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FOREWORD

Continuing its interest in the photovoltaic area, the Inberagency
Advanced Power Group (IAPG) has published for the third time the
proceedings of the Photovoltaic Specialists Conference. The content of
these proceedings - a significant part of the information exchange
activities of the TAPG - is of particular interest to members of its
Solar Working Group.

This conference, the fifth of its kind, was cosponsored by IEER,
ATAA, and the NASA-Goddard Space Flight Center. Facilities for meetings
and other arrangements were the responsibility of NASA-Goddard.

Preseuntations are included in the order in which delivered at the
conference and were prepared from papers submitted to the Power Infor-
mation Center (PIC) through the IEEE. Where papers have been authored
by more than one person, cover sheets bear the name of the person who
actually gave the presentation.

Presentations are arranged in three volumes and five sections
reflecting the arrangement of the cor}ference into three days and five
sessions. Contents of the volumes are as follows:

Volume T - Advanced Solar Cells

Volume II - Thin Filw Solar Cells and Radiation Damage

Volume TII -~ Solar Power Systems Considerations

Transcriptions of the discussion periods following each presenta-
tion were prepared by Mrs. Marion Beckwith of Mr. Cherry's staff at
NASA-Goddard. This effort is acknowledged as an important contribution
to the proceedings.

Inclusion of a paper in these proceedings in no way precludes later

publication in professional society journals.
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PROGRESS ON CADMIUM TELLURIDE THIN FIIM SOLAR CELLS

Iowell D. Massie
Joseph F. Wise
Air Force Aero Propulsion laboratory

Introduction

This paper describes work accomplished and results achieved on cadmium
telluride thin film solar cells under Air Force contracts AF 33(657)-10601
and AF 33(615)-2695 with the General Electric Company. Work under contract
AF 33(657)-10601 was completed in February 1965 with submission of AFAPL Tech-
nical Report 65-8, Researéh on Thin Film Polycrystalline Solar Cells. Much of
the information presented in this paper is extracted from the report.

Research on cadmium telluride film cells is presently continuing under
contract AF 33(615)-2695, which became effective 1 June 1965. The First
Quarterly Technical Report prepared under this contract was distributed -
15 September 1965.

The basic objective of thin film solar cell research is to develop the
technelogy for economical fabrication of efficient, lightweight, radiation
resistant solar .cell arrays capable of reliable operation in space for extended
periods of time.

More specifically, the program goals are (a) rapid, automated fabrication
and assembly techniques to permit major photovoltaic. array cost reductions to
less than $10.00/watt; (b) thin film errsy power to weight ratio of 100/watts/1b
ineluding stewage and deployment weights at 10 percent efficiency; and (c) less
than 10 percent degradation for 5 years operation in space.

The work is highly exploratory and isé,long term approach, in contrast to
single crystal silicon cell work, to meeting future power requirements of
aerospace vehicles. Cadmium telluride with.a bandgap of '1.45 electron volts is
near the theoretical optimum for conversion of solar energy by the photovoltaic
effect. OSteady progress toward larger cell .areas and improved efficiencies has
been made with results of preliminary tests indicating superior radiation re-
sistance in contrast to silicon solar cells. Consequently, cadmium telluride is
cohsidered a promising material potentially capable of meeting thin film cell
program objectives.

Cadmium Telluride Film Cell Configuration

The cross section of a cadmium telluride thin film solar cell is shown in
Figure 1. Molybdenum foil 0.001" to 0.002" in thickness is first heavily oxi-
dized in nitric acid and then the oxide is removed with hydrochloric acid. This
results in a slightly matte substrate surface for film growth. Film growth

C-1-1
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proceeds in three stages. The molybdenum is first precoated with a low resis-
tivity cadmium sulfide layer which subsequently orients the cadmium telluride
layer, reduces the metal-semiconductor barrier height, and improves the adherence
of the composite cadmium telluride-cadmium sulfide £ilm. The main N-type cadmium
telluride film heavily doped with gallium, is then deposited to a thickness of
about 10 microns on the cadmium sulfide layer. During the final few minutes of
Tilm growth, a relatively high resistivity upper layer is grown by compensating
gallium doping with copper acceptor atoms.

Junction formation is accomplished by immersing the sample in an 8500
copper ion solution’ for 10 seconds after having properly masked the back and
edges of the substrate. 'This step forms the P-type copper telluride layer having
a sheet resistivity of approximately 500 olnns’/squ.are«o' The high sheet resis-
tivity of the P layer requires the applicatioh of a clese spaced top contact.

A metallic scréen::grid has been used to give good initial results but cells
employing this type of comtact havé invariably deteriorated. A vacuum deposited
gold grid is presently used as standard censtruction and has provided good
efficiencies and greatly improved cell stability. TFigure 2 shows .a typical

56 cm” cadmium telluride film cell and a convenbional 2 em™ silicon cell for -
comparison. : )

Blectrical Performence of Iarge Area Cadmiwm Telluride Film Cells

In November 1964, several large ‘area (56 cmz) cadmium telluride film cells
were submitted under comtract AF 33(657)-10601 for -evaluation by the AF Aero
Propulsion Iaboratory. The cells were tested under 85 mw/ cn™ natural sunlight
and produced efficiencies of better than 4 percent.

The V-I characteristic curve of oné cell (SP-34) is shown in Figure 3.
The electrical performance of this cell i's the best observed to date for any
large-arsa thin film solar cell at AFAPL. The calculated- efficiency under the
85 mw/cm”™ intensity and :109C ambient tempersture conditifns is approximately ”
5 percent. The power to weight ratio based upon the matched load power of 226
millivatts and a cell weight of 1.44 grams is 71 twat’cs/lb, Projecting cell
performance to space sunlight conditions would résult in a power to weight ratio
approaching 100 watts/1lb. :

Cadmium Telluride Film Cell Témperature Dependence

The effects of temperature on cadmium telluride film cell open circuit
voltage and efficiency has been determined over the range from ~10°C to +90°C.
These data are shown in Figure 4 for cadwium telluride cells SP-28 and .SP-38.
Both the voltage and efficiency dependences are linear functions of increasing
temperature in the range from 0°C to +60°C with ayerage negative slopes of -1.6
millivolts/°C and -0.008 percen‘b/oc respectively. Based upon these data, very
minor losses in output 8ower would be expected in going from typical laboratery
test temperatures of 30°C to space operating temperatures of TO to 80°¢.

Cc-1-2
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Cadmium Telluride Film Cell Stability

As mentioned earlier, the change in cell P layer contact method from a
mechanical screen grid to an evaporated gold, comb type grid with krylon
protective overlay, greatly improved cell stability. The effects of storage
on the short eircuit current, epen circuit voltage, and maximum power of two
cadmium telluride film cells are shown in Figure 5. During the 3 month period
of ebservation, there is some increase in cell voltage, some decrease in cell
current with the maximum power remaining essentially unchanged. While this
indicates relatively good stability, the fact remains that adjustments in
current and voltage are occurring. The causes of these adjustments are under
investigation but are not fully understood at this time.

Generally, special precautions have neither been taken by the contractor
nor the AF Aero Propulsion Iaboratory in protecting cadmium telluride film
cells from laboratory ambients. It is unlikely that the system design engineer
would seriously consider use of components highly sensitive to ordinary labora-
tory environment. Figure 6 shows results of stability observations at AFAPL eon
the V-I characteristics of cell SP-105 over a 4 month period. There is a 2
percent change in epen circuit voltage, a 10 percent change in short cirveuit
current, and a 28 percent change in efficiency. Thus, the problem of stability
in cadmium compound film cells remains te be understood and remains to be solved.
Transparent, inorganic coabings such as oxides of silicon and aluminum capable of
serving as moisture barriers while emhancing the light absorption and proton
radiation resistance characteristics are under investigation.

Radiation Resistance of Cadmium Telluride Film Cells

Cadmium telluride film cells have been expesed to cobalt 60 gemma radiation,
5 Mev electron radiatien, and 2.4 Mev proten rigiatign‘ 4 dose of 1.6 x 10L1R of
cobalt 60 gamma radiation and a dese of 2 x 10~ cm™= 5 Mev electron radiation
produced ne effect on cell characteristics.

Mr. R. L. Statler of the Naval Research Iaboratory has conducted 2.4 Mev
proton radiation studies on cells supplied by AFAPL with results as shown in
Figure 7. Cadmium sulfide cells were included in the same test. There is
approximately 15 percent dscrease in short circuit current feor both film cell
types after a 3 x 1083 en™® qose.

AFAPL is currently planning a space experiment to obtain additional radi-
ation damage data on these cell types and advanced silicon types. Figure 8
shows space experiment modules mounted in a laboratory test fixture. The module
types are from left to right, Ton Physics Corporation ien dmplanted silicen,
Clevite Corporatien cadmium sulfide thin film, General Electric Company cadmium
telluride thin £ilm, Westinghouse dendritic silicon 10 ohm cm, and Westinghouse
dendritic silicon drift field.

¢-1-3
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Integrated Array Fabrication Techniques for Cadmium Telluride Cells

Approximately one-third of the Present comtract effort on cadmium telluride
film cells is directed toward investigation of techniques for fabricating inte-
grated array segments with areas of 5 to 10 ft. The objectives of this approach
are to circumvent handling, mounting, and intercomnection of individual cells

" thus reducing costs and increasing reliability. Also, as power .réguirenents are
extended into the multikilowatt range, the capability.to utilize component large
area array segments wather than individual cells becomes increasingly important
‘o facilitate constructior.

Figure 9 shows in schematic form the processing steps in fabricating an
integrated film cell array segment. The segment width would be approximately
12 inches with a length of 5 to 10 feet. The first step would be to metallize
1 inch by 12 inch substrate islands on an insulating plastic substrate. Step II
would be to deposit cadmium telluride over the -entire insulating substrate. -
The fhotovoltaic junction would be formed in Step ITI over the entire film
surface. Step IV would be to mask and remove the £ilm from unwanted regions and
finally in Step V the vacuum deposited grid and interconnectiomn pattern would be
formed. . .

. Sueh an iélte‘g'rated' segment wguld contain 60, 12 irr2 cells for a.5 f“b2 area
and 120, 12 in® cells for a 10 £t~ area. It is estimated that-such segments can
eventually be fabricated with weights as low as 0.10 1b/ft2. Segment power .to
welght ratios of 115 wa'bt‘s/-l'b would be attainable at 10 percent efficiency. IT
more than half the theoretical efficiency of 21 percent for cadmiuvm telluride
material can be realiz¢d in’a thin film cell configuratien, .even further improve-
ments in performance would be possible.

Summary

Cadmiup telluride thin film solar cells hawing areas of 56 em2 and gridded”
area (53 cm”) efficiencies of 4 to 5 percent in sunlight have been fabricated in
laboratory dquantities. These cells provide typical power to weight ratios of
80 wat'bs/lb under air mass 1 sunlight. - Wérk is in progress to reproducibly
achieve cell efficiencies at the 6 to 8 percent level during the next two years
and to investigate techniques of' fabricating 5 to 10 £t= integrated array
segments. The segments would consist of a number of cells fabricated simultane-
ously in sequential steps on a flexible substrate. Results of this work will be
applied to thin-film array concept. designs in the 0.1 to 40 KW power range.

Thin film cadmivm télluride solar cells stored under unprotected "conditions
in laboratory ambients have been found to exhibit ‘stability comparable to cadmium
sulfide film cells stored under desicated conditions. Detailed investigatiens
of the stability problem in cadmium telluride film cells and means of circumvent-
ing these problems are being pursued. The effects of simulated space environment
on electrical performance of cells is also under investigation and a space flight
experiment to verify results i% in the assembly stage.

C-1-k
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Introduction

The properties of GaAs indicate that this material may be suitable for
use in large area thin film solar cells. Because of the high absorption
constant of GalAs, sunlight is absorbed within a few microns of the surface.
Moreover, the bandgap is a good match to the solar spectrum. These char-
acteristics alone, however, do not insure that Gals will make a practical
thin filwm solar cell; such properties as strength and stability cannot be
predicted on a theoretical basis. Thus, the ultimate evaluation of the
possibilities of GaAs for thin film solar cells must derive from the per-
formance of fabricated cells.

This paper is a réport on the development of thin film GaAs solar cells.
The paper covers film formation on various substrates, junction formation,
solar cell structures and results obtained.

Film Formation

Polycrystalline GalAs films have been deposited on variocus substrates
by several methods. The most suitable films have been vapor grown in a
hydrogen ambient containing watexr vapor, cgrding to the gallium oxide
reaction described by Thurmond and Frosch. 1) The GaAs source material
(wafers or powder) is positioned between 20 and 30 mils from the source
material and the substrate provides for efficient transport as described
by Nicoil.(2

* present address Itek Corporation, Lexington, Mass.

+ Research reported in this paper was sponsored by the Aero-Propulsion
Laboratory, Research and Technology Division, Air Force Systems Command,
Wright-Patterson Air Force Base, Ohio, under comtract No. AF33(615)2259;
the National Aeronautics and Space Administration, Lewls Research Center,
Cleveland, Ohio under contract Nos. NAS3-2796 and NAS3-6466 and the NASA
Western Operations Office, Santa Monica, Califorhia under contract No.
NAST-202 and RCA Laboratories, Princeton, N. dJ.
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Tdeally, a substrate should satisfy several criteria; it should be
lightweight, flexible, and cheinically nonreactive in the growth environ-
ment. In addition, its thermel expansion coefficient should match that
of the GalAs film and its interface with the GaAs should be characterized
by strong adherence and low electrical resistance. Mo is one of the few
materials approaching the sbove requirements. Two mil Mo sheet was there-
fore used for most of this work. In a typical deposition process, the
temperature of the Mo foil is approximately T50°C while that of the. GaAs
source is about 850°C. Under these conditions a growth rate of 5 microns
per hour has been obtained.

One disadvantage of the Mo substrate is that the Mo-GaAs inberface
has a high resistance. This resistance has been reduced to @ satisfactory
level by precoating the substrate with a layer of tin-germenium alloy.
The substrate coating also serves to control the doping of the deposited
GaAs film., Free electron concentrations of 105 %o 10% , as determined
by differential capacitance measurements, are usually obta:med.

In an attempt to get a lighter more flexible cell, Gals has also
been grown on Al foil. Foils from 3 to 6 microns thick have been success-
fully used as substrates. Film growth on Al is a slower process than on
Mo because of the lower growth temperatures imposed by the melting point
of Al. Typically, the temperature of the Al foil is 600°C to 650°0C
with the source crystal about 100°C higher resulting in a growbth rate
of approximately 0.5 microns per hour. A layer of crystalline Inds
deposited by the close spaced method onto the Al foil has been used to
reduce the resistance of the Al-GaAs interface. .

The properties of spubtered and flash evaporated GaAs films have been
investigated to determine whether such £ilms could be used in solar cell
Tabrication. In general, it was found that the optical and electrical pro-

- perties of these films were quite different from those of elther single
crystal GaAs or vapor deposited films.

The adsorption coefficients of sputtered, flash evaporated,. and vapor
deposited films have been computed from measurements of the optical density.
When it appears from the shape of the optical density curve that the films
are not absorbing between 2.0 and 2.5 microns, the sbsolute ‘value of re-
flectivity is calculated from the optical density. The absorption co-
efficients near the band edge are quite insensitive %o errors in the re-
flectivity. Surfaces of films which appeared to scetter light were polished
before obtaining the optical data. The results are shown ‘in Figure 1.
Sputtered or flash evaporated films deposited on substrates at room tem-
verature were amorphous and crystalline films are anomolously high at
bandgap energy. Also, the sbsorption edges of these films are very poorly
defined. By contrast, the absorption coefficients of the vapor grown films
more nearly approximate that of single crystal GaAs. The "tails" between
0.9 and 1.2 microns are probably connected with optical effects at the
grain houndaries.

C-2-2
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The conductivity type and resistivity of sputtered and flash evaporated
£ilms were difficult to control. These films were nearly always p-type;
n-type conductivity was achieved in flash evaporated films only when doped
with about l% tin. The resistivities of all sputtered and flash evaporated
films were too high for solar cell applications. :

The more satisfactory electrical and optical properties of the vapor
deposited films are probably due 10 the more nearly reversible and equilibrium
nature of this deposition process.

Junction Formation

In general, solar energy conversion can be accomplished by three
types of photovoltaic.potential barriers: p-n homojunctions, p-n hetero-
Junctions, and surface barriers. Bach of these structures has been inves-
tigated on GaAs films.

Junctions of the p-n type have been formed by Zn difﬁis_i:én and by vapor
growth or flash evaporation of a p-type layer of Gals onto an n-type film.
The rectification characteristlcs, however, were poor. In the case of Zn,
ragpid diffusion along grain boundaries caused excessive junction leakage.
When vapor growth, sputtering or flash evaporation was used to formra
Junction, the combination of sheet conductivity and optical transmission
of the p-layer was far too low to be practical for use in sdlar cells.

Heterojunctions consisting of GaP vapor deposited onto the GaAs -films
were also briefly investigated. The electrical characteristics of this
structure, however, were unsatisfactory due to the diffusion of impurities
during the GaP transport process. In some cases the electrical junction
did not coinclde with the chemical interface.

The most satisfactory photovoltaic structure obtained to date on
GadAs films consists of & surface barrier made with an evaporated metal
or semiconductor layer. In contrast to p-n junction formation, surface
barriers can be fabricated at comparatively low temperatures, thus avoiding
grain boundary diffusion. In addition, most of the carriers are generated
in the depletion region at the CGaAs surface, thus minimizing recombination
losses, . :

It should be noted that the mabterial used to establish the surface
barrier must satisfy several requirements. First, the resultant Gals
surface barrier must be comparatively high, ideally approaching the Gals
bandgap. Second, the barrier material must allow for a satisfactory com-
promise between its light transmission and sheet resistance. Finally,
it must be stable in both the earth and space envirorments.

Of various rectifying metallic contacts investigated, Pt has been
found to be best for Gals solar cells, as discussed in & previous paper
by Perkins and Pasierb',(l") Pt-GaAs solar cells have been mede by sputtering,
electroplating, and evaporating semitransparent Pt layers omto the Gals
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‘film, The first two btechniques were unsatisfactory because -sputtered

Pt contacts had low open circuit voltages, while electroplated contacts were
not uniform enough to be useful for large area cells, Uniform evaporated
Pt films, on the other hand, can be reproducibly made by convenhtional vacuum
evaporation techniques. These films have been found to satisfy the re-
guirements stipulated above for the barrier forming material.

The Pt-GaAs contact barrier height has been measured by studying
the spgci(r variation of the electron photoemission from the Pt into
“Ehe Gahsi> ; the value obtained is approximately 1.2 eV, which compares
favorably with the GeAs bandgap of 1.l4 -eV. Barrier height values obtained
from studies of the (dark) I-V characteristics are, however, generally
lower. Fig: 2 shows a plot of log I vs V for two typical cells. For
most cells the cha.racter%stics can be approximately described by the 8
equation: T = I, (exp ‘q_T - 1), where 2.0 <a<2.5and Ip ~5 x 107
amp/cm2. The correspon&%ng barrier height is ~ 0.75 eV. Approximately
the same values are obtained using single crystal GaAs. The discrepancy
in barrier height values determined from the photoemission measurements
and the I-V characteristics 1s probably due to small pabtches of low
barrier height on the contact surface.

The use of a degenerate p-type semiconductor for the barrier forming
material may have advantages in optical transmission for a given sheet
‘resistance as compared to metallic barriers. Several semiconducting
compounds were tested as barrier matérials to Gals and the best results
have been achieved with cuprous selenide, 'This compound is a degenerate

. p-type semiconduwtor in which copper vacancies act as acceptors. Differ-
ential capacitance studies of cuprous selenide-Galds barriers indicate a
barrier height of 1.2 eV. Because cuprous selenide disproportionates
under conventional evaporation, flash evaporation is a betteér means of
controlling the composition of the film,

The conductivity and optical properties of cuprous selenide depend
on the departure from stoichiometry in the films which in turn relates
to the composition of the cuprous selenide charge and the evaporation
parameters. Having flash evaporated cuprous selenide charges of various
composition, it was found that Cuj gSe gaVvé.the mosh..condichive and stable
films. The cuprous selenide has been prepared by reacting weighed amounts
of the elements in a sealed evacuated quartz tube. Figure 3 shows the
optical transmission spectrum of a typical Cup gSe film. The absorption
at the higher energies is indicative of a bandgap near 2 eV. The
absorption in the infrared is believed to be due to free carriers.

Cell Structures

Fig. 4 indicates schematically two of the forms in which galliuvm
arsenide thin film solar cells have been made. The cells on molybdenum
have a gallium arsenide film which is typically 2-5 mils thick, so that
the total thickness of the cell is approximately 4-7 mils.
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When Pt is used as the barrier forming material, the GaAs film is
etched with aqua regia. Pt is then evaporated onto the film to a thickness
of approximately 4OA, resulting in a white light transmissivity of TO%
and a sheet resistivity on the order of 500 ohms per sguare. In most
cages, the cell is given a post-evaporation etch in HCl which has been
found to increase the initial efficiency (stability effects associated
with this etching process will be discussed later). A gold grid is then
evaporated onto the Pt layer to reduce the resistance; in most cases a
grid geometry consisting of lines 0.002 in. wide, separated by 0.020 in.
has been used. Finally, an antireflection coating of Krylon or Si0 is
usually applied. -

When Cup  gSe-Geds solar cells are febricated, the GaAs film is first
etched with l% bromine-alcohol prior to the flash eyaporation of the barrier
layer. The cuprous selenide film is typically 2008 thick and T0% transmitting
at 1.5 eV. The specific resistivity in these films is of the order of 10~
Q-cm, A "comh" shaped gold grid is then evaporated in order to lower the
sheet resistance. In some cases an-antireflection coating of Krylon has
been added.

Fig. Wb shows dlagi‘smatlca]ly g cell made on Al foil. The approximate
thickness of the Al, InAs layer and GaAs film are 4, 10 and 15U respectively.
The completed cell is then about 1.5 mils thick.

Results

Fig. 5 shows the spectral response of platinum and cuprous selenide
barrier cells. The responses have been arbitrarily normalized to one
hundred at their maxima and do not, therefore, afford a comparison of the
absolute responses of these two types of cells. These curves are notably
different from the spectral response cbtained with a p-n junction in gallium
arsenide, As long as the optical transmission through the barrier remains
constant, the relative response per photon is practically independent of
energy when the optical absorption becomes high enough for all photons to
be absorbed in the depletion region. The decrease in response at higher
energles is attributed to increased absorption in the platinum and cuprous
selenide layers.

The method used to measure cell efficiency in this work is as follows:
The incident light iuntensity and short-circuit clirrent are first measured
in sunlight. The Isc corresponding to 100 mw/cm2 incident intensity is
then calculated by assuming Ig, to be proportional to incident intensity.
This current is then reproduced in the laboratory under tungsten illumination
and the complete I-V curve is obtained. The assumption of linearity is :
more justifigble as the extrapolation becomes smaller. TIn addition, of
course, this method assumes that the cell is not limited by series resis-
tance.

Fig., 6 shows the I-V characteristic under illumination for a cuprous
selenide-GaAs barrier on AL foil. The shape of the I-V curve makes evident
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the present limitations imposed by series and sheet resistance. The efficiency
of 4.26% is calculated without subtracting the gridded area. By weighing

the cell; a power to weight ratio of 135 watts per 1lb. was measured. The
current density obtained with this cell, 15 ma/cm , can be compared with

17 ma./cm2 for ZL'L% efficient Gafs single crystal p-n junction cells.(6)

Efficiency measurements for Pt-GaAs cells are shown in Fig. 7. These
measurements are the best results obtained to date for cells of three different
areas. It can be seen that, for small areas, efficiencies of 5% have been
obtained, whereas for 2 e cell areas the best efficiency value was h.5%,
and for I cu? cells the highest efficiency obtained thus far is 3%. These
efficiency values are based on total cell area. As the area becomes larger
it is increasingly more difficult to prevent inhomogeneities in the f£ilm
caused by nonuniform temperature distributions and thermal stress. As
a result the shunt leskege increases with area which in turn lowers the
cell efficiency.

A number of life test measurements have been made for Pt-Gahs cells
stored at room ambient. These measurements have shown that most cells
subjected to a post-evaporation etch in HCL or HF degrade. Although a
degraded cell can usually be restored to its initial characteristics by
re~etching, it will again deteriorate. Protective coatings, such as Krylonm,
can partially inhibit cell degradation. Cells which have not been etched
show no significant deterioration.

Fig. 8 shows normalized power output as a function of storage time
for unetched, unprotected cells, and cells that have been etched and covered
with Krylon., Cell degradation is manifested by an increase in the apparent
series resistance with a resultant decrease in short circuit current and
£ill factor. Although the initial efficiency of the etched cells is
higher, after about three weeks the efficiency deteriorated to a value
less than that of the unebched cells., Since the highest cell efficiencies
measured to date have been obtained from etched and therefore unstable
cells, a major problem is the elimination of degradation without decreasing
cell efficiency.

The characteristics of solar cells made with cuprous selenide-Gads
barriers have been dbserved for several months. A cell made on a Mo sub-
strate was stable under continuous load testing at room ambient for a
period of 35 days with no protective coating. (See Fig. 9 » bottom curve).
In addition, this cell had been stable in vacuum for several days under
load. Cells made on Al substrates degraded noticeably after several days.
The degradation menifested itself mainly be an apparent increase in re-
sistance resulting in a decrease of the short circuit current and the fill
factor. A gradual discoloration of the cuprous-selenide film was also
observed during this period. Degraded cells could be restored to their
original characteristic by etching them in a solution of 1% HZNO3. Fig. 9
shows examples of the stability of etched cells using Al substrate under
periodic amnd continuous load testing. ’
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*Tt has recently been found that the optical transmission of some cuprous
selenide films flash evaporated onto glass can slowly decrease when stored
under room smbient conditions. Thisj;too, may be a factor affecting-cell
degradation.

Conclusions

A comparison of the electrical and optical properties of spubttered,
flash evaporated, and vapor grown Gafs films has shown that only the latter
are suitable for solar cell applications.,

Sa’cisfactory junctions on Galls films have been obtained only with
Pt or Cu ge surface barriers.

Efflclencles with Pt-Galds barrlers on Mo substrates of from 3% for
L em© areas to 5% for 0.2 cm“ areas have been obtained. For Cuyg | 8Se ~Gals
barriers on Mo, an efficiency of 4.6% for 0.73 em? area has been measured.
With Al substrates this figure is L, 3% for the same area.

Aluminum foil has been shown to be a practical substrate for the
fabrication of a flexible, lightweight cell. A power to weight .ratio of
135 watts per pound was cbtained in such a structure.

The use of post-evaporation etching for Pt-GaAs cells causes sub-
sequent degradation in the photovoltaic response. Although unetched
cells seem to be stable, their initial efficiencies have been lower than
those obtained with &tching. Cells made with cuprous selenide-Galds barriers
on Mo substrates have been steble under continuous load for at least 35
days with no protection. The degradation rabte-of such cells on Al sub-
strabes has been greatly reduced with a suitable etching treatment.

* We include here some observations made since 19 October 1965.

Cc-2-7



807 209/6.1

Co Do Thurmond and C, 5 Flectr:

em oo, 111, LB8% {166k)

¥, H. ilteoll, J. Flectroc

65 {1903)

Suurge, Phrs, Rev,

on Militaxy

2-0-8



PIC-S0L 209/6.1

Acknowledgments
We wish to acknovwledge the technical assistance of B, F. Pasierb,

Jo do 0'Neill, Jr., G, Mark and R. W. Pratt, and the help of Miss M. L.
Kuettel, R, J. Paff, and W. C, Roth of our Materials Analysis Group.

C-2-9



o

P llllﬂl

ABSORPTION COEFFICIENT {cm ')
= |

PIC-30L #C5/6.)

f

i

E

— LEGEND

— 1. AMORPHOUS SPUTTERED
— FILM

[ 2.TYPICAL CRYSTALLINE
—~ SPUTTERED FILM

3. VAPOR - GROWN ON GLASS

4. VAPOR-GROWN ON
| ALUMINIUM

5.SINGLE CRYSTAL(AFTER
STURGE REF. 3)

I | |

| |

0.5 G.6 0.7 0.8

0.9 1.0

WAVELENGTH ( microns)

FIG.1 ABSORPTION CQEFFICIENTS OF GoAs FILMS

N



LOG I1(AMPS)

PIC-SCL P09/6.0

CELL P-443
a=227
I,=1-75 X10 AMP/CM?
AP =T4eV

CELL P-450
" Q=20
Io=3X10 *AMP/CM?
AP =79eV
-7
-8
/
s | 1 l l \ L.
o) 0.l 0.2 0.3 0.4 0.5 0.6

v (VOLTS)

FIG. 2 FORWARD CURRENT VOLTAGE CHARACTER-

iISTICS OF Pi—GaAs CELLS

Coiei.



-2-)

J—
Cu

-~y T
Vil

1°9/602 708

IPTICAL 7o
JENSITY TRANSMLS_?QN
).7— —20
2.6 25
2.5 32
J.4 a0
2.2 5C
U.e 63
Ui 80
0 1 l l 100
05 1.0 .5 20 25 3.0
hv(ev.)

FIG.3

OPTICAL ABSORPTION SPECTRA OF TYPICAL COPPER
SELENIDE FILM FLASH EVAPORATED ON GLASS



PIC-8CI. 2¢5/6.1

GaAsFILM EVAPORATED Au GRID

~.004" THICK /
\ BARRIER LAYER
Ge-Sn

yEd 9«<<( Pt or Cu,.Se)

COATING
' ANTIREFLECTION
COATING
Mo SUBSTRATE —
.002"THICK
(A) CELL WITH Mo SUBSTRATE
Cu g Se EVAPORATED AuGRID
GaAs \
O-SIS"
InAs X ~. '

~

Af SUBSTRATE

(B.) Cu gSe-GaAs CELL WITH AR
SUBSTRATE

FIG.4 SURFACE BARRIER CELL STRUCTURES

C-0-23



RELATIVE RESPONSE PER PHOTON

Pt-GaAs CELL
100 p—

80 |—
60 {—

40 |-

20 t~—

PO I R S

1.0 15 20 2.5 30
hv(ev.)

FiG.5 SPECTRAL RESPONSE OF
Pt AND Cu4Se BARRIER
CELLS

35



CURRENT (mA)

PYIC-S0L £09/6.)

VO LTAGE ( voits)

A 2 3

4 .5 .6

| I I

100 mw /c¢m® EQUIVALENT
SUN LIGHT INTENSITY

(8.4 mw/cm?® SUNLIGHT)
EFFICIENCY : 4.26 %%
Jse © I5SmA /cm?

AREA= 725 cm?

! I

MAX. POWER
POINT 3.1 mw

FIG.6 EFFICIENCY MEASUREMENT OF
Cu gSe-GaAs ON AL FOIL



Ye-S0L 26

J{mA/cm?)

vimv)

nal-16

0o 100 200 300 400 500 600
| P 1 i
100 mw./cm®EQUIVALENT
2  SUN LIGHT INTENSITY
4.——
6.._.
"':3070
AREA =4.0 cm?
8
10
77:4.5070 n=5107
- AREA=2.0 em® S ol
I2 EA=2.0cm AREA=0.18 cm?
14—
16 b
./
18—

FIG.7 EFFICIENCY MEASUREMENT OF
Pt-GnAs CELLS.



http:1AREA-0.18

0.4~ —— — ETCHED CELLS COATED WITH KRYLON
UNETCHED CELLS,UNPROTECTED

| l |

——

0 5 10 15 20
TIME (DAYS)

FIG.8 POWER OUTPUTvs. TIME FOR Pi-Ga As CELLS(ROOM
AMBIENT STORAGE)

106-01d

1°9/C0¢



POWER OQUT SHELF LIFE(PERIODIC TESTING)

(MW, L-1/A%; M= 3% (NO COATING) s
.OG:—_W\ g
04l - o
.02} .
v o i , | | J
5 | S 2 3 4

MONTHS
JOWER OUT
?fg.w-) CONTINUQUS LOAD TEST
- 6-212/AL ; =43 7o (KRYLON COATING)
27
- Q=49'A/Mo ; m=3.7 % (NO COATING)
. |- 1 | | | | | I ]
0 5 10 15 20 . 25 30 35 40 . 45 5(
' DAYS ‘

FIG.9 . ROOM AMBIENT LIFE TESTS, CuLSSe-GaAs CELLS



PIC-50L 209/6.1

Discussion

Massie: Thank you, Dr. Ellis. We'll now have a question and answer
period.

Keramidas - Harshaw Chemical: I have two questions. One of them has to
do with the thickness of your depletion layer. Could you please comment
on how thick it is?

Ellis - RCA: You mean the thickness - the distance over which the band
bending occurs in the gallium arsenide?

Kera}nidas: Yes.
Ellis: Dave, would you have any comment on that?

Perkins - RCA: What you really want to know is the junction depbth in the
gallium arsenide? For the best polycrystalline films, this is sbout 6 or
T tenths of a micron.

Keramidas: OK. And the other one has to do with the material itself.
You identify it as Cuj gSe?

Ellis: Yes.

Keremidas: Could you please tell me - how do you identify it as being
that?

Ellis: We've analyzed both the sbarting material and we've analyzed films
thicker £ilms than this. We've analyzed films of about 2000 angstroms
thick. As T recall it, both elements are determined, but I think the
accuracy for copper is higher and the selenium is taken by difference.

Keramidas: OK. Thank you.

Pollack - University of Pennsylvania: Did you try doping the films by a
flash evaporation technique? TIn the flash evaporation, did you try to
flash~evaporate the stoichiometric gallium arsenide? Or did you try to -
actually dope - have you ever tried doping the film, using a flash
eveporation technigue?

Ellis: T think that is in Paul Vohl's area.

Perkins: I think the question is that whether in the flash-evaporating
or sputtering, an atbempt was made to dope at the time of f£ilm formation.

Vohl - RCA: We have used two methods to dope the films. One is to mix
particles of dopent and pure GaAs and flash evaporabe. The other is to
flash evaporate doped GaAs. The latter method results in a more uniformly
doped film. Undoped films are always high resistivity P-type. Films can

C-2-19



_ PIC-SOL 209/6.1

be doped to low resistivity P-type with Zn or Mn. We have not been able
to deposit n-type films from & source of GaAs doped with the normal n-type
dopénts i.e. Se or Te. However, we have been able to deposit high
resistance n-type films by mixing O.l% Sn particles with the source Gads.

Pollack: What was the substrate temperature during the flash evaporation?

Voiil: We varied the substrate temperature from room temperature up to
about 600 degrees C.

Pollack: Thank you.

Ellis: I think one reason we included these results on flash evaporation
and sputtering was to discourage other pepple from getting into this area.

Mlavsky -~ TYCO: Would you comment, please, on FThe crystallinity of this
film, - How big-are the crystallites? How are they orienmted? And just one
further question in general: Three-five compounds usually, and in gallium
arsenide certainly, are not characterized by their willingness to form
erystalline films on emorphous substrates at lov temperatures, and the big
emphasis on two-six is surely - is the fact that they are so characterized.
What's the prognosis in terms of iwur. .working with a material which has
to be crystalline to give you some properties, but doesn't want to be
crystalline in the first place?

Ellis; That's a good question. Let's answer the question first about
crystal size. TIn a £ilm, which is, say, 3 mils thick - and these have
been sectioned, the crystal size - distance across typical crystals at
the top of the film is of the order of 1 to 2 mils. The general.structure
of the film starts off with small crystals which compete, and then some
take over and then grow. It locks very much, incidentally, like an
electroplated film of copper. There's some evidence of stacking faults in
the crystals - a slight tendency to <111> orientation as the film gets’
thicker.

Now, on the crystallinity, the reason why these films, I think, show
a well-defined band gap by the oxide transport process is that this is a
reversible process running near equilibrium, so that an atom which enters
a crystal in & wrong place has an opportunity to come out and reenter in
a right place. And I think that the reason why the sputtered and flash-
evaporated £ilm shows such poor properties is that there essentially an
atom which enters in the wrong place is trapped. It's a nonreversible
process. Does that answer the question? ’

Cusano - GE: Did you do elevated temperature measurements, and if you 4id,
what turned out to be...

Ellis: None.

Cusano: How about the lower »oom temperature? Did you take...
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Ellis: Unless Dave .has some results which he wants to talk about...

Perkins: We've done a few measurements of the effects of temperabure on
the platinum-gallium arsenide cells. The temperature range, in which we
measured chiefly the variation of the open circuit voltage with tempera-
ture, was from room temperature up to about 100 degrees C, and we got a
slope of about minus 2- 1/2 wmillivolts per: degree C for the open circuilt
voltage. We have.not done systematic measurements below room temperature
although we have made a few spot measurements of the ~open circuit voltage
at liguid nitrogen temperature.

Question (inaudible)

Perkins: Yes, we've made stability measurements on - a:gain, I can. only.
speak of the platinum-gallium arsenide cells - at elevated bemperatures in
& hydrogen atmosphere, and we found essentlally ‘the same effects that we
find at room temperature.

FRAX

C-2-21



PIC-SO0L 209/6.1
Section C-3

THE THIN FIIM CdS SOLAR CELL

'm’
ok
-
’
Q.

Presented by
F. A, Shirland
Electronic Research Division
Clevite Corporation

Cleveland, Ohio

19 October 1965



PIC-50L 209/0.1

Abstract -

NoL M2 24

The present Clevite CdS thin film solar cell is inherently 6
to 8% efficient with short circuit current densities of 20 to 25
mA/cnf and £ill factors of 60 to 70%. Tower outputs.are ascribed
to incomplete contacting of the barrier or to acecidebtal causes.

Two factors, adsorption of moisture and loosening of the
pressure grid contact, are believed to be responsible for most
if not all of the degradation that has been experienced for some
CdS ecells. When these two factors are controlled the CdS solar cell
appears to be stable. Large area rells stored in a dry atmosphere
have been stable at the 4 to 5% level for as long as a year to date.

The design and fabrication of large area (dS film solar cells
is described. Recent improvements in evaporated CdS films, metal
substrates, collector grids, and cell packaging are discussed. Pre-
dictions are made for low cost large area light weight cells with
conversion efficiencies greater than 10%. .



PIC-SOL 209/6.1

THE THIN FIIM CdS SOIAR CELL

by F. A. Bhirland and J. R. Hietenan
Electronic Research Division, Clevite Corporation
Cleveland, Ohio 144108 ’

Introduction
The photovoltaic effect in CAS was discovered by Donald C. Rey’noldsl’ 2
of the Air Force Aerospace Research Laboratory in 1954. The concept
of a C4S thin film solar cell was advanced by Allan Carlson, whose group3’ 4
demonstrated its feasibility in 1955. It was 1960, however, before con-
version efflc:éent:les of as much as a few per cent were obtained from
cas films.’

IS

About a year ago the authors develeoped a process that increased
the efficiency of large area CdS thin film solar cells to the 4-6%
range on a reproducible basis. This was described! at the Power Sources
Conference earlier this year.

The present paper summarizes the progress made since in under-
standing the functioning of the component parts of the CdS film solar
cell in general. An attempt is made to interpret what this will mean
to future device performance. The paper to follow describes progress
on the plastic substrate CdS thin filwm solar cell.

Construction

The CAS thin film solar cell is a simple de¥ice consisgbing of a
substrate, a polyerystalline CAS layer, a barrier layer, a top contact,
leads, and some form of protection for the barrier. This is illustrated
in FPig. 1 for the metal substrate frontwall cell construction.

There are a mumber of different configurations of (€4S thin film solar
cells that have been fabricated experimentally. However, the essential
components which are common to all constructions are the CAS film and
the barrier layer. These are the heart of the CdS cell. The remain:
ing elements (the substrate, grids, leads, plastics, ebe.) are really
only packaging, but, as has been painfully learned, the packaging can
be extremely important.

A description. of the component parts of the frontwall metal sub-.
strate cell will help illustrate the problems which have been encountered
and show how an understanding of these is expected to lead to further
improvements.’

C-3-1
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Functioning of the Component Parts

The Substrate

The substrate forms the base for the CdS film durlng deposition
and mainbains its physical integrity thereafter. The substrate must
be conductive, must withstand the temperatures necessary to deposit
¢dS, and be compatible mechanicdlly and electrically with the CdS film.
It is also desirable that it be strong in the form of thin light weight
foils. Molybdenum has been widely used for thin film solar cell sub-
strates and is still standard for our metal su.bstra“be cell.

In practlce we have found that most difficulties with poor CdS
films result from incomplete cleaning of the substrate. In order to
secure well structured adherent films that are practical for solar cells,
the substrate surface must be uniformly clean on a microscopic scale.

Cds Films

0dsS films can be formed in a variety of ways. We have found the
vacuum deposition of undoped or lightly doped sintered CAdS powder to be
effective and economic. The CdS film'can be as thin as a few microns,
but the very thin films require a higher degree of crystalline per-
fection than can presently be obtained reproducibly over large areas.
Hence, we have settled, for now, on film thicknesses of about 15 to 20
microns which have been found to perform satlsfgctorily The CdS film
is n-type semiconducting with about 10L7 to 1018 carriers per cm . Hall
mobilities of these films have generally been 3us‘l, under 25 cw' / volt-sec.

The conditions for forming CAS films do not appear to be critical,
but the substrate temperature should be hot enough to prevent conden-
sation of the consgtituent elements. High deposition rates seem to
yield better cells. We feel, but have not proved, that better cells
result from films containing fine grain size and a high dislocation
density.

The Barrier Iayer

The barrier layer and the junction 1t forms with CdS are the
part of the CAS solar cell that is least understood. The barrier
layer appears to consist of copper deficient. CupS. It is formed by
a chemical exchange of Cut ioms for cadmium at the surface of the
crystal. The CupS layer is evidently very thin, on the order of 1000 A
It gives a strong indication of p-type semiconduction on thermoeléctric
probing, and has a sheet resistance on the order of 1000 ohms per square.

Various methods of forming barriers on CdS have been developed.-
Our method consists of dipping a freshly etched CdS film in a hot solution.
of CuCl for a few seconds, rinsing, drying, and heating at 250°C for
a few minates. It is our belief that during this process some copper
ions, possibly in association with chlorine ions, diffuse a short distance
into the CdS lattice at dislocations to yield photon absorbing-electron
trapping centers. These centers are presumed to be within or very
close to the depletion region. It is thought that the higher efficiency
CdS cells obtained by the Clevite process are due to improvements in the
number and physical location of these centers.
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The Barrier Contact

The barrier contact is made with a fine electroformed metal mesh
grid which is placed against the barrier layer and held there by a fused
plastic £ilm. The grid must be sufficiently conductive to carry the generated
current with minimal voltage drop, yet block as little light as possible.
The grid lines should be as close together as practical in order to
minimize sheet resistance losses in the barrier layer itself. This is
a cage.:.of optimization of conflicting requirements. A commercially
available8 60 line per inch electroformed copper mesh, 0.0005 inch thick,
having about 85% light transmission, has been used for the cells described
here.

The Leads

The leads are thin metal foil strips atbached to the grid and to the
substrate which are positive and negative respectively. Silver foil,
0.00L inch thick, with a protective gold plating, has been used.

Earlier the plastic encapsulation was depended on to hold the leads in
pressure contact, Recently we have sbtarted attaching the leads with a
conductive epoxy cement.

The Plastic Envelope

The Plastic envelope is required to protect the cell barrier from
moisture, %hough it is not really adequate for this purpose. It is
probably required also as protection against low energy protons. It is a
means of minimizing reflective losses at the barrier surface, and it can
help to hold a number of cells together in larger arrays. Its mein function
to date has been to hold the collector grid in pressure contact to the
barrier.

Mylar9 plastic has been used most extensively though Kapton9 plagtic
is much more resistant to UV and Van Allen radiation. Xapton is mnot
transparent to shorter wavelengths of light and hence CdS film cells
protected by Kapton yield about 20% less output initially than those
protected by Mylar.

Kapton and Mylar both require the use of an adhesive in order to
secure adherence to the CdS cell. Capran, 10 4 nylon polymer, has been
used chiefly for this purpose. It adheres well, 1s transparent, and has
a favorable melting temperature.

Indicated Design Improvements

Except for the substitution of copper for the earlier gold grids
and the use of conductive epoxy cement for lead atbachment, the design
of the present frontwall metal substrate cell is still the same as that
of the cell characterized at the Power Sources Conference. There are
a number of aspects of this design that have not been entirely sat-
isfactory. In investigating these aspects a great deal has been
learned about the thin film €4S solar cell which should shortly be
translated into a markedly improved cell.
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Stability studies have had the most attention in recent months
and have pointed the way to major cell improvements. Some CAS thin
film solar cells of the standard construction have been stable for peric
of a year or more. This is shown in Table I which gives the original
and present performance levels for several of the first 4 to.5% cells
made a year ago. Cell 73C was the first to emerge from the improved
Clevite process and has been kept on desiccated .shelf storage except
for occasional testing. Cells 205 and 213 were 3 inch by 3:inch cell;
sent to the Energy Conversion Laboratory of LewlsIResearch Center, ‘..
NASA, in October, 196k, where they were exposed in vacuum to 2920
‘temperature cycles (between approximately +60°C and -60°C) and then
returned to Clevite and kept on desiccated shelf storage.

Other newer cells of this general construction have also held
their initial high efficiency levels for many months. For example
the group of 13 plastic substrate cells listed in Table I of the follow-
ing paper have held an average output of 5. 14 for four months to date.
These data reveal g degree of stability which suggest an 1ntr1ns:Lcally
stable cell wien Kept away from moisture.

.However, there have been other cells that have degraded at various
rates from as Little as 1 to 2% of the initial output each month to -
as much as 30 to 11-0% a month. Studies have led to the conclusion
that most of this kind of degradation is caused by loosening of the pressure
contact of the grid to the barrier. This loosening apparently results
from incomplete lamination rather than from cold flow of the Capran
adhesive. Cells that have degraded this way can be restored by a
simple re-lamination.

In an atbtempt to correct this weakness, higher lamination
temperatures were tried. These resulted in the Capran plastic flowing
under the grid, prebably by capillary action; to hlock most of the
grid contact area, giving low generated currents and high series resistance. °
When lower lamination temperatures were tried, the degradation rate of
the cells increased markedly. Significantly, the initial oubtputs of the
cells also increased markedly.. Table IT shows how a decrease of just
a few degrees in the lamination temperature increased the initial current,
£ill factor and efficiency of large area cells.

Some of these 7%+ initial efficiency cells were carefully dissected.
Tt was discovered that even fThese cells had up to half of the collector
grid-barrier layer comnbtact blocked by a layer of Capran adhesive. The
implication of these various observabions is that the present Clevite
barrier formation process yields large area cells of 6 to 8% conversion
efficiency, and that these oubtpubts are intrinsically stable. The present
means of conbtacting the barrier and packaging the cells evidently pre-
vents the atbtaimment of the higher outputs on a stable basis.
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Thus it is clear that the pressure grid contact needs replacing by a
more positive and more permanent contact. We Have experimented with
electroplated grids, ruled grids, vacuum evaporated grids, and cemented
grids and have found the latter most promising. This. method of cell con-
tacting is accomplished by coating one. surface of commercial electroformed
mesh grids with conductive epoxy cement which is then pressed against the
barrier layer and cured in place. Difficulties with smearing and spreading
of the cement can be minimized by careful handling techniques. Dozens of
large arvea cells with efficiencies up to 6% have been made in this menner
and these show every indication of being stable when kept dry. Even when
these cells are deliberately degraded by moisture they can be restored by
simply heating to drive off the moisture.

Figure 2 illustrates the deliberate degradation of one cell with a
cemented grid, and its restoration. It had been stable at the 5.8% level
for 3 weeks and was then exposed to 80% numidity at 3000 for a week.
During that week it degraded steadily to less than 2% (for simplicity only
selected curves from the complete. sequence are shown here) until finally
the leads came loose. It was then dried in a desiccator and velaminated.
It came back to the 5.5% level ard has remained there for the several
weeks since.

The Metal Substrate

Molybdenum was selected for this substrate several years ago on the
basis of the close match of its thermal expansion coefficient to CdS,
and because it worked. The disadvantage of molybdenum is that the use
of foils thinner than 0.002 inch have not been practical. In addition,
molybdenum is a relatively poor conductor, is expensive, cannot be
readily soldered or welded, and is fairly heavy.

We haye obtained very satisfactory results with 0.001 inch thick
zine coated copper foil substrates. Copper promises to be superior
in all respects except in the match of thermal expansion coefficients.
Tmproved handling technigues however have made this factor less im-
portant. With the use of copper it is convenient to extend the sub-
strate-to form the negative lead of the cell. ILarger scale trials
of copper foil substrates are in progress and no difficulty in sub-
stituting copper for molybdenum is now foreseen.

The Collector Grid

The present electroformed copper mesh grid is expensive and is
not really optimized for the CdS film cell contact. A grid with more
wires in one direction and fewer in the perpendicular direction would
be more efficient. Such a grid has been designed having an integral
extension along one edge to form the positive lead of the cell.

This design also provides for a tapering of the main current carrying
wires so that they are wider at the base near the positive lead where
the current density is greatest. This should minimize the voltage
drop in the grid while increasing transmission of light through it.
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The use of leads that are integral parts of the substrate and the
colléctor grid will eliminate two separate components from each cell
with a consequent decrease in cell cost and increase in reliability.

The Cover Plastic

Development work is underway at other laboratories to use vacuum
deéposited silica ‘and alumina coatings to protect the barriers of thin
£ilm ‘solar cells. . These could have many advantages over the present
plastic éncapsilétion,particularly for long lived space missions.

Present Problems and Future Possibilities

The design improvements discussed above should correct the major
weaknesses of the present thin film CAS solar cell and permit a real
appraisal of the suitability of the cell for space power systems.

In light of the data presented, cell efficiencies of 6 to 8 per cent
on a regular basis are expected. At present there is no “indication
of any costly parts or processes being needed.

Eliminating the pressure contact for the grid will help to pin
point lesser causes of instability. Because some cells have shown
no degradation on dry shelf storage for as long as a year, such lesser
causes of instability can presumably also be eliminated. :

There remain twe major problem areas which must.be removed before
the CAS cell can be accepted for space power systems. Most impertant
ig .the demonsbtration of a -cell construction able to withstand the -
thermal ‘cyeling that would be encountered in the earth orbit. Of
lesser importance is sufficient protection of the cells from moisture
to permit the necessary test procedures to be run on the ground prior
to lift-off i_:'nt:o orbit.

Many cells with pressure contact grids have developed short
circuits on extended temperature cycling, These shorts were localized
and were always under a grid wire. They appeared to be due to the
grid rubbing through the barrier, possibly due te relative movement
under the stresses of sudden temperature gradients. Permanently bownd-
&3 grids have not. developed such shorts. Hence, if the cemented grid
process mentioned earlier can be improved to previde a truly permanent
bond the cells may then be able to withstand the rigors of extended
thermal cycling.

Eliminating the hygroscopic nylon layer may well reduce the
moisture problem sufficiently to carry the cells threugh the necessary
periods of testing while in high humidity ambients on the ground.

The CATe cell, which appears to be analogous to the CdS cell, has no
nylon plastic layer adjacent to the barrier and is evidently much less
affected by humid ambients. Also, there are other possible means of
protecting barriers from moisture pick~up, including formation of a
thicker more continuous -CupS layer over the barrier, and the deposition
of a glassy protective coabing.
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Assuming that these improvements can be effected, it is appropriate
to ask what might be, obtained in the way of output from the CAS cell inm
the future. The lack of a clear understanding of how the photovoltaic
effect operates in CdS makes this difficult to answer. However, the
outputs. obtained recently are higher.than were expected just a few
years ago, and therefore a reappraisal of the potential of this cell
is in oxrder.

The I-V characteristic curve of the highest output obtained from
a 3 inch by 3 inch sized CdS film solar cell is shown in Figure 3.
This was a frontwall mebtal substrate cell whlch, when tested at 25°C
in bungsten Llight egquivalent to 100 mw/c sunlight, gave 0.4 watts
at maximum power. The total gridded area was 52.1 cm= representing
a conversion efficiency, as normally calculated, of 8.20%. If allowance
is made for the 15% of incident light blocked by the grid, the
illuminated barrier actually converted 9.5% of the intercepted light
to useful power. On this basis 1ts short cirecuit current density was
over 30 ma/cm2. Yet, this is not a particularly rectangular charac- -
teristic curve. The fill factor is 66.5%, and fill factors have run
up to 7% for CdS film cells.

Another cell, 1 1/2 inch by L 1/2 inch in size, gave an initial

efficiency at maximum power of 8.35% as normally calculated, or 9.8%
on the basis of active illuminated barrier area. Two additional cells
of 50 e area have been at the 8.0% level as normally calculated.
In view of the incidence of these higher output cells and the evidence
that they are still not optimized, it seems likely to the authors that
CdS cell efficiencies greater than lO% may be realized. Efforts along
these lines are continuing.

Earlier, Wolfll calculated that a CdS solar cell with a two stage
transition of carriers from valence %o conduction bands should have
theoretically a 38% ultimate ceiling of efficiency as compared with
25% for silicon solar cells with a single step transition. With the
realization of efficiencies at the 8% level this calculation suggests
exciting possibilities for further improvements.
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TABLE I

STABILITY OF SOME EARLY HIGH OUTPUT Cds FL'[M CELLS

Cell

73C
205
213

PIC-SOL 209/6.1

Initial Present
Area Efficiency Efficiency Age
%3 cend L.89 4.8% 14-1/2 months
k9.0 h.2 b1 11-1/2
46.8 k.2 b2 11-1/2
TABLE IT

EFFECT OF ILAMINATION TEMPERATURE ON CELL OUTPUT

Lemination
Temperature

o¢

235

228

22h

(50 ex® Area Cells)

R
v g s
v mh/ enf ohms
0.48 18.8 0.10
0.47 18.8 0.11
0.48 20.6 0.10
0.46 20.9 0.10
0.47 19.7 0.09
0.47 19.3 0.08
0.47 22} 0.05
0.47 23.1 0.05
0.47 2h.0 0.05
0.L7 21.5 0.05
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Fill

%

57
5l
55
53

58
6L

70
68
70
69

Eff.
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VOLTAGE

CURRENT - AMPERES

N

50 CM2 AREA CELL EXPOSED TO 80 %
|.ol- RELATIVE HUMIDITY AT 30°C

KEY:

I INITIAL — 5.8%

2 EXPOSED 5 DAYS — 36 %

%3 EXPOSED 7 DAYS ~DELAMINATED <1.5%
4 AFTER RELAMINATION - 5.5 °%

FIG. 2. MOISTURE DEGRADATION OF CdS FILM CELL
WITH CEMENTED COLLECTOR GRID
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FIG. 3. I-v CHARACTERISTIC CURVE OF HIGHEST
OUTPUT CdS FILM SOLAR CELL
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Discussion

Massie: I think we all agree that that was a very inberesting paper,
and we'll now have a question and answer period.

Loferski - Brown: In what way does this process of barrier formabion
differ from the earlier processes? My memory may be faulty, but I
thought that in Reynolds' original single crystal cells it involved
the plating of copper and then subsequent heating, I guess below 400
or about 300°C. How does this differ from previous junction - bharrier
formation?

Shirland: Reynolds' original process was dipping the crystal into a
copper sulphate solution, plating out copper, oxidizing the copper in
Place, and then heating. The present process, as was mentioned in
the paper, consists of dipping the cell in a sdlution of cuprous
chloride at sbout 85 degreées, for a few seconds, and then rinsing,
drying, and heating for just a few minutes.

Perkins - RCA: Beveral questions, one relating to Joe's. Without
the elevated temperature barrier forming process, do you get any
response below band gap?

Shirland: We have done very few experiments forming these without
using elevated temperatures, so I can't really answer that gquestion.
But I have yet to see a cadmium sulphide cell that has not given an
extringic response.

Perking: That would seem to be a critical experiment to your hypothesis
of copper diffusion into the cadmivm sulphide. .

Shirland: A lot of work on those aspects is being planned at the
present time. There's a considerable amount of controversy on this par-
ticular subject. .

Perking: Yes. How do you measure your efficiencies? Could you detail
that a little bit? .

Shirland: The outputs of a number of cells are measured in direct
sunlight. They are then normalized to 100 milliwatts per sq. om.,

and the conditions to produce that are reproduced in 3400 degree
water-filtered tungsten light and then standaridized with a radiation
detector and kept at that level for subsequent tests. They are cross-
calibrated at regular intervals.

Perking: They're normalized with the seme cells used t6 measure the
original sunlight efficiency?
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Shirland: ¥Yes. The cell efficiencies have generally been verified
by independent measurements at both the Lewls Research Center and at
the Aero Propulsion Leboratory.

Perking: One final question. Could you comment on the ghelf life of
the cells when they are not desicecated?

Shirland: It all depends on the ambient humidity. In normal Cleveland
weather, the cells will generally last a few months (laughter).

In the summertime, they'll last a lot shorder period than they will

in the winter months. In general, these cells can be brought back by
simple drying or heating action, as long as the mechanical contact has
not been. inberrupted. On some of these cells, however, the mechanical
contact is leosened by moisture swelling the plastic layer and lifting.
the grid; these cells cannot be brought back.

Perking: When they last a few months, what is the extent of the
degradation in that time?

Shirland: Well, it is extremely vari_able. It may be as much as 10
or 20%, it may be 50%, it may be 80%, depending on really how severe
the exposure has been.

Perkins: OK. Thank you.

Ritchie - JPL: In figuring your efficiency, do you take the total
active area with the grid lines, or do your subtract the area.from the
grid lines in these efficiency measurements? In applying these into a
system, what would be the maximum packing factor that you might achiev
on such a system - taking the sealed edge into account?

Shirland: To ansyer. the first question, the efficiencies are for the
total gridded arvea without making allowance for the area blocked by
the grids. If we did teke the exposed area only, that would give about
a 15% higher value than we gueted. As regards the packing factors, we
have done very little work in actually mounting cells into larger
arrays. Most of our work has been involved with the cell itself, but .
packing factors on the order of 90% should not be too difficult to
obtain.

Ratcheson - Boeing: Have you cc—.lcula_f;ed the watts per pound of a, say
50 sg. cm. cell?

Shirland;: Yes, we have. There will be more on this subject in the
next paper which will be given after the coffee break.

Loferski, Brown: Are there marked changes in the spectral response of

these high-efficiency cells compared to the , say, 3% cell such:ias a
broadening of the spectrum?
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Shirland: We have not taken extensive spectral response measurements
on these higher-efficiency cells. We did present some of these spectral
regponse measurements at the Power Sources Symposium in May, and they
are in the Transactions which came out last week.

Boer - Univ. of Delaware: What is the influence of the ambient at-
mogphere during heat treatment? Did you investigate this?

Shirland: We have a series of investigations of this under way at the
present time. We are not ready to report on this work.

Boer: Did you increase your temperature... to something on the order
of 500 degrees, during heat treatment?

Shirland: No, our heat treatment is normally at 250 degrees centigrade
for just a few minutes. There have been occasions when other cells
have been exposed to temperatures as high as 300 degrees centigrade
for periods of a week, and if those cells were protected from ambient
atmosphere - they didn't show any degradation.

Boer: Yes, did we understand each other correctly? After the deposition
of copper chloride, you made a heat treatment only at 250 degrees?

Shirland: Right.
Boer - U of Dela: I see.

1
Ralph, Heliotek: What is the relationship between the air masg one
or the 100 mw/cm~ efficiency to the air mass zero or 14O mw/cm efficiency?

Shirland: That's an interesting question. OFf course, there has been
very little direct data on this subject. This has been one of the
thorns in our sides - not being able to get these cells up into space.
Brandhorst and his group at NASA-Lewis have conducted airplane flights
of the cadmivm sulphide cells, and we have it from them that the cells
should give about 1.20 times the output at air mass zero that they
give at air mass one.

C-3-15



PIC-SOL 209/6.1
Section C-4

THIN FIIM PLASTIC SUBSTRATE CdS SOLAR CELLS

Presented by
F. Auvgustine
Electronic Research Division
Clevite Corporation

Cleveland, Ohio

19 October 1965

%



Abstract Wb NH2P

Major advances have been effected in the state of the art of fabri-
cating cgs thin £film solar cells on an organic plastic substrate. Cells
of 50 cm™ area with initial efficiencies of & to 6% are being made regu-
larly on a laboratory scale. These cells show a slight drop in output
in the first week after fabrication but then hold stable at about the 5%
level, .

Large area cell efficiencies greater than T% have been obtained, and
power to weight ratios in excess of 100 watts per pound have been achieved
for these large area cells.

The design of these plastic substrate cells and the methods of pro-
cessing are described along with indications of present problem areas
and anticipated improvements.
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THIl\T FIIM PLASTIC SUEBSTRA'EE CdS SOLAR CELLS

. F. A. Shirland and F. Augustine
Electronic Research Division, Clevite. Corporatlon
Cleveland, Ohio 44108

Introduction

In this paper a major advance in the art-of meking thin £ilm CdS
solar cells on plastic subsitrates is reported. This advance has been
made possible through the development of a highly conducting strongly
bonded coating on a plastic substrate. This goat:mg is compatible
with the €4S film. Large area -cells of 50 cm™ area are being made re-
gularly with efficiencies of 4 to 6%, and efficiencies greater than T% :
have been obtained. .

These cells are thin and light in Wéight , complete with leads and
a transparent plastic covering. The best cell has had a power to weight
ratio of 106 watts per pound, calculated-for air mass O sunlight condi-
tions.

Fébrica‘bion

The substra'be materlal is a heat stable polyimide organic polymer( )
available commercially as a high strength semi-transparent film. Films
as thin as 0,0005 in. are available though most of our .cells have Dbeen
made on 0.002 in. and 0.001 in. thick films. One .surface of the plastic
film is made electrically conducting by apply%n% a 0,0001 to 0.0003 .in.
thick sprayed layer 6f silver filled varnish.- This coating is then
cured... and given a very thin zine overcoating by electroplating or vacuum
evaporation in order to ensure an ohmic contact to the CdS. A well pre-
pared substrate coating presents a uniform fine grained surface for the
subsequent deposition of Cd3, and has a sheet resistance less than 0.01
ohms per square. .

Presintered. commercially .available CdS powder(?’) is vacuum deposited
onto the substrate using substrate temperatures in the range of 200- 250°¢,
and deposition rates of 200-300 A per second, to secure 0.0006-0.0008 in.
thick polycrystalline films., These films are very adherent and will with-
stand repeated flexing with bends as sharp as 1/8 in. radius. However,
particular care is needed to ensure that the substrate used is -clean and
uniform in texture, and that spatterlng of CdS particles from open evapora—
tion sources 1s avoided.

As in the- case of the metal éubstrate cell, barriers are formed on

these plastic substrate CAS films by dipping for a few seconds in hot CuCl
solution, followed by rinsing and heating for a few minutes at 250 C. -
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The cell is contacted with an electroformed metal mesh grid which
is leminated in place with heat and pressure. The materials and processes
are the same as described in the previous paper Sor the metal substrate
cell, except that only a top cover plastic layer is utilized. The plastic
substrate itself acts as the lower plastic-layer. In this manner the
forces due to the different thermal expansion coefficients of the CdS and
the plastic are approximately equal and opposite on the two sides of the
CdS film so that no curling is experienced.

The construction of the plastic substrate cell is illustrated in
Fig. 1. The substrate with its conductive coabing extends about 3/8 in,
beyond the active portion of the cell along one edge to form the negative
leed. The positive lead is a gold plated silver foil tab, 0,00l in. thick,
attached to the collector grid and extending about 3/8 in. beyond the
active portion of the cell along the edge opposite to the negative lead.
This arrangement is advantageous when interconnecting cells into arrays.

Performance

More than & hundred plastic substrate cells of the general construction
outlined gbove have been made in cur laboratory this year using a steadily
evolving febrication process. The wield, uniformity and level of power
output have shown a steady improvement throughout the period. Figure 2
i1s a histogram showing the frequency distribution of efficiency for 5h
large area cells fabricated during a recent three month periocd. In addi-
tilon, there was one cell .scrapped due to imternal shorting.

The average conversion efficiency for these 54 cells, as measured in
equivalent air mass 1 sunlight, was 5.1% with a minimum of 3.2% and a
meximum of T.1%. The average open circuit voltags was 0.48 volts (0.L4 to
0.51), the average current density was 16.0 mA/em® (12.6 to 21.T), and the
average fill factor was 64% (50 to TL).

The I-V characteristic curve of a typical plastic substrate large area
CdS film solar cell is illustrated in Fig. 3, and that of a high performance
cell is shown in Fig. 4. These curves were taken with the ﬁe]ls held at 25°C
and illuminated with tungsten light equivalent to 100 mw/cm sunlight., The
area used for the efficiency calculation was in each case the total gridded
area Of the cell without making allowance for the portion of the cell blocked
by the grid.

The high performence cell of Fig. 4 was made on an 0.001 in. thick
plastic substrate with an 0.001 in. thick Mylar %over plastic. It weighed.
1.78 grams. High altitude airplane flight tests i) indicate that in near
earth space CAS film solar cells should yield 1.20 times their air mass 1
sunlight output v&lue. On this basis, this plastic substrate €4S thin
£ilm solar cell had an initial power to weight ratio of 106 watts per pound.
Some Ll days later the efficiency bad dropped and levelled off at 6.2%
representing a power to weight ratio of 95 wabts per pound.
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The effect of temperature on the open circuit voltage, short circuit
current and conversion efficiency of a large area frontwall plastic sub-
strate CdS thin film solar cell was measured in tungsten light equivalent
o air mass 1 sunlight at 10°C intervals from 10° to 100% » as shown in
Fig. 5. Over this range, the variation of each of these parame‘Eerg was
essehtially linear. This is different from earlier indications 5,6) on
lower efficiency CdS thin film solar cells. More extensive measurements
on more cells over a wider temperature range are needed to adequabely
characterize the temperature performance of these cells. '

Stability

As in the case of the metal substrate cell, the plastic substrate
CdS film cell seems to be stable if protected from moisture. The plastic
substrate cells have in fact seemed less susceptible to mechanical degra-
dation, i.e., loss in output due to loosening of the grid contact. The’
causes for this are not positively known. Thermal stress factors, betber
bonded laminations, etc. may be possible causes.

The experience to date on dry shelf storage of this construction £ilm
cell is summarized in Table I. Some cells appear to have degraded slightly
over the 5 month periocd while other cells actually improved. On the aver-
age the cells dropped about 8% in the first few weeks and then rose gradually
+to their original value in a@bout 3 to L4 months. Some of the individual cell
variances are probably due to the accuracy of the test, but it is believed
that the average trend is reasonably accurate and that a true drop is
experienced in the first week or two followed by a gradual rise in output.
This rise in output, which is also observed bn occasion on metal substrate
cells, is not presently explainable. It may be associated with a drying
action from thé desiccated storage awbient. -

It does appear that the plastic substrate CAS cell is inherently
stable, after an initial adjustment. Some instabilities that have been
observed have been attributable to accidental or to mechanical causes
and these can be eliminated by better cell design and improved control
of the fabrication process.

Tmprovements

The plastic substrate CdS cell will benefit from those design improve-
ments being developed for the metal substrate cell, including the cemented
grid contact) an integral positive lead, better encapsulating materials,
and increased cell efficiency. In addition to these improvements, decreases
in the thickness and weight of the plastic substrate cell are anticipated
which will lead to increased cell flexibility and to further increases
in the power to weight ratio.

. Within the next year the plastic substrate in the cover plastic are

expected to be reduced in thickness to sbout 0.0005 in. The conductive
coatling on the plastic substrate should be reduced to about 0.0001 in.
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The CdS polycrystalline film should be reduced to 0.0005 in. maximum %nd
may even be as thin as 0.0002 in. These reductions can lead to 50 cm™ area
cells weighing less than 1 gram and overall cell thicknesses on the order-
of 0.002 in, Average stable cell conversion efficiencies of 7% are anti-
cipated in this period also. These improvements should meke feasible very
thin light weight arrays for space power systems.

Figure 6 is our conception of a possible design for an array of T2
thin film plastic substrabe CdS solar cells. Each cell is 50 cm in area,
and is connected in series and laminated into a 28 volt module with a bus
bar at opposite ends. This module would be approximately 1 foot wide by
5 feet long. It could readily be connected with other similar mcdules to
build uvp larger arrays to meet specific power requirements.

A module of this desikn constructed from present state of the art
5% CdS cells would yield 21.6 watts in air mass zero sunlight and would. -
wéigh- 136 grams representing a power to weight ratio of T2 watts per pound
for the array.

Tgble II gives a detailed breakdown of the weight of each -of the com-
ponents of such a 72 cell module. Also included are the weights of the
components after the improvements expected In the next year. With the
thickness reductions in the plastic and CdS  films, the overall weight

would be reduced to about 79 grams. This would give a power to weight ratio
of 126 watts per pound for 5% cells and 175 watts per pound when the average
cell efficiency is raised to Th.
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FIGURE 1

CdS THIN FILM SOLAR CELL ON PLASTIC SUBSTRATE
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EFFICIENCY OF 3"x 3" PLASTIC SUBSTRATE CELLS

TABLE I

ON DESICCATED STORAGE

No. | INITIAL| MORTH | MONTH | MONTHS |MONTHS | MONTHS
A490 | 53% | 3.6% | 37% | 36%| 43%| 43%
Aa9l | 40 | 3.1 3.5 3.5 38 | 37
A497 | 5.0 4.2 5.0 a8 5.5 5.5
A500 | 57 5.0 5.3 5.0 57 5.7
"A5I3 | 46 4.7 4.8 5.2 5.2 5.0
A3l | 5.2 4.7 5.0 53 5.2 5.2
A538 | 58 5.4 5.4 5.6 5.6 5.7
A550 | 5.4 5.6 6.2 6.2 6.2 6.2
AS52 | 5.0 46 44 4.9 4.9 4.9
AS54 | 52 47 45 53 | 5.3 5.2
A565 | 4.7 4.6 4.6 5.0 5.0 5.0
AS68 | 5.4 45 45 4.8 46 4.0

- D43E | 48 5.4 5.0 4.7 a7 | -
AVG. | 5.1 4.7 a8 4.9 5.0 5.2
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28 VOLT MODULE., PRESENT AND FUTURE DESIGN

| PRESENT{IMPROVED
CELL COMPONENTS DESIGN | DESIGN

72 PCS KAPTON-H (3"x3%x.001") I53gm| 7.7gm
72 EA. Aq PYRE-M.L COAT, (.0003") 28.5 9.3
72 EA. CdS FILMS, (.0008") 408 | 20.4
| SHEET MYLAR COVER PLASTIC,(00I")| 15.7 7.9
| SHEET CAPRAN ADHESIVE PLASTIC(0005")54 5.4
SEPARATORS AND INSULATORS 80 50
2 EA. SILVER BUS BARS, (V4 x13"x.005")| 6.0 6.0
72 PCS Cu MESH (2.9"x3.1") 1.0 1.0
EPOXY CEMENT 5.2 5.2
TOTAL WEIGHT |135.9 77.9

WATTS/Ib AT 5% |21.6W/30 216W/.I7
= 72 =127

WATTS/Ib AT 7% {30.2W/30 30.2W/I7
= 101 =179

e
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Discussion

Massie: Are there any questions for Mr. Augustine, then, on the thin
film plastic substrate cell?

Wige - Aero Propulsion Lab: Can you tell me how you measured your
short circuit current versus temperature? TYou don't normally expect
to see it drop.

Augustine: That is true. We simply took the cell up in steps of 10
degrees and then plotted curves on an automatic plotter and determined
the short circult current, the open circuit volbage, and .the other
parameters. )

Wise: Did you have a feedback loop so that you get exactly zero voltage
when you measured short circult current?

Augustine: TFred, would you like to answer that?

Shirland: 7Yes. It's the same method that was used on the tests we
ran at APL, except that the cells were held firmly against a cooled
block, and then the temperature was raised.

Wise: Thank you.

Perkins - RCA: A question relating to Mr. Wise's - Why does the short
circuit current degrade with increasing temperature?

Augustine: T don’t knew.

Perking: One further question. I may have missed it from your slide.
What is the coefficient for the decrease in cell efficiency with in-
creasing temperature - per degree? Do you have this number?
Augustine: We dont't have that number.

Perking: Thank you.

Ritchie ~ JPL: Was that test run in -tungsten or in sunlight?
Auvgustine: That was run in tungsten.

Ritchie: Thank you.

Halstead - GE: What would you expect in terms of efficiencies, if you

go to thimner CdS films - since you are dealing apparently with a
significant amount of extrinsic response, T mean, beyond the band edge?

Celpm1ly
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Augustine: The absorption is in a very thin section. What we would
expect in efficiency if we went to thimmer films, I couldn't say.
Fred, would you like to comment?

Shirland: I'd like to commént just briefly on that point. We have
run £ilms as thin as 3 and § microns and we have had efficiencies of
L and 5% from the cells. The problem facing us is a practical problem
of collecting the current without &4 Llot of series resistance, and
it's a problem of getting large-area films laid down perfect enough
to keep them from shorting outb.

Dr. Wolf - RCA: I would like to make a comment to this point. I
think that in these polycrystalline films with a surface barrier type
Junction, as the collection mechanism is determined by the width of
the space-charge region, we camnot expect to collect many carriers
out of the polycrystalline region below the space-charge region by
diffusion, so the limitation will be - the width of the space-charge
region rather than the thickness of the layer in which aBisorption
takes place. So that if you have a low sbsorpbtion coefficient, the
light penetrates deeper, and I don't think you will collect the
minority carriers from them. Does that answer your question?

Halstead: Yes and mo. I think it still raises an interesting problem
because the depth of the depletion region is on the order of half a
micron, according o these estimates. If you're dealing with that,
then you have extremely strong absorption due to the extrinsic process
accounting for essentially half of the response.

Wolf: 7Yes, this is correct. You must have, due to the extrinsic
process, a rather heavy absorption, but you cannot expect to collect
any cartiers which generate further down in the polycrystalline layer.
Uchiyama - JPL: On cell efficiency versus desiccated storage time,
would you care to comment on the desiccator you used for this particular
data gathering?

Augustine: Desiccated what, sir?

Uchiyama: Desiccated storage time. TYou had a table there, in your
tallk.

Augustine: Yes.

Uchiyama: Would you care to comment on the desiccator that you used -
to obtain these results?

Augustine: It was an ordinary laboratory-type desiccant.

Uchiyama: What specifically was it?

Gg-h-15
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Augustine: "Drierite"
Uchiyama: Thank you.

Skarman - National Cash Register: I was interested in your technique
for metallizing the:plastic. It's my understanding that this is ..
something like a silver paint that you apply and cure and them put a
zine coating on top. Is this an electroplated zine?

Augustine: That is correct.

Skarman: And is it just a rather commercially available silver paint,
or is this a special paint that you're using of your own type? ’ -

Augustine: Tt's a paint that we mix in ou-r laboratory.

Skarman: I see. Thank you.

¢-b-16



3

AL S " PIC-SOL 209/6.1
\ 5/

4’)4) ~ Section C-5

THIN-FILM CADMIUM SU.[..FZDE SOLAR ARRAY ON PLASTIC SUBSTRATE

Presented by

W. Lo Co Hul
Radio Corporation of America
Astro-Electronics Division

Princeton, New Jersey

19 Octéber 1965



Abstract Mbé//) 23/

Arrays of multiple CdS solar cells on an insulating plastic substrate,
with improved efficiency and specific power to weight ratio, have been
developed. These arrays consist of two cells, or four cells, with a total
area of gbout 1l cmZ and are prepared simultaneously and interconnected in
series. Conversion efficiency of 5.1% under equivalent sunlight and specific-
power-to-weight ratio of 80 watts per pound have been obtained. The thick-
ness of the array, including the encapsulation and the continuous cell-
support array member, ranges between 0.002 and 0.004 inches. There has been
no change in four years in the electrical and physical properties of a cell
of this general type when sealed in a rough vacuum container. There is also
practically no change in the properties for cells on plastic substrate
after 500 cycles in a vacuum of 10-7 torr and between cyeling temperatures
of -850 to T0°C. Irrediation with 0.4 MeV protons shows that, for a cell
of this type, with a thin silicone coating, there is no change in Voc and
only 8% decrease in Ty, at a flux of 1 x 1oLk protons /cm2. For N-on-P sil-
icon cells, the Voo decreased by 20% and the Igc decreased by 10% at a flux
of 2 x 1011 protons per cm? and proton emergy of 0.4 MeV. With this basic
process, techniques can be developed for the continuous fabrication of a
large number of interconnected cells on long strips of the substrate. The
cost and wieght of such an array should be significantly lower than other
type cells and assemblies. euch o
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" THIN-FIIM CADMIUM SULFIDE SOLAR CELL ARRAY
ON PLASTIC SUBSTRATE

William L, C. Hui and John P. Corra
David Sarnoff Research Center
Astro-Electronics Division
Radio Corporation of America
Princeton, New Jersey

In recent years, polycrystalline thin-film solar cells have been of
much interest because of their potential in the reduction of weight and
costl,2, This is even more so when solar cells are to be considered for
multi~kilowatt power systems.3 However, most of the work has been con-
centrated on individual cells. The conventional assembly of these cells
into large arrays would be, to a certain degree, similiar to that for
single-crystal cells. In these assembly techniques lies the major portion
of the cost and weight for the final power system. To realize more fully
the potentlals of thin-film cells, techniques should be developed whereby
large arrays containing numerous interconnected cells can be preduced
automatically, thus eliminating the separate, manual operations of cell
mounting and intercomnection - also eliminating the need for a separate
cell-support array member. This is gquite analogous to the increasing
application of integrated microelectronic circuits today.

With this goal in mind, the Astro-Electronics Division of RCA has
been conducting a program with thin-film cadmium sulfide as the active
material, and DuPont Kapton plastic £ilm as the substrate, As compared
‘o molybdenum, this maberial offers significant advantages as shown in
Table I.

Developmental Arrays

The structures of the developmental arrays are shown in Figure 1.
Figure 1{a) shows two cells connected in series, 1(b) the cross-section
of the array, the 'J.(c) the four-cell module. The actual arrays are shown
in Figure 2,

These arrays are prepared by first depositing the bottom electrodes
and interconnection tabs and then cadmivm sulfide (CdS) onto the plastic
substrate by evaporation in vacuum. The barrier layers are then fabricated
over the CdS layers and annesled. Metal grid-top electrodes are placed,
and the cells are encapsulated. As seen, the entire CdS and the barrier-
layer areas are utilized as deposited. Trimming around the edges of the
cell is not required, nor is there a requirement for selection of the best
film areas. Etching of the substrate is not necessary to reduce its weight .
after the cell is made. These are important economic factors.

G-5-1
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TABLE I

COMPARISON OF SUBSTRATE MATERTALS

Materials
Molybdenum Kapton

Density (em/cc) 10.2 1.k
Thickness (mils) 1 to 2(before etching)| 0.5 to 2.
Thermel expansion coef (in./in./°C) b x 1076 5 x 1072
Electrical connection for multiple .
cells on same substrate Parallel only Parallel

. or series
Weight of necessary bus bar for
array Heavy Light
Cost ($/:E"b2/m:'_'l. starting material,
before etehing) 6.650 0.045

The thickness of the array ranges between 0.002 and 0,004 inches,
and $he.external contacts to the array are made outside of the active
- eéTTareas s*- This enables 'the use of soldering or welding contacts with-
out danger of shorting.

Array Performance

Conversion efficiency of 5.1% has been obtained for a two-cell array.
These measurements were made under equivalent sunlight intensity of 86
mw/cm » one week after fabrication. The current-voltage characterigtics
of the two-cell series array and of each individuzl cell are shown in
Figure 3. It is seen that the two cells are well matched electrically.
The open-circuit voltage of the array is 0,89v, short-circuit current is
83.5 ma, maximum power is 48 my, and i1l factor is 1.55. The total area
for the two cells is 10.8 cm®. The characteristics for a four-cell array
with efficiency of 4.7% are shown in Figure 4. The V,, is 1.8 volts, and
Iy, density is 14 ma/cme. ‘The dependence of efficiency of the array on
light intensity is shown in Figure 5. The equivalent shunt resistance
of the cells is about 300 ohms, and series resistance is 2 ohms or greater.
Through a reduction of the series resistance of the array to 0.l ohm, it
is expected that array efficiency near 6 or T% can be achieved, based on
data obtained from other arrays.

C-5-2
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The specific-power-to-weight ratio of several arrays was determined,
by actual weighing, to be 80 w/lb s including the encapsulation and the
external contact tabs. This ratio can be increased by 2 to 3 times with
improved array geomebtry and efficiency.

The spectral response of a ;bypical array is shown in Figure 6. As
seen, the cells have a considerable response in the UV region and peak
in almost the same wavelength region as the Sun.

The resistivity, as determined from Hall measurements, of the barrier-
layer ranges between 10-2 %o 10-3 ohm-cm, corresponding to a sheet resis-
tance of 102 to 103 ohm/square, The carrier concentration of this layer

- is greater than 102l carriers/cm3.

Calculations based on dicde measurements, in darkness, showed the
barrier height of the CdS cells to be greater than 0.6 volts, High series
resistance has prevented a better determination of the barrier height by
this method.

Array Stability

Under conditions of low humidiby, the arrays appear quite stable. A
nunber of the arrays have been exposed to room air during the daytime and
stored in a container at a pressure of 10~ torr at night; the efficiency
of these arrays was measured periodically as shown in Figure 7. Some
arrays appear to be stable or show a slight increase in efficiency for
periods up to 160 days. It should be noted that CdS cells of this type
seemed stable in a partial-vacuum condition. One CdS cell was sealed
in a glass tube evacuated to 10™= torr pressure; its output has not
chenged in b4 years. Five CdS cells of the type used in the arrays were
given a 500-cycle thermal-vacuum test between -85°C and +70°C in a
vacuum of 107! torr. After the test, there was no observeble physical
change and only slight changes in the short-circuit current.

Susceptibility to Low-Energy Proton Radiation

It was felt that radiation experiments with low-energy rather than
high-energy protons should reveal more significant information both on
the extent of the damage and the junction depth of thin-film cells,
because (1) solar cells with shallow junctions are most susceptible to
radiation damage by low-energy protons, as evidenced by earlier investi-
gations on single-crystal Gads cells, and (2) the incidence of a large
flux of such particles in the orbits of the Relay and Telstar satellites.
Several CdS cells of the type used in the array ~ some bare cells, one
with Mylar encapsulation, and one with silicone coating ~ were subjected
to_radiation of 50,100, and 400 KeV protons &t flux levels of 102 to
1015 protons/cm at Brown University under the guidance of Professor
Jo Loferski. The short~circuit currents of CAS cells without any encap-
sulation or coating are shown in Figure 8, and the corresponding eopen-
circuit voltages are shown in Figure 9. The radiation effect on a Cds
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cell encapsulated with Mylar 1s shown in Figure 10, and the effect on a
cell with a silicone coating is shown in Figure 1l. This experiment indi-
cates thatb: . . .

1, TFor the bare cells, the greatest decrease of the open circuit
voltage occurs at the 100 KeV proton energy. Open-circuit
voltage decrease is indicative of the amount of damage in the
junction region. Based on data on aluminum, the corresponding
penetration depth for cuprous sulfide is 0.35 microns and for
cadmivm sulfide 0.4l microns. The depletion region of the CaSs
cells is believed to lie in this range from the surface.

2. The Mylar encapsulation appears. unsuitable from the proton
irradiation point of view.

3. The silicone coating affords radiation protection up to 1 x 1 lh,
protons/cm? of 400 KeV energy, where there is no change in Ve -
and only an 8% drop in I_,. This compares very favorably with -
the 20% drop in Vg, and 8% drop in Ige for N-on-P single-
crystal silicon cells! at 400 KeV and 1011 protons /em=.

Conclusion.

Arrays of multiple.CdS cells interconnected in series have been made
on plastic substrate with efficiencies over 5% and a. specific-power-to-weight
ratio of 80 watts/Lb. It has been shown that further improvement in these
areas can be made. Thermal-fracuum cycling tests on similér cells between
-850 to +70°C showed .no physical change and only slight change in short-
circuit current. It appears that CdS cells with a thin silicone or other
equivalent coating has at least three orders of magnitude more resistanée
t0 low-energy proton damage than N-on-P silicon celis. With this basic
process, techniques can be developed for the continuous fabrication of
large arrays conbaining numerous intercomnected cells. The cost and -
weight of such arrays should be significantly lower than other type cells
and assemblied,
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Discussion -

Massie: We will now open for discussion the last two papers. While Mr. Hui
is here, do you have any gquestions for him? - .

Borson - Aerospace Corporation: What was the silicone coating that was used
on that last slide?

Hui: One of the commercial silicone coatings.

Borson: You don't know the name?

Hui: Yes, it is one of the Dow Corning Silicones.

Waddel ~ GSFC: Was this coating a grease or a plastic film?
Hui: It comes in liquid form - you cen spray it on.

Wise - Aero Propulsion Lab: Would you care to speculate on the intrinsic.
cost of these cells?

Hui: TIf I can recall yesterday's discussion on production cost of silicone
cells, it depends on the quantity of production. I would guess ultimately
they may come to a dollar a watt or something in that order after development
of automatic production techniques and machines.

Wise: Thank You.

Retcheson - Boeing: Did that 80 watts per pound ratio include the weight
of the silicone coating?

Hui: Yes.

Voice: Thank you.

New Voice (unidentified): Your spectral response curve indicated a strong
response in the entire solar range. I believe, out to 9000, 10,000 angstroms,
or something like this. I wondered if you or the previous speaker would care
to .comment. I think in Mr. Shirland's case, he was estimating that cell
thicknesses down to something like 5 microns might be projected in the
interest of getting thinner cells; two-tenths mil, I think, was quoted. Do
you feel that there would be serious loss in efficiency as you go to thinner
tells in view of the fact that you're dealing with impurity absorption rather
than intrinsic?

Hui: We have made thin cells with thickness anywhere between 1 and 10 microns,
but we have encountered a number of problems. The primery problem is associ-
ated with the high resistivity experienced in the thinner films. So we don't
really know how thin we can practically go on this type of cells. The cells
we reported on here range in thickness between 15 to 20 microns.
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Hemilton - IDA: Have you run tests to determine the ability of the silicone
coating or the ‘mylar to keep moisture from getting to the cells and degrading
thelr efficiency?

Hul: We have some preliminary indications that silicone will afford some
moisture protection.
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A MODEL: FOR THE CdS SOLAR CELL

E., R. Hill & B. G. Keramidas
Harshaw .Chemical Co.
Cleveland, Ohio

The CAS solar cell in its present form consists of a film or sheet of
CdS which has had one face chemically treated to foxrm a rectifying function.
The treatment consists of an immersion of the CdS in an acidified hot watexr
solution of Cueclg. The chemical reaction is described by the upper equation
in Fig. 1. Thermodynamically, the reaction proceeds to the right, since that
side of the reaction has a lower free energy. Kinetically, the reaction is
aided by CdCl2 dissolving in the water solution. The equilibrium concentra-
tions of the four reaction components are governed by the lower equation
(the Nernst relation), where the right hand member is a function of tempera-
ture only. Since CAS and CuyS are somewhat ionic, Cus™ can replace the
CupCly, and CACl, in both equations and retain approximately the same thermo-
d,ynamic properties.

Cu,S as made in above mamner is a p-type semiconductor with a band gap
near 1 eV and a hole coencentration of about 10~ per cm”. The CdS is n-type
with a bja:gd. gap of 2.4 eV, and generally has an electron concentration of
abeut 107~ per cm”. Consequently, if these two mabterials can be joined with
the proper physical arrangement, a rectifying junction should result. This
does take place since an evaporated -CdS film which is treated chemically
and electrically contacted has the electrical character of a diode. This
diode is usually rather lea.kg and has a high saturatien current on the
order of microamperes per cm“. When illuminated, it generates current,
the spectral response of which is shown in Fig. 2. Nothing unusual is pre-
sent in this response except at about 1 eV, and it is concluded that the
active material has a 1 eV optical bandgap. We can also conclude that CAS
is not optically active, since no change in response occurs at 2.1 eV, This
has described the overall nature of the materials, processing and end product.

To understand the more detailed nature of the cell, it is necessary to
examine the process on a microscopic level. The chemical reaction is a
double displacement type which requires that each time two Cut ions -enter
the CdS film, one 0d°" ion must leave. If the CdS is highly ordered as in
the case of a single crystalline face, only a few monolayers of CusS are
formed. This is to be expected since few sites of high chemical activibty
such as dislocations and grain boundaries are present. Also, the reaction
takes place at a temperature around 100°¢C , and the diffusion c¢oefficients
of the components in CdS will be low. However, 1f the CAS is highly dis-
ordered, as in the case of a polycrystalline film or a lapped single crystal,
regions of high chemical activity are plentiful and diffusion is enhanced
by the presence of grain boundaries and dislocations. In fact, chemical
action is seen to penetrate to depths of several microns in evaporated films.
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In order for the chemical reaction to occur past the solid surface,
diffusion of the reactants must teke place, which implies concentration
gradients., Fig. 3 shows a schematic picture of the CAS cell cross section
representing the cell at any time after immersion in the solution. As
cen be seen, a gradient of Cu' lons and CupS extends into the CdS and a.
gradient of CAS and Cdet ions extends out to the surface. These gradients
must exist for the reaction to proceed at all, and consequently must exist
in the cell when it is vemoved from the solution. When it reaches thermal
equilibrium after the chemical treatment, it will still be in a state of
chemical nonequilibrium, since the concentration gradients are still present.
This can be called a state of quasi-chemical equilibrium, i.e. over a small
region, the Wernst relation governing the component concentrations will be
only slightly perturbed. Ulbtimately; in deference to the second law of
thermodynamics, a state of eq_uz.llbrlum will be reached where all four re-
action components are uniformly distributed throughout the solid and are
in equilibrium with their vapor state. The rate at which this condition
is approached is determined by the mobilities and concentration gradients
of the species and the temperature. At room temperature, this ‘oceurs very
slowly, but over a period of weeks, it can be detected.

When the cell is heated,- however, this tendency is accelerated and
five minutes at 300°C produces & marked change. It is unllkely that the
CupS and CdS molecules will be particularly mobile, but Cd. and Cu* ions
can move. They will slide down theiy gradients, increasing the C# concen-
tration inside and increasing the CJ! * concentration near the surface. The
Nernst relation says there will also be an increasing CdS concentration
near the surface and increasing CuQS concentration deeper in the ,cell
Fig.lt shows the spectral response of the cell in this condition. - ‘I‘he most
significant.feature is the step a‘t 2.4 eV which says that carriers. are
produced in CdS within a dlffus:Lon length of the electrical junction. The
I-V curve shown in Fig. 5 1nd:|.ca’ces a reasonably ‘good diode and a true
generated short circuit current. From thig, we conclude that all the light
which is being absorbed is absorbed within & diffusion length of the junction.

If this cell is further heated for 1 hour at 30000 , the gradients of
concentration will become even flatter. The electrical junction should
correspond to the region of chemical transition and will then become broader.
It will also move further into the bulk CdS. Fig. 6 shows the spectral
response of a cell subjected to such a treatment. Again, the most striking
feature is the behavier at 2.4 eV where there is now almost a complete loss
of response. Evidently a great deal of CdS has formed near the surface
and the junction is deep inside the cell. The I-V curve, shown in Fig. T,
indicates a relatbtively low collected short-circuit current, and even begins
%o look like two junctions may be present. Thus, photons with energy above
2.k eV are absorbed near the surface with a low resulting quantum yield.
This low yield can be dve simply to having the junction far inside the cell
or to the presence of a second junction in the opposite direction.

Further heating causes .additional change and after 15 minutes at 60000
the cell is useless as a power convertér, but has developed a very.inberesting
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behavior. Fig. 8 shows the spectral response of the generated current which
can be seen to reverse direction with color of illumination., For red and
infrared light, the current is of the sign produced by the cell initially.
That is, the treated surface is positive and the bulk CdS negative. For
green and blue light, the polarity reverses. For tungsten illumination,

the net current is generally .reversed from that of the normal cell., Red
light is weakly absorbed and generates carriers deep in the cell near the
normal Cu,S-CdS junction. These carriers are separated and produce normally
directed current. Green light is more strongly absorbed near the surface
and produces oppositely directed current. This can be due to either non-
uniform absorption as in the Dember effect, or due to the presence of a
second junction with the opposite sense. Further heating merely results

in material homogenization and loss due to evaporation.

This has been a sketchy discussion of the CdS cell fabrication in that
only a few salient points have been examined and many microscopic details
have been glossed over. For instance, Cu,S and CdS are only weakly soluble
in each other and undoubtedly the chemical transition region is composed of
aggregates of clusters. On the atomic scale, this is a discontinuous struc-
ture, but on the scale of the Debye length for carriers, this is small., ILike-
wise the transport equation for the heterojunction has been neglected, and
the assumption made that a junction exists in a chemical transition region.

The important peint is that the device is the result of a double dis-
placement chemical reaction which stops before equilibrium is reached. Thus,
concentration gradients of the reactants exist in the region of chemical
change. Since the initial reaction occurs near roem temperature, even
moderate heating can be expected to alter the distribution of the reactants.
From the Nernst relation and a knowledge of the gradients, the direction of
material redistribution can be predicted. The behavier of the cell after
various heating cycles can be correlated with the qualitetive picture of
the material distribution and their electrical and optical properties.

Finally, it is reasonable to expect this type of analysis to be sultable

for application to many of the semiconductor devices where a low temperature
chemical reaction takes place.
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CugClg + cCds=cugs + CdClp

ZX F° (298°K) = 12 kcal
mole

[cugers] [cas] Ape
? [cac1y] [CuZS]- RT
Figure 1
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Discussion
Messie: Are there any questions?

Loferski - Brown: Is there any room in this model for explaining the
degradation of the solar cells which occurs from exposure to moisture
presumably?

Hill: VYes. There are two possibilities. Omne of these is the oxidation
of cuprous sulfide to cupric sulfide, which is reported in the copper
literature. This is a quantitative reaction in which the amount of water
vapor “inv:o]i‘if_é&ncgirg"be measured by the amount of the cuprous sulfide changed.
If the cuprous sulfide goes to a higher conductivity state, then obviously
the junction is going to be all in cadmium sulfide. And when this happens,
all we see is green response; the red response is sbsolutely lost. The
other thing is that cadmiuvm sulfide does decompose photochemically in the
presence of water vapor. And cadmium sulfide which is near the surface of
the cell after the heat treatment - can photochemically decompose,
liberating sulphur. This then combines with the cuprous sulfide to make
cupric sulfide, which is high in conductivity, practii;ally metallic.

Cusano - GE: Have you done experiments like taking the cuprous sulfide
off the surface with potassium cyanide and then redepositing the cuprous
sulfide &t room temperature to see whether you have retained photovoltaic
response?

Hill: We've done two things with potassium cyanide. If we take the
chemically made cell as it comes right out of the bath and etch it in
cysnide, we agpparently remove everything but cadmium sulfide. This
blackish layer disappears.

Cusano: You mean this mixed layer where the aggregates are, all comes off.

Hill: If the cell is taken oub of the bath and given no further heating,
the black layer disappears in cyanide. If the cell is then conbacted witk
a mebal grid; we see only the cadmium sulfide intrinsic response. If we
take a cell - which has been heat-treated, etch it in cyanide, we don't -
remove everything. We can still see black specks, inside the film. We
remove a great deal off the surface, but we can't remove it all. There
is still some red response left. ~

Cusano: So you still have a fairly active cell if you will then rémske
cuprous sulfide...

Hill: If it is put back into the dip, yes.
Cusano: But don't heat it again - just put it back in the dip?

Hill: Yes. We make more cuprous sulfide on the surface, sure.
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Cusano: Sure. But now this cell is comparable to a heat-treated cell?
Hill: Mo, it's comparable to the celi that was made just by dipping.

Cusano: $So, whether it's been heated after the first dipping or not, once
you dip it in cyanide and reapply the copper sulfide without any further
heat treatment, you've lost everything - in either type - in either the -
baked cell or the unbaked cell?

Hill: The cyanide dip removes all red response from an unheated cell, but
some remains in a heated cell.

Skarmen - National Cash Register: Asking a question about your negative
current you saw for the green light absorption and positive current for
the far infrared, you say that this can possibly - the negative current -~
can be accounted for by Dember effect or another junction. Now, I think
because of current levels involved from your quantity, it is prebably then
not likely that it is & Dember effect. But do you have any sort of model
that would maybe justify another junction, or vhere ceould anether junction
occur here?

Hill: Well, the justification for the second junctien is that if powdered
cadmium sulfide and powdered copper sulfide are mixed together and put into
a test tube with a retatively small exposed area at the top, and heated to

500 or 600 degrees centigrade in air, we form cadmium sulfide on the top
surface.
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SOME PROBLEMS OF THE THIN FIIM CADMIUM SULFIDE SOIAR CELL

A. E. Spakowski, A, E. Potter, and R. L. Schalla
Natlonal Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio L4135

Cedmium sulfide (CdS) thin film solar cells have come a long way in the
past several years and now look promising. Currently being made are L to 7
percent efficient 3 by 3 inch cells with 8 to 10 percent cells not an un-
realistic goal in the fubure, When one begins to consider arrays for space
power systems, the necessity of assigning performance parameters to the
cells becomes apparent. As & result, the stability of the thin film cells
has come under closer scrubtiny in recent months.

First, we will consider our experience at NASA Lewis Research Center
on the storage stability, moisture degradation, and thermal cycling dura-~
bility. Secondly, we will deal with some aspects of the mechanism for the
CdS-Cuzs solar cell.

The cells that we are concerned with have a thin metal or plastic
substrate (l or 2 mils thick) on which is deposited a mil of CdS, then a
barrier of CuyS, a gold (An) or copper (Cu) current collecting grid, and
finally the adhesive and encapsulating plastic of either Mylar or H~-Tilm:

The solar cell is 3 by 3 inches and about 5 mils thick. It is very flexible,
light, and shows no sign of wear or damage as a result of normal handling.
However, the cells do appear to degrade during storage in a double desiccator
under ambient conditions.or in a vacuum desiccator. Figure 1 shows the
efficiency of several types of CdS cells as a function of the time in storage.
The data presented are averages from more than 120 cells. The gold-gridded
cells (solid lines) that depend on the pressure of the encapsulating plastic
to hold the grid in comtact with the barrier are quite stable, degrading
about 0.1 percent every two months. The cells having the Au grids electro-
plating process reduces the power output of the cell. The copper-gridded
cells (dotted lines) that depend on the pressure of the encapsulating Mylar
to hold them in place degrade very rapidly but do reach a stable condibion
in 3 to T weeks. The Cu-gridded cells (dashed lines) that depend on the
pressure of the H-film to hold them in place degrade slower and reach a
stable condition in 2 to 6 weeks. The Au-gridded cells are quite satis-
factory except for the cost of the grid, which is approximately $8 per cell.
To lower this cost, one manufacturer has switched to Cu grids. The drop in
efficiency for these cells is because of an increase of the series resist-
ance due to the grid lifting from the barrier of the cell. Some of this
current loss can be recovered by the application of pressure to the cell
package while relamination usually results in a completely recovered cell.
The voltage remains virtually unchanged.
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It thus appears that the storage-stability problems occur because the
grids do not maintain good contact with the ‘barriers. - The ‘movemént: of the
grid can result from the release of stresses built up in the.cell during
lamination. Since the grid becomes an integral part of the adhesive and .
plastic, it must either move or be deformed as the ‘stresses are relieved.
The more ductile Au grid can deform more easily -than can the Cu, which
would transfer the stress directly to the grid-barrier interface. Approaches
to the problem now being evaluated include improved lamination conditions
and epoxy cements to hold the grids in place. Proper annealing of the
laminated cell may be another approach to 'the problem

" Moisture degradation of Cas cells has been a long-standing problem.

The' extent:of the provlem is shown in Figure 2 vhere the percent. degradation
of thé maximum power per day is -plotted as a function of the relative -
humidity. Both 1~ and 2-mil Mylar and H~-film encapsulated ¢ells :are plotted.
Although at 100-percent relative humidity the cell’s life is very short; the
rate of degradation could be tolerated at low humldltles. More will be
sa:Ld on th:Ls later. - T

A de‘talled study was made at 65~ percent relative humidity. In Figure 3.
the decrease of both the short-circuit current and the open~circuit voltage -
is shown as a function.of time. The tests were made in humid air at ambient
temperature and pressure., It is of ifiterest to note that during the first
month or so the current decreased raplidly before leveling off' while the
voltage decreased only 'slowly. In Figuré L the series resistance R_ and the
satura’o:.on ‘current I are plotted as a function of time. - Both the ﬁ and
"I, increase very slowl;y for the first month ‘then rapidly incréase. e
shunt ¢ iresistanceé decredsed during the first month, then tended to 1lével off.
‘The spectral response of the cells from 0.4 to 1.1 decreased uniformly
during ‘the first month. Iater the intensities were-too low for accurate
méasurements, although there was ‘an indication that’ the red response was
affected

“From these data we concluded ‘that water penetratés the cell's plastlc
cover and is adsorbed in the Junetion thus incréasing the number of recom-
bination centers so_that the current is reduced. No permanent damage- is
- done to the junction, .at least initially. It was also found that if the- .
degraded cells were heated in a vacuum, a portion of the lost current.could
bé restored, whereas pressure alone had no effect. (This is in contrast
with the storage degradation where pressure algne did restore some of the
current.) Thus , as mentioned-earlier, low ratés of degradation might be®
tolerated, since once in space the cells can be expectéd to recéver at
least a‘ part of 'bheir' lost power as they are hea‘ted by the sun.

The most stiingent tests and probably the most important for space’
applications are the thermal cycling tests being run at Lewis. TIh Tgble T
the main feai;ures of "the two thermal cycling facdilitiés now in use are
listed. Currently, solar cells are subjected to a series of thermal cycles
consisting of 15 minutes of light and 15 minutes of darkness. The data,
consisting of temperature, open circuit voltage Voc , and four load currents,
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are automa’bicall'y recorded when the cells approach equilibrium temperature.
During the dark portionc of the cycle, the cells are cooled to the tempera-

ture range of -90° to -120° ¢ dependiBg on the intensity of the light.

Iight inmtensities of 100 to 200 mw/cm” have been used for these tests.

When this program began almost 2 years ago cells barely lasted 10 cycles,

but progress has been steady and today we have cells that have not lost any

of their original performance after 2,000,. 4,000 and even 10,000 thermal cycles.

In Figure 5 typical thermal cycling data are shown where the relative
power output is plotted against the number of thermal cycles. All cells
that depended on pressure alone to hold the grids in place (Au or Cu)
failed in the manner shown. Some failed very soon and others after thou-~
sands of cycles but all failed in the same way. They developed short
circuits as a result of the movement of the grid across the barrier during
the thermal cycle. The shorts can be removed in most cases by buring them
out, by relamination, or simply by annealing them. Epoxy-cemented grids
falled because the epoxy did not bond to the grids. The best metal sub-
strate cells are those where the Au grids are electroplated directly onto
the barrier. They have stood up very well in thermal cycling. The front-
wall plastic-substrate cells have also successfully withstood thermal
cycling. One of these cells has shown almost no drop in power oubtput after
10,000 cycles. The thermal cycling tests have uncovered many defects in
thin-film cell construction. However, subsequent cells have proved to be
much more reliable and,. as improved film cells ate developed , we shall
continue to evaluate them in these simulated space chaumbers.

Another of the problems of this cell is that we do not understand
very well how it works. Improvements in the cell have been made empirically
for the most part. If we can make some progress in understanding the cell,
this may help to improve the present cell and may possibly point the way to
new types of cells.

To begin with, it is necessary to characterize the copper sulfide
layer as completely as possible. Table IT shows the results of our study
of the crystal structure of the chemically formed copper sulfide layer.
First of all electron diffraction was used to examine thin layers of the
sulfide formed an single crystal CdS. It was found that the copper-sulfide
film had a hexagonal structure with lattice spacings only a few percent
different from CdS. This corresponds to a high T modification of CupS,
which is normally stable only dowm to 105° ¢. Thicker films of the copper
sulfide, when examined by X-ray diffraction, show the film to be ortho- *
rhombic CuyS or chalcocite. Thus, the film is composed of CupS with a
crystal structure that closely matches the CdS structure at the interface.
Purther from the interface, the steble chalcocite form of CuyS is pre~
dominent. Since the crystal structures of the CuyS and CdS are similar
at the junction, we expect a minimum number of imperfections at the
interface. This may explain the high light-generated current in this cell.

We have learned three basic electrical properties of the copper sulfide
layer. It is p~type. Trom Hall-coefficient measurements on the film we
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haye found that the ca:;rier concentrations are in the range of

10t carriers/cm>. Hence, the material is degenerate. We have measured
the optical absorption coefficient of the film as a function of the wave-
length and, after correcting for the free carrier absorption, we find that
the optical band edge is clearly defined and corresponds to a band gap of
0.9 eV. :

Since we know something about the properties of the copper sulfide,
it is possible to sketch the band structure for the cell. This is dome in
Figure 6. 'The barrier height of 0.8 eV shown in the figure was determined
by capacity-voltage measurements. Nearly all of the band-bending occurs in
the €4S, due to the high carrier concentration in the Cugsv.

Now we would like to consider what might be expected for the spectral
response of this heterojunction as a photovoltaic device. We should expect
that the cell would begin to yield current from red light at an energy near
0.9 eV, the CuyS band gap. We should also expect to see an increase in the
photocurrent when the photon energy reaches the band gap of CAS at 2.4 ev.
Figure 7 shows the spectral response of a CdS film cell. The spectral
responses shown here are all relative to the maximum response at around
2.6 €V. No bias or green light was used. The expected increase in photo-
cukrent at 2.4 eV occurs, but the threshold energy for the cell is about
1.2 eV rather than the expected 0.9 eV. It should be mentioned that the
magnitude of the red response of the cells (the response from 1.2 to 2.4 eV)
is quite variable, depending on how the cell is made. More will be said
about this later. However, for a typical CAS film, the threshold remains
at about 1.2 eV. This result suggests that the red response in the cell
does not originate in the CuZS layer. The other possibility is that it
arises from deep impurity levels in the CdS located at an energy depth of
gbout 1.2 eV.

We next tried to identify the impurity. After considering several
possibilities, we have come to the tentative conclusion that the impurity
responsible for the red response in the cell is excess -cadmium. Evaporated
Cds films are known to be nonstoichiometric and recent work has shown that
they contain excess Cd. Tt has also been shown that some of the excess Cd
can be evaporated out of the film by heat treatment. Hence, we expect that
heat treatment of a f£ilm should lower the red response if Cd is responsible.
We took two nominally identical CdS f£ilms, both from the same evaporation,
and heated one in argon for 1/2 hour at 5750‘ C. We then maede cells from
both films. The results are shown in Figure 8. The red response of the
heated film is lowered counsiderably. This experiment was repeated several
times with identical reSults. In a second experiment, we investigated the
effect of pubting Cd into the films. Two idemtical films were heat-treated
to remove some of the excess Cd. One of the two was coated with a thin
film of Cd metal and again heated briefly. The red response of the cell
made from the Cd~treated film was higher than the untreated cell. This is

.again evidence that excess Cd is in some way responsible for the red
response. -
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A third experiment was performed by exposing the cell to hydrogen
sulfide. We expect H,yS to react chemically with the excess Cd thereby
removing it. Cell performance degrades rapidly on exposure to HoS.
Spectral-response measurements of slightly degraded cells showéda
considerable loss of red response, which can be explained by the removal
of free Cd. .We conclude from these three experiments that the red
response of the cell is largely due to excess Cd in the lattice.

We then became interested in the possibility that other metals besides
Cd might be used to produce deep donor impurities. Silver (Ag) and
indium (In) are adjacent to Cd in the periodic table and have simila?
sizes. Therefore, we expect that they might enter the CdS lattice in a way
similar to Cd. Figure 9 shows the effect of introducing these metals into
CdS films. Both In and Ag increased the red response of the cells.

In summary, the major problem areas associated with the CdS film cells
are storage, humidity, thermal cycling, and mechanism. The storage stability
problem can be eliminated by the use of grids that are firmly attached to
the cell. For humidity damage, we find that the cells can-be exposed to
20-percent relative humidity for long periods of time (i.e., long enough to
assémble an array with little or no damage). By proper construction methods,
film cells that are very resistant.to thermal cycling can be made. - Plastic
substrate and electroplated-grid cells have been made that cen withstand
10,000 cycles, which is equivalent to two years in Earth orbit. As to the
mecham.sm of the cells, they appear to be heterojunctions of CdS and Cu2S,
with the red response of the cell due to excess cadwium in the £ilm.
Possibly, better control of the Cd content or the use of other metals may
improve the cell.
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Table I.

- THERMAL CYCLING FACILITIES

No. 1 No. 2
Tank size 10-in. diem. by 26-in. 30-in. diam. by b-ft.
Pumping system 8 in. D.P. 10 in. D.P.
Min. Pressure, Torr 107 1077
Cooling medium 11\12 Ll\I2
No. of solar cells 4 25
(3 in. by 3 in.)
Solar ‘simulation, watts T - 600 sun guns 5 KW Xenon

900 tungsten

Table II. -~ CRYSTAL STRUCTURE

OF COPPER SULFIDE BARRIER LAYER

Technigue
Electron Diffraction

(Thin Iayer)

X~ray Transmission

Result
Cuas, Hexagonal, High
Temp Modification,
Close Match to CdS
Iattice
Cuas, Orthorhombic

(Chalcocite)

G-
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DEGRADATION OF Vo¢ AND Isc BY MOISTURE
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THERMAL CYCLING OF CdS SOLAR CELLS
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SPECTRAL RESPONSE OF TYPICAL CdS FILM CELL
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REMOVAL OF EXCESS CADMIUM REDUCES RED RESPONSE OF CdS CELLS
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METALS DIFFUSED INTO CdS FILM INCREASE RED RESPONSE OF CdS CELLS
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Discussion

Massie: Can we have questions, please?

Chamberlin - Nedional Cash Register: In these experiments where you
were making various cells and treating the surfaces, how were the
barriers made?

Spakowski: The copper sulfide barriers were formed by the chemical
dip method. i

Chamberlin: 8o, then, the reactien possibly would be expected to be
different since you had a different surface prier to the dip. So you
did not have complete control from one cell to another. Right?

Spakowski: This may be’ true.

Chamberlins Did you run temperature dependency of your spectral
response?

Spakowski: We have, but the results have not been published.

Rappaport: I would first like to congratulate you and your co-authors
on a very excellent Paper and presentation. I have two questions.
One, 4id you measure the carrier mobility in’ the copper sulfide layers?
And ‘the other question is, would you care to speculate as to whether
a cell, which had some degradation ‘in standard air conditions and which
could be complebely recovered in outer space vacuum conditions, would

. be practical for gpace, or how much degradation one would expect to
recover in outer space? I know that's a difficult one, but it would
be interesting. :

Spakowski: I might attempt the second part of the question before
the real Drew Potter stands (laughter). As far as hew low a cell -
can be degraded beyond which it camnot be recovered, we feel that

it"s around T70%, which is quite low. Beyond this point, It eppears
that the junction has been affected. We have recovered cells that
have degraded- 50% but how fast they recover depends on the temperature
and time spent in the vacuum furnace.

Rappaports Part of that question was, how much of this can be tolerated?
De you think this has to be cempletely eliminated or some amount' of it...

Spakowski: I think a very small amount - say, lO% or so - could easily .
be tolerated. " Drew, do you want to answer the first question?

Potter - NASA-Lewis: The mobility is low, about 1 cmz/volt sec.
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Rappaport: This might explain the lack of response from the Cuzs.

Potter: Yes

Yannoni - AF Cambridge Research ILab.: I was interested in the length
of your thermal cycles and the change in temperature at which you ran
the tests.

Spakowski: We chose 15 minutes of Light and 15 minutes of darkness
for the thermal cycle to get a lot of thermal cycles in since the
cells were very near their equilibrium light-on temperature after

8 minutes. The temperature depends on the intensity of light falling
on the cell. We've cycled cells from 0° to 100°C with the light om
to dark temperatures of -100°C to ~-120°C¢. If we used a half-hour
dark cycle, the temperature would get down to about -140°¢g.

Yamoni: Do you have an idea of the energy per unit area for the
test with the sun gun?

Spakowski: The sun gun test in the small tank has an intensity around
110 milliwatts/cmg. The other tank has been operated from 100 up to
200 milliwatts/cm™.

Yannoni: Thank you.

Cusanoc - GE: -I'll go back to a question I asked the previous .gpeaker.
This has to do with cadmium - the impurity absorption -~ if you remove
the copper sulfide by potassium cyanide treatment, then you should
be able to reapply it and get a good cell. Have you done anything
with removal of copper sulfide to find whether you have response Lleft?

Pobter: No, we haven't done that. The thing that may be pertinent

is the one experiment that we did, which was to measure the spectral
response of a cell immediately after it's been made. This cell has
been made in a chemical dip, dipping in the hot solution, 90° centi-
grade for 5 seconds, and brought out, cooled, and dried at room tem-
perature. This is a bad cell. TIt's leaky, bubt it works, and you can
measure the spectral response. You then heat this cell at the recom-
mended heat treatment, which is 250 centigrade for a minute or two,
and the cell improves dramatically. The current increases consider-
ably, but there is no very large change in the spectral response.

It's much the same. So this implies to me either one of two things.
Either the impurity centers which are responsible for the red response
exist in the film as it is made, and that's the explanation we followed,
which of course may not be correct. Or, it implies that copper from
the copper sulfide diffuses into the lattice with astonishing speed.
It can't be bulk diffusion. It gets in there awfully fast and awfully
easy, if copper is entering the lattice and is .responsible for the im~
purity response.
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Cusano - GE:. Someone - I think it was the RCA people -~ removed the
copper sulfide and got only intrinsic response back, which would in-
dicate that somehow copper must get into this cadmium sulfide layer
and account for it. The cadmium interpretation is a new ohe.

Shirland - Clevite: I'd like to comment on the change in spectral
response that the people at NASA observed, particularly with degrada-
tion. We have, on at least one occasion, observed the moisture de-
gradation all the way down to nothing, of a high-efficiency Clevite
cell and taken the spectral response all the way down and found no
change in it whatsocever. :

Halstead -~ GE: I wondered a little about clarification on the last
slide. You had spectral response here. This was normalized to a
maximum response?

Spakowski: Yes, at 2.6 electron volts.

Halstead: Your results .could then be interpreted as a difference in
the intrinsic part of the response, rather than a change in impurity
response. (Consequently, your results are not quite as significant as
they might be if they were on an ‘absolute basis. This raises at least
seme question requiring further clarification in terms of the re-
spongible :.mpur:.ty mechanﬁ.sm, doesn' t it?

Potter: This is correct Of course, we can see no change in shape
‘or form of the intrinsic response curve, while we definitely see
changes in the shape ef the extrinsic response curve.

Halstead: I think th:‘:s is Very interesting data because there is
literature indicating differences between the impurity levels that
indium and silver introduce in cadmium sulfide.

Ioferski - Brown: One thing that disturbed me about theése degradation
curves that you showed is that the cells that were stable started out
rather poor; they're-like 4% or 3% cells. Those that started out at
7% degraded until they got down to the 4 - between 4 and 3%-level,
and then presumably stabilized. Does that mean that all cadmium sul-"
fide cells are going, to end up at this 4% level independent of how
good they are te begin with?

~a .
Spakowski: No. T think that might have been a bit misleading. The
cells, whether they are 6-1/29% cells or 4-1/2% cells seem to degrade
about 1-1/2% before they stabilize. Fred wants %o make a rebuttal.

Shirland: T still insist we have seen some cells that have not de-
graded at all, and therefore intrinsically the barrier is stable.
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Sgékowski: T must rebut that too, in that the data shown here are
median values for groups of 20 to 30 cells. There are cells that
degrade perhaps only a half percent and there are occasionally cells
that are stable after the first day or so. But these data represent
the majority of the cells. ’

Ritchie - JPL: This is a question directed to you or Dave Massie.
Do you feel that cad sulf:.des are ready for flight appllcatlons at
this date?

Shirland: I don't feel that they're quite ready at this time.

Spakowski: We have a thin film cell experiment ready now if someone
will give us some space on a satellite.

Shirland: So do we.. (laughter)

Skarman ~ Wational Cagh Register: There seems to be somé discrepancy
in the measured band gap for what we're calling the junction material.
In some of my measuremehts on the digenite form of copper sulfide,

we came Out with a band gap of something like 2.1, 2.2, This morning
we heard a paper on gallium argsenide where they used a copper selenide
junction and thé band gap there was somethlng quite a bit greater than
what you measured - yet as you tend from the selenides to the sulfides,
you would expect the band. gap to become larger. Now, in spectral re-
sponse work done several years ago at National Cash Rs%lster, we found
that in some cases with a carrier concentration of 105" to 1072 we did -
see a spectral response due to the digenite film. We could identify
this in a couple of ways, one, we could apply the same digenite film
to other n-type semiconductors such as silicon, look at the photovoltaic
charactéristics, and find a definite peak in the curve due to copper
sulfide junction. We could also take the cadmium sulfide cell that
we had and reverse 1%, turn it over to the other side, and get a
response that was not due to the copper sulfide, because of the strong
absorption of the CdS. So we had a front cell and back-wall cell.-
Now,” I'm not trying to say that the long response is due to copper
sulfide entirely. This is obviously not true, but I don't com-
pletely agree with your medsurements of 0.9 ev, and I would question®
maybe whether the material you measured this on was with the exact
same material as used in meking the junction, or was this a bulk-type
copper sulfide that you obtained some other way?

Potter: This is the exact same material that we used for makirig the
junetion. Allwe do is dip a thin film of evaporated cadmium sulfide
‘for a long, long period of time, in thé copper chloride solution, to
replace all the cadmium. We find that this gives us a film of chal-’
cocite Cu2S rather than the digenite Cu 83 that you had.

Skarman: That could poss1bly be it, because the color of the digenite film
. 1s just a little deeper yellow than CdS by itself, and therefore you would ~

expect its band gap to be something like 2.2, which it actually comes

out to be when done by absorption measurements.
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.STATUS OF SILICON SOLAR CELL RADTATION DAMAGE

. R. L. Statler
U. S. Naval Research Laboratory
" Washington, D. C.

Introduction

Radiation damage in solar cells has been extensively studied in
the past five years by many investigators who-have described radiation
.induced effeéts in a host of paramebters, such as, for example, efficiency
of energy couversion, maximum power point, short-circuit current, open-
circuit voltage, minority-carrier-diffusion length, spectral response,
junction capacitance, dark current, and curve power factor. To give
an added dimension to these many results, many varied Light -sources have
been used (on Honsatellite experiments), including carbon arcs, xenon
.arcs, and ‘bungsten bulbs, often in combination with waber or optical
filters. Of course, sunlight at ground level, aircraft, and balloon
altitudes has received a share of attention. In addition, solar cells
have been fabricated from silicon of a wide range of resistivities,
controlled dopants and uncontrolled impurities, with impurity-gradients
producing internal electric fields, and with different types of sur-
face coatings. ’

It has been stated (1,2) that there is no ideal way to present the
data of radiation damage to soler cells, partly because there are so
many measurable parameters which are sensitive to radiation, and,
futbhermore, because these paraméters cannot always be precisely related
to each other. Also the different specialists have interest in various
aspects of radiation damage. " However, from an engineering standpoint,
certain parameters are more important than others in defining solar
cell performance. Thus, the purpose of this.paper is to present radiatioh
damage results in a mamner which is judged to be most useful to the
majority of solar power system designers and users. A comparison will
be made between different kinds of cells on this basis, using data from
existing publications insofar as possible.

The most useful information to the systems designer is: how much
power will the solar cell array continue to produce after a time in
orbit which will correspond to a known amount of radiation exposure.
The rate of radiation exposure will be fairly well determined before
launching. As a specif%c point for the comparisons in this paper,

a radiation dose of 101 e/cm2 - 1 MeV electrons was chosen, and cell
temperatures of 280¢ -30°¢ were considered since the maximum amount
of. literature exists for these. conditions. Furthermore, all data
used in this paper are those results obtained from measurements under
air mass zero (AMO) conditions. No use has been made of any tungsten
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light data and consequently the need for using conversion factors
has not arisen. The various solar Simulators which were used in the
reported experiments have been identified. .

Silicon Resistivity Effects

One of the most significant duestions to be answered is: how
does the outpubt power of irradiated solar cells depend on the bulk
resistivity of the silicon? Several laboratories have studied this
dependence during the last few years. The cells of greatest interest
are the one and ten ohm-cm boron doped n-on-p cells. Figure 1 shows
the maximum obbainable power output of various brands of one and ten
ohm-cm cells, as reporfted by several investigators. One notices good
agreement between measurements under different simwlators, and com-
parable efficiencies between one and ten ohm-cm cells. Figure 2
compares the relative power output® at maximum power po%nt after 1
MeV electron bombardment to the indicated dose. At 10V e/cme, there
is little observed difference between relative power output of 1 ohm~cm
cells and 10 ohm-cm cells: in the ratio of 0.53 %o 0.57, approximately.
There is considerable variation in the relative power of 10 ohm-cm
cells at this dose ag shown in this table. Figure 3 illustrates the
greater difference existing in relative power for the two kinds of
cells as measured under tungsten light. The red-rich tungsten light
enhances the differences in radiation damage. For this reason, only
AMO condition results are considered in this paper.

A more valid criterion than the relative power degradation is that
of comparing actual power output. To do this in a way which attempts
to simulate operating conditions, the cell voltage must be chosen and
fixed a priori, as is done in practice for the majority of operating
satellite power systems. If a power sysbem is designed whieh allows
changing voltage during flight, then maximum power point could be
tracked for the type of cell under consideration.

Figure b (3) illustrates the way in which Vy, the voltage at max-
imum power point, shifts as a function of radiation dose, cell resistivity,
and temperature. These data show that for the HOF 10 cell, Vi decreases
from 0.420 to 0.345 volts while for the HOF 1 cell Vi goes from 0.440
to 0.385 volts after a dose of 5 x 1015 efer?.

Figure 5 lists the oubput power at constant voltage, Vy, for each
cell type, while Figure 6 indicates the relative power at constant
volbage, Wy, referred to the initial power before irradiation. The
sbove data are plotted in Figures 7 where it is seen that 1 ohm~cm cells
‘are superior in power output to some 10 ohm-cm cells up to an integrated
flux of .2 x 1015 1 MeV e/cm2. However the TX 10 cells at all levels of
dose have a greater power output at their Vy then the other types.

*Relative power output at maximum power point is defined as the ratio of
. the moximum power after irradiation to the meximum power before the
irradiation.
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Temperature Effects

Many researchers H:swe noted the effect of temperature on solar cell
performance. Cherry ( has shown that the 1962 L ohm-cm n-on-p cells
should be operated at 0.35 volts to obtain maxnmuzl gower at 559C, as on
Wimbus, even before radiation damage. Figure 8, > depicts graphically
how Viy changes with increasing temperature and bombardment level fof

1 olm~cm n-on-p cells measured at &M 1 (on Table Mountain). Broder 6)
has disclosed in Figure 9 the rapid fall-off of power with increasing
temperatures of heavily-bombarded solar cells. Here it is seen that
cell voltages as low as 0.15 volts provide for more efficient operation
at temperature of 100°C. Finally Reynard's results (Figure 10) furnish
a convenient method for displaying temperature dependence of solar

cell power versus voltage for a HOF 10 cell under electron bombardment.
Such a plot provides a readily usable means for selecting proper cell
operating voltages. It is evident from these preceding figures that

the temperature coefficient for maximum power has different values

for 10 ohm-cm and 1 ohm-cm cells. It is of greatést importance there-
fore, to have a prior knowledge of the temperature and radiation environ-
ment in which the solar power supply will operate.

Drift-Field Cells and Aluminum Doped Cells

Other approaches to the problem of increasing the radiation re-
sistance of cells have turned to (1) drift-field cells or (2) additive-
impurity doping. However, very little published data exists on radiation
effects to the power output of drift field cells. The only available
results are those on Westinghouse dendritic drift-field cells, manufac-
tured in 196k, which were studied at NRL by means of a Spectrolab X25L
simulator. At the same time, a group of Heliotek 5 ohm-cm aluminum
dopet% ells was evaluated. These data, together with Cumningham's
work on Texas Instrument 10 ohm-cm cells, boron and aluminum doped,
are shown in Figure 11. This particular group of TI 10 cells, (boron
doped) exhibited much better radiation characteristics than the HEL
10 and HOF 10 in the same study. However, the experiment by Reymard
did not show this same superiority. The output power is compared on
a basig of a nominal 1 by 2 cm cell area, where the effective area is
1.8 cm<. .

Effect of Electron Energy

Previous work by Denny and Downing of TRW and Rosenzweig of BTL
has reported damage constant values for solar cells as a function of
electron energy. For comparable dat? 31’1 power damage rate under solar -
simulation, Figure 12, after Reynard 3 , reveals the change in relative
maximum power point of 10 and 1 ohm-cm n-on-p cells as the bombarding
electron energy ranges from 0.5 MeV to 2.0 MeV. These data are in
agreement with the earlier work on damage constant values, which
increase in magnitude with increasing energy of the incident particle.
The difference between cells with different resistivities becomes
quite small at the largest dose of 10l e/cm2. At smaller integrated
fluxes, the 10 ohm-cm cell has a few percent superiority.
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Proton Bombardment

Existing data on proton bombardment of solar cells with golar
simulator evaluation is also scarce. Figure 13 from Reynard” is a
plot of relative maximum power of 10 and 1 ohm~cm cells with proton
energles ranging from 0.5 MeV to 2.7 MeV. The general shape of the
curve, with a maximum of damage rate occurring about 1 MeV is in
accord with damage constant studies made by others. The HOF 10 cell
appears to be about 49 better than the HOF 1 cell at the smaller doses.
At the maximum dose used, the two types of cells are guite close in
relative power output. The HOF 10 cell data xz'hich are plotted as solid
square points are obtained from a TRW report.

Conclusions

The fellowing conclusions have been engendered by this review
paper:

1. The superiority in radiation resistance for 10 ohm-cm cells over

1 ohm~cm has been exaggerated by comparing maximum power point degrada-
tion under tungsten light. When the cells are compared under. the typical
conditions as stated previously, where (1) the cell voltage %s constant
and eq_ual to that of maximum power point after a dose of lO - 1 MeV
efer?, and (2) the cell temperature is between 28° and 30°¢, then the
average 1 ohm-cm cells have greater power output up to 10 e/c

where a crossover occurs, and the 10 ohm-cm gells ‘then have greater
power oubtput out to the terminal dose of 10

2. Reports of radiation damage studies have been generally lacking

in sufficient detail to allow the power system designer to make a com-
plete analysis of the predicted radiation damage history for his array.
Temperature dependency and I-V curves under AMO conditions at all flux
levels are the more important parameters to be reported.

3. Drift-field cells show definite indications of high resisbtance
to radiation damage and should cont:mue to be studied.

i, The case for aluminum-doped cel]s is not as definite as for d:r:.ft-
field cells, but the indication is that work sheuld be continued, along
with other group III dopants, and perhaps in combination with drift-
field doping. -

5. The wide variation in radiation damage behavior in some types of
10 ohm~cm boron doped cells as seen in different babtches studied at
different laboratories emphasizes a need for either greater stability
in the manufacture of the cell or for cross-checking samples from a
particular batch by different laboratories.
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MAXIMUM POWER OUTPUT OF SILICON SOLAR CELLS UNDER AMO SOLAR SIMULATORS

10 OHM-CM N ON P 1 OHM-CM N ON P
DATA LIGHT ﬁg&ﬁgﬁ AMO SVERACE AMO
SOURCE SOURCE CELL TYPE EFFICIENCY | CELL TYPE EFFICIENCY
POWER e POWER o
(MW) (MW)
CUNNINGHAM SPECTROSUN HEL 24.9 9.9 RCA 26.7 10.6
(1964) D1203 HOF 25.3 10.0
I 25.7 10.2
REYNARD OCLI HEL 27.0 10.7 HEL 26.5 105
(1965) MODEL 31 HOF 28.1 11.2 HOF 27.0 107
TI 26.6 10.6-
RCA 26.6 10.6
STATLER SPECTROSUN X25L HEL 25.7 102 HEL 25.0 10.0
(1965)
(1963) SPECTROSUN HEL 25.6 10.2 BTL 21.4 85
(SIMULATOR 1) HOF 25.2 10.0
HOFFMAN HEL 24.8 2.9 BTL 21.7 8.6
(SIMULATOR 2) HOF 24.8 9.9 RCA 21.0 8.3
ROSENZWEIG | BTL FILTER WHEEL BTL 22.0 8.7
MANDELKORN LEWIS LEWIS 28.0 1.1 LEWIS 25.2 10.0
(1964) FILTER WHEEL
LUFT ocwul 9.5 - 10.0 9.5 - 10.0
(1964)

Fig. 1
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RELATIVE MAXIMUM POWER OUTPUT OF SILICON SOLAR CELLS AFTER 1 MEV ELECTRON BOMBARDMENT

10 OHM-CM N ON P 1 OHM-CM N ON P
15 16 15 2] . 16 2
DATA LIGHT 103 grem? | 1018 mrem 103 5/em? | 1018 B/om
SOURCE SOURCE CELLTYPE | ™% (/3 ) (®/P,) CELL TYPE ®/P,) (B/P)
CUNNINGHAM SPECTROSUN HEL 0.73 0.58 RCA 0.67 0.50
(1964) D1203 HOF 0.74 0.60
L 0.79 0.60
REYNARD oCLI HEL 0.73 0.56 HOF 0.75 0.55
(1965) MODEL 381 HOF 0.74 0.57
T 0.71 0.52
RCA 0.72 053
STATLER SPECTROSUN HEL 0.70 0.54 HEL 0.73 0.53 -
(1965) X251,
MARTIN SPECTROSUN HEL 0.74
(1964) D1203
ROSENZWEIG | BTL FILTER WHEEL BTL 0.77 0.55
(1962) '

Fig.e 2
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RELATIVE MAXIMUM POWER UNDER
FILTERED TUNGSTEN LIGHT
(1 MEV ELECTRON BOMBARDMENT)

DATA SOURCE

N on P SILICON
SOLAR CELL RESISTIVITY

AFTER 1016 E/cM2

(OHM-CM) Prax/Pmax,
NRL (1963) 10 0.48
1 0.41
LSMC (1962) 10 0.48
1 0.38

Fig. 3
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OUTPUT POWER AT VOLTAGE Vjp OF SILICON SOLAR CELLS

AFTER 1 MEV ELECTRON BONBARDMENT

S . el ieeiae —_ _
DATA LIGHT CELL TYPE | v. gg&lgk 5 x 1013 B/cM2 | 5 x 1014 E/cM? | 5 x 1015 £/cm? | 1016 B/cm2
SOURCE SOURCE M| P (MwW) (MW (MW} (MW)
e e e e R == e R e e —
CUNNINGIHAM | SPECTROSUN | HEL 10 0.320 | 21.4 20.2 17.8 15.1 13.9
(1964) D1203 HOF 10 0.325 | 22.5 21.4 18.9 16.0 14.8
TI 10 0.350 | 24.0 23.4 20.9 17.4 15.4
TI 10A 0.340 | 23.1 22.3 19.6 16.5 15.1
) a | BRcai |0380| 248 | 282 | 197 183 | 183 |
REYNARD OCLI HOF 10 0.325 | 22.0 16.0
(1965) MODEL 31 HOF 1 0.380 | 24.2 15.9
4x1018 g/cM2 2 x 1014 E/em2 | 1018 /em2 | 1018 E/CM2
(MW} (MW) (MW) (MW)
STATLER |SPECTROSUN | HEL 10 0.330 | 22.4 21.0 18.5 17.5 13.8
(1965) X35L . HEL 1 0.375 | 23.8 22.0 20.2 17.9 13.3
HEL 5A | 0.365| 23.4 22.0 20.7 18.1 14.6
WESDF! | 0.375| 22.3 21.5 21.1 19.8 15.3

T'9/608 T0S~0Id

* V) 1s the voltage at the maximum power point after a bombardment of 1016 E/CM2,

TThe output power of the WES DF cell was computed for a nominal size of 1 x 2 em.

Fig. 5



Ti-2-a

RELATIVE POWER OUTPUT AT VOLTAGE Vy; OF SILICON SOLAR CELLS
AFTER 1 MEV ELECTRON BOMBARDMENT

INITIAL 2 14 2 15 2 | 1016 2
DATA LIGHT « 5 x 1013 E/cM2 | 5 x 1014 B/cm2 | 5 x 1015 E/cM2 | 1018 E/CM
CELL TYPE| Vyp* | POWER
SOUR(IZE SOURCE P, (MW) (P/Py) (P/Py) (P/Pg) (P/Py)
CUNNINGHAM | SPECTROSUN | HEL 10 0.320 | 21.4 0.94 0.83 0.71 0.65
(1964) D1203 HOF 10 0.325 | 22.5 0.95 0.84 0.71 0.66
TI 10 0.350 | 24.0 0.87 0.87 0.72 0.64
TI 10A 0.340 | 23.1 0.97 0.85 0.72 0.65
RCA 1 0.380 | 24.8 0.94 0.80 0.62 0.54
REYNARD OCLI HOF 10 0.325 | 22.0 0.73
(1965) MODEL 31 HOF 1 0.380 | 24.2 0.66
4x1013 E/cm? [ 2x 1014 E/eM2 | 1015 E/cM2 | 1016 E/CM2
(P/Pg) (P/Py) (P/Pg) (P/Py)
STATLER | SPECTROSUN | HEL 10 0.330 | 22.4 0.94 0.83 0.78 0.62
(1965) X25L HEL 1 0.375! 23.8 0.93 0.85 0.75 0.56
HEL 5A | 0.365| 23.4 0.94 0.89 0.78 0.63
WESDF | 0.375| 22.3 0.97 0.95 0.89 0.69

*Vyp 15 the voltage at the maximum power point after a bombardment of 1016 E/CMZ.

Fig. 6
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POWER OUTPUT FOR CONSTANT VOLTAGE
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Discussion

Schach: Thank you very kindly, Tick. We'll have time for a few queg~
tions.

Mann, Spectrolab: First, I'd like to say that you've compiled a great
deal of information which will be very useful. TI'd like to comment
on one point. In choosing the voltages that you selected for 10
ohm~cm and 1 ohm-cm cells, I think you should perhaps have taken two
different volbages since the characteristics might be weighted other-
wise. TLooking at the curves that you showed for beginning and end

of 1life, I think the choice was not as good for the 10 ohm-cm as it
was for the 1 ohm-cm.

Statler: This is a good point. We will try to take it inbo account
when preparing this paper for the Proceedings.

Baker, GE: I'd like to take issue with one of your basic assumpbions,
and that is -~ that in designing a power subsystem, the important
parameter is the degradation of power output at any voltage, and not
at fixed voltage. The usefulness of the data of your degradation in
a fixed voltage is really limited to the history - a predicted his tory -
of a solar arrsy output, of a power subsystem whose design is already
frozen. If one is gaing to design a power subsystem using a solar
array, one of the items of concern, of course, is the radiation
environment - and one should know the voltage degradation occurring

on the solar cells that he picks - but whether the degradation is in
voltage or in current, the parameter of interest in picking your

right area is the power degradation, not a fixed voltage, but-power de-
gradation, at the maximum point. Once this is picked, the degradation
at constant voltage gives you a power history which may or may not
have some interest for the subsystem designer. It is true, under
certain circumstances, that even though there is a voltage degrada-
tion of. the array, the spacecraft can get to use the power available
at the maximum power point even though this maximum power point is
changing in valtage, depending on the type of power-conditioning
equipment that is used on a spacecraft. If you are using a swibch-
ing-type voltage converter, you essentially have a DC-DC transformer,
and if you're concerned with the limiting case where you're running

at the maximum power point, the voltage ratio in the DC~DC converter
will adjust, so that in a limiting case you are riding on the maximum
power point, regardless of what the array meximum power point voltage
is, within a certain range. So this is a - I'll take very strong
issue with your basic premise on this fixed volbtage of 0.35. I think
you should pick the maximum power voltage, because this is what gives
you the initial useful engineering deta for sulsystem design.
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Pischell: I would have to agree with the way Dick Statler pi-esented
the data, in that most of the satellites in which I've been concerned,
and most of them that I've seen, do operate at a fixed voltage. And
therefore, although I know there are some systems which seek the peak
power point -~ seek the peak power voltage and transform it to that
voltage ~ the improvement of using that system, for example, compared
to selecting a voltage 1ife, how much you want - the best voltage at -
the end of life, - you see, because that device has to have some losses
in it - it seems to us that it's important to work at a Fixed voltage,
and to know the degradation at. that voltage, 50 that we can - and a
voltage of about 23.5 is about what we'll be using. I think that most
of the other spacecraft system people are using voltages about that level
And in the de31g1; of &. satellite, you camnot normally - on the”
satellite des:Lgn“s - you don't normally change the voltage in order.

Baker, GE. No, you missed the po:mt - you m_sunders‘tand my point,
My point was that in selecting a design, you adgust ‘the number of
cells that you hook in series.. In making ~ in selecting a design -
based on what the voltage degradation is. So that you don"t - I mean -
within limits, depending on whether or not you ’gave body-mounted cells
~ or panels, where you can adjust your panel dimensions, you don't really
care whethgr degradation to the solar cells is in voltage or in currént.
as long as you know what. the power degradatlon is, because you can i
within limits adjust the number of cells you. have connected in serigs
-and parallel. . But the degradation at ¢onstant voltage is of interest
only in tracing a higtory of the power subgystem after it has com-
pleted design. But in selecting the design in the first jplace, what
‘you're interested in is the degradation in maximum power. And you
can normally make whatever adjustments are necessary in the number of
the cells that you select in series amd parallel, to accommodate
this degradation. TI-mean = this to me is a fundamental difference.

(Author' comment: This paper- I's 'a revision of the one presented at
the Conference, taklng account of the above discussion. The author
is indebted to A Maxm, J. E. Baker, and R. E. Fischell for their .
suggestions).
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STATUS OF SOLAR CELL, COVER MATERTAL, RADTATION DAMAGE®
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U. S. Naval Research Laboratory

Washington, D. C.
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¥This paper was nob presented at the conference, however, was prepared at
‘the request of the sponsors for inclusion in these proceedings.
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STATUS OF SOLAR CELL COVER MATERTAL: RADIATION DAMAGE

F. J. Campbell
U, S. Naval Research Laboratory
Waghington, D. C.

Radiation damage is not just a function of the solar cell degradation -
the entire assembly must be considered in an analysis of the power supply.
In Figure 1 is shown the commonly used composite of materials in a solar
cell assembly. The solar cell is covered with a transparent high density
shield which will attenuate the incident particle radiation encountered
in the Van Allen belts. This shield is coated on the outer surface with
an anti-reflection coating which serves to increase the amount of light
transmitted. On the inner surface a selectively reflecting filtér is
applied which rejects the ultraviolet energies which do not phobo-activate
the solar cell. This reduces internal heating and provides some protection
against UV degradation of the adhesive used to bond the shield to the solar
cell.

Studies have been carried out, both by laboratory radiation exposures
and by satellite mounted experiments, to determine the nature of the degra-
dation and the effects on the power efficiency of the solar cell composite
assembly. This paper has been prepared at the request of the Conference
chairman to provide a summary of the most important results achieved by the
prominent researchers in this field within the past few years. Presentation
of these studies will be most effective if they are discussed first with
respect to studies of the individual components and then to_the composite
assemblies - showing how the two approaches have been related.

Shielding

A requirement of the shielding material is that it should not be degraded
by radiation, either particle or electromagnetic, that would add to the de-
crease of efficiency of the solar cell assembly for utilization of the sun's
available radiant energy.

The most immediate effect on these maberials has been dbserved as the
production of color-absorbing defects in the molecvlar structure. The resulbing
decrease in transmitbance is greatest in the ultra violet region of the
affected materials. An example of this degradation is shown in Figure 2 for
a sgecimen of microsheet glass (Corning 0211) which was irradiated with 1 &
1010 electrons (1 MeV)/cmz., Decreases in percent transmittance at specific
wavelengths in the visible region are reported for microsheet, fused silica
and severgl radiation shielding glasses affer exposures to 1 x 1010 electrons
(1 MeW/em™ and b x 101lprotons (4.6 MeV)/em™ were reported at a previous con-
ference.
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. The most complete study of transparent materials that might be used
for shielding has been reported by Haynes and Miller.2 They observed the
effects of electron irradiations at 1.2 and 0.3 MeV on samples of 22 dif-
ferent materials, observing for changes in spectral transmittance, "wide-
band transmission", fluorescence, and post-irradiation bleaching by heat
and ultraviolet light. For maximum demage densities they chose sample
thicknesses, when available, to correspond to the energy range of the
electrons. These materials represent the glass categories of synthetic
fused sapphlre , synthetic fused silica, fused quartz, natural quartz,
radiation- shielding grade glasses, mlcrosheet , and common plate glass.
Those which- showed little or no decrease in "wide-band transmission" at
doses of 2.7 x 1015 electrons (1.2 MeV)/em® were sapphire, fused silica
and some of the high density radiation shielding glasses. A swimary of
the effects of this dose on representative samples of materials in the var-
ious categories is presented in Table 1. "Wide-band transmission” measure-
ments were with a silicon solar cell at room temperature 1J_'Lum1na'bed with
a tungsten Llight at 28009K and at an intensity of 100 mw/cm "Wide-band
"transmission" was calculated as the ratio of short-circuit current of the
cell when covered with the sample glass to that' of the bare cell. Fluores-
cence tests showed none existed in sapphire either ‘before or after irradia-
tion; while fused silica which did not fluoresce before, showed red fluores-
cence following irradiation.

Filters

The "blue" and "blue-red" reflecting filters consist of multi-layer
vapor deposited metallic oxides and salts on the glass surface placed
nearest the solar cell. Results of several studies have been reported
recently which describe the effects of radiation on spectral transmittance
and the effectiveness of these coatings as reflectors of ultraviolet energy
I probec‘t;ng adhasmves from raﬁ.latlon famage. In one study Mauri found
thit ultraviolet exposures m.ll produce a slight decrease in the "broad-
band" transmittance (500-1100 my) of "blue" reflective filters and a greater
decrease in that of "blue-red" filters. The percent chaenges from equiva-
lent exposures are listed in Table 2. 3 Tn several other experiments in
which ultraviolet exposures (600 ESH) were followed by 1.5 MeV electron
irradiations (1010 e/cm2) Reynard reported that Corning 7940 fused. silica
shields with "blue" filters showed a 2 to 3% loss in transmission after
the ultraviclet exposure and a 3 to 1(-% loss after the electron exposure;
whereas, samples of the uncoated Corning T94O showed no change after either
of these exposures. To determine the protection value of a "blue" filter
he exposed a sandwich-type sample of an epoxy adhesive between Two sheets
of Corning 7940 to ultraviolet irradiation (600 ESH). The one with a "blue"
filter suffered about a 10% loss.?

Examples of the changes in spectral transmittance of microsheet shields
with_"blue" and "blue-red" filters irradiated with 1 MeV electrons (10l
e/cm™) are shown in Figures 3 and 4. By comparing these curves with Fig-
ure 1 it appears that some of the transmission loss is due to degradation
in the filters.
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In a proprietary cooperative study of the radiation stability of multi-
layer interference filters, ultraviolet irradiation experiments were conducted
at Lockheed on evaporated films of some of the individual components of
commercially produced filters as well as some other experimental film materials.
Resulbs showed that some films of these individual components degraded more
than those in vacuum. Resulds will be utilized to improve the stability of
£ilter coatings.”

Adhesives

Several radistion experiments on adhesive materials have led to the
selection of silicone types over epoxy for greater stability to light trans-
mittance degradation by either ultraviolet or electron irradiation. Two
transparent silicone adhesives that have been investigated in several labor-
atories are Sylgard 182 (Dow Corning) and LIV-602 (General Electric), An- N
other, (XR~-63u88) which is a purified version of 182 is slightly more stable .
Although bond strengths of these materials are much lower than that of epoxy
resins, it has been reported sufficient to hold the shields, and they have
successfully met environmental stability reguirements of humidity exposures,
temperature soaks, and btemperatbure cycling. The experimental results Listed
in Table 3 show that primers which are available to increase the bond strength
are degraded by vltraviolet so it would be better to leave them off. These
specimens consisted of approximately one mil of adhesive with a "blue" fil-
ter on_Corning 7940 as the front cover and uncoated Corning T9L0-as the:back
cover. That the silicones are inherently stable to ultraviolet irradiation
effects on transmittance was demonstrated by Reynﬁrd in experiments without
filter coatings on the fused silica cover slides. Conclusions on the need
for the filter coating are not in agreement since some believe the additional
warming Of the solar cell would render it less efficient than would filter
degradation. More experiments are needed in this area.

Laboratory Radiation Experiments on Composites

Demonstrations of the effects of electron irradiations on the degrada~
tion of composite assemblies of solar cell-adhesive-~shield, have been re-
ported on in lndependent experiments in two laboratories. The results show
that the contributions of the various components are additive and therefore
degradation in a known space flux can be predicted.

Reymnard irradiated samples of 10 olm~cm n/p solar cells covered with
various shields as follows: 20-mils Corning 7940 fused silica with no filter
coabings, the same with a blue-reflective coating, and 26-mils Corning 0211
microsheet glass with no coating. All employed LTV-60L silicone adhesive.
Irradiations with 2 MeV electrons to an integrated flux of 10U e/cm2 pro-
duced differential losgses above that of the uafiltered svecimen in meximum
power and short-circuit current which were 3% greater in the sample with a
blue filter and 15% to 20% greater in the sample with the microsheet cover.
Changes in relative maximum power versus integrated electron flux are plotted
for these specimens in Figure 5.

Another study on composite assemblies duplicating the Syancom II powsr
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supply design of p/n cells covered with 6-mils microsheet with a "blue™
reflective filter and Furane 15E adhesive. By measuring spectral response

of bare and covered cells with an integrating solar simulator it was demon-
strated that light transmittance degradation in the individual materials
could be translated to the short-circuit current degradation of the assembly
vwhénirradiated with 1. MeV electrons. The degradation of glass and adhesive
transmitbance at the "blue" end of the spectra produces a loss in "blue™
response of the assenbly while degradation of the solar cell is in "red" .
response. Thus, the combination of the two degradations produces a resulting
decrease in spectral response as illustrated in Pigure 6.7

Conclusions

Results of the studies reported here have led to a selection of more
radiation resistant cover glass and adhesive materials for solar cell assem
blies. To recapitulate, from this survey one may specifically conclude the
following:

RN Synthetic sapphire and fused silicon are the most resistant glasses
to ultraviolet and electron degradation.

2. Bven when both are protected by "blue” filters, the silicone adhesives
are about five times more stable than epoxies to radiation degrada-
tlon of light transmittance.

3. The broad-band transmittance of reflective filters is decreased
slightly by ultraviolet and electron radiation exposures.

Q,uestlons that requlre more research to prov1de the answers are as
follows:

1. Can the reflective filters be eliminated on assemblies utilizing
silicone adhesives?

2. Are reflectance and emissivity of cover glasses with reflectlve
Tilters damaged by ultraviolet or particle irradiations?

3. Do low energy protons in the 1 to 100 KeV range damage the "anti-
reflective coating on the front surface of the glass shields?

Acknowledgements
Appreciation is gratefully expressed to Mr. E. L. Brancsto for his
encoliragement during the preparation of this paper, and to all those who
responded to his requests for material for this survey.
The research program of radiation effects on satellite surface materials

at the Naval Research Laboratory is supported by the Spacecraft Technology
Division of the Goddard Space Flight Center.

D-2.1-h



PIC-SOL 209/6.1

References

Campbell, F. J., "Effects of Radiation on Transmittance of Glasses
and Adhesives", Proceedings of the 17th Annual Power Sources Con-
ference, May 21, 1963.

Haynes, Gilbert A. and Miller, Wm. E., "Effects of 1.2 and 0.30

MeV Electrons on the Optical Transmission Properties of Several
Transparent Materials", NASA Technical Note D-2620, Langley Research
Center, Langley, Virginia, March 1965.

Mauri, R. E., "Evaluation of Optical Properties and Environmental
Stability of Solar Cell Adhesives", IMSC A0 34229, Lockheed Missile
and Space Co., Palo Alto, California, April 196k.

Reynard, D. L., "Irradiation of Solar Cell Cover Slides and Adhesives
with 1.5 MeV Electrons", IMSC 3-56-64-5, Lockheed Missile and Space
Co., Palo Alto, California, August 196kL.

Reynard, D, L., Lockheed Missile and Space Co., private communication.

Reynard, D. L., "Proton and Electron Irradiations of n/p Silicon Solar
Cells", IMSC 3-56-65-4, Lockheed Missile and Space Co., 12 April 1965.

Campbell, F. J., and Lambert, R. J., "Effects of Shielding on Electron

Demages to Solar Cells", Proceedings of hth Photovoltaic Specialists
Conference, Cleveland, Ohio, PIC-SOL 209/5, August 196k.

D-2.1-5



PIC-SOL 209/6.1

Table 1

Effects of Electron Irradiation on ¥Wide~Band” Transmittance
of Various Transparent Materials2 .

Electron Energy = 1.2 Mev
Integrated Flux = 2.7 ><l1015t‘a/cmz

Material

Manufacturer

% loss in “wide-band”

transmittance
Linde sapphire Linde Co., Divigion 0
of Union Carbide Corp.
Corning 7940 Corning Glass Works 0
(fused silica) -
Fused Quartz Engelhard Ind. 1.8
(optical grade) (Amersil Quartz Div,)
GE 104 (fused quartz) General Electric Co. 0.8
Natural erystal quartz - 26.8
Corning 8362 Corning Glass Works 2.4
(non-browning lead glass)
Corning 8363 0
(High-density lead glass)
Corning 8365 0
(non-browning lead glass)
Corning 0211 7.6
(micro-sheet)
Solex Pittsburgh Plate 27
Glass Co,
Soda-lime plate glass - 26.0
Feurex Blue Ridge Glass Corp. 25,2

(heat-resistant
borosilicate glass)
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Table 2

Effects of Ultraviolet Radiation on Trahsmittance of
Reflective Filters Deposited on Corning 7940 Fused Silica3

Ultraviolet Ave, Initial Ave. Final Ave, Change in

Filter Exposure, | Transmittance | Transmittance | Transmittance

sun-hours | %(500-1100 my) | %(500-1100 my) | %(500-1100 my)
none 703 93.3 92.0 -1.4
"blue-red®’ 590 93.3 87.3 -6.4
"blue’ 735 93.0 91.0 -2.2

T°9/602 T08-PLd
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Table 3

Effects of Ultraviolet Radiation on Silicone Adhesives
With and Without the use of PrimersS

Ave, % change in Transmittance (500-900 mp)
Adhesive Primer after indicated sun-hours of exposure
500 2000
XR63488 no 0 0
XR63488 yes 1.1 1.2
LTV-602 no 1.1 0.6
LTV-602 yes 0.6 2.9

1°9/602 T0§-01d
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Abstract N)b b \Y\ r_)ﬁ L

To determine the integrated radiation effects on solar cells in an
intense radiation orbit, an experiment consisting of four, 10-cell, series
strings of l\T/P solar cells was mounted on one of the body facets of the
Explorer XXVI spacecraft. Two strings were composed of 1 ohm-cm cells and
two of 10 ohm-cm cells. One string of each base resistivity had a 6-mil
glass shield and the other of each base resistivity had a 60-mil glass
shield. A precision resistor across each string loaded it near the peak
power point. The volbage drop across this load was measured and converted
to current. The current was normalized on the basis of pre-launch cali-
brations for angle of incidence and comparisons were made. Preliminary
results of this engineering experiment are presented. They show that, in
this orbit, the 10 ohm-cm cells with a 6-mil shield provided significantly
better radiation resistance than 1 ohm-cm cells with the same glass. When
the heavy shield (60-mil glass) is used, the increased resistance is
equally significant. The results also show that the use of the higher
base resistivity cell provides a significant fraction of the radiation
protection afforded by the heavy 60-mil cover glasses but at no cost in
weight.
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PRELIMINARY RESULTS OF THE EXPLORER XXVI SOLAR CELL EXPERIMENT

Luther W. Slifer, Jr.
and’
Stephen G. McCarron
WASA-Goddard Space Flight Center
Greenbelt, Meryland

Introduction

In 1962, after the effects of the Starfish high-altitude nuclear

explosion resulted in a review of the radiation resistance of solar cells,
it was determined that conversion from P/N solar cells to /P solar cells
was required. Extensive radiation damage comparison tests were performed
at the Naval Research Leboratory on N/P cells from various American
manufacturers to determine the stabus and relative merits of their
production capabilities L,2). In addition, these same cells were tested
to obtain detailed informstion on their performance characteristies(3),
In May 1963 preparation of a Pollow-on to the SERB satellite was begun,
presenting the opportunity to obtain flight information on cells from
these same production lots. Authorization to fly such a solar cell
experiment on a noninterference basis was requested and received.

The Experiment
ose

Results of prior testing of N/P solar cells had shown that, in

leboratory experiments, cells with higher base resistivity exhibited a
better radiation resistance than cells with lower base resistivity(Ll,2,%),
On the basis of these results most cell manufacturers were developing a
capability for producing cells with higher base resistivities. The
primary purpose of the solar cell experiment was to substantiate (or
refute) the validity of the gemeralization of the results of monoenergetic
electron and proton tests to the space radiation enviromment where an
inhomogeneous flux is experienced. (A secondary purpose of the experi-
ment was to provide a comparison of the performence of l\T/P solar cells to
the P/l\I cells in the spacecraft power supply but will not be discussed

Approach

In order to accomplish these objectives the experiment was designed

as shown in Table I. Two rows of cells were provided for each of the two
base resistivities - 1 ohm-cm and 10 ohm-cm. One row of each base
resistivity type had a 6 mil coverglass and the other of each type had a
60 mil coverglass., In the space enviromment the 6 mil glasses would stop
only the low energy protons (below 4.5 Mev) subjecting the cells to all

D-3-1
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other radiation while the 60 mil glasses would stop protons with energies
below 17 Mev and attenuate electron energies thus limiting damege to that
produced by high energy particles. In this way it was intended that
comparisons could be made of differences in radiation resistance to the
two general categories of irradiation. -(The use of the 60 mil shields
also provided for comparisons with the spacecraft power supply which used
60 mil shields.) .

Previously fixed mechanical and electrical interface regquirements
precluded optimization of the experiment. The number of cells used in
series was limited (by the panel area) %o ten, the choice of load
resistors was restricted by the desire for a sizable signal in a 0-5 volt
telemetry output range, and locastion of the experiment on one of the body
facets made it sensitive to variastions in both the aspect and the rotation
of the satellite. The spinning satellite is shown in Figure 1.

As a result of the above restrictions, the precision load resistors,
used across each cell string, were chosen so as to load the cells in the
vicinity of the peak power point. - In addition, some degree of matching of
the initial space outputs for the various rows of cells was accomplished.
A 100 ohm resistor was used for the 1 omm-cm cells and a 90 ohm resistor
was used for the 10 obm-cm cells.

The temperature was monitored by the use of a calibrated thermistor
imbedded in the panel. It was locabted near the geometrical center of the
panel just below the aluminum skin on which the cells were mounted.

In order to assure a stable assembly of the solar cell experiment,
radiation effects on various adhesives were studied and two pre-prototype
panels were subjected to envirommental tests(5). Results of these tests
led to the choice of a flat-mounted cell assewbly with silver expanded-
metal intercommectors. RIV-40 (General Electric) was chosen to bond the
cells to an aluminum skinned honeycomb substrate and Sylgard 182 (Dow
Corning) was chosen as & coverglass adhesive. The completed solar cell
experiment panel is shown in Figure 2.

Calibration and Data Beduction

Since the illumination of the solar cells is dependent upon both the
angle of incidence and the solar constant, correctioa for these effects
is necessary in the process of data reduction.

Satellite Rotation Effects

The effect of satellite rotation was eliminated with the aid of a
computer program which sorted and reduced the data. By correlating data
from the opbical aspect sensor with telemetry rates and times it was
possible to determine angle of rotation of the satellite for each solar
cell experiment data point. Data considered here are for satellite
rotation angles of 180° % 20 measured from the aspect semsor. This is
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the rotational position at which the experiment panel faces the sun with
variations from normal incidence being strictly sunline-spin axis angle
variations.

Sunline-Spin Axis Angle Effects

The corrections for sunline-spin axis angle were accomplished using a
pre-launch calibration of the experiment. This calibration was performed
in sunlight on a clear (cloudless and haze-free to the neked eye) day using
a collimstor with a 10:1 length to aperture width ratio. The current
variation with aspect angle was determined at a voltage of 50 mv/cell (or
500 mv for the 10-cell string) giving essentially the short circuit current
variabion. Deviations of the results from the cosine law are plotted in
Figure 3 using the equation:

I/T
90 .
B =
F($) = g T (1)
where,
¥ is the sunline to spin axis (aspect) angle,
F(y) is the aspect correction factor for this angle,
I is the current measured ab this angle,
and
I is the current at normal incidence.

90

Note that, in this equation, sin { is used in applying the cosine law -
because the spin axis is perpendicular to the normal to the e}@erlment.
That is, the angle of incidence is 90°-%.

It can be seen in Figure 3 that deviations from the cosine law were
significant, going as high as 7%, for the 60 mil shields but relatively
insignificant, generally less than l%, for the 6 mil shields in the aspect
range from 450 to 1200 which proved to be the range of interest. Compari-

son of these curves also shows quite clearly that the dev1atlons are
prn.marlly dependent on the coverglasses.

Selar Constant Effects

The variation of the solar counstant is a result of the ellipticity of
the earth's orbit and therefore a fgunction of the day of the year. The
correction factor, £(D); for this variation is plotted in Figure 4

Normalization of Current and Power

The above calibration and correction factors provided for normal-
ization of the data to 140 mw/cm® imsolance at normel incidence according
to the equations:
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I
Iy = TOYF(y) s1m 3 (@)
and,
PN = I-NV (3)
where,
I, is the normelized current
Pl\I is the normalized power
and,

V is the voltage reading on the cell string.
I, V, and the precision load resis‘bance‘, R, are interrelated by Ohm's Law.

Results

Spacecraft

Taunch and orbit data for the Explorer XXVI spacecraft are listed in
Table IT. The results considered here are for the first 540 orbits
covering a time period of ITL days ~ the conversion factor being 3.16
orbits/day.

Variation of the sunline-spin axis angle for this time period is
shown in Figure 5 T). Both at the beginning and at the end of this time
period there is some question as bo the exact aspect angle. This results
from the fact that the aspect sensor reads in discrete steps and the only
accurately known points are those where the readout chenges from one step
to the next. Thus, when there is no change, the angle can be determined
only to an accuracy within the width of the step. This is indicated by
the blocks in the figure. The extrapolation for the early portion of the
curve was inferred from the panel temperature and the solar array current
profile measurements and that for the later portion is a best estimate
ineluding the consideration that the aspect angle is reversing direction.

This figure indicates that the aspect angle started at about 470 and
held fairly comstant for a period of roughly 16 days or 50 orbits at which
time it began to change, increasing to 900 (normel incidence) at 98 days
or 310 orbits. It continued to an extreme of approximately 117° at about
171 days or 540 orbits. ;

Solar Panel
The experiment panel temperatures are plotted in Figuve 6. These are
temperatures averaged on an orbit basis but excluding the eclipsed portion

of the orbit. Several features in the temperabure-time history require
discussion. First, it can be seen in the figure that two orbits were
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required for the panel to reach an equilibrium temperature after launch.
This initial equilibrium temperature was then maintained essentially
constant for the first 40 or 50 orbits indicating that the aspect angle

was essentially constant. Secondly, because of the aspect variation,
symmetry would ordinaerily be expected sbout the 310 orbit (900 aspect)
point. However, paddle shadow1_g during portions of the satellite rotatlon
plus other more complex conbributing factors destroy this symmetry.
Finally, the total variation in panel temperature was from.9°C to 200C
indicating that effects of temperature variations en the solar cells would
be secondary in nature.

Voltage readings for the various cell rows on the solar panel are
shovn in Figure 7. These data points each represent average voltage
values for an orbit excluding the portion when the satellite was eclipsed.
Because the solar cells were loaded in the vicinity of the peak power
point, these volbages are important as indicators of cell operabing
conditions and must be considered in the analysis and interpretation of
the final results.

The voltage data were reduced as previously described and the resulting
normalized current and pewer data are plotted in Figures 8 and 9 respec~
tively in terms of percent of initial normelized values. Apparent
anomalies in the data result from the "wandering" operating voltage and will
be discussed later. degradation grid for 1 Mev electron bembardment of
bare 1, ohm-cm cells( is also plotted in these figures for reference. It
should B2 noted that the grids are not necessarily accurabte at low flux or
degradation levels because of general measurement difficulties.

Analysis and Discussion

The results depicted in Figures 8 and 9 appear confusing at first
glance. Nevertheless, it is immediately clear that the 10 ohm-cm cells
are sigunificantly more radistion resistant than the 1 ohm-cm cells over
the wide range of operating conditions experienced. Thus, the major
objective of the experiment, that of determining whether laboratory test
results showing 10 ohm-cm cells to be more radiation resistant than 1 obm-
em cells could be generalized to space flight, was satisfied.

Closer analysis of the results (Figure 5 through 9) with reference to
current-voltage curves as a function of radiation degradatlon( provides
clarifying information. Operatien for each of the cell strings is
discussed qualitatively below in order to afford an understanding of the
meaning and validity of the results shown in Figures 8 &nd 9. This is
done in conjunction with the sketch in Figure 10 which depicts I-V curves
for varieus cell conditiens along with resistive load lines with differing
relationships to the curves. This figure clearly illustrates that the
current degradation AT is highly dependent on the operating point - the
significant factor in the following discussion.
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1 Ohm-cm Cells, 6 Mil Shields

Since the -initial operating voltage for these cells was 399 mv/cell,
a load similar to R} as related to curve (a) is indicated. . During the
first LO orbits the voltage dropped to 345 mv/cell. Since the angle of
incidence and the temperatbure both remained constant during this tiuwe,
the voltage variation can be considered a]mos‘t'entireC_Ly the result of
radiation degradation. That.is, the I-V curve was shifting toward curve
(b) and the voltage was decreasing along-the Ry load line. This voltage
change is seen to be caused primarily by current degradation. It can thus
be inferred that this degradation was less then, but not significantly
different from, short circuit current degradation.

Following this the voltage contimued to drop to 338 mv/cell at orbit
60 even though the aspect angle was beginning to improve. It then
increased to 389 mv/cell at orbit 260. During this time the angle of
incidence was decreasing at a rate such that variations with the cosine
law were sufficient to overcome the effects of conbtinued current degrada-
~Hiehi . Since the. operation of the cells did not quite return to curve (a) )
it can still be inferred that operation is similar to the Ry load - curve
(a) relationship and that readings are sti1l fairly representative of,
short circuit current readings. However, because of the increase in
temperature (100C for orbits between 160 and 260) as compared to the
initial temperature and because of radiation degradation, both of which
decrease the I-V curve volbages, operabion was, in all probability,
closer to the peak power point than it was initially. The degradation
would thus be a 1little less representative of short circuilt current
degradation than it was initially.

After orbit 260 and until orbit 300, the voltage readings drop
slightly in spite of the fact that the angle of incidence is approaching
_zero. This results from the fact that radiation degradation now exceeds,
though very slightly, the small enhancements due to cosine law effects
- plus those due to the reduction in temperature. Operation is thus
inferred to be practically unchanged relative to the I-V curve and there-
fore readings are still falrly representative of short circuit current
readings.

In the Tinal phase (beyond 300 orbits) the angle of incidence
increases and the temperature decreases thus returning the I~V curve
toward curve (b). With operation mow in the By load-curve (b} relation-
ship, the readl_gs again become more accurately representative of true .
short circuit’ current readings.

The results in Figures 8 and 9 are consistent with the sbove
discussion. The degradation is relabively smooth and differs little from
a nominal equivalent damege curve when plotted as short circuit current
degradation but it varies considerably when plotted as a peak pover
degradation. The former is true because power readings on the short
circuit current side of the peak power point vary linearly with voltage. '
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10 Ohm-cm Cells, 6 Mil Shields

The initial operating voltage for these cells was 392 mv/cell - Jjust
s1lightly lower than that for the 1 chm-cm cells. However, because of the
higher base resistivity, operation is shifted a little toward the peak
power point as compared to the 1 ohm-cm cells. As a result the load is
similar to Ry as related to curve (a) and readings portray the initial
short circult current degradation a little less accurately as the I-V
curve degrades toward curve (b) during the first 60 orbits.

Because of decreaged radiation damege (compared to the 1 chm-cm cells),
the increase in operating voltage after orbit 60 continued until orbit 300
where nearly normal incidence was attained. At this time the voltage was
396 mv/cell vhich approaches the peak power point for the degraded cells.
As a result operation is similar to Ry as compared to curve (d). The
current degradation is excessive compared to short circuit current
degradation because of the drop-off in going from the short circuit current
side of the knee of the I-V curve toward the peak power point.

After 300 orbits the operatbing point slides back up the knee as the
angle of incidence increases and as degradation continues because both of
these effects cause the I-V curve to collapse with the current changing
mich more rapidly than the voltage.

The @bove considerations indicate that the current degradation in the
early portions (for the first 60 or more orbits) and for the later portions
(around 500 orbits) of the time period studied is fairly representative of
short circuit current degradation but in the proximity of 300 orbits the
degradation is more representative of peak power degradation. In Figure 8
it is seen that degrddstions early and late in the time period studied are
mitually consistent But between orbits 100 and 500 the degradation is
excessive, reaching a meximum at 300 orbits. Simultaneously, Figure 9
shows the power degradation rate between 200 and %00 orbits to be fairly
steady. The degradation is thus consistent with the analysis.

1 Ohm-cm Cells, 60 Mil Shields

Since these cells were initially at a voltage of 428 mv/cell, opera-
tion is typified by Ro and curve (a).. That is, the load is quite close to
the peak power poiht. Because of the slow degradation the voltage only
dropped to 41l mv/cell before increasing with decreased angle of incidence
to YAT mv/cell at normel incidence. The final voltage, at orbit 5LO, was
again reduced to 413 mv/cell. Thus operation throughout the time period
was in the vicinity of the peak power point and current variations are
generally significantly different from short circuit current variations
which are approached.only at the lowest voltages - around orbits 60 and
ShO. On the other hand, with operation near the peak power point where
power does not change significantly with voltage, the readings are fairly
valid when used in terms of power. This is readily observed in Figures 8
and 9.
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10 Ohm-cm Cells, 60 Mil Shields

Operation of this cell string was very similar to the lfg)'hm-cm cell
string with 60 mil-shields and the above discussion applies here also.

Constant Voltage Operation -

In addition to the study.of the results in terms of short circuit -
current and peak power degradation, it is possible, because of the vari-
ations encountered, to study the current degradation at comstant voltage.
This parameter is important whenever a. shunt regulated solar array is
employed. ~

The 1 ohm-cm cells with 6 mil shields started operating at a voltage

of 399 mv/cell. Operation never returned to this voltage but the nearest .
approach occurred at the 260th orbit when the voltage was 389 mv/cell. At
this time the current, and hence the power (to within 3%), hed degraded
28%. The 10 ohm-cm cells with the same glass returned to their initial
voltage of 392 mv/cell at orbit 219 when the degradation was 23% and again
at orbit 340 when the degradation was 26%. Thus, at a constant voltage of
approximately 400 mv/cell’, the 10 ohm-cm cells degraded less ‘in 340 orbits .
then the 1 ohm-cm cells in 260 orbits - a time factor of more than 1.3. .

Similarly, the 1 ohm-cm cells with 60 mil shields sterted at 428 mv/cell
and returned to this voltage at orbit 140 and orbit 440 with degradations
of 11% and 16% respectively. The 10 ohm-cm cells with the same glass
started at 419 mv/cell and returned to this voltage at orbit ‘100 and orbit
500 with degradations of 4% and 11% respectively. Thus, for operation
near 425 mv/cell, the 1 ohm-cm cells degraded 11% in 140 orbits and the
10 ohmécm cells degraded this same -amount in 540 orbits - a time Ffactor
of 3.86. .

Selected Orbits

Dégradation results for selected orbits are given in Table IIT for
general comparison purposes. The orbits were selected as follows:

a. Orbits 1-40 because aspsct angle and temperature are constant.
b. Orbit 100 because voltages for the 6 mil glaés strings had
returned approximately to the 40 orbit value and those for the 60 mil

strings had returned approximately to the initial value.

¢. Orbit 300 because normal incidence is approached, and the voltages
are near the maximum experienced.

d. Orbit 500 because voltages had returned to a low value and were

similar to those experienced in one or another of the previously selected
orbits.” ’
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e. Orbit 180 because the angle of incidence was the same as in orbit
500.

In addition to providing a ready comparison of degradation data, this
Table also points up the  significant factors in the preceding discussion.

Correlation With Laboratory Measurements

Correlation of the flight data with laboratory measurements is incom-
plete at this time. The primary reason for this is that space radiation
spectra cobtained for this orbit consisted of a detailed breakdewn of the
electron spectrum and a two-part breakdown of the proton spectrum. This
turned out to be inadequaete when it was found thet as much as 99% of the
damage to the cells with 6 mil shields and as much as 60% of the demege to
cells with 60 mil shields was the result of proton bombardment. It
appears possible to obtain the proton spectrum in sufficient detail to
afford a correlation of the data, however, it is not readily available
because of complications arising from the ellipticity of the orbit. It is
hoped that these data will be availsble for inclusioen in a final report at |
a later date. The above information is presented to indicate the
importance of proton damage and the need for emphasis by design engineers
for proton spectrum considerations equal to those given (because of Star-
fish) to the electron spectrum.

Equivalent Flux

Nominal 1 ohm-cm, bare cell equivalent flux values eobtained from
Figures 8 and 9 are given in Tsble IV. In determining these values a
nominal f£lux was obtained for those data in Figure 8 where the current
was considered representative of short circuit current and anether nominal
flux was obtained for those data in Figure 9 which are considered most
representative of peak power data. These are presented in separate
columns and differences in the equivalent flux, ranging from a factor of
1.3 for the 10 obm-cm cells with 6 mil shields te 2.5 for the 10 ohm-cm
cells with 60 mil shields, are readily apperent. This appears excessive
gt first. After censidering the fact that a factor of 2 in flux represents
a difference of only 5% in degradation at the end of the time period
studied and after comsidering the gemeralities reguired in arriving at a
nominal equivalent flux, the disparity loses significance. Tt is believed
that the primary reason for the values based on power being consistently 1
less than the values based on current is that the orbit 1 power value was
low because initial operation was at & volbtage below the pesk power
voltage in every case. Thus, the initial power was lower than the peak
value and degradetion when peak power is read will alsoe be low.

In spite of the problems in the analysis of the data, the relative
effectiveness of base resistivity and coverglass thickness remains clear.
That is, the change in base resistivity from 1 ohm-cm to 10 ohm-cm
provided a factor of 2 to 3 in radiation resistance whether 6 mil or 60
mil coverglasses were used and the change from 6 mil to 60 mil coverglass
thickness provided a factor of 8 to 15 in radiation resistance whether
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Lghn-cm or 10 ohm-cm cells were.used. It is evident that the use of higher
base resistivity affords a significant fraction of the protection obtained
with the heavy coverglass.

Conclusions and Recommendations

The preliminary results of the Explorer XXVI solar cell experiment led
to the following conclusions and recommendations:

1. In orbital flight and under a wide varlety of operat:mg condltlons,
10 ohm-cm. l\I/P solar cells show significantly better radiation resistance
then 1 ohm-cm N/P solar cells. The generalization of leboratory results
which showed the same relatlonshlps for monoenergetlc radiation was
confirmed.

2. In this orbl‘b the relative merits of the 10 ohm-cm cells-. and the
1 ohm-cm cells remained the same whether -6 mil or 60 mil shields were used.
‘That is, energy dependent differences in relative radiation dama.ge were not
distinguishable.

3. The use of 10 ohm~cm cells compared to 1 ohm-cm cells provides an
improvement in radiation resistance whichis a significant fraction of the
improvement obtained by us:n_ng a 60 mil shield as.compared to a 6 mil shield.
It is therefore recommended that the use of. higher base resistivity cells
be given increased considersbion by solar pover system design engineers.

k. Attempts to quantitatively comrelate orbital and laboratory
measurements were unduccessful because insufficient emphasis had been
placed on the proton spectrum. ' The spectrum can be obtained and is
mandatory for this orbit. Because of its significance in this.-orbit it
is recommended that solar power systems design engineersgive the proton
spectrum emphasis equal to that given the electron spectrum for all orbits.
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Table T

SOLAR CELL EXPERIMENT

D-3-12

iCell Strings Solar Cells Cover Glasses
Symbol Mfg Nom Base " Thick- Load
Row | (See No. in { . (Ref | Resistivity Type ness | Resistor
fo. | Fig. ) { Series | Type | 1,2) (ohm-cm) (Corning) (mil) | (ohms)
1 G 10 NPy C 1 0211 6 100 °
2 * 10 NP | C 1 940 60 100 -
3 . ] 10 “NP | F 10 7940 60 90
l = 10 /P F 10 0211 6 90
Table IT
LAUNCH AND ORBIT PARAMETERS
' FOR
EXPLORER XXVI
Leunch Date 12/21/6h
Perigee 309 km
Apogee 26,200 km’
Inclination 20 degrees
Period 7.6 hours




Table

III

DEGRADATION RESULTS FOR SELECTED ORBITS

PIC-SOL 209/6.1

NOMINAL, EQUIVALENT FLUX VALUES FOR THE VARIOUS CELL CONDITIONS

Nominal Equivalent Flux
Base Shield (e/cn? /orbit) FIUsSatlo
Fesistivity Thickness Based on Based on Based on Based on
(ohm-cm) (mils) Current Power Current Power
1 6 1x 108 | 6x10%
12 12 2.5 2
10 6 4 x 10 3.2 10
L 5
1 60 1 x 10% | 6xapt
2 3
1 1 .,
10 60 5x 100 | 2 x 10

D-3~13

6 Mil Glass 60 Mil Glass

Base Cell Current | Power Cell Current| Power

Aspect | Temper-| Resis- | Volt- |Degrada-|Degrada-|Volt- [Degrada-|Degrada-
jorbit] Angle ature | tivity | age tion tion age tion tion
No. | (deg) (°c) |(ohm-cm) (mv) (%) (%) ]| (mv) (%) (%)
B6.7 9.8 1 399-345] 13.6 25.3 |i28-11y 3.6 T
p_-ho (const) | (const) 10 302-354] 10.1 18.6 |L19-kod 2.9 5.k
1 348 17.6 28.1 Lig 6.6 8.6
100 50.1 12.5 10 359 13.T 20.8 Lig k.1 k.
1 37T 23.5 200 L37 | 13.7 11.9
180 63.2 19.2 10 385 20.1 21.3 L3g 10.7 6.4
1 387 29.2 31.3 L6 | 18.1 1k.7
300 88.2 17.0 10 396 25.6 2k.6 bhg | 1h.1 8.0
1 321 32.9 Lé.0 118 1k h 16.4
500 | 116.8 13.5 10 356 22.9 29.8 ho3 9.6 8.8

Table IV




T-E-a

Figiure 1 = The Explorer XXVI Batellite

During Bpin Tests

d
=
€

1
(02}

<!
B
i)
L=]

o

—~—
l:\
b



ST-t-0

TR

Figure 2 - The Explorer XXVI Sclar Cell Experiment Panel

! Paaal Tt




PIC-S0L 209/6.1

ASPECT CORRECTION FACTOR

ASPECT CALIBRATION FOR THE
VARIOUS EXPERIMENT CELL STRINGS

SUNLINE - SPIN AXIS ANGLE (Degrees)
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1.10 I T T T T '
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é el S il 3 [P AR sere]
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SUNLINE - SPIN AXIS ANGLE (Degrees)
(d) 6 mil glass, 1 ohm-cm cell

Figure 3-Aspect Calibration for the Various Experiment Cell Strings
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SOLAR CONSTANT
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SUNLINE - SPIN AXIS ANGLE (Degrees)
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ASPECT VARIATION DURING THE
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Figure 5-Aspect Variation During the Time Period Studied
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EXPERIMENT PANEL TEMPERATURE VARIATION
DURING THE TIME PERIOD STUDIED -

30

20

AVERAGE TEMPERATURE (°C)

! | ! I I |
0 100 200 300 400 500 600 700

ORBIT NUMBER

Figure 6—Experiment Panel Temperature Variation During the Time Period Studied
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0

SOLAR. CELL VOLTAGE VARIATION
DURING THE TIME PERIOD STUDIED

ORBIT NUMBER
100 200 300 400 500 600

450

I -.ﬁul mEgl

(a) 60 mil glass,
10 ohm-cm ceii

‘...0“0000.

425‘\“ oo

(b) 60 mil glass,
-1 oAhm-cm cell

Dmmnnmmbmm
8

[=]

(c) 6 mil glass,
10 ohm-cm cell

ju]

VOLTAGE PER CELL {Millivolts)

o
Bog ]

(d) 6 mil glass
1 ohm-cm cell

200 300 400
ORBIT NUMBER

100

500 600

Figure 7-Solar Cell Voltage Variation During the Time Period Studied
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PERCENT OF INITIAL CURRENT

NORMALIZED CURRENT DEGRADATION

DURING THE TIME PERIOD STUDIED

1 00 pocc—cc BB R

Equivalent -
1 Mev Flux
Ref. 8

(e/cm?/orbit)
ox101}
5x10!1
1x10'?
2x1012
5x&012

1x1013
2x10t3

Figure 8—Normalized Current Degradation During the Time Period Studied
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PERCENT OF INITIAL POWER

NORMALIZED POWER DEGRADATION
DURING THE TIME PERIOD STUDIED
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1 Mev Flux
100 Ref. 8
(e/cm?/orbit)
|
] 1x10*!
90 2x10M!
N 5x10%}
80 SYMBOLS Ixi012
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Mils) | 1 | 10 5%]012
60 ™ 6 l¢] o l
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Figure 9-Normalized Power Degradation During the Time Period Studied
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SKETCH DEPICTING THE EFFECT
OF THE LOAD POINT ON THE
DEGRADATION READINGS

VOLTAGE

Figure 10-~Sketch Depicting the Effect of the Load Point on the Degradation Readings
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BEHAVIOR OF BOMBARDED SOLAR CELLS MADE FROM VARIOUS SILICON MATERTALS

by J. Mandelkorn, J. H. Lammeck, and R. P. Ulman
Lewis Research Center

National Aeronautics and Space Administration
Cleveland, Ohio  L4k135

At the Fourth Photovoltaic Specialists Conference, June 196k,
it was reported that aluminum-doped silicon solar cells had superior
characteristics and radiation damage resistance.

Since then, two laboratories engaged in solar cell radiation
damage studies have concluded that there are no differences between
aluminum-doped and boron-doped cells.2,3 Their conclusion was based
primarily upon the radiation damage behavior of aluminum-doped cells
manufactured by Texas Instruments.

Figure 1 shows data obtained at the NASA Lewis Research Center
on Texas Instruments 10 olm-cm boron-doped and aluminum~doped cells.
The cells were made from Lopex silicon which is high-purity, low-~
oxygen-content, extremely low dislocation density silicon. Resistivity
of cell materials and fabricabtion processes were identical for all
cells. The cells were bombarded in groups of 16 cells, each group
being bombarded to one specific dose at room temperature. As shown
in Figure 1, there are no differences in values of postbombardment
diffusion lengths for these aluminum-doped and boron-doped cells.

Figure 2 shows the values of diffusion length for the cells pre-
viously described after annealing. Annealing wéds carried out by placing
the cells in a consbant btemperature oven at a temperature of 200°C.

The cells were removed from the oven periodically to make diffusion
length measurements. The values of diffusion length shown for each
group on the slide are the stabilized values which occur after 1 or 2
weeks of ammealing. The stabilized values of diffusion length for the
boron-doped cells are well below those of the aluminum-doped cells.
This occurred as follows:

1. The values of diffusion length of the bombarded aluminum cells
increased slightly upon ammealing.

2. The values of diffusion length of the boron cells decreased
drastically upon similar annealing.

The degradation of the amnealed boron-doped cells is presented
quantitatively in Figure 3. The upper points show the diffusion lengths
preserved in the bombarded boron cells prior to amnealing. The lower
points show the diffusion lengths of the same cells ‘after annealing.

As can be seen the decrease in diffusion length resulting from annealing
is equivalent to the decrease which would have occurred if each group
had been bombarded to approximately three times its actual dose.
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The recombination centers formed by annealing the boron cells
are therefore much more damaging than the original centers introduced
by the bombardment. The type of behavior manifested by the boron
cells is called reverse amnealing. Reverse annealing is behavior
in which damage increases as a result of armealing.

Figure 4 shows reverse armeal:mg of var:.ous res:.st:.vfcy boron-
doped cells as a function of time at 200°C. The rate of reverse
annealing is slowest in the cells with lowest boron concentration,
50 ohm-cm cells, and most rapid in the cells with highest boron con-
centration, 1 ohm-cm cells. The flat portions of the curves yleld
the stabilized or saturated values of diffusion length.

Appreciable reverse annealing can occur in boron cells at tem-
peratures as low as 100°C. As shown in Figure 5, reverse annealing
oceurs rapidly at 100°¢ for 0.5 and 1.0 ohm-cm cells made from Lopex
material. These cells reverse amneal at 50°C at a slower rate. This
result conforms with the concepts that radiation-introduced defects
are mobile at low temperatures and that boron atoms ‘form stable recom-
bination centers with such defects. The presence of dislocations and
other impurities, such as oxygen, influences the movement of defects
and their association with boron. Reverse annealing is therefore
most obvious in Lopex silicon.

In our experiments cells were made from.the best quality boron-
doped silicon as well as from mediocre guality material. Cells were
made from the highest guality silicon to which only the highest purity
boron was added. Cells were made from thick epitaxiailly deposited
boroih~doped silicon. High dislocation density float-zone silicon as
well ag low dislocation density Lopex silicon were used to make cells.
The concentration of boron in the cell materials was varied over an order
of magnitude. Cells made from any of the boron-doped materials cited
showed reverse annealing after bombardment; however, cells made from
aluminum-doped silicon, grown in any manner and of any resistivity,
have not manifested reverse annealing. The reverse annealing of boron-
doped high-purity silicon cells is attributed to extremely damaging
recombination centers formed by boron atoms interacting with defects
in silicon. Boron is therefore an undesirable dopant for silicon.

The substitution of aluminum as a dopant in silicon has been in-
vestigated in detail during the past year. The use of aluminum presents
several technological problems. Foremost is the problem of Undesirable
cohcentrations of irpon and copper in the highest purity aluminum available
today. Iron and copper, being "killer" impurities in silicon can degrade
the minority carrier lifetime of silicon ingots to the point that the
material is useless for devices.
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Figure 6 compares the iron and copper contents of the highest
available purity boron and aluminum. To the chemist, the iron and
copper content of either dopant appears negligible; however, high
quality silicon ingots are badly degraded by the addition of small
amounts of ‘boron or aluminum in their most pure elemental form. Tt is
industrial practice to use a zone-refined boron-silicon alloy as a means
of doping silicon. Aluminum camot be adapbed to such practice because
of its low segregation coefficient in silicom. At present the best
aluminum-doped silicon is made by Texas Instruments using their Lopex
growth method; however, even Lopex aluminum-doped silicon contains
undesirable amounts of copper and iron.

Figure 7 presents bonbardment data for 0.5 and 1.0 ohm-cm aluminum-
doped and boron-doped Lopex cells. The figure shows that the boron
cells preserve appreciably longer diffusion lengths than those preserved
by the aluminum cells at any bombardment dose. In f%ct 5 ths diffusion
Length of the boron 1 ohm~cm cells at a dose of 5X10 > e/cm is nearly
the same as that for the aluminum 1.0 ohm-cm cells at a dose of only
]_.SXlO]-5 e/cm . It would be naive, however, to conclude from data of
the type shown that boron-doped silicon is superior to aluminum-doped
silicon. The lower diffusion lengths of the aluminum-doped cells
result from iron and copper in the silicon.

Figure 8 shows the effects of iron and copper in the silicon of
solar cells. The topccurve shows postbombardment and postannealing diffusion
lengths for cells doped with high-purity aluminum. The lower curve shows
equivalent data for cells doped with comparatively impure aluminum.
The impure aluminum cells obviously contain excessive quantities of iron
and copper. It is noteworthy that the impure aluminum ¢ells have
appreciably lower diffusion lengths after bombardment. They also
undergo a very large increase in diffusion length upon annealing at
temperatures below 200°C.

The reactions shown in Figure 9 explain the behavior of the impure-
aluminum-doped cells. The fact is emphasized once more that bombard-
ment-introduced defects are mobile in silicon at low temperatures.
Reactions 1 and 2 show such defects interacting with copper and iron:
to create recombination centers. The excessive copper and iron in the
Impure~aluminum-doped cells thus cause the lower values of postbombard-
ment diffusion lengbh of such cells. As reactions 1 and 2 indicate,
copper and iron centers are not stable at temperatures above 257°C.

The large degree of annealing which occurred below 200°C in the impure-~
aluminum~doped cells resulted from disintegration of the copper and
iron centers at the annealing temperatures. The effects of excessive
iron and copper are therefore lower diffusion lengths after bombard-
ment and large increases in diffusion length upon annealing at tem-
peratures below 200°¢,
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If we examine the bombardment and anmnealing behavior of low re-
sistivity 1.0 ohm~cm Lopex aluminum cells, the effects described above
are found. Figure 10 shows that the postbombardment diffu¥ion lengths
of the aluminum cells are lower than those of boron cells and that appre-
ciable increases occur in aluminum cell diffusion lengths $83 100°¢
amnealing. The diffusion lengths increase further at 200°¢." This .
contrasts with the behavior of boron-doped cells which show decreases
after ammealing at either 100° or 200°C. The amnnealing behavior of the
0.5 ohm Lopex aluminum cells follows the pattern of the 1 obm cells (Fig.11).

The behavior of the low resistivity Lopex aluminum cells has-been
shown to be similar to that of the impure aluminum 10 ohm-cm cells.
It is reasonable to conclude that.such behavior results from the presence
of copper and iron and is not caused by the presence of aluminum.
Although pure aluminum was used to dope the silicon used in the-low
resistivity cells, the greater quantity of aluminum required to make
low resistivity silicon introduces excessive amounts of iron and copper.
The iron and copper thén determine the radiation damage and annealing
behavior of the cells.

In conclusion, boron is an undesirable dopant for silicon from
the point of view of radiation demage and lattice interactions. At
present 10 ohm-cm Lopex aluminum~doped silicon, made by using high-
purity aluminum, is a recommended alternative to 10 ohm-cm boron-
doped silicon.

The extensive use of ,:Ilpwer resistivity aluminum-doped silicon
must, however, awalt prepar&tion of higher purity aluminum than that
presently available.
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COMPARISON OF T.. LOPEX 10 OHM~CM CELLS
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COMPARISON OF LOW RESISTIVITY LOPEX CELLS
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RADIATION DAMAGE REACTIONS
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Discussion
Schach: We will now entertain a few questions on the last two papers.

Keye ~ E0S: Do you have any idea what sort of spread actually occurred
in the data on the measurements of diffusion length?

Potter: Not exactly, but it was quite small.

Lofergki - Brown: Would Dr. Potber like to comment on the fact that
the annealing was stopped at 200° - it would seem toibe the maximum
temperature that it was shown in the slide. Obviously, if you had
Jjust increased the temperature somewhat, the reverse annealing would
have been erased, and there would be no difference between aluminum
and boron.

Potter: Well, this is true. If you go to sufficiently high temperatures
you will see positive amnealing and the damage will anneal out., We have
data on this. It simply didn't seem important at this time %o present
it since it is exactly what you would expect. I think the interesting
thing is the fact that reverse annealing does occur and it occurs at

a low temperature.

Flicker -~ TRW: If I'm not mistaken, I saw a conflict between the data
of Mandelkorn and the data of Fang, in that one saw that boron-doped
electron-irradiated material suffered upon heat treating and the other
found that it improved. WNow, I think that therels really a basic com-
parison between the two because the Mandelkorn experiment was performed
upon a very esoberic type of silicon; it's low-oxygen silicon, and we
know very well that at least in n-type silicon, oxygen plays a very
important role in the recombination process - that is, when you in-
troduce vacancies, they interact with the oxygen present; whereas

Dr. Fang's experiment was in a commercial solar cell that was made
probably from milk quartz crucible-grown silicon. I think thit the
results of Mandelkorn are very interesting, but unless it can be shown
that something equivalent takes place in ordinary quartz crucible-grown
silicon, it can't be extended to any commercial product.

Potter: This reverse annealing occurs no matter how the boron is
introduced, and into what type of crystal.

Flicker: T specifically heard you say that this was boron-doped material
that was made on Lopex silicon.

Potter: Much of the data that I presented was. I did say - and this

is a fact - that we didn't present all the data. The identical behavior
the reverse annealing - is exhibited for boron~-doped material, no matter
how we make it. But we wished to make an exactly parallel comparison bhe-
tween aluminum~doped and boron-doped cells. We can only do this fairly
if we use Lopex material, because that's our best aluminum material.

Schach: Actually, there may not be a conflict here. Reverse annealing was
observed by Dr. Fang in his work.
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Tutroduction

The experiments reported here are part of an effort to f£ind an
impurity which will interact with radiation-induced damage centers in
silicon in such a manner that the degradation of lifetime by energetic
partlcles is reduced. That impurity damage-center interactions do occur
has been amply demonstrated by the well-known vacancy-oxygen ("A") and
vacancy-phosphorus ("E") combinations which are cobserved in n-type silicon.
In this paper, we will consider how lithium affects the degradation of
diffusion length in n-type silicon.

The use of lithium, and not some other impurity, was suggested by
its vemarkable properties in silicon. DLithium is an interstitial donor,
and one of the fastest known diffusants in silicon.? Its motion is
strongly Influenced by electric fields because of its high mobility even
at room temperature.3 Lithium combines readily with aCﬁegtors and oxygen
to form complexes which are stable at room temperature.*:? As a result
of this pairing, donor and acceptor levels associated with unpaired im~
purities are removed from the forbidden gap. Lithium is thus sufficiently
mobile and reactive to be interesting in any study of impurity damage
interactions in silicon.

Experimental Debails

We chose to investigate the diffusion length degradation in lithium
doped silicon by means of the electron-voltaic effect;® consequently we - .
required rectifying contacts or junctions. Because of the ease of fabrica-
tion, including the avoidance of high-temperature processing, we used
surface-barrier devices in our early work. At a later time, our study
was expanded to include diffused solar cells.

Surface-Barrier Units

The surface barriers were made by evaporating gold onto a polished
surface of the material. The material was either low-dislocation and
floating-zone (F.Z.) or quartz-crucible (Q.C.) silicon which had already
been doped with phosphorus. The main difference in the two classes of
material is the ox;lrgen content which is typically 105 - 1016/cc in the
¥.Z. and 1017 /ec in the Q.C, meterial.
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Prior to fabrication, lithium was diffused into the starting material
at 400-55000; using either a mineral oil dispersion, pure lithium, or a
lithium-tin alloy as the source. The addition of lithium led to a drop in
resistivity. The lithium doping level was assessed by four-point probe
measurements on the diffused material and capacitance measurements on the
completed device after accountlng for the initial phosphorus dopln%
resistivity measurements indicated lithium concentrations up to 10 7/cc'
while the capacitance measurements, on the other hand, indicated. concen-
trations a factor of 5 to 10 less in the immediate vicinity of the barrier.
The smaller values may be due either to precipitation of lithium at the
surface® or to the influence of the barrier field on the lithium concen-
tration near the surface. In the units mede from untreated material, the
donor concentrations obtained from capacitance and resistivity measurements
agreed closely with each other.

Diffused Solar Cells

The approach used in studying the diffused solar cell is the "following.
‘Pre-existing p-on-n cells made by diffusing boron into -phosphorus doped
silicon were cut into several parts; the coatings and conbacts were removed
from some of them. After diffusing lithium into these units , the contacts
were reapplied. The untreated specimens were used for comparison purposes.

The lithium doping level in the diffused solar cells was assessed by
resistivity and capacitance measurements, and the disparity in concentration
mentioned above was found here also. In most cases, the capacitance measure-
ments indicated little or no lithium in the vicinity of the junction even
though resistivity measurements on the back surface showed that apprecisble
amounts of lithium were in the material. ’

Al of the units were bombarded with 1 MeV electrons in air. -The
temperature of the samples did not exceed 30% during irradiation. The
resistivity values of the lithium diffused units quoted: in the results are
those deduced from the capacitance measurements, unless otherwise specified.

Results of Surface Barrier Study

Data obtained on surface barriers mede from Q.C. material are shown
in Fig. 1. The diffusion length in an untreated and & lithium diffused
sample are plotted against the integrated flux of 1 MeV electrons. The
unit containing lithium has a lower resistivity than the parent material
and a smeller value of diffusion length at every flux.  This behavior,
i.e., that the diffusion length in high resistivity material is less affected
by radiation than in low resistivity material, is expected on the basis of .
previous work with solar cells. Indeed, it was found that the dependence
of the diffusion length at high fluxes on the initial resistivity of the
lithium diffused units coincided with the dependence found in the untreated
units. TIn other words, lithium, in the amounts used, had no apparent effect
on the radiation properties of Q.C. material.
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The results obtained with F.Z. units are shown in Fig. 2. .The presence
of lithium now profoundly influences the sample behavior. First of all,
the large room-temperature annealing spikes occur only in the barriers
containing-lithium. This annealing was observed in a time interval as
short as- one hour. Secondly, the diffusion length in the lithium diffused
sample, despite its lower resistivity, is greater than in the untreated
sample at all fluxes. .In most-of the F.Z. samples studied, however, the
high~-flux values of diffusion length in the 1lithium diffused units were
only comparable to those in the untreated units. Finally, the diffusion
length at high fluxes ceases to fall rapidly with flux in the lithium
diffused unit.¥

Resulis of Solar Cell Study

Wo difference in radiation behavior was observed in the p-on-n solar
cells made from Q.C. material for the amounts of lithium added to the -
cells. An effect of lithium was only observed in ¥.Z. cells, as shown in
Figs. 3 and 4. Figure 3 illustrates that room-temperature annealing
occurred :in the «cell containing lithium. The annealing rate now is slower
than in the F.Z. surface barriers since the annealing required five days.
The diffusion length in the lithium doped cell is -smaller at every flux
than in the untreated cell. The tabular data in Fig. 3 is the fractional
short-circuit current remaining after the stated fluxes and annealing.

In current degradation, the cell containing lithium is also somewhat- ~
less radiation resistant than the untreated cell.

The data in Fig. 4 was obtained on another group of F.Z. cells. In
this case no room-temperature annealing was observed in five days, but
the diffusion lengths in the two cells converge to the same value at high
fluxes despite the apparent difference in four-point probe resistivities.

. The difference in behavior of the data in Figs. 3 and L may be due to
differences in the lithiuvm distribution and/or oxygen concentration in
these cells. This variability in the results indicates refinements in
the processing procedures are required at this phase of the work.

Some of the F.Z. cells were annealed after a flux of 1 x lOlh' e /cm2
to see if other differencés existed in-cells with and without Llithium. The
parameter studied was the room-temperature short-cirecuit current génerated‘
by water filtered tungsten light. The fraction of damage remaining after
10 minute isochronsl anneals is shown in Fig. 5 as a function of annealing

*Similar behavior, i.e.,the saburation of diffusion length at high fluxes,

has been reported by Vavilov et al., except that their data- was obtained -on sur-
face barriers made from Q.C. material.T Tt is seen that our results with

Q.C. material do not reproduce theirs. "This lack of agreement may arise

from a difference in sample preparation since we are not sure of their
fabrication procedures.
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temperature. The fraction of damage remaining is defined as the ratio of
the drop in current at any temperature from its pre-bombardment value to
the drop caused by irradiation. The two cells behave quite differently.

A large fraction of the demage is removed from the cell containing lithium
in the vieinity of 100°C and the remainder is removed in a second annealing
stage which occurs at approximabtely 2350(}. None of the damsge is removed
from the untreated cell at 100°C 5 the only change observed in this cell is
reverse annealing which occurred around 200°C.

A comparison of the temperatures at which recovery and reverse annealing
oceur in these cells to published annealing data suggests that the "E"
(vacancy-phosphorus) center may be the dominant center involved in the cell
containing lithjum while the "A" (vacancy-oxygen) center is involved in the
untreated cell.%>9 The second annealing stage in the lithium diffused cell
would then indicate some "A" center demage existed in this cell also, but
at a much lower level than in the untreated cell.

Figures 6 and T demonstrate by means of the spectral response that
the annealing process is indeed vemoving recombination centers from the
n-type side of the cell. Both figures show the relative spectral response
of the cells per photon vs. photon energy. As annealing proceeds, the red
response of the cell containing lithium, i.e., that response arising in the
n-type base, increases towards its pre-bombardment velue (Fig. 6) while no
substantial change occurs in the untreated cell (Fig. 7) in the same tempér-
ature range.

Conclusions and Discussion

The following conclusions are drawn from these experiments:

1. ILithium can modify the radiation damage behavior of silicon devices.

" 2. The oxygen-concentration is important in whether or not changes
due to lithium can be observed.

3. Despite the promising surface-barrier results, the radiation
resistance at room temperature of F.Z. p-on-n solar cells was
not improved by the use of lithium. :

L. However, when lithium was present in the p-on-n cells, it was
possible to anheal approximately 90% of the radiation damage at
a temperature near 100°C. No such annealing occurred in the
cells which did not contain lithium; these cells exhibited only
reverse annealing near 200°C, .o -

It seems reascnable to postulate, on the basis of the known tendency
of lithium to form complexes with oxygen and the results of this study,
that the effect of lithium on radiation damage resides in its competition
~with radiation-produced vacancies for the oxygen in the meterial. If this
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is the case, the relative amounts of lithium and oxygen in the matérial
are important in the observed behavior. If the oxygen concentration
exceeds the lithium concentratlon, as it probably does in our Q.C. samples s
then the vacancy-oxygen center will be produced to a large extent and no
effect of lithium will be seen. If the lithium concentration equals or
exceeds the oxygen concentration, however, then the "A" center introduc-
tion rate will be greatly reduced, and the vacancy-phosphorus center. will
be the one which is produced primarily. Since the latter condition on
the lithium and oxygen, concentrations is satisfied in our F.Z. samples,
their behavior was modified by the presence of lithium. These ideas are
also supported. by the observed a.nneallng behavior of the F Z. cells..

If we argue that l:L'bh:Lum, in effect can remove: the "A" center from
the forbidden gap by virtue of its pairing with.oxygen, then we are left
with the "E" center, &ssuming it is the new recombination site. A com--
parison of the introduction rates of the "A" and "B" centers suggeststhat
radiation damage will not-be smaller when the "E", and not the "A", .center
is involved. While our experimental results are in accordance with this
conclusion, further study of the lithium-oxygen concentration dependence
and annealing behavior are required before these hypotheses are proven.
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Discussion
Session IV, Paper #6
TR

Schach: Are there questions?

Kaye, EOS: I wonder if you'd care to speculate what would happen if you
tried to do this with the p-type silicon.

Wysocki: There are a complementary set of centers in p-type silicon to
those that I've shown here for n-type silicon. In other words,
there's a center in which oxygen is involved and there's a center
in vhich oxygen isn't involved. We are, of course, trying o
see some of these effects dn p-type silicon, but I have nothing
to report at this point. We're looking at it.

Schach: I think any further questions can be carried on at the banquet
this evening.

Baicker: I was just going to ask Steve Kaye what exactly he meant by
putting lithium in p-type silicon.

Kaye: Pubting it in at a lower amount than the dopant, but maybe...

Wysocki: Which iigy mean much lower concentrations than the oxygen level.
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LOW ENERGY PROTON DEGRADATION IN SELICON SOLAR CELLS
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Introduction

The energy spectrum of the trapped proton belt around the earth is
normally considered to be of the order of E-3 to E"7. Because of the
steepness of this energy spectrum silicon solar cells, which are neces-
sarily exposed, receive a considerable dosage of low energy protons.
Thus it is important to understand the response of solar cells to these
low energy prdtons. Since low energy protons are not considered pene-
trating radiation, the extrapolation of data cbtained with penetrating
radiation; i.e., high energy electrons or high energy protons, does
not yield meaningful results. The principal reason that extrapolation
from penetrating radiation is not valid is that low energy protons
produce regions of severe damage near the surface at depths less than
a winority carrier diffusion length. Hence, the recombination of
carriers in their process of diffusion to the junction becomes a
complicated function in the region in which they are diffusing. For
these reasons, there 1s a need for information on the effects of low
energy protons on silicon solar cells.

Experimental Technigues

During the course of this contract, two low energy proton experiments
have been conducted; the first in December and January, the second in
March. The facility utilized for these experiments was the STL 2 Mev
proton Van de Graaff. Experiments were conducted at energies ranging
.from 0.2 Mev to 1.9 Mev. Due to the short rahge of protons of these
energies in air, all of the experiments were conducted in a vacuum
chamber. This chamber consisted of remote comtrol apparatus for both
mapping the beam and positioning test specimens in the beam. A shielded
Faraday cup was used to determine the intensity of the beam as a function
of position and to determine the total exposure of the test specimens
by simultaneously irradiating the test specimen with the Faraday cup
located in an adjacent position of equal intensity. The STL proton
Van de Graaff facility does not incorporate a conventional magnetic
analyzing assembly. Hence, it was necessary to include in the chamber
design a magnetic deflection system to separate the various components
of the primary beam and remove all but the primary proton beam for .the
irradiations. The magnetic deflection system consigted of a 4 inch
Varian magnet operated with flat L inch pole pieces and & one inch pole
gap. Five distinctly separate identifisble beams were observed with
this system; my, Wy, and m3 beams at the principal operating energy as
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well as m, beams at one-half the principal energy and one-third the
principal energy. These labter two beams are attributed to break-up of
the mp and mg beams in the drift tube prior to enmtrance to the magnetic
analyzer. The . beam, referred to as the principal beam, consists
simply of protons with a charge-to-mass ratio of 1. The LN beam with

a charge-to-mass ratio of 1/2 is attributed to singly ionized hydrogen
molecules which are not completely ionized at the source and ‘are sub-
sequently accelerated to the full potential. The m, beam with a charge-
to-mass ratio of 1/3 is attributed to tri-atomic, singly ionized hydrogen
molecules for which the formation mechanism is not well known. The my,
m,, and m beams were present in the primary beam with about equal magni-
tudes whi]?e the 1/2 and 1/3 principal energy m; beams were about two
orders of magnitude less in intensity. Scatter shields were included

in the irradiation chamber to effectively remove the unwanted beam com-
ponents after magnetic analysis. Experiments were performed at magnetic
deflections of the principal beam of 10 and 20 degrees.

In order to investigate the beam, considerable beam analysis with
a silicon solid state detector .and a 400 channel pulse height analyzer
was performed. It was observed that when very small entrance and exit
apertures for the magnetic analyzer were used (0.1 inch or less) the
analyzed beams were extremely clean with an energy width of the order
of a few percent. Also, the principal beam comprised over 95 percent
of the total number -of particles incident on the detector. In this
clean configuration, however, the beam diameter was too-small to perform
meaningful experiments on solar cells. Since no control over beam spot
size could be exercised past the analyzing magnet, much larger apertures
were necessarily used to obtain sufficient beam diameters. It was cobserved,
however, that as the analyzing apertures were made larger, the energy
width and content of the beam deteriorated. For extremely large apertures
the energy width of the beam would approach 30 to 40 percent and the
content of the beam attributable to the principal beam was observed to
drop to as low as 60 percent. As a result, it was necessary to compromise
the irradiating beam content significantly in order to obtain reasonable
beam diameters for the conduct of the irradiations.

The test specimens used in these experiments consifted of 1 ohm-cm,
lcemby 1em p/n silicon solar cells and 10 ohm-cm, 1 cm by 1 cm n/p
silicon solar cells, both types furnished by Hoffman Electronics Cor-
poration., The bulk of the data was obtained for the 18 ohm-cm n/p
cells since they are of principdl practical importance; however,
sufficient data were obtained for the p/n cells to ensure correlation.
Junction depths of both types of cells were 0.5 microns while their
initial efficiencies were 8 to 10 percent., Measurements of I-V char-
acteristics were performed using thé STL sun simulator (an OCLI unit)
and a 2800°K unfiltered tungsten light table. The btungsten light
table used in these experiments is.the same unit described in previous
reportsl on radiation damage and has been held at a constant intensity
for the last four years. The sun equivalent power for this tungsten
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source will therefore vary slightly depending on the particular charac-
teristics of the cells under test but usually lies between 130 mw/cm2
and 140 mw/cm2 for contemporary silicon solar cells.

The analysis of the data to be presented in this section is based
on radistion unduced chenges in the I-V characteristics as observed under
both tungsten and sun illumination. Changes in short-circuit current,
open eircuit voltage, and maximum power as a function of integrated
proton flux and proton energy are the principal parameters studied and
presented here. Changes in other important solar cell parameters such
as series resistance, in-beam annealing, and rapid post-irradiation
annealing were also observed, Since, however, analysis of the data
yielded no significant trends for these parameters, their inclusion in
the results is necessarily limited to general mention and discussion.

The degradation of short-circuit current density as a function of
proton energy is shown in Figure 1. For each energy shown, 3 to T cells
were used to obtaln the data presented. The data shown in Figure 1
indicate that in the low energy proton region the degradation rates, i.e.,
the slopes of the degradation curves, seem to vary considerably as a
function of energy. The slopes all appear to be steeper than the normal
6.5 to T ma/cm® - decade observed for penetrating radiation of either
electrons or protons. The slopes shown for 1.9 and 1.7 Mev appear to
be approximstely 10.5 ma/cm?® - dgecade increasing to about 12 ma/em® -
decade at 1.5 Mev and 15.5 ma/cm -~ decade at 1 Mev. At this point
the slopes appear to start decreasing again indicating about 13 ma/cm -
decade at 0.5 Mev and considerably less than that at 0.3 and 0.2 Mev.

The degradation rates at these latter two energies were so slow that
inadequate beam time was available to obtain sufficient dats for slope
determination. A group of p on n cells was irradiated at 0.5 Mev for
comparison with the n on p cells and, as shown in Figure 1, the degrada-
tion rates are identical. Sufficiently low beam intensities for the
irradiation of p on n cells were difficult to obtain, and also since
principal interest is in the n on p cells, a large amount of information
was not obtained for p on n cells other than to verify that their response
was similar in nature to the n on p cells. Tt is also observed in-Figure 1
that the knee of the curve, i.e., the point of the intersection of the
slope with the initial conditions, seems to reach s minimum value some-
where between 1.9 Mev and 6.7 Mev and then reverses its direction toward-
higher values of integrated flux with further decrease in proton energy.

A series of post irradiation measurements indicated that considerable
room temperature annealing occurs for low energy proton irradiated cells.
Recovery of between 20 percent and 90 percent of the short-circuit current
was observed in times of the order of days. Annealing of open circuit
voltage at room temperatures did not occur. There appeared to be no
correlation, however, in the annealing data in that the observed recovery
was not a consistent function of either proton energy, time, or amount
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of radiation induced demage. In addition to room temperature annealing,
in-beam annealing was also observed. Although the beam intensities
utilized in the experiment were not sufficiently high to raise the
temperature of a solar cell it is quite probable that, due to the short
range of the protons, localized heating in the region near the junction
where the damage is occurring is responsible for the observed phenonama.
In several cases for longer irradiations at the same intensities, I-V
curves were actually obtained wherein the open circuit voltage had proceeded
with its normal degradation but the short-circuit current had actually
been annealed to a higher value than before the irradistion was initiated.
For this reason, the short-circult current data at the higher fluxes were
considered invalid and are therefore not shown on the plot of shbrt-
circult current versus integrated flux.

In order to obtain a comparison between observed degradation in
short-circuit current under tungsten illumination and equivalent per-
formence under solar illumination in space, a series of measurements
was made using the STL sun simulator which is an OCLI unit. The resulbts
of this comparison are shown in Figure 2. The typical response for
penetrating radiation in the solar simulator versus the standard 2800°K
tungsten source, which has been maintained constant over the past four
years, is shown in the figure. The expected departure from this typical
response is evident in that, for the case of severe damage mnear the
surface of the cell, the degradation under sun illumination is more
severe for the same degradation under tungsten illumination due to the
higher blue content of solar illumination. However, there is no statisti-
cally significant difference observed for proton energies ranging from
0.5 to 1.9 Mev. Some difference would be expected in this range; however,
the scatter in the data is apparently greater than the difference in
response. On the other hand, & significant departure is observed for
proton energies of 0.2 Mev indicating a rapid deterioration of response
to the short wavelength component of solar illumination at energies
below 0.5 Mev. These curves were used to calculate degradation of
oubput power in space which will be presented in a later section.

Degradation in open circult voltage versus 1n’cegra’ced. flux and
proton energy is shown in Figure 3. The observed degradatlon rates s Or
slopes, are all approximately alike and equal to ahout 120 mv per dccade.
There appear to be slight deviations in this slope as a function of proton
energy but these deviations are less than the scabter in the data and
hence unresolvable. These slopes, however, are considersbly greater than
the slopes observed in the case of either electron or proton penetrating
radiation wherein slopes of the order of 40 to 50 mv/d.ecade are commonly
observed for 10 ohm-cm n on p cells. Although examination of I-V charac-
teristics as a function of proton energy seems to imply a greatly increasing
sensitivity of open circuit voltage at the lower proton ehergies, this is
not in actuality the case as evidenced by the data in Figure 3. The
maximum sensitivity of the open circuit voltage seems to lie- somewhere
between 1.5 and 2 Mev with decreasing damage sensitivity at energies of
1 Mev and less. The illusion that the open circuit voltage degradation
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is increasing at energies of I Mev and below is dve primarily to the fact
that the short-circuit current degradation sensitivity is decreasing very
rapidly and in fact at lower energies the open circult voltage is the
principal degradation parameter. The shift from the 40 to 50 mv/decade
degradation rate observed for proton energies as low as 6.7 Mev to the
Zteep slopes shown in Figure 3 apparently occurs between 2 Mev and

T Mev.

Due to the peculiar nature of the response of silicon solar cells
to low energy protons, extrapolation of data for penetrating radiation
to performance in space is not a valid approach. Therefore, the I-V
characteristics obtained in these experiments were corrected for actual
space donditions through the use of Figure 2 for further analysis. A
plot of the degradation of Pmax versus integrated flux was then obbtained
as shown in Figure 4. The degradation of Py, is observed to be
maximum for proton energies of 1.5 and 1.9 Mev while falling off at
energies of 1 Mev and below. In comparing these data with data previously
obtained at 6.7 Mev it appears evident thet the region of maximum
overall degradation in the power producing capability of silicon solar
cells lies in the region of 2 to 6 Mev and is most probably quite close
to 2 Mev. The slopes, as anticipated, are considerably steeper than
those observed for penetrating radiation., 1In the case of penetrating
radiation, degradation rates of approximately 15 to 20 percent per decade
are commonly observed wherein the slopes observed for proton energies
between 1.9 and 0.5 Mev and approximately 45 percent per decade. However,
at 0.2 Mev the degradation rate appears to have decreased considerably
due to the decreased sensitivity of the short-circuit current degradation.
The observed degradation at 0.2 Mev in these experiments is approximately
20 percent per decade in spite of the fact that at these lower proton
energies observable degradation in the series resistance of the cell
begins to become quite evident and important. Considering the wide varia-
tions in degradation rates observed for the short-circuit current, the
uniformity of the degradation rates for Py., is somewhat surprising and
can only be accounted for by unresolvable differences in the degradation
rates of other parameters such as open circult voltage, series resistance,
and short term anunealing.

Conclusions

The degradation rates for the open circuit voltage, short-circuit
current, and Ppgy all increase substantially under low energy proton
bombardment relative to degradation rates observed for penetrabting
radiation. In particular the short-circuit current degradation rate

- seems to show a very strong dependence on proton energy in the region
below 2 Mev. The net result of the degradation in the I-V characteristics
is summarized by the degradation in the maximum power producing capabllity
of the cell. Although the power degradation rate is almost twice as
high as for penetrating radiation, maximum sensitivity seems to occur
in a region between 2 and 6 Mev and most probably very near 2 Mev., For
an”equal exposure of lower energy protons, the absolute power degration
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decreases with further decrease in proton energy below 2 Mev., Hence, the
proton radiation sensitivity of silicon solar cells which is increasing
with decreasing proton energies seems t0 reach its maximum sensitivity in
s region near 2 Mev and then begins to fall off. Inasmuch as the data
shown here are presented as unammealed data, and since measurable annealing
at room temperature for short periods of time has been observed, the actual
powver degradation experienced in space over a period of time will not be as
severe as indicated by these data.

Although considersble data were obtained in these experiments, it is
difficult to assess a meaningful accuracy to the results due to the com-
promised proton beam ultimately used. It is estimated that the accuracy
of the data is most probably good to within a factor of 2 but it ‘cannot
be considered accurate to within 5 or 10 percent. A facility capability
of a higher energy and a more complete magnetic analyzing system would be
required to improve on the accuracy of the data and cover the range to at
least 4 or 5 Mev.
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Discussion
Schach: . Thank you, Gil. Are there questions?

Medved - EQOS: Do you have a reasonably good feeling for the range of the
protons, say, at 1 Mev as compared to two-tenths of an Mev, and if so, I'd
like to make a comment a little later, if there's time in the discussion.

Downing: I think the values of the range of protons in this energy range
in silicon and silicon-like material is a fairly well known function. We
have been working with a Hans Bischell at USC, who has done some extremely
good work on the range of protons in materials, and he feels that this is
known to within fractions of a percent. What is the range for 1L Mev?

It's in the 10 micron range.

King - Ton Physics: I feel obliged to stand up for our parent corporation
in terms of your earlier remarks on the Van de Graaff. (laughter) The

sub one mass units that you observed are very frequently observed, and to
my knowledge there's no explanation for it. They're observed even when you -
are on protons, and you can get them on boron, phosphorus, or something
else. Second, if you operste that machine properly, you can get down %o

50 kilovolts., And third, if you purchase the magnet from High Voltage,

you find no difficulty in separating out the various components. (Llaughter)

Loferski - Brown: I was just wondering sbout that disagreement between
the theory and the experiment at low energies.

Downing: Voltage or current?

Loferski: I'm sorry - low voltages for the proton beam - and on the current
on the cell in particular. What I was wondering gbout - did your model
include the front part of the cell?

Downing: Yes.

Loferski: So you were caleulating it down ©to, say, the diffused region,
and in spite of this, you didn't get agreement.

Downing: Right.
Loferski: OK.

Medved - EOS: Have you thought of - or have you tried to see what happens
with an annealing process after these irradiations. The reason I ask this
question is in connection with an earlier question on the paper given
yesterday on production of solar cells by ion implantation. Apparently
they have seen the advantage of reducing their energy of implantation
from the 1 Mev region to roughly 200 kilovolts. And they still require
an ameal at TOO degrees C. We are making junctions at an order of
magnitude lower in energy and do not require that high a temperature. In
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fact, we don't require an amneal - just maintain a reasonably moderate
temperature from 3-400 degrees C during bombardment. So this is why
I'm asking the guestion of you - have you looked at the amnealing process?

Downing: Not yet for low energy protons, but considersbly for electron
irradiation.

Dr. King - Ton Physics: I'd like to make a comment on that comment.
(laughter) I think it's very important to realize that some people are
doing channeling work in ion implantation and they find that it is neces-
sary to.go to temperatures of 300 to 500 degrees in order to achieve any
kind - of lowering of the sheet resistivity. This is obviously annealing
of radiation damage, whether they want to appreciate the fact or not. In
the work that Dave is describing, the actual energies employed are 80 to
100 kilovolts, and I think if you would continue your curves down, you
would have seen that almost no effect due to your bombardment on the
short-circuit current. And, as a matter of fact, if you annealed at
even very light - very modest temperatures, you would have resulted

in cells withno apprecisable effects at all.

Medved - EOS: TI'd like to make a comment on that comment. I'd only
like to invite Dr. King and others who are interested to attend our
discussions on ion implantation next week at EOS on Tuesday afternoon,
Thank you.
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The effect of low-energy protons on silicon solar cells has been
theoretically investigated. A model has been generasted for low carrier
injection levels and the solubion is presented in a closed form in
terms of physical and geometrical parameters. Both short-circuit
current and open cireuit voltage calculated from the theory were compared
with experimental results. The computed short-circuit current agrees
with the experimentally observed decay slope if the magnitude of the
degradation is less than 6% for proton energies greater than 0.5 Mev.
According to the theory, experimental values of the energy dependent
damage constant at moderately high proton energies can be extrapolated
back to about 0.5 Mev. on the basis of the energy dependence of the
Rutherford scattering cross-section for a reasonable estimate of short-
circuit current degradation. A sharp decay of open circuit voltage at
low proton energies is also demonstrated by the theory.
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A THEORETICAL MODEL FOR LOW-ENERGY PROTON IRRADIATED SILICON SOLAR-CELLS

H. Y.. Tada
TRW Systems
One Space Park
Redondo Beaclr, California

Introduc’clon

Many theoretical analyses have been made ‘in the past concerning the
spectral response of a photovoltaic cell. 1- These analyses are useful
for the radiation damage study of photovoltaic cells when the radiation-
induced damage is uniformly distributed throughout the cell. However, if
the demage does not extend to the back face, as in the case of low-enexrgy
proton irradiation, the reduction of minority carrier lifetime becomes
depth dependent, and hence, these analyses are no longer applicable. Tu.s
fact, the radiation creates an extra boundary at the interface between
damaged and undamaged regions.

An extra boundary condition imposed at the radiatien-induced interface
and the inhomogeneity of physical properties in the two regions alter
the solution of steady state continuity egquation. Moreover, light illumin-
ation induces a photovoltage across the interface of two regions, as re-
ported by Esposito and Loferski. T As for 1low energy proton experimental
results, Almelch, et 218 and Downing9 have reported that degradation of -
open circuit voltage takes place at much faster rate than that of short-
circult current. This is in contrast with the earlier observations,under
penetrating radiation, in which degradation of open circuit voltage is
relatively small in comparison with that of short-circuit current.

In order to study and analyze the low-energy proton irradisted photo-
voltaic cell and to comprehend peculiar phenomena associabted with i%; a.
simple model is proposed. The model is for a low carrier injection, which
is considered to be adequate for the short-circuit current condition and,
to some extent, for the open circuit voltage condition, as long as the
number of majority carriers removed by radiation is not substantial. At
a high carrier injection,,e set of continuity and auxiliary equations,
governing minority and majority carrier concentrations, leads to a non-
linear differential equation. Therefore, the solution of linear differen-
tial equations does not account for conductivity modulstion taking place
in the base region when high currenits flow and when a substantial number
of majority carriers are removed by radiation. A change in slope of the
I-V characteristic with radiation is therefore not accounted for in the
linear analyses.

. A
The proposed model includes a possible field existing in the diffused

layer due to the impurity concentration gradient. The radiation damage is
expressed in terms of change in diffusion lengbh and minority carrier
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concentration. - Bach region, éither damaged or indamaged, is’asfumed

to poéssess unique physical properties; that is to say, it is assumed that
the radiation-induced recombination centers are uniformly distributed in
each region. Although conductivity modulation and the subsequent change
in the slope of I-V characteristic are not included in the analysis, a
possible contribution of photo-induced voltage across a radiation-induced
interface to a degradation of ‘open circult voltage is considered. The
solutions for short-circuit current and open circult voltage are cbtained
in an analytical form from linear differential equations. The numerical
computations are performed with tlg'aid of a computer, and the computed
results are compared with experimental data in order to exemine the adequacy
of the model.

Theoretical Considerations

Basic Eoquations and Approximations

Before describing the model in detail, let us examine approximate
carrier injection level in a typical silicon photowoltaic cell. According
to geometrical and physical parameters of a typical cell, listed in Appendix I,
the injected carrier concentration in the diffused layer is much smaller
than the majority carrier concentration at thermal equilibrium. The minority
carrier concentration in the base region, on the other hand, may become
comparable to the majority carrier codcentration when high currents flow
and when the carriers removed by radiation become substantial. Then, the
concentration of minority.carriers near the junction probably exceeds that
of majority carriers due to the diffusion of minority carriers from the
diffused layer. In this case the majority carriers have to adjust thelr
concentration with the external supply in order to maintain charge néutrality.
This extra supply of majority carriers thus modulates -the conductivity in
the base region, and consequently, the beta changes with the ‘current level
and radiation dose. When a high current flows apd an accumulated radiation
dose is high, the small carrier injection level model presented here is
thus inddequate to describe photovoltaic action even under an ordinary
laboratory light source. However, under moderate irradiation and standard
laboratory light sources, the low injection -level model presented below
is adequate.

The continuity and auxiliary .equations governing the behavior of
minority and majority carrier concentrations are:

p-'p .
_a_p - o :0.~_];—*a—:‘:
ot "& T T a Y B ()
on _i'_%_iﬁfg (2)
% "% TT T

n

J =qu E-qD
p T AMpE Tl P\ ® (3)
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J'n Q. B+ g DnVIl (%)
Jd = Jn + JP (5)

For a completely ionized semiconductor, Poisson's equation becomes:

ﬁ-f:%‘:(p—ni-lvd-l\la) (76)

Regardless of n- or p-type, the problem is to solve the above six simulta-
neous equations with suitable doping concentrations and boundary conditions.
The equations can be simplified with the following assumptions:

on
3

b. The photovoltaic cell is a thin large area planar junction -device. .
A contribution of surface states to electrical, parameters at other
than front and back faces is negligible so that the three d:.men-
sional equation -can be reduced to-one dimension.

a. Only steady state is considered ( g =0 )

c. A constant electric field exists in the -diffused %layer«due to the
impurity concentration gradient. This assumption is reasonable,
as discussed in Appendix II, .

d. The commonly used n on p configuration is considered.

e. The acceptor concentratlon is constant throughout the cell.

f£. A small carrier injection level is considered in the-base region.

g. The low-energy proton induced damage is uniform to the depth of
the proton range. Unique physical properties, such as minority
carrier diffusion length, are associated with -each conveniently
divided region, either damaged or otherwise, and do not vary with
spatial coordinate within the region.

Since the assumptions in each region differ, the derlvatlon of ‘the
differential equation is brlefly discussed,

In the n-type diffused (surface) region, charge 'neutrali'@:y requires

p-n+N ~-N =0 N

No accumulation of current requires
—r i,
V3 =0 (8)
If only the first order effect of concentration gradient is considered, then

v, = 0 (9)
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By taking a gradient of equation T.and substituting an assumed condition
VN =0
a

sn.= %p +§~71\Id (10)
-E-=J—qD [( y—l)VP”"YVNW (11)

Ep(-\(+l)-x-'y(l\]'—1\]')]_ -
y = un/ep?l (12)

Then, by eln'_{nina.’c:i.ng;5«]‘?p in equation 1, with the use of equations:3 and 11,

3p P % _ -1

CR O ey Tae(ye) A v

I
Toap R (1Y B ) - gpo(y-1) v - W) (B YL 2
{ [T,V (1 Nd_NJVP P(y-1)V"p - @D (2p+N; Nax“a'“a VRREARA

- p'f - gD yp%l\T ]
b AL
—— &N, | (13)
NN, a

As discussed in Appendlx I, a small carrier injection model is adeq_uate in
this region. The conditions are’

p/(Wy - W) ="(p, +D')/(N, - N )<< (1)
o~ —-'n . 1 4
N ~n=n +n (15)
Then, equatien 13 in-the steady -state beconmes
2 T, . P - D
D, - Ee - =g - 16
e _0 gy (16)
.

The term g_is the hole generation vate in the diffused layer and takes the
following ~form under illumination with a spectrum ¢(A).

g, = e[ - 2] aln) o) F an

The term T(1) is the quantum efficiency and R(A) is the spectral reflection
coefficient.

According to the simplified assumption in the p-type base region
N, =0, YN =0, "\ﬁma:=o, (18)
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and equation 7 becomes

n=p-N (19)

o =% (20)

If the carrier injection level is high so that the minority cjarrier ioncen—
tration becomes comparsble to the majority carrier concentrz_a:blon ('n =N ),
equations 1 through 6 lead to non-linear differential equation, given by

2 1y =2 YJ Y42 y = %2 (21)
N n + (Vn)® + AVl (p-n ) ==~ &g
3 y+2i 3an(Y+2)n 3'.Dn'|'n (o) 3Dn n

To overcome the difficulties in solving non-linear differential equa-

tions, a small carrier injection model is adopted as previously discussed.
For small carrier injection, n/l\Ta << 1, and equations 1 through 5 reduce to

DV?n_n_no-:_g (22)
n - — n

This is an equation commonly used for spectral analyses of photovo]..taic
cells. The g in equation 22 is the generation rate of electrons in the
base region ahd takes the seme form as written in equation 17.

Boundary Conditions

The consideration of an additional boundary at the interface between
damaged and undemaged regions will provide the cases for both low- and
high-energy proton radistion. Btatistical fluctuation of mean free path
of primary knock-ons, cascade processes of knock-ons, and diffusion of
knock-ons into an undamsged region would presumably contribute to widen
the width of interface. However, as long as this width is comparable to
or narrower than the estimated width of the depletion region (about 1,000 A),
the location of interface can be defined with the same order of accuracy
as that of depletion region, and an additional complication involved in
the physical processes associated with the finite width, if any, can be
ignored in the same degree as those assoclated with the depletion regilon.
The location of such an interface is taken as the depth comparsble to the
range of incident proton.

With the above considerations, a photovoltaic cell may be divided into
three regions, the surface diffused layer and the damaged and undamaged
base regions where the depth of the damaged region, denoted by b, varies
with the incident proton energy. If the proton energy is sufficiently low,
it is gquite possible that the induced damage lies only in a surface layer,
but this case is not considered here. Equation 16 is applicable only to
the surface region, whereas equation 22 is applicable to the base region,
regardless of damaged or undamaged.

Boundary conditions are expressed in terms of physical parameters some
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of which change with radiation. At the front and back faces of the cell,
the boundary conditions take the usual form in terms of surface recombination
velocity and of a field due to impurity concentration gradient, and are

given by

d pl s(0) "Lp E :

=( - =) p(0) (23)
é‘ =0 Dp Dp . ° )
dn ) i ) .
Ex‘ch =.-s(c) 112(c.)/Dn (2u)

Under shoft—cj:rcuit current conditions, the minority carriers are swept out
in the depletion region and the junction can be regarded as a sink. There-
fore, at the junction

n(s) £ 0 ' (25)
n{a) = 0 (26)

At the interface between damaged and undamaged regions, the continuity of
electron diffusion current.requires,

dn1 =dn2
dx = dxx:‘b

(27)

Even though the minority carrier concentration in thermal equilibrium
changes with radiation,.the concentration.is much smaller than that of
injected carriers by illumination. Therefore, for all practical purposes,
minority carrier.concentration in both demaged and undemaged regions cen
be regarded as equal across the interface. .- ’

n, (b) = ny(b) (28)

At this point, it-is worthwhile to examine a possible shift of Fermi
level (relative to intrinsic level) across the interface due to radiation-
induced defects. It is true that the use of Fermi level is meaningful only
when a cell is in a thermal equilibrium so that it is in the same level
throughout the cell, regardless of radiation damage or of n- or p-type.
But "the shift of Fermi level" is used in a relative sense so that the
shift across the interface could result in the creation of barrier. The
exact location of Fermi level can be determined by solving an equation for
the conservation of charge, expressed in terms of the concentration of
induced defects and residual impurities and their energy levels. Unfor-
tunately, the equation contains higher degree exponents in terms of the
differences between Fermi level and either defect or impurity level, and
it is rather difficult to solve for the Fexrmi level. Furthermore, since
both induced defect levels and defect inbroduction rates are unknown at
Low energies, no attempt has been made to determine the Fermi level.
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For a strong p-type semiconductor with one lmpurity level, the Fermi
level relative to intrinsic level may be approximated by
cpi-cpf=lenNa_Nd. ’ (29)
.
i
The shift due to effective impurity concentration induced by radiation,
denoted by prime, is therefore,
H

AP=0 -qyzkmlnNa'Nd : (30)
? 7 r 5
a d

Suppose that an apprecigble degradation of minority carrier lifetime takes
place when the radiation induced defect density is of the order of 1013
defects/cc. Since the residual impurity concentration in the base region
is of the order of 1010 impurities/cc, the shift of the Fermi level is a
small fraction of kT.

Under open circuit voltage condition, the Fermi level is disturbed
from the thermal equilibrium position to a quasi-Fermi level due to the
injected carriers by illumination, some of which recombine either in the
bulk or at the surface, until they reach an eguilibrium. The amount of
disturbed level by carrier injection is thus related to an equilibrium
concentration of both minority and majority carriers across the boundary.
As discussed in Appendix ITI and in reference 10, a photo-induced emf is
given by

1 » 1Y

V.==(1n-=2 - 1n-L ) (31)
J B Pro Ppo
If the injected carrier density is small compared with the majority carrier
concentration, p_ ¥ p , and
5 P »o

v, =g in (2 /p,)

]

n

% In (p) /o, + 1) (32)

This is an approximation that Shockley has used in the derivation of the
original diode equation(ll 5 in which Vi is an applied voltage across a
p-n junction, instead of a phpto-induced emf. -The boundary condition
the junction, according to equation 32, are

p'(a) = P (exp Vj z 1) (33)
nj(a) = m, (exp v; - 1) (34)

The equations 23 through 28 constitute a set of boundary conditions for a
short-circuit current. If the equations 25 and 26 are replaced with the
equations 33 and 34, the set of equations are boundary conditions for an
open circuit.
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It should be noted that Vj appearing in the equation 31 through 34
is a photoinduced open circult voltage across the junction but does not
represent .a true measurable quantity across a photovoltaic cell. Since
the current does not Tlow out of a cell, no. voltage drop is expected
through a series resistance, consisting of surface and bulk resistances
and of ohmic resistance at the front and back faces. If an incident proton
energy is low, however, the radiation induces damaged and undamaged regions
in the base, and an additional photo-induced emf, denoted by V;, is pro-
duced at the interface due to the inhomogeneity of physical properties in
the two regions, as discussed in Appendix ITI. Under the assumptions made
in Appendix III, V; is given by

1
v, = 3 1n (nlo/nzo)

« el
=g An (nyp/mp) (g 2 my) (35)
A measurable open circuit voltage across the cell, V, becomes
V= VJ. -V (36)

and the short-circuit current densities for electrons and holes are

dn
Toe = 4D, a‘x—ll (37)

X=a

1]

D _ g p i
EEER - (38)

The field term in equation 3 disappears in equation 38, because of the short-
circuit condition expressed in the equation 25. The total short-circuit
current then becomes,

_ 19
Jsc - J:c * Jsc (39)
Solutions

A solution of equation 16 for the minority carriers in a diffused
layer, takes a form given by

I8 L
p= Aoerlx 4+ BoerZX - Ig‘ . U.'l?p.(:_,l:,. TR). - ’n CP e—-(DC air (Ll-o)
0 &2L2.+ ou.; ET -‘i_
P P D
LE B\2
by = 2
T, =5t (Z‘D ) + l/Lp (k1)
P P
* B 2

(k2)
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A solution of egquation 22, for electrons in the base region, is given by

A
n= Alex/Ll + Ble'X/Ll - I € %71 (1-R nee™ai (43)
(o] a2L2 1
1

Since two regions, damaged and undamaged, are consldered in the base, there are
two solutions in the base, which are exactly the same form as equation 43,
provided that each solution reflects unique physical properties of the region,
expressed in terms of minority carrier lifetime or diffusion length. Coef-
ficients, Aj, B,, and so on, are subject to six boundary conditions and are
determined by six simultaneous eguations.

The short-circuit current is expressed in equation 39 and the open
circuit voltage is given by

1
Vo = 3 1n (JSC/J'O + 1) - v (4h)

P
The Jl;c’ Jsc’ and J’0 are as follows.

P 9 ]')‘g ol + so) da [ .
J’Sc=mcoshma+(sO - 1) sinh ma 0,0,2+20/e- l/Li{me - {(a+4) sinh ma
+ m cosh ma] e 4 ¢ sinh ma e—cxa} Q (A ax . (45)

oL
. V2 - 2 A2 ) o~
J‘n = qjq)\g S {[(4—2- sinhy. - =— coshy. ) + oL (— sinhy. == coshy. \]-e e
se 0 onzLi 1 L2 1 L2 1 . 1 L2 1 Ll 1

+(—VL—g +ad, e—ab}g ()\)d)\/@a sinhy, _Ai_% coshyj)
2 : 2 1 b
. qf.g Pg o, (a+sc)e m‘:/LE - (VZ/Lz + o )e
L Yo a2L2 -1 ©p/hp)sinbyy - (ay/Ly )eoshy,
[mz - (so —,f)e] sinh ma ]

J = {D [s + T
o~ N PpPno | %o (so-i)sinh ma +-fcosh ma

¢(ax  (46)

- Do, (Az/Ll)éinhyl - (VZ/LE)‘COShyl } (47)

L Wp/ly)sinhy, - (/T )coshy;
n=4{ +H2 + 17Li (¥71)
£ = MPE/ZDlD (48)

s, = s(O)/DP - 24 (49)
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5, = - s(e)/o, (50)
y, = (0.~ a)/n (51)
vp = (e = B)/I, (52)
Ap'= %2 cosh v, + gic) é.ds’h.yz : (53)
e = 1) (1 - RO oln) (55)

The term cp()L) is the spectral .irradiance of the light source, expressed in
terms of the number, of photons per cm? per second per unit wavelength.
Therefore, if @'{\) is a spectral irradiance in the unit of ‘watts/cm®-micron
and if the A is expressed in the unit of micron

®=5.04 x 168 @' A , ‘ A " (56)

Bquations 39, 45, and 46 take exactly the same form as those, obtained
by other inves‘biga{',ors(l"ll-)', if the radistion induced interface b approaches
the back Tace ¢. Then, the solution is applicable to the case of penetrating
radiation. Although equation 4l is for an-open circuit voltage, this rela-
tionship can be immediately be reduced to Shockley's diode equation(TIL), ir
(a) V4 is ignored, (b) Vo, is regarded as an.applied voltage, (c) both sur-
face and field terms are ignored, and_(d_) the cell .geometry is extended to
infinity.

Correlation ‘with Experimental Results

The adequacy of the proposed model can be tested by comparing the cal-
culated values with low énergy proton experimental results. For this,”
equations Ui through 47 are programmed in Fortran IV language and compubed
with the aid of IBM TO9L computer. The means for determining parameter
values, the implication and: justification of such methed, and a method of
correlating the calculated values with experimental results are briefly
discussed below.

Determination of Parameters

i _ Damage,Depth, b - The most important parsmeter that enters in the
solution is the depth of damage, denoted by b. As a-first order approxima-
tion; the depth may be taken as the range of the low energy proton. However,
since the depth of defects created by low energy protons may not be exactly
a proton range, this approximation may be inadequate. This is because the
proton range is determined almost entirely by ionization in the solid

rather than' by elastic collisions and the subsequent processes involved in
defect production (collision between knock-on atoms and atoms in lattice
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sites as well as defect migra‘tion’) are not accounted for. Unfortunately,
it is a difficult task to determine the actual defect depth with a reasonc
able accuracy because of statistical fluctuations involved in cascade
displacement collisions; hewever, this error is most probably small until
ranges as low as a few microns are counsidered.

Further complications are manifested by an inhomogeneous defect dis-
tribution. It is known that an approximate primary displacement cross
section is inversely proportional to the incident proton energy when
Rutherford scattering dominates. TIf the total cross section (including
higher order displacement co]_'Lisions) follows such energy dependence to a
low cutoff energy, an extremely high defect concentration and concentra-
tion gradient is expected near the end of proton path. It is likely that
the defects will probably move about and migrate into an undamaged region,
increasing the depth somewhat and diffusing a sharply defined boundary as
the radiation progresses. Suppose that the defects created near the end
of proton path migrate into undamaged region. Since the induced defect
concentration and concentration gradient near the end of path is almost
identical regardless of incident proton energy, except perhaps those effects
by straggling, an increase in the depth by migration will be almost the
same regardless of the energy. Therefore, if defect migration is assumed,
a fractional increase in the depth is expected to be larger for lower proton
energies.

If the experimefrtalljr ‘observable quantity is relatively sensitive to
b, and if the defect migration actually takes place, obvious inductions are:

a. The deviation of calculated values from experimental results will
be larger for lower proton energies.

b. The deviation will also be larger at larger integrated flux.

c. If the experimentally observed gquantities change with time after
receiving a given dose, the time rate of change will be larger
when irradiated with lower proton energies.

Minority Carrier Concentration, P 0’ and n,

no’ ™1 20 - In order to éalculate
open circult voltage, the change in minority carrier concentration undex
irradistion is required. These values -of minority carrier concentration

are taken from experimentally observed changes in mejority carrier removal
rate as a function of proton energy and integrated flux.

Since the ma,joritg carrier concentration.in the shallow diffusion layexr
is of the order of 1010 carriers/cc -or greater, the integrated flux required
to remove a significant fraction of these carriers is far beyond the limits
of interest of the operation of a solar cell as a photovoltaic device.
Hence, it is assumed that majority and minority carrier concentration in

the diffused layer is constant -over the range of integrated fluxes of nor-
mal interest in photovoltalc devices. On the other hand, the majority
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carrier concentration in the base region is usually of the order of 1015
carrlers/cc, and hence, the change in carrier concentrations as a' function
of irradiation cannot be ignored. Generally, however, these.changes in
carrier concentrations tend ko become significant.only after considerable
change in minority carrier lifetime and corresponding changes 1n the short—
circuit current of the order of 40 to 50% degradation.

The dependence of carriér removal rate on praton energy at’ low energies
is unknown. Hall coefficient measurements, from which the carrler removal
rate was deducéd, were performed after irradiation with relatively high
energy protons (above 10 Mev)(l2), in prder to introduce more "or léss e
homogeneous defects. These experlmental points at high energies may be
extrapolated-back to lower energies, in reference with the energy depehdence
of eithér Rutherford scattering cross section or the damage constant’ for
minority diffusion length. Such extrapolation implies that the defects are
predominantly ‘introduced by the primary processes of Rutherford scattering,
that the nature of @efects is identical regardless of proton energy in this
range, and. tha'b one defect level is dominantly controlling the carrier re-
moval ‘rate,. 'based oh the above assumptions and adopted for the subseq_uen’s
calculatlon, 1s sHoyn in Flgu_t'e 1. K

As f:gr'the",dependence of carrier removal rate on an integrated flux, -
it is apparent that if the defects are dominantly introduced at one level
but the density is small (at a small integrated dose), the mumber of car-
riers removed is approximately proportional to the defect density, and hence
to the integrated flux. At a sufficiently large integrated flux, however,
such a simple relationship may ho longer hold, especially when a fractional
change in the majority carrier concentration by radiation approaches unity,
as demonstrated by Wertheim in his electron experiments 13}, The.carrier
concentration then depends on those parameters that determine the Fermi
level, such as nature of the defect, defect density introduced, residual
impurity concentration, their energy levels, etc. In the subsequent calcu-
lation, it is.assumed that one level is controlling the carrier removal,
that the material does not change polarity even at a large integrated dose,
and that the carrier removal rate is not constant at a high integrated dose
and follows the pattern observed by Wertheim in his electron experiments.
The values adopted in the computatlon, according to the above assumptions,
are shown in F:Lgure 2.

Other Paraméters - It is quite probable that guantum efficiency can
be other than unity at high photon energies but sharply drops to zero near
the energy corresponding to energy gap. Although some investigations have
been done on the quantum efficiency, which is as high as 5 in ultraviolet
region, the data probably contain a large error due to the fact that sthe

- values were reduced from solar cell experiments with an over-simplified
equabion., In the subsequent calculation, unit gquantum efflclency is’-taken
throughout. the spectrum.

Although surface reflection coefficient varies with both incident
angle and wavelength, only normal incidence is considered.’ Thus, the
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reflection coefficient is a function of orly wavelengths and the values
are taken from publlshed. data in reference 1k4. -

The ‘dependence of absorption coefflc:Len‘b on wavelength is taken from
reference 15.

Both tungsten and sun simulator llght sources, which were used in the
experiments, are calibrated and used for the calcula'blon.

Correlation with Experiments

The 10Wienergy proton experimental results to which these computations
will be compared are those performed at TRW Systems_covering the energy
ranges of 0.2 Mev 1o 1.9 Mev? and 6.7 Mev to 26 Mevl®, TIn these experi-
mental results, the degradation of short-circuit current and open circuit
voltage are expressed in terms of integrated proton flux. ~"Thus, the cal-
culated values can be correlabed with experiments if the degradation of
minority carrier diffusion length in the demaged base region is expressed
in terms of integrated flux. This can be easily done with the use of an
empirical equation for the minority carrier diffusion length of irradiated
silicon given by

1, -1
LI +xs (57)
L L
o
where L Minority carrier diffusion length after radiation
Lig Minority carrier diffusion length before radiation

X : Damage constant
§ : Integrated flux

In the sbove equation, the damage constant (or K value) is a strong’
function of many material: and envirommental factors. Therefore the K |
values used in this comparison are for alike types of silicon under proton.
irradiation.

The energy dependence of K value has been experimentally studied by
many investigators(16,17),- using either solar cells or bulk specimeni..
The conventional method for the measurement of diffusion length employing
solar cells, however, does not lead to an explicit value at low proton.
energies since the damege is not uniform in the active region. In this
respect, the published X values are assumed to be acceptable for proton
energies down to about 6 or T Mev for solar cell type experiments.

Since experimental K values at lower energies are not available, the
experimental energy dependence of K values at higher energies 16) are
extrapolated to lower energies on the basis that the theoretical Rutherford
scattering model is adequate. From the K values at low proton energies
determined in this fashion, an integrated flux required to degrade the
diffusion length from the initial value Lo to L is determined from equation 57.
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Since an electrical parameter is a function of the diffusion length in
the damaged region and since the diffusion length and integrated flux are
correlated with the use of the extrapolated K value, the computed elec-
trical parameter can be plotted against an integrated flux for comparison
with experimental results. The energy. dependent K values used for an
evaluation of the proposed model are shown in Figure 3. :

Since the equation 57 is exclusively used for relating the computed
paraméters to integrated flux, the method described above is based on the
premise that equation 57 holds regardless of proton energies and that
only the K value is energy dependent. Further, it is assumed that the
diffusion length calculated in this manner is uniform over the damaged
region at the value corresponding to that computed for the incident proton
energy thus neglecting energy loss in the traverse of the damaged region.
Another important aspect for correlation is that the electrical parameter
considered be very sensitive to the minority carrier diffusion length in
the damaged region. In this respect, short-circuit current is an ideal
parameter.

Results and Discussions

Effects of Field and Surface Recombination Velocity on Short-Circuit Current

The contribution of both surface recombination veloecity and field in
the diffused layer to short-circuit current under a tungsten light is
demonstrated in Figure k.

Surface recombination velocity hardly affects shorticircuit current
measured under a tungsten light, unless the velocity becomes of the order
of 1013 cm/sec. This result is somewhat cbvidus for a tungsten light -
spectrum for which the number of electron-hole pairs produced in the sur-
face region is very small compared with that in the base region. The effect
of surface recombination velocity can also be compared with that of hole -
transit velocity across the surface region (o/T); the surface recombination
velocity ‘does not affect the hole current appreciably unless it satisfies
an approximate condition, s >Z)a.'DP/LP.

The contribution of field due to impurity concentration gradient is
more significant than that of surface recombination. However, the magnitude
of total short-circuit current does not change significantly, unless the
field approaches 103 volts/cm. If the hole diffusion length is compara-
tively large so that Ly, >> 2D /W.E, the process is essentially diffusion
limited and the field contribution is negligible. But if both hole diffusion
length and mobility degrade as the radiation progresses, carrier drift
becomes predominant over the diffusion, and the existance of a field will
result in some radiation resistance.

Under tungsten light, carrier injection in the surface region is small
compared with that in tha base region, and the surface field will make a
negligible contribution to short-circuit current, unless hole diffusion
length degrades apprecisbly. If the short-circuit current is plotted against
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‘the degraded base diffusion length unde? penetrating radiation with consid-
eration of both constant field and degraded hole diffusion length, an
agreement between the theoretical curve and experimental points is better
without a field term. This implies that an average field in irradiated
cells is small enough to be ignored or that the magnitude of field may be
large but the field extends to only over a small portion of surface layer.
For this reason, the field term is ignored in the subsequent computation.

Short-Circuit Current and Diffusion Length

Computed short-~clrcuit current is plotted against diffusion length
in the damaged base region in Figures 5 and 6. The figures are normalized 5
at a diffusion length of 100 microns and a short-circuit current of 25 ma/cm
for tungsten spectrum and of 29.5 ma/cme' for sun simulator spectrum. As
seen in Pigure 5, when the radiation introduced damage is uniform throughout
the cell, the short-circuit current plotted against a logarithm of diffusion
length becomes a straight line under tungsten illumination.  This relation-
ship has been experimentally established by Denney et al;(l8) however, the
computed results agree with experimental results surprisingly well. Under
penetrating radiation the short-circuit current can be expressed as

Iy, o Log L A (57)
The above straight line relationship is, in a sense, fortuitous and attributed
primarily to the tungsten spectrum, the cell configuration and the silicon
absorption coefficient. In the computation of short-circuit current under
sun spectrum, surface damage by radiation is assumed to be negligible. It

is expected that the straight line relationship may fail under a sun spec-
trum because of the large photon population in the blue region which produces
a large number of carriers near the junction, whereas the tungsten spectrum
produces carriers mostly in the base region. The degradation of short-
circuit current is thus slower under a sun spectrum than under a tungsten
spectrum. This trend is clearly evident in Figure 5, in which no damage is
agsumed for hole diffusion length .in the surface layer. Although the
experimental data fits the theoretical curve gquite closely, the slight

bend in the theoretical curve is not evident in the experimental datba.

The situation becomes quite different for low-energy protons which
produce only partial demage in the sensitive base region ( see Figure 6).
As the energy becomes lower, the curve deviastes from a straight line. At
gbout 0.2 Mev, the computed degradation of short-circuit current is practi-
cally negligible, unless the diffusion length in the damaged base region
becomes comparable to the depth of damaged base region. When the diffusion
length in the damaged region becomes comparable to the depth of demaged
base region, only a small fraction of the carriers generated in the undemaged
region can pass through the damaged reglion without suffering recombination.

Short-Civcuit Current and Integrated Flux

Computed short-circuit currents as a function of integrated flux under
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tungsten light are compared with the experimental results of reference 9.
in Figures T 'bhrough 12, for various proton energies. At proton energies
of 0.5, 1.0, 2.0, and 10 Mev, not only the magnitude of computed short-
circuit current bu’c also the slope of the degradation characteristic agree
with the experimental results very well. The largest d.:l.screpancy between
theoretical and experimental values is less than 6% for the magnitude of
short-circuit current and is less than 20% for the integrated .flux. There-
fore, the proposed model seems to ‘be quite adequate in this proton energy
range. However, theoretical values substantially deviate from experimental
results for 0.2 and 0.3 Mev protons; the magnitude of short-cireuit durrent
deviates as much as 12% and the integrated flux a factor of 8 (see Figure 13).

The large discrepancies observed at 0.2 and 0.3 Mev may be. the result
of several factors. Considerable room temperature annegling was reported
in the experimental data and, further, the annealing was reportedly worst
at the lower energies where the degradation rates were so low that higher
beam currents were required in the conduct of the experiment. Thus the
possibility of localized heating with subsequent annealing of demage is |
more likely to occur at these: lower energies. In this.respect, the discre-
pancy between theoretical and experimental results shown in Figures 11 and
12 is at least in the right direction.

Contrary to the assumptions made in this model, expected inhomogeneous
defect distribution and spatially dependent diffusion length in the demaged
region may be a primary contiibutor to the discrepancy.. If equation 57,
extrapolated K values, and range-energy relationships 'of protons in silicon
are literally and seriously considered for mapping the diffusion leng'bh
in the damaged. region, the spatial dependence under irradiation with O. 3
Mev protons is as shown in Figure 1. . Although some averaging processes
are expected to take place near the end of proton range due to-energy
straggling, it is so .obvious from the i’lgure that the assumption.made for
this model, namely, spatially 1ndepend.ent diffusion length in the damaged
region, becomes increasingly 1nadeq_ua‘be a5 the proton energy, 1s decreased.

Although each of the above reasons, is plaus:.ble , it is not conclus:we
that either one.is a primary contributor to the discrepancies between
theoretical and experimental results at 0.2 and 0.3 Mev. At these energles,
therefore, a simple conclusion cannot be drawn; however, the model seems to
be adequate at 0.5 Mev and.higher energies. Moreover, when this model is
used to describe the short=circuit current degradation under mono-energetic
proton flux, it appears that the energy dependent K value can safely be
extrapolated back to @bout 0.5 Mev,

Open Circuit Voltage and Integrated Flux

The compubed open circuit voltage under tungsten light, together with
experimental data from reference 9, are plotted for 0.2, 0.5, 1.0, and
2.0 Mev protons in Figures 15 through 18. The 1n‘begrated flux is determined
from the extrapolated K value as discussed before. i
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Although the theory is dble to demonstrate the experimental decay slope
of open circuit voltage with respect to proton flux, the difference in the
magnitude between them is larger than the cases of short-circuit current.
The theory agrees with the experiments very well at the proton energy of
1 Mev, but it overestimates the demage at lower energies and underestimates
at higher energiles. :

The causes of this disagreement may be attributed to those already
discussed in connection with the short-circuit current. There are however,
additional possible causes for the large discrepancies.

The boundary conditions at the junction used by Shopkley(l:!') (equation 32)
are adequate for small carrier injection if the p-n junction is located in
an infinite bar. ‘“However, when applied to a solar cell, the adequacy may
be affected by -a finite geometry and an inhomogeneous minority carrier dis-
tribution in each region. The spatial dependence of minority carrier con-
centration might possibly be obtained from a set of boundary conditions
which consider a finite geometry, the proton range, and an inhomogeneous
induced defect density. Further, since the depth of induced defects is
close to the junction at low emnergies, the carrier distribution is probably
highly distorted from the uniform approximstion. Thus, it may hot be
meaningful to define an average 0y and hence Vi’ in a small region near
the space charge region.

Finally, ammealing, as previously discussed, would increase the diffusion
length, thereby increasing Jge and decreasing Jo. As a consequence, a
larger open circuit voltage would be. expected at 0.2 and 0.5 Mev resulting
in a closer agreement with experiments.

Conclusions

A simple model is presented %o describe the effects of low energy
proton bombardment on solar cells. By comparison with experimental results
regarding short-circuit current versus degraded base diffusion length after
irradiation with 10 Mev protons, the solution expressed in a closed form is
adequate for a normel silicon solar cell.

The computed short-circuit current agrees with experimental results
very well in the energy range from 0.5 to 10 Mev, provided that the damage
constant (or K value) for minority carrier diffusion length in this energy
range is obtained from the extrapolation of experimental data at moderately
high energies. Unfortunately, the computed short-circult current deviates
from experimental results at 0.2 and 0.3 Mev. Although possible reasons
for the discrepancy have been discussed in the test, the predominant cause
is not known.

Although a sharp decay of open circuit voltage at low energies is
demonstrated by the theory, the agreement with experimental results is not
as good as short-circult current case, except at 1.0 Mev. Since the open
circuit voltage is expressed in terms of minority carrier concentration
and since the spatial distribution is not uniform because of the finite
geometry, the deficiency in the theory for the open .circuit voltage may
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be simply due to oversimplification in the boundary conditions.

The most significant result from the studies of short-cireuit current
are that, with the use of this model, experimentally observed damage con-
stants at moderately high proton energies can be extrapolated back to
lower energies and that the energy dependence of the X value based on
Rutherford scattering and simple displacement theory is valid for proton
energies above 0.5 Mev.
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APPENDIX I

Approximate Determingtion of Carrier Injection Level

The detérn{ination of ce;i'rier ‘in,jection level is the first
necessary step for establishdng s proper model for a solar cell and for ob-
taining suitable boundary conditions. A typical n/p silicon solar cell
produces the current density of about 30 ma/ cmz under normal illl:lmination.

Other typical geometrical and physical parameters are:

Base region: pp = 5 ohm-cm
T, = 6.4 p.;sec
D, =35 cm /sec
By = 330 cmz/_vol‘t—sec

Diffused surface layer:
pn = 0,01 chm-cm
T = 0.01 p~sec
D =1 cmz/sec
" 200 cmg/vmlt—sec

Junction depth, a = 0.5 mic¢ron

Cell thickness, c = SOd microns
With the aid of the following four ‘equations:

L=l -]

1}

[»]

=D« (1-1)
o "t (b m+pyp) (;—2)
n/=np (1-3)
J=qg, [Lp tanh (a./LP) + L tenh (c-a)/Ln] (1-4)
Ln = 150 microns
L =1 micron
D 15

P, = 3.8 x 107 holes/ce

mo o =3.1x 108 electrons/cc

Lo = 5.9 x 10  electrons/cc

Poo T 72 holes/cc

In equation I-%4, the first term is negligible compared with the second term

g ~J/e L, (1-5)
19 .
= 1.25 x 1077 charges/cc-sec
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Since the minority carriers injected in the base region predominantly con-

tribute to the current,

13

n'=g T = 7 x 1077 charges/cc

= 10107 charges/cc

As a summary of the gbove rough calculations

(1) The injected minority carrier concentration is much larger than the
minority carrier eoncentration in thermal equilibrium, i.e., p'>> P, and
n' > n . ’

(2) The majority carrier concentration, especially that in heayily dopped
region, hardly changes with the illumination and is always much larger

than the minority carrier concentration, i.e., n, > b, and p_>>n .
b P
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APPENDIX II

Field in the Diffused Layer

The field in the diffused layer may be estimated from the

M 1 N{x=a
E=—2 1n—N§;3%— (11-1)

The N(x=0) and N(x=a)-are the impurity concentrations at surface and junction,

following equation.

respectively. The junction will be formed in the neighborhood where the
concentration of donor and acceptor is equal. According to the values cal-
culated in Appendix I, the field due to the concentration gradient is of
the order of 103 volts/ cm-),e which may be compared with the field necessary

to support the injected carriers in this region.

Let us assume that p is of the order of lO12 charges/cc. Since
the excess holes in the diffused layer are not neutralized by the fixed neéa—
tive charges on the acceptor ions, the Poisson's equation immedigtely leads
to the field necessary to maintain the injected carrier in the region

considered,

g . trapa (11-2)

€

If the dielectric constant € is 12; the necessary field is approximately
1.2 x 103 volts/em, which is comparable to the field due to the concentration
gradient. Therefore, the calculated built-in fiedd is large enough to main-

tain the carriers in the diffused layer and hence cannot be ignored.

When the field calculated according to equation II-1 is used, the
hole drift velocity is of the order of 1ol‘~ lo5 cm/sec, which is much larger
than the surface recombination velocity of a normel commercial cell. There-

fore, the field term affects short circuit current more than the surface term

This value agrees with the value gquoted by P. Tles, Hoffman
(19) His estimate is &bout 2,500 3,500 volts/cm
in the diffused layer; about one third to one half of the layer

Electronics Corp.

is estimated to maintain a fairly uniform impurity concentration
so that the field there will make a negligible contribution to

short circuit current.
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(a typical surface recombination Yelogi‘ty is assumed to be about 200 to 500

cm/sec) , which comes in the solution as the result of surface boundary condition.

‘ A field of this megiitude can be of significance in relation to
’ the minority carrier diffusion lengtli'.' The s'dlutiogl for hole current includes

the field term in such a m'arinerjbhgt_ -

; Y 2
R pPE/ZDp £ }(;LPE/ZD; * 1/17 (11-3)

When the calculated values- are used, the term L.LPE/ZDP is comparable to l/Lp.
That is to: sgy, the field term is as equally important as the surface
diffusion length.

If LP 7> 2D /p E, the process Is diffusion limited. But, as the surface diffusion
length degraﬂes , the Tield term takes over, and the contribution of the surface
layer to the short circuit ‘current becomes primarily due to carrier drift

rahter than carrier dlffuslon. In this respect, the field term becomes

important for a cell receiving a large radiation exposure.

In conclusion, the field ‘due to the impurity concentration gradient

3

cannot be ignored if it is of the .order. of 107 volts/em-and if any one of the

following "condit ions is satisfied:

(1) The injected carrier concentration im the diffused layer is less than
lOlz/cc.
(2) The surface recomblnatlon veloc:.ty is of the order of 105 cm/sec or less.

(3) The surface diffusion length is less then 0.1 micron.

For a typical soldr cell, the field term can be ignored in some cases but may
play a domingnt role, gll depending on its ‘magnitude in relation to other physical

parameters.
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APPENDIX 111

Derivation of Equation 31 in the Text -

The minority carrier concentration in the n-type material is

related to the intrinsic electron conceatration in such a manner that

Bho = 7y oxp Blyy - o)
- 1
or P =@ - Eln (Pno/ni)
The term q)i is the intrinsic level and P is the Fermi level. When carriers
are injected by illumination, the Fermi level will.shift., If the quasi Fermi

level is denoted by (pp

o]
n

n; exp Blg; -9,)

v

1
_ v, =9 "% l_n (p,/n;)
Since Pn>Pno" Pp > (pp, the change in Fermi' level by minority carrier injection

in the n-type region is then

N . R .
Vy =9 - 9y =5 1o (p,/7) (111-1)

Similary, hole. concentration on the .other side of junction also changés with
carrier injection

n, exp Bly; - @p)

By, =
p, =n; exp Bl - @)
The shift in the potential in p-type material, VP is
! 1.
Vv = - ==1n -
V=0 -9 =g (PP/PPO). (IT1-2)

The potential difference across the junction, seen by holes, is just Vn - VP,

V= Vn - Vp
<+ (imp/p_-lnp/p ) (1-3)
53 n’ “no P’ “po
A similar expression can be derived for electrons by replacing hole concentration
with electron concentration. In many practical cases, the majority carrier
concentration hardly chanées with light illuminstion (pp ‘;u Ppo)’ and the last

term in equation III-3 usually drops out.

The above line of thought can be extended to an inhomogeneous

material. Suppose that p-type material consists of two uniform regions which
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are distinguishable only by the minority carrier concentration in thermal
equilibriﬁm. Let one region be denoted by a subsciript 1 and another by 2.
Similar to the previous derivation, itlie shift of Fermi level in region 1

by illumingtion is
BV, = 1ln (nl/nlo)

Similarly, the injected minority carrier concentration in region 2 induces
BV, = 1o {ny/ny,)

Then, the photo-induced voltage a“ross the ibhomogeneous mgterial 1s round
to be

1
5 ( %n na/n20 - ln.nl/§lo) (IT1-4)
If the concentration of iqjected'minorify carriers by illumination 1is

large compared with that in thermal eqﬁilibgium, n,&n and
. . ~ e .t L.

M
Bp T Mgt Mg P Pao

=" A\
fr TPt P o

Then, the photo-induced voltage'rédgces to .

v z-l-ln (n

B 10/726)
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LIST OF SYMBOLS
(Other than those defined in Table 1)

AO, Al Constany

a (subscriipt) ’Accep_fgor Level

Bo’ Bi Constant

d (subscript) Donner level

E Eﬁergy of bombarding particle_

B, B Electric field

gn(x) EYectron generation rate at a distance of x

g Carrigr generation rate

gﬁ(x) Hole generation rate at a >distz.mce of x

i (subscript) Incident, intrinsic, or interface between
damaged and undamaged regions

3;1 Electron curzh’ent-dens'ity '

J, Satﬁration current, see equation 47 '

fT-p Hole current density

JSC Total short circuit current density

.]': e Electron short ecircuit current density

Jlsjc Hole short circuit current density

J (subscript) Junction

K Damege constant for minority carrier diffusion
length :

k Boltzmann's constant, 1.38 x J.O_16 eras/°K.

L Minority carrier diffusion length after raﬁi&tion

L'O Minority carrier diffusion length before radiation

{ See equation 48

m See equation 47!

N(x=0) Dopant concentration at the front face

N(x=a) Dopant concentration et a distance (;f 8
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n (subscript)
o (subscript)
p (subscript)
Q

R, R(%)

va

PIC-80L 209/6.1

Acceptor concentration
Donner concentration

Tntrinsic electron concentration

.Electron or n-type

Before radiation or thermzl equilibrium
Hole or p-type

J coul/charge

Electronic charge, 1.6 x 107t
Spectral reflectivity
See equation 4l

See equation 42

Surface recombinagtion velocity at the front face

Surface recombination velocity at the back face

See equation 49

See equation 50

Temperature

Time

Open Circuit voltage

See equation III-1

See equation III-2

Distance from the front surface
See equation 51

See equation 52

Spectral absorption coefficient
= q/kT

= un/up

See équation 53

See equation 54
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Shift in Fermi Level
Dielectric constant
See equation 55
Quantum efficiency
Wavelength

Cutoff wavelength
Mobility

Electrog mobility
Hole mobility
Resistivity
Resistivity in n-type
Resistivity in p-type
Conductivity

épectral irradiance
Integrated flux
Intrinsic energy level

Fermi level

Quasi Fermi level ‘due to hole injection
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Fraction of Majorigy Carriers Removed
o
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1 T T T
Constant Carrier
Removal Rate
Flux Dependent Carrier Removal Rate
-
1 1 1 4

Integrated Proton Flux (arbitrary units)
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Diffusiog, Length in Damaged Base Region (microns)
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