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(57) ABSTRACT 

LoW-bandgap, monolithic, multi-bandgap, optoelectronic 
devices (10), including PV converters, photodetectors, and 
LED’s, have lattice-matched (LM), double-heterostructure 
(DH), loW-bandgap GalnAs(P) subcells (22, 24) including 
those that are lattice-mismatched (LMM) to lnP, groWn on 
an lnP substrate (26) by use of at least one graded lattice 
constant transition layer (20) of lnAsP positioned some 
Where between the lnP substrate (26) and the LMM sub 
cell(s) (22, 24). These devices are monofacial (10) or 
bifacial (80) and include monolithic, integrated, modules 
(MlMs) (190) With a plurality of voltage-matched subcell 
circuits (262, 264, 266, 270, 272) as Well as other variations 
and embodiments. 
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LOW BANDGAP, MONOLITHIC, 
MULTI-BANDGAP, OPTOELECTRONIC DEVICES 

CONTRACTUAL ORIGIN OF INVENTION 

[0001] The United States Government has rights in this 
invention under Contract No. DE-AC36-99GO10337 
between the United States D Renewable Energy Laboratory, 
a Division of the Midwest Research Institute. 

TECHNICAL FIELD 

[0002] This invention relates to optoelectronic devices, 
and, more speci?cally, to low bandgap, monolithic, multi 
bandgap solar photovoltaic (SPV) and thermophotovoltaic 
(TPV) cells for converting solar and/or thermal energy to 
electricity as well as for related photodetector devices for 
detecting light signals and light emitting diode (LED) 
devices for converting electricity to light and/or infrared 
(IR) radiant energy. 

BACKGROUND OF THE INVENTION 

[0003] It is well known that the most ef?cient conversion 
of radiant energy to electrical energy with the least thermal 
iZation loss in semiconductor materials is accomplished by 
matching the photon energy of the incident radiation to the 
amount of energy needed to excite electrons in the semi 
conductor material to transcend the bandgap from the 
valence band to the conduction band. However, since solar 
radiation and blackbody radiation usually comprise a wide 
range of wavelengths, use of only one semiconductor mate 
rial with one bandgap to absorb such radiant energy and 
convert it to electrical energy will result in large inefficien 
cies and energy losses to unwanted heat. 

[0004] Ideally, there would be a semiconductor material 
with a bandgap to match the photon energy for every 
wavelength in the radiation. That kind of device is imprac 
tical, if not impossible, but persons skilled in the art are 
building monolithic stacks of different semiconductor mate 
rials into devices commonly called tandem converters and/or 
monolithic, multi-bandgap or multi-bandgap converters, to 
get two, three, four, or more bandgaps to match more closely 
to different wavelengths of radiation and, thereby, achieve 
more ef?cient conversion of radiant energy to electrical 
energy. Essentially, the radiation is directed ?rst into a high 
bandgap semiconductor material, which absorbs the shorter 
wavelength, higher energy portions of the incident radiation 
and which is substantially transparent to longer wavelength, 
lower energy, portions of the incident radiation. Therefore, 
the higher energy portions of the radiant energy are con 
verted to electric energy by the larger bandgap semiconduc 
tor materials without excessive thermaliZation and loss of 
energy in the form of heat, while the longer wavelength, 
lower energy portions of the radiation are transmitted to one 
or more subsequent semiconductor materials with smaller 
bandgaps for further selective absorption and conversion of 
remaining radiation to electrical energy. 

[0005] Semiconductor compounds and alloys with band 
gaps in the various desired energy ranges are known, but that 
knowledge alone does not solve the problem of making an 
ef?cient and useful energy conversion device. Defects in 
crystalline semiconductor materials, such as impurities, dis 
locations, and fractures provide unwanted recombination 
sites for photogenerated electron-hole pairs, resulting in 
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decreased energy conversion e?iciency. Therefore, high 
performance, photovoltaic conversion cells comprising 
semiconductor materials with the desired bandgaps, often 
require high quality, epitaxially grown crystals with few, if 
any, defects. Growing the various structural layers of semi 
conductor materials required for a multi-bandgap, tandem, 
photovoltaic (PV) conversion device in a monolithic form is 
the most elegant, and possibly the most cost-effective, 
approach. 
[0006] Epitaxial crystal growth of the various compound 
or alloy semiconductor layers with desired bandgaps is most 
successful, when all of the materials are lattice-matched 
(LM), so that semiconductor materials with larger crystal 
lattice constants are not interfaced with other materials that 
have smaller lattice constants or vice versa. Lattice-mis 
matching (LMM) in adjacent crystal materials causes lattice 
strain, which, when high enough, is usually manifested in 
dislocations, fractures, wafer bowing, and other problems 
that degrade or destroy electrical characteristics and capa 
bilities of the device. Unfortunately, the semiconductor 
materials that have the desired bandgaps for absorption and 
conversion of radiant energy in some energy or wavelength 
bands do not always lattice match other semiconductor 
materials with other desired bandgaps for absorption and 
conversion of radiant energy in other energy or wavelength 
bands. Therefore, fabrication of device quality, multi-band 
gap, monolithic, converter structures is difficult, if not 
impossible, for some portions of the radiation frequency or 
wavelength spectrum. 

[0007] This problem has been particularly dif?cult to solve 
in the infrared (IR) portion of the spectrum, where options 
for suitable, commercially available substrates on which to 
grow thin ?lms with the necessary bandgaps for absorption 
and conversion of the infrared radiation to electrical energy 
are very limited, and where compatible, i.e., lattice-matched, 
semiconductor materials with the different bandgaps needed 
to absorb and convert different portions of the infrared 
spectrum ef?ciently are also quite limited. 

[0008] For example, the group III-V family of semicon 
ductor alloys include some of the best materials for fabri 
cating photovoltaic converters with bandgaps in a range of 
about 0.35 eV to 1.65 eV to absorb and convert infrared (IR) 
radiation with wavelengths in a range of about 3.54 um to 
0.75 pm. Group III-V alloys comprise combinations of 
binary compounds formed from Groups III and V of the 
Periodic Table. These binary compounds can be alloyed 
together into various ternary or quaternary compositions to 
obtain any desired bandgap in the range of 0.35 eV to 1.65 
eV. These alloys also have direct bandgaps (i.e., no change 
in momentum is required for an electron to cross the 
bandgap between the valance band and the conduction 
band), which facilitate ef?cient absorption and conversion of 
radiant energy to electricity. However, InP, which has a 
lattice constant of 5.869 A (sometimes rounded to 5.87 A) 
and a bandgap of 1.35 eV, is one of only a few feasible, 
commercially available substrate materials with a lattice 
constant even close to those lower bandgap Group III-V 
alloys i.e., InP-based or related ternary and quaternary 
compounds. The lowest bandgap Group III-V alloy that can 
be lattice-matched to the 5.869 A lattice constant of an InP 
substrate is GaO_47InO_53As, which has a bandgap of about 
0.74 eV, which leaves a signi?cant range of lower frequency, 
longer wavelength (>l.67 um), infrared (IR) radiation that 
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cannot be absorbed and converted to electricity in mono 
lithic converters in Which the semiconductor absorption 
materials are lattice-matched to the substrate. 

[0009] While the current unavailability of ef?cient and 
cost-effective solar photovoltaic (SPV) converters, espe 
cially multi-bandgap, monolithic, converter devices, capable 
of absorbing and converting infrared (IR) radiation in Wave 
lengths greater than 1.67 pm leaves substantial amounts of 
energy in the solar spectrum to remain unconverted to 
electricity, in state-of-the-art SPV’s, it is an even greater 
problem for thermophotovoltaic (TPV) devices. Infrared 
(IR) radiation of Wavelengths greater than 1.67 pm com 
prises a substantial amount of the energy radiated from 
blackbodies, and thermophotovoltaic (TPV) converters are 
intended to absorb and convert as much radiant energy from 
blackbodies to electric poWer as possible. Therefore, solu 
tions to these problems, especially if such solutions could 
enable fabrication of monolithic converters With multiple 
bandgaps in infrared (IR) energy ranges, they Would facili 
tate capture of more electric energy from solar and/or 
blackbody radiation. 

[0010] US. Pat. No. 5,479,032 issued to S. Forrest et al., 
teaches that one or more ternary InXGa1_XAs alloys With 
X>0.53, i.3., With band-gaps less than 0.75 eV, can be groWn 
epitaxially on an InP substrate by using intervening, graded 
layers of InAsyP1_y betWeen the InP substrate and the 
InXGal_XP (x>0.53) layers. HoWever, those Forrest et al., 
patent teachings, Which Were directed to pixel detection of 
near infrared radiation incident on a focal plane for tele 
communications applications, are not useful in SPV and 
TPV applications. 

SUMMARY OF THE INVENTION 

[0011] Accordingly, a general object of the present inven 
tion is to provide a monolithic, multi-bandgap, photovoltaic 
converter for absorbing and converting infrared (IR) radia 
tion of multiple Wavelengths to electricity. 

[0012] A more speci?c object of this invention is to 
provide a photovoltaic converter With at least one bandgap 
less than 0.74 eV to absorb infrared radiation in Wavelengths 
longer than 1.67 pm and convert it to electricity. 

[0013] An even more speci?c object of this invention is to 
provide a electric device quality, multi-bandgap, monolithic, 
photovoltaic converter that has at least one lattice-matched 
(LM), double-heterostructure (DH) With a bandgap less than 
0.74 eV to absorb infrared (IR) energy in Wavelengths longer 
than 1.67 pm and convert it to electricity. 

[0014] Another speci?c object of the invention is to pro 
vide a device quality, multi-bandgap, monolithic, photovol 
taic device With at least one lattice-matched (LM), double 
heterostructure (DH) With a bandgap less than 0.74 eV, 
Which is not lattice-matched to an InP substrate, but includ 
ing a lattice constant transition layer or layers, Which is 
transparent to infrared radiation Wavelengths longer than 
about 1.67 pm, positioned someWhere betWeen such lattice 
matched (LM), double-heterostructure (DH) and the InP 
substrate. 

[0015] Still another of this invention object is to provide a 
lattice constant transition layer or layers, Which is transpar 
ent to infrared (IR) radiation Wavelengths longer than about 
1.67 um, positioned betWeen tWo subcells in a multi-band 
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gap, monolithic device, Where the tWo subcells are not 
lattice-matched to each other and at least one of the subcells 
has a bandgap, Which is less than the bandgap of the other 
subcell and is less than 0.74 eV. 

[0016] Another object of the present invention is to pro 
vide one or more subcells With bandgaps less than 0.74 eV 
on an InP substrate. 

[0017] Another object of the present invention is to pro 
vide a bifacial, monolithic, integrated, module QI) compris 
ing multiple subcells, at least one subcell of Which absorbs 
and converts radiation Wavelengths less than 0.92 pm to 
electricity. 
[0018] Another object of the present invention is to pro 
vide a bifacial, monolithic, integrated, module (MIM) com 
prising multiple subcells, at least one subcell of Which 
absorbs and converts radiation Wavelengths less than 1.67 
pm to electricity. 

[0019] Another speci?c object of this invention is to 
provide a method of voltage-matching a plurality of subcell 
circuits that have subcells With different bandgaps less than 
or equal to 1.35 eV. 

[0020] Additional objects, advantages, and novel features 
of the invention are set forth in part in the description that 
folloWs and Will become apparent to those skilled in the art 
upon examination of the folloWing description and ?gures or 
may be learned by practicing the invention. Further, the 
objects and the advantages of the invention may be realized 
and attained by means of the instrumentalities and in com 
binations particularly pointed out in the appended claims. 

[0021] To achieve the foregoing and other objects and in 
accordance With the purposes of the a present invention, as 
embodied and broadly described herein, a method of this 
invention may comprise groWing one or more subcell(s) that 
has a lattice constant greater than 5.869 A, either alone or in 
combination With other subcells, on an InP substrate by 
using a lattice constant transition material betWeen the InP 
substrate and the subcell(s) that have the lattice constants 
greater than 6.869 A. The lattice constant transition material 
can be InAsyPl_y, Where y is graded either continuously or 
in discrete stepped increments from one (1) to a value at 
Which the InAsyP1_y has a lattice constant that matches the 
lattice constant of at least one of the subcells With a lattice 
constant greater than 5.869 A. The subcell bandgap is loWer 
than the bandgap of the InP substrate and loWer than the 
bandgap of the InAsyPl_y, lattice constant transition mate 
rial. Additional subcells With even loWer bandgaps can also 
be added, and, if any of such additional subcells has an even 
greater lattice constant that cannot be matched to the ?rst 
subcell, then one or more additional lattice constant transi 
tion layers can also be added. All of the subcells can be 
groWn on only one side of the substrate (monofacial) or one 
or more subcells can be groWn on the front side of the 
substrate While one or more other subcells can be groWn on 

the back side (bifacial), using Whatever lattice constant 
transition layers are necessary to accommodate the sub 
cell(s) on each side of the substrate. 

[0022] Isolation layers can be used betWeen subcells for 
independent electrical connection of the subcells, although, 
in bifacial embodiments, the substrate can be insulating or 
semi-insulating to serve as an isolation layer. Alternately, 
tunnel junctions can be used for intra-cell current ?oW 
































