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HIGH EFFICIENCY SOLAR PHOTOVOLTAIC 
CELLS PRODUCED WITH INEXPENSIVE 

MATERIALS BY PROCESSES SUITABLE FOR 
LARGE VOLUME PRODUCTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a division of and claims priority 
to US. application Ser. No. 07/947,863, ?led on Sep. 21, 
1992, the entire disclosure of Which is incorporated herein 
by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates in general to photocells and 
the processes of their manufacture and relates more particu 
larly to a class of materials, photocell structures compatible 
With these materials and associated manufacturing processes 
that produce high ef?ciency, inexpensive photocells. 

CONVENTION REGARDING REFERENCE 
NUMBERS 

[0003] In the ?gures, each element indicated by a refer 
ence numeral Will be indicated by the same reference 
numeral in every ?gure in Which that element appears. The 
?rst tWo digits of any 4 digit reference numerals and the ?rst 
digit of any tWo or three digit reference numerals indicates 
the ?rst ?gure in Which its associated element is presented. 

BACKGROUND OF THE INVENTION 

[0004] The oil embargo of the late 1970’s sensitiZed the 
World to the problem of limited petrochemicals in the World 
and the concentration of such chemicals in several regions 
around the World that are unstable economically and politi 
cally. This produced a step increase in the interest level for 
using reneWable energy sources such as solar poWer, Wind 
poWer and tidal poWer. The recent War betWeen the United 
States and Iraq has recon?rmed the need for a stable energy 
source that is not affected by political events around the 
World. In addition, the desire for clean air is so acute, that 
interest in nuclear poWer may be revived despite the Well 
knoWn radiation dangers and lack of nuclear Waste treatment 
methods. Unfortunately, the progress in developing alternate 
energy sources has been disappointing and has shoWn that 
the development of such technologies is very dif?cult. 

[0005] Although there Was initially a high level of hope 
that high efficiency, photovoltaic cells could be manufac 
tured to produce directly from incident solar energy the large 
amounts of electricity utiliZed throughout the World, the 
photovoltaic cells produced up to noW have been commer 
cially viable only for special niche markets, such as: solar 
poWered calculators for Which consumers are Willing to pay 
the additional cost to avoid the problems of battery replace 
ment; solar poWered telephones for use in areas that are 
remote from electrical poWer lines; and buildings located in 
regions of the country that are sunny and suf?ciently remote 
from commercial poWer lines that solar poWer is a cost 
effective alternative. If solar energy is to provide a signi? 
cant fraction of this country’s or the World’s poWer needs, 
the average cost per Watt for solar photovoltaic cells over the 
life of such cells must be reduced to a level that is com 
petitive With the average cost per Watt of poWer from 
existing electrical utilities over the same period. 
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[0006] At the present time, the average cost per Watt of 
photovoltaic poWer, over the life of the photovoltaic cells, is 
more than ?ve times the typical cost per Watt of electricity 
produced by present day electric poWer plants. It is therefore 
necessary to greatly reduce the cost of photovoltaic cells in 
order to reduce both the purchase price of a photocell array 
and the average cost of electricity produced by such cells 
over the useful life of that array. For solar electric energy to 
be practical for use by electrical poWer utilities or to be a 
practical alternative for use by electrical poWer consumers, 
a photocell design must be provided that: has a loW material 
cost; has a highly efficient structure; and can be manufac 
tured in large volumes by loW-cost manufacturing processes. 
The design of this photocell requires an interactive analysis 
of materials, cell structure and fabrication processes. To 
produce loW cost, ef?cient cells in the volumes needed to 
supply a signi?cant fraction of the World’s poWer needs, the 
manufacturing processes must provide high deposition rates 
and high layer uniformity over a large area photocell. 

[0007] A ?rst signi?cant factor in the manufacturing cost 
of a solar photovoltaic cell is the cost of the materials needed 
to manufacture this cell. The cost of the material in the 
photosensitive, current-generating layer of the photovoltaic 
cell can be a signi?cant fraction of the cost of manufacturing 
such photovoltaic cell. To ef?ciently convert incident radia 
tion, this layer must convert most of the incident solar 
energy into electrical poWer. If the absorbance value of the 
photosensitive, current-generating material is small, then its 
thickness must be correspondingly large to absorb and 
convert most of the incident solar energy. Because many 
photosensitive, current-generating materials are relatively 
expensive, a signi?cantly increased thickness of this layer 
can signi?cantly increase the total cost of a photovoltaic cell 
utiliZing that material. 

[0008] Even When such loW photosensitivity material is 
not expensive, it can still signi?cantly increase the cost of 
the photovoltaic cell. The increased thickness of the photo 
sensitive, current-generating layer increases the average 
pathlength that the photovoltaically generated charged spe 
cies must travel to corresponding electrodes. This produces 
a concomitant increase in the electrical resistance of such 
layer, thereby decreasing poWer conversion ef?ciency. In 
order to avoid unduly degrading the amount of electrical 
poWer produced for a given ?ux of incident solar energy, the 
photosensitive, current-generating layer must have a high 
level of purity in order to have a high enough conductivity 
that resistive losses do not signi?cantly degrade perfor 
mance. Such increased material purity requirements can 
greatly increase the cost of such solar energy cells. 

[0009] Much of the research and development of solar 
cells has been directed toWard single crystal silicon photo 
cells, because the tremendous amount of knoWledge about 
solid-state circuits manufactured in a silicon substrate can 
then be applied to this problem. Silicon also has the advan 
tage of being a non-toxic, readily available resource. HoW 
ever, crystalline silicon is a relatively poor solar absorber, 
because it is an indirect bandgap material. This means that 
a relatively thick crystalline layer must be utiliZed to absorb 
a signi?cant fraction of the incident solar energy. Unfortu 
nately, this increased thickness Will degrade ef?ciency, 
because of the concomitant increase in the resistance across 
Which the photogenerated charge carriers need to travel. 
This increase in resistance because of this increased thick 



US 2002/0062858 A1 

ness must be offset by a reduction in resistivity by the use of 
high purity, high perfection silicon layers. Such layers are 
very costly and therefore signi?cantly increase the cost of 
single crystal silicon photocells. 

[0010] These thick layers of silicon must be made by the 
expensive process of solidi?cation from the melt in a single 
crystal boule that is then sliced to form the crystalline Wafer. 
Approximately half of this crystal is lost during this slicing 
process, further increasing the cost. Even though the silicon 
photocells are durable and ef?cient, their cost is still pro 
hibitively high for utility poWer. Although the conventional 
single crystal layer groWth process can be modi?ed to 
produce loWer cost, polycrystalline photocells, this change 
in the material structure also reduces the ef?ciency of the 
resulting photocell, such that the resulting cost of electric 
poWer is still too high to compete With existing electrical 
utilities. 

[0011] Amorphous silicon is attractive for use as the 
photosensitive, current-generating layer in photocells, 
because its high absorptivity for solar energy enables the 
photosensitive, current-generating layer to be extremely 
thin, thereby reducing the material cost of that layer arid 
reducing the resistive losses of that layer. This amorphous 
silicon layer is also very insensitive to impurities. This 
results in a very inexpensive layer that, unfortunately, due to 
the nature of electricity transport in amorphous materials, 
has a very loW ef?ciency. 

[0012] Although the ef?ciency can be increased by pro 
ducing several amorphous layers in a stacked arrangement, 
this also increases the cost enough that the resulting device 
is not commercially competitive. Amorphous silicon, Which 
is actually an alloy of hydrogen and silicon, also has a more 
serious Weakness that, When exposed to sunlight, hydrogen 
is gradually liberated, thereby severely degrading the ef? 
ciency of the device. The lifetime of such photocells is too 
short to collect enough electricity to pay for their cost. In 
addition, the production of this material is difficult, because, 
at the loW substrate temperature required for the groWth of 
this amorphous phase, the groWth rate is loW and the source 
chemicals are not fully dissociated. This signi?cantly 
increases the cost of this material. 

[0013] For the above reasons, it Was important to search 
for alternative materials for use in solar photovoltaic cells. 
Gallium arsenide (GaAs) and aluminum gallium arsenide 
(AlXGa1_XAs) have been investigated, developed and utiliZed 
for use as solar cells. These materials have been used to 
make the most ef?cient solar cells yet made. Unfortunately, 
the cost of these devices is more than ten times the cost of 
silicon devices, so that these devices, so that these devices 
are utiliZed only When the cost of such devices is not a 
signi?cant factor. Although these devices are used for space 
poWer and high performance solar electric race cars, they are 
unsuitable for electric utility poWer. In addition, these mate 
rials contain gallium, Which has limited availability and 
contain arsenic Which is both a poison and a carcinogen. The 
use of this material on a scale suitable for producing a 
signi?cant fraction of the electrical poWer needs of the US. 
or the World Would create tremendous environmental prob 
lems. Indeed, the tremendous volume of photovoltaic cells 
that must be manufactured to provide the ability to generate 
a signi?cant fraction of our energy needs, means that every 
choice of material in such photovoltaic cells must be evalu 
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ated as to the resulting impact on the cost of materials 
needed to manufacture such devices and the resulting impact 
on the environment of manufacturing and/or disposing of 
such a tremendous volume of these photovoltaic cells. 

[0014] Cadmium telluride (CdTe) has been actively devel 
oped for solar electric poWer for many years. This material 
has achieved high ef?ciency in small area devices and 
research continues toWard obtaining high ef?ciency over 
large areas. HoWever, even if the junction efficiency and 
humidity degradation problems Were solved, it Would still be 
inadvisable to use this material for terrestrial solar electric 
poWer, because cadmium and tellurium are both dangerous 
environmental poisons. In addition, tellurium is a rare and 
expensive material. Such rare and expensive materials 
should only be considered for use as dopants, because any 
other use Would make the resulting device commercially 
impractical and Would rapidly deplete the available quanti 
ties of such materials. 

[0015] Another material currently being developed for 
solar electric applications is copper indium diselenide 
(CuInSe2, called CIS). Small cells of high efficiency have 
been made but the process used for their groWth is complex, 
costly, nonuniform for large areas, and requires large 
amounts of the extremely toxic gas hydrogen selenide. 
Indium is an expensive and very rare chemical element, 
Whose cost and availability have not been a problem to date, 
because it has been used as a dopant. This means that only 
a minute amount of this material is needed in any given 
device, so that the total demand has not yet signi?cantly 
depleted the amount of this material that is available. HoW 
ever, if solar electric cells using indium as a primary 
component Were used to produce a signi?cant fraction of the 
World’s poWer needs, the cost Would rise rapidly as the 
supply of this rare element became depleted. Another prob 
lem With these solar photovoltaic cells is that selenium is 
both relatively rare and toxic and its Widespread use Would 
be inadvisable. 

[0016] It is therefore necessary to locate materials, for use 
in the manufacture of solar photovoltaic cells, that are 
abundantly available so that the cost Will be loW and the 
available amount of such material Will not be signi?cantly 
depleted, even at the tremendous volume of solar photovol 
taic cells needed to provide a signi?cant fraction of our 
poWer needs. These materials should also be nontoxic, so 
that these volumes Will not pollute the environment. It is also 
important that these materials be readily available from 
many sources so that there is no possibility of a cartel 
controlling such resources and producing problems similar 
to the oil embargo of the 1970’s. These materials must be 
capable of loW cost deposit ion on large area substrates With 
high uniformity. 

SUMMARY OF THE INVENTION 

[0017] In accordance With the illustrated preferred 
embodiment, neW materials are identi?ed as being appro 
priate for use in the manufacture of solar photovoltaic cells 
that are suf?ciently ef?cient, inexpensive and durable that 
they can competitively supply a signi?cant fraction of the 
World’s electric poWer needs. These materials Were identi 
?ed by considering the folloWing factors. The chemical 
elements from Which the material is formed must all be 
inexpensive and abundantly available, so that the huge 
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volumes required Will not deplete the resources of such 
materials or increase the cost of such materials to levels that 
Would prohibit Widespread use of these devices. These 
elements should be available throughout the World, so that 
a cartel cannot interfere With reasonable, inexpensive access 
to these materials. 

[0018] These elements must form a semiconductor mate 
rial, so that a photovoltaic diode device structure can be 
formed to convert sunlight to electricity. This semiconduct 
ing material must absorb sunlight ef?ciently in a very thin 
layer, so that only a small amount of photovoltaic material 
is required for a large area device and so that the photoge 
nerated carriers are required to travel only a short distance 
before being collected by the diode junction. This latter 
bene?t enables the use of loWer cost, loWer purity materials 
than Would be necessary in a thick photosensitive, current 
generating layer to keep recombination losses loW, thereby 
reducing material costs of the photocell. The material should 
also be able to be deposited in a thin ?lm form using 
processes similar to integrated circuit techniques noW in use, 
so that the expertise in these ?elds and the manufacturing 
chemicals, equipment and designs can be applied to the 
manufacture of these solar cells. 

[0019] Semiconductors have a threshold energy for the 
absorption of incident photons, knoWn as the “bandgap”, 
Which is characteristic of that semiconducting material. A 
photon that has an energy higher than the bandgap Will be 
strongly absorbed, Whereas a photon that has an energy 
loWer than the bandgap Will not be strongly absorbed. 
Therefore, the photovoltaic semiconductor must have a 
bandgap that is matched to the incident solar spectrum. If the 
bandgap is too high, then feWer of the available photons Will 
be absorbed, Which reduces the device efficiency. if the 
bandgap is too loW, then the voltage of the device (Which is 
proportional to the bandgap) Will be loW, Which reduces the 
device ef?ciency. 

[0020] The spectral distribution of the solar energy inci 
dent on the earth outside of the earth’s atmosphere differs 
someWhat from the spectral distribution of the solar energy 
at the earth’s surface. This difference arises because of the 
absorbance and re?ectance of the earth’s atmosphere. There 
fore, the optimum bandgap of the photovoltaic material 
differs according to Whether the solar cells are to be utiliZed 
above the earth’s atmosphere or at the earth’s surface. As a 
practical matter, these tWo distributions are suf?ciently 
similar that there is negligible impact on the choices of 
materials to be utiliZed for the photovoltaic layer. Several 
independent studies have shoWn that ef?cient solar cells can 
be made from a semiconductor that has a bandgap betWeen 
1 and 2 electron volts, With the optimum being approxi 
mately 1.5 electron volts. 

[0021] Semiconductors Which have a sharp transition in 
absorption at the bandgap are knoWn as “direct” bandgap 
materials, and those Which have more of a slope at the 
transitions are knoWn as “indirect” bandgap materials. The 
ideal photovoltaic materials have a “direct” bandgap, 
because such materials absorb incident light in a very thin 
layer (less than one micrometer thick), Whereas an “indirect” 
bandgap material requires a thick layer (over one hundred 
microns thick) to absorb the same fraction of incident light. 
Devices based upon a thin layer of direct bandgap material 
are less expensive, because less material is needed and the 
photovoltaic layer can be vapor deposited as a thin ?lm. 
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[0022] It is difficult to deposit loW cost, high quality, thick 
layers from a vapor, so “indirect” bandgap materials, such as 
silicon, are manufactured by solidi?cation from a liquid melt 
and then saWed into Wafers for use as devices. This melt 
groWth process is very expensive and Wasteful due to loss of 
material during cutting. In addition, the resulting discrete 
devices (typically less than 150 millimeters across) require 
additional costly assembly into larger modules for ?nal 
installation. The use of thin ?lms also reduces the distance 
that the generated carriers must traverse before being col 
lected. This reduces the mobility and lifetime requirements 
for the current carriers in this layer, Which enables high 
ef?ciency devices to be formed from a relatively loWer 
quality layer. This further reduces the cost of high ef?ciency 
devices. HoWever, indirect materials have the advantage of 
longer lifetimes of generated carriers that can produce 
highly ef?cient devices if the purity and perfection of the 
thick ?lm can be obtained. Therefore, While indirect band 
gap materials are less likely candidates, they should also be 
considered if a loW cost of the thick layer is possible. 

[0023] To be commercially viable for generating a signi? 
cant fraction of the electrical poWer needs of the United 
States at this time, the resulting photovoltaic cell should 
maintain an ef?ciency of at least 15% for a period of greater 
than 30 years and must be made of materials selected such 
that the installation of more than 20 billion square meters of 
cells in less than 20 years Will not signi?cantly deplete the 
supply or in?ate the cost of these materials. The total cost of 
these cells should be on the order of, or less than, $50/m2, 
so that the average cost of electricity from these solar 
photovoltaic cells over the lifetime of these cells is compa 
rable to the projected cost of generating that electricity from 
conventional sources. 

[0024] The folloWing ?ve materials satisfy all of the these 
requirements and therefore Will produce photovoltaic cells 
having high ef?ciency at greatly reduced cost: monoclinic 
Zinc diphosphide (also referred to as beta Zinc diphosphide 
and indicated by [3-ZNP2,); copper diphosphide (CuP2,); 
magnesium tetraphosphide (MgP4,); y-iron tetraphosphide 
(y-FeP,) and mixed crystals formed from these four materi 
als. 

[0025] Large-scale solar photovoltaic cells Will typically 
be manufactured as arrays of smaller cells. In order to 
produce a signi?cant fraction of our national electric poWer 
needs (on the order of 3,000 billion kWh/year), the total area 
of these cells must be on the order of 15,000 square 
kilometers. In order to manufacture such a tremendous area 
of photovoltaic cells, it is advantageous to utiliZe a reactor 
design that can manufacture sheets of photovoltaic material 
having a Width on the order of a meter or more. Processing 
sheets of this siZe requires processes that produce highly 
uniform thin ?lms over this entire Width. And this process 
must operate near, or beloW, atmospheric pressure. If the 
pressure Were signi?cantly above one atmosphere, the Walls 
of the equipment used for the process Would have to be very 
thick and heavy, the inherent dif?culty and danger in such a 
process Would increase the effective cost of the cells pro 
duced. 

[0026] All of the proposed materials are compounds that 
contain more atoms of phosphorus than atoms of the metal 
species. They are all knoWn to decompose to compounds 
having less phosphorus content, unless they are maintained 










































