifetime. Texturized and
grooved front surface would only superficilally increase the short circuit
current since the dark current is also increased by the larger emitter interface
area giving higher emitter interface recombination loss. Experimental cells

incorporating these high efficiency design features are yet to be made.

Several novel techniques and cell structures were also suggested which
could improve the efficiency and ease the critical processing requirements to
break the 20% barrier. Among the novel techniques is the use of polysilicon
emitter thin stripes to reduce the emitter surface recombination loss at the
dark contact stripe diodes [2,4]. Based on the data of Neugroschel [41], whose
recombination velocity measurements of polysilicon emitter contacts gave values
less than 112 cm/sec, and a five bercent stripe area, the dark current density
is 2.1‘5::10"14 A/cm2 if base recombination is eliminated. This would give an

open circuit voltage of 720 mV and 22% AM1 efficiency as indicated in Table I.

An novel structure approach was also suggested using a two-junction three
-layer bipolar transistor structure with a non-contacting floating emitter
[11]. This structure makes use of the bipolar transistor action in contrast to
the multijunction layer tandem junction cells which connects noninteracting
diodes in series. The first researchers from Texas Instruments called it the
tandem junction cell, a name which we discard, since it does not reflect the
bipolar operation principle. The contacts to the cell are made to the base and
the collector layers. The emitter recombination loss at the dark emitter
contact diode is completely eliminated since there is no emitter contact, in

addition, the lateral series resistance loss in the thin high resistance
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emitter layer is also eliminated since there is no emitter current. The fill
factor should approach the ideal diode value. Since the collector junction
also gives rise to a photocurrent generator, the short-circuit current should
also increase over that of a diode solar cell which has only one juction. The
main limiting factor of a two-junction three-layer bipolar transistor solar
cell is the lateral base resistance which must be minimized. Xnown experiences

in designing high efficiency bipolar power transistors could be used.
2.4 EXPERIMENTAL DEMONSTRATION AND PRACTICAL IMPLEMENTATION

This phase of the project was undertaken by another contractor and there
was also plan to fabricate cells in-house following the high-efficiency design

principles. The progresses would presumably be reported in the future under

other continuing programs on high efficiency solar cell research.
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III. CONCLUSION

The exact computer simulator adapted to solar cell efficiency
maximization and applied to nearly one thousand cell design studies has proved
to be an extremely powerful tool to provide accurate optimization of device
parameters and geometries. This CTSA Solar Cell Simulator is useful not only
for lower efficiency recombination-impurity-doped cells to accertain the
effects of impurities but also indispensible for optimization of material
properties to achieve maximum efficiency exceeding 20%. For the high
efficiency cells, the reason for the need of an exact simulator is the
interaction among the base and emitter doping concentration and their depth
profile and the injection level which controls the last drop of the fill
factor. This one-dimensional simulator, although has no equals, needs to be
extended to two dimensions which would require the use of a supercomputer to
run. For one-dimensional simulations with 200 grid points or layers, 60 CPU
seconds on a CDC-CYBER-175 (approximate speed is about 5 Mips) are required.

A 200x200 two-dimensional grid would give too long a turn around time to allow
for effective real-time design optimization. On a CRAY, the turn-around time
would be about the same, 60 s, for a two-dimensional simulation which would be
a reasonable turn-around time for studying optimum grid size and placement as
well as dopant impurity profiles. The development of the two-dimensional CTSA
simulator has been planned since 1977 and its implementation will be realized

in FY86 or FY87 due to the availability of a CRAY-II in Urbana.

With the advances in the solar cell technology in the past 10 years under
JPL management and elsewhere and JPL's redirection to focus on very high

efficiency cells to exceeding the 20% barrier, the sophistication in the design
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theory of solar cell, required to accurately predict cell performance, has
drastically reduced and turned around a 360 degree circle. It started with the
ideal diode theory in the 1950s used by M. B. Prince [4] which was the only
theory available. It then migrated from the exact theory, such as the CTSA
Solar Cell numerical Simulator developed at the beginning of this 10-year
research project for low efficiency cells, back again to the ideal analytical
theory of the Shockley diode in the last few years for research on the very
high efficiency cells. This backward migration of the sophistication of the
mathematical modeling of the solar cell is dictated by the low injection

level requirement to break the 20% barrier and this low injection level

condition is precisely the basis of the Shockley ideal diode law.

There are many traditional and recently developed design criteria which
must be implemented in an experimental diode-type cell to reach the theoreti-
cally predicted efficiency of more than 20%. Some of these are thin and graded
base in a back-surface-field structure, careful elimination of perimeter
recombination and shorts across the back-surface-field junction as well as the
front surface p/n junction, incorporation of the high/low junction in the
emitter to shield the photo-generated electrons and holes from the emitter
surface or interface recombination centers, poly-silicon emitter contact
barriers to reduce recombination from the dark contact diode, and further
improvement of base lifetime which may become less critical using the graded
base just stated. All of these are suggested and described in this report.
Implement of all of these high efficiency designs in one single cell has not
been reported. It is believed that combination of these high-~efficiency device
design with careful and high-life processing would produce cells exceeding 20%

efficiency without using artificial concentration schemes such as the
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texturized or grooved front surface. Further improvement of efficiency may be
made using back surface optical reflection to increase the absorption and hence
the short circuit current. A reflecting back surface is preferred over the
texturized or grooved front surface since the interface recombination current

is proportional to the front surface area.

To significantly exceed the 20% barrier and to reach the intrinsic
efficiency of about 25%, all of the emitter recombination losses must be
eliminated and the residual losses would all come from the intrinsic (interband
thermal recombination and interband Auger recombination) recombination losses
in the base. For such a cell, the high-efficiency design rules need to be
supplemented by innovative or novel device structures. One of this is the
floating emitter two-junction bipolar transistor solar cell structure. A
number of floating emitter structures are proposed as a result of the study
made in this program. The epitaxial front contact floating emitter cell

appears to be the most fabricable and manufacturable structure.

To reach the intrinsic efficiency of 25.5%, exceptionally clean and
stress-free fabrication processes must be employed and growth techniques of
very long lifetime single crystalline silicon (about one millisecond) must be
developed. For the two-junction floating emitter cell, long lifetime epitaxial
growth technique for 50 micron thick films must be developed. These
requirements exceed the current best state-of-the-art silicon integrated
circuit research and production technology and must be developed for junction

areas of more than four or five inch diameter.

The severe demand on crystal and device purity and perfection from the
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very high efficiency requirement eliminates all other alternative forms of
materials, such as polycrystalline cells, amorphous film cells and other yet to
be invented novel material compositions, as viable candidates for the very high
efficiency solar cells. This conclusion holds not only for very high
efficiency crystalline silicon cells but also cells made on other materials and
cells having multiple junctions either in tandem diode or in bipolar transistor
forms. Manufacturing cost will be the ultimate deciding factor on whether the
very high efficiency crystalline solar cell or lower efficiency cells on
polycrystalline or amorphous materials is the economically viable choice for

terrestrial applications.
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this final report. It has been acheduled for
publication as an invited paper in the special
issue of the journal, SOLAR CELLS, for February,
1986. It is included here as an appendix in its
entirety for ease of reference in view of the
publication delay of this special Solar Cell
journal issue.
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HIGH EFFICIENCY CRYSTALLINE SILICON SOLAR CELLS

C. T. Sah
Department of Electrical and Computer Engineering
University of Illinois

Urbana, Illinois 61801

ABSTRACT
Base recombination at residual defect and impurity recombination centers are
identified to be the likely cause of the 20% (AM1) efficiency barrier in the
highest efficiency silicon solar cells reported to-date. To reach the 20%-AM1
efficiency, base recombination must be further reduced by either stress-free
and clean fabrication techniques on high lifetime crystals or novel base
structure design, such as the graded thin-base back-surface-field structure
proposed and analyzed by Sah and Lindholm. To break the 20% barrier, residual
base recombination losses must be eliminated and emitter recombination must
be reduced. Several novel emitter designs to reduce recombination losses have
been proposed and one demonstrated. These involve the reduction of emitter
interface recombination losses at the non-contact surface by high quality
thermal oxide and at metal-contact/silicon-emitter interface by either a thin
tunneling oxide, as demonstrated by Green, or by a polysilicon barrier layer
between the metal conductor and the silicon emitter surface. Efficiency of
23.8%-AM1 has been estimated using Neugroschel's data of emitter interface
recombination velocity and dark current density of polysilicon barrier layers.
Novel floating emitter or non-contact emitter solar cell transistor structures
have also been proposed by Sah and Cheng to reduce emitter recombination loss

for beyond-20% efficiency silicon solar cells.
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I. INTRODUCTION

The photovoltaic phenomenon was discovered by Becquerel in 1839 who
observed a light induced voltage when one of electrodes in an electrolyte was
exposed to light [1]. The term cell used in solar and other photovoltaic cells
was probably first introduced by Bidwell in 1885 [2]. The first solar cell in
silicon p/n junction was demonstrated by Chapin, Fuller and Pearson at the Bell
Laboratories in 1954 [3] who reported an efficiency of 6%. Photovoltaic effect
at rectifying contacts to Cadmium Sulfide single crystals was also observed in
1954 by Reynolds, Leies, Antes and Marburger at the U. S. Air Force Aerospace
Research Laboratory [4]. Since then, substantial progresses have been made
towards the development and application of p/n junction solar cells for power
generation. The most successful and extensive applications have been in
providing power for satelites in space. A focused development effort for low
cost terrestrial photovoltaic power generation systems was suggested in the
earlier 1970's [5,6] and began in earnst when in 1972 the Ad Hoc Panel on Solar
Cell Efficiency of the National Academy of Science - National Research Council
recommended that a national research and development program be initiated to
increase the silicon solar efficiency to 20% [7]. A ten year program was
proposed by the Rappaport Single-Crystal Silicon Solar Cell Workshop Group in
1973 [8] with a 1985 goal of 20% AM1 efficiency and $0.50 per peak kilowatt in
1973 dollar. A comprenhensive biography of solar cell literature up to 1974
was compiled by Backus whose edited volume also contains reprints of selected

papers of historical significance [9]. A historical review up to 1972 was

given by Wolf [9].
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II. RECENT DEVELOPMENTS

Based on the NAS-NRC and NSF panel recommendations, a focused ten-year
program began in 1975 with the Jet Propulsion Laboratory of U.S. National
Aeronautics and Space Administration as the program manager for the U. S.
Department of Energy. Its principal mission was to develop the technology to
produce low-cost solar array for terrestrial applications. This paper gives a
review, from the author's perspectives, of the focus on the silicon p/n
Junction solar cell physics for improving efficiency, from the inception of
this program to the latest state-of-the-art. It also gives a projection of the
research and development needs to reach the intrinsic performance limits.
To-date, most of the goals laid down by the Rappaport Group [8] are nearly
reached. Further developments, all in silicon device process technology, as
originally anticipated by the NAS-NRC panel [7], must be undertaken to exceed
the 20%-AM1 barrier.

The remaining sgctions of this article are based on a contract report
prepared by the author [10]. The third section will provide an analysis of the
factors which may limit the cell efficiency to below 20%. An evaluation is
also given of the factors which limit the efficiency to less than 20% in the
state-of-the-art crystalline silicon solar cells reported in the literature.
The fourth section will summarize the analysis to give cells with greater-than-
20% efficiency. Suggestions for practical designs of high efficiency cells
with greater than 20% efficiency are made in section five. Conclusion and

summary are given in section VI.




III. LIMITING FACTORS BELOW 20% (aM1)

In order to delineate the factors which limit the silicon solar cell per-
formance below or above 20% AM1 efficiency, a general analysis of the electrical
characteristics is first given, in section 3.1. The various recombination loss
mechanisms and their locations in the solar cell structure are then identified,
elucidated and estimated in section 3.2. The limiting recombination loss
mechanisms and sites in the highest efficiency silicon solar cells reported in

the literature are then delineated in section 3.3.

3.1 GENERAL DESCRIPTION OF THE SOLAR CELL CURRENT-VOLTAGE CHARACTERISTICS

The performance of solar cells has been estimated, predicted and computed
from the solution of the six semiconductor equations by various techniques and
approximations. These six equations, also known as the Shockley Equations, are

given below for the d.c. steady-state condition.

3, = +ap VN + qunnE = ~ qu NW_ (3.1.1)
3P = - aD P + quppi = - qu P, (3.1.2)
0 =+ vd -1y (3.1.3)
0 = - v, +1, (3.1.4)
Ve(eE) = p = q(P - N + Npp = Fyy = Np) = = Vo (W) (3.1.5)

= .1.6
0 + I+ 1 (3 )

N
The first two equations are the electron and hole areal current density equa-
tions whose components are the diffusion currents with diffusivities Dn and Dp

and the drift currents with mobilities 1 and up for electrons and holes

respetively. The volume density or concentration of the electrons and holes

are given by N and P respectively while E is the electiric field vector and q is

the magnitude of the electron charge.




The second two equations are the current continuity equations which state
that the divergence of the electron or hole current density is given by the
net volume current generator or source, IN or IP respectively. Due to the
establishment of d.c. steady-state, these two current sources are equal in
magnitude and opposite in sign as indicated by the sixth equation, (3.1.6),
given above.

The fifth equation is the Poisson equation which relates the divergence
of the electrical displacement, eE, to the net macroscopic volume space charge
density, p. The latter consists of the contributions of the holes in the
valence band, the electrons in the conduction band, the ionized donors, NDD’
the ionized acceptors, NAA’ and the charges trapped at the recombination
centers, NT.

The sixth equation is derived from the general kinetic or time-dependent
rate equation of recombination of electrons and holes. It is the most important
equation in device physics. However, it has been incorrecﬁly treated by many
device theorists even to this day. The general time debendent form is given by

q(anT/at) =i+ 4, (3.1.7)
where Ny is the time dependent form of the trapped electron density at the
recombination centers which can be decomposed into a d.c. steady-state
component and time-vary component, nT(?,t) = NT(?) + nt(?,t). At d.c. steady
state, anT/at = 0, 80 that

IP=-1N=ISS - (3.1.8)
where ISS is the net steady-state volume generation current density from all
the electron-hole generation-recombination mechanisms. It is these mechanisms
that produce the photocurrent and photopower by a solar cell. It is also these
mechanisms which limit the solar cell power conversion efficiency to less than

100%.
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For solar cells with an one-energy-level recombination center and exposed
to solar illumination, ISS is composed of a optical generation component and a
recombination component. The recombination component can consist of as many as
nine parts each from a different recombination mechanism to be discussed in the
next subsection.

There have been many extensive efforts to solve these six equations
numerically on high speed computers. The exact one-dimensional code has been
completely developed, debugged and used for many solar cell design runs since
1978 [11]. Many cell-design calculations have been reported in JPL technical
reports [11-16] and journal articles [16-21]. This code is based on the
circuit technique for semiconductor analysis [22] and is considered mature.

It can give the current-voltage and internal characteristics of solar cells
with any dopant and recombination impurity profiles, including interface and
surface recombination centers, and as many as two recombination energy levels,
from two independent recombination center species or from one species of
two-level recombination centers, such as Ti, Zn, S, Au, V and others.

Other efforts of providing codes for numerical solutions of the six
semiconductor equations have been less successful as suggested by the lack of
published report of cell designs. Most of the other efforts have also included
some approximations to the six equations prior to numerical solution. The most
serious one which is wide spread is the exclusion of the sixth equation. These
authors also neglected the charge trapped at the recombination centers, NT(;),
in the fifth or Poisson equation. There is no assurance that an accurate
solution can be obtained when the trapped charge term is dropped, although it
may be much smaller than the dopant charge density terms, N__and N, . Its

DD AA
importance even at 1010cm'31eve1 has been demonstrated by us [23-2l4].
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Another approach to the solution of the solar cell current-voltage charac-
teristics is to develop an analytical and hence approximate solution from the
six semiconductor equations. The most famous and widely used one is that of
the ideal diode law first given by Shockley in 1949 which was first used by
Prince [25] in 1955 in an extensive analysis of the performance of p/n junction
solar cells with practical geometries. This dark current-voltage equation for
an ideal diode can be readily extended to give us a generalized and simple
solar cell equation which can serve as a guide for the delineation of the
various recombination loss mechanisms in very high efficiency solar cells. The
following is a sketch of the derivation of this analytical approximation. It
provides a ball-park estimate of the critical values of the recombination

parameters for cells below and above 20% AM1 efficiency.
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Fig. 1 A cross-section view of a solar cell for the derivation
of the general solar cell current-voltage equation.
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With reference to a general solar cell structure shown in Fig.1, we may
apply the three-dimensional continuity equations given by Egs. (3.1.3) or
(3.1.4) by integrating it over a surface which encloses the entire cell
as illustrated in Fig.1. We decompose the net volume generation current
density, ISS’ into its two components explicitly, ISS=q(G-R), where G is the
optical generation current density inside the cell due to the penetrated solar
illumination and R is the net recombination current density, in all parts of
the cell including the bulk, interface as well as surface. Then, using the
divergence theorem to transform the volume integral of V-3P or V-EN into
a surface integral, we get

fva'Pdv - f‘jp-dz = 1 -qf(c-n)dv =1, -1 (3.1.9)

Here, IL is the photocurrent generator and IR is the diode current-voltage
characteristics. In the case of a linear system, where the recombination law
is linear in the electron and hole concentrations, then IR is just the dark

diode current-voltage characteristics given by Sah [26].
4

I, =] JA [exp(qv/mkT) - 1] (3.1.10)
=l

where the sum is taken over the various recombination regions and m=1 to 4 as

summarized below and elaborated in the next subsection.

m-Value RECOMBINATION REGIONS

SERRNRE BERRSRRNRNRANRNRE AR AR RRE RN RN RRRRRR RN
1 Quasi-neutral base and emitter layers.
1 Front and back surfaces or interfaces.

1 to 2 High level condition in above regions.

1 to 2 Space charge layer.

2to} Surface channel.

An indication can be made of the requirement on the recombination current
density coefficient, Jm given in Eq.(3.1.10), to achieve high performance. For

this purpose, the best case is taken, namely that of m=1 since this gives a

-8-




current-voltage characteristics which is closest to the ideal lossless case of

a sqaure (or rectangular) I-V curve sometimes known as the threshold case.

Figure 2 illustrates the IV characteristics of these cases,

m=Q
Threshold

> i

m=2/3

m=2

- Space Charge
Limited

>V

Figure 2 The current-voltage (IV) characteristics
of several p/n junction solar cells with
different recombination loss mechanisms.




For general comparisons, we also assume that illuminated area is equal to
the cross-sectional area of the recombination volume. Thus, the ideal (but not
lossless) solar cell characteristics can then be described by

J =3 - J [exp(qV/kT) - 1] (3.1.11)
where J is the current density flowing into the external circuit from the solar
cell power source and V is the terminal voltage of the cell. We have neglected
the internal series resistance losses of the cell in this ideal case.

The photocqrrent density is a weak function of recombination loss in high

efficiency cells. It can be taken as a constant and set to the maximum
avajlable photocurrent under AM1 illumination at a given cell thickness. Our

example here and in the remaining sections of this report will take a value of

36 mA/cm2

for JL which corresponds to the laboratory simulated solar power
density at the earth surface, known as AM1.5, at a photopower density of
PIN=100 mW/cmZ. This closely approximates the photocurrent generated in

a 50 micron thick photoactive layer of a cell, with no front and back surface
reflection, and under the real AM1 solar spectral density of 88.92 oW/ cm?

which gives a photocurrent of 31.49 mA/cm2 obtained by a numerical solution of
the six semiconductor equations using the circuit techniques. (See Table III of
reference [17].) This gives a photocurrent response of JSC/PIN = 31.49/88.92

= 0.3541 = 0.36 A/W. For other illumination intensities, material properties
and cell thickness, only the ratio, JL/PIN = 36/100 = 0.36 A/W, needs to be
modified and the results can be scaled. For example, if the cell was infinitely
thick or all photons were absorbed, then this photo-response ratio is increased
by 27.6% to 0.4594 A/W. Infinitely thick cell is neither practical nor
desirable since the neglected series ohmic loss will be increasingly important
to reduce the efficiency. Multiple-pass in thin cells would be a solution to

increasing the photocurrent while keeping the series resistance loss low. The

-10-




two-pass case with perfect reflecting back surface has been analyzed by us [20]
which showed marginal improvement. Figure 3 gives the avaliable photocurrent
for the front and back surface illuminated silicon cells as a function of
thickness under AMO and AM1 (88.92mW) illumination conditions [27]. The sum of
the available photocurrents from the front and back illuminated one-pass cell
is the upper limit of the two-pass cell with perfect back surface reflection.
It is evident that only when the cell is very thin can the back surface

reflection improve the short-circuit current significantly.

b -]
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o

SILICON THICKNESS (um)

Figure 3 The available photocurrent or maximum short-circuit current in
in silicon solar cells as a function of silicon thickness under
AMO and AM1 (88.92 mW) illumination conditions for one-pass
front or back illuminated cells.
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The performance of the solar cell is characterized by four parameters,
the short-circuit current, JSC, the open-circuit voltage, VOC, the efficiency
at the maximum load power point, EFF, and the fill factor (sometimes also known
as the curve factor or form factor) at the maximum load power point, FF. These

can be computed from Eq.(3.1.11) and are given by

JSC = JL = J1*[exp(q®*VOC/kT) - 1] (3.1.12)
EFF = PMAX/PIN = JMAX®VMAX/PIN (3.1.13)
FF = JMAX®#VMAX/JSC#VOC (3.1.14)

where the maximum load power point is obtained by setting the derivative
dP/dv=d(J*V)/dV to zero using Eq.(3.1.11) for J. The maximum efficiency can
also be computed from

EFF = FF*JSC#*VOC/PIN = (JSC/PIN)¥FF#VOC = 0.36%FF*VOC (3.1.15)
in this case. FORTRAN notation convention is used here.

The results given by Egs.(3.1.12) to (3.1.15) are particularly useful to
provide a guide in the search of solar cell geometries of high efficiency. To
illustrate the numerical range of the parameters in high efficiency cells, a
set of parameters are computed and tabulated in Table I. It shows that the
dark current, J1, must be less than 2.3E-13 A/cm2 or 0.2 pA/cm2 for a 20%-AM1
cell. It decreases about one decade for each efficiency rise of 2%, reducing
to 0.2 f‘A/cm2 at about 26%, which is about the ultimate intrinsic limit for
a silicon solar cell with 50 microns of photoactive layer as indicated in
section 4. The table also shows that for each 2% rise of efficiency, the
open-circuit voltage must increase by about 60 mV, consistent with a simple

estimate of 58.96 mV or 2.303kT/q.
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TABLE 1

PERFORMANCE PARAMETERS OF THE IDEAL DIODE
SILICON SOLAR CELLS
(AM1 or AM1.5, 24.0C)

SOURCE J1 JSC voC FF EFF
(a) (mA) (aV) (%)
FRRRNARE  SERRBEEEEN  REEEEE EEERE EENRNENE  SENENNE
THEORY 2.04E~-16 36.0 840 0.8664 26.20
THEORY 2.12E=-15 36.0 780 0.8588 24,12
THEORY 2.21E-14 36.0 T20 0.8501 22,04
THEORY 2.30E-13 36.0 660 0.8402 19.97
THEORY 2.40E=12 36.0 600 0.8286 17.90
THEORY 2.50E-11 36.0 540 0.8151 15.85

Legend: Area=1.0cm“, PIN=100mW.

The numerical results of Table I also shows the range of the dark current
density, J1, for the less-than 20% cells. For these cells, the dark current
is more than 0.23 pA/cm2 if the losses are all in the quasi-neutral regions
and layers or at the interfaces and the cells are at a low injection level so
that they follow the ideal diode law. In general, cells with lower
efficiencies suffer also from recombination losses at the resistive defects or
short circuit spots on the cell perimeters [18] and in the bulk and back
contact regions [19], in the surface channels [26] as well as at recombination
centers in the quasi-neutral base layer, the last from residual crystal

growth- and process-induced metallic recombination impurities.

-13-




3.2 RECOMBINATION LOSS MECHANISMS AND SITES

Energy loss by photogenerated electrons and holes through scattering and
recombination limits the ultimate performance of solar cells. Scattering
reduces the mobilities of electrons and holes, increases the series resistance
and decreases the fill factor measured externally. Recombination losses
increase the shunt conductance and the dark leakage current which decrease both
the open-circuit voltage and the short-circuit current. Energy losses of the
photogenerated electrons and holes by these two collision processes, scattering .
and recombination, will thereby reduce the efficiency of the solar cell si£ce
it is given by the product of the open-circuit voltage and the short-circﬁit

current as indicated by Eq.3.1.13.

3.2.1 CLASSIFICATION OF RECOMBINATION PROCESSES

The electron-hole recombination processes can be categorized according to
their origin and further delineated by the energy exchange mechanisms which
control the recombination rate. Recombination processes with the intrinsic
origin are those which limit the ultimate performance of a solar cell. Recom-
bination processes with the extrinsic origin due to crystal imperfections, such
as chemical impurities and physical defects present in the electrically aqtive
volumes of the cell, is the dominant reason that limited the best silicon solar
cell to-date to an efficiency below 20%-AM1. However, the extrinsic origin of
the recombination losses can obviously be reduced with advanced and by future
advances in silicon device fabrication technology. This brings hope that very
high efficiency silicon solar cells can be attained in the future when all the
deleterious losses from extrinsic origin or crystal imperfections can be
eliminated. A categorization of these recombination processes is given in the
following table.
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TABLE II

RECOMBINATION PROCESSES IN SOLAR CELLS

INTRINSIC MECHANISMS ENERGY EXCHANGE PARTNER
(Interband Transitions) (Energy Loss Mechanisms)
BERRRRABRRRERRRRRRRERRRERERRER RN ARERRBARBRERARERBARURRRERRER
I.1 Thermal Recombination Phonons (Lattice Vibration)
I.2 Radiative Recombination Photons

I.3 Auger Recombination Second Electron or Hole
EXTRINSIC MECHANISMS ENERGY EXCHANGE PARTNER
(Band-bound Transitions) (Energy Loss Mechanisms)

I T Y I IR I I ITITY ] SEERRRERBRRRRRRRREEERR R NNR
E.1 Thermal Recombination (SRH) Phonons (Lattice Vibration)
E.2 Radiative Recombination Photons

E.3 Auger Recombination Second Electron or Hole

A main fundamental difference between the intrinsic and extrinsic recom-
bination mechanisms is that the initial and final states of the electron or the
hole are in different energy bands separated by a large energy gap in the
intrinsic processes. The energy exchange or loss during one of the three
intrinsic recombination processes is much larger than the largest phonon energy,
about 60 meV for optical phonons in solids. Thus, except for the interband
thermal recombination transition, I.1 listed in Table II, other methods must be
employed to dissipate the recombination energy loss of an electron-hole pair.
For example, in I.2, the radiative recombination process, the electron energy
loss when dropped into a hole is carried away by a photon. In the interband
Auger recombination transition, I.3, the energy loss is carried away by a

second electron or second hole which is in the vicinity of the recombining

electron-hole pair.
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For the three extrinsic recombination mechanisms listed in Table II, the
initial or final state of the recombining electron and hole is a localized or
bound state located at a lattice imperfection, such as a chemical impurity or
a physical defect (vacancy, divacancy, vacancy clusters and dangling bonds) or
a complex involving many impurity atoms and vacancies. In contrast, the initial
and final states of the electrons and holes in an intrinsic or interband
recombination transition are the nonlocalized band states which extend over the
entire crystal. The energy exchange in the extrinsic recombination transition
covers a wide range from the small value of an acoustical phonon of a few meV to
large values approaching that of the fundamental energy gap of an electron-volt
or two.

Thus, the intrinsic mechanisms cannot be completely eliminated in solar
cells although cell designs may be optimized to reduce the recombination rates
via these intrinsic mechanisms which will be discussed in section 4. However,
the extrinsic mechanisms can be reduced or even eliminated as the silicon
device fabrication technology keeps advancing. It should be emphasized that
the extremely low density requirement on the recombination center density over
extremely large device or cell areas exceeds the capability of even the latest
and most advanced silicon VLSI circuit fabrication technology.

Among the recombination processes listed in Table II, the intrinsic Auger
and Radiative mechanisms pose the ultimate limit for greater than 20% AM1 cells
which is elaborated in section 4. However; the extrinsic thermal recombination
mechanism, the SRH or Shockley-Read-Hall process, accounts for the current
technology limit. The recombination rate and loss of the SRH thermal recombina-

tion process is proportional to the density of the impurities and defects.
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These imperfections can be unintentionally but readily introduced during the
cell fabrication procedures and they may be present in the starting silicon
erystal, being incorporated during crystal growth. Thus, this limiting factor
of the current-best cells can be largely removed with anticipated advances in
silicon integrated circuit fabrication technology.
3.2.2 RECOMBINATION SITES

These recombination processes can occur preferentially at certain regions
or locations in a solar cell which suggests device design and technology inno-
vations to reduce and eliminate them. A schematic illustration of the cross-
sectional area of a p+/n/n+ solar cell is given in Fig.2. The cell can be
described generally by a number of layers and interfaces where one or more of
the recombination mechanisms may be important. The layers are: the quasi-
neutral emitter, base and back-surface field layers; and the p/n junction space
charge layer; and the interfaces: the oxide/silicon, metal/oxide and metal/
silicon interfaces on the front and back surfaces illustrated in Fig.l4(a).

Not all of the six recombination mechanisms are important in these layers.
For example, in the highly-doped p+ emitter layer, only the interband Auger and
the SRH recombination mechanisms may be important. The interband Auger mech-
anism can be important if the majority carrier density in the quasi-neutral

emitter exeeds about 1x1017 hole/cm2

or the emitter layer sheet resistance
exceeds about 0.6 ohm/square [28] since the Auger recombination rate for the
injected or photogenerated electrons in the p+ emitter layer is proportional to
the square of the hole concentration.

For another example, the SRH mechanisms could also be important in the

quasi-neutral p+ emitter if the density of the defect recombination centers in

the emitter is greatly increased due to heavy doping of the p+ emitter by a
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A cross-section view of solar cell showing the
dominant recombination processes and locations.
RADIATIVE and AUGER are the interband radiative
and Auger recombination mechanisms. SRH is the
8hockley-Read-Eall thermal recombination at

defect and impurity recombination centers. Recom-
bipation occurs both in the bulk layers and at the
interfaces between oxide, silicon and metal(dark).
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A cross-section view of solar cell showing the recom-
bination velocity representation of the recombination
rates. SE. BB and sBI are the effective recombiantion
velocities of volume recombination processes. sFI'
8!!' Sﬁl and sau are the real interface recombination
velocities at the front oxide/silicon, front metal/
silicon, back oxide/silicon and back metal/silicon
interfaces.
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high concentration of boron impurity. Heavy doping introduces localized band-
tail states and broadens the boron impurity level into an impurity band, both
of which give a narrowing of the energy gap. This energy gap narrowing will
increase the minority carrier density appreciably by increasing the intrinsic
carrier density, ni. The higher minority carrier density would increase the
dark current coefficient, Jl’ by the factor exp(DEG/KT) where DEG is the
reduction of the energy gap which appears in ni.

There has been no concrete evidence showing that the localized or band-
bound Auger recombination process, E.3 in Table II, is important in the heavily
doped emitter layer [29]. However, it is anticipated due to both the large
majority carrier density and the high density of defects and dopant impurities.

In the quasi-neutral base layer, the interband or intrinsic radiative, the
interband Auger, and the SRH localized recombination processes may all be impor-
tant. In cells with less than 20%-AM1 efficiency, SRH losses at recombination
centers will dominate while the interband radiative and Auger recombinations
are not significant. When the extrinsic recombination losses, such as the SRH
process in the quasi-neutral base and emitter layers and at the interfaces, are
reduced or eliminated, the interband or intrinsic radiative and Auger
recombination mechanisms become the limiting mechanisms. This is fully
discussed in section 4 for very-high efficiency cells.

The analysis just made for the highly doped emitter layer can also be
applied to the back-surface-field (BSF) layer. However, recombination in the
BSF layer has much less influence on the cell performance than the emitter
layer on the front surface since most of the electron-hole pairs are generated

by light in the front surface region. The main requirement for th BSF is to
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have a sufficiently low recombination rate and steep impurity gradient at the
high-low junction so that most of the minority carriers are reflected back
towards the front surface by the low/high junction interface. If the reflection
is very efficient or 100%, then no photo-generated minority carriers can pene-
trate into the BSF layer to recombine with the majority carriers there. Then,
the recombination loss in the BSF layer would have little influence on the
dark recombination current J;.

Recombination of photogenerated minority carriers at the localized states
in the interfacial layers on the front surface can significantly reduce and

limit the efficiency by increasing the dark current J From analysis of the

1
recently reported cells to be given in section 3.3 it is evident that some of
these high-efficiency less-than-20% cells are somewhat limited by recombination
losses at the front interfacial layers.

Recombination at exposed surfaces and interfaces can occur via the six
mechanisms just described with the SRH recombination at interface and surface
states being the most important and interband Auger mechanism very effective
on highly-doped emitter surfaces. The recombination centers at the interfaces
and surfaces are the dangling bond sites of silicon and oxygen arising from
abrupt transition from a silicon lattice to an amorphous oxide or insulator
structure. Extensive studies of these dangling bonds and their generation and
anealing kinetics in the presence of hydrogen and high electric field as well
as high densities of energetic electrons have been made and quantified [30,31].
The hydrogenation and dehydrogenation of these dangling bonds as well as the
dopant acceptors (B, Al, Ga and In) [32-34] have been intensively investigated
with extensive proof of the formation of the hydrogen bonds with the group-III

acceptors [35].

A7
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In addition, the SRH mechanism is expected to be very effective at the
contact-metal/silicon interface since this non-rectifying or ohmic Schottky
barrier ﬁsually contains a high density of recombination centers. Latest clean
oxidation technology has reduced the interface recombination losses at the
oxide/silicon interface to a level which is unimportant in integrated circuit
applications. However, the level may not be low enough for above 20% silicon
solar cells. Recombination at the contact-metal/silicon interface mentioned
above has also been a serious deterrent to high efficiency cells above 20%-AM1
efficiency. Even the recombination area of the low coverage contact fingers is
small, the interfacial recombination rate at such a metal/silicon interface
is so high that there could still be a significant net increase of the dark
current, Jl’ from the recombination at this interface of the 'dark-diode' in

the shades of the conductor fingers.

3.2.3 COMPARISON OF RECOMBINATION LOSSES BY EFFECTIVE RECOMBINATION VELOCITY
To estimate the recombination losses at the various bulk and interfacial

layers just discussed, an effective interface or surface recombination velocity

, may be defined. This approach enables us to compare the contributions from the

various regions and layers conveniently. The definition comes from the one-to-
one relationship between the dark current, Jl’ and the interface or surface

recombination velocity, S, at a true surface or interface. This is given by

4
11 - J.IA - -'i.l “-'-A- (3.2.1)
where Sm is the effective surface or interface recombination velocity of
minority carriers impinging onto the interface, N, is the minority carrier
density on its arrival side of the interface and Am is the area of the surface
or interface element. This is summed over all the surfaces, interfaces and

arrival surface of the recombination volumes to give the total dark current, Il.
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Fig.4(b) shows several effective and real interfacial recombination
velocities in a solar cell. For example, SFI and SBI are the true recombina-
tion velocities at the front and back oxide/silicon interfaces. SFM and SMB
are the true interface recombination velocities at the front and back metal-
contact-to-silicon interfaces. However, SE, SB and SBI are the effective
surface recombination velocities of the emitter, the base layer and the
low/high n/n+ BSF junction layers.

One may readily obtain the following results by solving the minority
carrier continuity and diffusion current equations, Eqs.(3.1.1) and (3.1.3)

in the p-type region and Egs.(3.1.2) and (3.1.4) in the n-type region, with the

drift currents neglected.

J1 = q®*NE®*SE + q*PB#NB (3.2.2)
where

SB = (XB/tB) + SBI + SBA + SBO (3.2.3)

SE = (XE/tE) + SFI + SEA + SEO (3.2.4)

Here, XB and XE are the base and emitter layer‘thickness; tB and tE are the
minority carrier lifetimes in the quasi-neutral base and emitter layers
respectively. SBI and SFI are the effective and real recombination velocity at

the back and front interfaces; SBA and SEA are the effective recombination

velocities from volume interband Auger recombination in the quasi-neutral base

and emitter layers respectively; and SBO and SEO are those from the volume
interband radiative recombinations. These Very simple expressions are
applicable for base and emitter layers which are thin compared with the
minority carrier diffusion lengths, a condition that holds well in high

efficiency cell designs. The recombination velocities are given by
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SBT = XB/tB (A1l Level SRH) (3.2.5)
SBA = Ci*XBiNB (Low Level Auger) (3.2.6)
SBA = CJ#XB*ni%exp(qV/KT) (High Level Auger) (3.2.7)
SBO = C°#XB*NB (A1l Level Radiative) (3.2.8)

for the base layer. A similar set holds also for the emitter layer.

Numerical values of the effective surface recombination velocities are
computed for typical cells given in Table III for the simple SRH case from
those cells given in Table I. In section 4, the Auger and radiative
limits will be computed and discussed for the ultimate efficiency cells. It is
evident from Table III that extremely low effective interface recombination
velocities are required for cells with greater than 20%-AM1 efficiency. It is
also evident that this value is strongly dependent on the majority carrier
density at the interface or surface where the effective recombination velocity
is computed. For example, for the 19.88% cell which is assumed to be limited
mainly by base recombination, the effective base recombination velocity is

128 cm/s for a base doping of 1.0E16 om 3

o Thus, emitter surface or interface
recombination loss can be important only when the emitter interface recombina-
tion velocity is more than 12.8%(NE/NB)=1.28E+5 cm/s if we assume that the
emitter dopant density at the emitter surface is 1.0E+4 times higher than the
base doping. This value of emitter surface recombination velocity is so high
that in practice emitter recombination cannot be too significant. However, in
the calculation, Auger recombination and ehergy gap narrowing at the very
highly doped emitter surface were not included. Energy gap narrowing alone
can increase the minority carrier density at the surface by 10 or 100 times,

reducing the emitter recombination velocity limit by the corresponding factors

to 1.28E+4 or 1.28E+3, the latter would make the emitter interface recombination
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loss significant. This is probably the case in some experimental cells whose
efficiency decreased when the emitter surface oxide was removed since the

bared emitter surface may have a very high surface recombination velocity,

1.E+6 cm/s or higher on chemically etched surfaces.

3.2.4 EFFECTS OF OHMIC CONTACTS AND BACK-SURFACE FIELDS

Table III gives also an example which illustrates the importance of having
a back-surface-field layer to reduce the effect of back surface recombination
loss. This example arises from the question: can the back surface field layer
be replaced by a thick base and the cell still have a very high efficiency?
This is a practical question since the BSF layer requires extra cell fabrication
steps at high temperatures which usually reduces the bulk lifetime in the quasi-
neutral base. As a consequence, some of the best production cells to-date have
AM1 efficiencies less than 17% due to the loss at te back contact from not
having a highly effective BSF layer, whose designed theoretical efficiency
exceeds 19%.

TABLE III
PERFORMANCE AND REQUIREMENT OF 20% SILICON BSF p+/n/n+ CELLS

esoBase Recombination Onlyeee

voc| FFlEFF| 9y [sg (e

v t | mvon?|ands| us |ri/emd
660|.8375(19.88(2.06-13| 128 39|1.7€12
680|.8410{20.56{9.4€-14| 58| 83|6.5€11
700 .8445|21,26|u.36-14| 27|186|3.6E11

720(.8460{21.9012.0E-14} 12]407]1.6E11
LIMITS none | none |(a) |(b)| (C)

Legend: PIN=89mW/cm?;JL=32mA/cm?;24.0C; (a)$ -o.rn-102°/1016;m-cm
(a)Sp increases by 10X 1if Np increasEs by 10X to 10!7ca™3.

'Y = . = - 3' bt M
(b)S, =0;X,=50um; (c)cp 1.5E-8ca /"TAnger 3.6ms
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3.3 EVALUATION OF FOUR RECENT HIGH-EFFICIENCY CELLS

Silicon solar cells with efficiency approaching 20%-AM1 have been
fabricated in the laboratory and 17%-AM1 in production [36]. Innovative cell
designs have been developed to reduce interface and emitter recombination
losses by Green [37] using a thin tunnel oxide layer between the contact metal
fingers and the n-type emitter layer in a metal/insulator/n/p (M/I/N/P) cell
structure to reach an efficiency greater than 19%. 1In this section, the
experimental performance data of the best cells of four industrial laboratories
are compared with that predicted by the ideal diode cell theory presented in
subsections 3.1 and 3.2. From these comparisons, it appears that bulk recombin-
ation in the quasi-neutral base via the SRH mechanism through impurity and/or
defect centers is the limiting loss on the three higher efficiency laboratory
cells while the fourth cell design may be limited by recombination on the back
surface. The experimental [36-40] and computed cell performance parameters are
given in Table IV. One or more computed data are given to illustrate possible
variation and uncertainty in the material (resistivity, mobility, lifetime,
diffusion length) and geometry (length, width, junction depth) parameters among
cells in a batch. The computed data is based on recombination at recombination
centers in the base only but the effective recombination velocity are also given
to gauge other possible mechanisms and locations of recombination.

The results of all four cells show that the experimental Ji's eaﬁ be
almost completely accounted for by the eomputed J1 using the measured base
diffusion length or lifetime and resistivity data supplied by the authors. The
predicted efficiency by the ideal diode cell theory, indicated by the Theory

rows in Table IV, is smaller than the experiment in all four cells. The loss is
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TABLE IV

PERFORMANCE OF FOUR HIGHEST EFFICIENCY SILICON SOLAR CELLS AND

COMPARISON WITH IDEAL DIODE CELL THEORY

SOURCE

RHO

(type)author ohm-cm

(M/1/N/P)

Ideal Theory
Ideal Theory
Green Exp

(N+/P/P+)
Ideal Theory

Spitzer Exp
Exp

(N+/P/P+)

Ideal Theory
Rohatgi Exp
Exp

THICK LB TAU J1 JSC  voC FF EFF%

(um) (um) (us) (a) (ma) (mv) AM1
RARERE RAER RN RRRARE R #nun (22X 221X E X2 X

170 3.2E-13 36.0 660 0.840 20.0
170 6.6E-13 36.0 641 0.835 19.3
280 20 3.2E-13 36.0 653 0.811 19.1

13 1.2E-12 36.2 627 0.834 18.9
380 150 36.2 622 0.801 18.0
35.9 627 0.800 18.1

SB

(cm/s)
BERRER

850
1750

1100

23 2.0E-12 36.2 605 0.830 18.2
150 263 2.0E-12 36.2 605 0.786 17.2

(N+/P)

Ideal Theory
ASEC Exp
Exp

36.0 625 0.805 18.1
36.5 610 0.775 17.2

2200

Green: University of New South Wales, Australia.

Spitzer: Spire Corporation, Bedford, MA.

Rohatgi: Westinghouse R & D Center, Pittsburgh, PA.

ASEC: Applied Solar Energy Corporation, City of Industry, CA.
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BASE DIFFUSION LENGTH

TABLE V

AND BSF SURFACE RECOMBINATION VELOCITY DATA

SOURCE

Neugroschel
Neugroschel
Neugroschel
Neugroschel
IdealTheory
Green
Spitzer
Rohatgi
ASEC

TYPE

N+/P/P+
N+/P/P+
N+/P/P+
P+/N/N+
P+/N/N+
M/I/N/P
N+/P/P+
N+/P/P+
N+/P

TBASE LB TAU SBI JSC/AM1  VOC EFF
(um) (um) (us) (cm/s) (mA/em?) (mV) (%)
BENRE BREEE NRREE BRREEREE  RRRNENEE BEEEE  BEEEN
227 450 (60) 105 - -
92 600 (103) 180 - -
220 600 (136) 380 38/AMO 617
320 503 (200) 80 39/AM0 605
50 320 39 (128)SB 36.0 660
280 (170) 20 (850)SB 36.0 653
380 150 (13) (1100)SB 36.2 622
150 263 (23) (652)sB 35.9 605
(2200)SB 34.8 620

N3 ®owot
.
—_ ek O = O

-_— ek -t -3 )

Legend: Values in ( ) are computed. All at AM1.5 except two AMOs and all 2MiC.
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due to lower experimental fill factor, FF, than theory. This is likely to be
due to series resistance not accounted for in the theory and it indicates that
further design refinements of the metal contact grid lines may recover the
remaining efficiency loss in the experimental cells.

The main conclusion from the comparison between the experimental data
and ideal diode cell theory is that base recombination through defect and
impurity recombination centers via the thermal or SRH mechanism is the limiting
recombination loss mechanism in these four cells. Reduction of the series
resistance will bring the fill factor and efficiency of the experimental cells
up to the base-recombination limited values. Further improvement of the cell
performance to efficiencies beyond the theoretical values given in Table IV,
18.2% to 20.0% at AM1, would require design improvement of the entire cell to
reduce the base recombination losses further. Although the authors of these
cells have reported efficiency reductions in test cells where the surface
passivation oxide is removed, their highest-efficiency oxide-passivated cells
probably had sufficiently low recombination losses in the emitter layer and at
the oxide/emitter interface so that recombination losses in the base was the
most probable remaining loss mechanism.

The contribution of the interface recombination at the back surface to the
base recombination loss can be illustrated by the effective base recombination
velocity, SB, given in Table IV and a comparison of the experimental values.
This comparison is given in Table V. Neugroschel's surface recombination data
were obtained by a new method developed by him [41] which allowed a separation
of the recombination loss in the quasi-neutral base from that at the back

surface. He demonstrated this technique on many p/n junction solar cells.
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Four of Neugroschel's surface recombination velocity measurements are listed in
Table V. The base recombination was measured in terms of the base minority
carrier diffusion length, LB; and the back surface recombination velocity,

SBI, in terms of the effective value at the low side of the low/high junction
of the BSF layer. The effective total base recombination velocities, SB shown
in Fig.U4(b) or Eq.(3.2.2), for the four high-efficiency cells given in Table IV
are also tabulated in Table V for comparison with Neugroschel's data and with
the ideal theory. Two points can be made. The effective total base
recombination velocities of the four high-efficiency cells are significantly
higher than the effective BSF layer recombination velocity measured by
Neugroschel. This indicates that BSF recombination is not likely to be
important in these four cells, although one would expect some contributions in
the Green and ASEC cells which have no effective BSF layers. The second point
to be made is that Neugroschel's data provide experimental confirmation that
the effective BSF recombination velocity can be made quite low, as low as 80
cm/s. For this value of BSF recombination loss, an efficiency exceeding

20%-AM1 can be achieved.
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IV. ANALYSES FOR ULTIMATE EFFICIENCY LIMIT

The ultimate performance is limited by the intrinsic recombination losses.
Refined and stress-free clean fabrication technology can reduce and eliminate
the recombination sites and hence the extrinsic recombination losses at these
sites, but it cannot reduce the intrinsic losses. The fundamental intrinsic
limits are due to the interband Radiative and Auger recombination mechanisms
listed in Table I. The computed theoretical cell performances to illustrate
the ultimate or fundamental limits are given in Table VI. They were obtained
with certain assumptions as follows. All emitter recombination losses are
assumed negligible. This is achievable by proper design of the emitter dopant
concentration profile so that the total majority carrier density (carrier per
area of the emitter layer) is less than about 1E14 cm-2 [28,41] and there is an
effective P+/P front surface field or high/low junction near the front surface
of the emitter layer [42]. The assumption of negligible emitter recombination
is not only a practical necessity to reach the ultimate efficiency but is also
a valid assumption since for an ultimate cell, the base has to be thick to
absorb most the light in order to give high photo- or short-circuit current.
In addition, the base doping should be made high to reduce the minority carrier
concentration in the base in order that thermal recombination rate of the
minority carriers via the residual recombination centers in the base can be made
negligible. These two conditions would increase the Auger and Radiative recom-
bination in the base due to the thick base, while the former is further
enhanced by the high base doping or high concentration of majority carriers
in the base. SRH recombination loss decreases with increasing base doping

while Auger recombination loss increases with increasing base doping, thus,




there is an optimum base doping for maximum efficiency. This optimum doping

can be estimated from the dark current coefficient, J., of the three

1

mechanisms listed as follows:

Radiative Recombination (Interband)
2

J1 = q*cO#XB*n;
Auger Recombination (Interband)

J

q'Ca’XB*nz (High Level)

i*NB (Low Level)

2/3
J1 = q¥c3aXp#n

Thermal Recombination (Bound-Band SRC)
31 = atr;lexsen’/NB  (Low Level)
J2 = q*T;l*XB*n (High Level)

For the interband Auger recombination at high injection level, the diode
law has a superlinear slope of 3/2 on a logI vs V plot. This superlinearity
arises from the dependence of the interband Auger recombination rate on the
product of the minority carrier density and the square of the majority carrier
density, CpNP2 + CnNzP, since N:P:niexp(qV/ZkT) when the base is at the high
injection level condition.

Numerical calculations are made at 24C to illustrate the ultimate
performance capability of silicon solar cells with an electrically active base
layer thickness of XB=50 microns. At 24C, n;=1.0E10 cﬁ-3. The radiative
recombination rate is taken to be 0.62E6 for Coni vhile the interband Auger
rates are: C"=2.8E-31 and CP=0.99E-31 cm6/s. To illustrate the condition at
which the SRH recombination loss will begin to reduce the ultimate efficiency,
a base lifetime of 100 us and diffusivity of 20 cm?/s are assumed.

The results are tabulated in Table VI. This table also gives the
performance of two ohmic-contact cells to illustrate the effect of surface and

interface recombination on the ultimate efficiency.
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Table VI shows that the ultimate efficiency is limited by both the Radia-
tive and high level Auger recombination in the base. The maximum efficiency of
this 50 um cell is about 25.4%-AM1. The high-injection level Auger recombina-
tion limited performance 1s reached if the majority carrier or doping impurity
concentration in the 50-micron base is less than about 5E16 cnr3which gives a
total majority carrier density of 2.UE14 cm-z. Designing and operating the cell
in the high-level Auger limited range by reducing the base doping may help in
maintaining the high SRH recombination lifetime in the base which is necessary
to achieve the high efficiency, but the sensitivity to surface recombination
becomes more severe at this high injection levels, as indicated by.the SEFF
data in Table VI and discussed later in this section.

Table VI also gives two cells which are limited by the SRH recombination
processes in the base at both low and high injection levels. Two design ideas
may be drawn. (1) High level injection should be avoided. This was arrived at
previously by the observation that the high level recombination current law,
exp(qV/2kT), gives a softer illuminated I-V curve and hence lower fill factor
and efficiency. (2) Table VI also gives the condition at which SRC recombina-
tion loss will become important so as to significantly lower the ultimate
efficiency. The example assumes a SRH recombination lifetime of 100‘ps to give
a 23%-AM1 efficiency. To reach 25%, the SRH base lifetime must be increased by
10 or to greater than about 1000 ps or 1 ms which is at the limit of the state-
of-the art of current silicon VLSI technology.

Table VI also illustrates the importance of having a back surface field
layer to reduce the effect of back surface recombination which is a must to
reach the intrinsic or ultimate efficiency. We may again address the commonly

asked question of whether the back-surface-field layer can be replaced by a
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thick base in order to avoid the extra high temperature and lifetime reducing
steps to fabricate the back-surface-field layer. This question may become
more important in a ultimate limit cell design since recombination loss in such
a cell comes from the minute intrinsic or interbvand Auger and Radiative recomb-~
ination losses in the base. The expressions for the dark current, J1 and J2,
without a BSF low/high junction and with an infinite back surface recombination

velocity, are given by

J1

-1, 2
q®*DB*XB '(ni/NB) SB=DB/XB (Low Level)
and

-1
J2 q*DB*XB ‘(ni) SB=DB/XB (High Level)

Suppose that we ask the question of what base thickness is reqdired so that the
of recombination loss from the infinite-recombination-velocity back surface is
less than that from interband Auger recombination in the base. To answer this
question quantitatively, we set the corresponding two J1'a or recombination
velocities equal. Consider the low level case, we have

XB*Ca'NB*ni = DB*ni/(NB*XB)

or

NB*XB = SQRT(DB/C®) = SQRT(20/2.8E-31) = 1.0E+16 cm -.
Thus, for a base dopipg of NB=1.0E+17 cm_3, have a base thickness of XB=10001pm
or 'mm is required which not practical. This further demonstrates the
importance of having an effective low/high junction or potential barrier near
the back surface to shield the high-recombination rate back surface from the
photo generated minority carriers.

In conclusion, the ultimate efficiency is reached when all the emitter

recombination losses are eliminated and the extrinsic recombination via

recombination centers in the quasi-neutral base on the back surface are
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also eliminated. Then, the ultimate efficiency is limited by the interband
Radiative and Auger recombination in the quasi-neutral base layer. It is
desirable to maintain the low injection level condition in the base by high
base doping but not to exceed the doping density at which Auger recombination
in the base becomes comparable to the interband radiative recombination loss.
Under this condition, the ultimate efficiency is about 25.4% in a cell whose
acti§e quasi-neutral base layer is 50-micron thick. The physical thickness of
such a cell can be considerably larger in order to provide mechanical rigidity
such as by ion implantation or epitaxial growth to achieve such a 50-micron
thin active base layer. A thin active base is also advantageous for reducing
recombination losses at the residual impurity and defect recombination centers

in the base since their contributions to the dark current, J1, are minimized.

TABLE VI

ULTIMATE PERFORMANCE OF SILICON SOLAR CELLS
(Including the Effect of Surface Recombiantion)

source | a1 Isc |Yoc| T | | m g/ Sery
(A) (mA) {(mV) (X) (cm/s)
Radiat. -16 o_ _2
Recont. | 5-0%10 36.0 | 817  0.8637 | 25.4| 1 |c®xyn2 3.1
-22 s n3
Auger H| 3.0x10 36.0 | 786 | 0.8968 | 25.4(2/3|Cxn} 0.33
15

Auger L| 2.3x10" 36.0| 776 | 0.8582 | 24.0| 1 {C®x_n2N 14
X" "B

sk L| 8.0x10"1% | 36.0 | 746 | 0.8540 | 23.0| 1 whynlngl [ 50

otmicL| 6.4x10713 | 36.0 | 634 | 0.8354 | 19.1] 1 Dx;ln2ny! 4000
2

-8 3

SRH H| 8.0x10 36.0 | 666 | 0.7415| 17.8 13’331, 50
Ohmic H 6.41{10-.6 36.0 | 442 | 0.6645 ] 10.6] 2 Dx;lni 4000
T=24°C; ni-lolocm°3; Area=1 cmz; xB-SO um; NB-loncn-s; D=20 cmzll;

t'-100 us; Pm = 100 nW(AM1.5); L=Low Level; H=High Level;
c%i-o.emo‘; c;_-c“-z.auo'”e-‘/.; c;-c‘+c’-3.exm’31a‘/-.
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v. SUGGESTIONS FOR PRACTICAL SOLUTIONS

To achieve efficiency above 208, all recombination losses must be reduced.
The ideal diode cell calculation given in Table I indicated that the dark
current coefficient, J1, must be less than 0.2 pA/cm2 to reach 20% or higher
AM1 efficiency. Base recombination loss must be reduced by the brute force
approach of reducing the recombination center density. Some relaxation of this
requirement could be made by using a thin active base with a highly effective
low/high junction from the BSF layer. Such an approach of reducing base
recombination has been demonstrated previously [16] with the additional use of
an opposing drift field that retards the minority carrier diffusion towards the
back surface. To further reduce the effect of back surface recombination, the
back surface can be passivated by a thermal oxide since it is well known that
the oxide/silicon interface has a very low recombination velocity if all the
dangling silicon and oxygen bonds are removed either by slow annealing or by
hydrogenation [30,31 and references therein]. The back contact will then have
the metal stripe geometry similar to the front contact. Since the BSF layer can
be made relatively thick, to be comparable to the minoirty carrier diffusion
length in the BSF layer, metal stripes covering as much as 10% of the back
surface could be sufficient to reduce the back surface and back contact
recombination losses to a negligible level compared with other recombination
losses. The low resistivity from larger metal conductor contact areas on the
back surface of the silicon would insure low series resistance from this source.
Thus, an optimum base design would be one with a relatively thin active base
layer, about 50 to 100 microns, a very high base lifetime in the active layer,
a built-in retarding field for the minorify carriers in the base layer, an

effective low/high Jjunction at the back-boundary of the quasi-neutral base
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layer, a not-too-highly doped BSF layer to reduce recombination loss in this
layer and a relatively low recombination-velocity back silicon surface or
interface such as that covered by a thermal oxide.

With these design considerations for the base, the remaining recombination
loss would come from the emitter layer and emitter surface. Design considera-
tions similar to those just discussed for the base and BSF layer can be used
to design the emitter to reduce emitter recombination. However, the emitter is
much thinner than the base and the emitter thikcness is muchless that the
minority carrier diffusion length in the emitter in contrast to that in the
base or the BSF layers. Thus, recombination losses at the interfaces on the
front silicon surface will have a much larger effect on the dark current, J1,
and on the efficiency than that at the back interfaces just discussed. Thus,
highly effective oxide passivation of the silicon front surface over the emitter
Junction must be employed since a front high/low junction [42] to produce
the retarding potential barrier against minority carriers is much more
difficult to fabricate due to the thinness of the emitter layer. In addition,
the recombination loss at the metal-conductor/emitter-silicon contact interface
must be reduced since this dark contact diode could produce a very large dark
current due to the very high recombination velocity at the metal/silicon
interface, even when the front contact area of the fine grids may be only 1% of
the total front surface area of a cell.

Green had approached this contact recombination loss problem by employing
a thin tunneling oxide between the contact metal and the emitter silicon as
indicated in Fig.4(b). However, uniform and thin tunneling oxides of less than
20 to 30A are difficult to grow reproducibly and its stability or reliability
is expected to be rather poor, especially in view of the high-stress environ-
ment (high temperature and optical radiation) in which a solar cell must operate
reliably over the lifetime of more than twenty years.
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Another approach, proposed by this author at the 2i4-th PIM (Project
Integration Meeting of JPL on October 2 and 3, 1984) [43], was to use a thin
and doped poly-silicon barrier layer between the conductor metal and the
heavily doped silicon surface of the emitter. Neugroschel [44] has measured
the effective surface recombination velocity of the polySi/Si interface in
very high speed VLSI bipolar silicon transistors with very shallow emitters.
Table VII summarizes selected results. The solar cell performance data are
computed assuming no base recombination loss and the unreal worse case which
has the poly-silicon barrier over the entire front surface of the cell
instead of just the contact areas. Even in this case, it is evident that
the polysilicon barrier can significantly reduce the effective emitter/contact
interface recombination velocity, to as low as 112 cm/s, giving a worse-case
computed cell performance of 19.6%-AM1 efficiency. In reality, the front
metal contact area is only about 1% of the cell area so that the effective
recombination velocity would be reduced to 1.12 cm/s or J1 reduced by 100X to
4.3E-15 A/cm?. This would give a VOC of 769mV, FF of 0.861 and an AM1.5
efficiency of 23.8%. This is still below the fundamental 1limit posed by the
interband recombination in the base, giving further support on the
importance of reducing all possible emitter recombination losses in order to
attain the highest efficiencies.

In summary, one practical solution to achieve an AM1 or AM1.5 efficiency
of greater than 20% is to employ a drift field in an efficient low/high junction
BSF cell structure with relatively thin base such as 25 to 100 microns of epit-
axial layer on a n+ substrate and with an oxide passivated emitter which has a
polysilicon barrier between the contact metal and the emitter in the contact
stripes. According to the available data on base lifetime and polyemitter con-
tact recombination velocity, efficiency exceeding 20%-AM1 should be attainable.
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TABLE VII

EFFECT OF A POLYSILICON BARRIER LAYER ON THE INTERFACE RECOMBINATION
VELOCITY OF A METAL-TO-HEAVILY DOPED SILICON EMITTER SURFACE

DEVICE BARRIER DOPING HEAT JPO SFM JsSC VOC FF EFF

NO. LAYERS METHOD TREATMENT (A/cm?2)  (em/s) (mA) (mV) y 4
HREERR {2222} RRABRERR HRERRNRER SRARNRER RRAREE BRER [ XX X3 (232 (X221

--------- — -- NO BARRIER LAYER==mmmmee—emeccec—e—ccc-e————ce———
Metal none 450c/20min 5. E-=10 1.E6 36 468 0.795 13.4

---------------------------- SINGLE BARRIER LAYER-meemse—-ecececceccmecc—ce—————

1E 1500A none none 5.8E-10 1.E6 36 463

1F 15004 none 800C/64hr 5.5E-10 1.E6 36 465 0.794 13.3

1G 1500A none 900C/5min 5.5E-10 1.E6 36 456

1A 1500A In-situ none 9.2E-13 <240 36 630 0.835 18.9

1B 1500A In-situ 800C/ 64hr 11.5E=13 <300 36 625

1C 1500A In-situ 900C/ Smin 8.5E-13 <221 36 632

1D 1500A In-situ 900C/ 15min 6.3E-13 <164 36 640 0.837 19.2
2BE 1500A In-situ 1000C/15min 5.0E-13 <130 36 646

————————- S — DOUBLE BARRIER LAYERS--eeme=em- —

11 1500A none none 4.2E-10 1.E6 36 472 0.796 13.5
1000A In-situ

1J Same as 11 above 800C/ 64hr 4,3E-13 <112 36 650 0.838 19.6

1K Same as 1I above 900C/15min  4.2E-10 1.E6 36 472

L Same as 1I above 850C/ 64hr 4,6E-13 <122 36 648

2BA Same as 1I above 750C/ 8hr 4,0E-10 1.E6 36 473

Same as 1J with 1% front contact. 4,3E-15 <1.12 36 769 0.861 23.8
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VI. SUMMARY AND CONCLUSION

In this paper we have presented an analysis to delineate the factors
which may limit the current state-of-the-art crystalline silicon solar cells to
less than 20% efficiency at AM1. We have also discussed the factors which may
limit the ultimate efficiency and suggested practical designs which may break
the 20% barrier. These factors are summarized in the following table, Table
VIII.

To overcome the current 20% barrier, base recombination losses must be
reduced in the reported cell designs. The highest-efficiency cell reported by
Green [37] was not optimized to reduce base recombination. Further improvement
of efficiency to more than 20% requires first an elimination of the large base
recombination in the current cells by a novel graded-base back-surface-field
thin base structure suggested by Sah and Lindholm [16) and then by a novel poly-
silicon barrier in the metal contact to emitter suggested also by Sah [43] and
Lindholm. Estimated efficiency of such a structure could reach 23.8% (see
Table VIII) which is near the intrinsic limit of 25% at AM1.

To reach the intrinsic or fundamental limit of 25.5% due to interband
Auger and Radiative recombinations in the base, exceptionally clean and
stress-free fabrication process technology must be developed and very long
lifetime single-crystalline silicon (about one millisecond) must be used. The
former is yet to reach the state-of-the-art stage and would require concentrated
and further extensive development efforts, such efforts had been recognized
first by the NAS-NRC Ad Hoc Panel on Solar Cell Efficiency in 1972 [7] and the

Rappaport Workshop in 1973 [8].
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TABLE VIII

SUMMARY OF EFFICIENCY LIMITING MECHANISMS

EFFICIENCY CURRENT LIMITING MECHANISMS MAXIMUM
RANGE STATUS AND DARK CURRENT
(%) RECOMBINATION SITES J1(A/cm?)
ERERERARRRSE  BRERBRRRRERN HERRNBRBERERRRBRRRRRY BRRREARRRNNY
25+ Must eliminate Interband Auger and 5.0E-16
all emitter radiative in base.

recomb. losses.

20-24 Must reduce all SRH at traps at the 2.0E-15
base recomb. contact and oxide/ to
losses. silicon interface. 2.0E=-13

Use polySi barrier
for contacts.

18-20 Current best SRH at traps in the 2.0E~-13
cells. base layer. to
2.0E-12
<18 Current SRH at traps in both >2.0E-12
production. the base and emitter.
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