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THIN FILM SOLAR CELLS AND A REVIEW OF RECENT RESULTS ON GaAs

By PAUL RAPPAPORT,
RCA Laboratories, Princeton, N. J., U. S. A.

Résumé. 2014 On discute les mérites respectifs des divers composés semiconducteurs aptes
à former des films minces photovoltaïques, compte tenu notamment de leur coefficient

d’absorption.
On décrit ensuite des cellules en GaAs polycristallin, formées par différents procédés. Les

meilleures cellules, obtenues avec des films de GaAs formés chimiquement sur une feuille
de Mo et recouverts de séléniure cuivreux, ont des rendements atteignant 5 % et une bonne
stabilité.

Abstract. 2014 The merits of several semiconducting compounds which can be used to build
thin film photovoltaic devices are discussed, considering in particular their absorption
coefficient.

Photocells using polycristalline GaAs films, formed by different techniques, are then des-
cribed. The best cells, obtained with GaAs films chemically formed on Mo foil, and covered
with cuprous selenide, have efficiencies reaching 5 % and a good stability.
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Two of the most urgent requirements of future
solar cells are lower cost and lighter weight. Pre-
sent cost of solar cells is in the s 200 to $ 400/watt
range, which makes their extensive use for non-
government terrestrial applications rather unrea-
sonable. The major reason for this hight cost is,
of course, the need for single-crystal material in the
cells. It has long been known that non-single-
crystals films can be used for solar cells as, for

example, in the selenium and copper oxide photo-
electric exposnre meter. More recently [1], the
cadmium sulfide film-type solar cell as been deve-
loped. The exposure meter devices have less than
1 % efficiency while the CdS cells have yielded
over 8 % efficiency.
Film devices are basically light in weight thus

making them more interesting for space application.
This light weight stems from the fact that only very
thin layers (microns) of most semiconductors are

required for converting solar photons into electricity.
Most of the 10 to 20 mils of silicon or gallium arse-
nide used in single crystal devices serves as struc-
tural support. The thickness of semiconductor film

required for solar cells is given by their optical
absorption. Figure 1 shows the optical absorption
vs. Wavelength for various semiconductors. These
data are very important for film-type solar cells, as
the area under each curve determines how effective
the material will be as a solar converter. Table 1
shows the approximate minimum film thickness

required for effective solar conversion. This is esti-
mated on the basis of about 80 to 90 % utilization
of the possible material absorption of solar photons.
To collect solar-generated carriers in film devices

some diffusion length is required. One would not

expect to find diffusion legths as great in films as

FIG. 1. -Optical absorption as a function of wavelengtli i
for various semiconductors.

in single crystalsj however, as seen in Table, 1,
values as small as one or two microns are required,
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and several materials look promising. A silicon

film, however, does not appear very promising since
diffusion lengths of about 100 microns are required
in films were the grain size may be no more than
10 microns. The diffusion of carriers across grain
boundaries is not expected to be very efficient.
The materials CdS and CdTe are receiving consi-

derable attention as film photovoltaic devices.
CdS and CdTe films are being studied by several
diiierent companies, the sate of development being
about the same for both. Small area (10 cm2)
films made by evaporating the semiconductor and
then forming a barrier layer with copper yield
efficiencies up to 8 %. However, in large area
films (100 cm2) the efficiency drops to about 3 %
to 5 % because of series-resistance effects. A diffi-

culty with the CdS and to a lesser extent with CdTe
is a deterioration caused by moisture in the air.
For space purposes this may not be serious, but for
terrestrial applications a hermetic seal may be requi-
red which undoubtedly would add to the complexity
of the device.

TABLE 1

MINIMUM FILM THICKNESS REQUIRED
FOR VARIOUS MATERIALS

Films have been made on relatively flexible orga-
nic or metallic substrates. The métal cell requires
construction of a front wall cell since light cannot
penetrate the conducting metal substrate. This

problem has been solved by several companies.
Power-to-weight ratios of over 50 watts/pound are
claimed for such flexible CdS cells. This impro-
vement over silicon cells is important for space appli-
cations, even though these CdS cells are less effi-
cient. It has been pointed out that such devices in
very large area films (1,000 m2) could supply power
in the kilowatt range and compete strongly on a
cost, weight, and time-available basis with other
high power systems. The large areas in such a

solar-cell system would require some ingenious
unfurling technique so that an area about a third
the size of a football field need not be launched
while open. Presumably, the flexible cell would
allow for a neat launch package.

lt is expeeted that improvement in film-type

solar cells can be obtained from the III-V group of
semiconductors because of their steep optical
absorption characteristics and better transport pro-
perties in both n- and p-type material.

These characteristics alone, however, do not

insure a practical thin film solar cell ; such pro-
perties as strength and stability cannot be predicted
on a theoretical basis. Thus, the ultimate evalua-
tion of the possibilities for thin film solar cells must
derive from the performance of fabricated cells.
Because of the favorable properties of and past

experience with GaAs we chose to study this mate-
rial to develop a stable thin film solar cell. The
work that follows has been reported by Vohl,
Perkins, Ellis et al. at the recent photovoltaic spe-
cialist conference and will appear in a future IEEE

publication [2].

Film formation. - Polycrystalline GaAs films
have been deposited on various substrates by seve-
ral methods. The most suitable films have been

vapor grown in a hydrogen ambient containing
water vapor, according to the gallium oxide reaction
described by Thurmond and Frosch [3]. The GaAs
source material (wafers or powder) is positioned near
and parallel to a cooler substrate on which the film
forms.

Ideally, a substrate should satisfy several cri-

teria ; it should be of light weight, flexible and che-
mically non-reactive in the growth environment.
In addition, its thermal expansion coefficient should
match that of the GaAs film and its interface with
the GaAs should be characterized by strong adhe-
rence and low electrical resistance. Mo is one of
the few materials approaching the above requi-
rements. Two mil Mo sheet was therefore used for
most of this work. In a typical deposition process
the temperature of the Mo foil is approximately
750 OC while that of the GaAs source is about 850°C.
Under these conditions a growth rate of 5 microns
per hour as been obtained.
One disadvantage of the Mo substrate is that

the Mo-GaAs interface has a high resistance. This
resistance has been reduced to a satisfactory level
by precoating the substrate. Free electron concen-
trations of 1015 to 1016 cm.-3, , as determined by
differential capacitance measurements, are usually
obtained in the GaAs film.

In an attempt to get a ligher more flexible cell,
GaAs has also been grown on Al foil. Foils from 3
to 6 microns thick have been successfully used as
substrates. Film growth on Al is a slower process
than on Mo because of the lower growth tempe-
ratures imposed by the melting point of Al. Typi-
cally, the temperature of the Al foil is 600 °C to
650 OC with the source crystal about 100 OC higher
resulting in a growth rate of approximately 0.5 mi-
crons per hour.
The properties of sputtered and flash evaporated
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GaAs films have been investigated to détermine
whether such films could be used in solar cell fabri-
cation. In general, it was found that the optical
and electrical properties of these films were quite
different from those of either single crystal GaAs
or vapor deposited films.
The absorption coefficient of sputtered, flash

evaporated and vapor deposited films have been

computed from measurements of the optical den-
sity. 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 absolute value of
reflectivity is calculated from the optical density.
The absorption coefficients near the band edge are
quite insensitive to errors in the reflectivity. Sur-
faces of films which appaered to scatter light were
polished before obtaining the optical data. The
results are shown in Figure 2. Sputtered or flash
evaporated films deposited on substrates at room
temperature were amorphous. Films deposited by
these techniques at substrate temperatures above
200 °C, were crystalline. The absorption coeffi-
cients of amorphous and crystalline films are anoma-
lously high at bandgap energy. Also, the absorp-
tion 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 Il tails " between 0.9 and
1.2 microns are probably connected with optical
effects at the grain boundaries.

FIG. 2. - Absorption coefficient of GaAs films prepared
by different techniques.

The conductivity type and resistivity of sput-
tered and flash evaporated films were difficult to
control. These films were nearly always p-type.
n-type conductivity was achieved in flash evapo-
rated films only whcn doped with about 1 % tin.
The resistivities of all sputtered and flash evapo-
rated films were too high for solar cell applications.

The more satisfactory electrical and optical pro-
perties of the vapor deposited films are probably
due to 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 heterojunctions and surface barriers. Each of
these structures has been investigated on GaAs
films.

p-n junctions have been formed by Zn diffusion
and by vapor growth or flash evaporation of a

p-type layer of GaAs onto an n-type film. The
rectification characteristics, however, were poor.
In the case of Zn, rapid diffusion along grain boun-
daries caused excessive junction leakage. When

vapor growth, sputtering or flash evaporation was
used to form a junction, the combination of sheet
conductivity and optical transmission of the p-layer
was far too low to be practical for use in solar cells.

Heterojunctions consisting of GaP vapor depo-
sited onto the GaAs films were also briefly inves-
tigated. The electrical characteristics of this struc-
ture, however, were unsatisfactory due to the dif-
fusion of impurities during the GaP transport
process. In some cases the electrical junction did
not coincide with the chemical interface.
The most satisfactory photovoltaic structure

obtained on GaAs films consists of a surface barrier
made with an evaporated metal or semiconductor
layer. In contrast to p-n junction formation, sur-
face barriers can be fabricated at comparatively low
temperatures, thus avoiding grain boundary d*f-
fusion. In addition, most of the carriers are gene-
rated in the depletion region (zone désertée) at the
GaAs surface, thus minimizing recombination losses.

It should be noted that the material used to
establish the surface barrier must satisfy several
requirements. First, the resultant GaAs surface
barrier must be comparatively high, ideally approa-
ching the GaAs bandgap. Second, the barrier
material must allow for a satisfactory compromise
between its light transmission and sheet resistance.
Finally, it must be stable in both the earth and

space environments.
Of various rectifying nietallic contacts investi-

gated, Pt has been found to be best for GaAs solar
cells, as discussed in a previous paper by Perkins
and Pasierb [3]. Pt-GaAs solar cells have beeii
made by sputtering, electroplating and evaporating
semitransparent Pt layers onto the GaAs film.
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The first two techniques were unsatisfactory
because sputtered Pt contacts had low open circuit
voltages, while electro-plated contacts- were not

uniform enough to be useful for large area cells.
Uniform evaporated Pt films, on the other hand,
can be repoducibly made by conventional vacuum
evaporation techniques. These films have been
found to satisfy the requirements stipulated above
for the barrier forming material.
The Pt-GaAs contact barrier height has been

measured bu studying the spectral variation of the
electron photoemission from the Pt into the
GaAs [5] ; the value obtained is approximately
1.2 eV, which compares favorably with the GaAs
bandgap of I..4 eV. Barrier height values obtained
from studies of the dark I-V characteristics are, y

however, generally lower. For most cells the cha-
racteristics can be approximately described by the
equation :

where 2.0  oc  2.5 and I. - 5 X 10--8 A/cm2.
The corresponding barrier hiehgt 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 is pro-
bably due to small patches of low barrier height on
the contact surface.

The use of a degenerate p-type semiconductor for
the barrier forming materail may have advantages
in optical transmission for a given sheet resistance
as compared to metallic barriers. Several semi-

conducting compounds were tested as barrier mate-
rials to GaAs and the best results have been achieved
with cuprous selenide. This compound is a dege-
nerate p-type semiconductor in which copper vacan-
cies act as acceptors. Differential capacitance
studies of cuprous selenide-GaAs barriers indicate a
barrier height of 1.2 eV. Because cuprous selenide

disproportionates under conventional evaporation,
flash evaporation is a better 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 conditions. It was found that

Cul,8Se gave the most conductive and stable films.
The cuprous selenide has been prepared by reacting
weighed amounts of the elements in a sealed evacua-
ted quartz tube. Optical transmission of a typical
Cu,.8Se film indicates a bandgap near 2 e vT.

Cell structures. - Figure 3 indicates schema-
tically two of the forms in which gallium arsenide
thin film solar cells have seen made. The cells on

molybdenum have a gallium arsenide film which is
typically 2-5 mils thick.

FIG. 3. - Structure of the two différent types of GaAs
thin film cells.

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 approxi-
mately 40 A, resulting in a white light transmis-
sivity of 70 % and a sheet resistivity of the order
of 500 ohms per square. In most cases, the cell is

given a post-evaporation etch in HCI which has been
found to increase the initial efficiency. 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 coatinf of

Krylon or SiO is usually applied.
When Cu1.8Se-GaAs solar cells are fabricated, the

GaAs films is first etched with 1 % bromine-alcohol
prior to the flash evaporation of the barrier layer.
The cuprous selenide films are typiemally 200 Á thick
and 70 % transmitting at 1.5 eV. The spesilfic
resistivitv in these films is of the order of 10-4 Q-cm.
Au c0111b " shaped gold grid is then evaporated in
order to lower the sheet resistance. In some eases
an antireflection coating of Krylon has been added.

Figure 3b shows diagramatically a cell made on Al
foil. The approximate thicknesses of the alumi-
num and GaAs film are 4 and 5 03BC respectively.
The completed cell is then about 1.5 mils thick.

Results. - Figure 4 shows the spectral response
of platinum and cuprous selenide barrier cells. The

responses have been arbitrarily normalized 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 obtained with a p-n junction in gallium
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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 deple-
tion region. The decrease in response at higher
energies is attribued to increased absorption in the
platinum and cuprous selenide layers,

FIG. 4. - Spectral response of thin film GaAs cells.

The method used to measure cell efficiency in this
work is as follows : The incident light intensity
and short-circuit current are first measured in

sunlight. The Ise corresponding to 100 mW/em2
incident intensity is then calculated by assuming I,,
to be proportional to incident intensity. This
current is then reproduced in the laboratory under
tungsten illumination and the complete I-Y curve
is obtained. The assumption of linearity is more

justifiable as the extrapolation becomes smaller.
In addition, of course, this method assnmes that the
cell is not limited by series resistance.

Figure 5 shows the I-V characteristic under illumi-
nation for a cuprous selenide-GaAs barrier on Al
foil. The shape of the I-V curve makes evident
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 lb.
was measured. The current density obtained with
this cell, 15 mA/cm2, can be compared with

FIG. 5.

Current-voltage characteristics of the CuzSe-GaAs cell.

17 mA/cm 2 for 11 % efficient GaAs single crystal p-n
junction cells [6].

Efficiency measurements for Pt-Ga-As cells are
shown in Figure 6. These measurements are the
best results obtained to-date for cells of three diffe-
rent areas. It can be seen that. for small areas,
efficiencies of 5 % have been obtained, whereas

Frc. 6.
Current-voltage characteristic of the Pt-GaAs cell.
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for 2 cm2 cell areas the best efficiency value was
4.5 %, and for 4 cm2 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 film caused by non-uniform
température distributions and thermal stress. As
a result the shunt leakage increases with area, which
in turn lowers the cell efficiency.
A number of life test measurements have been

made for Pt-GaAs cells stored at room ambient.
These measurements have shown that most cells

subjected to a post-evaporation etch in HCI 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 krylon, can partially inhibit cell degradation.
Cells which have not been etched show no signi-
ficant deterioration.

Cell degradation is manifested by an increase in the
apparent series resistance with a resultant decrease
in short circuit current and fill 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 unetched 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 degra-
dation without decreasing cell efficiency.

The characteristics of solar cells made with

cuprous selenide-GaAs barriers have been observed
for several months. A cell made on a Mo substrate
was stable under continuous load testing at room
ambient for a period of 35 days with no protective
coating. 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 manifested itself mainly
by an apparent increase in resistance 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 cha-
racteristic by etching is a solution of 1 % HN03.

Conclusions. - Thin film solar cells made of CdS,
CdTe and GaAs are in a state of advanced develop-
ment and will undoubtedly find future use in space
and terrestrial applications. They show promise of
low cost, light weight and large area.

Gallium arsenide thin film cells have been deve-

loped to the point where 5 % efficiency in small
areas has been obtained. A cell on an aluminum
substrate has given a measured power to weiglit
ratio of over 100 wjlb. Vapor growth films are the
only type that have proven suitable for solar cell
applications. Stability of these cells is promising
but more work is required in this area.
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