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1
HIGH EFFICIENCY MULTIJUNCTION
SOLAR CELLS

This application is a continuation of U.S. application Ser.
No. 13/678,389 filed on Nov. 15, 2012, which claims the
benefit under 35 U.S.C. §119(e) of U.S. Provisional Applica-
tion No. 61/559,982 filed on Nov. 15, 2011, which is incor-
porated by reference in its entirety.

BACKGROUND

The present invention relates to solar cells, and in particular
to high efficiency, multijunction solar cells formed primarily
of I1I-V semiconductor alloys.

The highest known solar cell efficiencies have been pro-
duced by multijunction solar cells comprised primarily of
III-V semiconductor alloys. Such alloys are combinations of
elements drawn from columns IIIA and VA of the standard
Periodic Table, identified hereinafter by their standard chemi-
cal symbols, names and abbreviations, and wherein the total
number of elements from column IIIA is substantially equal
to the total number of elements from column VA. The high
efficiencies of these solar cells make them attractive for ter-
restrial concentrating photovoltaic systems and systems
designed to operate in space.

Historically, the highest efficiency solar cells have con-
sisted of a monolithic stack of three subcells, which are
equivalently referred to as junctions, grown on germanium
(Ge) or gallium arsenide (GaAs) substrates. The subcells
contain the regions of the solar cell where light energy in a
range of wavelengths is absorbed and converted into electri-
cal energy that may be collected externally. The subcells may
be interconnected with one another by tunnel junctions. Other
layers, such as buffer layers, may also exist between the
subcells. In the highest efficiency solar cells demonstrated to
date, the top subcell has one or more absorbing layers made of
(AD)GalnP, the intermediate subcell has one or more absorb-
ing layers made of (In)GaAs, and the bottom subcell includes
a Ge substrate or has absorbing layers made of a I1I-V mate-
rial. The foregoing nomenclature for a I1I-V alloy, wherein a
constituent element is shown parenthetically, such as Al in
(ADInGaP, denotes a condition of variability in which that
particular element can be zero.

Each subcell comprises several associated layers, typically
including a window, emitter, base and back surface field
(BSF). These terms are well known to those skilled in the art
and do not need further definition here. Each of the foregoing
layers may itself include one or more sublayers. The window
and emitter will be of one doping polarity (e.g., n-type) and
the base and back surface field will be of the opposite polarity
(e.g., p-type), with a p-n or n-p junction formed between the
base and the emitter. If the base contains an intrinsic region in
addition to an intentionally doped region, then it may be
considered a p-i-n or n-i-p junction, as is well known to those
skilled in the art. By convention, the specific alloy and the
band gap of a given subcell are considered to be the name and
the band gap, respectively, of the material forming the base.
This material may or may not also be used for the window,
emitter and back surface field of the subcell. For example, a
subcell comprising an AllnP window, an InGaP emitter, a
GaAs base and an AlGaAs back surface field would be
denoted a GaAs subcell and its band gap would be the GaAs
band gap of 1.4 eV. A subcell comprising an AllnP window,
an InGaP emitter, an InGaP base and an InGaP back surface
field would be denoted an InGaP subcell, and its band gap
would be that of the InGaP base. The subcell may include
layers in addition to those listed above. Those skilled in the art
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will also recognize that subcells may also be constructed
without one or more of the foregoing layers. For example,
subcells may be constructed without a window or without a
back surface field.

When speaking about the stacking order of the subcells
from top to bottom, the top subcell is defined to be the subcell
closest to the light source during operation of the solar cell,
and the bottom subcell is furthest from the light source. Rela-
tive terms like “above,” “below,” “upper,” and “lower” also
refer to position in the stack with respect to the light source.
The order in which the subcells were grown is not relevant to
this definition. The top subcell is also denoted “J1,” with “J2”
being the second subcell from the top, “J3” being third from
the top, and the highest number going to the bottom subcell.

Three junction solar cells have reached the highest efficien-
cies of any solar cells to date. See M. A. Green et al., Progress
in Photovoltaics: Research and Applications 19 (2011) 565-
572. However, these three junction solar cells are approach-
ing their practical efficiency limits. To reach significantly
higher efficiencies, additional junctions or subcells are
needed. With additional subcells, photons can be absorbed
more efficiently by materials with band gaps closer to the
photon energies, which are able to convert more light energy
into electrical energy rather than heat. In addition, the total
solar cell current with additional subcells may be lower for a
given amount of incident light, which may reduce series
resistance losses. Another mechanism for increasing effi-
ciency is to absorb a larger fraction of the solar spectrum with
additional subcell(s). For many years, there has been wide-
spread recognition of the need for higher numbers of junc-
tions, but to date, the attempt to build cells of four, five and six
junctions has failed to produce solar cells with efficiencies
that exceeded the efficiencies of the best three-junction solar
cells. The reasons for failure have been unclear, although
material and design flaws have been suspected, including
poor material quality, which can be a result of dislocations
produced by the use of lattice-mismatched layers. There are
additional challenges related to the increased number of tun-
nel junctions required to interconnect the additional subcells,
including the loss of light by tunnel junction absorption.

There has long been interest in high efficiency, lattice-
matched multijunction solar cells with four or more subcells,
but suitable materials for creating high efficiencies while
maintaining lattice matching among the subcells and to a
substrate have previously been elusive. For example, U.S.
Pat. No. 7,807,921 discusses the possibility of a four junction,
lattice-matched solar cell with GaInNAs as the material for a
1.0 eV subcell. However, the applicant concluded that this
design is impractical because GalnNAs that is lattice matched
to the other subcells exhibited poor quality when produced by
then known techniques. To overcome the problems with find-
ing feasible, lattice-matched structures, the patent teaches the
use of metamorphic materials including a graded metamor-
phic layer of GalnNAs that is not lattice matched. In another
attempt to make a 1 eV subcell that may be lattice-matched to
the traditional InGaP/(In)GaAs/Ge solar cell, a material con-
sisting of gallium, indium, nitrogen, arsenic and various con-
centrations of antimony was studied, but these investigators
concluded that antimony, even in small concentrations should
be avoided as it was considered detrimental to device perfor-
mance. See Ptak et al., Journal of Vacuum Science Technol-
ogy B 25(3) May/June 2007 pp. 955-959.

Prior work in this general field demonstrates that a high
level of skill in the art exists for making materials, so that it is
not necessary to disclose specific details of the processes of
making the materials for use in solar cells. Several represen-
tative U.S. patents are exemplary. U.S. Pat. No. 6,281,426
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discloses certain structures and compositions without dis-
closing fabrication techniques and refers to other documents
for guidance on growth of materials. U.S. Pat. No. 7,727,795
relates to inverted metamorphic structures for solar cells in
which exponential doping is disclosed.

What is needed to continue the progress toward higher
efficiency solar cells are designs for multijunction solar cells
with four or more subcells that can reach higher efficiencies
than can be practically attained with three junction solar cells.
It is conventionally assumed that substantially lattice-
matched designs are desirable because they have proven reli-
ability and because they use less semiconductor material than
metamorphic solar cells, which require relatively thick buffer
layers to accommodate differences in the lattice constants of
the various materials. It is to be noted that the general under-
standing of “‘substantially lattice matched” is that the in-plane
lattice constants of the materials in their fully relaxed states
differ by less than 0.6% when the materials are present in
thicknesses greater than 100 nm. Further, subcells that are
substantially lattice matched to each other as used herein
means that all materials in the subcells that are present in
thicknesses greater than 100 nm have in-plane lattice con-
stants in their fully relaxed states that differ by less than 0.6%.

SUMMARY

The invention includes multijunction solar cells compris-
ing four, five or more subcells having efficiencies that can
exceed those of known best solar cells. The multijunction
solar cells incorporate at least one subcell that has a base
comprising a [1I-V material containing As, N and at least one
additional element from the group containing Sb and Bi,
referred to as [II-AsNV materials, wherein the composition of
the material is tailored for band gap and lattice constant. The
aforementioned subcells comprise the bottom subcell and/or
the subcell immediately adjacent to the bottom subcell in
each of the multijunction solar cells of the invention. The
subcells of the multijunction solar cells of the invention are
substantially lattice-matched to each other. In certain
embodiments, the subcells of the multijunction solar cells are
substantially lattice-matched to a substrate. The methodology
for determining the physical parameters of the subcells is
based upon an accurate simulation that specifies subcell
thicknesses and runs an optimization procedure to find band
gaps, and therefore material ratios in alloys, by imposing
lattice-matching and current-matching between subcells.
Solar cells of the desired high quality material composition
may then be fabricated based on the material compositions
specified by the simulation.

In a specific embodiment two II1-AsNV subcells of difter-
ing band gaps are fabricated in a single multijunction solar
cell, where at least one of the subcells has a band gap higher
than previously achievable or suggested. In another specific
embodiment, three [1I-AsNV subcells of differing band gaps
are fabricated in a single multijunction solar cell, where at
least one of the subcells has a band gap higher than previously
achievable or suggested.

In further specific embodiments, designs with four to six
junctions are disclosed wherein the bottom subcell has a
higher bottom band gap than previously disclosed or sug-
gested.

In further embodiments, solar cells with a bottom III-
AsNV subcell with a band gap lower than has previously been
achievable for a III-AsNV alloy that is substantially lattice-
matched to a substrate are disclosed.
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While there has been a body of work in multijunction cells,
the material parameters and specific structures developed in
the present invention and discussed herein have not been
disclosed.

The invention will be better understood by reference to the
following detailed description in connection with the accom-
panying tables and figures which constitute the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a schematic cross-section of a multijunction
solar cell with five subcells illustrating an embodiment of the
invention.

FIG. 1B is a schematic cross-section of a multijunction
solar cell with six subcells illustrating an embodiment of the
invention.

FIG. 2A is a schematic cross-section of a multijunction
solar cell with five subcells illustrating still another embodi-
ment of the invention.

FIG. 2B depicts a schematic cross-section of a multijunc-
tion solar cell with six subcells illustrating still another
embodiment of the invention.

FIG. 3 A depicts a schematic cross-section of a multijunc-
tion solar cell with four subcells illustrating still another
embodiment of the invention.

FIG. 3B depicts a schematic cross-section of a multijunc-
tion solar cell with four subcells illustrating still another
embodiment of the invention.

FIG. 3C depicts a schematic cross-section of a multijunc-
tion solar cell with four subcells illustrating still another
embodiment of the invention.

FIG. 3D depicts a schematic cross-section of a multijunc-
tion solar cell with four subcells illustrating still another
embodiment of the invention.

FIG. 4 shows the efficiency as a function of bottom subcell
band gap for a specific embodiment of the invention with four
subcells under the AM1.5D spectrum at 25° C.

FIG. 5 shows the efficiency as a function of bottom subcell
band gap for a specific embodiment of the invention with four
subcells under the AMO spectrum at 25° C.

FIG. 6 depicts a schematic cross-section of a multijunction
solar cell with four subcells illustrating still another embodi-
ment of the invention.

FIG. 7 depicts a schematic cross-section of a multijunction
solar cell with five subcells illustrating still another embodi-
ment of the invention.

FIG. 8 shows the efficiency as a function of bottom subcell
band gap for a specific embodiment of the invention with five
subcells.

FIG. 9 depicts a schematic cross-section of a multijunction
solar cell with five subcells illustrating still another embodi-
ment of the invention.

FIG. 10 depicts a schematic cross-section of a multijunc-
tion solar cell with five subcells illustrating still another
embodiment of the invention.

FIG. 11 depicts a schematic cross-section of a multijunc-
tion solar cell with six subcells illustrating still another
embodiment of the invention.

FIG. 12 depicts a schematic cross-section of a multijunc-
tion solar cell with six subcells illustrating still another
embodiment of the invention.

FIG. 13A depicts a schematic cross-section of a multijunc-
tion solar cell with six subcells illustrating still another
embodiment of the invention.

FIG. 13B depicts a schematic cross-section of a multijunc-
tion solar cell with six subcells illustrating still another
embodiment of the invention.
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FIG. 14 shows the efficiency as a function of bottom sub-
cell band gap for a specific embodiment of the invention with
six subcells.

FIG. 15 illustrates elements of a multijunction solar cell
device as found in certain embodiments of the invention.

FIG. 16 illustrates a schematic cross section of a more
specific example of a multijunction solar cell according to the
invention.

FIG. 17A shows current-voltage curves for the multijunc-
tion solar cell with five subcells according to the invention
compared to a state-of-the-art multijunction solar cell with
three subcells.

FIG. 17B depicts a schematic cross section of a multijunc-
tion solar cell with five subcells illustrating still another
example of the embodiment of the invention depicted in FIG.
7.

FIG. 18A shows current-voltage curves for the multijunc-
tion solar cell with four subcells according to the invention
compared to a state-of-the-art multijunction solar cell with
three subcells measured under the AMO spectrum.

FIG. 18B shows the solar cell with four subcells for which
the simulation depicted in FIG. 18 A was produced.

FIG. 19A shows current-voltage curves for the multijunc-
tion solar cell with six subcells according to the invention
compared to a state-of-the-art multijunction solar cell with
three subcells measured under the AMO spectrum.

FIG. 19B shows the solar cell with six subcells for which
the simulation depicted in FIG. 19A was produced.

FIG. 20 shows the calculated band gap as a function of
composition for Ga, 4, _3,,105,,.0 01N, ASg 69.,.59b0 o1

DETAILED DESCRIPTION

“III-AsNV” materials are herein defined to be alloys of
elements from group MA (i.e., B, Al, Ga, In, T1) and group VA
(ie., N, P, As, Sb, Bi) of the periodic table, which alloys
include As, N and at least one additional element from Sb and
Bi. In certain embodiments, the at least one additional ele-
mentis Sb. In certain embodiments, the at least one additional
element is Bi. The alloys may comprise approximately one-
half group IIIA elements and one-half group-VA elements.
An element may only be considered to be part of the alloy if
it is present in an atomic composition of at least 0.05%. Thus,
dopants used to create n-type or p-type conductivity (e.g.,
Mg, Be, Si or Te) are not considered to be part of the alloy.
Examples of III-AsNV materials include GaNAsSb, Galn-
NAsSbBI, and AlInGaNAsSb. In certain embodiments, a I1I-
AsNV material is an alloy of one or more elements from
group I1I on the periodic table, nitrogen, arsenic, and at least
one element selected from Sb and Bi. The expression “cle-
ments from group III on the periodic table” as used herein
refers to one or more elements from group 111 on the periodic
table. For example, in certain embodiments, an alloy com-
prises one element from group 11l on the periodic table, and in
certain embodiments, more than one element from group II1
on the periodic table, such as two elements from group III on
the periodic table.

1II-AsNV materials are advantageous as solar cell materi-
als because their lattice constants can be varied to be substan-
tially matched to a broad range of substrates and/or subcells
formed from other than III-AsNV materials. Their lattice
constants can be controlled by the relative fractions of the
different group I1IA and group VA elements. Thus, by tailor-
ing the compositions (i.e., the elements and quantities) of
III-AsNV materials, a wide range of lattice constants and
band gaps may be obtained. Further, high quality material
may be obtained by optimizing the composition around a
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specific lattice constant and band gap, while limiting the total
Sb and/or Bi composition to no more than 20 percent of the
Group V lattice sites, in certain embodiments to no more than
3 percent of the Group V lattice sites, and in certain embodi-
ments, to no more than 1 percent of the Group V lattice sites.
The Sb and/or Bi are believed to act as surfactants to promote
smooth growth morphology of the III-AsNV alloys. In addi-
tion, they facilitate uniform incorporation of nitrogen and
minimize the formation of nitrogen-related defects. The
incorporation of Sb and/or Bi enhances the overall nitrogen
incorporation and reduces the alloy band gap, aiding the
realization of lower band gap alloys. However, there are addi-
tional defects created by Sb and/or Bi; for this reason, their
total concentration should be limited to no more than 20
percent of the Group V lattice sites. Further, the limit to the Sb
and/or Bi composition decreases with decreasing nitrogen
composition. Alloys that include In have even lower limits to
the total composition of Sb and/or Bi because the In reduces
the amount of Sb and/or Bi needed to tailor the lattice con-
stant. For alloys that include In, the total composition of Sh
and/or Bi may be limited to no more than 3 percent of the
Group V lattice sites, and in certain embodiments, to no more
than 1 percent of the Group V lattice sites. For example,
Ga,_InN As,  Sb,, disclosed in U.S. Publication No.
2011-0232730, which is incorporated by reference, is known
to have produced high quality material when substantially
lattice-matched to a GaAs or Ge substrate and in the compo-
sition range of 0.08=x<0.18, 0.025=y=<0.04 and
0.001=7z<0.03, with a band gap of at least 0.9 eV. This mate-
rial is used as the bottom subcell of the solar cell holding the
world record for conversion efficiency as of the filing date of
the priority application.

In certain embodiments of the invention, the N composi-
tion is not more than 7 percent of the Group V lattice sites. In
certain embodiments the N composition is not more than 4
percent and in certain embodiments, not more than 3 percent.

The present invention includes multijunction solar cells
with four or more subcells incorporating at least one III-
AsNV subcell. The band gaps of the III-AsNV materials can
be tailored by varying the compositions while limiting the
overall composition of Sb and Bi. Thus, III-AsNV subcells
with optimal band gaps for integrating with the other subcells
may be fabricated while maintaining substantial lattice-
matching to the other subcells. The band gaps and composi-
tions of the III-AsNV subcells are tailored so that the short-
circuit currents produced by the III-AsNV subcells will be the
same as or slightly greater than the other subcells in the solar
cell. Because the I1I-AsNV materials provide high quality,
lattice-matched and band gap tunable subcells, the disclosed
solar cells comprising I11-AsNV subcells will reach conver-
sion efficiencies exceeding those of triple junction solar cells.
Theboost in efficiency is largely due to less light energy being
lost as heat, as the extra subcells allow more of the incident
photons to be absorbed by materials with band gaps closer to
the energy level of the incident photons. In addition, there will
be lower series resistance losses in these multijunction solar
cells compared with triple junction solar cells due to the lower
operating currents. At higher concentrations of sunlight, the
reduced series resistance losses become more pronounced.
Depending on the band gap of the bottom subcell, the collec-
tion of a wider range of photons in the solar spectrum may
also contribute to the efficiency boost.

Designs of multijunction solar cells with more than three
subcells in the prior art predominantly rely on metamorphic
growth structures, new materials, or dramatic improvements
in the quality of existing subcell materials in order to predict
structures that can achieve high efficiencies. Solar cells con-
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taining metamorphic buffer layers may have reliability con-
cerns due to the potential for dislocations from the buffer
layers to propagate over time into the subcells, causing deg-
radation in performance. In contrast, [II-AsNV materials can
be used today in solar cells with more than three subcells to
attain high efficiencies while maintaining substantial lattice-
matching between subcells, which is advantageous for reli-
ability. For example, Reliability testing on III-AsNV subcells
provided by the present disclosure has shown that such
devices survived the equivalent of 390 years of on-sun opera-
tion at 100° C. with no failures. The maximum degradation
seen in these subcells was a decrease in open-circuit voltage
of 1.2%.

For application in space, radiation hardness, which refers
to minimal degradation in device performance when exposed
to ionizing radiation including electrons and protons, is of
great importance. Multijunction solar cells incorporating I11-
AsNV subcells of the present invention have been subjected
to proton radiation testing to examine the effects of degrada-
tion in space environments. Compared to Ge-based triple
junction solar cells, the results demonstrate that these III-
AsNV containing devices have similar power degradation
rates and superior voltage retention rates. Compared to non-
lattice matched (metamorphic) triple junction solar cells, all
metrics are superior for III-AsNV containing devices. In cer-
tain embodiments of the invention, the solar cells contain
(AD)GalnPAs subcells to improve radiation hardness com-
pared to (Al,In)GaAs subcells.

An enhanced simulation model was used to determine the
designs and efficiencies of multijunction solar cells with 4, 5,
or 6 subcells. The simulation relied upon the use of standard
solar cell equations (see, for example, Nelson, The Physics of
Solar Cells. London: Imperial College Press, 2003, pp. 145-
176; or Kurtz et al., Journal of Applied Physics 68 (1990)
1890) to calculate quantum efficiency, dark current, current,
and voltage for an individual subcell, independent of the
surrounding subcells, and standard circuit equations for cal-
culating the overall multijunction current-voltage curve from
the current-voltage curves of the component subcells, includ-
ing a single lumped series resistance element. When high
illumination intensities (>10 W/cm?) were used in these
simulations, the dark current was assumed to be dominated by
the diffusion current; the contribution from Shockley-Read-
Hall recombination in the depletion region was neglected.
The simulation varied the band gaps, and thus compositions
of the subcells, until the subcells were current-matched. (By
current-matched, it is understood to mean that the current
generating capacity is substantially the same for each subcell,
which is defined as differing by no more than 2 percent and
preferably not more than 1 percent. Note that in any multi-
junction solar cell with subcells connected in series, the cur-
rent flowing through each subcell must necessarily be the
same. It can be convenient, however, to talk about the short-
circuit currents that would be produced by each individual
subcell if the subcells were not connected in series, and as
though the light to lower subcells was still filtered by the
upper subcells. This is what is meant by reference to the
current generating capacity of a subcell.) The subcell mate-
rials were specified in the simulation, and the band gaps, or
the compositions, were varied within specified ranges for
each given material alloy system. When the band gap of a
given subcell hit the upper end of its allowed range but cur-
rent-matching had not been achieved, the base thickness was
reduced to achieve current-matching. When the band gap of a
given subcell hit the lower end of its allowed range, the
current-matching requirement was limited to the given sub-
cell and those above it; lower subcells had higher current
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generating capacities. This is a distinct departure from earlier
simulations of this type, which typically vary only the base
thickness to match the currents between subcells. The simu-
lation used for this invention is further distinct from other
types of simulations in the prior art that vary the band gap of
individual subcells to match currents but assume ideal or
arbitrary material properties for some or all of the subcells.
Such simulations in the prior art will give different results
than the simulations employed here, which use experimen-
tally determined material parameters for all subcells except
for Ge. The simulation can be used to optimize band gap
relationships and current-match for any incident spectrum of
light energy, and at any reasonable operating temperature.
The simulations used for the invention were carried out using
the AM1.5D spectrum at temperatures between 25° C. and
90° C. as inputs. The simulations were run on Matlab soft-
ware on a Windows operating system.

The simulation model was also used with the AMO spec-
trum at 25° C. to predict the designs and efficiencies of mul-
tijunction solar cells with 4, 5, and 6 subcells for application
in space. Because these simulations were run at 1 sun of
illumination, the contribution to the dark current from Shock-
ley-Read-Hall recombination in the depletion region was
included. Depending on the application of interest, solar cells
for space may be optimized for other operating temperatures
and the resulting structures may change slightly from those
here.

For the predictive simulations, a perfect anti-reflection
coating (ARC) was assumed in order to reduce the computa-
tional expense of optimizing the ARC. This can cause the
predictive efficiencies to be inflated by approximately two to
four percent (e.g., 40.8% instead of 40.0%). For the simula-
tion of existing single and triple junction solar cells, a realistic
ARC was included in the simulation of solar cells having an
ARC, in order to more accurately model the experimental
results.

Unique to the simulation used for this invention is the use
of accurate material parameters for the alloy systems of inter-
est that are substantially lattice-matched to GaAs and Ge
substrates, including (Al)InGaP, (Al,In)GaAs, and Galn-
NAsSb, an example of 1II-AsNV material. These material
parameters can be used to predict, among other values, the
quantum efficiency and the dark current. For these material
systems, a range of compositions were found in which the
primary effect on quantum efficiency and dark current was the
change in band gap. As a result, the other material parameters
could be treated as constant with accurate results. For
example, for (Al)InGaP, the range of compositions in which
the material parameters other than band gap could be treated
as constant for subcells substantially lattice-matched to GaAs
or Ge was x=0.2 for Al In, sGa, P.

Material parameters for (Al)GalnPAs and SiGe(Sn) were
not included in the simulation, but high efficiency solar cell
structures using (Al)GalnPAs and SiGe(Sn) may be designed
with the same methodology.

The material parameters for each material system in the
simulation included the band gap, the n and k values (i.e., the
refractive index), the hole and electron effective masses, the
static dielectric constant, the minority carrier mobilities, the
minority carrier lifetimes and the surface recombination
velocities for interfaces with relevant materials. The n and k
values were determined from ellipsometry measurements for
some materials and taken from the literature for other mate-
rials, and were shifted as a function of band gap energy as
necessary within a given alloy system. The effective masses
and static dielectric constants were taken from the literature
for (A)InGaP and (Al In)GaAs. For GalnNAsSb the values
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used were 0.6 m, 0.15 m,, and 13.3 for the hole and electron
effective masses and the static dielectric constant respec-
tively, where m,, is the electron effective mass. Material
parameters were assumed to be constant with temperature in
the range simulated, except for the band gap and the n and k
values, which shifted with the band gap energy. The minority
carrier mobilities were initially estimated from the majority
carrier mobilities measured on uniformly doped layers using
Hall effect measurements, and were refined by fitting experi-
mental quantum efficiency data. The minority carrier life-
times and surface recombination velocities were determined
by time resolved photoluminescence measurements. For Ge,
all material parameters were estimates based on available
numbers in the literature. Average doping values and material
parameters were used in the simulations to treat cases where
doping values were graded throughout a layer. The doping
values were between 1x10'7 cm™ and 1x10*® cm™> for n-type
layers and between 5x10'° cm™ and 2x10'® cm™ for the
p-type layers, and were optimized for performance in experi-
mental devices. The relationship between composition and
band gap is well known for the (AD)InGaP and (Al,In)GaAs
material systems lattice matched to GaAs and Ge, specitying
the composition for a given band gap. The band gap of Ga,
In,N,As,_, ,Sb, is notasimple function of composition due to
interactions between the different elements, as well as factors
such as the strain in the layer. The composition that yields a
desired band gap with a specific lattice constant will be found
by varying the composition in an optimization procedure. As
an example, the relationship between band gap and compo-
sition w for Ga, oy 3,105, 0 N,.ASy 66.,,5D0 o; 15 shown in
FIG. 20. Here, the Sb composition is fixed. Similar plots may
be constructed for different Sb compositions or with other
elements held constant.

The thermal dose, which is controlled by the intensity of
heat applied for a given duration of time (e.g., application of
atemperature of 600° C. to 900° C. for a duration of between
10 seconds to 10 hours), that a III-AsNV material receives
during growth and after growth, also affects the relationship
between band gap and composition. In general, the band gap
increases as thermal dose increases.

As development continues on the above-described materi-
als, it is expected that material quality will continue to
improve, enabling even higher efficiencies from the same
structures described in this invention. The simulation was
also run with improved minority carrier properties to predict
structures and performance of future devices.

The use of the simulation over the temperature ranges from
25°C. 10 90° C. is supported by data for triple junction solar
cells with abottom GalnNAsSb subcell operating from 25° C.
to 125°C.

As composition is varied within a given alloy system, the
growth conditions need to be modified, as is well known to
those skilled in the art. For example, for (Al,In)GaAs, the
growth temperature will increase as the fraction of Al
increases and decrease as the fraction of In increases, in order
to maintain the same material quality. Thus, as a composition
is changed, the growth temperature as well as other growth
conditions can be adjusted accordingly.

Tables 1A and 1B show the short-circuit current, open
circuit voltage and fill factor from both simulated I-V curves
and experimental data for Al ,In, sGa, P and In, ;Ga, P
subcells, respectively, exposed to incident solar radiation of
the stated intensity using an AM1.5D spectrum at 25° C. The
close conformance between simulation and experimental
results is a verification of the accuracy of the simulation. The
number of suns listed for each table gives information about
the illumination intensity incident on the cell during testing. It
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is the number of multiples of “one sun” intensity (0.1 W/cm?)
incident on the cell. For example, the term “800 suns” indi-
cates 80 W/cm?. The numbers of suns differs for each case
because the existing experimental data was taken at different
intensities. The incident spectrum approximated the AM1.5D
spectrum in the experimental measurements and was the
AM1.5D spectrum in the simulations.

TABLE 1A

Simulated and experimental solar cell data for an Al ;In, sGa, 4P subcell
illuminated at 525 suns under the AM1.5D spectrum.

Al Ing sGag 4P Subeell at 525 Suns

Simulated Data Experimental Data

Short-circuit current 6.3 Alem? 6.2 Alem?
Open-circuit voltage 1.68 V 1.70 vV
Fill Factor 84% 82%
TABLE 1B

Simulated and experimental solar cell data for an Ing sGag 5P subcell
illuminated at 925 suns under the AM1.5D spectrum.

In, <Ga, <P Subcell at 925 Suns

Simulated Data Experimental Data

12.7 Alem?
1.63 V
80%

13.0 A/em?
1.61 V
79%

Short-circuit current
Open-circuit voltage
Fill Factor

Tables 1C and 1D show the short-circuit current, open
circuit voltage and fill factor from both simulated I-V curves
and experimental data for Al In, sGa, P and In, sGa, sP
subcells under the air mass zero (AMO) spectrum. The inci-
dent spectrum approximated the AMO spectrum at an inten-
sity of 1,353 W/cm? at 25° C. in the experimental measure-
ments and was the AMO spectrum at 25° C. in the simulations.
The close conformance between simulation and experimental
results is a verification of the accuracy of the simulation.

TABLE 1C

Simulated and experimental solar cell data for an Al ;Ing sGag 4P
subcell illuminated under the AMO spectrum.

Alp In, sGag 4P Subcell

Simulated Data Experimental Data

Short-circuit current 16.0 mA/cm?® 16.2 mA/cm®
Open-circuit voltage 1.50 vV 148 V
Fill Factor 87% 87%
TABLE 1D

Simulated and experimental solar cell data for an Ing sGag 5P subcell
under the AMO spectrum.

In, sGag 5P Subcell

Simulated Data Experimental Data

Short-circuit current 17.7 mA/cm?®
Open-circuit voltage

Fill Factor

Tables 2A and 2B show analogous data for Al, ,Ga, 3As
and GaAs subcells, respectively, and Tables 3A and 3B for
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Gap 06115, 04No 01 A4S0 985bo .0y and  Gag o6ty 1N 63A80 96
Sb, o, subcells, respectively, exposed to incident solar radia-
tion of the stated intensity using an AM1.5D spectrum at 25°
C.

12
TABLE 2C

Simulated and experimental solar cell data for an Aly>Gag gAs subcell

5 under the AMO spectrum.
TABLE 2A
Al ,Gag gAs Subcell
Simulated and experimental solar cell data for an Al, ,Gag gAs subcell
illuminated at 1130 suns under the AM1.5D spectrum. 10 Simulated Data Experimental Data
—Cl i 2 2
Aly ,Gao gAs Subeell at 1130 Suns Short-circuit current 10.3 mA/cm 10.4 mA/cm
Open-circuit voltage 123V 118 V
Simulated Data Experimental Data 15 Fill Factor 85% 83%
Short-circuit current 10.3 A/em? 10.4 A/em?
Open-circuit voltage 146 V 143 V TABLE 2D
Fill Factor 85% 83%
20 Simulated and experimental solar cell data for a GaAs subcell under
the AMO spectrum.
GaAs Subcell
TABLE 2B
. . Simulated Data Experimental Data
Simulated and experimental solar cell data for a GaAs subcell 25
illuminated at 980 suns under the AM 1.5D spectrum. Short-circuit current 18.9 mA/cm2 19.0 mA/cm2
Open-circuit voltage 1.01 VvV 1.00 V
GaAs Subcell at 980 Suns Fill Factor 83% 85%
Simulated Data Experimental Data 30
Short-circuit current 17.2 Afem? 17.1 Afem?
Open-circuit voltage 1.22 vV 1.22 vV TABLE 3C
Fill Factor 8% 80% Simulated and experimental solar cell data for a
Gag gellg 0aNp 01 ASg 92Sbg o1 subcell under the AMO spectrum.
35
Gag gslng 04N 01 AS 02Sbg o) Subcell
TABLE 3A
Simulated Data Experimental Data
Simulated and experimental solar cell data for a T B B
Gag 96l 0aN0.014A80.085b0 01 subcell illuminated at 1230 ShOI‘t-Cleru.lt current 7.5 mA/em 7.7 mA/em
suns under the AM1.5D spectrurm. 40 Open-grcult voltage 0.61 V 057V
Fill Factor 76% 77%
Gag o6ln0,04No.01450,085bo.01
Subcell at 1230 Suns
Simulated Data Experimental Data TABLE 3D
L 45
ShOI‘t-C.erullt current 6.5 Alem’ 6.6 Alem” Simulated and experimental solar cell data for a
Open-circuit voltage 0.84 Vv 0.82 v Gag oang Np 03AS, 06Sby o, subeell under the AMO spectrum.
Fill Factor 81% 77%
Gag ogIng 1 No 03ASH 95Sbo o) Subeell
50 Simulated Data Experimental Data
TABLE 3B — - -
Short-circuit current 18.2 mA/cm 17.9 mA/em
Simulated and experimental solar cell data for a Gag gIng Ng 03AS0 06500 01 Open-grcult voltage 040 VO 041 VO
subcell illuminated at 610 suns under the AM1.5D spectrum. Fill Factor 70% 1%
Gag oIng No.03AS0.065b0.01 55 . . . .
Subcell at 610 Suns Validation of the model was also performed by simulating
. . the performance of a state-of-the-art multijunction solar cell
Simulated Data Experimental Data L.
comprising three subcells: In, sGa, sP (1.9 eV), GaAs (1.4
éi‘;ﬁfffiﬁfﬁ ﬁﬁz‘: 095-3 éJcmz 096-3 éJcmz eV), and Gag oIng | Ny 13ASg 06Sbg o, (1.0 eV), with the total
Fill Factor 1% 20% 0 subcell. thicknesses being 1-2 um, 4-4.§ pm and 2-3 um,
respectively. Table 4A shows the short-circuit current, open
circuit voltage and fill factor of the simulated solar cell under
Tables 2C and 2D show analogous data for Al, ,Ga, gAs the AM1.5D spectrum concentrated to 525 suns (or 52.5
and GaAs subcells, respectively; and Tables 3C and 3D show W/em?) at 25° C. Also shown is the measured performance of
data for Gag g6l 64N 01 ASg 58Sbg o1 and ¢5 a solar cell with these characteristics and operating condi-

Gag o6l [Ny 03A80 965D o1 subcells, respectively, under the
AMO spectrum at an intensity of 1,353 W/cm? at 25° C.

tions. It can be seen that the model accurately predicts the
measured performance.
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TABLE 4A

Simulated and experimental solar cell data for a solar cell with three subcells
illuminated at 525 suns under the AM1.5D spectrum.

Solar Cell with 3 Subcells at 525 Suns

Simulated Data  Experimental Data

7.3 A/em?
3.40 V
86%

7.3 Alem?
337V
87%

Short-cireuit current
Open-circuit voltage
Fill Factor

Validation of the model was also performed by simulating
the performance of a state-of-the-art multijunction solar cell
comprising three subcells: Al ,In, sGa, ,P (2.0 eV), GaAs
(1.4 eV), and Gag oIn, | Ny o3A8, 665bg o; (1.0 eV), with the
total subcell thicknesses being 0.75-1.25 um, 3-4 pm and 2-3
um, respectively, under the AMO spectrum. Table 4B shows
the short-circuit current, open circuit voltage, and fill factor of
the simulated solar cell under the AMO spectrum at 25° C.
Also shown is the measured performance of a solar cell with
these characteristics and operating conditions. The model
accurately predicts the measured performance under the AMO
spectrum at 25° C.

TABLE 4B

Simulated and experimental solar cell data for a solar cell with three
subcells under the AMO spectrum.

Solar Cell with 3 Subcells

Simulated Data Experimental Data
Short-circuit current 17.1 mA/cm? 16.7 mA/cm?
Open-circuit voltage 290 V 292V

Fill Factor 85% 86%

The model was then used to predict the structures of mul-
tijunction solar cells with 4, 5 and 6 subcells that exceed the
efficiencies of known best three junction solar cells. The
subsequent paragraphs describe more general and more spe-
cific embodiments of the invention. In many cases, the struc-
tures were constrained to be substantially lattice-matched to
GaAs and Ge substrates. All band gap ranges are given to one
significant digit to the right of the decimal point. While the
simulation predicts optimized structures where the subcells
are typically current-matched, other design criteria (e.g.,
desired solar cell thickness) may lead to the modification of
said structures, within the band gap ranges specified below.

Of note is that the embodiments of the invention disclosed
below include multijunction solar cells with bottom subcells
having band gaps greater than 0.8 eV, up to 1.1 eV. The prior
art predominantly teaches that multijunction solar cells with
more than 3 subcells should have a bottom subcell with a band
gap less than or equal to 0.8 eV, in order to collect light over
a broader fraction of the solar spectrum. Most commonly, the
material composing the base of the bottom subcell in the prior
art is Ge or InGaAs. Surprisingly, however, high efficiencies
can be achieved from solar cells of the invention using a
bottom III-AsNV subcell thathas aband gap as highas 1.1 eV,
due at least in part to the higher voltages and efficient current
extraction of such subcells.

Another novel aspect of many of the embodiments dis-
closed below is the inclusion of two or three III-AsNV sub-
cells of differing band gaps in a single multijunction solar
cell. In these embodiments, at least one of the III-AsNV
subcells has a band gap higher than has been previously
achievable or suggested such as, for example, a band gap of
13eV.
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Also of note is that certain embodiments have a bottom
II1-AsNV subcell with a band gap lower than has been pre-
viously achievable for a III-AsNV alloy that is substantially
lattice-matched to a substrate, such as, for example, a band
gap of 0.8 eV.

FIGS. 1A-1B, 2A-2B, 3A-3D, 6-7, 9-12, 13A-B, and
15-16, 17B, 18B, and 19B exemplify, in additional detail,
certain embodiments of a 4, 5, and 6 multijunction solar cells
according to the invention. For simplicity, FIGS. 1A-1B,
2A-2B, 3A-3D, 6-7, 9-12, 13A-B, 17B, 18B, and 19B show
only the subcells and interconnecting tunnel junctions of the
multijunction solar cells. As is well known to those skilled in
the art, additional elements may be necessary to create a
complete solar cell, including an anti-reflection coating, con-
tactlayers, electrical contacts and a substrate or wafer handle.
As will be discussed below, FIG. 15 shows one example
structure with these additional elements. Further, additional
elements may be present in a complete solar cell, such as
buffer layers and additional tunnel junctions. In some of the
embodiments disclosed herein, the bottom subcell includes
the substrate (e.g., a Ge subcell) and thus the substrate is
shown in the figures. In other embodiments, the substrate is
not part of a subcell, and is therefore typically not shown in
the figures.

FIG. 1A depicts a multijunction solar cell according to the
invention that has five subcells, with the bottom subcell being
a [lI-AsNV subcell. All five subcells are substantially lattice-
matched to each other and may be interconnected by four
tunnel junctions, which are shown as dotted regions. The
III-AsNV subcell at the bottom of the stack has the lowest
band gap of the five subcells and absorbs the lowest-energy
light that is converted into electricity by the solar cell. The
band gap of the III-AsNV material in the bottom subcell is
between 0.7-1.1 eV. The upper subcells may comprise any
suitable III-V, II-VI, or group IV materials, including III-
AsNV materials.

FIG. 1B depicts a multijunction solar cell according to the
invention that has six subcells, with the bottom subcell being
a [II-AsNV subcell. All six subcells are substantially lattice-
matched to each other and may be interconnected by five
tunnel junctions, which are shown as dotted regions. The
I1-AsNV subcell has the lowest band gap of the six subcells.
The band gap of the [II-AsNV material in the bottom subcell
is between 0.7-1.1 eV. The upper subcells may comprise any
suitable III-V, II-VI, or group IV materials, including III-
AsNV materials.

In certain embodiments, the band gap of the III-AsNV
alloy in a bottom subcell is between 0.8-0.9 eV, and in other
embodiments, between 0.9-1.0 eV. In certain embodiments,
the composition of the base layer of a bottom III-AsNV
subcell comprises Ga,_In,N As, , Sb,, in which values for
X, y and 7 are 0=x=<0.24, 0.01=y=<0.07 and 0.001=7<0.20, in
certain embodiments, 0.02=x<0.24, 0.01=y<0.07 and
0.001=z<0.03, in certain embodiments, 0.02=x=<0.18,
0.01=y=0.04 and 0.001=7<0.03, and in certain embodiments,
0.06=x=0.20, 0.02<y=<0.05 and 0.005<z=<0.02.

In the embodiment of the invention illustrated in FIG. 2A,
amultijunction solar cell has five subcells, with J4, the subcell
directly above the bottom subcell and the fourth subcell from
the top, being a III-AsNV subcell. The band gap of the III-
AsNV material in J4 is between 0.9-1.3 eV. All five subcells
are substantially lattice-matched to each other and may be
interconnected by four tunnel junctions, which are shown as
dotted regions. The other four subcells may comprise any
suitable III-V, II-VI, or group IV materials, including III-
AsNV materials.
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FIG. 2B shows a multijunction solar cell according to the
invention that has six subcells, with IS, the subcell directly
above the bottom subcell, being a III-AsNV subcell. The band
gap of the III-AsNV material in the base of J5 is between
0.9-1.3 eV. All six subcells are substantially lattice-matched
to each other and may be interconnected by five tunnel junc-
tions, which are shown as dotted regions. The other five
subcells may comprise any suitable I1I-V, II-VI or group IV
materials, including I11-AsNV materials.

In certain embodiments, the band gap of the III-AsNV
alloy in the subcell directly above the bottom subcell is
between 0.9-1.0 eV, and in certain embodiments, between
1.0-1.1 eV. In certain embodiments, the composition of the
base layer of the subcell directly above the bottom subcell
comprises Ga,_,In,N As, , Sb,, in which values for x, y and
z are 0=x=<0.18, 0.001<y=0.05 and 0.001=z<0.15, in certain
embodiments 0=x=<0.18, 0.001=y=<0.05, and 0.001=z<0.03,
and in certain embodiments 0.02<x=<0.18, 0.005<y=<0.04 and
0.001=z<0.03.

Another embodiment of the invention is shown in FIG. 3A.
In this embodiment, there are four subcells, the two bottom
subcells being [1I-AsNV subcells. The band gap of the bottom
subcell, J4, is between 0.7-1.1 eV. The band gap of I3 is
between 0.9-1.3 eV, or between 1.0-1.3 eV, and is greater than
the band gap of J4. The subcell J2, directly above the two
III-AsNV subcells, is an (Al,In)GaAs subcell with a band gap
in the range of 1.4-1.7 eV. The top subcell J1 is an (Al)InGaP
subcell with a band gap in the range of 1.9-2.2 eV. Examples
of'band gaps for the subcells, from bottom to top, are respec-
tively 0.8-0.9 eV or 0.9-1.0 eV, 1.1-1.2 eV, 1.5-1.6 eV, and
1.9-2.0 or 2.0-2.1 eV. The band gaps and thicknesses of the
subcells are most optimal when the currents produced by the
four subcells are substantially the same. All of the subcells are
substantially lattice-matched to each other and may be con-
nected in series by tunnel junctions. In a similar embodiment
of the invention, the structure is the same except that the
subcell directly above the bottom subcell, J3, is a GalnNAs
subcell. In another related embodiment, the structure is the
same except that J2 is a (Al)GalnPAs subcell. In another,
related embodiment that is depicted in FIG. 3B, J4 is a SiGe
(Sn) subcell.

The specific band gaps of the subcells, within the ranges
given in the preceding as well as subsequent embodiments,
are dictated by the band gap of the bottom subcell, the thick-
nesses of the subcell layers, and the incident spectrum of
light. Although there are numerous structures in the present
disclosure that will produce efficiencies exceeding those of
three junction solar cells, it is not the case that any set of
subcell band gaps that falls within the disclosed ranges will
produce such an efficiency. For a certain choice of bottom
subcell band gap, or alternately the band gap of another
subcell, incident spectrum of light, subcell materials and sub-
cell layer thicknesses, there is a narrower range of band gaps
for the remaining subcells that will produce efficiencies
exceeding those of three junction solar cells. The band gaps
may be found from the simulation and/or from experimenta-
tion. In general, the higher the band gap of the bottom subcell,
the higher the band gaps of the upper subcells, within the
specified ranges. FIGS. 3C and 3D illustrate this for the
embodiment of the invention depicted in FIG. 3A using the
AM1.5D spectrum. The band gap of the bottom subcell in
FIG. 3C is higher than the band gap of the bottom subcell in
FIG. 3D. Accordingly, the band gaps of the upper subcells in
FIG. 3C are higher than the band gaps of the upper subcells,
respectively, in FIG. 3D.

FIG. 4 shows the efficiencies predicted by the simulation as
a function of the band gap of the bottom subcell for a specific
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embodiment of the invention depicted in FIG. 3A, under an
illumination intensity of 100 W/cm? or 1000 suns at 25° C. In
this embodiment, J4 and J3 are GalnNAsSb subcells with
total subcell thicknesses of 2-3 microns, J2 is an (Al)GaAs
subcell with a thickness of'4-5 microns and J1 is an (Al)InGaP
subcell with a thickness of 1-2 microns. The trend in effi-
ciency with bottom band gap has two peaks, near band gaps of
0.75 eV and 0.92 eV, which is largely a result of the variation
in solar spectrum irradiance in the energy range between 0.7
eV and 1 eV. In all cases shown, the efficiency is higher than
the simulated efficiency for the state-of-the-art triple junction
solar cell structure under the same conditions (40.8%).

FIG. 5 shows the efficiencies predicted by the simulation as
a function of the band gap of the bottom subcell for a specific
embodiment of the invention depicted in FIG. 3A, under the
AMO spectrum at 25° C. In this embodiment, the bottom two
subcells are GalnNAsSb subcells with total subcell thick-
nesses of 2-3 microns, J2 is an (Al)GaAs subcell with a
thickness of 3-4 microns and J1 is an (Al)InGaP subcell with
a thickness of 0.5-1.5 microns. The solid line shows the
efficiencies predicted for solar cells made with today’s mate-
rial parameters, and the dashed line shows predicted future
efficiencies with improvements in material quality that
increase minority carrier lifetime and improve interface
recombination velocities. The trend in today’s efficiencies
with bottom subcell band gap peaks near 0.90 eV. The effi-
ciency increases as the bottom band gap decreases because
more of the solar spectrum is absorbed until the upper band
gap limit for the top subcell is reached. At this point, the
simulation fixes the top subcell band gap and decreases the
top subcell thickness to reach current matching between sub-
cells. This causes the overall efficiency to decrease. In all
cases shown, the efficiency is higher than the simulated effi-
ciency for the triple junction solar cell structure under the
same conditions.

Another embodiment of the invention has four subcells,
with the bottom subcell being a [TI-AsNV subcell. The band
gap of the bottom subcell, J4, is between 0.9-1.1 eV. The
subcell J3 is an (Al,In)GaAs or an (Al)GalnPAs subcell with
a band gap between 1.4-1.5 eV. The subcell J2 is an Al(In)
GaAs or an (Al)GalnPAs subcell with a band gap in the range
of'1.6-1.8 eV. The top subcell J1 is an (Al)InGaP subcell with
aband gap in the range of 1.9-2.3 eV. Examples of band gaps
for the subcells, from bottom to top, are respectively 1.0 eV,
1.4eV,1.7eV,and 2.1 eV.

FIG. 6 illustrates another embodiment of the invention with
four subcells. J3, directly above the bottom subcell, is a I1I-
AsNV subcell with a band gap in the range 0f 0.9 eV-1.3 eV.
The bottom subcell is a Ge subcell, incorporating the Ge
substrate, which has a band gap 0 0.7 V. J2 is an (Al)InGaAs
or (Al)GalnPAs subcell with a band gap in the range of 1.4
eV-1.7 eV. J1 is an (AD)InGaP subcell with a band gap in the
range of 1.9 eV-2.2 eV. Examples of band gaps for the sub-
cells above the Ge subcell, from bottom to top, are respec-
tively, 1.0eV-1.1eV, 1.4 eV-1.5eV,and 1.9eV-2.0eV. All of
the subcells are substantially lattice-matched to the Ge sub-
strate and may be connected in series by tunnel junctions.

FIG. 7 depicts an embodiment of the invention with five
subcells. The bottom two subcells are III-AsNV subcells. The
band gap of the bottom subcell is between 0.7 eV-1.1 eV. The
band gap of J4, the subcell second from the bottom, is
between 0.9 eV-1.3 eV, or between 1.0-1.3 eV, and is greater
than or equal to the band gap of the bottom subcell. J3, the
subcell above the I1I-AsNV subcells, is an (Al,In)GaAs sub-
cell with a band gap in the range of 1.4 eV-1.6 eV. J2 is an
Al(In)GaAs or an (Al)InGaP subcell with a band gap in the
range of 1.6 eV-1.9 eV. The top subcell is an (Al)InGaP
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subcell with a band gap in the range of 1.9-2.2 eV. Examples
of'band gaps for subcells from bottom to top are, respectively,
09eV-1.0eV, 1.1 eV-12eV, 1.4 eV-1.5eV, 1.7eV-1.8, and
1.9 eV-2.1 eV. All of the subcells are substantially lattice-
matched to each other and may be connected in series by
tunnel junctions. In a related embodiment of the invention,
the structure is the same except that J4 is a GaInNAs subcell.
In another related embodiment, the structure is the same
exceptthat one or both of J2 and J3 is an (Al)GalnPAs subcell.
In an additional related embodiment, the bottom subcell is a
SiGe(Sn) subcell.

In another embodiment of the invention, the bottom three
subcells are [I1-AsNV subcells. The band gap of the bottom
subcell, J5, is between 0.7 eV-1.0 eV. The band gap of J4 is
between 0.9 eV-1.2 eV and is greater than the band gap of J5.
J3 is a IT1I-AsNV subcell with a band gap in the range of 1.2
eV-1.4 eV. J2 is an Al(In)GaAs, (AD)InGaPAs or InGaP sub-
cell with a band gap in the range of 1.6 eV-1.8 eV. The top
subcell, J1, is an (AD)InGaP subcell with a band gap in the
range of 1.9eV-2.2 eV. In certain embodiments, band gaps for
the subcells, from bottom to top, respectively, are 0.7 eV-0.8
eV,09eV-1.1eV,1.2eV-1.3eV.1.6eV-1.7eV,and 2.0eV-2.1
eV. The subcells may be substantially lattice-matched to each
other and connected in series by tunnel junctions. In a related
embodiment of the invention, the structure is the same except
J3 and/or J4 is a GalnNAs subcell.

FIG. 8 shows the efficiencies predicted by the simulation as
a function of the band gap of the bottom subcell for a specific
embodiment of the invention depicted in FIG. 7 under an
illumination intensity of 100 W/cm? or 1000 suns of the
AM1.5D spectrum at 25° C. In this embodiment, the bottom
two subcells are GaInNAsSb subcells with total subcell thick-
nesses of 2-3 microns, J3 and J2 are (Al)GaAs subcells with
thicknesses of 4-5 microns and the top subcell is an (Al)
InGaP subcell with athickness up to 1.5 microns. The trend in
efficiency with bottom band gap has two peaks, near 0.80 eV
and 0.92 eV, which is aresult of at least two factors. One is the
variation in solar spectrum irradiance in the energy range
between 0.7 eV and 1 eV. Another factor is the limitation on
composition (x<0.2 for Al In, ;Ga, ,P) and thus band gap for
the AllnGaP subcell. When the band gap reaches the upper
limit, the efficiency begins to decrease because the limitation
on band gap places a limitation on the solar cell voltage. In all
cases shown, the measured efficiency is higher than the simu-
lated efficiency for the state-of-the-art triple junction solar
cell structure under the same conditions.

In FIG. 9 is shown another embodiment of the invention
with five subcells. The bottom subcell is a Ge subcell, incor-
porating the Ge substrate. J4, the subcell directly above the
Ge subeell, is a III-AsNV subcell with aband gap between 1.0
eV-1.2 eV. J3, above the [TI-AsNV subcell, is an (Al)InGaAs
subcell with a band gap in the range of 1.4 eV-1.5eV. ]2 is an
AllnGaAs or an InGaP subcell with a band gap in the range of
1.6 eV-1.8 eV. J1 is an (Al)InGaP subcell with a band gap in
the range of 1.9 eV-2.2 eV. Examples of band gaps for the
subcells above the Ge subcell, from the bottom to the top are,
respectively, 1.0eV-1.1eV,1.4¢eV, 1.6 eV-1.7¢eV,and 2.0-2.1
eV. All of the subcells are substantially lattice-matched to
each other and may be connected in series by tunnel junc-
tions. In a related embodiment, the structure is the same
exceptthat one or both of J2 and J3 is an (Al)GalnPAs subcell.

Yet another embodiment of the invention with five subcells
is depicted in FIG. 10. The bottom subcell is a Ge subcell,
incorporating the Ge substrate. J4 is a [TI-AsNV subcell with
a band gap between 0.9 eV-1.0 eV or between 1.0 eV-1.2 eV.
J3 is a IT1I-AsNV subcell with a band gap in the range of 1.2
eV-1.4eV.]2is an AllnGaAs or an InGaP subcell with a band
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gap in the range of 1.6 eV-1.8 eV. The top subcell is an
(ADInGaP subcell with a band gap in the range 0f' 1.9 eV-2.2
eV. Examples of band gaps for the subcells above the Ge
subcell, from bottom to top, are, respectively 1.0 eV-1.1 eV,
13 eV, 1.6 eV-1.7 eV and 2.0-2.1 eV. All of the subcells are
substantially lattice-matched to each other and may be con-
nected in series by tunnel junctions. In a related embodiment
of the invention, the structure is the same except that J3 is a
GalnNAs subcell. In another related embodiment, the struc-
ture is the same except that J2 is a (Al)GalnPAs subcell.

Embodiments of the invention with six subcells are illus-
trated in FIGS. 11, 12, 13A, and 13B.

In FIG. 11, the bottom three subcells are III-AsNV sub-
cells. The band gap of the bottom subcell, J6, is between 0.7
eV-1.1 eV. The band gap of IS is between 0.9-1.3 eV and is
greater than or equal to the band gap of the bottom subcell.
The band gap of J4 is between 1.1-1.4 eV and is greater than
or equal to the band gap of J5. Above the III-AsNV subcells
is J3, which is an (Al,In)GaAs subcell with a band gap in the
range of 1.4-1.7 eV. J2 is an Al(In)GaAs or an (Al)InGaP
subcell with a band gap in the range of 1.7-2.0 eV. The top
subcell is an an (Al)InGaP subcell with a band gap in the
range of 1.9-2.2 eV or 2.2-2.3 eV. Examples of band gaps for
the subcells from bottom to top are, respectively, 0.9-1.0 eV,
1.1-1.2eV,1.3-14 eV, 1.5-1.6 eV, 1.8-1.9eV,and 2.0-2.1 eV.
As another example, the band gaps of the subcells from bot-
tom to top are, respectively, 0.7-0.8 eV, 0.9-1.0eV,1.1-1.2 ¢V,
1.4-1.5eV,1.7-1.8 eV, and 2.1-2.2 eV. All of the subcells are
substantially lattice-matched to each other and may be con-
nected in series by tunnel junctions. In a related embodiment
of the invention, the structure is the same except that one or
bothofJ4 and JS are GalnNAs subcell(s). In arelated embodi-
ment, the structure is the same except that one or both J2 and
J3 is a (Al)GalnPAs subcell. In an additional related embodi-
ment, the structure is the same except the bottom subcell is a
SiGe(Sn) subcell.

FIG. 14 shows the efficiencies predicted by the simulation
as a function of the band gap of the bottom subcell for a
specific embodiment of the invention depicted in FIG. 11
under an illumination intensity of 100 W/cm? or 1000 suns
underthe AM1.5D spectrum at 25° C. In this embodiment, the
three bottom subcells are GalnNAsSb subcells each with a
total subcell thicknesses of 2-3 microns, the J2 and J3 are
(AD)GaAs subcells each with a thickness of 4-5 microns, and
J1is an (A)InGaP subcell with a thickness up to 1.5 microns.
In all cases shown, the efficiency is higher than the simulated
efficiency for the state-of-the-art triple junction solar cell
structure under the same conditions.

In FIG. 12, the bottom two subcells are III-AsNV subcells.
Theband gap of the bottom subcell, J6, is between 0.7-1.1 eV.
The band gap of IS is between 0.9-1.3 eV and is greater than
or equal to the band gap of J6. The band gap of J4 is between
1.4-1.5 eV and it is an (Al,In)GaAs subcell. J3 is an (Al,In)
GaAs subcell with a band gap in the range of 1.5-1.7 eV. ]2 is
an Al(In)GaAs or an (Al)InGaP subcell with a band gap in the
range of 1.7-2.0 eV. J1 is an (Al)InGaP subcell with a band
gap inthe range of 1.9-2.2 eV or 2.2-2.3 eV. Examples of band
gaps for the subcells, from bottom to top, are, respectively,
09-1.0¢eV, 1.1-12 eV, 1.4 eV, 1.6-1.7 eV, 1.8-1.9 eV, and
2.0-2.1 eV. All of the subcells are substantially lattice-
matched to each other and may be connected in series by
tunnel junctions. In a related embodiment of the invention,
the structure is the same except that JS is a GaInNAs subcell.
In a related embodiment, the structure of a photovoltaic cell is
the same as in FIG. 12 except that one or more of J2, J3, and
J4 is a (Al)GalnPAs subcell. In an additional related embodi-
ment, the bottom subcell is a SiGe(Sn) subcell.
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FIG. 13A depicts an embodiment of the invention where
the bottom subcell comprises the Ge substrate. J4 and JS are
III-AsNV subcells. The band gap of J5 is between 0.9-1.1 eV.
The band gap of J4 is between 1.1-1.3 eV and is greater than
or equal to the band gap of the bottom subcell. J3 is an
(ADInGaAs subcell with a band gap in the range of 1.4-1.6
eV. J2 is an AllnGaAs or an (Al)InGaP subcell with a band
gap in the range of 1.6-1.9 eV. The top subcell is an an
(ADInGaP subcell with a band gap in the range 0f 1.9-2.2 eV
or 2.2-2.3 eV. Examples of band gaps for J5 to J1 are, respec-
tively, 0.9-1.0 eV, 1.1-1.2 eV, 1.4-1.5 eV, 1.7-1.8 eV, and
2.0-2.1 eV. All of the subcells are substantially lattice-
matched to each other and may be connected in series by
tunnel junctions. In a related embodiment of the invention,
the structure of a photovoltaic cell is the same as depicted in
FIG. 13 A except that J4 is a GalnNAs subcell. In a related
embodiment to the above-described certain embodiment, one
or both of the J2 and J3 is a (Al)InGaPAs subcell. This
embodiment is depicted in FIG. 13B.

In certain of the embodiments described herein, including
any of the photovoltaic cells shown in FIG. 1A-B, 2A-B, 3A,
3C-D, 7,11-12, 15, 16, or 17B, a bottom I1I-AsNV subcell is
a GalnNAsSb subcell with a base layer comprising Ga,_,
In,N,As, . ,Sb,, in which values for x, y, and z are 0=x=<0.24,
0.01=y=<0.07 and 0.001=z<0.20; in certain embodiments,
0.02=x=0.24, 0.01=y=<0.07 and 0.001=z=<0.03; in certain
embodiments, 0.02=x=<0.18,0.01<y=<0.04 and 0.001<7=<0.03;
in certain embodiments, 0.08<x=<0.18, 0.025=<y=<0.04 and
0.001=z<0.03; and in certain embodiments, 0.06<x<0.20,
0.02=y=0.05 and 0.005=z=<0.02.

In certain of the embodiments described herein, including
any of the photovoltaic cells shown in FIG. 1A-B, 2A-B,
3A-D, 6, 7, 9-13, 15, 16, 17B, 18B, or 19B, a III-AsNV
subcell directly above the bottom subcell is a GalnNAsSh
subcell with a base layer comprising Ga,_In N As,  _Sb_,in
which values for x, y, and z are 0=x=<0.18, 0.001<y=<0.05 and
0.001=z<0.15, and in certain embodiments, 0<x=<0.18,
0.001=y=<0.05 and 0.001=z<0.03; in certain embodiments,
0.02=x=0.18, 0.005<y=<0.04 and 0.001=z=<0.03; in certain
embodiments, 0.04=x=<0.18,0.01=y=<0.04 and 0.001<7=<0.03;
in certain embodiments, 0.06=<x=<0.18, 0.015=<y=<0.04 and
0.001=z<0.03; and in certain embodiments, 0.08<x=<0.18,
0.025=<y=<0.04 and 0.001=z<0.03.

In certain of the embodiments described herein, including
any of the photovoltaic cells shown in FIG. 1A-B, 2A-B,
10-11, 13A-B, 15, or 19B, a III-AsNV subcell that is the third
from the bottom (e.g., J4 in a six junction solar cell or J3 in a
five junction solar cell) is a GaInNAsSb subcell with a base
layer comprising Ga,_In, N As, _Sb_,in which values forx,
y, and z are 0=x=<0.12, 0.001=y=<0.03 and 0.001=z=<0.10; in
certain embodiments, 0=x=<0.12, 0.001=<y=<0.03 and
0.001=z<0.03; in certain embodiments, 0.02<x=<0.10,
0.005=y=<0.02 and 0.001=z<0.02; in certain embodiments,
0.01=x=0.06, 0.005=<y=<0.015 and 0.001=z<0.02; and in cer-
tain embodiments, 0.01=x<0.08, 0.005=y=<0.025 and
0.001=z<0.02.

In each of the embodiments described herein, the tunnel
junctions are designed to have minimal light absorption.
Light absorbed by tunnel junctions is not converted into elec-
tricity by the solar cell, and thus if the tunnel junctions absorb
significant amounts of light, it will not be possible for the
efficiencies of the multijunction solar cells to exceed those of
the best triple junction solar cells. Accordingly, the tunnel
junctions must be very thin (preferably less than 40 nm)
and/or be made of materials with band gaps equal to or greater
than the subcells immediately above them. An example of a
tunnel junction fitting these criteria is a GaAs/AlGaAs tunnel
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junction, where each of the GaAs and AlGaAs layers forming
a tunnel junction have a thickness of between 5- and 15 nm.
The GaAs layer is doped with Te, Se, S and/or Si, and the
AlGaAs layer is doped with C.

In each of the embodiments described and illustrated
herein, additional elements are present in order to create a
solar cell device. Specifically, cap or contact layer(s), anti-
reflection coating (ARC) layers and electrical contacts (also
denoted the “metal grid”) are typically formed above the top
subcell, and buffer layer(s), the substrate or handle, and bot-
tom contacts are typically formed or exist below the bottom
subcell. In certain embodiments, the substrate may be part of
the bottom subcell, such as in a Ge subcell. Other elements,
such as additional tunnel junctions, may also be present.
Devices may also be formed without all of the elements listed
above, as known to those skilled in the art. An example
illustrating these typical additional elements, and their typical
positions relative to the top and bottom subcells, is shown in
FIG. 15.

A structural example depicting the individual layers that
may compose a multijunction solar cell with four subcells
according to the invention is shown in detail in FIG. 16 and
described herein. In operation, a multijunction cell is config-
ured such that the subcell having the highest bandgap faces
the incident solar radiation, with subcells characterized by
increasingly lower band gaps situated underneath.

In the embodiments disclosed herein, each subcell may
comprise several layers. For example, each subcell may com-
prise a window layer, an emitter, a base, and a back surface
field (BSF) layer. As shown in FIG. 16, the window layer is
above the emitter layer, which is above the base, which is
above the BSF.

In operation, the window layer is the topmost layer of a
subcell and faces the incident solar radiation. In certain
embodiments, the thickness of a window layer is from about
10 nm to about 500 nm, from about 10 nm to about 300 nm,
from about 10 nm to about 150 nm, and in certain embodi-
ments, from about 10 nm to about 50 nm. In certain embodi-
ments, the thickness of a window layer is from about 50 nm to
about 350 nm, from about 100 nm to about 300 nm, and in
certain embodiments, from about 50 nm to about 150 nm.

In certain embodiments, the thickness of an emitter layer is
from about 10 nm to about 300 nm, from about 20 nm to about
200 nm, from about 50 nm to about 200 nm, and in certain
embodiments, from about 75 nm to about 125 nm.

In certain embodiments, the thickness of a base layer is
from about 0.1 pm to about 6 um, from about 0.1 um to about
4 um, from about 0.1 pm to about 3 um, from about 0.1 pum to
about 2 pm, and in certain embodiments, from about 0.1 um
to about 1 um. In certain embodiments, the thickness of a base
layer is from about 0.5 pm to about 5 um, from about 1 pm to
about 4 um, from about 1.5 um to about 3.5 um, and in certain
embodiments, from about 2 um to about 3 um.

In certain embodiments the thickness of a BSF layer is
from about 10 nm to about 500 nm, from about 50 nm to about
300 nm, and in certain embodiments, from about 50 nm to
about 150 nm.

In certain embodiments, an (Al)InGaP subcell comprises a
window comprising AllnP, an emitter comprising (Al)InGaP,
a base comprising (Al)InGaP, and a back surface field layer
comprising AllnGaP.

In certain embodiments, an (Al)InGaP subcell comprises a
window comprising AlInP having a thickness from 10 nm to
50 nm, an emitter comprising (Al)InGaP having a thickness
from 20 nm to 200 nm, a base comprising (Al)InGaP having
athickness from 0.1 pm to 2 um, and a BSF layer comprising
AllnGaP having a thickness from 50 nm to 300 nm.
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In certain of such embodiments, an (Al)InGaP subcell is
characterized by a band gap from about 1.9 eV to about 2.2
eV.

In certain embodiments, an (Al,In)GaAs subcell comprises
awindow comprising (AD)In(Ga)P or Al(In)GaAs, an emitter
comprising (AD)InGaP or (Al,In)GaAs, a base comprising
(ALIn)GaAs, and a BSF layer comprising Al(In)GaAs or
(ADInGaP. In certain embodiments, an (Al,In)GaAs subcell
comprises a window comprising (Al)InGaP having a thick-
ness from 50 nm to 400 nm, an emitter comprising (Al,In)
GaAs having a thickness from 100 nm to 200 nm, a base
comprising (Al,In)GaAs having a thickness from 1 pm to 4
um, and a BSF layer comprising Al(In)GaAs having a thick-
ness from 100 nm to 300 nm.

In certain embodiments, an (Al,In)GaAs subcell comprises
awindow comprising (Al)InGaP having a thickness from 200
nm to 300 nm, an emitter comprising (Al,In)GaAs having a
thickness from 100 nm to 150 nm, a base comprising (Al,In)
GaAs having a thickness from 2 um to 3.5 pm, and a BSF
layer comprising Al(In)GaAs having a thickness from 150
nm to 250 nm.

In certain of such embodiments, an (Al,In)GaAs subcell is
characterized by a band gap from about 1.4 eV to about 1.7
eV.

In certain embodiments, an (Al)GalnPAs subcell com-
prises a window comprising (Al)In(Ga)P, an emitter compris-
ing (ADInGaP or (Al)GalnPAs, a base comprising (Al)Galn-
PAs, and a BSF layer comprising Al(In)GaAs or (Al)InGaP.
In certain embodiments, an (Al)GalnPAs subcell comprises a
window comprising (Al)In(Ga)P having a thickness from 50
nm to 300 nm, an emitter comprising (Al)InGaP or (Al)
GalnPAs having a thickness from 100 nm to 200 nm, a base
comprising (Al)GalnPAs having a thickness from 0.5 pm to 4
um, and a BSF layer comprising Al(In)GaAs or (Al)InGaP
having a thickness from 50 nm to 300 nm.

In certain of such embodiments, an (Al)GalnPAs subcell is
characterized by a band gap from about 1.4 eV to about 1.8
eV.

In certain embodiments, a III-AsNV alloy subcell com-
prises a window comprising InGaP or (Al,In)GaAs, an emit-
ter comprising (In)GaAs or a [II-AsNV alloy, a base compris-
ing a [II-AsNV alloy, and a BSF layer comprising (In)GaAs.

In certain embodiments, a III-AsNV alloy subcell com-
prises a window comprising InGaP or (In)GaAs, having a
thickness from 0 nm to 300 nm, an emitter comprising (In)
GaAs ora [II-AsNV alloy having a thickness from 100 nm to
200 nm, a base comprising a [II-AsNV alloy having a thick-
ness from 1 umto 4 um, and a BSF layer comprising (In)GaAs
having a thickness from 50 nm to 300 nm. In certain embodi-
ments, a [II-AsNV alloy subcell comprises an emitter com-
prising InGaAs or a [II-AsNV alloy having a thickness from
100nmto 150 nm, abase comprising a [II-AsNV alloy having
a thickness from 2 um to 3 um, and a BSF layer comprising
(In)GaAs having a thickness from 50 nm to 200 nm.

In certain of such embodiments, a III-AsNV subcell is
characterized by a band gap from about 0.7 to about 1.1 eV, or
about 0.9 eV to about 1.3 eV. In certain of such embodiments,
the III-AsNV subcell is a GalnNAsSb subcell.

In certain of such embodiments, a III-AsNV subcell has a
compressive strain of less than 0.6%, meaning that the in-
plane lattice constant of the III-AsNV material in its fully
relaxed state is between 0.0% and 0.6% greater than that of
the substrate. In certain of such embodiments, the III-AsNV
subcell contains Sb and does not contain Bi.

In certain embodiments, a SiGe(Sn) subcell is character-
ized by a band gap from about 0.7 eV to about 0.9 eV. In
certain embodiments, a SiGe(Sn) subcell comprises a win-
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dow comprising InGaP or (In)GaAs, having a thickness from
0 nm to 300 nm, an emitter comprising (In)GaAs or a III-
AsNV alloy having a thickness from 50 nm to 500 nm, and a
base comprising SiGe(Sn) having a thickness from 1 um to 20
pm. In some embodiments, the subcell also comprises a BSF
layer comprising (In)GaAs or SiGe(Sn) having a thickness
from 50 nm to 300 nm.

In certain embodiments, a Ge subcell comprises a window
comprising InGaP or (In)GaAs, having a thickness from 0 nm
to 300 nm, an emitter comprising (In)GaAs, (Al,Ga)lnP, or a
III-AsNV alloy, having a thickness from 10 nm to 500 nm,
and a base comprising the Ge substrate. It is to be noted that
solar cells disclosed by the invention may also be formed on
a Ge substrate wherein the substrate is not part of a subcell.

In certain embodiments, one or more of the subcells has an
emitter and/or a base in which there is a graded doping profile.
The doping profile may be linear, exponential or with other
dependence on position. In certain of such embodiments, one
or more of the [II-AsNV subcells has an exponential or linear
doping profile over part or all of the base, with the doping
levels between 1x10"° and 1x10'® cm™, or between 1x10'6
and 5x10'® cm™>. Further, the region of the ITI-AsNV base
that is closest to the emitter may have constant or no doping,
as disclosed, for example, in U.S. patent application Ser. No.
12/914,710, which is incorporated by reference. Typical
dopants include, for example, Be, Mg, Zn, Te, Se, Si, C, and
others known in the art.

As shown in FIG. 16, a tunnel junction may be disposed
between each of the subcells. Each tunnel junction comprises
two or more layers that electrically connect adjacent subcells.
The tunnel junction includes a highly doped n-type layer
adjacent to a highly doped p-type layer to form a p-n junction.
Typically, the doping levels in a tunnel junction are between
10*® cm= and 10*! cm ™.

In certain embodiments, a tunnel junction comprises an
n-type (In)GaAs or InGaP(As) layer and a p-type (Al,In)
GaAs layer. In certain embodiments the dopant of the n-type
layer comprises Si and the dopant of the p-type layer com-
prises C. A tunnel junction may have a thickness less than
about 100 nm, less than 80 nm, less than 60 nm, less than 40
nm, and in certain embodiments, less than 20 nm. For
example, in certain embodiments, a tunnel junction between
(ADInGaP subcells, between an (Al)InGaP subcell and an
(ALIn)GaAs or (AD)GalnPAs subcell, or between (AlIn)
GaAs subcells may have a thickness less than about 30 nm,
less than about 20 nm, less than about 15 nm, and in certain
embodiments, less than about 12 nm. In certain embodiments,
a tunnel junction separating an (Al,In)GaAs and [II-AsNV
alloy subcell, separating adjacent I[I1-AsNV alloy subcells, or
separating a I1I-AsNV alloy and a SiGe(Sn) or Ge subcell
may have a thickness less than 100 nm, less than 80 nm, less
than 60 nm, and in certain embodiments, less than 40 nm.

A multijunction solar cell may be fabricated on a substrate
such as a Ge substrate. In certain embodiments, the substrate
comprises GaAs, InP, Ge, or Si. In certain embodiments, all of
the subcells are substantially lattice-matched to the substrate.
In certain embodiments, one or more of the layers that are
included within the completed solar cell but are not part of a
subcell such as, for example, anti-reflective coating layers,
contact layers, cap layers, tunnel junction layers, and buffer
layers, are not substantially lattice-matched to the subcells.

In certain embodiments, a buffer layer is fabricated over-
lying the substrate. In certain embodiments, the buffer layer
comprises (In)GaAs.

As shown in FIG. 16, the multijunction solar cell comprises
subcells characterized by progressively higher band gaps
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overlying the buffer layer, with each of the subcells typically
separated by a tunnel junction.

In certain embodiments, the multijunction solar cell com-
prises an anti-reflection coating overlying the uppermost sub-
cell. The materials comprising the anti-reflection coating and
the thickness of the anti-reflection coating are selected to
improve the efficiency of light capture in the multijunction
solar cell. In certain embodiments, one or more contact layers
overlie the uppermost subcell in the regions underlying or
near the metal grid. In certain embodiments, the contact lay-
ers comprise (In)GaAs and the dopant may be Si or Be.

In certain embodiments, a photovoltaic cell comprises at
least four subcells, wherein: the at least four subcells com-
prise at least one subcell comprising a base layer, wherein the
base layer comprises an alloy of elements from group III on
the periodic table, nitrogen, arsenic, and at least one element
selected from Sb and Bi; and each of the at least four subcells
is substantially lattice matched to each of the other subcells.

In certain embodiments of a photovoltaic cell, each of the
at least four subcells is substantially lattice matched to a
material selected from Si, Ge, SiGe, GaAs, and InP.

In certain embodiments of a photovoltaic cell, the at least
one subcell is characterized by a bandgap selected from 0.7
eVtol.leV, from0.9eVto1l.0eV, from0.9eVto13eV,
from 1.0eVto1.1eV from 1.0eV to 1.2 eV, from 1.1 eV to
12eV, from 1.1 eVto 1.4 €V, and from 1.2 eV to 1.4 eV.

In certain embodiments of a photovoltaic cell, the base
layer of the at least one subcell comprises Ga, In N As,
Sb,, in which values for x, y and z are 0=x=<0.24,
0.001=y=<0.07 and 0.001=z<0.20.

In certain embodiments of a photovoltaic cell, the base
layer of the at least one subcell comprises Ga, . In.N As,
Sb,, in which values for x, y and z are 0.01=x<0.18,
0.005=y=<0.05, and 0.001=z=<0.03.

In certain embodiments of a photovoltaic cell, the at least
four subcells comprise at least two subcells, each of the at
least two subcells comprising a base layer comprising an
alloy of elements from group III on the periodic table, nitro-
gen, arsenic, and at least one element selected from Sb and Bi.

In certain embodiments of a photovoltaic cell, one of the at
least two subcells is characterized by a first band gap 0o 0.7 to
1.1 eV; and a second of the at least two subcells is character-
ized by a second band gap 0f 0.9 to 1.3 eV, wherein the second
band gap is greater than the first band gap.

In certain embodiments of a photovoltaic cell, each of the
at least two subcells comprise a base layer comprising a
material independently selected from GalnNAsSb, Galn-
NAsBi, GalnNAsSbBi, GaNAsSb, GaNAsBi, and GaNAsS-
bBi.

In certain embodiments of a photovoltaic cell, one of the at
least two subcells comprises a base layer comprising Ga, _,,
In,N,As, . ,Sb,, in which values for x, y and z are
0.02=x=0.24, 0.015=y=<0.07 and 0.001=z=<0.03 and a second
of'the at least two subcells comprises a base layer comprising
Ga,_In,N As,  Sb,, in which values for x, y and z are
0=x<0.18, 0.005<y=0.05 and 0.001=z=<0.03.

In certain embodiments of a photovoltaic cell, the photo-
voltaic cell comprises a first subcell comprising a first base
layer comprising a material selected from Ge, SiGe(Sn), and
an alloy of elements from group III on the periodic table,
nitrogen, arsenic, and at least one element selected from Sb
and Bi, and characterized by a band gap of 0.7 eV to 1.1 eV}
a second subcell comprising a second base layer overlying the
first subcell, wherein the second base layer comprises an alloy
of elements from group III on the periodic table, nitrogen,
arsenic, and at least one element selected from Sb and Bi, and
characterized by aband gap 0of0.9eV to 1.3 eV; a third subcell
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comprising a third base layer overlying the second subcell,
the third base layer comprising a material selected from Galn-
PAs and (Al,In)GaAs and characterized by a band gap from
1.4 eVto 1.7 eV; and a fourth subcell comprising a fourth base
layer overlying the third subcell, the fourth base layer com-
prising (AD)InGaP and characterized by a band gap from 1.9
eVio2.2eV.

In certain embodiments of a photovoltaic cell, the first base
layer, the second base layer, or both the first and the second
base layer comprises the alloy Ga, ,In,N As, , Sb,,in which
values for x, y and z are 0=x=0.24, 0.001=<y=<0.07 and
0.001=z<0.20.

In certain embodiments of'a photovoltaic cell, the band gap
of the first base layer is 0.7 to 0.9 eV, the band gap of the
second base layer is 1.0 to 1.2 eV, the band gap of the third
base layer is 1.5to 1.6 eV, and the band gap of'the fourth base
layeris 1.9 eV to 2.1 eV.

In certain embodiments of a photovoltaic cell, the first base
layer, the second base layer, or both the first and the second
base layer comprises the alloy Ga, ,In,N As, , Sb,,in which
values for x, y and z are 0.01=x=<0.18, 0.005<y=<0.05, and
0.001=<z<0.03.

In certain embodiments of a photovoltaic cell, each of the
four subcells is substantially lattice matched to a material
selected from Ge and GaAs.

In certain embodiments of a photovoltaic cell, the photo-
voltaic cell comprises a first subcell comprising a first base
layer comprising a material selected from the group consist-
ing of Ge, SiGe(Sn), and an alloy of elements from group II1
on the periodic table, nitrogen, arsenic, and at least one ele-
ment selected from Sb and Bi, and characterized by a band
gap 0f0.7 eV to 1.1 eV; a second subcell comprising a second
base layer overlying the first subcell, wherein the second base
layer comprises an alloy of elements from group III on the
periodic table, nitrogen, arsenic, and at least one element
selected from Sb and Bi, and characterized by a band gap of
0.9 eV to 1.3 eV; a third subcell comprising a third base layer
overlying the second subcell, wherein the second base layer
comprises a material selected from GalnPAs, (Al,In)GaAs,
and an alloy of elements from group 111 on the periodic table,
nitrogen, arsenic, and at least one element selected from Sb
and Bi, and characterized by a band gap of 1.2 eV t0 1.6 eV}
a fourth subcell comprising a fourth base layer overlying the
third subcell, the fourth base layer comprising a material
selected from GalnPAs and (Al,In)GaAs and characterized
by a band gap from 1.6 eV to 1.9 eV; and a fifth subcell
comprising a fifth base layer overlying the fourth subcell, the
fifth base layer comprising (Al)InGaP and characterized by a
band gap from 1.9 eV to 2.2 eV.

In certain embodiments of a photovoltaic cell comprising
five subcells, one or more of the first base layer, the second
base layer, and the third base layer comprise the alloy Ga,
In,N As, ., Sb,, in which values for x, y and z are 0=x=<0.24,
0.001=y=0.07 and 0.001=z=<0.20. In certain of such embodi-
ments, one or more of the first base layer, the second base
layer, and the third base layer comprise the alloy Ga, In N,
As,_,,Sb,, in which values for x, y and z are 0.01=x=<0.18,
0.005=<y=0.05, and 0.001=z=<0.03.

In certain embodiments of a photovoltaic cell, the photo-
voltaic cell comprises a first subcell comprising a first base
layer comprising a material selected from Ge, SiGe(Sn), and
an alloy of elements from group III on the periodic table,
nitrogen, arsenic, and at least one element selected from Sb
and Bi, and characterized by a band gap of 0.7 eV to 1.1 eV}
asecond subcell comprising a second base layer overlying the
first subeell, wherein the second base layer comprises an alloy
of elements from group III on the periodic table, nitrogen,
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arsenic, and at least one element selected from Sb and Bi, and
characterized by aband gap 0of0.9eV to 1.3 eV; a third subcell
comprising a third base layer overlying the second subcell,
wherein the third base layer comprises a material selected
from GalnPAs, (Al,In)GaAs and an alloy of elements from
group I1I on the periodic table, nitrogen, arsenic, and at least
one element selected from Sb and Bi, and characterized by a
band gap of 1.1 eV to 1.5 eV; a fourth subcell comprising a
fourth base layer overlying the third subcell, the fourth base
layer comprising a material selected from (Al,In)GaAs and
(ADInGa(P)As, and characterized by a band gap from 1.4 eV
to 1.7 eV; a fifth subcell comprising a fifth base layer overly-
ing the fourth subcell, the fifth base layer comprising a mate-
rial selected from (ADInGaP and Al(In)Ga(P)As, and char-
acterized by a band gap from 1.6 eV to 2.0 eV; and a sixth
subcell comprising a sixth base layer overlying the fifth sub-
cell, the sixth base layer comprising (Al)InGaP, and charac-
terized by a band gap from 1.9 eV to 2.3 eV.

In certain embodiments of a photovoltaic cell comprising
six subcells, one or more of the first base layer, the second
base layer, and the third base layer comprise the alloy Ga,
In,N,As, . ,Sb,, in which values for x, y and z are 0=x=<0.24,
0.001=y=0.07 and 0.001=7=<0.20. In certain of such embodi-
ments, one or more of the first base layer, the second base
layer, and the third base layer comprise the alloy Ga, ,In,N,
As,_,Sb,, in which values for x, y and z are 0.01=x=<0.18,
0.005=<y=<0.05, and 0.001=z=<0.03.

In one embodiment of the invention, a photovoltaic power
system comprises one or more of a photovoltaic cell provided
by the present disclosure such as, for example, one or more
photovoltaic cells having at least four subcells, including one
or more [II-AsNV subcells. In one specific embodiment, the
one or more photovoltaic cells has a III-AsNV subcell as the
bottom subcell or the subcell immediately above the bottom
subcell. In certain embodiments, the photovoltaic power sys-
tem may be a concentrating photovoltaic system, wherein the
system may also comprise mirrors and/or lenses used to con-
centrate sunlight onto one or more photovoltaic cells. In cer-
tain embodiments, the photovoltaic power system comprises
a single or dual axis tracker. In certain embodiments, the
photovoltaic power system is designed for portable applica-
tions, and in other embodiments, for grid-connected power
generation. In certain embodiments, the photovoltaic power
system is designed to convert a specific spectrum of light,
such as AM1.5G, AM1.5D or AMO, into electricity. In certain
embodiments, the photovoltaic power system may be found
on satellites or other extra-terrestrial vehicles and designed
for operation in space without the influence of a planetary
atmosphere on the impinging light source. In certain embodi-
ments, the photovoltaic power system may be designed for
operation on astronomical bodies other than Earth. In certain
embodiments, the photovoltaic power system may be
designed for satellites orbiting about astronomical bodies
other than Earth. In certain embodiments, the photovoltaic
power system may be designed for roving on the surface of an
astronomical body other than Earth.

In certain embodiments of the invention, photovoltaic
modules are provided comprising one or more photovoltaic
cells provided by the present disclosure. A photovoltaic mod-
ule may comprise one or more photovoltaic cells provided by
the present disclosure to include an enclosure and intercon-
nects to be used independently or assembled with additional
modules to form a photovoltaic power system. A module
and/or power system may include power conditioners, power
converters, inverters and other electronics to convert the
power generated by the photovoltaic cells into usable elec-
tricity. A photovoltaic module may further include optics for
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focusing light onto a photovoltaic cell provided by the present
disclosure such as in a concentrated photovoltaic module.

In one embodiment of the invention, the semiconductor
layers composing the solar cell, excepting the substrate, are
fabricated using molecular beam epitaxy (MBE) or chemical
vapor deposition. In certain embodiments, more than one
material deposition chamber is used for the deposition of the
semiconductor layers comprising the solar cell. The materials
deposition chamber is the apparatus in which the semicon-
ductor layers composing the solar cell are deposited. The
conditions inside the chamber may range from 107! Torr to
10° Ton pressures. In certain embodiments the alloy constitu-
ents are deposited via physical and/or chemical processes.
Each materials deposition chamber can have different con-
figurations which allow it to deposit different semiconductor
layers and can be independently controlled from other mate-
rials deposition chambers. The semiconductor layers may be
fabricated using metal organic chemical vapor deposition
(MOCVD), MBE, or by other methods, including a combi-
nation of any of the foregoing.

The movement of the substrate and semiconductor layers
from one materials deposition chamber to another is defined
as the transfer. For example, a substrate is placed in a first
materials deposition chamber, and then the buffer layer(s) and
the bottom subcell(s) are deposited. Then the substrate and
semiconductor layers are transferred to a second materials
deposition chamber where the remaining subcells are depos-
ited. The transfer may occur in vacuum, at atmospheric pres-
sure in air or another gaseous environment, or in any environ-
ment in between. The transfer may further be between
materials deposition chambers in one location, which may or
may not be interconnected in some way, or may involve
transporting the substrate and semiconductor layers between
different locations, which is known as transport. Transport
may be done with the substrate and semiconductor layers
sealed under vacuum, surrounded by nitrogen or another gas,
or surrounded by air. Additional semiconductor, insulating or
other layers may be used as surface protection during transfer
or transport, and removed after transfer or transport before
further deposition.

In one embodiment of the invention, a plurality of layers is
deposited on a substrate in a first materials deposition cham-
ber. The plurality of layers may include etch stop layers,
release layers (i.e., layers designed to release the semicon-
ductor layers from the substrate when a specific process
sequence, such as chemical etching, is applied), contact lay-
ers such as lateral conduction layers, buffer layers, or other
semiconductor layers. In one specific embodiment, the
sequence of layers deposited is buffer layer(s), then release
layer(s), and then lateral conduction or contact layer(s). Next
the substrate is transferred to a second materials deposition
chamber where one or more subcells are deposited on top of
the existing semiconductor layers. The substrate may then be
transferred to either the first materials deposition chamber or
to a third materials deposition chamber for deposition of one
or more subcells and then deposition of one or more contact
layers. Tunnel junctions are also formed between the sub-
cells.

In one embodiment of the invention, the III-AsNV subcells
are deposited in a first materials deposition chamber, and the
(ADInGaP, (AlLIn)GaAs and (Al)GalnPAs subcells are
deposited in a second materials deposition chamber, with
tunnel junctions formed between the subcells. In a related
embodiment of the invention, III-AsNV layers are deposited
in a first materials deposition chamber, and other semicon-
ductor layers that contain Al are deposited in a second mate-
rials deposition chamber. In another embodiment of the
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invention, a transfer occurs in the middle of the growth of one
subcell, such that the said subcell has one or more layers
deposited in one materials deposition chamber and one or
more layers deposited in a second materials deposition cham-
ber.

In one embodiment of the invention, some or all of the
layers composing the III-AsNV subcells and the tunnel junc-
tions are deposited in one materials deposition chamber by
molecular beam epitaxy, and the remaining layers of the solar
cell are deposited by chemical vapor deposition in another
materials deposition chamber. For example, a substrate is
placed in a first materials deposition chamber and layers that
may include nucleation layers, buffer layers, emitter and win-
dow layers, contact layers and a tunnel junction are grown on
the substrate, followed by one or more III-AsNV subcells. If
there is more than one III-AsNV subcell, then a tunnel junc-
tion is grown between adjacent subcells. One or more tunnel
junction layers may be grown, and then the substrate is trans-
ferred to a second materials deposition chamber where the
remaining solar cell layers are grown by chemical vapor
deposition. In certain embodiments, the chemical vapor
deposition system is a MOCVD system. In a related embodi-
ment of the invention, a substrate is placed in a first materials
deposition chamber and layers that may include nucleation
layers, buffer layers, emitter and window layers, contact lay-
ers and a tunnel junction are grown on the substrate by chemi-
cal vapor deposition. Subsequently, the top subcells, two or
more, are grown on the existing semiconductor layers, with
tunnel junctions grown between the subcells. Part of the top-
most I11-AsNV subcell, such as the window layer, may then
be grown. The substrate is then transferred to a second mate-
rials deposition chamber where the remaining semiconductor
layers of the topmost III-AsNV subcell may be deposited,
followed by up to three more III-AsNV subcells, with tunnel
junctions between them.

In certain embodiments of the invention, the solar cell is
subjected to one or more thermal annealing treatments after
growth. For example, a thermal annealing treatment includes
the application of a temperature of 400° C. to 1000° C. for
between 10 seconds and 10 hours. Thermal annealing may be
performed in an atmosphere that includes air, nitrogen,
arsenic, arsine, phosphorus, phosphine, hydrogen, forming
gas, oxygen, helium and any combination of the preceding
materials. In certain embodiments, a stack of subcells and
associated tunnel junctions may be annealed prior to fabrica-
tion of additional subcells.

Thus, methods of manufacturing a photovoltaic cell are
provided, comprising: forming one or more semiconductor
layers on a substrate; forming four or more subcells overlying
the one or more semiconductor layers; and wherein at least
one of the subcells has a base layer formed of an alloy of one
or more elements from group III on the periodic table, nitro-
gen, arsenic, and at least one element selected from the group
consisting of Sb and Bi; wherein the photovoltaic cell com-
prises at least four subcells and each of the at least four
subcells is substantially lattice matched to each of the other
subcells. In certain embodiments, the substrate is a subcell
having a base layer formed of a material selected from the
group consisting of Ge, SiGe(Sn), and an alloy of one or more
elements from group III on the periodic table, nitrogen,
arsenic, and at least one element selected from the group
consisting of Sb and Bi. In certain embodiments, the methods
comprise forming tunnel junctions between the four or more
subcells.

In certain embodiments, methods of manufacturing a pho-
tovoltaic cell comprise: forming a first subcell having a first
base layer formed of a material selected from the group con-
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sisting of Ge, SiGe(Sn), and an alloy of one or more elements
from group III on the periodic table, nitrogen, arsenic, and at
least one element selected from the group consisting of Sh
and Bi, wherein the first subcell is characterized by a band gap
from 0.7 eV to 1.1 eV; forming a second subcell having a
second base layer, wherein the second base layer is formed of
an alloy of one or more elements from group III on the
periodic table, nitrogen, arsenic, and at least one element
selected from the group consisting of Sb and Bi, wherein the
second subcell is characterized by a band gap from 0.9 eV to
1.3 eV; and forming at least two additional subcells overlying
the second subcell; wherein the photovoltaic cell comprises at
least four subcells and each of the at least four subcells is
substantially lattice matched to each of the other subcells. In
certain methods, each of the at least four subcells is substan-
tially lattice matched to a material selected from the group
consisting of Si, Ge, SiGe, GaAs, and InP. In certain methods,
the first base layer formed of an alloy Ga, . In N As, . .Sb,,
in which values for x, y and z are 0.02=<x<0.24, 0.015=y=<0.07
and 0.001=7<0.03; and the second base layer formed of an
alloy Ga, .In N As, _Sb_, in which values forx, y and z are
0=x<0.18, 0.005=<y=0.05 and 0.001 =z<0.03. In certain meth-
ods, forming at least two additional subcells overlying the
second subcell comprises: forming a third subcell having a
third base layer is overlying the second subcell, wherein the
third base layer is formed of a material selected from the
group consisting GalnPAs and (Al,In)GaAs, and character-
ized by aband gap from 1.4 eV to 1.7 eV; and forming a fourth
subcell having a fourth base layer overlying the third subcell,
wherein the fourth base layer is formed of (Al)InGaP, and
characterized by a band gap from 1.9 eV t0 2.2 eV.

In certain embodiments, methods of manufacturing a pho-
tovoltaic cell comprise: forming at least two subcells on a
substrate; forming a first subcell having a first base layer,
wherein the first base layer is formed of an alloy of one or
more elements from group III on the periodic table, nitrogen,
arsenic, and at least one element selected from the group
consisting of Sb and Bi, wherein the first subcell is charac-
terized by a band gap from 0.9 eV to 1.3 eV; and forming a
second subcell having a second base layer formed of a mate-
rial selected from the group consisting of Ge, SiGe(Sn), and
an alloy of one or more elements from group III on the
periodic table, nitrogen, arsenic, and at least one element
selected from the group consisting of Sb and Bi, wherein the
second subcell is characterized by a band gap from 0.7 eV to
1.1 eV; wherein the photovoltaic cell comprises at least four
subcells and each of the at least four subcells is substantially
lattice matched to each of the other subcells.

In certain embodiments, methods of manufacturing a pho-
tovoltaic cell comprise: forming one or more subcells on a
substrate in a first materials deposition chamber; transferring
the substrate to a second materials deposition chamber; and
forming one or more additional subcells overlying the one or
more subcells; and wherein one or more of the subcells of the
photovoltaic cell has a base layer formed of an alloy of one or
more elements from group III on the periodic table, nitrogen,
arsenic, and at least one element selected from the group
consisting of Sb and Bi; and wherein each of the subcells is
substantially lattice matched to each of the other subcells. In
certain embodiments, methods of manufacturing a photovol-
taic cell further comprise: forming one or more layers
selected from the group consisting of a buffer layer, a contact
layer, an etch stop layer, a release layer, and other semicon-
ductor layer on the substrate in a chamber selected from the
group consisting of a third materials deposition chamber and
the second materials chamber; and transferring the substrate
to the first materials deposition chamber.
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A more specific example of the embodiment illustrated by
FIG. 7 is the five junction solar cell depicted in FIG. 17B. The
bottom subcell is a GalnNAsSb subcell with a band gap of'1.0
eV and a total subcell thickness of 2-3 microns. J4 is a Galn-
NAsSb subcell with a band gap of 1.2 eV and a total subcell
thickness of 2-3 microns. J3 is an AlGaAs subcell with a band
gap of 1.5 eV and a total subcell thickness of 4-5 microns. J2
is an AlGaAs subcell with a band gap of 1.7 eV and a subcell
thickness of 4-5 microns. J1 is an AllnGaP subcell with a
band gap of2.1 eV and a subcell thickness 0f0.3-1.0 microns.
The upper two tunnel junctions comprise GaAs:Si/AlGaAs:
C, each with a total thickness of approximately 15 nm to 25
nm. The lower two tunnel junctions are GaAs:Si/GaAs:C,
each with total thickness between 40 and 100 nm. All of the
subcells are substantially lattice-matched to a GaAs sub-
strate. The solar cell undergoes a thermal anneal after growth
and before device processing, and an additional thermal
anneal during device processing.

An I-V curve of the simulated current output as a function
of'voltage ofthe multijunction solar cell shown in FIG. 17B at
1000 suns under the AM1.5D spectrum at 25° C. is shown in
FIG. 17A, along with the performance of the state-of-the-art
high efficiency triple-junction solar cell described herein. The
two solar cells have bottom GalnNAsSb subcells with the
same band gap. The simulated efficiency of the five junction
solar cell according to certain embodiments is 45.5%, com-
pared to 40.8% for the triple junction solar cell. While the
achievable current at this solar concentration is lower for the
five-junction solar cell compared to the three junction solar
cell, the voltage is substantially higher. The higher efficiency
is achieved because much less of the incident light energy is
being lost as heat. More photons are absorbed by subcells
with band gaps closer to their energies, allowing more of the
energy to be converted into electricity and less into heat.

An I-V curve of the simulated current output as a function
of voltage of the multijunction solar cell shown in FIG. 18B,
afour junction solar cell disclosed by the invention, under the
AMO spectrum at 1 sun at 25° C. is shown in FIG. 18A, along
with the simulated performance of the typical InGaP/InGaAs/
Ge triple junction solar cell found on the market today for use
in space. The simulated efficiency of the four-junction solar
cell disclosed by the invention is 33.2%, compared to 30.6%
for the triple junction solar cell. While the achievable current
is lower for the four junction solar cell compared to the three
junction solar cell, the voltage is substantially higher. I-V
curves for the six junction solar cell disclosed by the invention
and shown in FIG. 19B under the AMO spectrum at 25° C. are
shown in FIG. 19A, along with the performance of the state-
of-the-art triple junction solar cell described above. Shown is
both the data for a six junction cell made today, as well as the
data for a future cell with improved minority carrier proper-
ties. The simulated efficiencies of the current and future six
junction solar cells of the invention are 33.3% and 39.7%,
respectively, compared to 30.6% for today’s triple junction
solar cell. While the achievable current is lower for the six
junction solar cells compared to the three junction solar cell,
the voltage is approximately double that of the triple junction
solar cell. In both FIGS. 18A and 19A, similar to the terres-
trial multijunction solar cell, the higher efficiency is achieved
because much less of the incident light energy is being lost as
heat. More photons are absorbed by subcells with band gaps
closer to their energies, allowing more of the energy to be
converted into electricity and less into heat.

Various values for band gaps have been recited in the
description and in the claims. It should be understood that
these values are not exact. However, the values for band gaps
are approximated to one significant figure to the right of the
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decimal point, except where otherwise indicated. Thus, the
value 0.9 covers the range 0.850 to 0.949.

The invention has been explained with reference to specific
embodiments. Other embodiments will be evident to those of
ordinary skill in the art. It is therefore not intended for the
invention to be limited, except as indicated by the appended
claims.

What is claimed is:

1. A photovoltaic cell comprising at least four subcells,
wherein,

at least one of the at least four subcells comprises a base
layer formed of Ga, In,N As, . Sb,, in which values
for x, y and z are 0.08=x<0.24, 0.02<y=<0.05, and
0.001=z<0.014; and

each of the at least four subcells is lattice matched to each
of the other subcells.

2. The photovoltaic cell of claim 1, wherein each of the at
least four subcells is lattice matched to a material selected
from the group consisting of Si, Ge, SiGe, GaAs, and InP.

3. The photovoltaic cell of claim 1, wherein the least one
subcell is characterized by a bandgap selected from the group
consisting 0of 0.7eVto 1.1eV,0.8100.9¢eV,0.9eVto 1.0eV,
09eVtoll3eV,10eVtol.l1eV,1.0eVto1l.2eV,1.1eVto
12eV,1.1eVtoldeV,and1.2eVto 1.4eV.

4. The photovoltaic cell of claim 1, wherein the base layer
of another subcell of the at least four subcells is formed of
Ga,_In,N As, Sb,, in which values for x, y and z are
0.01=x=0.18, 0.005=<y=0.05, and 0.001=z=<0.03.

5. The photovoltaic cell of claim 1, wherein

a first subcells comprises a base layer formed of Ga,
In,N As, . .Sb,, in which values for x, y and z are
0.08=x=0.24, 0.02<y=<0.05 , and 0.001=z<0.014; and
wherein the band gap of the first subcell is between 0.7
eVand 1.1 eV; and

a second subcell comprises a base layer formed of an alloy
of one or more elements from group 111 on the periodic
table, nitrogen, arsenic, and at least one element selected
from the group consisting of Sb and Bi, and wherein the
band gap of'the second subcell is between 0.9 eV and 1.3
eV, and wherein the band gap of the second subcell is
greater than the band gap of the first subcell.

6. The photovoltaic cell of claim 5, wherein

the first subcells is characterized by a first band gap of 0.9
eVtol.0eV;and

a second subcells is characterized by a second band gap of
1.1eViol.2eV.

7. The photovoltaic cell of claim 5, wherein the second
subcell comprises a base layer formed of a material selected
from the group consisting of GaInNAsSb, GalnNAsBi, Galn-
NAsSbBi, GaNAsSb, GaNAsBi, and GaNAsSbBi.

8. A photovoltaic cell comprising:

a first subcell having a first base layer formed of a material
selected from the group consisting of Ge, SiGe(Sn), and
Ga,_In,N As, , _Sb_, in which values for x, y and z are
0.08=x =0.24, 0.02=<y=0.05 and 0.001=z=<0.014, and
characterized by a band gap of 0.7 eV to 1.1 eV;

a second subcell having a second base layer overlying the
first subcell, wherein the second base layer is formed of
an alloy of one or more elements from group I1I on the
periodic table, nitrogen, arsenic, and at least one element
selected from the group consisting of Sb and Bi, and
characterized by a band gap of 0.9 eV to 1.3 eV,

a third subcell having a third base layer overlying the
second subcell, wherein the third base layer is formed of
a material selected from the group consisting of Galn-
PAs and (Al,In)GaAs, and characterized by a band gap
from 1.4 eVto 1.7 eV; and
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a fourth subcell having a fourth base layer overlying the
third subcell, wherein the fourth base layer is formed of
(ADInGaP and characterized by a band gap from 1.9 eV
t022¢eV;

wherein the first base layer, the second base layer, or the
first base layer and the second base layer are formed of
Ga,_In,N As, Sb,, in which values for x, y and z are
0.08=x =0.24, 0.02<y=0.05 and 0.001=7z<0.014.

9. The photovoltaic cell of claim 8, wherein the band gap of
the first base layer is 0.7 eV to 0.9 eV, the band gap of the
second base layeris 1.0eV to 1.2 eV, the band gap of the third
base layer is 1.5 eV to 1.6 eV, and the band gap of the fourth
base layeris 1.9 eV to 2.1 eV.

10. The photovoltaic cell of claim 8, wherein each of the
four subcells is lattice matched to a material selected from the
group consisting of Ge and GaAs.

11. A photovoltaic cell comprising:

a first subcell having a first base layer formed of a material
selected from the group consisting of Ge, SiGe(Sn) and
Ga,_In, N As, . Sb_, in which values for x, y and z are
0.08=x =0.24, 0.02=<y=0.05 and 0.001=z<0.014, and
characterized by a band gap of 0.7eV to 1.1 eV;

a second subcell having a second base layer overlying the
first subcell, wherein the second base layer is formed of
an alloy of one or more elements from group III on the
periodic table, nitrogen, arsenic, and at least one element
selected from the group consisting of Sb and Bi, and
characterized by a band gap of 0.9 eV to 1.3 eV;

a third subcell having a third base layer overlying the
second subcell, wherein the third base layer is formed of
a material selected from the group consisting of Galn-
PAs, (Al,In)GaAs, and an alloy of one or more elements
from group III on the periodic table, nitrogen, arsenic,
and at least one element selected from the group con-
sisting of Sb and Bi, and characterized by a band gap of
12eVto 1.6 €V,

a fourth subcell having a fourth base layer overlying the
third subcell, wherein the fourth base layer is formed of
a material selected from the group consisting of Galn-
PAs and (Al,In)GaAs, and characterized by a band gap
from 1.6 eV to 1.9 €V; and

a fifth subcell having a fifth base layer overlying the fourth
subcell, wherein the fifth base layer is formed of (Al)
InGaP and characterized by a band gap from 1.9 eV to
22¢eV;

wherein the first base layer, the second base layer, or the
first base layer and the second base layer are formed of
Ga,_In,N As, Sb,, in which values for x, y and z are
0.08=x =0.24, 0.02<y=0.05 and 0.001=z<0.014.

25

40

45

32

12. A photovoltaic cell comprising:

a first subcell having a first base layer formed of a material
selected from the group consisting of Ge, SiGe(Sn), and
Ga,_In,N As, . Sb_, in which values for x, y and z are
0.08=x =0.24, 0.02=<y=0.05 and 0.001=z=<0.014, and
characterized by a band gap of 0.7 eV to 1.1 eV;

a second subcell having a second base layer overlying the
first subcell, wherein the second base layer is formed of
an alloy of one or more elements from group I1I on the
periodic table, nitrogen, arsenic, and at least one element
selected from the group consisting of Sb and Bi, and
characterized by a band gap of 0.9 eV to 1.3 eV,

a third subcell having a third base layer overlying the
second subcell, wherein the third base layer is formed of
a material selected from the group consisting of Galn-
PAs, (Al In)GaAs, and an alloy of one or more elements
from group III on the periodic table, nitrogen, arsenic,
and at least one element selected from the group con-
sisting of Sb and Bi, and characterized by a band gap of
1.1eVtol.5¢eV,

a fourth subcell having a fourth base layer overlying the
third subcell, wherein the fourth base layer is formed of
a material selected from the group consisting of (Al,In)
GaAs and (Al)InGa(P)As, and characterized by a band
gap from 1.4 eV to 1.7 eV,

a fifth subcell having a fifth base layer overlying the fourth
subcell, wherein the fifth base layer is formed of a mate-
rial selected from the group consisting of (Al)InGaP and
Al(In)Ga(P)As, and characterized by a band gap from
1.6eVto2.0eV;and

a sixth subcell having a sixth base layer overlying the fifth
subcell, wherein the sixth base layer is formed of (Al)
InGaP, and characterized by a band gap from 1.9 eV to
23¢eV;

wherein the first base layer, the second base layer, or the
first base layer and the second base layer are formed of
Ga,_In,N As,  Sb,, in which values for x, y and z are
0.08=x =0.24, 0.02<y=0.05 and 0.001=7z<0.014.

13. A photovoltaic system comprising at least one photo-

voltaic cell of claim 1.

14. The photovoltaic cell of claim 1, wherein the at least

one subcell is characterized by a thickness from 2 pm to 3 pm.

15. The photovoltaic cell of claim 1, wherein the at least

one subcell is characterized by a thickness from 1.5 um to 3.5
pm.
16. A photovoltaic apparatus comprising at least one pho-
tovoltaic cell of claim 8.

17. A photovoltaic apparatus comprising at least one pho-
tovoltaic cell of claim 11.

18. A photovoltaic apparatus comprising at least one pho-
tovoltaic cell of claim 12.
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