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MULTI-JUNCTION OPTOELECTRONIC
DEVICE WITH GROUP 1V
SEMICONDUCTOR AS A BOTTOM
JUNCTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the priority to U.S.
Provisional Application No. 62/289,070, titled “MULTI-
JUNCTION OPTOELECTRONIC DEVICE WITH
GROUP IV SEMICONDUCTOR AS A BOTTOM JUNC-
TION”,” filed on Jan. 29, 2016. The present application 1s
also a Continuation-in-Part of, and claims prionty to, U.S.
application Ser. No. 13/705,064, titled “MULTI-JUNC-
TION OPTOELECTRONIC DEVICE,” filed on Dec. 4,
2012, which 1s a Continuation-in-Part of, and claims priority
to, U.S. application Ser. No. 12/939,077, titled “OPTO-
ELECTRONIC DEVICES INCLUDING HETEROJUNC-
TION LAYER,” filed on Nov. 3, 2010 and U.S. application
Ser. No. 12/605,108, titled “PHOTOVOLTAIC DEVICE,”
filed on Oct. 23, 2009. The disclosure of each of these prior
applications 1s hereby incorporated 1n 1ts entirety by refer-
ence.

FIELD OF THE DISCLOSURE

[0002] The present disclosure generally relates to opto-
clectronic semiconductor devices, and more particularly to
multi-junction optoelectronic devices with Group IV semi-
conductor as a bottom junction and method of manufactur-
ing the multi-junction optoelectronic devices.

BACKGROUND OF THE DISCLOSURE

[0003] There 1s a need for providing optoelectronic semi-
conductor devices, also referred simply as optoelectronic
devices, that have improved efliciency when compared to
the efliciency of conventional optoelectronic devices. These
improved devices need to be, however, cost eflective, easily
implemented and/or adaptable to existing environments. The

present disclosure describes various aspects of techmical
solutions that address such needs.

SUMMARY OF THE DISCLOSURE

[0004] A multi-junction optoelectronic device with Group
IV semiconductor as a bottom junction and method of
manufacturing the multi-junction optoelectronic device are
disclosed. The method for fabricating a multi-junction opto-
clectronic device comprises providing a first p-n structure on
a substrate, wherein the first p-n structure comprises a first
base layer of a first semiconductor with a first bandgap such
that a lattice constant of the first semiconductor matches a
lattice constant of the substrate, and wherein the first semi-
conductor comprises a Group III-V semiconductor. The
method further comprises providing a second p-n structure
on the first p-n structure, wherein the second p-n structure
comprises a second base layer of a second semiconductor

with a second bandgap, wherein a lattice constant of the
second semiconductor matches a lattice constant of the first
semiconductor, and wherein the second semiconductor com-
prises a Group IV semiconductor. The method further com-
prises lifting the multi-junction optoelectronic device off the
substrate, wherein the multi-junction optoelectronic device
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comprises the first p-n structure and the second p-n structure,
and wherein the multi-junction optoelectronic device 15 a
flexible device.

[0005] In another aspect of the disclosure, the multi-
junction optoelectronic device comprises a first p-n struc-
ture, wherein the first p-n structure comprises a first base
layer of a first semiconductor with a first bandgap such that
a lattice constant of the first semiconductor matches a lattice
constant of a substrate, and wherein the first semiconductor
comprises a Group III-V semiconductor. The multi-junction
optoelectronic device further comprises a second p-n struc-
ture formed by epitaxial growth on the first p-n structure,
wherein the second p-n structure comprises a second base
layer of a second semiconductor with a second bandgap.,
wherein a lattice constant of the second semiconductor
matches a lattice constant of the first semiconductor, and
wherein the second semiconductor comprises a Group IV
semiconductor. The multi-junction optoelectronic device 1s
lifted off the substrate and comprises the first p-n structure

and the second p-n structure. The multi-junction optoelec-
tronic device formed 1n this manner 1s a flexible device.

[0006] In vet another aspect of the disclosure, a multi-
junction optoelectronic device comprises a first p-n structure
having a first p-n junction and a second p-n junction,
wherein the first p-n junction comprises a first single-
crystalline Group III-V semiconductor with a first bandgap
such that a lattice constant of the first single-crystalline
Group III-V semiconductor matches a lattice constant of a
substrate. The multi-junction optoelectronic device further
comprises a second p-n structure formed by epitaxial growth
on the first p-n structure, wherein the second p-n structure
comprises a third p-n junction having a second single-
crystalline Group IV semiconductor with a second bandgap.,
and wherein a lattice constant of the second single-crystal-
line Group IV semiconductor matches a lattice constant of
the first single-crystalline Group 11I-V semiconductor. The
multi-junction optoelectronic device 1s lifted off the sub-
strate and comprises the first p-n structure and the second
p-n structure. The multi-junction optoelectronic device
formed 1n this manner 1s a flexible device. In an embodiment
or implementation, the substrate comprises a GaAs waler
and the third p-n junction of the second p-n structure
comprises a Group IV semiconductor made up of S1, Ge, Sn,
or a combination therefore such that the Group IV semicon-
ductor forms a bottom junction, away from the external light
source, of the multi-junction optoelectronic device after the
multi-junction optoelectronic device 1s separated from the
substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] So that the manner in which the above recited
features and various aspects of the disclosure can be under-
stood 1n detail, a more particular description of the disclo-
sure, briefly summarized above, can be had by reference to
various embodiments or implementations, some of which
are 1llustrated 1n the appended figures. It 1s to be noted,
however, that the appended figures 1llustrate only examples
of embodiments or implementations of various aspects of
this disclosure and are therefore not to be considered lim-
iting of 1ts scope, for the disclosure can admit to other
equally eflective embodiments or implementations.

[0008] FIG. 1 1s a flow chart illustrating a process of
forming a multi-junction optoelectronic device with a p-n
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structure comprising Group IV semiconductor as a bottom
junction using GaAs as a substrate according to various
aspects described herein.

[0009] FIG. 2 illustrates an example of a multi-junction
optoelectronic device with a p-n structure comprising Group
IV semiconductor as a bottom junction using GaAs as a
substrate before the device 1s separated from the substrate,
in accordance with various aspects of the disclosure.

[0010] FIG. 3 1illustrates another example of a multi-
junction optoelectronic device with a p-n structure compris-
ing Group IV semiconductor as a bottom junction using
(GaAs as a substrate after the device 1s separated from the
substrate, 1n accordance with various aspects of the disclo-
sure.

[0011] FIG. 4 illustrates an example of an epitaxially-
grown triple junction optoelectronic device with S1Ge or
S1GeSn as a bottom junction using GaAs as a substrate
betore the device 1s separated from the substrate, in accor-
dance with various aspects of the disclosure.

[0012] FIG. S illustrates another example of an epitaxi-
ally-grown triple junction optoelectronic device with S1Ge
or S1GeSn as a bottom junction and front metal contacts after
the device 1s separated from the substrate, 1n accordance
with various aspects of the disclosure.

[0013] FIG. 6 1illustrates another example of a multi-
junction optoelectronic device, 1 accordance with various
aspects of the disclosure.

[0014] FIG. 7A illustrates an example of a multi-junction
optoelectronic device with a single p-n junction 1n a first p-n
structure, 1n accordance with various aspects of the disclo-
sure.

[0015] FIG. 7B illustrates an example of a multi-junction
optoelectronic device with two p-n junctions in a first p-n
structure, 1n accordance with various aspects of the disclo-
sure.

[0016] FIG. 7C illustrates an example of a multi-junction
optoelectronic device with three p-n junctions 1n a first p-n
structure, 1n accordance with various aspects of the disclo-
sure.

DETAILED DESCRIPTION

[0017] The present disclosure generally relates to opto-
clectronic semiconductor devices, also referred simply as
optoelectronic devices, and more particularly to multi-junc-
tion optoelectronic devices with Group 1V semiconductor as
a bottom junction. The following description 1s presented to
enable one of ordinary skill 1in the art to make and use the
teatures and aspects of this disclosure and 1s provided 1n the
context of a patent application and 1ts requirements. Various
modifications to the examples of embodiments and 1mple-
mentations provided and the generic principles and features
described herein will be readily apparent to those skilled 1n
the art. Thus, the present disclosure 1s not intended to be
limited to the examples of embodiments or implementations
shown but 1s to be accorded the widest scope consistent with
the principles and features described herein.

[0018] As described above, the present disclosure relates
to multi-junction optoelectronic devices with Group IV
semiconductor as a bottom junction and the fabrication
processes for forming such optoelectronic devices. Accord-
ingly, the present disclosure describes various aspects of the
fabrication of thin film devices, such as photovoltaic
devices, light-emitting diodes (LEDs), or other optoelec-
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tronic devices, that can be used as the multi-junction opto-
clectronic devices described herein.

[0019] It 1s desirable to improve the performance of an
optoelectronic device such as a photovoltaic cell or a light-
emitting diode, for example, to improve the efliciency
thereol without significantly affecting the cost or adding to
overall size of the device. These devices should, therefore,
be cost eflective, easily implemented and/or adaptable to
existing environments. The present disclosure describes
various aspects ol technical solutions that address such
needs.

[0020] Generally, the performance of an optoelectronic
device such as a photovoltaic cell (e.g., solar cell) or a
light-emitting diode (LED) 1s improved by improving the
light absorption/conversion efliciency of the cell or the light
generation efliciency of the LED. High efliciency photovol-
taic cells can be fabricated by growing materials with
different band-gaps such that the highest band-gap material
1s on the light-facing side (e.g., front side) and the lowest
band gap material 1s on the opposite side (e.g., back side).
This results in the absorptlon of photons with different
energy by different layers, improving the ef1c1ency of the
photovoltaic cell since this arrangement results in more
photons being absorbed and thus generating a larger current.
This can be achieved using diflerent approaches; however,

cach approach has i1ts own disadvantages.

[0021] Growing multiple layers of differing band gap
materials (1.e., materials having different energy gaps) 1s
desired for improving efliciency, but results 1n lattice mis-
match between the growth substrate and different layers as
well as between diflerent layers, lowering the overall efli-
ciency of the resulting photovoltaic cell (with similar inet-
ficiencies arising in the operation of light-emitting diodes).
Therefore, another approach 1s used to grow lattice-mis-
matched multi-junction optoelectronic devices (e.g., lattice-
mismatched multi-junction solar cells) using a metamorphic
graded layer to allow for difference 1n lattice constants, for
example, using InGaAs as the bottom junction. The meta-
morphic approach leads to a lot of wasted metalorganic

chemical vapor deposition (MOCVD) precursor material
and reduced MOCVD tool throughput.

[0022] A diflerent approach from the ones described above
1s to grow lattice-matched multi-junction optoelectronic
devices using Ge as the bottom junction. Ge 1s widely used
as a bottom cell (e.g., to provide a bottom junction) of
(GaAs-based multi-junction optoelectronic devices. How-
ever, since Ge has a lower than optlmal bandgap, usmg Ge
can result in substantial reduction in the conversion etl-
ciency. Also, there 1s a small lattice mismatch between Ge
and GaAs. To overcome these 1ssues, the semiconductor In
1s sometimes added to GaAs to form InGaAs to improve
lattice matching to a Ge substrate. However, this technique
of using InGaAs may not work if the substrate 1s GaAs
instead since the lattice constant of InGaAs and that of GaAs
differ sigmificantly resulting 1n lattice mismatch between
these two matenals.

[0023] The use of Group IV elements, also referred to as
Group 1V semiconductors, comprising a combination of Si,
Ge, and/or Sn as a bottom cell of GaAs-based multi-junction
optoelectronic devices can achueve a better lattice match. For
example, a better match can be achieved between the lattice
constant of S1Ge and that of the GaAs substrate than Ge
substrate. In addition, the band gap of S1Ge 1s closer to the
optimal band gap for efliciency 1n GaAs-based multi-junc-
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tion optoelectronic devices. Therefore, S1Ge, including lat-
tice-mismatched SiGe, can be used to 1increase the band gap
to 1improve the etliciency of the multi-junction optoelec-
tronic devices.

[0024] Various aspects of a method for forming a multi-
junction optoelectronic device comprising a Group IV semi-
conductor as a bottom cell (e.g., to provide a bottom
junction) according to various aspects of the disclosure are
described herein. In this disclosure, 1n an embodiment or
implementation, SiGe can be used as the bottom cell of a
(GaAs-based multi-junction optoelectronic device to achieve
better lattice matching to a GaAs substrate as well as higher
band-gap for improved efliciency.

[0025] Many of the thin film devices described herein

(e.g., multi-junction optoelectronic devices such as photo-
voltaic cells or LEDs) generally contain epitaxially grown
layers which are formed on a sacrificial layer disposed on or
over a support substrate or water. The thin film devices thus
tformed can be flexible single crystal devices. Once the thin
film devices are formed by epitaxy processes, the thin film
devices are subsequently removed or separated from the
support substrate or water, for example during an epitaxial

lift off (ELO) process, a laser lift off (LLO) process, or a
spelling process etc.

[0026] As used 1n this disclosure, a layer can be described
as being deposited “on or over” one or more other layers.
This term indicates that the layer can be deposited directly
on top of the other layer(s), or can indicate that one or more
additional layers can be deposited between the layer and the
other layer(s) in some embodiments or implementations.
Also, the other layer(s) can be arranged in any order. To
describe the features of the present disclosure 1n more detail
reference 1s made to the following discussion 1n conjunction
with the accompanying figures.

[0027] FIG. 1 1s a flow chart 1llustrating an example of a
method 100 for fabricating or forming a multi-junction
optoelectronic device. In the example shown 1n FIG. 1, the
multi-junction optoelectronic device includes a p-n structure
comprising a Group 1V semiconductor as a bottom junction
using GaAs as a substrate according to various aspects
described herein. In an embodiment or implementation, the
method 100 comprises, at 102 providing a sacrificial layer
on a GaAs substrate, at 104 providing a first p-n structure on
the sacrificial layer, at 106 optionally providing a tunnel
junction, at 108 providing a second p-n structure on the first
p-n structure, at 110 providing a support layer on the
multi-junction optoelectronic device (or multi-junction
semiconductor structure), and at 112 lifting off the multi-
junction optoelectronic device and the support layer from
the substrate. In an embodiment or implementation, the
multi-junction optoelectronic device can be lifted off of the
substrate whether a support layer 1s provided or not. In an
aspect of the method 100, a first p-n structure can be
provided on a GaAs substrate (or on a sacrificial layer on a
(GaAs substrate) as indicated at 104 1n FIG. 1. A p-n structure
can refer to a structure having one or more semiconductor
layers and where one or more p-n junctions are formed with
the one or more semiconductor layers.

[0028] Insome embodiments or implementations, the sac-
rificial layer can be disposed on the substrate (e.g., at 102 in
FIG. 1) prior to deposition of the p-n structure, for example,
to enable liftodl or separation of the p-n structure by using an
epitaxial liftofl (ELO) process or other similar process. The
sacrificial layer can comprise AlAs, AlGaAs, AlGalnP, or
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AlInP, or other layers with high Al content, or combinations
thereof and 1s utilized to form a lattice structure for the
layers contained within the cell, and then etched and
removed during the ELO process. In other embodiments,
alternative liftofl processes such as laser lift off (LLO), 10n
implantation and liftofl, liftofl by etching of a buried oxide
layer or a buried porous layer, or spelling can be used.

[0029] In an embodiment or implementation, the first p-n
structure can be grown on a substrate (e.g., on the sacrificial
layer on the substrate), for example, a GaAs walfer can be
used, with epitaxially grown layers as thin films made of
Group III-V matenals (e.g., Group III-V semiconductors).
The first p-n structure can be formed by epitaxial growth
using various techniques, for example, metalorganic chemai-
cal vapor deposition (MOCVD), molecular beam epitaxy
(MBE), metalorganic vapor phase epitaxy (MOVPE or
OMYVPE), liquid phase epitaxy (LPE), hydride vapor phase
epitaxy (HYPE), close-spaced vapor transport (CSV'T) epi-
taxy, etc. In some embodiments the first p-n structure 1s
substantially a single crystal. The first p-n structure can
include a single-crystalline semiconductor material.

[0030] In some embodiments or implementations, the epi-
taxially grown layers of Group III-V materials can be
formed using a high growth rate deposition process (e.g., a
high growth rate vapor deposition process). The high growth
rate deposition process 1s such that grown materials are of
suflicient quality for use 1n the types ol optoelectronic
devices described herein. The high growth rate deposition
process allows for growth rates of greater than 5 um/hr, such
as about 10 um/hr or greater, or as high as about 100 um/hr

or greater. For example, the growth rates can be about 10
um/hr, about 20 um/hr, about 30 pm/hr, about 40 pum/hr,

about 50 um/hr, about 60 um/hr, about 70 um/hr, about 80
um/hr, about 90 um/hr, or about 100 um/hr, some specific
rate between any two of these values (e.g., about 25 pm/hr—
between 20 um/hr and 30 um/hr), or some range between
any two of these values (e.g., range from about 20 um/hr to
about 30 um/hr). In some embodiments or implementations,
the high growth rate deposition process allows for growth
rates of greater than 100 um/hr, including growth rates of
about 120 um/hr. The term “about” as used 1n this disclosure
can indicate a variation ot 1%, 2%, 3%, 4%, 5%, or 10%, for
example, from a nominal value. The high growth rate
deposition process includes heating a water to a deposition
temperature of about 550° C. or greater (e.g., the deposition
temperature can be as high as 750° C. or 850° C.), within a
processing system, exposing the water to a deposition gas
containing a chemical precursor, such as a Group III-
containing precursor gas and a Group V-containing precur-
sor gas, and depositing a layer containing a Group III-V
maternial on the water. The Group IlI-containing precursor
gas can contain a Group III element, such as indium,
gallium, or aluminum. For example, the Group IlI-contain-
ing precursor gas can be one of trimethyl aluminum, triethyl
aluminum, trimethyl gallium, triethyl gallium, trimethyl
indium, triethyl indium, di-isopropylmethylindium, or eth-
yldimethylindium. The Group V-containing precursor gas
can contain a Group V element, such as nitrogen, phospho-
rus, arsenic, or antimony. For example, the Group V-con-
taining precursor gas can be one of phenyl hydrazine,
dimethylhydrazine, tertiarybutylamine, ammonia, phos-
phine, tertiarybutyl phosphine, bisphosphinoethane, arsine,
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tertiarybutyl arsine, monoethyl arsine, trimethyl arsine, trim-
cthyl antimony, triethyl antimony, or tri-isopropyl antimony,
stibine.

[0031] The deposition processes for depositing or forming
Group I1I-V matenals, as described herein, can be conducted
in various types of deposition chambers. For example, one
continuous feed deposition chamber that can be utilized for
growing, depositing, or otherwise forming Group III-V
materals, 1s described in the commonly assigned U.S. patent

application Ser. Nos. 12/475,131 and 12/4°75,169 (1ssued as
U.S. Pat. No. 8,602,707), both filed on May 29, 2009, which

are herein incorporated by reference in their entireties.

[0032] Some examples of layers usable in device and
methods for forming such layers are disclosed 1n commonly

assigned U.S. Pat. No. 9,136,418, 1ssued Sep. 15, 2015, and
U.S. Pat. No. 9,178,099, 1ssued Nov. 3, 2015, and incorpo-
rated herein by reference in their entirety.

[0033] In an embodiment or implementation, the first p-n
structure comprises multiple p-n junctions, for example, a
first p-n junction, a second p-n junction up to an nth p-n
junction. That 1s, the first p-n structure can include one, two,
or more p-n junctions. In one example, the first p-n structure
includes only one p-n junction. Each of the first through
n—1th p-n junction can contain various arsenide, phosphide,
and nitride layers, such as AlGaAs, InGaAs, AllnGaAsP,
AlInP, InGaP, AlInGaP, GaP, GaN, InGaN, AlGaN, Alln-
GaN, alloys thereof, denivatives thereof, or combinations

thereol. For example, the nitride and phosphide layers can
include one or more of InGaP, AllnGaP, GaN, InGaN,

AlGaN, AllnGaN, GaP, alloys of any of these, or derivatives
of any of these. The nth p-n junction can contain various
arsenide, phosphide, and nitride layers, such as GaAs,
AlGaAs, InGaAs, AllnGaAs, InGaAsP, AllnGaAsP, GaN,
InGaN, alloys thereol, derivatives thereof and combinations
thereol. In general each of these p-n junctions comprises a
Group III-V semiconductor and includes at least one of
gallium, aluminum, indium, phosphorus, nitrogen, or arse-
nic.

[0034] In an embodiment or implementation, the first p-n
junction of the first p-n structure comprises imdium gallium
phosphide material or derivatives thereof. The indium gal-
lium phosphide material can contain various indium gallium
phosphide layers, such as an mdium gallium phosphide,
aluminum indium gallium phosphide, etc. For example, 1n
one embodiment or implementation, the first p-n structure
comprises a p-type aluminum indium gallium phosphide
layer or stack disposed above an n-type indium gallium
phosphide layer or stack, where the combination of these
two stacks can form the first p-n junction. As described in
this disclosure, a stack can refer to a set of one or more layers
such that an n-type stack includes a set of one or more layers
of which at least one of the layers 1n the set 1s an n-type layer
or includes an n-type material, while a p-type stack includes
a set of one or more layers of which at least one of the layers
in the set 1s an p-type layer or includes an p-type material.

[0035] In one example, the p-type aluminum indium gal-
llum phosphide stack has a thickness within a range from
about 100 nm to about 3,000 nm and the n-type indium
gallium phosphide stack has a thickness within a range from
about 100 nm to about 3,000 nm. In one example, the n-type
indium gallium phosphide stack has a thickness within a
range from about 400 nm to about 1,500 nm.

[0036] In another embodiment or implementation, the first
p-n junction of the first p-n structure comprises aluminum
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indium gallium phosphide material or derivatives thereof.
The aluminum indium gallium phosphide material can con-
tain various aluminum mdium galllum phosphide layers,
such as an aluminum mndium phosphide, aluminum 1ndium
gallium phosphide, etc. For example, in one embodiment or
implementation, the p-n structure comprises a p-type alu-
minum indium phosphide layer or stack disposed above an
n-type aluminum 1ndium gallium phosphide layer or stack,
where the combination of these two stacks can form the first
p-n junction.

[0037] In an embodiment the first p-n junction, the second
p-n junction, or the nth p-n junction of the first p-n structure
comprises gallium arsenide material, and derivatives
thereol, for example, GaAs, AlGaAs, InGaAs, AllnGaAs,
InGaAsP, AllnGaAsP, alloys thereof, denivatives thereof and
combinations thereof. The gallium arsenide material can
contain various gallium arsenide layers, such as gallium
arsenide, aluminum gallium arsenide, mdmum gallium
arsenide, aluminum indium galllum arsenide etc. For
example, 1n one embodiment the nth p-n junction comprises
a p-type aluminum gallium arsenide layer or stack disposed
above an n-type gallium arsenide layer or stack.

[0038] In an embodiment or implementation, the first p-n
junction, the second p-n junction, or the nth p-n junction of
the first p-n structure comprises gallium phosphide matenal,
and denivatives thereolf, for example, GaP, InGaP, AllnP,
AlGaP, AllnGaP, InGaAsP, AllnGaAsP, alloys thereof,

derivatives thereof, and combinations thereof.

[0039] For some embodiments or implementations, an
interface or intermediate layer can be formed between an
emitter layer and a base layer (e.g., between emitter and base
layers 1in a p-n junction or a p-n structure). The intermediate

layer can comprise any suitable Group III-V compound
semiconductor, such as GaAs, AlGaAs, InGaP, AllnGaP,

InGaAsP, AllInGaAsP, AlInP, or a combination thereot. The
intermediate layer can be n-doped, p-doped, or not imten-
tionally doped. The thickness of the interface layer can be in
the range of about 5 nm to about 200 nm, for example. The
intermediate layer 1s located between a p-doped layer and an
n-doped layer, and can be comprised of the same material as
cither the n-doped layer or the p-doped layer, or can be
comprised of a different material from either the n-doped
layer or the p-doped layer, and/or can a layer of a graded
composition. The intermediate layer thus formed can pro-
vide a location oflset for one or more heterojunctions from
a corresponding p-n junction. Such an offset can allow for
reduced dark current within the device, improving 1its per-
formance.

[0040] In an embodiment or implementation, the second
p-n structure can be grown on the first p-n structure (as
shown 1 106 in FIG. 1). The second p-n structure can
include epitaxially grown layers as thin films made of Group
IV matenals (e.g., Group IV semiconductors). The second
p-n structure can be formed by epitaxial growth using
different techniques, for example, plasma enhanced chemi-
cal vapor deposition (PECVD), physical vapor deposition
(PVD), or atmospheric pressure chemical vapor deposition
(APCVD). Other techniques that can be used to form the
second p-n structure include sputtering, atomic layer depo-
sition (ALD), hydride vapor phase epitaxy (HVPE), meta-
lorganic vapor phase epitaxy (MOVPE or OMVPE), meta-
lorganic chemical vapor deposition (MOCVD), inductively
coupled plasma enhanced chemical vapor deposition (ICP-

CVD), hot-wire chemical vapor deposition (HWCVD), low
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pressure chemical vapor deposition (LPCVD), and other
forms of chemical vapor deposition (CVD). In some
embodiments or implementations, the second p-n structure
1s substantially a single crystal (e.g., the second p-n structure
can 1nclude a single-crystalline semiconductor material). To
achieve this, the first p-n structure after growth 1s transferred
to another chamber along with the growth substrate to grow
the second p-n structure on top of the first p-n structure using,
another growth process such as PECVD, PVD, or APCVD.
The high growth rate deposition process allows for growth
rates of greater than 5 um/hr, such as about 10 um/hr or
greater, or as high as about 100 um/hr or greater. For
example, the growth rates can be about 10 um/hr, about 20
um/hr, about 30 um/hr, about 40 um/hr, about 50 um/hr,
about 60 um/hr, about 70 um/hr, about 80 um/hr, about 90
wm/hr, or about 100 um/hr, some specific rate between any
two of these values (e.g., about 25 um/hr between 20 um/hr
and 30 um/hr), or some range between any two of these
values (e.g., range from about 20 um/hr to about 30 um/hr).).
In some embodiments or implementations, the high growth
rate deposition process allows for growth rates of greater

than 100 um/hr, including growth rates of about 120 um/hr.

[0041] In an embodiment or implementation, the method
100 can include providing a first junction (e.g., p-n junction)
of the first p-n structure, (e.g., InGaP) on a substrate (e.g.,
(GaAs) via step 102. Additional p-n junctions can be grown
on the first p-n junction, for example, GaAs. In an embodi-
ment or implementation, the first p-n junction can contain
vartous arsenide, nitride, and phosphide layers, such as
GaAs, AlGaAs, InGaP, AllnGaP, GaN, InGaN, AlGaN,
AllnGaN, GaP, alloys thereof, derivatives thereof and com-

binations thereof, and the additional p-n junctions can com-
prise any of GaAs, AlGaAs, InGaP, AllnGaP, InGaAs,

AllnGaAs, InGaAsP, AllnGaAsP, alloys thereot, derivatives
thereot and combinations thereof.

[0042] The first p-n structure thus formed is transierred to
another growth chamber and a second p-n structure, for
example, S1Ge 1s then formed on the first p-n structure at
108. In this embodiment or implementation, the lattice
constant of the substrate matches the lattice constant of the
first p-n structure and the lattice constant of the second p-n
structure matches the lattice constant of the first p-n struc-
ture. One of ordinary skill can recognize that such matching
of lattice constants also includes materials with lattice
constants nearly matching each other. For example, a semi-
conductor material of the substrate can have a lattice con-
stant that matches (or substantially matches) that of a first
semiconductor material of the first p-n structure, and the
lattice constant of the first semiconductor material matches
(or substantially matches) that of a second p-n structure.
Matching or substantially matching of lattice constants
refers to allowing two different and adjacent semiconductor
materials a region of band gap change to be formed without
introducing a change 1n crystal structure. As described
above, the method 100 further comprises optionally provid-
ing a tunnel junction at 106 between the multiple p-n
junctions within the first p-n structure and/or the second p-n
structure, or between the first p-n structure and the second
p-n structure, forming a multi-junction semiconductor struc-
ture for a multi-junction optoelectronic device. The tunnel
junction provides electrical coupling between the multiple
p-n junctions within the first p-n structure and/or the second
p-n structure, or between the first p-n structure and the
second p-n structure and/or the rest of the device. The other
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p-n junctions within the first p-n structure and the second p-n
structure are voltage generating p-n junctions of the multi-
junction semiconductor structure. The tunnel junctions can
be grown based on Group 11I-V materials by using the same
or similar equipment and techniques as described herein to
grow the first p-n structure, or the tunnel junction can be
grown based on Group IV materials by using the same or
similar equipment and techniques as described herein to
grow the second p-n structure. In another embodiment or
implementation, the tunnel junction can be based on Group
III_V matenals and Group IV matenals, possibly grown
using more than one technique. In this case, it 1s possible to,
for example, end the growth of the Group I11-V material with
a highly doped layer or surface of n-doping or p-doping, and
then begin the growth of the Group IV maternial with a highly
doped layer of the opposite doping type.

[0043] In an embodiment or implementation, the second
p-n structure comprises a Group IV semiconductor such as
but not limited to Si1, Ge, Sn, C, or mixtures of two or more
of these materials, wherein a p-type silicon germanium layer
or stack 1s disposed above an n-type silicon germanium layer
or stack. In one example, the p-type silicon germanium stack
has a thickness within a range from about 100 nm to about
3,000 nm and the n-type silicon germanium stack has a
thickness within a range from about 100 nm to about 3,000
nm. In one example, the n-type silicon germanium stack has
a thickness within a range from about 700 nm to about 2,500
nm

[0044] In another embodiment or implementation, the
second p-n structure comprises multiple p-n junctions. Each
p-n junction can contain various Group IV semiconductor
layers, which can be grown using different source materials
including, but not limited to, 1sobutylgermane, alkylgerma-
nium trichlorides, dimethylaminogermanium trichloride,
germane, silane, disilane, silicon tetrachloride, carbontetra-
bromide, carbontribromidechlornde, etc. In general, each p-n
junction comprises a Group IV semiconductor materials and
includes at least one of silicon, germanium, tin, and carbon,
and mixtures of two or more of these materials.

[0045] Furthermore, for both, the first p-n structure and the
second p-n structure, the junction formed between the two
layers can be a heterojunction that 1s, the N-layer and P-layer
that form the junction could be made of different materials,
or a homojunction, that 1s, both the N-layer and P-layer that
form the junction could be made of the same material, for
example, both layers being GaAs or both layers InGaP. Also
the p-n structure could have either doping polarity, with the
n-type material at the top of the structure or junction and the
p-type material at the bottom of the structure or junction, or
alternatively, the p-type material at the top of the structure
or junction and n-type material at the bottom of the structure
Or junction.

[0046] In some embodiments or implementations, one or
more of the first p-n structure or the second p-n structure can
comprise a textured surface. This textured surface can
improve the scattering of light at that surface, as well as
improve adhesion to both metal and dielectric layers. In
some embodiments or implementations, the texturing of the
surface can be achieved during the growth of the matenals
that comprise the p-n structure. This can be achieved at least
in part by using a lattice mismatch between at least two
materials 1n the p-n structure, for example 1 a Stranski-
Krastanov process or a Volmer-Weber process, to produce
texturing at the interface between the materials. In another
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embodiment or implementation, a layer in or on the p-n
structure can act as an etch mask and texturing can be
provided by an etching process. In yet another embodiment
or implementation, texturing can be provided by physical
abrasion such as sandpaper or sandblasting or particle blast-
ing or similar processes. In yet another embodiment or
implementation, texturing can be provided by an inhomo-
geneous etching process that produces microscopically non-
uniform features on a surface. Moreover, texturing can be
accomplished using techniques similar to those used 1n
silicon texturing, including, for example, “random pyramid”
or “inverted pyramid” etching using, for example, KOH.

[0047] In addition, in an embodiment or implementation,
the back side and/or the front side (e.g., the side closest to
where light 1s received by a photovoltaic cell or emitted by
an LED) of the p-n structure can be textured to improve light
scattering into and/or out of the device. In some embodi-
ments or implementations, texturing can be more likely
applied to the back side (e.g., back-side texturing), 1n which
case that Group IV semiconductor materials are to be
textured using one or more of the texturing techniques
described above.

[0048] A support layer can then be deposited on the
multi-junction semiconductor structure thus formed at 110 in
FIG. 1. The support layer can comprise one or more of a
dielectric layer, a semiconductor contact layer (or simply
contact layer), a passivation layer, a transparent conductive
oxide layer, an anti-reflective coating, a metal coating, an
adhesive layer, an epoxy layer, or a plastic coating. In an
embodiment or implementation, the support layer 1s com-
posed ol one or more materials that have a chemical resis-
tance to acids, for example, to acids that are used as part of
an ELO or similar process.

[0049] In those instances in which a dielectric layer is
included as part of a support layer, the dielectric layer
comprises dielectric materials that are organic or inorganic.
The organic dielectric materials comprise any of polyolefin,
polycarbonate, polyester, epoxy, fluoropolymer, derivatives
thereot and combinations thereof and the inorganic dielec-
tric materials comprise any of arsenic trisulfide, arsenic
selenide, o-alumina (sapphire), magnesium fluoride, deriva-
tives thereof and combinations thereof.

[0050] In those instances in which a contact layer (or
multiple contact layers) 1s included as part of a support layer,
the contact layer can contain Group III-V materials, such as
gallium arsenide (GaAs), depending on the desired compo-
sition of the final photovoltaic unit. According to embodi-
ments or implementations described herein, the contact layer
can be heavily n-doped. In some embodiments or imple-
mentations, the doping concentration can be within a range
greater than about 5x10"® cm™, for example, from greater
than about 5x10'® cm™ to about 1x10"” c¢cm™. The high
doping of the contact layer allows an ohmic contact to be
formed with a later-deposited metal layer without any
annealing step performed to form such an ohmic contact, as
described below.

[0051] Insome embodiments or implementations, the con-
tact layer can be gallium arsemide (GaAs) doped with silicon
(S1). For example, in some embodiments or implementation
in which a high-growth rate, as described above, 1s used to
form the layers of the structure, a silicon dopant (as an
n-dopant) can be used to bring the doping concentration to
5x10'® cm™ or greater. For example, a precursor disilane
can be mtroduced 1n a fast growth rate process to deposit the
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silicon dopant. In other embodiments or implementations,
selentum (Se) or tellurium (Te) can be used as a dopant 1n
the formation of the layers of structure.

[0052] The contact layer can be formed at a thickness of
about 10 nm or greater, such as about 50 nm. In some
embodiments or implementations, the contact layer can be
formed prior to an ELO process that separates the structure
from the growth water. In some alternative embodiments or
implementations, the contact layer can be formed at a later
stage subsequent to such an ELO process. In the various
examples of embodiments or 1mplementations described
herein, the contact layers used can include one or more of an
n-metal alloy contact, a p-metal contact, an n-metal contact,
a p-metal alloy contact, or other suitable contacts as

described 1 U.S. patent application Ser. No. 12/939,030,
entitled, “Metallic Contacts for Photovoltaic Devices and
Low-Temperature Fabrication Processes Thereof,” filed on
Nov. 3, 2010, and which 1s incorporated herein by reference.
Other types, structures, and materials of metal contact layers
can also be used with the various types of optoelectronic
devices described 1n this disclosure.

[0053] The multi-junction semiconductor structure or
multi-junction optoelectronic device and the support layer
can then lifted off (e.g., separated, removed) the substrate as

shown at 112 in FIG. 1.

[0054] Embodiments or implementations of such multi-
junction optoelectronic devices can also provide back reflec-
tors, also known as reflective back contacts, which are
metallic reflectors or metal-dielectric reflectors. These
reflective back contacts can be deposited either before after
the device 1s lifted off and can comprise one or more of
silver, aluminum, gold, platinum, copper, nickel, or alloys
thereolf. The layer with the retlective back contacts can have
a thickness within a range from about 0.01 um to about 1 um,
preferably, from about 0.05 um to about 0.5 um, and more
preferably, from about 0.1 um to about 0.3 um, for example,
about 0.2 um or about 0.1 pm (1,000 A). The layer with the
reflective back contacts can be deposited by a vapor depo-
sition process, such as physical vapor deposition (PVD),
sputtering, electron beam deposition (e-beam), ALD, CVD,
PE-ALD, or PE-CVD, or by other deposition processes
including inkjet printing, screen printing, evaporation, elec-
troplating, electroless deposition (e-less), or combinations
thereolf. Aspects of the reflective back contacts are described
in U.S. patent application Ser. No. 12/939,050. Other types,
structures, and materials of metal contact layers can also be
used with the various types ol optoelectronic devices
described in this disclosure.

[0055] FIG. 2 illustrates an example of an embodiment or
implementation of a multi-junction optoelectronic device
200 with a p-n structure comprising Group IV semiconduc-
tor as a bottom junction and using GaAs as a substrate before
the device 1s separated from the substrate according to the
present disclosure. In an embodiment or implementation, the
multi-junction optoelectronic device 200 1s epitaxially
grown as sunny side down with decreasing band gap from
the first p-n junction of the first p-n structure to the last
junction of the second p-n structure. For example, as illus-
trated 1 FIG. 2, the multi-junction optoelectronic device
200 1s epitaxially grown sunny side down with decreasing
band gap from the first p-n structure 208 to the second p-n
structure 206 where the first p-n structure 208 comprises one
or more p-n junctions further comprising Group I1I-V semi-
conductor material such as InGaP and GaAs, the second p-n
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structure 206 comprises a p-n junction further comprising
Group IV semiconductor material such as S1Ge or S1GeSn.
In an embodiment or implementation, the second p-n struc-
ture 206 may include more than one p-n junction. A tunnel
junction 204 1s optionally provided between the first p-n
structure 208 and the second p-n structure 206. A sacrificial
layer 210, such as a layer made of AlGaAs or AlAs, can be
disposed on the GaAs substrate 212 prior to deposition of the
first p-n structure 208. The sacrificial layer 210 may be
provided to enable liftofl of the multi-junction structure
formed by the first p-n structure, the second p-n structure,

and optionally the tunnel junction, using an epitaxial liftoil
(ELO) process.

[0056] FIG. 3 illustrates an example of an embodiment or
implementation of a multi-junction optoelectronic device
300 with second p-n structure comprising Group IV semi-
conductor as a bottom junction and using GaAs as a sub-
strate after the device 1s separated from the substrate accord-
ing to the present disclosure. In an embodiment or
implementation, the multi-junction optoelectronic device
300 1s shown as sunny side up with increasing band gap
from the second p-n structure 302 to first p-n structure 306
where the first p-n structure 306 comprises one or more p-n
junctions.

[0057] More generally, for the multi-junction optoelec-
tronic device 300 i FIG. 3 the first p-n structure 306
comprises a Group III-V semiconductor and the second p-n
structure 302 comprises a Group IV semiconductor such as
S1Ge, for example. The first p-n structure 306 can further
comprise a {irst p-n junction and a second p-n junction. In a
non-limiting example, the first p-n junction comprises an
InGaP semiconductor material and the second p-n junction
comprises a GaAs semiconductor material. Other examples
may have the first p-n junction and the second p-n junction
made of different Group III-V semiconductor than those in
the example described above. A tunnel junction 304 1s
optionally provided between the first p-n structure 306 and
the second p-n structure 302. This results 1n an optoelec-
tronic device where the second p-n structure 302 comprises
a Group IV semiconductor material, such as SiGe, for
example, which forms the bottom cell or junction of the
multi-junction structure of the multi-junction optoelectronic
device 300, and where the bottom cell or junction 1s away
from the incident light after the device 1s separated from the
substrate.

[0058] In an embodiment or implementation, the first p-n
structure 306 and/or the second p-n structure 302 can
comprise one or more p-n junctions grown in decreasing
order of band gap (e.g., from largest energy gap to smallest
energy gap) such that after the separation of the device from
the substrate, the p-n junction away from the side of the
device recerving the incident light has the smallest band gap
and the p-n junction closest to the side of the device
receiving the incident light has the largest band gap.

[0059] FIG. 4 1llustrates an example of an embodiment or
implementation of an epitaxially grown triple junction opto-
clectronic device 400 with S1Ge or S1GeSn as a bottom
junction and using GaAs as a substrate before the device 1s
separated from the substrate according to the present dis-
closure. In an embodiment or implementation, the triple

junction optoelectronic device 400 1s epitaxially grown on a
GaAs waler 412. A GaAs buller layer 414 1s deposited on the
GaAs waler 412 followed by AlAs release layer 410. A

GaAs contact layer 416 1s then deposited on the AlAs release
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layer 410 followed by a front window layer 418, for
example, AlGalnP or AllnP. A tunnel junction 404', com-
prising, for example, AlGaAs, GaAs, or InGaP, 1s grown on
a {irst p-n junction 402 of a first p-n structure that follows the
front window layer 418, where the first p-n junction 402
includes an AllnGaP, InGaP, or AlGaAs absorber layer. The
tunnel junction 404' may also be grown using a material or
materials different from AlGaAs, GaAs, or InGaP. The first
p-n structure also includes a second p-n junction 406, such
as GaAs absorber layer, over the first p-n structure and over
the tunnel junction 404' 11 present. A second p-n structure
includes a first p-n junction 408, which may be referred to
as the third p-n junction of the triple junction optoelectronic
device 400, where the first p-n junction 408 includes a S1Ge
or S1GeSn absorber layer. The first p-n junction 408 of the
second p-n structure may be coupled to the second p-n
junction 406 of the first p-n structure via a tunnel junction
404", 11 present. The first and second p-n junctions of the
first p-n structure (e.g., p-n junctions 402 and 406) and the
third p-n junction that 1s part of the second p-n structure
(e.g., p-n junction 408) are grown sunny side down with
decreasing band gap from the {irst p-n junction to the second
p-n junction and from the second p-n junction to the third
p-n junction, and are coupled by tunnel junctions 404' and
404". A support layer (not shown) can be deposited on the
second p-n structure either before or after the device 1s
separated from the substrate.

[0060] FIG. 5 illustrates an example of an embodiment or
implementation of a triple-junction optoelectronic device
500 with S1Ge or S1GeSn as a bottom junction and using
(GaAs as a substrate and front metal contacts after the device
1s separated from the substrate according to an embodiment
of the disclosure. The triple junction optoelectronic device
500 as shown 1n FIG. 5 comprises an anti-reflection coating
(ARC) 526, front metal contacts 524, a contact layer 516, a
front window layer 518, for example, AlGalnP or AlInP. The
triple junction optoelectronic device 500 also includes a first
p-n structure and a second p-n structure. The first p-n
structure includes a first p-n junction 502, for example,
AlGaAs or InGaP, a second p-n junction 506, for example,
(GaAs. The second p-n structure includes a third p-n junction
508, for example, SiGe or Si1GeSn, where the third p-n
junction 308 1s the bottom cell away from the incident light,
tollowed by a reflector layer or a retlective back contact 520.
The third p-n junction 508 may also be referred to as the first
p-n junction of the second p-n structure. The first p-n
junction 502, the second p-n junction 506, and the third p-n
junction 508 can be electrically coupled by using tunnel
junctions 504" and 504" as shown 1n FIG. 5, wherein the first
p-n junction 502, the second p-n junction 506, and the third
p-n junction 508 are voltage generating junctions of the
triple-junction optoelectronic device 500, and the tunnel
junctions 504" and 504" provide electrical coupling between
the first, second and third p-n junctions and/or the rest of the
device.

[0061] In an embodiment or implementation of the triple-
junction optoelectronic device 500, the bottom junction
(e.g., the third p-n junction 508 of the second p-n structure)
can comprise a Group 1V semiconductor including at least
one of S1Ge, S1GeSn, S1Sn, or GeSn. Similarly, the first p-n
junction (e.g., the first p-n junction 502 of the first p-n

structure) can comprise a Group III-V semiconductor
including at least one of AllnGaP, InGaP or AlGaAs. In
addition, the second p-n junction 506 of the first p-n struc-
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ture can comprise a Group III-V semiconductor. Moreover,
there may be a third p-n junction of the first p-n structure
(not shown). Examples of a third p-n junction of a first p-n
structure are described 1n more detailed below with respect

to FIG. 7C.

[0062] Although the embodiments or implementations
illustrated in the examples of FIGS. 4 and 5 describe a triple
junction optoelectronic device (e.g., devices 400 and 500),
one of ordinary skill 1n the art readily recognizes that one or
more additional p-n structures and/or additional p-n junc-
tions could be added to the devices 400 and 500 1n a similar
tashion, either above or below existing p-n structures and/or
p-n junctions, and possibly coupled to the rest of the device
through a tunnel junction layer or layers. One of ordinary
skill 1n the art also recognizes that a variety of matenals
listed could differ from the examples listed herein. Further-
more, each of the p-n junctions formed in the devices 400
and 500 could be a homojunction or a heterojunction, that 1s,
both the N-layer and P-layer could be made of the same
material, or the N-layer and the P-layer could be made of
different materials, in accordance with the present disclo-
sure. Also the doping of the materials 1n a p-n structure or
p-n junction could be inverted. For example, the p-type
material could be placed at the top of the structure or
junction, facing the sun, and n-type material could be placed
at the bottom of the structure or junction.

[0063] FIG. 6 i1llustrates another example of an embodi-
ment or implementation of a multi-junction optoelectronic
device 600 according to the present disclosure. The multi-
junction optoelectronic device 600 includes semiconductor
structures 602, 606 and 608. The semiconductor structure
602 corresponds to a first p-n junction, the semiconductor
structure 606 corresponds to a second p-n junction, and the
semiconductor structure 608 corresponds to a third p-n
junction, where semiconductor structures 602 and 606 can
be part of a first p-n structure and semiconductor structure
608 can be part of a second p-n structure. In an embodiment
or implementation, the semiconductor structures 602, 606
and 608 comprise an n-layer and p-layer coupled together
(c.g., to form at least one p-n junction as part of each
structure). However, one of ordinary skill in the art readily
would recognize that a variety of matenals, including but not
limited to, GaAs, AlGaAs, InGaP, InGaAs, AllnGaP,
InGaAsP, and alloys thereof, etc., could be utilized for either
of these layers and that would be in accordance with the
present disclosure. Furthermore, the junction (e.g., p-n junc-
tion) formed between the two layers (e.g., the n-layer and the
p-layer) need not be a heterojunction, that 1s, the junction
could be a homojunction where both the n-layer and p-layer
are made of the same material (both layers being GaAs or
both layers AlGaAs, for example) and that would be in
accordance with present disclosure. Also the doping of the
materials 1n a p-n structure or p-n junction could be inverted.
For example, the p-type material could be placed at the top
of the structure or junction, facing the sun, and the n-type
material could be placed at the bottom of the structure or
junction. Furthermore, the multi-junction optoelectronic
device 600 could be comprised of multiple p-n layers grown
in series, for example.

[0064] In this embodiment or implementation, on a top
side of the semiconductor structure 602 are a plurality of
contact members 628a-628r. Each of the top-side contact
members 628a-628n comprise an optional antireflective
coating (ARC) 626, a n-metal contact 624 underneath the
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optional ARC 626, and a gallium arsenide (GaAs) contact
622 underneath the n-metal contact 624. On a back side of
the semiconductor structure 608 i1s a plurality of non-
continuous contacts 640a-6407. Each of the non-continuous
contacts 640a-640» includes an optional contact layer 634
coupled to the back side of the semiconductor structure 608,
and a p-metal contact 636 underneath the contact layer 634.
An optional ARC layer 632 can also be present on the back
side of the multi-junction optoelectronic device 600 as
illustrated 1n FIG. 6. There can also be a textured layer 630,
between the ARC 632 and the semiconductor structure 608.

[0065] Smmilar to FIG. 5, the contact layers can contain
Group III-V semiconductor materials, such as gallium
arsenide (GaAs), depending on the desired composition of
the final optoelectronic device. According to embodiments
or implementations described herein, the contact layers can
be heavily n-doped. In some embodiments or implementa-
tions, the doping concentration of the contact layers can be
within a range greater than about 5x10'® cm™, for example,
from greater than about 5x10"® cm™ to about 1x10"” cm™.
The high doping of the contact layers of the multi-junction
optoelectronic device 600 allows an ohmic contact to be
formed with a later-deposited metal layer without the need
to perform annealing to form such an ohmic contact.

[0066] The multi-junction optoelectronic device 600
includes three structures (e.g., three p-n structures), as
described above. One of the structures has a higher band gap
and 1s placed or positioned on the top of the multi-junction
optoelectronic device 600, and another of the structures has
a lower band gap and 1s placed or positioned on the bottom
of the multi-junction optoelectronic device 600.

[0067] The structure 602, which can be referred to as the
p-n structure 602, has higher or larger bandgap than the
structure 608 and 1s comprised of a window layer 618 (for
example, AllnP, AlGalnP, or AlGaAs), an n-type material
(for example, AllnGaP, InGaP or AlGaAs), and a p-type
material (for example, AllnGaP, InGaP or AlGaAs). The
structure 602 can optionally include a back side window
layer (for example, AlInP, AlGalnP, or AlGaAs). The struc-
ture 602 1s electrically and optically connected to structure
606, which may be referred to as p-n structure 606, through
a tunnel junction structure 604'. The tunnel junction struc-
ture 604' 1s comprised of a highly p-type doped layer and a

highly n-type doped layer, for example, GaAs, InGaP, or
AlGaAs.

[0068] The structure 608, which can be referred to as the
p-n structure 608, has lower or smaller bandgap than the
structure 602 and comprises an n-type material (for example,
S1Ge), a p-type material (for example, S1Ge). The structure
608 can optionally include a back side window layer, for
example, AllnP, AlGalnP, or AlGaAs. In some embodiments
or implementations, the back side window layer could
correspond to the textured layer 630. The structure 608 is
clectrically and optically connected to structure 606 through
a tunnel junction structure 604". The tunnel junction struc-
ture 604" 1s comprised of a highly p-type doped layer and a
highly n-type doped layer, for example, GaAs, InGaP or

AlGaAs.

[0069] One of ordinary skill in the art readily recognizes
that a variety ol materials listed could differ from the
examples listed herein. Furthermore, the p-n junctions
formed 1n structures 602 and/or 608 could be homojunctions
or heterojunctions, that 1s, both the n-layer and p-layer could
be made of the same material (e.g., homojunction), or could

-

-
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be made of different materials (e.g., heterojunction), and that
would be 1n accordance with the present disclosure. Also the
doping of the matenals in a p-n structure or p-n junction
could be mnverted. For example, the p-type matenal could be
placed at the top of the structure or junction, facing the sun,
and the n-type material could be placed at the bottom of the
structure or junction. One or more additional p-n structures
could be added to the multi-junction optoelectronic device
600 as illustrated by the structure 606, which may be
referred to as the p-n structure 606. The structure 606 could
be possibly coupled to the rest of the device through a tunnel
junction layer or layers.

[0070] In connection with one or more of FIGS. 1-6
described above, various embodiments or implementations
of multi-junction optoelectronic devices can be formed
based on the various structures illustrated in FIGS. 7TA-7C.
In one example, as shown in FIG. 7A, a multi-junction
optoelectronic device 700 can include a first p-n junction
710 made of Group III-V semiconductor maternials and a
second p-junction 715 made of Group IV semiconductor
materials. In one aspect, the first p-n junction 710 can be a
(GaAs p-n junction and the second p-n junction 715 can be
a S1Ge p-n junction such that the multi-junction optoelec-
tronic device 700 has GaAs on SiGe. In another aspect, the
first p-n junction 710 can be a GaAs p-n junction and the
second p-n junction 715 can be a S1GeSn p-n junction such
that the multi-junction optoelectronic device 700 has GaAs
on S1GeSn. Moreover, the first p-n junction 710 can be part
ol a first p-n structure and the second p-n junction 715 can
be part of a second p-n structure.

[0071] In another example, as shown 1n FIG. 7B, a multi-
junction optoelectronic device 720 can include a first p-n
junction 730 and a second p-n junction 735 made of Group
I1I-V semiconductor materials and a third p-junction 740
made of Group IV semiconductor materials. In one aspect,
the first p-n junction 730 can be an InGaP p-n junction, the
second p-n junction 735 can be a GaAs p-n junction, and the
third p-n junction 740 can be a S1Ge p-n junction such that
the multi-junction optoelectronic device 720 has InGaP/
GaAs on S1Ge. In another aspect, the first p-n junction 730
can be an AlGaAs p-n junction, the second p-n junction 733
can be a GaAs p-n junction, and the third p-n junction 740
can be a Si1Ge p-n junction such that the multi-junction
optoelectronic device 720 has AlGaAs/GaAs on S1Ge. In yet
another aspect, the first p-n junction 730 can be an InGaP p-n
junction, the second p-n junction 735 can be a GaAs p-n
junction, and the third p-n junction 740 can be a S1GeSn p-n
junction such that the multi-junction optoelectronic device
720 has InGaP/GaAs on S1GeSn. In yet another aspect, the
first p-n junction 730 can be an AlGaAs p-n junction, the
second p-n junction 735 can be a GaAs p-n junction, and the
third p-n junction 740 can be a S1GeSn p-n junction such that
the multi-junction optoelectronic device 720 has AlGaAs/
GaAs on SiGeSn. Moreover, the first p-n junction 730 and
the second p-n junction 735 can be part of a first p-n
structure and the third p-n junction 740 can be part of a
second p-n structure.

[0072] In another example, as shown in FIG. 7C, a multi-
junction optoelectronic device 750 can include a first p-n
junction 760, a second p-n junction 7635, and a third p-n
junction 770 made of Group III-V semiconductor materials
and a fourth p-junction 780 made of Group IV semiconduc-
tor materials. In one aspect, the first p-n junction 760 can be
an AllnGaP p-n junction, the second p-n junction 763 can be
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an InGaAsP p-n junction, the third p-n junction 770 can be
a GaAs p-n junction, and the fourth p-n junction 780 can be
a S1Ge p-n junction such that the multi-junction optoelec-
tronic device 750 has AllnGaP/InGaAsP/GaAs on S1Ge. In
another aspect, the first p-n junction 760 can be an AllnGaP
p-n junction, the second p-n junction can be an AlGaAs p-n
junction, the third p-n junction 770 can be a GaAs p-n
junction, and the fourth p-n junction 780 can be a S1Ge p-n
junction such that the multi-junction optoelectronic device
750 has AllnGaP/AlGaAs/GaAs on S1Ge. In yet another
aspect, the first p-n junction 760 can be an AllnGaP p-n
junction, the second p-n junction 765 can be an InGaAsP p-n
junction, the third p-n junction 770 can be a GaAs p-n
junction, and the fourth p-n junction 780 can be a S1GeSn
p-n junction such that the multi-junction optoelectronic
device 750 has AllnGaP/InGaAsP/GaAs on S1GeSn. In yet
another aspect, the first p-n junction 760 can be an AllnGaP
p-n junction, the second p-n junction 765 can be an AlGaAs
p-n junction, the third p-n junction 770 can be a GaAs p-n
junction, and the fourth p-n junction 780 can be a S1GeSn
p-n junctions such that the multi-junction optoelectronic
device 750 has AllnGaP/AlGaAs/GaAs on S1GeSn. More-
over, the first p-n junction 760, the second p-n junction 765,
and the third p-n junction 770 can be part of a first p-n
structure and the fourth p-n junction 780 can be part of a
second p-n structure.

[0073] While the foregoing 1s directed to example embodi-
ments or implementation of various aspects of the disclo-
sure, other and further embodiments or implementation of
various aspects of the disclosure can be devised without
departing from the basic scope thereot, and the scope thereof
1s determined by the claims that follow. Accordingly, the
figures are intended to be 1llustrative rather than defimitive or
limiting. In particular many design elements could change,
including but not limited to: the optoelectronic device could
include junctions that are p-on-n rather than n-on-p, a
structure 1n the optoelectronic device could include two or
more junctions, the optoelectronic device could include a
junction that 1s a homojunction, the tunnel junctions could
be made of AlGaAs, GaAs or InGaP or other material, other
layers within the optoelectronic device, or within a structure
of the optoelectronic device, could be exchanged with
different matenials, e.g., AlGaAs or AlGalnP instead of
AllnP, etc., and the reflector of the optoelectronic device
could be made purely of a metal or metal alloy, as well as
a dielectric and a metal or metal alloy.

[0074] Although the present disclosure has been described
in accordance with the embodiments or implementations
shown, one of ordinary skill in the art will readily recognize
that there could be variations to the embodiments or 1mple-
mentations, and those variations would be in accordance
with the present disclosure. Accordingly, many modifica-
tions can be made by one of ordinary skill in the art without
departing from the scope of the appended claims.

What 1s claimed 1s:

1. A method for fabricating a multi-junction optoelec-
tronic device, the method comprising:

providing a first p-n structure on a substrate, wherein the
first p-n structure comprises a {irst base layer of a first
semiconductor with a first bandgap such that a lattice
constant of the first semiconductor matches a lattice
constant of the substrate, and wherein the first semi-
conductor comprises a Group 11I-V semiconductor;
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providing a second p-n structure on the first p-n structure,
wherein the second p-n structure comprises a second
base layer of a second semiconductor with a second
bandgap, wherein a lattice constant of the second
semiconductor matches the lattice constant of the first
semiconductor, and wherein the second semiconductor
comprises a Group IV semiconductor; and
lifting the multi-junction optoelectronic device off the
substrate,
wherein the multi-junction optoelectronic device com-
prises the first p-n structure and the second p-n struc-
ture.
2. The method of claim 1, wherein the multi-junction
optoelectronic device 1s a tlexible device.
3. The method of claim 1, wherein the substrate comprises
a GaAs walfer.
4. The method of claim 1, wherein there 1s a first tunnel
junction between the first p-n structure and the second p-n
structure.

5. The method of claim 1, wherein the first semiconductor
comprises one or more of GaAs, AlGaAs, InGaP, InGaAs,
AllnGaP, AllnGaAs, InGaAsP, AllnGaAsP, GaN, InGaN,
AlGaN, AllnGaN, GaP, alloys thereof, or derivatives
thereofl.

6. The method of claim 1, wherein the second semicon-
ductor comprises one or more of S1, Ge, C, Sn, alloys
thereot, or derivatives thereof.

7. The method of claim 1, wherein the second semicon-
ductor has a smaller energy gap than the first semiconductor.

8. The method of claim 1, wherein one or both of the first
p-n structure or the second p-n structure comprise a physi-
cally textured surface.

9. The method of claim 8, wherein the physically textured
surface 1s achieved by a lattice mismatch between at least

two materials 1n the p-n structure by using any of a Stranski-
Krastanov process or a Volmer-Weber process.

10. The method of claim 1, wherein the first p-n structure
turther comprises one or more p-n junctions.

11. The method of claim 1, wherein the second p-n
structure further comprises one or more p-n junctions.

12. The method of claim 1, wherein the multi junction
optoelectronic device further comprises a support layer
having one or more of a dielectric layer, a semiconductor
contact layer, a passivation layer, a transparent conductive
oxide layer, an anti-reflective coating, a metal coating, an
adhesive layer, an epoxy layer, or a plastic coating.

13. The method of claim 12, wherein the support layer has
a chemical resistance to acids used during a lift off process.

14. The method of claim 1, wherein at least one of the first
p-n structure and the second p-n structure comprises a
heterojunction.

15. The method of claim 1 further comprises providing a
sacrificial layer on the substrate suitable for an epitaxial
liftodl process.

16. The method of claim 15, wherein the sacrificial layer
comprises AlAs.

17. The method of claim 1, wherein the first p-n structure
1s provided by using an epitaxial growth process comprising
one or more of:

a metalorganic chemical vapor deposition (MOCVD)
process,

a hydride vapor phase epitaxy (HVPE) process,
a molecular beam epitaxy (MBE) process,
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a metalorganic vapor phase epitaxy (MOVP.
OMVPE) process,

a liquid phase epitaxy (LPE) process, or

a close-space vapor transport (CSV'T) epitaxy process.

18. The method of claim 1, wherein the second semicon-

ductor 1s produced by one or more of:

a plasma enhanced chemical vapor deposition (PECVD)
process,

a physical vapor deposition (PVD) process,

an atmospheric pressure chemical vapor deposition (AP-
CVD) process,

an atomic layer deposition (ALD) process,

an HVPE process,

an MOVPE or OMVPE process,

an MOCVD process,

a low pressure chemical vapor deposition (LPCVD) pro-
CeSS,

a hot-wire chemical vapor deposition (HWCVD) process,

an inductively coupled plasma enhanced chemical vapor
deposition (ICP-CVD) process,
or other forms of CVD.

19. The method of claim 1, further comprising applying
an epitaxial lift off (ELO) process for lifting the multi-
junction optoelectronic device off the substrate.
20. A multi-junction optoelectronic device comprising:
a lirst p-n structure, wherein the first p-n structure com-
prises a first base layer of a first semiconductor with a
first bandgap such that a lattice constant of the first
semiconductor matches a lattice constant of a substrate,
and wherein the first semiconductor comprises a Group
I1I-V semiconductor; and

a second p-n structure formed by epitaxial growth on the
first p-n structure, wherein the second p-n structure
comprises a second base layer of a second semicon-
ductor with a second bandgap, wherein a lattice con-
stant of the second semiconductor matches a lattice
constant of the first semiconductor, and wherein the
second semiconductor comprises a Group IV semicon-
ductor,

wherein the multi-junction optoelectronic device 1s lifted
oil the substrate and comprises the first p-n structure

and the second p-n structure.

21. The multi-junction optoelectronic device of claim 20,
wherein the multi-junction optoelectronic device 1s a tlexible
device.

22. The multi-junction optoelectronic device of claim 20,
wherein the substrate comprises a GaAs wafer.

23. The multi-junction optoelectronic device of claim 20,
wherein there 1s a first tunnel junction between the first p-n
structure and the second p-n structure.

24. The multi-junction optoelectronic device of claim 20,

wherein the first semiconductor comprises one or more of
GaAs, AlGaAs, InGaP, InGaAs, AllnGaP, AllnGaAs,

InGaAsP, AllnGaAsP, GaN, InGaN, AlGaN, AllnGaN, GaP,
alloys thereof, or derivatives thereof.

25. The multi-junction optoelectronic device of claim 20,
wherein the second semiconductor comprises one or more of
S1, Ge, C, Sn, alloys thereol, or denivatives thereof.

26. The multi-junction optoelectronic device of claim 20,
wherein the second semiconductor has a smaller energy gap
than the first semiconductor.

277. The multi-junction optoelectronic device of claim 20,
wherein one or both of the first p-n structure and the second
p-n structure comprises a physically textured surface.

or
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28. The multi-junction optoelectronic device of claim 20,
wherein the first p-n structure further comprises one or more
p-n junctions.

29. The multi-junction optoelectronic device of claim 20,
wherein the second p-n structure further comprises one or
more p-n junctions.

30. The multi-junction optoelectronic device of claim 20,
wherein the multi junction optoelectronic device further
comprises a support layer having one or more of a dielectric
layer, a semiconductor contact layer, a passivation layer, a
transparent conductive oxide layer, an anti-retlective coat-
ing, a metal coating, an adhesive layer, an epoxy layer, or a
plastic coating.

31. The multi-junction optoelectronic device of claim 30,
wherein the support layer has a chemical resistance to acids
used during a lift ofl process.

32. The multi-junction optoelectronic device of claim 20,
wherein at least one of the first p-n structure and the second
p-n structure comprises a heterojunction.

33. A multi-junction optoelectronic device comprising:

a first p-n structure, wherein the first p-n structure further
comprises a {irst p-n junction and a second p-n junction,
wherein the first p-n junction comprises a first single-
crystalline Group III-V semiconductor with a {irst
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bandgap such that a lattice constant of the first single-

crystalline Group I1I-V semiconductor matches a lattice

constant of a substrate; and

a second p-n structure formed by epitaxial growth on the
first p-n structure, wherein the second p-n structure
comprises a third p-n junction having a second single-
crystalline Group IV semiconductor with a second
bandgap, and wherein a lattice constant of the second

single-crystalline Group IV semiconductor matches a

lattice constant of the first single-crystalline Group

[1I-V semiconductor,
wherein the multi-junction optoelectronic device 1s litted
ofl the substrate and comprises the first p-n structure

and the second p-n structure.

34. The multi-junction optoelectronic device of claim 33,
wherein the multi-junction optoelectronic device 1s a tlexible
device.

35. The multi-junction optoelectronic device of claim 33,
wherein the third p-n junction of the second p-n structure
comprises one or more of S1, Ge, C, Sn, alloys thereof, or
derivatives thereof to form a bottom junction, away from the
external light source, of the multi-junction optoelectronic
device.
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