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FOREWORD

This report was prepared by The Harshaw Chemlcal Company, Solid State
Research Laboratories, as a summary report covering the Research and
Development from January through August 1962 on Contract AF33(616)-7528,
Project No. 8173. Task No. 817301. The project was funded by the
Flight Accessories Laboratory, Aeronautical Systems Division, and initlated
and monitored by the Aeronautical Research Laboratory. Mr, Donald C.
Reynolds acted as Contract Monmitor with Mr. Joseph Wise representing
the Aeronautical Systems Division.

The following scientific personnel have contributed to the project
during the period of this report: F.A. Shirland, G.A. Wolff, J.C. Schaefer,
G.H, Dierssen, R,F, Belt, J.D. Broder, T.A, Griffin Jr., N.E. Heyerdahl,
J.R., Hietanen, E,R, Hi1ll, F,.N, Lancia, H,E. Nastelin, J.D. Nixon, R.W.
Olmsted and D.J. Harvey. Project Direction has been provided by F.A. Shirland,
The basic supporting research has been directed by G.A. Wolff. The devel-
opment work has been directed by F.A., Shirland with J.C. Schaefer super-
vising the film evaporation, cell fabrication and cell testing phases,
and G,H., Dierssen supervising the materials preparation, crystal growth,
array fabrication and testing phases, Dr., Richard W. Hoffman of Case
Institute of Technology was consulted on problems concerning vacuum
evaporation, Radlation damage testing was performed by Mr., Richard
Statler of U, S, Naval Research Laboratory.

Volume I of this report was issued Jamuary 1962 but was not identi-
fied as Volume I, This report is Volume II and is the final report on the
contract.
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ABSTRACT

Development of a thin £ilm solar cell using vacuum evaporated layers
of CdS was continued., Primary emphasis was on the front wall CdS film
cell using molybdenum foil substrates. Efficiencies of large area (up
to 9 in°) front wall cells have been increased to the range of 2 to 3%,
The major factor in this increase was the reduction of sheet resistance
by the use of a fine mesh metallic grid laminated to the barrier surface.

Improved vacuum evaporation techniques have made possible a reduction
in CdS £ilm thickness and in molybdenmum foil substrate thickness - each to
about 0,001", With these improvements, power to weight ratios for CdS
thin film front wall solar cell arrays, that may be suitable for space
applications, of 20 to 30 watts per pound seem assured.

Some teats of CdS front wall f£ilm cells and arrays indicate that
they should be stable in the high vacuum of space, and that they may be
fairly resistant to radiation of the Van Allen types.

Research studies on the structure of CdS single crystals and poly-
crystalline films were contimued with particular reference to grain growth,
orientation and polarity effects, and etching and grain boundary studies.
There have been indications of a correlation betwsen crystallite orientation
and photovoltalc response,

The publication of this report does not constitute approval by the
Alir Force of the findings or conclusions contained herein, It is published
for the exchange and stimulation of ideas,
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INTRODUCTION

The following report summarizes the Air Force sponsored Research and
Development at the Solid State Research Laboratory of the Harshaw Chemical
Company on the use of CdS for photovoltalc energy cznv rsism for the period
from January through August 1962, Previous reports{ls2,3;)have summarized
earlier work on the CdS film and single crystal photovoltaic cells,

In this reporting period the efforts were principally directed towards
developing the evaporated CdS front wall film cell into a high power to
welght ratio solar energy conversion device suitable for space power appli-
cations., Appreciable progress along these lines has been made but much work
remains to be done before CdS rilm cells can augment the present dependable
high efficiency silicon single crystal solar cell space auxilliary power
sources, Plans for continuation of the research and development of the
CdS f£11m cell are being made.

MATERTALS PREPARATION

Sinters and C;zgta.l Growth Runs

With the emphasis of this project on the evaporated film cell, the
work with single crystal growth of CdS was greatly curtailed during the
period of this report. Only a few single crystal growth runs were made
and these were run to supply crystals for the basic supporting research
program, The method of grw?h gf these single crystals were essentially
the same as reported earlier 1,2,3, )with the exception of minor changes in

equipment, layout, ete.

For the purpose of supplying starting material ﬁs}r the vacuum evaporation
of CdS £ilms, a commercial luminescent grade of cas(l) has been used. This 2
material is sintered in vacuum and in inert atmospheres, as outlined earlier( ) N
and then ground to pass a 20 mesh screen prior to charging in the vacuum
evaporation boats. The method of preparation has been generally satisfactory
and reasonably sconomic, Attention has therefore been placed on the purity
of the CdS material rather than on the method of preparation.

Determination of Oxygen in CdS

It has been found that the CdS powder as received contains about 500
ppm SO),~=, that a standard sinter contained about 50 ppm SOL™", and that

FHaruscript released by the author August 1§, 1962 for publication as an ASD
Technical Documentary Report.
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the 50),”" concentration in grown crystals varies from O to 100 ppm. How-
ever, sulfur-bound oxygen is only part of the oxygen present, It is to be
expected from the physical chemistry of the system that most oxygen at
higher temperatures would become bound to Cd as Cd0 rather than to sulfur
as 50),~~, thereby preventing its detection by a &){" determination. There-
fore a method for the determination of Cd0 in CdS is also needed, The
Harshaw Chemical Company analytical section has developed a method: for
determining milligram amounts of oxygen as Cd0 in CdS., While still devel-
opmental in character, reproducible results on blanks and actual crystal
samples have been obtained, Figure 1 shows the apparatus used for the
analysis, and the following is a description of the method.

Anhydrous HC1 at a flow rate of 10-15 ml/min. is reacted with the
sa?ale after a thoroug? ftushing with dry No, Reaction takes place at
1150°C as per equation(l),

1150°C
Cd0 + 2HC1 — CdCly + H0| (1)

Under these conditions, about 60% to 80% of the sublimed CdS reacts as in
equation(2),

CdS + 2HCL —— CdClp + nzst (2)

while the remaining CdS condenses in the cooler zones of the furnace along
with the CdCly formed.

The water that is formed in equation (1) is condensed in the ice cooled
trap and becomes saturated with HCl, After reaction the system 1s again
flushed with nitrogen and the HCl saturated water 1s washed into a beaker
for titration with standard 0,01N NaOH using phenoclpthalein as the indicator.
One ml. of NaOH 1s equivalent to 0.9 milligrams of O2 as udd.

For the standardization of the NaOH an empirical normality factor is
obtained by calibration with known amounts of water, BaClp.2H20 is a con-
venient standard. Using such a factor with known amounts of CA0 has shown
an accuracy of 1%, For a one gram sample of CdS, the lowest concentration
of oxygen which can satisfactorily be detected is 0.02% (0.02 milligrams
or 200 5ppm.) Typical samples gave 0.05 to 0.1% with a deviation of about
1 0.00 L]

The equipment consists of two combustion tube furnaces (Hoskins type
FH-3034, 230 volt), a Matheson halogen gas regulator, a Rotameter gas flow
gauge, and standard bubble columms, valves and connecting glassware. Quarts
tubes must be used for the furnaces. All connections must be vacuum tight.

Most of the condensation takes place at the bend in the tubing where
it enters the ice bath. Spare collectors and cosbustion boats are stored
in a 100°C oven together with a supply of pyrex glass wool to prevent
adsorption of any trace of moisture. The system should be cooled over-
night with all of the valves closed and under vacuum, particularly the
carbon tube furnace,

ASD TDR 62-69 Vol. II
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gas

N2
gas
exhaust
Sample Furnace
Q Q
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Vb '9
ice bath

Key:
Pi,2' pressure regulator gauges
vl-S' single bore glass stop-cocks, 1 mm.
Vg. 3 way glass stop-cock, 1 mm.
Dy _3. sulfuric acid bubble columns
Dh' bubble column with glass wool
F. Flowrator, 3-66 ml/min.
Q. Quartz wool plugs
C. collector tube, 6 mm. Pyrex
S. quartz sample boat
C.F. Carbon furnace - nichrome wire wsund furnace,
with activated carbon bed inside quartz tube.
FIGURE 1
APPARATUS FOR DETERMINATION OF Cd0 IN CdS



Table I 1ists oxide determinations by the Harshaw method for a number
of CdS samples. The amount of oxide detected in the powdered materials as
received from General Electric and Sylvania is of the order of 500-700 ppm,
It is believed that this is over and above the 500 to 83)0 ppm of oxide as
50),”" which has been detected and reported previously. Preliminary
trials have indicated that oxygen bound to sulfur is essentially undetected
by this method.

After sintering, the oxide level appears to be reduced slightly to
200-500 ppm, (The sulfur bound oxygen was found to decrease by a factor
of 10 during sintering.) During crystal growth, the level of oxide is
expected to increase due to such factors as conversion of sulfate to
oxlde, oxygen impurities added from the growth atmosphere via air leaks,
and oxygen being released from growth tubes at the temperature of 1280°C.

This increase is confirmed by data that show the oxide levels present
in the crystals vary from 350 to 1900 ppm (as compared with 200 to 500 ppm
in the starting materials). The variance appears to be due to differences
in seal perfection during crystal growth. In every case analyzed, the
secondary seed plate crystal contained more oxide than the primary seed
plate crystal confirming the belief that oxygen is introduced from the open
end of the system during growth,

Although the method has not yet been developed to a point where a
complete distinotion between oxide and sulfate content of crystals can be
established, the correlation of the effect of oxide contamination to elec-
trical and optical characteristics of CdS is now possible, and steps can
be taken to improve the growth conditions by eliminating the oxygen con-
tamination,

Preparation of High Purity CdS

It has been recognized(l) that the CdS materials available up to this
time have contained apprecisble quantities, in the range of ppm to tens of
ppm, of electrically active impurities, plus larger quantities of impurities
such as zinc, oxygemn, carbon, silicon and other elements whose electrical
effects are not known. In addition, non-stoichiometry, is a source of
further impurity that has been difficult to measure, quantitatively, but
which is known to have major effects on the electrical properties of CdS
crystals,

Following the experience with semiconducting silicon, it is believed
by many that a real breakthrough in CdS for semiconducting purposes will
be made only after ultra purification makes possible the determination of
its fundamental prg;::fb}es and its accurately controlled doping. Previous
experience at Harshaw(6) has indicated that wide variations in spectral
response of CdS photovoltaic cells has been attributable to variation in
trace impurity content, giving rise to differences in the density and dis-
tribution of trapping cemnters,

Preliminary attempts have been made to obtain a higher purity CdS
material by the direct combination of highly purified forms of the con-
stituent elements. Work at the Eagle~Picher Research Laboratories and
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at Harshaw has resulted in higher purity material than is obtainable com-
mercially, but, such material appears to be still appreclably short of the
goal of a really ultrapure CdS, and the problem of non-stoichiometry remains.

EVAFORATED CdS FL/MS

Light Weight Construction

One figure of merit for space power conversion systems is the power
to welght ratio., While there will always be applications where the high
efficiency solar cell (e.g.-silicon and gallium arsenide) will be required,
it 1s expected that lower efficiency solar cells will be preferred in
many instances 1f they can produce more power for less system weight.

The vacuum evaporated CdS £ilm cell shows promise of being capable of
high power to weight ratios compared with single crystal solar cell systems,
While there are a number of design possibilities utilizing vacuum evaporated
f£ilms of CdS for solar cells, the front wall film cell using a metallic foil
substrate has seemed to offer the best prospects for the immediate future
and has therefore received the major portion of the developmental effort at
Harshaw,

Initial work(l) employed ,003 to .005" thick CdS layers vacuum evaporated
onto .002 to .005" thick molybdemum foil substrates. Power to weight ratios
of such cells (complete with leads and plastic encapsulation) up to 10 watts
per pound were obtalned. Subsequent efforts have therefore been directed
at reducing the thickness of the CdS film required to secure good conversion
efficiency cells and the thickness of the metal foil substrate - since these
comprise most of the welght of such arrays. Concurrent efforts were con-
tinued to increase the conversion efficiency of the cells.

It was found that the thickness of the molybdemum substrate could be
easily reduced, but that unless the thickness of the CdS film was also
reduced, the slight difference in the thermal expansion coefficient between
CdS and molybdenum caused curling of the combination. This curling became
too severe for a practical f£ilm solar cell device if the molybdenum sub-
strate thickness was reduced to .001" while the CdS layer remained at .002",

During this period attempts were made to improve the properties of the
evaporated CdS polycrystalline f£i1ms so that thimmer films would yield cells
of good photovoltaic conversion properties. By increasing the temperature
of the substrate during evaporation (at the expense of an increase in the
time required to complete the evaporation) it was found that the minimum
practical CdS f1ilm thickness could be reduced from .002" to ,001", This
made possible a reduction in the minimum molybdenum metal foll substrate
thickness from .002* to 001", and thus approximately doubled the attalnable
power to welight ratio.
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Substrate Materials

Molybdenum metal foll was tried initially as a substrate for the CdS
front wall cell because its coefficient of thermal expansion matched that
of CdS falrly closely. However, at a specific gravity of 10,2 molybdenum
is fairly heavy, Titanium and zirconium also have thermal expansion co-
efficients nearly the same as CdS, and they are much lighter, with specific
gravities of 4.5 and 6.l respectively. However, when these metals were
tried as substrates for CdS film cells, the cells had appreciably lower
conversion efficiencles and a higher incidence of shorted cells. The
problem appeared to be assoclated with difficulties in cleaning these metals
prior to vacuum evaporation of the CdS, Titanium and zZirconium were both
embrittled by acid etching or sandblast cleaning methods. Any less vigorous
cleaning procedure resulted in poor adherence of the CdS film,

When aluminum metal foll was tried as substrate material for CdS it
was found that the CdS films would flake off from the aluminum while they
were cooling to room temperature after completion of the vacuum evaporation
step. This is undoubtedly due to the very great differences in thermal
expansion coefficients.

FMlm Evgoration Conditions

Attempts to reduce the thickness of the molybdenum metal foll substrate
without simultaneously reducing the thickness of the CdS film caused trouble
with excessive curling of the combination, as discussed earlier., There-
fore, attempts have been made to reduce the thickness of the CdS film needed
for good cell performance. At first CdS film thicknesses less than about
0.002" gave rise to loss of rectangularity of the I-V characteristic curve
traceable to a lowering of the equivalent shunt resistance., This was be-
lieved due to imperfections in the CdS film permitting local shorting of
the barrier region through to the substrate.

Therefore attempts were made to improve the structure of the CdS films
by increasing the substrate temperature during the period of vacuum evaporatlon,
An experiment was run in which the substrate temperature was increased from
2209C, which had been adopted as standard, to 300°C. Secondary problems
were encountered due to a greatly reduced rate of CdS deposition which re-
quired more CdS to be evaporated, and for longer perlods of time. However,
film thicknesses up to .001" were obtained, and it did appear that these
thinner f1lms deposited at higher substrate temperatures were better structured.
There were a number of cells made from such films of CdS in the range of
001" thickness that ylelded cells as good as had previously been obtained
from thicknesses of ,002", Films as thin as ,0005" yielded cells with I-V
characteristic curves about the same as had been obtained previously with
CdS f£ilms .0015" thick formed at the lower substrate temperature,

There have been other improvements in processing that may have con-
tributed to the above experience, including improved methods of substrate
cleaning and of barrier electrode formation. However, there are strong
indications that higher substrate temperatures are beneficial and more work
is needed in this area in an attempt to correlate the structure of the CdS
£ilm with conditions of evaporation, and to optimize the evaporation conditlons.

7
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There are a number of practical problems to the use of higher substrate
temperatures, including substrate temperature measurement and control,
deposition rates, and low yield of CdS condensed on the substrate,

The attaining of thinner CdS films, however, is well worthwhile since

it makes possible the use of thinner substrates and gives increased flexi-
bility of the finished arrays, as well as higher power to weight ratios.

Cds FIIM CELLS

Barrier Formation Studies
Conditio; of Barrier Plat Solution

During the operation of the pilot line it was noticed that there was
a variation in cell quality that corresponded to the number of cells that
had been processed in a given barrier plating bath, Closer examination
revealed that the first few films plated in a given bath always resulted
in poor cells,

Obviously some type of bath conditioning was taking place. Since
conditioning has been found necessary in many other plating baths, it
seemed reasonable to expect the same problem to be present in the production
of solar cells, The conditioning could consist of gradual bath purification
by the removal of a contaminant such as cadmium or sulfide ions, or it
could consist of the oxidation or reduction of the organic addition agent
(polyethylene glycol) during electrolysis. The latter appears to be the
mechanism, since an analysis of a fresh, unused plating bath and that of
a well-used bath revealed only one difference; the appearance of a carbonyl
group showing a partial conversion of the glycol. The presence of this
group appears to be a desirable agent for the formation of a good barrler
layer by our present methods. Present procedure is to condition the bath
with a pre~-electrolysis for one hour at the normal current density. The
first few £1lms are no longer detectably different.

Chemical Deposition Utilizing CuCl

A comparison has been made of barriers produced on CdS films by the
regular electrodeposition method, and a purely chemical method. For this
study barriers produced on films by the conventional electrodeposition
method were removed in a KCN solution and a new barrier was deposited by
dipping the crystal into a hot CuCl solution (95°C) for a few seconds,

In a number of initial trials, the magnitude of opem circuit voltage and
short circuit curreat of the resultant small area cells were the same,
Cells of poor efficiency remained poor and those of higher efficiency
remained high, Because this methed would obviously be advantageous in
production further trials were conducted on larger area films., However,
vhile good dark rectification curves were obtained from these larger area
(1 x 3" sise) cells, little or no power was obtained, The reasons for

ASD TR 62-69 Vol. II




this experience are not at all clear.

Electrophoretic Deposition of Cu0

A technique that could place Cu,0 directly onto & CdS film, (in place
of depositing elemental copper and then oxidizing to Cus0), is the electro-
phoretic deposition of particulate CusO from a non-aqueous medium. The
general method involves the deposition of charged particles, which can be
elther metals or compounds, from a solution containing the material in the
form of a suspended sol or colloidal powder, by means of an applied IC
voltage. The charged particles will usually deposit very rapidly on the
electrode of opposite charge when & sufficient electric field is applied.
The particles must, of course, be insoluble in the solvent and must remain
in suspension for a reasonable length of time.

Solvents chosen for this effort were: tap water, distilled water,
alcohol, CCl), and acetone, CCl) seemed to be the only suitable solvent
of those tested, Various electrode materials were used initially to
determine whether deposition of the Cu20 could be accomplished and what
effect, if any, the electrode may have on the system, Cup0 was deposited
on molybdemum producing a thin, very uniform continuous coating. About
500 volts DC was required for a period of 6 minutes., The current, of
course, was negligible, Several CdS films were plated on molybdenum under
these conditions, When contacted with silver print stripes and tested,
they showed rectification but no appreciable power output.

Electrolytic Formation of Cu20

Another method of interest is a procedure for the formation of Cuy0
films on a metallic cathode by electrolysis, at very low current densitles,
from solutions containing copper and certain organics. The original method
was developed as a means of fo colored coatings of Cup0 on various
metallic objects, and the author noted that the coatings exhibited uni-~
lateral conductivity and photoelectric properties., It was felt that the
process could be modified to form Cuz0 layers on CdS films.

The method followed was the immersion of a sultably masked 1" x 3"
CdS film into a solution of CuSO) and NaOH, and plating for various periods
of time up to 64 mimtes,

The current and voltage had to be kept low, less than one milliampere,
with an applied voltage of about 0,25 volts. If the voltage exceeded about
0.35 volts, the electrode potential for the formation and deposition of
030 was exceeded and copper metal plated out. The results obtained varled
quite widely, High current densities produced metallic copper deposits,
while low current densities made it possible to produce large area cells
ranging from 0.1% efficient to 0.7%. Under similar experimental conditions,
a CdS single crystal ylelded a cell of 1.2% efficiency.

The barriers produced were always transparent and generally exhibited
a blue color due to light interference, The Cup0 coatings were essentially
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uniform in thickness over the entire CdS film, Other colors are obtained
occasionally in certain small areas but never over an entire film, Attempts
were made to obtain these other colors, such as gold, orange, and green,
since they are related directly to the thickness of the deposit and would
permlt a comparison of Cu20 layer thickness with cell characteristics, and
might possibly provide a better insight into the barrier's nature, Colors
other than various shades of blue were not obtained.

Other baths of this nature have been tried, but there were no indica-
tions of better results than what was experienced above.

Hull Cell Study

Difficulties experienced with the tests of the Starek type bath and
the difficulty of producing variors thicknesses of Cu20, led to the use
of a Hull Cell to facilitate the study of this bath, and also the determina-
tion of the E’.mm current demnsity for the present barrier plating bath,
The Hull Cell is a very useful tool for the analysis of plating baths
of all descriptions for control, research and development,

The Hull Cell consists of a container that holds an anode, a cathode
inclined toward the anode, and a plating solution, When a potential is
applied, plating occurs and a gradation of current densities laterally across
the entire face of the cathode results according to the equation.

A = C (27.7 - 48.7 1og L)

where:

A = current density
C = total current
L = distance along the cathode

An examination of the deposit permits the determination of the optimum
current density needed for a given effect. (Such effects might be b t-
ness, color formations, powders, matte finishes, or the lack of these.

The results of various concentrations, temperatures, degrees of agitation,
addition agemts, or impurities can also be readily determined,

The Hull Cell was used to check the performance of the regular barrier
plating bath, During one of these tests, it was found by sectioning the
plated CdS film and testing sach section separately that the high current
density area (A 200 ma per cw?), measuring about 1" x 3/8", was a cell
of 1.5% efficiency while the entire film cell was only 1.1¥ efficient.

This indicated that better barriers might be formed at higher current
densities than those presently employed. Subsequent experiments have glven
similar indications, but conclusive data have not been obtained. An optical
examination of the cells after barrier plating, (before the removal of the
excess material) showed dense dendritic growth over the high current density
surface of £films, These areas later proved to yield the better cells. The
areas that gave only moderate efficiency cells showed fewer dendrites and

10
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had very small areas of smooth copper and areas of exposed CdS. The areas
that gave very poor results were those where the smooth copper and exposed
CdS comprised the major portion of the surface.

Barrier plating experiments run at the same conditions but using metal
cathodes in place of CdS films have not given the same dark mossy deposit,
This indicates wide local variations in current density over the surface
of the evaporated CdS films. This seems to be related to the work dune
on the CdS surface, This is borne out by the observation that certain
grains appear at times to form a barrier more readily than others. More
effort is needed in this area.

Pllot Operations

As part of the effort to achieve reproducibility a small scale laboratory
pilot line was started about a year ago to fabricate front wall CdS film
cells on molybdemum substrates. This line has operated continuously since
then and has provided a base line against which presumed improvements in
design and processing could be compared. More than 300 1 x 3" cells have
been made on this pilot line, and there has been a gratifying improvement
in average cell efficlency as a direct result of this effort.

A degree of reproducibility was gradually achieved as a result of the
pilot line operation, and a set of standard operating procedures for the
various processes evolved.

One result of the pilot operation was the observation that there might
be a correlation between average cell efficiency and room humidity. A
mmber of cells of appreciably higher conversion efficiency were obtained
during one week when the humidity was at a minimum (20 to 30), Records of
humidity were therefore kept and carefully compared with average pilot line
cell efficiencies. There did indeed appear to be a correlation but there
were other factors that complicated the interpretation of these data, and
prevented a definite conclusion.

It is planned to run a carefully controlled experiment in an effort
to arrive at a definite conclusion regarding the influence of humidity
during processing on cell efficiency. The pilot line operation will be
moved for selected periods to a humidity controlled room (20 to 30%) and
the results compared with periods when normal room humiditles prevail.

If indicated, dry box operations of the critical processing steps can then
be evaluated.

Another test that 1s planned is the use of dry heated air to accomplish
the heat treatment of cell barriers., It has been found that heat treating
the f£ilm cells after barrier electroding by using a low temperature oven
gives more reproducible results than the faster higher temperature "heat
shot" on an electric hot plate. (Oven treatment for 30 mimutes at 150°C
has been found to give more uniform cells with higher efficiencies on the
average.) The use of really dry air fed to a mechanical convection oven
for heat treating barriers on large area film cells may lead to higher ef-
ficiencies and greater uniformity.

11
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A second, but smaller scale, pilot line was started for the fabrication
of rear wall CdS film cells on 1/16" thick conducting pyrex glass substrates.
This was done to facilitate studies of the differences between front wall
and rear wall CdS film cells - and to provide higher efficiency cells than
were achievable with the thin light weight construction. A standard pro-
cedure for the fabrication of these rear wall CdS film cells was developed
and a degree of reproducibility was achieved, Average conversion efficiencles
of 3,0% in equivalent terrestrial sunlight ?re obtained. The process is
essentially the same as outlined earlier, 1

H__igher Efficiency Cells

At times it has been observed that portions of a larger area CdS film
cell will produce appreciably higher power output per unit of area than the
cell as a whole. The evaporated thin f£ilm CdS cell lends itself readily
to the isolation of smaller areas, or to sectioning into a number of smaller
area operating cells. In an effort to determine Just what levels of con-
version efficiency might be physically attainable from the CdS front wall
photovoltaic cells, a mumber of standard 1 x 3" sized front wall cells on
molybdenum substrates were cut into smaller areas and tested. At a time
when a maximum conversion efficiency of only 1l.1% had been obtained from
a larger area front wall cell, a number of smaller area cells wera found
that had appreciably higher conversion efficiencies, A maximum of 2,.5%
was observed, Table II shows the results of 5 smaller area cells that
wer; cut from larger area cells, The efficiencies ranged between 1.5 and
2.2%.

TABLE II
SMALL AREA FRONT WALL CdS FILM CELLS

Yo (Voats) {aa) (o) 5
1 0.L9 1.16 0.17 1.5
2 0.49 1.40 0.16 1.7
3 0.50 .82 0.10 2,1
L 0.k9 .72 0.12 1.6
5 0,50 1.3 0.12 2,20

12
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While these small area cells are of little practical value they do
prove that higher efficiencies are feasible, Also, they emphasize the
lack of uniformity existing under certain conditions across the surface
of individual large area cells, Sectioning of more recent front wall cells
has shown a much better degree of uniformity across the surface of the
cell, but the small areas of relatively high conversion efficlency seem
to have been sacrificed in obtaining the uniformity. It is noteworthy
that all of the higher efficiency smaller area cells had an open circuit
voltage of 0.49 to 0.50 volts. This is about 5% higher than normally
attained on the larger area cells, This may be an indication of better
current collection and less sheet resistance,

Spectral Response

In the operation of front wall CdS film cell pilot line a number of
cells were produced, all at about the same time over a period of a week,
with appreciably higher conversion efficiencies, It was noted that these
cells, that ranged from about 1l.L to 1,8% efficient, were also characterised
by an improved spectral response, Figure 2 shows the spectral response,
both in monochromatic light and with white light bias, for what was at
this time a typical 1% front wall f£ilm cell (No. 265). Figure 3 shows
corresponding spectral response curves for one of these higher efficlency
cells (No. 263). There is greater response at all wave lengths, but
particularly at those wavelengths longer than the absorption cut-off on
CdS, In additlon, there 1s greater"enhancement® from white light bias,

At present the reasons for this improved spectral response of a few
cells remain a matter of conjecture. There have been some improvements
in processing introduced at about this time including a refined method of
heat treating the barriers. However, these improvements do not correlate
closely enough with the presumed processing improvements and the higher
efficiencies have not remained, though the process refinements have, It
seems likely that the phenomenon may be connected either with the location
and distribution of trapping centers giving rise to the two stage trans-
ition from valence to conduction band, or to some rate determining factor
such as recombination centers at the front surface or quenching mechanism
in the crystal. From the curves of Figures 2 and 3, the latter possibility
seems more likely and further studies of these factors are strongly indi-
cated.

A few experiments were conducted involving the evaporation of a 0,05%
Ag+0,01% In-doped CdS (Lot 1-72) in an attempt to emnhance the spectral
response of the CdS film cells to correspond to what was obtained in the
high efficiency cells. Film thicknesses of about 2 mils were evaporated
onto 0.002" molybdemum and produced darker but wall adhering films., How-
ever, subsequent cell fabrication invariably resulted in shorted cells.
Dilution of lot 1-72 to 0.005% Ag+0.001% In concentration permitted cells
of 0.5 and 0.6% efficiency to be produced, The I-V curves still revealed
low shunt resistance, however, Lot No. 1-63E (0.003% In) also produced
0.5 and 0,6% cells of low voltage, and no increase in spectral response
was noted.

13
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Sheet Resistance and I-V Curve Analysis

The front wall CdS cell requires a partially transparent clectrode for
contact to the positive barrier surface. No highly conductive transparent
£4Im compatible with the barrier layer has been found as yet. Therefore,
grids of conductive sllver paint have been used., The barrier surface
exhlbits a sheet resistance, so that current generated some distance from
the electrode will produce a voltage drop due to the surface resistance
in passing to the electrode. Assuming uniform current generation over
the surface, the voltage drop produced will he a function of the distance
from the point of generstion to the electrode, and will influence the
shape of the I-V curve of the cell., To determine the expected magni-
tude of the effect, an analysis has been made,

Consider an elementary cell, as shown in Figure L.

Collector Electrode (+)

e
/ Metal Substrate Electrode (-)
CdS Film
]f
Barri

Z

er
Barrier

CdS —epf Q o 3 Enlarged Cross Section
Metal % & L S

K

FIGURE
Elementary CdS Front Wall Film Cell
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Charge is generated in the cell, Negative charge passes through
part of the CdS film into the metal substrate and out to the external
circuit, It re-enters through the positive collector electrode, passes
through the sheet resistance of the barrier and back into the film.
(Positive charge can be traced in the opposite direction). The resistive
components of this circuit are the CdS film, the metal substrate, the
barrier layer sheet, and the external resistance.

The ideal cell has an I-V characteristic described by

qV
nkt
I = IB [0 -g - Isc

I3 = saturation current
n = oonstant, usually 1$nS2
Ige = light generated current

The equivalent circuit for this is shown in Figure 5,

Constant -
Current sC
Generator +

R1oad

-

—O-
+

3
con [T

Equivalent Circuit for Ideal Cell

The addition of the resistances in the f£ilm, substrate and barrier
alters the equivalent circuit as shown in Figure 6

17
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Ry R2 R3
— A A/ NNV
Barrier CdS Metal
Sheet Film Substrate

Q Isc R1oad

FIGURE 6
Equivalent Circuit for Cell After Addition of Resistances

In a practical cell, Ry and Rj are not linear impeduaces when seen
from the output terminals, since t. are distributed along the physical
length of the cell. The physical effect of these resistances is to produce
a voltage drop which is added to that across the load.

To proceed with the analysis, two assumptions are made.

1) The barrier layer impedance is a resistance and can be
characterised by a sheet resistivitylo,.

2) The resistances due to the metal substrate and CdS film
are neglected, The metal substrate sheet resistivity
will be about 133 ohms per square for 2 mil molybdenum
whereas the barrier layer has a sheet resistivity of
the order of 103 ohms per square. The resistance due to
the CdS f£1lm will have the effect of a constant resistance
in series with the load.

The equivalent circuit of the practical cell is now formed from
distributed parameters, as shown in Figure 7,

01 9797011 91 for

Equivalent Circuit of Practical Cell
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S i
£R= P. length 'PS[%':]

width

Because of the exponential relation for the I-V equation of the diode,
the analytical solution of the circuit in Figure 7 leads to a non-linear
differential equation which can be solved only by numerical methods.
However a useful approximation can be made if it 1s assumed that the
I-V curve for the diode is as shown in Figure 8.

I
)
L - v
Voc
FIGURE 8
Assumed Diode 1-V Characteristic

Under this assumption, each current generator will supply all its current
to the external load if it sees a voltage less than Voec. If it sees more
than Voo, all its current passes thru the diode.

An equation relating the current and voltage can now be set up.
Referring to Figure L, the assumption of a uniform sheet resistance means
that for a current generation which is uniform over the entire cell area
the equipotential lines are parallel to the collector electrode. The
only dimension of interest is the distance along the length of the cell,
so the elementary cell is redrawn as in Figure 9,

, )
/ L

. 1

|-q— X )
& ' G
X=0 X=1
FIOURE 9
Revised Elementary CdS Front Wall Film Cell
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At point x, the current generated by the area to the right is I (x)

X
I(x) = Igc (1 - I)

The current generated by a stripe of width Ax is :

Ax
I-Isc(-r)

This is independent of x.
The resistance seen by this element of the cell is

o -]

The voltage this produces across the sheet resistance is

DV = R(x) I=0s8Isc (L-X) AX

The voltage developed across the sheet between the electrode at X = L
and any point X is

L
) - f /Q_%E (L~X)ax -%g (L-x) I(x) = Ige (X-L)
X

Eliminating X

gg L = voltage developed across the sheet resistance
Vs = sc
Now

Yoc = Vg * V10ad

and

Vioad ™ Yoo = Vs = Voo -ﬁ:; ?

ASD TR 62-69 Vol. II
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A similar analysis can be made for a different collector electrode
geometry, namely an elementary square cell with a peripheral electrode as
in Figure 10, This would be representative of a collector electrode in
the form of a screen grid.

FIGURE 10
Elementary CdS Front Wall Film Cell With Peripheral Electrode

In this case, the area is divided into four triangular quadrants by
the diagonals of the square, The current from each triangle is assumed to
go to the electrode along its hypotenuse, This is equivalent to assuming

that the equlpotential curves are also squares, The elemental generator
is then as shown in Figure 11 /1

</
/7

<

N\
N\
N

a N\
Z
FIGURE 11

Elementary Generator of Cell With Peripheral Electrode

By mathematics and reasoning similar to the previous case, the resulting
equation 1is:

Ja2 I I I
V10ad = Voe - "Izﬁa [ (1-32%) 1n (1-J32) + :ra’i}

where J = generated current per unit area

21
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It is now possible to compare two grid structures illustrated in
Figure 12,

— . e T

2a

i

~ ot
FIGURE 12

Two Collector Electrode Grid Fatterns for CdS Front Wall Film Cells

The two cells are equal in active cell area and in surface area of
the conductors, since the horisontal conductors of the square grid pattern
are taken out and placed midway between the vertical conductors of the
parallel pattern,

Assume the following values
Voc = 0.5 volts

Py = 10S ohms per square

J =10 m/cn2
a = 1/20 inch

Figure 13 shows the calculated I-V curves for the cells of Figure 12
with areas equal to a? and the above assumed parameters. Clearly, the
square grid is superior. In the same figure, the dashed curve shows the
calculated I-V cgﬁve for the square grid pattern with an assumed sheet
g:iativity of 104 ohms per square, the rest of the parameters remaining

same,

If the dimemsion & is docreuodbyusinglmdwithloonﬁou‘pw
inch, the value of JaZ decreases by a factor of 25. For P, = 10% ohms/square,

and a grid of 100 lines/inch, the voltage drop due to the sheet resistance
at maximum current is 0.4 millivolts., In this case, the effect of sheet
resistance should be negligible,

Measurements of the sheet resistance of typical CdS film cells have

ranged from 100 to 10,000 olms/square with the majority less than 1000
olms/square.
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Collector Electrode

In the above analysis it was shown that the effect of sheet resistance
should be greatly lessened by increasing the number of grid lines and going
to a square grid pattern. For purposes of comparison it was assumed that
as more grid lines were used, the width of each decreased in proportion so
that the current carrying capacity of the collector electrode remained the
same as well as the total active area of cell barrier surface, In practice
this is not so easy to accomplish with the conductive silver paiat used
up to this time for a collector grid for the front wall CdS film cell,

With the techniques in use it would be very difficult to go to mesh grids
with more than about 10 lines per inch,

However, another technique was developed at this time which got
around the difficulties inherent in the use of conducting silver print,
This technique used a screem of silver metal laminated against the barrier
surface and held in intimate pressure contact to the barrier by a trans-
parent plastic layer heat sealed in place., The lamination process was
the same as described earlier(l) for encapsulating CdS front wall film
cells in plastic envelopes.

At first silver grids were laboriously fashioned from fine silver wires,
flattened and formed into desired geometries. Then it was found that screen
grids could be obtained commercially that were formed from metal foils by
etching awxy the metal between the desired grid lines. Grids of silver,
gold, copper and other metals with lines as thin and narrow as .001", and
with line spacings as much as 280 to the inch could be obtained from the
Buckbee Mears Company of St. Paul, Minnesota. These are expemsive, but
the results obtained when they were applied as collector grids to CdS
front wall f1lm cells were spectacular. Cell efficiencies of 1% to 2%
times wvhat had been attainable with silver paint grids were secured with
this technique.

With the silver paint collector electrodes, cell efficiencies of 0.6
to 1.4% were obtainable reproducibly on 1 x 3" and 3 x 3" front wall £ilm
cells using molybdenmum foil substrates. Using the metal foil collector
grids laminated in place, cell efficiencies of the same size cells increased
to between about 1.5 and 2,9%. There have not as yet been sufficient cells
fabricated by this technique to determine the average reproducible cell
efficiency obtainable by the method.

One series of experiments were run, utilising this technique of
laminating the collector grid in place, in order to check the series re-
sistance - I-V characteristic analysis of the previous section of this
report. Nine front wall film cells were contacted by laminating various
square grids, Four were contacted with 90 line per inch grids of silver,
three with 20 1line per inch grids of silver, and two with 70 line per inch
grids of gold, I-V curves under simulated sunlight 1llumination were taken
with an oscilloscope and camera, Using the measured values of open circuit
voltage and short circuit current, the curves were fitted t. the following
equation,

- Eﬁf -1] - Iy

24
ASD TOR 62-69 Vol. II



The values of n & I, were chosen to give the best fits to the various
curves, Figures 1l, 15, 16, and 17 show the curves for cells with the 90
line per inch silver grid, These are all fitted well with a value of n
between 3 and L, Figures 18, 19 and 20 show the I-V curves for cells with
the 20 1line per inch silver grids, These are also fitted well with a value
of n between 3 and 4. Figures 21 and 22 show the I-V curves for cells
with 70 line per inch gold grid. These also fitted very well with a value
of n between 3 and L.

Some conclusions can be drawn from the above as follows:

1) Fixed series and shunt resistance elements are not present
in these cells since thelr presence in an appreciable degree
would cause large deviations from any exponential curve at
the short circuit current and open circult voltage points,

2) Sheet resistance in cells with these collector grid contacts
is negligible since there is no noticeable change in the fite
of the curves from 20 to 90 lines per inch grids.

3) Since the I~V curves are all of the same general shape, the
major variation between cells is the generated short circuit
current. It is possible that the mesh electrode does have
an effect on the barrier geometry in the manner of a point
contact dlode, That is, the metal electrode may change the
character of the barrier region, making a deeper junction
than exists with no electrode. This may account for the two
cells with gold electrodes having such high short circuit
current. The other possibility is that the gold electrodes
were placed on superior cells,

i) Whichever of the foregoing possibilities is true, the key to
still higher power output now lies in the inner workings of
the device. The external collector grid geometry now appears
to be adequate.

Cell Testing

One disadvantage of the new method of contacting the cells is that
a cell must be laminated before its electrical characteristics are known.
This makes it inconvenient to match cells in a larger array or to eliminate
occasional shorted cells.

Therefore work has been started to develop a method of testing such
cells by pressing a collector grid against the barrier surface without
actually laminating it in place, Placing a grid between a glass plate
and a cell and backing the cell up with a rigid steel plate was not
successful in reproducing the conditions existing when the grid was actually
laminated in place., The indicated efficiencies obtained by shining the
1light through the glass plate in this mammer were much less than when the
same cells were actually laminated.

The next step was to design a unit that would press the cell by means

5
ASD TDR 62~-69 Vol. II



JIVINOD IUD FUVADS MYATIS HINI H3d SANTT 06 HLIM 05 °*ON ‘TIEO HOZ SEAMAD A-I QIIVINJIVO ANV IVAIOY °HT JunoTa
]
’ 2w ST = ®eay
| J  J B v | | v | Ll | |
09T
1
3 on
02T |
00T 1
J d
®yeq TeN3OV
\ N_B ST = woay 9 <
.\os v usJIm
s / W Ul 3 0
\ o
oz
SITOA o T
5 svtom se* € sz° 2" st s0: ] so°-  T'-

26



IOVINOD UT¥4D TUVADS YIATIS HONI ¥3d SANIT 06 HLIM TS °ON TTED ¥Od SHTAUND A-I TEALVINDTIVO ANV TVALOY

ST TuNOId

08

\\ 2w ST = eaay of
/
x
/
ON -
—___
wu 09 - ) T- alfe1=1I
A 'W Ul
A quaaard Q1 +
SN s€” of" sz (o7 Ad ST ot S0+ 0 S0°- ol°- ST°-
[ 1 [ '] '] _p 1 '] 1
v L{ | | v v L4 | 5

s3T0A

27



LOVINOD aT¥D FYVADS WAATIS HONI ¥Ad SINIT 06 HIIM 25 °"ON TT2D ¥Od SIAMND A-I QEIVINDTIVO QNV TVALD

9T JUNoId

‘a -

wu G - I1- 9

Wmﬂ

N__B ST ‘xoaddy seay

oJ

\~...
Xy o
\.J/
I s
:

su g -H- mmwou—mm.o =I

\ Ysel JIeATIS exenbg youy Jed
] BOUTT 0§ 30v3u0) JeTIIRg
\ UCTIBUTUMTII AYBTTUMS pejeTrarls
838 PO3eTNOTR) R Tenj0¥Y

J0J 3w TOA SA JUSIIN)
2S TIe0 J0F #ang A-I

it

JuBLIMY

ST

ot

J

S0°- 01"

eevoess sonsed

on* 83T0A

28



JOVINCO QI¥D RIVNOS gIATIS HONI ¥ad SINIT 06 HLIM €5 °ON TTID YOd STAUND A-I TIALVINOTVO ANV TVALOV

LT TUNDId

S ST = ®aay

T
ot
h:
u
quedan)
ott
sh sz 0z’ 1% otr 5o D §o'-  or*- ST'-
1 __q 3 A N I i i
L} L L v L O LB LB

8370




LOVINOD dI¥D FYVNOS UHATIS HONI ¥Ad SANIT 02 HIIM NS °CN TIZD HOd STAHND A-I GEIVINDTIVD ANV TVALOV

81 JUNOIA

wo GT = eaay

4
oy - [
25

09 =

Kl\l-‘l‘lﬂ"‘"‘x"'-lw

f) (1,9
J
¥ 4
] 0z |
B Uy
queazan)
0T ~
\ 0
. . . o . Ha OHo °o+ °0| Oﬁ'.l .HO
wof o s e s o sT oU s s0- ot~ ST

S3T0A

30



JOVINOD (T¥D FUVADS ¥AATIS HONI Wid SINIT O2 HLIM RiSS *ON TTID ¥OJ SITAUND A-I QEIVIROTIVO ANV TVALOV

&1 Tunotd
08
wa Uy

ol

31



LOVINOD (I¥D FYVNOS YHATIS HONI ¥Hd SENIT 02 HIIM 65 "ON T4 HOJ STAYND A-I CILVINOTVO ANV TVALOV

02 TunbId

N__.o 91 *xoxddy wexy

—.

® -
\\

\\
\\
\n\ !8-*. meH.H.H
‘ e

wjeQ TeN3oY *, 05 ]
/7
/ol *u U jueLm)
/
/ oi
\
?
/
(a ot 7
/
/
(]
(4
X -
/] 0z
7
4
of
ot
s on s€ ot” s2 o2 ST o1 S0° 50°- 0T~
L g1 1 1 1 1 1 i 1 | 1 }
0

32



LOVINCO QI¥D FUVADS QTOD HONI ¥Ed SANIT OL HIIM 9OTX °ON TIFD HOJd SHAMND A-I QEIVINOTVD GNV TVALOV

T2 HNOTd

Nsu ST °xoaddy weay

ed TeMOY

091
W Ul JUeIINY ot T
(AR o

B — ——a—2 ]
- e I e X
oot T
8+
8.'

3



LOVINOO dT¥D FHVADS qT0D HONI ¥3d SANIT OL HIIM LOTX °ON TIHD HOJ STAMND A-I CILVINOTVD ANV ‘IVALOV

o

¢Z TyNnoId

NEo ST °xoaddy seaxy

on

ONl'

$3T0A 0

34



of a back up rubber diaphragm and gas pressure against the grid and thick
glass plate, The unit was designed to operate with pressures of up to

50 psi; and is illustrated in Figure 23, Tank nitrogen controlled by a
pressure regulator was applied behind the rubber diaphragm to press the
cell against the collector grid and glass plate, A steel frame retained
the glass plate, Leads were brought out from the silver collector grid
and from the back of the molybdenum substrate, Table IIT shows the results
of testing one cell on this apparatus,

TABLE ITI
EFFECT OF DIAPHRAGM PRESSURE ON INDICATED CELL QUTFUT USING
= DERDERNY ESYIPRRENS

Eressure Yoo Jsc Efficioncy
0 0437V 80 ma 1.0% (hand striped)
0 0 0 0
20 A7 8o 1.1
30 L8 o L2
Lo .18 86 1.3
50 .48 88 1.k

It appears that more pressure is needed in order to adequately duplicate
the effect of laminating a collector grid in place. A new spparatus of
improved design is being made because the temporary unit was found to be
rather cumbersome and inconvenient to use, It does sppear that this method
of inmitial cell evaluation can probably be made to work satisfactorily.

ARRAYS OF CELLS

Design of CdS Front Wall Thin Film Cell Arrays

The method of encapsulating thin large area CdS cells by laminating
them complete with their intercomnections and outpu} leads between two
shests of transparent plastic was described earlier(l), While minor

improvements in technique have been made since then, the method remains
essentially the same,

Becanse of the lack of stability of the CdS film cell in the presence
of water or water vapor, arrays designed for use whers water vapor is present
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mst be protected from the water vapor. For terrestrial use CdS front wall
f11m cell arrays must be protected by a transparent humidity proof package.
Glass or thick plastic layers are possible materials for such & package.

For photovoltaic arrays used in outer space applications the require-
ments are different, Since there is no water vapor in outer space, the
photovoltaic arrays could be stored in a passive state while on earth.

They could, for instance, be folded into a small sealed capsule of aluminum
foil until they were transported to outer space, and then the capsule could
be broken and the array unfolded. The main consideration for a solar cell
array in space applications is a high power to weight ratio, and a small
volume in its passive state, together with a long life and dimensional
stability in its active unfolded state in outer space, There are many
design possibilities which would satisfy these requirements. One can
visualize a space structure as an array of cells held together by a light
plastic film-wire lead structure folded into a cspsule and unfolded in
space like an umbrella or a sail. Many plastics lend themselves as
structural elements for a light weight £ilm type structure; thin films

of Mylar, Kel-F, Nylon, Folyethylene, Cellulose Acetate and rubber could
all be considered, Although atmosphere is not a factor in outer space,
several other factors could have detrimental effects upon a photovoltailc
array and mst be considered in evaluating a space structure., Cosmdc
radiation, impact from micrometeorites, temperature cycling between

earth shade and sun exposure are some of the more obvious.

Performance of Arrays

There have been a number of 1 x 3" and 3 x 3" area front wall thin
£11m cells laminated into arrays during the period of this report. These
were done for a mmber of different reasons including evaluation of the
lamination process, evaluation of various laminating materials, production
of arrays for 1life and envirommental storage tests, for demonstration units,
etc, Smaller cells were laminated for radiation damage testing studies,
During the last few months of the period, the revised collector grid
design was evaluated and was made standard as soon as larger supplies
of the grids could be obtained.

Because of the wide variety of sizes, designs and purposes involved,
the arrays constructed over the 8 month period are definitely not comparable,
Table IV lists some of the better arrays constructed towards the end of
the period using improved designs and procedures. Included is a 1 square
foot array that was delivered to the Contract Monitor. This array is shown
in the photograph of Figure 2. The array consisted of 4 smaller arrays
of 4 - 3 x 3" cells connected in series, These L arrays were connected
in parallel to form the square foot array. Under equivalent terrestrial
sunlight this 1 square foot array ylelded 0.75 watts at 1.3 volts and
0.75 amperes., Its open circuit voltage was 1.75 volts and its short
circuit current was 0,80 amperes. At a total weight of 136 grams the
array should deliver 3,5 watts per pound in extraterrestrial sunlight.

The maximum power to weight ratio obtained during the period of this
contract was measured on a single 3" x 3" cell that was formed on an
0.0C1* molybdermm metal foll substrate and encapsulated between two
0.00075" thick "Cspran" (nylon) plastic sheets. This "array" gave an
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indicated maximum specific power to welght ratio of 33 watts per pound.

It 1s of course to be emphasized that these are merely individual small
area components and not large area complete systems, Also, it is not
known as yet whether the components as designed will be sultable for the
environment of outer space., The data are indicative of progress being
made towards the goal of large area high watis per pound devices for space
solar energy converters,

Considerations for Unfurl. Arr in Space

Many unfurling film structures are designed for use in daily life
applications, Examples are: a roll, a sail, an umbrella, a fan,a window
shade, a parachute and a balloon. In space, a mechanical unfurling would
probably have to be based on a mechanical means such as spring action or
a rotational force such as centrifugal force since gravity forces or air
pressure would not normally be available,

The general design of an unfurling device will depend on the design
ot the space system for which it is intended., The characteristics of the
thin £11m CdS cell including light weight, large area, thinness, flexibility
and possible resistance to radiation damage may well give additional degrees
of freedom to the design of unfurlable solar cell arrays for space systems.
In addition to such readily suggested designs as a rolled film, telescoped
fan, inflated balloon, umbrella and an articulated accordion, more sophis-
ticated designs will probably occur to designers in this field.

Figure 25 shows two simple methods of furling and unfurling that
might be applied to arrays of CdS film cells, Figure 25A shows an artic-
ulated design folded like a map and unfurled by applying a force in the
direction of the arrow, Figure 25 B shows a rolled rug design with metal
springs laminated into the edges of the array. These springs would unroll
the array and hold it flat and rigid as soon as the restricting capsule
158 broken, In this design the metal springs could also be used as con-
ducting leads to carry the electrical current from the array.

Stability Studies

It has been past experience that exposure to humidity reduces the
output from CdS single crystal photovoltaic cells, This effect has been
remedied by a bake-out, or it has been prevented by protecting the barrier
of the cells from moisture, Similar degradation effects from water vapor
have been experienced with the CdS thin film cells, Hence, it has been
necessary to protect the film cells by storing them in desincators and/or
by encapsulating them in plastic of low water vapor permeability.

At an early stage of this program cells were encapsulated and stored
in various atmospheres to determine the long term effects on efficiency.
Figures 26, 27, and.28 are plots of the data of cells kept in normal room
atmosphere, in a desiccated atmosphere, and in a partial vacuum for ap-
rroximately 200 days., Table V lists the various encapsulating materials
wed,

Figure 26 shows typical depreciation curves for CdS film cell arrays
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TABLE V
ENVIRONMENTAL LIFE TEST UNIT SPECIFICATIONS

otive ~Lamination I’la:tz.c Encapsulation Lok
Unit Arga ness ness
No. om Iype mil Type mils
17 14,7 Polyethylene 2 Mylar 1
30 .0 None - Tedlar 2
50 1.0 None - Aclar 5
60 15.0 Capran 3/4 Trithene B I
61 15.0 Capran 3/L Trithene B 4
62 15.0 None - Visotherm 5
1034 15,9 None - None -
1040 15.0 None - None -
1188 7.5 Capran 3/L Trithene A 1-1/2

e e e s —  —————— = ——— |

exposed to the normal room atmosphere for about 200 days. It is very apparent
that the efficiency will decrease in proportion to the amount of molsture

that can come in contact with the CdS material. The umprotected cell (No.
1034) and those laminated in plastics that are relatively permeable to water
vapor such as Mylar-Polyethylene (No. 17), and Polyvinyl Fluoride (No. 30),
depreciated to 10 percent of their initial efficiency within 1 to 2 months.
Contrast this with the curves obtained for cells encapsulated in plastics

of low moisture and water vapor permeability such as the Polychlorofluoro-
ethylenes, Trithene and Aclar, where little or no depreciation has taken
place over the test period.

Figure 27 1llustratus the improvement that is obtained by storage of
thin £ilm large area CdS cells in a desiccated atmosphere., Cell number 62
encapsulated in 5 mil Polyethylene, and cell No, 60 encapsulated in Trithene
B, exhibited significant efficiency increases with time indicating a removal
of detrimental moisture from the cells. Cell No. 62 increased in efficiency
more rapidly probably due to the higher water vapor permeability of the
Polyethylene., Cell mumber 17, 30, and 1034 were taken from the room atmos-
phere test after about 2 months and were placed in a desiccator. As can
be seen in Figure 27 mumbers 30, and 1034 immediately began to recover.

Cell No. 17 has not responded, and is not plotted. This correlates well
with the laboratory atmosphere tests with respect to the plastics and water
vapor permeability when it is remembered that in the first instance the

ASD TDR 62~69 Vol, II 4
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water vapor 1s entering and in the second case the water vapor is leaving
the cell,

Figure 28 illustrates a preliminary vacuum storage test to determine
the stability of CdS cells in such an environment, Unfortunately, the seal
of the system was not completely tight, and as a result air leaked into the
system slowly., The vacuum was maintained intermittently only, since a pump
was not permanently attached to the system., Thus the test was not completely
satisfactory,

Cell No, 1140, Figure 28, was unprotected, while No., 61 was encapsulated
in Tritheme, Both cells held up well., During the test period, Cell No.
1140 behaved somewhat erratically. This might be expected with an unprotected
barrier where water vapor could be adsorbed or released freely depending
on the state of the vacuum., In general, the three tests confirm previous
experience that moisture has an adverse effect on the CdS photovoltaic
barriers,

Radiation Damage Testis

Initial radiation damage tests on CdS film cells were run at the RCA
Laboratories and reported at the IAPG sponsored conference on R-d%ation
Damage Testing of Solar Cells held at NASA Hq. February 28, 1962.(9) The
indications from these very preliminary tests were that CdS film cells
might possess appreciably greater resistance to radiation damage than higher
efficiency silicon cells -~ even of the n-on-p type.

Since CdS photovoltaic e¢ells have an extremely thin barrier region -
on the order of 0.l microns, it is conceivable that damage effects would
not be localized in this very thin region as readily as they would be for
cells with apprecisbly thicker barrier regions, Also, it is entirely
possible that different degrees of radiation resistance might be exhibited
by the three types of cells, i.e. front wall film, rear wall film, and by
the single crystal CdS cells. The RCA tests were apparently run on the
back wall film cells on conducting glass substrates. It is not lkmowmn
vhether the radiation was incident directly on the cell barriers or through
the glass substrate and CdS film.

During this period, accelerated radiation damage tests were kindly
conducted on Harshaw fabricated CdS evasporated film cells by the U, S,
Naval Research Laboratory. These tests were run by Mr. Richard L. Statler
of the Insulation Section, Electromagnetic Materials Branch, Solid State
Division through the cooperation of Mr, E, L. Brancato, Head of the Insulation
Section,

Two series of tests were run, In the first series, CdS front wall
£ilm cells on molybdemum substrates were laminated in different plastioc
£ilm encspsulating materials and exposed to 1.5 Mev eloctrgan while other
samples were exposed to 1.1 to 1.2 Mev radiation from a Co™™ source, The
results are swmariszed in Table VI, While the results are somewhat scattered,
it can be seen that the initial indications for possible radiation resistance
with the GdS f£ilm cells are favorable, This is the case in spite of a
complicating feature of these tests - i,e, that the cells wers not cooled

o
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during the tests and consequently there was considerable charring of the
plastic encapsulating layer due to overheating of the plastic at the high
radiation intensities employed., This charring and delamination of the
plastic must have made it much more difficult to get the light to the cell
for the final cell efficiency tests and hence have probably indicated a
greater drop in output of the cells than actually occurred due to radiation
damage of the barriers,

Therefore, & second series of tests were run and during this test
the cells were cooled so that in no case did the temperature of the cells
exceed 30°C, These data are given in Table VII. Here the results are
scattered even more widely than in the first series of tests, It does
appear that the type of plastic encapsulant may have a considerable in-
fluence on the degree of radiation resistance imparted to the arrays.

The Kel-F Kylon combination seems to have performed best in this respect.

One back wall single crystal cell was included in this test series,
and in effect this cell was protected by 2 mm of CdS, As expected, it
stood up to the radiation fairly well. Some of the completely unprotected
cells showed the greatest deterioration from the bombardment.

While these tests are highly preliminary, it does appear that at least
in a few instances, and in a few configurations, the CdS evaporated thin
£11m photovoltaic cell could possess appreciable resistance to radiation
damage of the types normally associated with the Van Allen belts, Certainly
many more tests of radiation resistance are needed before this factor can
be defined with any reasonsble degree of accuracy.

CRYSTAL STRUCTURE STUDIES

The overall aim of the structural studies program has been to determine
the influence of crystal structure on the thin £ilm CdS solar cell now
being developed in this laboratory. The influence of such structure para-
meters as orientation, grain boundaries, and dislocations have been and are
now being studied. Enough data has been accumilated so that some tentative
conclusions can be made as to the influence of crystal orientation and
a program has been devised to examine this influence further, Experimental
techniques necessary for the investigation of the lafluence of grain
boundaries and dislocations are nearing a stage where they may be directly
applicable to the examination of these influences on thin films.

Grain Growth

Grains up to 100 microns in diameter have been observed to grow on
f11lms of CdS deposited on both glass and molybdemum substrates when these
£1lms are heated to 800°-900°C for 3 to 5 mimites in open atmospheres,

To date, the easiest method of accomplishing this growth has been to heat
the films with a Bunsen burner, letting the flame of the burner pass over
the surface of the film, This technique appears to have the effect of

48
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Cell
No.
M-6
M-L
FN-2
-5

0-6

0-2

SECOND RADIATION DAMAGE TEST

TABLE VII

(CdS Pront Wall Cells On Molybdemum Substrates)

Material Between
Barrier and Radiation

0,001" Mylar +
0.002* Polyethylene

0.001" Mylar +
0.002" Polyethylene

O.WS" Trithene +
0.00075" Capran

0,005* Trithene +
0.00075* Capran

None
None

2 m CdS
(Potted Single Crystal)

0.005" Trithene +
0,00075" Capran

0,005* Trithene +
0.00075" Capran

0.001" Mylar +
0.002% Polyethylene

None

0.005" Trithene +
0,00075" Capran

WTE: Temperature of all samples kept below 1 °C.

ASD ™R 62-69 Vol. II

Damage as Percent
Decrease in Isc

10

79

FE B o«

0

59

13

L8

15

88

49

Total Flux

1.l x 1016 elm:i'.rons/cm2
(1 Mev)

1.4 x 1016 electrons/cn?
(1 Mev)

1.k x 1016 electrons/cx?
(1 Mev)

1.4 x 1016 electrons/cn?
(1 Mev)

1.4 x 1016 electrons/cn?
(1 Mev)

1.L x 1016 electrons/cnz
(1 Mev)

1.k x 10%6 electrons/cn?
(1 Mev)

6 x 1015 e:l.ec'!;rorm/cm2
(1 Mev)

6 x 1015 eleci;rona/cxn2
(1 Mev)

6 x 10¥5 electrons/ca®
(1 Mev)
6x 1015 electrons/cm?
{1 Mev)
1.3 x 1012 protons/caf
(5 Mev)

1.3 x 1012 protons/ow?
(5 Mev)



(500 X)
a-As Received From Evaporator

(500 X)
be-After Heating

FIGURE 2
CdS FILM ON MOLYBDEMUM - BEFORE AND AFTER HEAT
TREATMENT TO CAUSE GRAIN GROWTH
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minimizing the formation of Cd0 which forms quite rapidly when films are
heated in a furnace., Figure 29 a and b shows a CdS film on a molybdenum
substrate before and after a heat treatment, respectively.

This method o{ grain growth has an apparent advantage over that used
by van Cakenberghe 6J in that no predeposition of metal atoms has been
used to initiate the grain growth, Thus during the heat treatment, none
of the metal atoms which are detrimental to the production of a photo-
voltaic cell are present. The use of this grain growth method has in
fact produced a workable photovoltaic cell (Figure 30,) while all attempts
in this laboratory to fabricate a workable cell from CdS films treated

by the van Cakenberghe method have not succeeded.

Observations of films on which grains have been grown by the above
method and on which a barrier has been fabricated by a chemical means,
i.e. by dipping the film into a hot aqueous solution of CuCl, show a very
obvious difference between the darkening of various grains of the film,
This variation in darkening, which in the past has shown a correlation
with photovoltaic efficiency on both single crystals and on polycrystalline
f£ilms, suggests an orientation dependence of cell photovoltaic output.
A program has therefore been started to investigate whether this dependence
exists and if it does how it can be best used,

(Light)

-08 '06 'oh

U
.
n

N YETNISUNSURNTHININEN
“'r'"ﬂ[“l']llll

-12 1||z=1/cm2

ITII'IIT‘]'TI'

FIRURE
I-V CURVE OF CELL PRO] T TREATED EVAPORATED
CdS FIIM ON MOLYBDENUM SUBSTRATE

ASD TDR 62-69 Vol., II Sl



Orientatlon Studies

Orientation investigations have been made on CdS single crystals from
two different growth runs. Both runs were indium doped. The samples used
were cut into 2 mm x 5 mm_x 10 mm parallelepipeds with their large face
containing the (0001),(1010), and (10I1) planes respectively. Because
the crystals are noncentrosymmetric along the c-axls, both positive and
negative planes_of (0001) and(10I1) planes were used, i.e. (0001) (000I),
(1011) and (1011). The barrier was applied to these crystals by a chemical
deposition process whereby the crystals are dipped into a saturated bolling
solution of CuCl, After measurements were completed, the barriers were
removed by lapping and the crystals reused.

Figure 31 shows the graphs of photovoltaic efficiency for varying
times of dipping in the barrier producing solution for crystals of the
different orientations for both growth runs. _It can be seen that higher
efficiencies were obtained on the (1010), (101I), and (1011) planes of
both crystals for short dip times, Longer dip times produced different
results; in one group of crystals a marked decrease in efficiency on these
same planes was noted while in the other case no decrease was noted., No
appreciabls decrease was noted in either group of crystals for barriers
made on the basal planes,

The efficlency differences noted need further investigation. The
contribution of surface pre-treatment should be examined to determine
what effect various pre-barrier treatments have on cell efficienclies and
to see 1f the apparent efficlency differences are associated with r.y
specific pre-barrier treatment.

Et :hg Studies

The etching studles have been directed toward the determination of
the orientation of grains in CdS films and toward an understanding of the
influence of dislocations on the electrical propertlies of the cells. To
date single crystal slices have been employed whenever possible since it
is easier to use single crystals of the desired orientation to determine
and study pit shape development, A great deal of informatlion has been
gathered on the etching behavior of CdS and as a result, work is now being
directed toward finding an etchant and a technique of etching that will
be suitable for orientation and dislocation studies on thin f£ilms,

Both crystal grain orientation and dislocation content in various
grains are being investigated. The grain orlentation studies are necessary
in 1ight of the difference in cell efficiencies noted on single crystals
of different orlentations and the observed differences in darkening of
different grains on films on which grain growth has occurred., Dislocation
studies are necessary because of the known influence dislocations have on
many single crystal devices. Particular attention will be placed on the
determination of the effect electrically active o and /8 dislocations have
on the cell performance,

Various etchants have been used to reveal etch pits and 1light figure
patterns on different crystallographic planes of CdS crystals., HCl and
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HNO, in their goncentrated form have been used to expose etch pits on the
(0081) and (1011) planes. The etch pit shape and their light fijure patterns
are shown in Figure 32, These pit shapes are characteristic of the surfaces
in question and can be used quite effectively to determine orientation.

Etch pits have also been revealed on the (0001) and (1010) planes by the

use of an AgNO3~-fuming HNO3 etchant. These pit shapes and their corresponding
light figure patterns are shown in Figure 33. It is to be noted that
dislocations are revealed on both the (0001) and (000l) planes by the

etchant in question,

The latter etchant (AgNO3-fuming HNO3) 4is slow acting. This makes
it applicable to the etching of polycrystalline films, Work is now
being undertaken to determine the proper concentrations of AgNO, needed
in the fuming HNO3 to produce recognizable etch pit forms on polycrystalline
films,

Other etchants such as H3S0) are being studied for possible use on
CdS thin films, This etchant has been used successfully as a polishing
etch, a preferential etch, and a dislocation revealing etch. CdS etched
in boiling stoh- 0 (3:15 solutions resulted in polished surfaces,
Preferential etch iorms (solution forms) result when CdS is etched in
boiling dilute HpS0)-Ho0 (1:6) solutions. Dislocations have been revealed
when CdS 1s etched concentrated HoS0), at room temperature. It too is
a slow acting etchant and will be used lto etch polycrystalline films.

Grain BOM Studies

When CdS 1s grown by vapor deposition onto seed plates, grains of
various orientations nucleate and grow. Some grains expand and grow at
the expense of others. It would be interesting and perhaps useful to
know what influence neighboring grains have on each other. A program
has, therefore, been initlated to investigate the growth of seed plate
crystals,

One seed plate crystal containing five grains has been investigated.
The orientation of the various grains was determined by etching the crystals
with concentrated HC1l and determining their orientation with respect to
the substrate by use of the light figure technique. Figure 3l shows a
picture of the crystal ingot. The size of the crystals at the substrate
and after growth was completed have been compared and the effective
orientation of their interfaces determined. From these results a tentative
correlation has been made between the grain orientation of neighboring
grains and spreading or receding of each grain as the growth front of the
ingot moves away from the substrate, First indications are that: (1)
vwhen two neighboring grains have their c-axes parallel to the axis of the
seed plate, the interface is also parallel to that axis; (2) when the
c-axes of two nelighboring grains are perpendicular to the axis of the
substrate (parallel to the plane of the substrate), their interface will
also be parallel to the substrate axis; and (3) when the c-axes of two
grains are perpendicular to one another, the grain with its c-axis
perpendicular to the axis of the substrate will expand and spread at the
expense of the other grain.
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\ 4

(500 X)

a - Btch pits formed on the (0O00l) plane from a 1 minute etch in Conc. HNO

INSERT - Light figure pattern which results when parallel light beam is m}locted
onto a screen parallel to the (0001) plane. Note that the "spokes" of
the light figure represent light reflected from the side walls of the etch
pits.

(500 X)

b - Etch pits formed on the (1011) plane from a 1 minute etch in Conc.

INSERT - Light figure pattern characteristic of reflections from the (lgﬁ; plane
of CdS crystals,

FIGURE 32 -
ETCH PITS AND LIGHT FIGURE PATTERNS FRO. and (1011) PLANES OF CdS SINGLE CRYSTALS
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(500 X)

a-Etchutaromdonm(oorﬁ)plmmrasnmuotchmam;

Solution
nlsm Light Quu-c pattern characteristic of reflections from the (0001)
plane of CdS orystals

(500 x)

b - Etch Pits formed on the (1010) plane after a 5 minute etch in a
- AgNO3 solution.
INSERT - Li.% tigure pattom characteristic of reflections from the
0) plane of CdS Crystals.

FIGURE -
ETCH PITS AND LIGHT FIGURE PATTERNS morwwr?m (1010) PLANES OF CdS SINGLE CRYSTALS
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Further analysis of this ingot 1s under way to determine the influence
of the substrate on the orlentation of the various grains and to better
understand the influence of the slight tilts of the grain axes with the
substrate axis on the orientation of the interface, Another ingot con-
taining many more grains is also being prepared for investigation.

It 1s hoped that the results obtained from these ingot studies can
be epplied in a similar way to CdS films, It seems entirely likely that
this will be possible if the conclusions regarding the influence of grain
orientation on grain boundary interfaces are shown to hold.

Pola.ritx Studies

In the CdS crystals under study the structure is of the wurtzite type
and is noncentrosymmetric. The diatomic layer structure along the [0001
direction can be unambiguously determined only by x-rays. If the crystallo-
graphic parameters are defined so the Cd atoms are located at the origin,
the (000#) planes will then consist of Cd atoms, The x-ray (000 ) re-
flections will be indicative of the scattering of the Cd layers along this
particular direction. In a similar manner the (000f) reflections will
represent the S atom layers, The intensity difference of the (000f) and
(000}) reflections arises from the dispersion corrections when the x-rays
have a wavelength in the vicinity of an absorption edge.

Polarity can also be determined by etching studies, piezocelectric, and
pyroelectric measurements. In these cases reference must always be made
to the x-ray techniques because they alone are absolute. However the
others are of value because of time saving, availability of apparatus, and
simplicity, This is particularly true of etchants because of their wide
use in dislocation studies, crystal growth and orientation, and identification
of selected planes., In the Harshaw Laboratories these are constantly Leing
applied to both single crystals and polycrystalline £fiilms in connection with
photovoltaic effects. It therefore became imperative to run determinations
of polarity to provide a consistent and independent correlation with etching
behavior,

T?e feneral method chosen was patterned after that of E.P. Warekois
et al.(10 Single crystals were cut into plates of about 1 cm x 2 cm by
2 mm thick, The cuts were performed as nearly as possible parallel to
the (0004 ) planes with the large faces in the plane. The crystals were
carefully mounted in the holder of a fluorescent x-ray spectrometer.
Chromium radiation was utilized for all messurements and was obtained
from a suitable salt. A Geiger counter was the detector and the counting
rate was adjusted to fall in the linear range. Integrated intensities
were obtained by the moving crystal-moving counter technique, In the
wartzite structure the (0008 ) reflections for £ = Ln should be equivalent
in intensity while for @ = 2n the measurements should be different for
opposite_faces. The data were takem to be significant only if the (00OL)
and (000L) reflections actually proved to be equal within a few percent,
Under these conditions the intensity ratio I(000@)/I(000f ) proved to
be very close to the computed values., Iwo determinations were made on each
of two crystals of a different origin, The results are actually given in
Table VIII, The calculated ratios were obtained from extrapolations of
published dispersion corrections for Cr Ke. In most crystals examined
the data were significant to positively identify the polarity. However
some crystals gave poor results which could only be attributed to mis-
orientation, perfection, or other unknown difficulties.
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TABLE VIII

INTEGRATED X-RAY INTENSITIES FROM (000 ‘1 PLANES OF CdS

Experimental Calculated

Integrated Ratio _ Ratio  _
Crystal Reflection Intensity (000f)/(c00g) (000 g)/(0008)
1 0002 ) 41300 0.80 0.82
0002 514,00
000 21300 1.06 1,00
000, 20000
2 0002 ) 36850 0.89 0.82
0002 111,00
000k 9520 1,03 1.00
000% 9250
59
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Pole Figure Studies on Polycrystalline Filus

Similar to many other vacuum deposited f£ilms, the structure of CdS may
be greatly influenced by the nature of the substrate, the vacuum preparation
conditions, and the type of post treatment., It has been found in these
laboratories, and in reports of other workers, that most CdS films deposit
with the c-axes of the grains perpendicular to the substrate. An X-ray
photograph with the beam perpendicular to the plane of the deposit shows
a random orientation of all crystallographic planes (Figure 35).  X-ray
photographs with the beam parallel to the plane of the film give a single
crystal type pattern which could only arise from a nearly perfect preferred
orientation (Figure 36). The nature of this preferred orientation is quite
analogous to that in large crystalline ingots grown from the vapor phase.

In order to investigate the orientation in a more quantitative manner, a
pole figure of the (0002 ) planes was constructed, This is eventually to
be performed for CdS films deposited on amorphous and crystalline substrates,
Figure 37 shows the (0002 ) pole figure for a film deposited on a molybdenum
substrate, The pole figure indicates that only a small fraction of crystal-
lites have their C-axes not perpendicular to the substrate. The exact

cause of this is not readily determined but must come from the mode of
nucleation and growth. It may be pointed out here that the choice of
substrate may not be influenced by the "critical misfit condition" namely
that the deposited layer should have the same type structure and lattice
parameter as the substrate. However the main purpose of the work is

for an accurate description of orientation in relation to the origin, type,
and study of dislocation phenomena,
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FIGURE
X-RAY DIFFRACTION PATTERN or"vmﬂ’izrosm FIIM SHOWING RANDOM
ORIENTATION OF GRAINS - BEAM PERPENMDICULAR T0 PLANE OF FILM

FIGURE
X~-RAY DIFFRACTION PATIERN OF VA TED CdS FILM SHOWONG PREFERRED
ORIENTATION OF GRAINS - BEAM PARALLEL 10 PLANE OF FIIM
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