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CONTRACTUAL ORiGIN OF THE INVENTION

The United States Government has rights in this inven-
tion under Contract No. DE-AC02-83CH10093 between the United
States Department of Energy and the Solar Energy Research

Institute, a Division of the Midwest Research Institute.
CROSS-REFERENCE TO RELATED APPLICATION

This application is a continuation-in-part of my
copending application Serial No. 07/431,364, filed Novem-

ber 3, 1989.
BACKGROUND OF THE INVENTION

1. FIELD OF THE INVENTION

The present invention relates, generally, to photovol-
taic solar cells and, more particularly, to multijunction
tandem photovoltaic solar cells. Specifically, the present

invention relates to improved monolithic tandem photovoltaic
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solar cells which are efficient, radiation resistant, and
useful in space applications in addition to terrestrial

applications.

2. DESCRIPTION OF THE PRIOR ART

Photovoltaic cells, commonly known as solar cells,
essentially comprise semiconductors that have the capability
of converting electfomagnetic energy (such as light or solar
radiation) directly to electricity. Such semiconductors are
usually characterized by solid crystalline structures that
have energy bandgaps between their valence electron bands
and their conduction electron bands. When light is absorbed
by the material, electrons that occupy low-energy states
become excited to cross the bandgap to higher energy states.
For example, when electrons in the valence band of a semi-
conductor absorb sufficient energy from photons of the solar
radiation, they can jump the bandgap to the higher energy
conduction band.

Electrons which are excited to higher energy states
leave behind them unoccupied low-energy positions or holes.
Such holes can shift from atom to atom in the crystal
lattice and thereby act as charge carriers, as do free
electrons in the conduction band, and contribute to the

crystal's conductivity. Most of the photons absorbed in the

semiconductor give rise to such electron-hole pairs which




generate the photocurrent and, in turn, the photovoltage
exhibited by the solar cell.

As is known, the semiconductor is doped with a dissimi-
lar material to produce a space charge layer which separates
the holes and electrons for use as charge carriers. Once
separated, these collected hole and electron charge carriers
produce a space charge that results in a voltage across the
junction, which is the photovoltage. If these hole and
charge carriers are allowed to flow through an external
10 load, they constitute a photccurrent,

It is known that photon energies in excess of the
threshold energy gap or bandgap between the valence and con-
duction bands are usually dissipated as heat; thus they are
wasted and do no useful work. More specifically, there is a
fixed quantum of potential enerqgy difference across the
bandgap in the semiconductor. For an electron in the lower
energy valence band to be excited to jump the bandgap to the
higher energy conduction band, it has to absorb a sufficient
quantum of energy, usually from an absorbed photon, with a

20 value at least equal to the potential energy difference
across the bandgap.

The semiconductor is transparent to radiation, with
photon energies less than the bandgap. On the other hand,
if the electron absorbs more than the threshold quantum of
eﬁergy, e.g., from a higher energy photon, it can jump the

bandgap. The excess of such absorbed energy over the
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threshold gquantum required for the electron to jump the
bandgap results in an electron that is higher in energy than
most of the other electrons in the conduction band. The
excess energy is evehtually lost in the form of heat. The
net result is that the effective photovoltage of a single
bandgap semiconductor is limited by the bandgap.

Thus, in a single semiconductor solar cell, to capture
as many photons as possible from the spectrum of solar radi-
ation, the semiconductor musﬁ have a small bandgap so that
even photons having lower energies can excite electrons to
jump the bandgap. This, of course, involves attendant limi-
tations. First, use of a small bandgap material results in
a low photovoltage for the device and, naturally, lower
power output occurs. Second, the photons from higher energy
radiation produce excess energy which is lost as heat.

On the other hand, if the semiconductor is designed
with a larger bandgap to increase the photovoltage and
reduce energy loss caused by thermalization of hot carriers,
then the photons with'lower energies will not be absorbed.
Consequently, in designing conventional single-junction
solaxr cells, it is necessary to balance these considerations
and try to design a semiconductor with an optimum bandgap,
realizing that in the balance there has to be a significant
loss of energy from both large and swmall energy photons.

Much work has been done in recent years to solve this

problem by fabricating tandem or multijunction (cascade).
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solar cell structures in which a top cell has a largér band-
gap and absorbs the higher energy photons, while the lower
enerqgy photons pass through the top cell into lower or
bottom cells that have smaller bandgaps to absorb lower
energy radiation.

The bandgaps are ordered from highest to lowest, top to
bottom to achieve an optical cascading effect. In prin-
ciple, an arbitrary number of subcells can be. stacked in
such é manner; however, the practical limit is usually con-
sidered to be two or three. Multijunction solar cells are
capable of achieving higher conversion efficiencies because
each subcell converts solar energy to electrical energy over
a small photon wavelength band over which it converts energy
efficiently.

Various electrical connectivity options between sub-
cells are possible, including (1) series connected, (2)
voltage matched, and (3) independently connected. In the
series connected type of tandem solar cells, there is
current matching of the two subcells. The advantage of the
independently connected type is that it avoids the problems
of having to electrically connect the two subcells. This
type also allows more possibilities in designing the solar
cell. However, it is more complex with respect to fabrica-
tion of the solar cell, and it is also more complex in terms
of delivering the power from each separate cell to a single

electrical load. This is a systems problem.
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Such tandem cells can be fabricated in two different
manners. The first manner involves separately manufacturing
each solar cell (with different bandgaps) and then stacking

the cells mechanically in optical series by any of a number

of known methods. The disadvantage of this method is due to
the éomplexity in forming such a stacked arrangement. The
advantage is the flexibility of being able to stack differ-
ent materials on top of each other.

The second manner of fabricating a tandem solar cell
involves forming a monolithic crystalline stack of materials
with the desired bandgaps. The advantage of this method is
the simplicity in processing. The disadvantage is that
there are a limited number of materials combinations which
can be epitaxially grown in deyice-quality form.

It has been generally accepted by persons skilled in
the art that the desired configuration for monolithic multi-
junction tandem devices is best achieved by lattice matching
the top cell material to the bottom cell material. Mis-
matches in the lattice constants create defects or disloca-
tions in the crystal lattice where recombination centers can
occur to cause the loss of photogenerated minority carriers,

thus significantly degrading the photovoltaic quality of the

device. More specifically, such effects will decrease the

open—-circuit voltage (VOC), short circuit current (Jsc), and
fill factor (FF), which represents the relationship or bal-

ance between current and voltage for effective power output.




10

20

Thus, the lattice-matched monolithic approach provides an
elegant manner for the construction of a high-quality tandem
cell.

One common problem with conventional semiconductors is
their lack of radiation resistance, as would be required to
ensure degradation-free operation in space. This problem is
especially troublesome when considering space photovoltaics,
where conventional Si solar cells degrade with time. Thus,
alternate semiconductor materials have been investigated to
overcome these problems.

Indium phosphide (InP) is an attractive III-V semicon-
ductor for a variety of electronic device applications
involving heterostructures because of the large number of
lattice-matched III-V ternary and quaternary materials
available, for example, GaAsSb, GaInAs, AlAsSb, GaInAsP, andA
AlInAs. In addition to being lattice matched, these
compounds offer a wide range of bandgaps which aid in the
design of complex device structures. InP is also considered
a prime candidate for space photovoltaic applications
because of its superior radiation hardness and demonstrated
high efficiencies.

Thus, the possibility of constructing radiation-hard
InP-based tandem solar cells for space application appears

feasible. However, none has been disclosed in the art to

date.
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Other techniques for making‘a tandem solar cell are
known. For example, U.S. Patent 4,289,920 describes a two-
cell construction in which different semiconductor materials
are grown on opposite surfaces of a transparent insulating
substrate. In other words, the two semiconductors are not
in physical contact with each other. Consequently, there is
no need to lattice match the two semiconductors; however,
the problems associated with forming high-quality semicon-
ductor layers on the intermediate substrate are undoubtedly
substantial. A metal layer covering the bottom surface of
the lower semiconductor reflects light through the struc-
ture. The metal layer wraps around the edge to connect the
two cells in electrical series.

There has‘not heretofore been provided a monolithic
tandem photovoltaic solar cell having the advantages and
desirable\combination of features which are exhibited by the

devices of the present invention.
SUMMARY OF THE INVENTION

It is an object of the invention to proviae a mono-
lithic tandem photovoltaic solar cell which is highly radia-
tion resistant and efficient.

It is another object of the invention to provide a
monolithic tandem photovoltaic solar cell in which there is

included a prismatic cover layer.
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It is yet another object of the invention to provide a
monolithic tandem photovoltaic solar cell comprising layers
of InP and GaInAsP {(or GaInAs), where said photovoltaic cell
is useful, for example, in space power applications.

It is yet another object of the invention to provide a
tandem photovoltaic solar cell having an improved
power-to-mass ratio.

It is yet another object of the invention’to provide a
monolithic tandem photovoltaic solar cell in which there is
included a unique middle contact region between the two
subcells.

It is still another object of this invention to provide
improved three-terminal wmonolithic tandem photovoltaic solar
cells.

Additional objects, advantages, and novel features of
the invention shall be set forth in part in the description
that follows and in part will become apparent to those
skilled in the art upon examination of the following or may
be learned by the practice of the invention. The objects
and the advantages of the invention may be realized and
attained by means of the instrumentalities and in combina-
tions par%icularly pointed out in the appended claims.

To achieve the foregoing and other objects and in
accordance with the purpose of the present invention, as
embodied and broadly described herxrein, the monolithic tandem

photovoltaic solar cell may comprise
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(a) an InP substrate having an upper surface;

(b) a first photoactive subcell on the upper surface
of the InP substrate; wherxrein the first subcell
comprises GaInAs (which could include GaInAsP) and
includes a homojunction;

{c) a second photoactive subcell over the first sub-
cell; wherein the second subcell comprises InP and
includes a homojunction;

(d) an optically transparent prismatic cover layer
over the second subcell.

The GaInAs (which could include GaInAsP) subcell is
lattice matched with the InP. The InP subcell has a larger
energy bandgap than the first subcell.

The photovoltaic solar cell of the invention exhibits
several advantages.' It is a monolithic lattice-matched
device structure which in principle, can be made with as few
as four distinct epitaxial layers. The bandgap of the lower
subcell can be tuned or designed without compromising
lattice matching.

Computer modeling of the performance of the solar cell
of the invention shows that the solar cell is capable of
very high efficiencies under AMO or terrestrial illumination
conditions (particularly under concentratéd solar illumina-
tion).

The technology for fabricating and handling InP and

GaInAsP materials is well developed from applications in
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other electronic and optoelectronic devices, thus facilitat-
ing device processing.

For space applications, the tandem solar cell is par-
ticularly advantageous because it uses a radiation-hard top
cell which produces 75% to 80% of the total power output of
the tandem solar cell.

Further, the soclar cell construction of this invention
is preferably provided as a three-terminal device including
a unique middle contact region. Preferred solar cell
constructions also include layers of n-type GalInAs and InP
between the InP top cell and the top contacts.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and form a part of the specification, illustrate the
preferred embodiments of the present invention and, with the
description, explain the principles of the invention. 1In
the drawings:

FIGURE 1 is a side elevational view in schematic of one
embodiment of monolithic tandem photovoltaic solar cell of
the invention:

FIGURE 2 is a side elevational view in schematic of
another embodimeht of monolithic tandem photovoltaic solar
cell of the invention;

FIGURE 3 is a side elevational view in schematic of yet
another embodiment of monolithic tandem photovoltaic solar

cell of the invention:
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FIGURE 4 is a graph illustrating quantum efficiency
data for a solar cell of the type shown in Figure 1;

FIGURE 5 is a graph illustrating current-voltage data
for a solar cell of the type shown in Figure 1;

FIGURE 6 is a side elevational view of another embodi-
ment of monolithic tandem photovoltaic solar cell of the
invention;

FIGURE 7 is an isometric view of the solar cell shown
in Figure 6;

FIGURE 8 is a graph illustrating efficiency of a three-
terminal tandem photovoltaic solar cell of the invention;
and

FIGURE 9 is a graph illustrating current-voltage data

for an improved solar cell of this invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figure 1 illustrates one preferred embodiment of a
single-crystal, monolithic, two- junction, three-terminal
tandem solar cell. This cell includes an InP upper subcell
10 which includes a hoﬁojunction 10A. The solar cell also
includes a GaInAs or GaInAsP bottom subcell 20 that includes
a homojunction 20A. Under the bottom subcell, there is an
InP substrate 15.

Top conductive contact 11 is supported by the upper

surface of the upper subcell 10, as illustrated, and is low
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resistance and ohmic electrically. Back coﬁductive contact
13 is in contact with the lower surface of the InP substrate
and is low resistance and ohmic electrically. Middle con-
tact 12 is supported by the p-layer of the upper cell 10 and
is low resistance and ohmic electrically. Contacts 11 and
13 may be gold, for example. Contact 12 may be a laminate
of gold and zinc, for example.

Each subcell includes photoactive regions. For
example, the‘photoactive regions of subcell 10 include the
n+-InP upper region and a portion of the p~InP lower region
directly below the n+/p junction. The photoactive region of
subcell 20 includes both p+— and n-type regions thereof. The
lower region of subcell 10 and the upper region of subcell
20 are of common conductivity type. Thus, as illustrated in
Figure 1, the lower region of subcell 10 and the upper
region of subcell 20 are both p-type. Of course, if
desired, both of said regions could instead be n-type (i.e.,
for p/n/p devices). The ohmic middle contact 12 is placed
between the photoactive regions of both subcells.

On the top surface of the upper subcell 10 there is a
conventional antireflection coating 14. The purpose of this
coating is to prevent radiation from being reflected off the
upper surface of the subcell 10.

The substrate 15 is illustrated in the drawings as an
InP substrate. InP is an attractive III-V semiconductor for

a variety of electronic device applications because of its
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electronic and optoelectronic properties. Among the main
disadvantages associated with the use of the material as a
substrate, however, are the high cost, fragility, and high
mass density of InP.

Substrate 15 may be composed essentially of InP, §r it
may be a thin layer of InP on another semiconductor mate-
rial, or it may be any of the alternative substrate struc-
tures as defined in U.S. Patent No. 4,963,949 incorporated
herein by reference. Said patent descfibes techniques for
growing device quality InP on foreign substrates while mini-
mizing the propagation éf dislocations into the InP layer.
Such techniques enable a low-cost, light weight substrate
structure having good strength to be used for an InP-based
semiconductor device. Accordingly, such techniques can be
used in the preparation of substrates structures which are
useful in the present invention.

The bottom or lower subcell 20 is grown on the upper
surface of InP substrate 15 epitaxially -so that the material
of the subcell 20 is lattice matched to the InP. The upper
or top subcell 10 is grown on the upper surface of the lower
subcell epitaxially so that the InP top subcell is lattice
matched to the lower subcell. Thus, a single-crystal
monolithic tandem photovoltaic solar cell is obtained.

The composition of the lower subcell 20 is represented
A

by the formula GaXIn where x is in the range of

s P
y 1-y
0.200 to 0.467, and y is in the range of 0.436 to 1.000.

1-x
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The necessary relationship between x and y is defined by the
formula y=2.209x%x/(1+0.06864x). Thus, at one endpoint, where
y equals 1, there is no phosphorus in the composition. As
long as the composition is defined by the relationship of x
and y described above, the lower subcell material will be
lattice matched with the InP substrate ana also the InP top
subcell. References herein to GalnAs or GalnAsP are generic
references to the composition of the lower subcell as
defined above. Hereafter it is referred to as GalnAsP.

The GaInAsP layer may be grown or deposited on the InP
substrate, and the InP upper subcell is deposited on the
upper surface of the GaInAsP subcell by an epitaxial
crystal growth technique such as atmospheric-pressure
metalorganic vapor phase epitaxy. This technique is known
in the art.

The upper subcell has a larger energy bandgap than the
lower subcell. The energy bandgap for the upper subcell is
1.35 eV at 300K. The energy bandgap of the lower subcell
may be varied by changing the composition of the elements in
the GaInAsP subcell.

The optimum bottom or lower subcell bandgap will range
from 0.75 to 1.0 eV, depending upon the operating conditions -
(i.e., temperature, solar concentration ratio, and incident
spectrum) and the subcell connectivity. This bandgap range

is obtained within the broad composition range for the

GaInAsP lower subcell as defined above.
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Although the solar cell in Figure 1 is illustrated as
comprising an upper subcell of the n/p type and a lower sub-
cell of the p/n type, the opposite configuration is
considered to be a functional equivalent thereof.

The thickness of the lower subcell may vary, but gener-
ally it will be in the range of about 3 to 6 microns. The
thickness of the upper subcell may also Véry, but generally
it will be in the range of about 0.5 to 5 microns. The
thickness of the substrate 15 is preferably in the range of
about 300 to 600 microns.

The tandem solar cell illustrated in Figure 1 is a
three-terminal device. Either voltage-matched operation or
independent operation is possible using this configuration.

The upper subcell exhibits good radiation resistance.
Therefore, the tandem solar cell can be used in space appli-
cations. It also exhibits high conversion efficiency and a
high power-to-mass ratio. This is due to the fact that the
lower bandgap bottom subcell is sensitive to infrared radia-
tion, which is highly abundant in the AMO spectrum. Of
course, this solar cell is also useful in terrestrial appli-
cations, as is be illustrated in more detail below.

For n-type doping, it is known to use conventional
extrinsic impurities such as, for example, sulfur,

tellurium, or selenium. For p-type doping, it is known to

use elements such as zinc, cadmium, beryllium, or magnesium.
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The following Table I illustrates the modeled effi-
ciency of the tandem solar cell of Figure 1 when the lower

subcell has the composition Ga In0 53As. The data shown

0.47
are for theoretical operation of the solar cell at AMO

(i.e., in space).

TABLE I
Solar InP Top Cell Ga0 7In As Tandem Cell
Temperature Concentration Efficiency Bot%om 8é§i Efficiency
{°C) Ratio (%) Efficiency (%) (3)
1 25.9 7.1 33.0
25 10 27.8 8.5 36.3
100 29.6 9.9 39.5
1000 31.4 11.3 42.7
80 1 22.5 4.5 26.9
10 24.7 6.1 30.8
100 26.9 7.8 34.7
1000 29.1 9.4 38.5

The following Table II illustrates the modeled

efficiency of the same tandem solar cell for theoretical

operation thereof under terrestrial illumination.
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TABLE II
Solar InP Top Cell Ga0 47In As Tandem Cell
Temperature Concentration Efficiency Bottom eéii Efficiency
{°C) Ratio (%) Efficiency (%) (2)
1 28.7 6.4 35.1
25 10 30.7 7.7 38.4
100 32.8 9.0 41.8
1000 34.8 10.3 45.1
80 1 24.8 4.0 28.8
10 10 27.2 5.6 32.8
100 29.6 7.1 36.7
1000 32.1 8.7 40.8

Figure 4 illustrates absolute external quantum effi-
ciency data for an actual solar cell of the type shown in
Figure 1. The solar cell referred to in Figure 4 did not
include an antireflection coating. The solar cell exhibits
very high overéil guantum efficiency.

Figure 5 illustrates illuminated current-voltage data
under a standard global spectrum for an actual solar cell of

20 the type shown in Figure 1, except that the solar cell does
not include an antireflection coating. The.solar cell would
exhibit even better results with an antiréflection coating
present.

The three-terminal configuration (e.g., as shown in

Figure 1) is advantageous because it allows for independent
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power collection from each subcell in the monolithic stack.
This minimizes the adverse impact of radiation damages on
the overall tandem efficiency.

Realistic computer modeling calculations predict an

efficiency boost of 7%-11% from the Ga As bottom

0.471%0 .53
cell under AMO illumination (25°C) for concentration ratios
in the 1-1000 range. Thus, practical AMO efficiencies of

In

25%-32% are believed possible with the InP/Ga0 As

47770.53

tandem cell.

Figure 2 illustrates another embodiment of solar cell
which is a single-crystal, monolithic, two-junction, two-
terminal tandem solar cell. This cell includes an InP upper
or top subcell 30 which includes a homojunction 30A. The
lower or bottom subcell 40 includes homojunction 40A. Under
the lower subcell, there is an InP substrate 15, as
described above.

Top conductive contacts 11 are supported by, and in
electrical contact with, the upper surface of the upper
subcell 30, as illustrated. Back conductive contact 13 is
in electrical contact with the lower surface of the InP
substrate. A conventional antireflection coating 14 is
supported on the upper surface of the upper subcell.

The lower subcell 40 has the same composition as
described above in connection with the solar cell of Figure

1, except that it is provided as an n/p type instead of a

p/n type.
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Between the upper subcell 30 and the lower subcell 40,
there is a tunnel junction interconnect 35. This junction
connects the upper and lower subcells in series.

In one specific embodiment of the solar cell illustrat-
ed'in Figure 2, the solar cell can be optimized by adjusting
the thickness of the InP upper subcell to match the current
densities of the two subcells. For example, for subcells in
bulk form (i.e., thick enough to absorb all photons with
energy above their respective bandgaps) under the AMO spec-

trum using Ga As as the bottom subcell, the bottom

0.471%0.53
subcell is current limiting. Therefore, it is required that
the thickness of the InP top subcell must be reduced to an

appropriate value such that the current densities of the

subcells are matched.

In another specific embodiment of the solar cell
illustrated in Figure 2, the solar cell can be optimized by
adjusting the areas of the upper and lower subcells to match
the current densities of the two subcells. For example, the
area of the upper subcell may be smaller than the area of
the lower subcell. This can be accomplished in various
manners, including the use of selective wet chemical etching
of the upper subcell using techniques described hereinafter.

Figure 3 illustrates another embodiment of a single-

crystal, monolithic, two-junction, two-terminal tandem solar

cell. This cell includes an InP upper subcell 30 which
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includes a homojunction 30A., It also includes lower subcell
40 which includes homojunction 40A.

In the embodiment of Figure 3, the upper subcell 30 is
connected to the lower subcell 40, in series, by means of
metal interconnect 36. This is functionally equivalent to
the tunnel junction, although the metal interconnect does
make processing procedures more complex.

Figures 6 énd 7 illustrate the improved three-terminal
monolithic tandem photovoltaic solar cell of the invention.
As illustrated, there is a unique middle contact region
between the lower subcell and the upper subcell.

The middle contact region includes a heavily doped
layer of p-type InP and a heavily doped p-type layer of
GaInAs. The p-type InP layer is referred to as a lateral
conduction layer (LCL) because it allows for lateral con-
duction of current from both subcells to the common middle
contact. The p-type GaInAs layer serves two purposes: (1)
It is a stop-etch layer (SEL) which terminates the etching
of the trenches through the InP top cell layers. This
function is necessary in order to place the middle contact
at the desired position within the tandem structure. (2) It
also provides a low contact resistance for the middle
contact.

The middle contact region serves a very important func-

tion for the tanaem solar cell. It reduces the high series
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resistance which would otherwise produce large efficiency
losses and subcell coupling effects.

Also illustrated in Figures 6 and 7 is the use of an
optically transparent cover layer. This cover layer is a
prismatic cover. It comprises a series of parallel lens
elements which are capable of refracting incident light in a
manner similar to that of a lens (i.e., in such a way that
parallel rays are re-directed by refractive action of a
lens). |

The cover layer diverts incoming light rays away from
structures on the surface of the solar cell and into active,
light-absorbing regions of the top cell. This allows for a
substantial fraction of the top cell surface to be covered
with the grid metallization and also allows for the
formation of trenches required for placement of the middle
contact. This is an important feature for concentrator
cells which generate large photocurrents. The nodes of the
cover layer are in alignment with the grid line centers of
the grid pattern of the top contact, as illustrated. Covers
of this type are described, for example, in U.S. Patent
4,711,872, incorporated herein by reference.

The thickness of the cover layer may vary, e.g., from
about 0.002 to 0.005 inch. Preferably it has a thickness of

about 0.003 to 0.005 inch. The cover layer may be composed

of any suitable material which is optically transparent. It
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is typically composed of plastic (e.g., silicone) for eco-~
nomic reasons. It could be composed of glass, if desired.

The cover layer is normally adhered to the upper sur-
face of the top contact by means of adhesive. The adhesive
must be electrically insulating and must have an index of
refraction which ié similar to the material composing the
cover layer.

The use of the cover layer described herein enables
about 20% of the surface'of the top cell to be covered with
metal without diminishing the ability of the solar cell to
absorb light rays.

Figures 6 and 7 also illustrate another preferred
feature of the improved tandem solar cell of the invention.
This feature includes the provision of layers of n-type InP
and GaInAs between the top contact and the InP top cell.

It has been observed in this invention that InP and
GaInAs may be selectively etched using two different wet
chemical etchants. Concentrated HCl etches InP but not
GaInAs. A solution of 10 HZSO4:1 H202:1 H20 etches GaInAs
but not InP. This enables selective etching to be done to
obtain the desired pattern for the semiconductor materials.
The use of layers of n-type InP and GalInAs as replacement
for conventional photoresists is beneficial. Such layers
serve as very stable and inert etching masks which perform

better than conventional positive photoresists and they can

be desirably removed from the structure as the structure is
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processed without damaging the permanent features of the
structure. This technique is vital to producing a concen-
trator version of a tandem solar cell due to the smaller
dimensions involved (e.g., where trenches are 10 to 50
microns in width). Of course, similar etching techniques
can be used, if desired, using different types of masking
materials (e.g., silicon dioxide).

Figure 8 illustrates the effiéiency which can be
obtained in a tandem solar cell using the techniques of this
invention.

Figure 9 is a graph illustrating operating parameters
for a tandem solar cell of the invention.

The foregoing is considered as illustrative only of the
principles of the invention. Further, because numerous
modifications and changes will readily occur to those
skilled in the art, it is not desired to limit the invention
to the exact construction and operation shown and described,
and accordingly all suitable modifications and equivalents

may be resorted to falling within the scope of the invention

as defined by the claims which follow.
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IMPROVED MONOLITHIC TANDEM SOLAR CELL

Abstract of the Disclosure

A single-crystal, monolithic, tandem, photovoltaic
solar cell is described which includes (a) an InP substrate
having upper and lower surfaces, (b) a first photoactive
subcell on the upper surface of the InP substrate, (c) a
second photoactive subcell on the first subcell; and (d) an
optically transparent prismatic cover layer over the second
subcell. The £first photoactive subcell is GaInAsP of

defined composition. The second subcell is InP. The two

subcells are lattice matched.




