ADVANCED
MATERIALS

'a\
M“‘“\)iié

www.MaterialsViews.com

www.advmat.de

Wafer-Scale Strain Engineering of Ultrathin Semiconductor

Crystalline Layers
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Dennis M. Callahan, and Harry A. Atwater

Semiconductor epitaxial alloys are widely used in solid state
such as lasers, light-emitting diodes and photovoltaics.'*l Cur-
rently, the versatility of the semiconductor epitaxial growth
required by these applications is restricted today by the limited
number of single crystal substrates available in bulk form.*”!
Moreover, defect-free III-V compound semiconductor alloys
are responsible for the widespread application of a vast array
of optoelectronic devices including semiconductor lasers, light-
emitting diodes, and solar cells. One of the key technological
requirements for achieving high quality optoelectronic mate-
rials and devices is epitaxial crystal growth.[!! The limit number
of single crystal substrates available in bulk form is currently
an obstacle to the development of high quality semiconductor
heterostructures at a wide variety of compositions and lattice
parameters. If one had the option to arbitrarily control substrate
lattice parameter in epitaxial growth process, this would enable
unprecedented control of strain in compound semiconductor
alloys and allow for the development of innovative heterostruc-
tures with tunable bandgaps and band offsets for the fabrica-
tion of optoelectronic devices with unique characteristics, such
as semiconductor lasers,? thin film solar cells,’! photonic
crystals,®l among others.

In a coherent epitaxial growth process, the deposited mate-
rial assumes the substrate crystal structure and lattice para-
meter, and the film is free of strain-relieving dislocations. The
lattice parameter of the deposited film in the parallel direc-
tion (a,)) is equal to that of the substrate (ayy), and the lattice
parameter in the perpendicular direction (a,) is free to expand
or contract due to the existence of traction-free top surface
and the Poisson effect, which preserves the material unit cell
volume V (Figure 1a). For a cubic symmetry, V = ag,> =a,-
a,%, where ag,, is the lattice parameter of the relaxed film. The
lattice mismatch between the film and the substrate induces
a tetragonal distortion in the epitaxial film, defined as strain
[€ = (a;; = O6im)/9im]- If the film natural lattice parameter ag,
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is smaller (larger) than ag, it is tensile (compressed) with
respect to the substrate and therefore g/, > 0 (¢, < 0). Any mate-
rial that is lattice-mismatched to the substrate will be strained,
causing an increase in the elastic energy of the system. If the
elastic energy exceeds the energy associated with introduc-
tion of defects such as dislocations, these defects can be intro-
duced into the film to minimize the overall energy. However,
the defects compromise the quality of the crystal and therefore
device’s performance.

Substantial research has been dedicated to develop a
defect-free crystalline substrate with tunable lattice parameter
that can be used as a template for epitaxial semiconductor
growth. Considerable effort has been devoted to the growth
of graded layers in order to achieve a final lattice parameter
distinct than the one of the substrate initially used.*”] How-
ever this can lead to dislocations depending on growth condi-
tions and requires additional non-active layers to be grown.
Early attempts at synthesis of compliant substrates sought to
relieve strain in epitaxial alloys but presented high dislocation
densities.!

In a different approach, high temperature annealing of a
borophosphorosilicate glass compound was used to enable
strain relief of Si-Ge epitaxial films by means of elastic strain
relief,l1%11] yet film buckling was consistently observed. The
high viscosity of the glass used (10'° Pa.s at 800 °C) resulted
in a time scale for film relaxation larger than the time required
for buckling formation in the film. Thus, the strain-relieved
film presented a well defined buckling pattern with wavelength
of 1 um. Additionally, heat treatments over 400 °C cannot be
performed for III-V semiconductor compound films without
plastic deformation of the alloy films. In a separate experi-
ment, relaxation of InGaAs strained regions was achieved
in selectively etched mesas that allowed very small areas of
the film (300 um x 300 um) to relax.'> Although the film
relaxes, it is trapped between other mesas, limiting its applica-
bility to device fabrication. Recently, it has been demonstrated
that under-cut nanoscale islands allow for InAs film relaxa-
tion with 200 nm x 200 nm.[" However, for photovoltaics and
device applications, strain relief over wafer-scale is critical.
Alternatively, free-standing elastically-strained nanomem-
branes were achieved by growing trilayers of Si/Si,Ge;_,/Si and
relieving it from the original substrate.'®!”] In these laminate
structures, elastic strain is partitioned among layers to achieve
elastomechanical equilibrium, and it was shown that this can
enable control of silicon band offsets.'8! However these tem-
plates consist of a combination of strained layers in a strain-
balanced laminate, and thus none of the layers relax to their
native lattice parameters.
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Figure 1. (a) Schematic of heteroepitaxial deposition under biaxial strain and epitaxial template full strain relaxation process. Initially, any in-plane
deformation is compensated by an out-of-plane distortion to conserve the unit cell volume. An In,Ga;_,As coherently-strained film can elastically relax
through removal of the InP substrate by a selective etching. Apiezon W wax is used as a mechanical support due to its extremely low shear modulus,
enabling semiconductor film full relaxation. As a result, the in-plane (a,) and out-of-plane (a ) lattice parameters of the relaxed film assume the a,

value predicted by Vegard’s Law and both ¢/, and €, are equal to zero. (b) Photograph of a 50 mm diameter Ing 43Gag5;As epitaxial template. (c) Plane
view transmission electron microscopy image using g = (220)-type diffraction condition of a relaxed free-standing Ing 43Gag s7As film. The absence of
dislocations indicates that the relaxed film preserves the original material high quality. (d) Electron diffraction pattern of the region shown in (c). The
well defined spots confirm the good crystalline quality of the relaxed film. (e) Atomic resolution plane view transmission electron microscopy image of
region shown in (c). The position of the projected atomic columns corresponds to relaxed Ing 43Gag s7As.

Successful work has been done using epitaxial lift-off and
layer transfer to achieve flexible electronics,'*?% and to device
integration,?!l as well as to decrease the overall cost of a device
by substrate reuse.}??] Nevertheless, previous reports have
largely encompassed the transfer of crystalline layers lattice-
matched to the substrate or the use of dislocated sacrificial
layers to protect the substrate.

Here we demonstrate the fabrication of a new single crys-
talline template: 50 mm diameter dislocation-free fully relaxed
single crystalline In,Ga,;_,As layers with lattice parameter equal
to the bulk In,Ga; ,As value. An originally coherently-strained
film is distorted in order to match the parallel lattice parameter
of the substrate. By removing the substrate, the elastic strain
is relieved and the crystal assumes its bulk lattice parameter
(Figure 1a). The biaxial in-plane distortion affects the energy
bandgap of the alloy, as observed in optical measurements.
We have employed a well-known wax compound as a substrate
support similar to that used by others. However we also here
take advantage of the remarkably high shear relaxation rate of
the wax to enable the first wafer-scale single crystalline tem-
plate. Our demonstration of strain relief in large-area single

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

crystalline layers relies on control of the relative rate of strain
relaxation of the semiconductor and wax supporting with an
extremely low shear modulus, enabling wafer-scale relief of the
excess stress in the semiconductor film. Accordingly, we have
characterized here in detail the strain relaxation rate of the wax
support, which to our knowledge has never been done. The
templates can be used as a building block for epitaxial growth
at a variety of lattice parameters, overcoming the limitations to
epitaxial growth imposed by existence of only a few available
bulk substrates. In particular, epitaxial growth at 5800 A can
enable the fabrication of a monolithic, lattice-matched triple
junction solar cell with optimized bandgap, formed by InAlAs
(1.92 eV)/InGaAsP (1.42 eV)/InGaAs (0.99 eV). Theoretically,
this design can achieve efficiencies hiigher than 50% under
10-suns illumination (concentrated sunlight). The concept
demonstrated here can be expanded to other semiconductor
alloys.

Our epitaxial template fabrication process begins with 40 nm
thick dislocation-free pseudomorphic In,Ga;_As films with
different In content (x), epitaxially grown on InP substrates
(Supporting Figure S1). The biaxially-strained In,Ga;_ As films
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assume the same parallel lattice parameter of the substrate
(a); = amp and g, €, # 0). The in-plane strain g, between the
films and InP ranged from -0.33% to +1.17%, representing
both compressive and tensile coherently-strained films (see
Supporting Figure S5). The In,Ga;_As is coated by 2 mm of
a thermoplastic wax support, 23?4 to relax and handle the film.
Once the film is coated with the wax, the InP is selectively
etched, allowing for film relaxation. The In,Ga;_,As is always
compressively-strained with respect to the wax, and is thus
more stable against crack formation (Figure 1b). The relaxed
film is then bonded to a handling substrate,? e.g., SiO,/Si.
The wax is removed and the single crystalline template is
ready.

The use of the crystalline template as a starting point for
epitaxial growth requires one to take into account the existing
difference in coefficient of thermal expansion (CTE) between
the film and the host substrate. By heating the semiconductor
film and the SiO,/Si system at typical epitaxial growth temper-
atures (around 600 °C), the bonded film will be slightly com-
pressed along the in-plane direction due to its larger CTE (5.7 X
10°% °C7! for InGaAs and 0.5 x 107 °C™! for SiO,). However,
the integrated stress expected for the 40 nm thick InGaAs film
on Si0, is approximately 9.6 x 10? dyn-cm™, which is less than
1% of the value determined to cause relaxation through disloca-
tion introduction at the interface.l?>-%7)

The fabrication procedure can be scaled up to entire wafers,
as illustrated in Figure 1b. The plane view transmission
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electron microscopy image in Figure 1c shows a free-standing
piece of the relaxed In,Ga; ,As film free of cracks or dislo-
cations. The well defined spots of the electron diffraction
pattern in Figure 1d confirm that the elastically-relaxed film
is a defect-free single crystal. Figure le displays an atomic
resolution transmission electron microscopy image of a rep-
resentative region of the template; no defects were observed.
Additionally, the distance between the (001) projected atomic
columns points out that the lattice parameter is equal to the
bulk value. Thus, the overall crystalline quality of the film is
preserved upon the methodology presented here (Supporting
Figure S1) to achieve elastically-relaxed single crystalline
layers.

In order to understand how the strain relief process takes
place, rheology measurements were performed using parallel
circular plate geometry for a 2 mm thick Apiezon W wax sup-
port. The dynamic shear modulus G, which is defined as the
deformation of a material when it experiences a force par-
allel to one of its surfaces while its opposite face experiences
an opposing force, can be divided into real and imaginary
components, G = G" + iG”. The real component expresses
energy storage due to in-plane strain, and is defined as the
elastic shear modulus. The imaginary component is a meas-
urement of energy dissipation, therefore termed the loss, or
viscous shear modulus.?!! According to the measurement
shown in Figure 2a, the Apiezon W wax is a viscoelastic mate-
rial, exhibiting both elastic (solid-like) and viscous (liquid-like)

n-1
n=my

m =102 Pa.s
n=0.3

0.1 1

Figure 2. Rheology measurements of the Apiezon W wax. (a) Shear elastic G” and loss G” moduli as a function of shear rate . Right axis show the loss
tangent tan(d), equal to G’/ G”. (b) Viscosity 1) as a function of rotation plate frequency (temperature was kept constant and equal to 25 °C). (c) G’, G” as a
function of temperature for a rotation plate frequency equal to 1 Hz. At 85 °C the wax starts melting and, therefore, its shear modulus decays drastically.

(d) Shear moduli G, G” as a function of rotation plate frequency .
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properties. At room temperature the wax exhibits a pseudo-
plastic flow behavior, with an elastic shear modulus G’ equal
to 5.8 x 1077 GPa for y = 1.0. The ratio between G’ and G”
[or tan(d)] describes the visco-elastic response of the wax—see
Figure 2a. A crossing-point between G” and G” (at y= 21%)
defines the wax transition between an elastic material (G" >
G”) to a viscous regime (G’ < G”). Therefore, at a high shear
rate ¥, which is the velocity of the moving top plate divided
by the distance between the plates, the wax behavior is domi-
nantly viscous flow.

The viscosity 1 of the wax was measured (Figure 2b) and the
expected characteristic of non-Newtonian flow behavior were
observed, namely a linear decay on a log-log plot as a func-
tion of the shear rate y. A two parameter power law expression
(Equation 1) was used to determine the constants character-
izing the fluidity of the wax: m =102 Pa-s and n = 0.3.

n=m-y"" (1)

The shear moduli components were measured as a function
of temperature T, as illustrated in Figure 2c. At 85 °C the Api-
ezon W wax starts melting, and its shear moduli decay dras-
tically as a consequence. By increasing the temperature, G”
assumes a larger value than G’, consistent with the viscoelastic
property of the wax. Figure 2d shows the variation of G’ and
G” as a function of the rotation plate frequency ® for various
temperatures T. As the wax is heated, its mechanical properties
change, as a consequence of molecular weight variations due
to solvent evaporation. Note that at 70 °C (green set of data)
G” has a larger value than G’, and the wax acts as a viscous
fluid. At 80 °C (orange set of data) the wax starts melting and
its elasticity varies non-linearly. The rheology results presented
in Figure 2 demonstrate the viscoelastic property of the wax,
which has low elastic and viscous shear moduli. The Apiezon
W wax is deformed on a time scale larger than its relaxation
time (0.3 sec) and, therefore, strain can be accommodated by
the microscopic deformation of the wax support. Thus, the wax
has room for the excess strain from the semiconductor film
during its elastic relaxation.

Semiconductor film strain relaxation occurs while it is still
attached to the wax, during and immediate after the thinning
and removal of the InP substrate (Supporting Figure S7). During
the strain relaxation the wax deforms microscopically due to its
viscoelastic properties in order to accommodate the excess of
elastic energy supplied by the In,Ga;_As film (~3.4 meV/atom),
which is now in a relaxed configuration (Supporting Figure S4).
The foregoing clearly support the idea that the critical feature
for wafer-scale semiconductor film strain relaxation and tem-
plate formation is the use of an intermediate support that has
a low elastic shear modulus (5.8 x 107 GPa for the Apiezon
wax) and, therefore, can microscopically deform to relieve the
external stress applied by the strained 40 nm thick In,Ga;  As
film (shear modulus ~24-27 GPa for 0.36 < x < 0.58), which is
significantly more stiff.

The structural properties of the crystalline templates were
determined by @26 scans and reciprocal space map X-ray dif-
fraction measurements, which give information about the lat-
tice parameter of the film at different strain configurations.
Figure 3a shows (004) @w-26 scans for all samples before and
after film transfer to a SiO,/Si handling support. In all cases,
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the distance between the InP (sharp peak) and the 40 nm thick
film (broad peak) confirms that the In,Ga; ,As is originally
coherently-strained with respect to the substrate. After transfer,
a significant peak shift is observed, resulting from strain relief
(Supporting Figures S5-6). The width of the In,Ga; ,As peaks
and the fringes confirm that the overall thickness of the film is
preserved upon substrate removal. Figure 3b shows reciprocal
space maps for the coherently-strained In,Ga; As on InP,
taken near the asymmetric (224) reflection. The intense red
peak in Figure 3b corresponds to the substrate and appears in
the same position for all samples. The strained layers appear
shifted in both ® and 26 directions. The position of the film
peak is used to infer the original in-plane strain values, as well
as strained a,, and a, for all samples. After the film is trans-
ferred to a Si handle wafer, a significant peak shift occurs in
both @ and 26 directions, as illustrated by the reciprocal space
maps of Figure 3c.

By using the reciprocal space maps shown in Figure 3b,c, the
strained and relaxed lattice parameters were quantified (Sup-
porting Figures S8-9). For all samples strained a,, is equal to
ammp, as a result of coherent epitaxial growth. To compensate the
in-plane distortion of the In,Ga;_,As lattice-mismatched to InP,
the material unit cell also deforms in the out-of-plane direction
(Figure 4). After strain relief, the unit cells of the fabricated
epitaxial templates were reconstructed. Very good agreement
is found between relaxed (a, a,) and the films natural lattice
parameter, as illustrated in Figure 4. According to Vegard’s
Law, the material natural lattice parameter ag,, is given by the
average of the lattice parameter of the elements constituting the
alloy, compensated by the molar fraction of each species. For
example, a film composed of AB,_, has a relaxed lattice para-
meter of a, = x-a, + (1-x)-ag/?"! The content of each element
will dictate a, of the alloy and the difference between a;, and
agm Will determine the strain state of the film. These results
demonstrate that full elastic relaxation is achieved for all sam-
ples, independent of its original strain configuration.

Figure 5 shows the room temperature, steady-state photo-
luminescence (PL) observed from coherent In,Ga; ,As films
grown on InP and the corresponding relaxed In,Ga,  As films
after transfer to SiO,/Si. The readily observable photolumines-
cence signal of the 40 nm In,Ga; ,As layers at room tempera-
ture confirmed the high quality of the films. Lattice-matched
Ing53Gag 47As films on InP showed nearly identical band edge
photoluminescence intensities after transfer to SiO,/Si, dem-
onstrating that the optoelectronic properties of the film are
preserved throughout the layer transfer process (Figure 5a).
Tensile-strained Ing43Gags7As films on InP exhibited a signifi-
cant blue shift of the PL features upon transfer to SiO,/Si con-
sistent with the strain relaxation observed in Figure 4. Figure 5b
presents the fitting results from the low-energy portion of the
PL signal using:3¥

I(E) = Aexp<E_aEg> )

where A is a proportionality constant, E, is the bandgap,
and o is a tail fit parameter. Both coherently-grown and
transferred Ings3Gags;As films show values of E, and «
comparable to the expected bulk parameters.?!l The tensile-
strained Ing 43Gags7As film on InP have a similar bandgap to

Adv. Mater. 2011, 23, 3801-3807
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Figure 3. Structural characterization of epitaxial templates by X-ray diffraction measurements. (a) Left column: 26 (004) scans of In,Ga;_As films
on InP substrate (black) and SiO,/Si holder wafer (blue). The observed peak shift for all samples is due to material full relaxation. (b) Center column:
Reciprocal space maps for all samples before substrate removal showing that the 40 nm thick In,Ga;_As:InP film is coherently-strained in all cases.

(c) Right column: Reciprocal space maps after In,Ga;_,As films transfer to a SiO,/Si handling support. The crystalline layer lattice parameter and film
relaxation can be calculated from measurements in (c). The color scale in (b) and (c) refers to the diffracted intensity.

the Ing53Gag4;As films but exhibit reduced o = 4.9 £ 0.2, in
addition to an asymmetric peak shape, consistent with the
expected splitting of the heavy- and light-hole valence bands,*?!
caused by the biaxial crystal distortion (Figure 4a, inset).
The bandgap of the transferred Ing43Gags;As film is E, =
840 meV, blue-shifted by ~60 meV from the tensile-strained
Ing 43Gags7As film. To summarize, the PL spectra of strained
In,Ga;_,As films collected at room temperature clearly show
the effects of film relaxation upon layer transfer to SiO,/Si
substrates.

Historically, the search for a method to synthesize a
dislocation-free wafer-sized crystalline template has been a

Adv. Mater. 2011, 23, 3801-3807
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‘holy grail’ objective in materials science for more than 20 years,
because success in this endeavor enables the synthesis of a very
large variety of strain-free crystals at lattice parameters other
than those achievable via bulk crystal growth. The concept dem-
onstrated here could be expanded to a large variety of materials,
including II-VI and IV-IV semiconductors and ceramics. The
creation of a single crystalline template has the potential to
enable new crystalline material growth that can be employed
as a building block for innovative optoelectronic designs for
semiconductor heterostructures that requires tunable lattice
parameters and band structures such as light-emitting diodes,
photodetectors and semiconductor lasers,?3] with frequency
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Figure 4. In-plane a;, and out-of-plane a, lattice parameters for strained
In,Ga;_,As:InP films (red open and closed squares) and relaxed templates
(blue open and closed circles) as a function of In content inferred from
X-ray diffraction measurements of Figure 3. Full relaxation is achieved
for different strain values and the data is in very good agreement with a,
predicted by Vegard's Law (black solid line). The red solid lines refer to
strained a;, and a, expected for coherent In,Ga;_,As grown on InP.

operation that are currently difficult to fabricate,! thm film
solar cells that absorb photons with specific energies,i®! flex-
ible electronics,'”! and woodpile-structure three-dimensional
photonic crystals.[®!

Experimental Section

Templates fabrication: The templates are fabricated by epitaxial growth
of 40 nm thick InGa;_ As films on InP substrates by metalorganic
chemical vapor deposition at 550 °C and 3 A/min growth rate. These
conditions correspond to a kinetically controlled epitaxial growth
regime, resulting in dislocation-free films. Four samples with different In
content (x) were grown with distinct in-plane strain values (g, =-0.33%,
+0.35%, +0.70%, +1.17%), corresponding to compressive and tensile
films. The strained InGa;_As film is initially coated with commercially
available Apiezon W wax, which is dissolved in trichlotoethylene (TCE)
and applied in solution. Many layers of the wax are applied to the
sample surface to create in aggregate a 2 mm thick wax layer. The wax is
then cured at 100 °C for 90 min and a glass slide supports the wax for
handling purposes. The InP substrate is selectively etched at 5 um/min
using room temperature concentrated HCLBY The strain relaxation
occurs when the substrate is completely removed; the In,Ga;_,As crystal
assumes its bulk value. Once the substrate is removed the thin film is
rinsed in DI H,O and immediately placed into contact with the host
substrate, e.g. SiO,/Si. Van der Waals bonding takes place between the
InGa;_As and the handling substrate,?? and after 24 hours the two
materials are completely bonded (see Figure S3). The wax is under
tension with respect to the film - ideal for layer relaxation independent of
the original film strain configuration. The wax is then removed by TCE.
After appropriate cleaning procedure the elastically-relaxed single crystal
film is ready (Supporting Figures S1,2).

Templates characterization: The crystal quality of the single
crystalline layers were inspected by transmission electron microscopy
measurements using a TF30UT, a FEI Tecnai Field Emission 300 kV TEM
with an ultra twin objective lens and 0.17 nm of resolution.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. (a) Room temperature photoluminescence (PL) measure-
ments of Ing43GagssAs films on InP (tensile) and on Si (relaxed) and
of a lattice-matched Ing53Gag47As film on InP and Si. The crystal lat-
tice distortion on the tensile Ing 43Gags;As film splits the valence band
degeneracy. Therefore, the bandgap of a tensile film (£,*") is smaller
than the bandgap of a relaxed film (E,"). Because the Ings3Gag 47As film
is lattice-matched to InP no peak shift is observed. Inset: scheme of the
light- and heavy-hole valence bands splitting caused by tensile strain.
(b) Zoom-in of measurements in (a) with fits (solid black, orange and
green lines) for the low energy portion of the spectrum (temperature
independent) used to estimate E, for each strain configuration (values
are shown in the table).

X-ray diffraction measurements were performed using a conventional
Cu Ko source (A = 1.5406 A and receiving slit = 1/2°). In order to
quantify the strain relaxation, reciprocal space maps were measured.
Symmetric (004) and asymmetric (224) reflections were chosen for
providing sufficient intensity and peak separation for zinc-blend crystal
structures. The reciprocal space geometry was of glancing incidence

Adv. Mater. 2011, 23, 3801-3807
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scans, performed to reconstruct the material unit cell. Both InGa;_As
in- and out-of-plane lattice spacings (a, and a,) can be calculated for
a certain (h k [) Bragg condition (see Supporting information). Knowing
a, a; and a, as predicted by Vegard’s Law, the in-plane strain € can be
inferred as & = (a;, — a,)/a,. Thus, by combining reciprocal space maps
at (004) and (224) reflections, we were able to calculate the initial strain
value for all samples and to quantitatively determine the strain relaxation
that occurred on the InGa;_As single crystalline layers.

For steady-state photoluminescence measurements, excitation was
performed using the 488 nm line of an Ar-ion laser that was chopped at
10 kHz using an acousto-optic modulator. The emission was passed through
a monochromator and focused onto an infrared photomultiplier tube, and
the photoluminescence signal was monitored using a lock-in amplifier.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author. The Supporting Information contains detailed information
about the epitaxial template fabrication and the characterization
measurements.
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