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FIG.1C

ing semiconductor thin films comprise forming a plurality of nanopillars on a
crystalline semiconductor substrate, growing a first thin film atop the plurality of
nanopillars to form a nanostructured substrate, separating the first thin film from the
plurality of nanopillars, re-using the nanostructured substrate to grow a second thin
film atop the plurality of nanopillars, and separating the second thin film from the
plurality of nanopillars, thererby permitting improved lift-off of thin films.
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TITLE: NANOSTRUCTURED SUBSTRATES FOR IMPROVED LIFT-OFF
OF -V THIN FILMS

TECHNICAL FIELD
The present disclosure relates to thin film semiconductor materials, and in particular

to repeatable deposition and lift-oft of HI-V thin film materials for use 1n solar cells.

BACKGROUND

Current methods of forming GaAs thin-film solar cells from GaAs or Ge substrates
via epitaxial lift-off are relatively expensive, due at least in part to the cost of the substrates
used and the inefficient ift-off process using etching of a sacrificial layer.

One of the current approaches for producing high-efficiency -V solar cells on low-
cost substrates involves the lattice-matched epitaxial growth on a germanium or GaAs single
crystal substrate and the use of a sacrificial layer to perform epitaxial lift off via selective
etching of the sacrificial layer, followed by transter of the device to a low-cost substrate.
Untortunately, the reuse of the very expensive substrate is problematic, due to the need for
chemical etching of a sacrificial layer. An alternative approach wnvolves the use of a low-cost
substrate {e.g., crystalline Si, glass, or metal film) with a complex buffer layer to
accommodate the strain caused by the lattice mismatch between the HI-V film and the
underlving substrate. However, both of these approaches suffer from various deficiencies,
including but not limited to complexity and cost. Accordingly, improved techniques for thin

film growth and lift-off are desired.

BRIEF DESCRIPTION OF THE DRAWINGS

With reference to the following description and accompanying drawings:

FIGs. 1A-1C illustrate epitaxial thin film growth on a nanostructured substrate in
accordance with an exemplary embodiment;

FIGs. 2A-2D illustrate stages of forming a nanostructured substrate in accordance
with an exemplary embodiment;

FIGs. 3A-3E illustrate stages of forming a nanostructured substrate in accordance

with an exemplary embodiment;
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FiGs. 4A-4D illustrate, respectively, a scanning electron microscope top view, a less
maguoified scanning electron microscope top view, a scanning electron microscope side view,
and a more magnified scanning electron microscope side view of an InP substrate having a
plurality of InP nanopillars in accordance with an exemplary embodiment;

FIGs. 5A-5C iilustrate, respectively, a scanning electron microscope top view, a less
magnified scanning electron microscope top view, and a scanning electron microscope side
view of a nanostructured InP substrate having a plurality of InP nanopillars in accordance
with an exemplary embodiment;

FIGs. 6A-6C illustrate, respectively, a scanning electron microscope side view, a
scanning electron microscope top view, and a less magnified scanning electron microscope
top view of a Si substrate having a plurality of St navopillars 1o accordance with an
exemplary embodiment;

FIG. 7 illustrates a scanning electron microscope top view of an InP film grown on an
InP substrate having a plurality of InP nanopillars in accordance with an exemplary
embodiment;

FiGes. 8A and 8B ilustrate, respectively, a scanning electron microscope top view,
and a scanning electron microscope side view of an InP film grown on a Si substrate in
accordance with an exemplary erbodiment;

FiGs. 9A and 9B illustrate, respectively, a scanning electron microscope side view
and a scanning electron microscope top view of an InP film grown on a nanostructured Si
substrate in accordance with an exemplary embodiment;

FIG. OC illustrates a nanostructured Si substrate in accordance with an exemplary
embodiment;

FiGs. 10A and 10B illustrate, respectively, a scanning electron microscope
perspective view and a more magnified scanning electron microscope perspective view of a
substrate having a plurality of InP nanopillars in accordance with an exemplary embodiment;

FiGs. 11A and 11B illustrate, respectively, a scanning electron microscope
perspective view and a more magnified scanning electron microscope perspective view of a
substrate having a plurality of InP nanopillars in accordance with an exemplary embodiment;

FiGs. 12A and 12B illustrate, respectively, a scanning eleciron microscope
perspective view and a more magnified scanning electron microscope perspective view of a
Si{111) substrate having a plurality of 51 nanopillars in accordance with an exemplary
embodiment;

FIGs. 13A and 13B illustrate, respectively, a scanning electron microscope

[
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perspective view and a more magnified scanning electron microscope perspective view of a
Si{111) substrate having a plorality of Si vanopillars in accordance with an exemplary
embodiment;

FiGs. 14A and 14B illustrate, respectively, a scanning electron microscope
perspective view and a more magnified scanning electron microscope perspective view of a
S5i{100) substrate having a plurality of Si nanopillars in accordance with an exemplary
embodiment;

FiGs. 15A and 15B illustrate, respectively, a scanning electron microscope
perspective view and a more roagoified scanning electron microscope perspective view of a
Si{100) substrate having a plurality of Si nanopillars in accordance with an exemplary
embodiment;

FiGs. 16A-16D illustrate, respectively, a scanning electron microscope perspective
top view, a magnified scanning electron microscope side view, a magnified scanning electron
microscope side view, and an even more magnified scanning electron microscope side view
of an InP film grown on a Si structure substrate in accordance with an exemplary
embodiment;

FIG. 17 illustrate stages of forming a nanostructured substrate in accordance with an
exeruplary embodiment;

FiGGs. 18A and 18B illustrate, respectively, a scanning electron microscope
perspective view and a more magnified scanning electron microscope perspective view of a
Si{(100) substrate having a plurality of St nanopores in accordance with an exemplary
embodiment; and

FiGs. 19A and 19B illustrate, respectively, a scanning electron microscope
perspective view and a more magnified scanning electron microscope perspective side view
of a Si(111) substrate having a plurality of 51 nanopores in accordance with an exemplary

embodiment.

DETAILED DESCRIPTION

The following description is of various exemplary embodiments only, and is not
intended to Himit the scope, applicability or configuration of the present disclosure in any
way. Rather, the following description is intended to provide a convenient illustration for
implementing various embodiments including the best mode. As will become apparent,
various changes may be made in the function and arrangement of the elements described in

these embodiments without departing from principles of the present disclosure.
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For the sake of brevity, conventional techniques for thin film growth, substrate
preparation, materials characterization, thin film lift-off, and/or the like may not be described
in detail herein. Furthermore, the connecting lines shown in various figures contained herein
are intended to represent exemplary functional relationships and/or physical couphings
between various elements. It should be noted that many alternative or additional functional
relationships or physical connections may be present in practical systems and methods for
improved lift-oft of thin films and/or reuse of related substrates.

The present disclosure contemplates growth and lift-off of thin films from a
nanostructured substrate, together with subsequent re-use of the nanostructured substrate to
grow and lift-off additional thin films. To address drawbacks of the current approaches,
disclosed herein are systems and roethods that are somewhat analogous to a kerfless Si
approach of epitaxial regrowth of 8i on a porous Si substrate, but which utilize more
controlled nanostructures. In various exemplary embodiments, the regrown thin film can be
directly lifted off by attaching the thin film to a low cost substrate with epoxy and removing
the film without the requirement of etching a sacrificial layer. An analogous substrate for use
with epitexial growth of HI-V thin films is an etched array of ordered nanostructures on a
(GaAs or Ge crystalline substrate. Prior attempts have been made to produce porous -V
substrates to enable the regrowth of TII-V thin films {(e.g, InP and GaN) that can be
subsequently lifted oft, however, this prior approach typically results in uncontrolied
structuring of the surface, thereby reducing the reliability of the process. Accordingly, in
various exemplary embodiments, to improve epitaxial film growth and facilitate a subsequent
lift-off process, aspects of nanostructured substrates, such as spacing between the nanopillars
and the average nanopillar diameter, are optimized {in contrast, the porous structure formed
by prior approaches utilizing electrochemical etching to enable epitaxial growth and etching-
free lift off is quite difficult to optimize).

Although -V solar cells produced using the epitaxial lift-off process are being
manufactured that have high efficiency, the cost of the epitaxial HI-V semiconductor
substrate and the cost of the epitaxial lift-off process using etching of a sacrificial layer
rernains prohibitively high.

With initial reference to FIGs. 1A-1C, a nanostructured substrate 120 in accordance
with various exemplary embodiments is illustrated. For example, nanostructured substrate
120 can comprise a crystalline semiconductor substrate 100 having a top surface 110 and a
plurality of nanopillars 102 protruding from top surface 110,

In various embodiments, a crystalline thin film 104 1s formed atop plurality of
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nanopillars 102, For example, crystalline thin film 104 comprises St or InP epitaxially-grown
atop nanopilars 102, In various embodiments, nanostructured substrate 120 may be
optimized for the epitaxial growth of {II-V solar thin films 104 while enabling a very simple
hift-off (e.g., “removal”) process. For example, the performance of nanostructured substrate
120 (e.g., the ease of removal of epitaxially-grown IH-V solar films from the substrate) may
be analogous to the lift-off of thin silicon solar cells epitaxially grown on a porous silicon
substrate.  Nanostructured substrate 120 wmay, for example, mimic properties and/or
performance of a porous [II-V substrate, thereby enabling epitaxial overgrowth onto such a
nanostructured substrate based on nanopillars 102, Further, reusable nanostructured
substrates in accordance with the present disclosure may substantially reduce the cost of the
substrate and the lift-off process.

Currently, although multijunction II-V semiconductor photovoltaic devices have
been demonstrated to have very high conversion efficiency, the associated cost of such
devices have limited their applicability to satellites and concentrating photovoltaic systems.
The main 1ssue is that these high-efficiency photovoltaic devices must be epitaxially grown
(using relatively expensive deposition techniques) onto expensive crystailine Ge or GaAs
substrates, due to lattice matching constraints, to achieve the high-quality crystalline material
required for high-efficiency photovoltaic devices.

With reference back to FiGs. 1A-1C, an analogous substrate for the -V thin film
case is an array of nanopillars 102 grown on a silicon substrate 100, The crystalline silicon
substrate 100 enables vertical growth of IH-V nanopillars 102 from the top surface 110. Note
that while attempts have been made to produce porous -V substrates to enable the regrowth
of -V thin films that can be subsequently lifted off, this approach requires the use of an
expensive HI-VY substrate. In various embodiments, the spacing between nanopillars 102 and
the diameter of nanopillars 102 can be varied to optimize the subsequent epitaxial growth, in
contrast to a porous structure formed by etching, which is guite difficult to optimize.
Accordingly, exemplary embodiments reduce or eliminate the need for a complex buffer
layer to accommodate for strain due to lattice mismatch, as is required for traditional epitaxial
growth of TTI-V semiconductor thin films onto crystalline Si substrates, because the strain
relief occurs within (and/or as a result of the presence of) nanopillars 102

To address the foregoing problems with existing approaches, in various exemplary
embodiments an approach ts uttlized that is analogous to a technique used for Si solar cells:
epitaxial growth of a 81 solar cell and/or thin film onto a porous silicon layer on a crystalline

St substrate, followed by etching-free hift-off of the Si solar cell.
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In various exemplary embodiments, nanopillars 102 {for example, HI-V nanopillars
such as InGaAsP) may be formed on a surface 110 of crystalline semiconductor substrate 100
(for example, Si) in order to facilitate subsequent growth of high-quality thin films on
nanopillars 102, For example, InP nanopillars 102 may be grown on an InP(100) substrate
100, In various exemplary embodiments, nanopillars 102 may have an average diameter of
between about 50 nm and about 900 nm. Nanopillars 102 may, for example, have an average
height of between about 100 nm and about 900 nm. Nanopillars 102 may, for example, be
spaced apart from one another in various patterns (for example, grids, offset grids, geometric
patterns, and/or the like), with an average spacing between adjacent and/or nearby nanopiilars
of between about 10 nm and about 500 nm. In varnous embodiments, substrate 100
comprises nanopillars 102 that are substantially similar to one another. In other exemplary
embodiments, substrate 100 can comprise nanopiilars 102 that differ substantially from one
another 1n terms of diameter, height, and/or spacing (for example, via a gradient, a repeating
pattern, and/or the like). Further, the plurality of nanopillars 102 may comprise the same
material, or individual nanopillars 102 may comprise different materials from one another.

In various exemplary embodiments, nanopillars 102 may comprise alloys with lattice
constants ranging from about 56533 angstroms (i.e, that of GaAs) to about 6.0584
angstroms (i.¢., that of InAs), which includes the lattice constant of InP of 5.8688 angstroms.
However, any suitable alloys may be utilized to form nanopiliars 102, Further, nanopillars
102 may comprise the same material as crystalline semiconductor substrate 100, or may
comprise different materials from substrate 100,

It will be appreciated that the nanostructured substrates (e.g., nanostructured
substrates 120} disclosed herein may be considered a “virtual single crystal” for use in
connection with epitaxial growth of high-quality HI-V thin films {(e.g., thin film 104}, for
example for use in solar cells, on low-cost substrates. Via use of a desirable configuration of
nanopillars 102, a higher-quality thin film 104 may be grown thereon, for example due to
reduced lattice mismatch, improved strain relief, and/or the like.

With initial reference to FIGs. 2A-2D, various stages of forming a nanostructured
substrate 220 in accordance with various embodiments are illustrated. For example,
nanostructured substrate 220 may be formed via low-cost nanolithography (e.g., nancsphere
lithography) to etch nanostructures 202 into surface 210 of a single crystal semiconductor
substrate (such as InP, 5i, I-V or Ge) 200 to enable epitaxial growth and facile lift-off of 1H-
VY thin films. In various embodiments, crystalline substrate 200 is lattice-matched to a

desired HE-V thin film, and optimization of the surface morphology of nanostructured
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substrate 220 permits facile lift-off of the HI-V thin film from and reuse of nanostructured
substrate 220.

With reference now to FlGs. 3A-3E, various stages of forming a nanostructured
substrate 320 in accordance with various embodiments are llustrated.  Similar to FIGs. 2A-
20, a nanostructured substrate 320 may be formed via low-cost nanclithography {(e.g.,
nanosphere lithography) to etch nanostructures 302 into surface 310 of a single crystal
semiconductor substrate (such as InP, St, HI-V or Ge} 300 to enable epitaxial growth and
facile lift-oft of 1H-V thin films. In various embodiments, crystalline substrate 300 is lattice-
matched to a desired HI-V thin film, and optimization of the surface morphology of
nanostructured substrate 320 permits facile lift-off of the [H-V thin film from and reuse of
nanostructured substrate 320.

With reference back to FIG. 2ZA and FIG. 3B, in various embodiments, a plurality of
nanospheres 222 and/or 322 1s applied to surface 210 and/or 310 of crystalline semiconductor
substrate 200 and/or 300. For example, nanospheres 222 and/or 322 can comprise polystyrene
and/or silicon dioxide. In various embodiments, nanospheres 222 and/or 322 can comprise
one or more of polystyrene and silicon dioxide. For example, a single layer (“mono layer™)
of nanospheres 222 and/or 322 can be applied to surface 210 and/or 310 in a predetermined
pattern.  In various embodiments, nanospheres 222 and/or 322 can, for example, be
individually applied to surface 210 and/or 310. In other embodiments, a plurality of
nanospheres 222 and/or 322 are applied to surface 210 and/or 310 simultaneously such as by,
for example, a pre-assembled template. Any manner of applying any suitable pattern of
nanospheres 222 and/or 322 to surface 210 and/or 310 1s within the scope of the present
disclosure.

In various embodiments, after nanospheres 222 and/or 322 are applied to surface 210
and/or 310 of substrate 200 and/or 300, one or more dimensions of nanospheres 222 and/or
322 can be adjusted to one or more desired parameters. For example, with reference to Fi(.
28 and FIG. 3C, adjusted nanospheres 224 and/or 324 can comprise a smaller dimension,
such as, for example, a smaller diameter, than nanospheres 222 and/or 322 of FIG. 3B. In
various embodiments, adjusﬁed nanospheres 224 and/or 324 are formed by plasma etching of
nanospheres 222 and/or 322 until the desired dimenston, size, and/or shape 1s achieved.

With reference to FIG. 2C and FIG. 3D, after application of a suitable etchant to
substrate 200 and/or 300, a plurality of nanopillars 216 and/or 316 are tormed. Suitable
etchants can comprise, for example, one or more of Ar, BCl;, Cl;, O,, CHy, and H;. In

vartous embodiments, substrate 200 and/or 300 is etched with an etchant that does not
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dissolve adjusted nanospheres 224 and/or 324, thereby only dissolving substrate 200 and/or
300 and forming nanopillars 216 and/or 316.

In various embodiments, with reference to FIG. 2D and FIG. 3E, after nanopillars 216
and/or 316 are formed, adjusted nanospheres 224 and/or 324 can be removed, leaving behind
a nanostructured substrate 220 and/or 320, In various embodiments, adjusted nanospheres
224 and/or 324 are removed via a physical removal, such as removal of the template. In
other embodiments, adjusted nanospheres 224 and/or 324 are removed via a chemical
removal, such as a second etchant. In such embodiments, the second etchant does not
substantially dissolve nanostructured substrate 220 and/or 320, leaving nanopiliars 216 and/or
316 substantially intact.

With reference now to FIGs. 4A-4D, a nanostructured substrate 420 in accordance
with various embodiments is illustrated in microscopic detatl. For example, nanostructured
substrate 420 can comprise an InP substrate having a plurality of InP nanopillars. In various
embodiments, nanostructured substrate 420 can be formed utidizing nanospheres having a
diameter of approximately 0.5 microns, etched for approximately 10 minutes.

With reference now to FIGS. 5A-5C, a nanostructured substrate 520 n accordance
with various embodiments is iHustrated in microscopic detail. Nanostructure 520 comprises
an InP crystalline substrate and a pluorality of InP nanopillars 416, For example,
nanostructured substrate 520 can comprise an InP substrate having a plurality of InP
nanopiflars. In various embodiments, nanostructured substrate 520 can be formed utilizing
nanospheres having a diameter of approximately 0.5 microns, etched for approximately 15
mirnutes.

With reference to FIGS. 6A-6C, a nanostructured substrate 620 in accordance with
various embodiments is illustrated in microscopic detail. Nanostructured substrate 620
comprises a S5i(100) crystalline substrate and a plurality of Si nanopillars 616, For example,
Si nanopillars 616 of nanostructured substrate 620 can be formed utilizing nanospheres
having a diameter of approximately 1 micron and etching for approximately 2 minutes.

With reference to FIG. 7, a semiconductor thin film 704 in accordance with various
embodiments 1s tlustrated.  Thin film 704 comprises ToP, and was grown on an InP
nanostructured substrate (such as, for example, nanostructured substrate 420 of FIGS, 4A-
4C). For example, thin film 704 can comprise a film that is approximately 40 microns thick,
having a stotchiometric crystal structure with grains of approximately 7 microns by 20
microns. Thin film 704 may be formed by heating a precursor material (such as indium) at a

temperature of approximately 908 °C, and a precursor material {(such as phosphorous) at an
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initial temperature of approximately 450 °C, and the substrate at a temperature of
approximately 680 °C.

With reference to FIGs. 8A and 8B, a thin film 804 in accordance with various
embodiments is tllustrated. For exarople, thin film 804 can comprise an InP film grown on a
structured substrate 820. In various embodiments, structured substrate 820 can comprise a St
substrate having very short (e.g., having a height less than 20 microns) Si structures. For
example, structured substrate 820 can be essentially flat. In various embodiments, thin film
804 may be configured with an “island growth” pattern of growth and/or development.

With reference to FIGs. 9A and 9B, a thin film 904 in accordance with various
embodiments is tllustrated. For example, thin film 904 can comprise an InP film grown on a
structured substrate 920, With reference to FIG. 9C, structured substrate 920 can comprise a
Si substrate having very short (e.g., having a pitch of less than 0.5 microns} St structures. For
example, structured substrate 920 can be essentially flat. In various embodiments, thin film
904 may be configured with a “coalesced growth” pattern of growth and/or development.

With reference to FIGs. 10A and 10B, a nanostructured substrate 1020 1s illustrated.
In various embodiments, nanostructured substrate 1020 comprises an InP substrate having a
plurality of InP nanopillars 1016,  For example, nanopiilars 1016 can comprise InP
nanopillars having an average diameter of approximately 400 nanometers and spaced
approximately 500 nanometers apart, on average.

With reference to FIGs. 11A and 11B, a nanostructured substrate 1126 is illustrated.
In various embodiments, nanostructured substrate 1120 comprises an InP substrate having a
plurality of InP nanopillars 1116, For example, nanopillars 1116 can comprise InP
nanopillars having an average diameter of approximately 400 nanometers and spaced
approximately I micrometer apart, on average.

With reference to FIGs. 12A and 12B, a nanostruciured subsirate 1220 is illustrated.
In various embodiments, nanostructured substrate 1220 comprises a Si substrate having a
plurality of Si(111) nanopiilars 1216, For example, nanopillars 1216 can comprise Si(111)
nanopitlars having an average diameter of approximately 400 nanometers and spaced
approxirnately 500 nanometers apart, on average.

With reference to FIGs. 13A and 138, a nanostructured substrate 1320 is illustrated.
In various embodiments, nanostructured substrate 1320 comprises a St substrate having a
plurality of Si{111) nanopiilars 1316, For example, nanopillars 1316 can comprise Si(111)
nanopillars having an average diameter of approximately 190 nanometers and spaced

approxirnately 200 nanometers apart, on average.
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With reference to FIGs. 14A and 14B, a nanostructured substrate 1420 is illustrated.
In various embodiments, nanostructured substrate 1420 comprises a Si substrate having a
plurality of 8i(100) nanopillars 1416, For example, nanopillars 1416 can comprise Si{100)
nanopillars having an average diameter of approximately 200 nanometers and spaced
approxtimately 1 micrometer apart, on average.

With reference to FIGs. 15A and 158, a nanostructured substrate 1520 is illustrated.
In various embodiments, nanostructured subsirate 1520 comprises a St substrate having a
plurality of Si(100) nanopillars 1516, For example, nanopillars 1516 can comprise Si{100)
nanopillars having an average diameter of approximately 400 nanometers and spaced
approximately 500 nanometers apart, on average.

With reference to FIGs. 16A-16D, a film 1604 formed on a nanostructured substrate
1620 1s illustrated. In various embodiments, film 1604 comprises an InP film grown on a
Si{111) nanostructure substrate 1620, For example, nanostructured substrate 1620 can
comprise a plurality of nanopillars 1616 having an average diameter of 500 nanometers.
Film 1604 can, for example, be formed via chemical vapor deposition on nanostructured
substrate 1620. In various embodiments, the chemical vapor deposition is performed under
the following parameters: Ty, is 965 °C, T, is between 505 °C to 540 °C, and Ty; is between
805 °C to 840 °C. The growth time can be, for example, approximately 5 minutes. Further,
nanopillars 1616 can be formed by etching nanostructured substrate 1620, for example, with
25 scem of Ar+H; gas at a pressure of approximately 215 pascal.

Turning now to FIG. 17, in various exemplary embodiments, principies of the present
disclosure may be utilized to form surfaces configured with patterns of nanopores (as
opposed to nanopiilarsy. It will be appreciated that various surface characteristics may be
obtained via production of nanopores as an alternative to nanopillars. In one exemplary
embodiment, in an exemplary method 1700 nanospheres 1722 are deposited on a substrate
1720. Reactive ion etching may be performed to alter one or more characteristics of
nanospheres 1722 to form adjusted nanospheres 1724, for example an alteration in size.
Thereafter, a suitable mask 1725 may be deposited, for example a chrome-based mask.
Adjusted nanospheres 1724 are then removed to reveal a series of holes 1723 1o the mask. A
plasma etch of the surface, or other suitable process, is then conducted to form a series of
nanopores 1717.

In certain exemplary embodiments, inexpensive nanclithography technigues may be
utilized to produce an ordered porous surface on an exemplary Ge or GaAs crystal for

subsequent epitaxial growth of -V solar cells. The nanostructured surface of the Ge or
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(GaAs crystalline substrate 1s analogous to the porous St layer on the single crystal Si in the
case of epitaxial lift-oft of St solar cells. In addition, the etching-free epitaxial lift-oft of HI-V
thin films from nanostructured Ge or GaAs substrates is made easier.

In some embodiments, InP 13 a material of choice because it is well known to have a
fow surface recombination velocity. In addition, InP can be used to form a solar cell using a
simple process by forming a heterojunction with Ti0,. This process may be used to form
solar cells based on InP grown on exemplary nanostructured subsirates disclosed herein.

After a thin film is grown on an exemplary nanostructured substrate, the thin film may
be lifted off (for example, via an adhesive or other suitable wethod). The nanostructured
substrate may then be re-used to grown another thin film.

Principles of the present disclosure represent a stepping stone on a path towards the
reduction of a solar module cost to $0.20/W,, which 1s below the DOE target of < $0.3/W,
module cost for a module conversion efficiency of 30% (assuming a 30 year lifetime and
2%/year conversion efficiency degradation), helping to achieve a levelized cost of energy of
$0.02-0.03/kWh by 2030,

While the principles of this disclosure have been shown in various embodiments,
many modifications of structure, arrangements, proportions, the elements, materials and
components, used in practice, which are particularly adapted for a specific environrent and
operating requirements may be used without departing from the principles and scope of this
disclosure. These and other changes or modifications are intended to be included within the
scope of the present disclosure.

The present disclosure has been described with reference to various embodiments.
However, one of ordinary skill in the art appreciates that various modifications and changes
can be made without departing from the scope of the present disclosure. Accordingly, the
specification is to be regarded in an illustrative rather than a restrictive sense, and all such
modifications are intended to be included within the scope of the present disclosure.
Likewise, benefits, other advantages, and solutions to problems have been described above
with regard to various embodiments. However, benefits, advantages, solutions to problems,
and any element(s) that may cause any benefit, advantage, or solution to occur or become
more pronounced are not to be construed as a critical, required, or essential feature or
element.

o

As used herein, the terms "comprises,” "comprising,” or any other variation thereot,
are intended to cover a non-exclusive mclusion, such that a process, method, article, or

apparatus that comprises a list of elements does not include only those elements but may

11
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include other elements not expressly listed or inherent to such process, method, article, or

(14

apparatus.  Also, as used herein, the terms “coupled,” “coupling,” or any other variation
thereof, are intended to cover a physical connection, an electrical connection, a magnetic
connection, an optical connection, a communicative connection, a functional connection,

and/or any other connection.

12
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CLAIMS
What 1s claimed 1s:
I. A method for preparing thin film materials, the method comprising:

forming a plurality of nanopillars on a crystalline semiconductor substrate;

growing a first thin film atop the plurality of nanopillars to form a nanostructured
substrate;

separating the first thin film from the plurality of nanopillars via a first hift-off
Process;

re-using the nanostructured substrate to grow a second thin film atop the plurality of
nanopillars; and

separating the second thin film from the plurality of nanopillars via a second hift-off
process.
2. The method of claim 1, wherein the plurality of nanopillars comprise at least a [1I-V
semiconductor material.
3. The method of claim 1, wherein the plurality of nanopillars are configured with a
diarneter between 50 nm and 900 vm, a height between 100 no and 900 nm, and a spacing of

between 10 nm and 500 om.

4. The method of claim 1, wherein the first thin film is configured for use in a solar cell.
5. The method of claum 1, wherein the plurality of nanopillars provide strain relief for

the first thin film during the growing the first thin tilm atop the plurality of nanopillars.

6. A method for preparing a substrate for forming thin film materials, the method
comprising:

depositing a plurality of nanospheres on a top surface of a crystalline semiconductor
substrate;

adjusting a size of the plurality of nanospheres via a first etching;

forming a plurality of nanopillars in the substrate via a second etching; and

removing the plurality of nanospheres from the crystalline semiconductor substrate to

form a nanostructured substrate.
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7. The method of claim 6, wherein the plurality of nanospheres comprises a pre-

assembled teruplate.

g The method of claim 7, wherein the first etching comprises a plasma etching.

9. The method of claim 6, wherein the crystalline semiconductor substrate comprises a

HI-V semiconductor material.

10, The method of claim 6, wherein the adjusting the size of the plurality of nanospheres
comprises reducing an average diameter of the plurality of nanospheres to between 0.5

microns and 1.5 microns,

[ The method of claim 10, wherein after the adjusting the size of the plurality of
nanospheres, the plurality of nanopillars are configured with a diameter between 50 nm and

900 nm, a height between 100 nm and 900 nm, and a spacing of between 10 nm and 500 nm.

12. A method for preparing thin film materials, the method comprising:

depositing a plurality of nanospheres on a top surface of a crystalline semiconductor
substrate;

forming a plurality of nanopiilars in the crystalline semiconductor substrate via a first
etching;

removing the plurality of nanospheres trom the crystalline semiconductor substrate;

growing a first thin film atop the plurality of nanopillars to form a nanostructured
substrate;

separating the first thin film from the plurality of nanopillars via a first hift-off
process;

re-using the nanostructured substrate to grow a second thin film atop the plurality of
nanopillars; and

separating the second thin film from the plurality of nanopillars via a second hift-off

Process.

13, The method of claim 12, wherein the plurality of nanopillars are configured with a
diameter between SO nm and 900 nm, a height between 100 nm and 900 nm, and a spacing of

between 10 nm and 500 nm.

14
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t4. The method of claim 12, wherein the first thin film is configured for use in a solar
cell.
15. The method of claim 12, wherein the plurality of nanopiliars provide strain relief for

the first thin film during the growing the first thin tilm atop the plurality of nanopillars.

16. The method of claim 12, wherein the plurality of nanospheres comprises a pre-

assembled template.

17. The method of claim 12, further comprising adjusting a size of the plurality of
p g adgj g p Y

nanospheres via a plasma etching after the depositing the plurality of nanospheres.
18. The method of claim 17, wherein the adjusting the size of the plurality of nanospheres
comprises reducing an average diameter of the plurality of nanospheres to between 0.5

microns and 1.5 microns.

19, The method of claim 12, wherein the crystalline semiconductor substrate comprises a

-V semiconductor material.

20. The method of claim 12, wherein the first etching comprises plasma etching using at

least one of Ar, BCl;, Cly, O,, CH,, or Hy.

15
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