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ABSTRACT

High-quality lattice-matched and mismatched strained GaAs;_,Sb, (0.37 <x<0.57) sub-micrometer epilayers are grown on InP by
molecular beam epitaxy. Based on a heat conduction model regarding the heat transfer process between the thin GaAsSb films and thick
InP substrates, the corresponding thermal conductivity of GaAsSb epilayers was accurately extracted from the power and temperature
micro-Raman measurement. Combined with time-domain thermoreflectance measurements, we found that in comparison to the lattice-
matched sample with Sb=47.7%, a significant reduction in thermal conductivity of the lattice-mismatched sample with Sb=37.9% and
Sb=56.2% is observed. With the help of diffraction reciprocal space maps and temperature-dependent photoluminescence results, the
reduction in thermal conductivity is attributed to lattice-mismatch-induced biaxial tensile and compressive strain that can cause the break-
age of the cubic crystal symmetry and provoke more defects.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0049136

I. INTRODUCTION
Alloy semiconductor GaAsSb with a tunable bandgap ranging

Adachi has proposed a phenomenological model regarding
the alloy disorder phonon scattering to calculate the thermal con-

from ~0.87 um (GaAs) to ~1.7 um (GaSb)' ™ is suitable for a variety
of potential optoelectronic applications such as optical fiber commu-
nications,” near-infrared detectors,” electron spin devices,”” quantum
cascade lasers (QCLs),” etc. Moreover, due to the unique band align-
ment, GaAsSb/InP heterostructure is more favorable for the high-
speed operations double heterojunction bipolar transistor (DHBT)
application.” With the development of high speed, low power con-
sumption, and high integration of micro-/nano-optoelectronics
devices, efficient heat dissipation becomes particularly desirable.'’""”
Knowledge of the thermal conductivity of semiconductors would
provide useful guidance to the design of power dissipating devices.

ductivity of semiconductor GaAsSb alloys.'* His calculation found
that the thermal conductivity of GaAs,_,Sb, varied with Sb compo-
sition and reached the minimum value of ~3.8Wm ™K™' at
x~ 0.5."* However, this model does not consider the effect of strain
on the thermal conductivity. The effect of strain on the thermal
conductivity of solids has been widely investigated before.''® The
first-principles calculation results indicate that isotropic tensile
stress reduces the thermal conductivity of solids due to the reduc-
tion in both phonon group velocities and phonon lifetimes.'®
There are also a lot of theoretical works focused on the effect
of biaxial strain on the thermal conductivity of the
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semiconductor. For example, using the first-principles calculation
method, Tang et al.'” found that the thermal conductivity of GaN
decreases under the tensile strain and increases under the com-
pressive strain due to the changes of phonon relaxation time.
Using equilibrium molecular-dynamics simulation, Li et al."”
thought that the thermal conductivity of silicon thin films
decreases continuously when the applied strain is changed from
biaxial compressive to biaxial tensile, which originated from the
shift of phonon-dispersion curves under strains. Recently, using
the laser-induced transient thermal grating (TTG) method,
Vega-Flick et al.'® observed that under the biaxial tensile strain of
~0.15%, the thermal conductivity of GaAs can be reduced by
~21% due to the breakage of the cubic crystal symmetry.
Unfortunately, they did not discuss the effect of biaxial compres-
sive strain on the thermal conductivity of GaAs.

Moreover, the phonon scattering can be enhanced arising
from defects provoked by the lattice-mismatch-induced strain,
giving rise to lowered thermal conductivity.'”™*" Very recently, Liu
et al. observed an abnormal S-shape behavior (blue-red-shift) that
occurred in the power-dependent photoluminescence (PL) from
lattice-mismatch GaAsSb/InP samples, and they attributed that to
the enhanced laser heating effect caused by the lower thermal
conductivity.”> However, so far, there are quite a few direct experi-
mental evaluations of biaxial strain on the thermal conductivity
of realistic III-V materials, especially for the GaAsSb film grown
on InP.

The measurement of the thermal conductivity of thin films is
a challenge because the heat flow cannot be directly measured. As a
powerful, in situ, and non-contact method, the micro-Raman tech-
nique has been developed to investigate the thermal conductivity in
micro-/nanoscale material systems.B’Z(’ Here, the Raman laser acts
as both a heat source and a thermometer simultaneously and the
thermal conductivity can be determined directly.”® This technique
is non-destructive and not limited by the geometry and size of the
sample.”” More importantly, this technique may be the only choice
without any nanofabrication. For example, the non-contact, time-
domain thermoreflectance (TDTR)*® is one of the most commonly
used methods for the thermophysical properties of thin-film grown
on the substrate. However, this measurement always requires
coating a metal layer on the sample, which inevitably leads to con-
tamination or damage of the sample to a certain degree.
Accordingly, investigating how to extract the thermal conductivity
of thin films grown on a substrate by using Raman thermometry is
significant.

In this work, lattice-match and lattice-mismatch-induced
strained GaAs,_,Sb, epilayers are grown on InP by molecular
beam epitaxy. Through a heat conduction model taking into
account the heat transfer process between thin films and thick sub-
strates, the thermal conductivity of GaAs,_,Sb, films was extracted
by power and temperature-dependent micro-Raman measurement.
The thermal conductivities achieved by the Raman optothermal
method were corroborated with TDTR measurements. The biaxial
strain introduced by lattice-mismatch was evaluated by the XRD
reciprocal space mapping. Combining with the temperature-
dependent photoluminescence results, the effects of biaxial strain
and induced defects on the thermal conductivity of GaAs;_,Sb,
films were discussed in detail.

ARTICLE scitation.org/journalljap

Il. MATERIALS AND METHODS

The GaAsSb epilayers (~0.5 um) were grown on semi-insulating
InP (001) at a substrate temperature of 480 °C by molecular beam
epitaxy. The Sb composition and the thickness of epilayers were
determined by the XRD measurement and the scanning electron
microscope, respectively.”” The optical properties were assessed by
photo-luminescence (PL) using a 785 nm laser diode as the excita-
tion source. The PL signals were dispersed by a 0.5 m grating
monochromator and detected by a TE-cooled InGaAs detector.
Micro-Raman scattering experiments were performed in a quasi-
backscattering geometry with a 100x microscope lens. The Raman
signals excited by a 660 nm Cobalt laser were collected by Princeton
tri-vista Raman spectroscopy equipped with a liquid nitrogen-cooled
Si-CCD camera. The laser power can be adjusted by using neutral
density filters. For temperature-dependent Raman measurements, a
hot stage was used to heat the sample. For the temperature-
dependent PL spectrum measurements, the samples were mounted
in a closed cycle system (Janis) with temperatures varying from
~6 to ~300 K.

A thin Al layer (~80nm) was deposited onto the three
samples using electron-beam evaporation for time-domain ther-
moreflectance (TDTR) measurements, which is a pump-probe
optical technique that can be used for measuring the thermal
properties of materials.”” The implementation of this technique
and the application of this method in investigations of the
thermal conductivity of thin films can be found in our previous
literature.”**>*" The pump and the probe laser power were main-
tained at 10 and 5mW, respectively. The surface temperature of
the sample is monitored by the probe beam via the change of
reflectance with temperature. The thermal conductivity of the
GaAsSb film is extracted by fitting a model to the measured
signal, where the magnitude and the phase depend on the thermal
properties of each layer.

I1l. RESULTS AND DISCUSSION

Figures 1(a)-1(c) represent the asymmetric diffraction recipro-
cal space maps (RSMs) of samples S1 (Sb 37.9%), S2 (Sb 47.7%),
and S3 (Sb 56.2%). The diffracted intensities are measured around
the asymmetric (115) reciprocal lattice point of the InP substrate.
The vertical dashed line denotes the location where the reciprocal
lattice points of a pseudomorphic epilayer occurred. It clearly
shows that the GaAsSb epilayers are grown coherently on the InP
substrate, reflecting that all GaAsSb epilayers are fully strained on
the InP substrates. The out-of-plane separation of the spots
between the InP substrate and the GaAsSb epilayers can be con-
verted to real space to determine Sb compositions, and biaxial
strain is introduced by lattice mismatch between the epilayers and
the substrate. Samples S1 and S3 are subjected to high biaxial
tension of ~0.43% and compressive strain of ~ —0.35%, respec-
tively, whereas for lattice-matched sample S2, the corresponding
biaxial strain is only ~0.05%. Figure 1(d) is the high resolution of
transmission electron microscopy (TEM) image that exhibited
excellent crystalline quality and high quality of interfaces for the S3
sample.

To compare the magnitude of thermal conductivity of the
lattice-matched S2 sample and the lattice-mismatched S1 (S3) sample
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FIG. 1. (a)—(c) Asymmetrical reciprocal space mapping for the (115) reflections of the GaAsSb/InP hetero-structure with Sb ~ 37.9%, Sb ~47.7%, and Sb ~ 56.2%,
respectively.(d) The cross-sectional TEM image of lattice-mismatched sample S3.

quantitatively, Raman measurements are employed. Assuming an where

approximately isothermal surface condition and the laser beam with

a radial Gaussian power density, the surface temperature T (z=0) for

a laser spot of radius a can be derived using”” Q Q

T = , =—. 2
4a x, Ka 4aT @
orT -Q . . R .
—=fn=——""—, r>0, z2=0, (1) For a laser beam with Gaussian distribution and beam waist
0z 2mak(a? — r?)? given as o, the total heat flux Q contained within radius r on the
J. Appl. Phys. 130, 015106 (2021); doi: 10.1063/5.0049136 130, 015106-3
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surface can be calculated as

Q=P(1 —e 2, 3)

The thermal conductivity can be written as following where
the laser spot radius equals beam waist:"”

_ P(1—e7?)

4aT @)

a

In practice, to improve measurement accuracy, a set of mea-
surements with various excitation laser powers and temperatures
were carried out and Eq. (4) can be rewritten as

(1—e3?) %
. 'or (5)
OAk

47
*op

K, =

where «, is the thermal conductivity, P is the absorbed laser
power, a is the laser spot of radius, and %AT" and % are the tempera-
ture and laser power dependence of the Raman peak position,
respectively. Using the measurement of P, g, %, and %, thermal
conductivity x, can be evaluated according to Eq. (5).
Jaramillo-Fernandez et al.”’ investigated the effects of light
penetration depth on the accuracy of the thermal conductivity by
comparing the results of the finite element method (FEM) with the

usual analytical approximation equation (5). They found that the

Laser beam

100X

(a)

Substrate InP
T, K,

(b)
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ratio between light penetration depths to laser spot radius should
be smaller than 0.5 to obtain measurement errors below 10% when
using the assumption of strong absorption at the surface in Eq. (5).
To validate the effectiveness of Eq. (5), we first measured the laser
beam spot radius with a CCD camera. The white points in
Fig. 2(b) are laser beam spot size data under a focused 100x objec-
tive lens taken from the CCD camera images. The red curves are
fits to the Gaussians and the laser beam radius a on the sample is
determined as ~0.8 um for both x and y directions, respectively.
The laser spot size could be changed by the focusing distance.
Under the defocused condition, the laser beam radius on the
sample is determined as ~3.9 um. In our Raman setup, the laser is
strongly absorbed by the sample, and the effective penetration
depth (8) can be roughly evaluated by § = 8—77;k, where A is the wave-
length of the incident laser and k is the extinction coefficient. For
the laser with a wavelength of ~660 nm, the value of k is about
0.374. Then, the effective penetration depth for GaAsSb was esti-
mated to be ~70 nm, whereas the laser spot radius was ~3.9 um
and the ratio between light penetration depths to laser spot radius
is only ~0.018, which is much smaller than 0.5, indicating that
Eq. (5) is a good approximation for calculating the thermal conduc-
tivity of a sample by which the laser is strongly absorbed.

Moreover, we crosschecked the thermal conductivity of
silicon. The power and temperature-dependent Raman spectra of
silicon substrate were carried out (Fig. Al in the supplementary
material). % is estimated as —0.021 cm™ /K, and %Apk is deduced
as —0.035cm ™ /mW (focused condition) and —0.009 cm™'/mW
(defocused condition). The calculated thermal conductivity of

FIG. 2. (a) The schematic of the heat conduction model for GaAsSb films grown on substrate InP and (b) the spatial energy distribution of the laser beam and spot
measured with a CCD under 100x objective lens. White points are laser beam spot size data and red lines are the Gaussian fitting curve of the focused spot.
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silicon through Eq. (5) is ~158 W m™" K™, which is very close to
the reported thermal conductivity of silicon (~156 W m~' K™").**

However, in the case of the GaAsSb/InP heterostructure that
consists of a thick substrate (InP) and a sub-micrometer scale film
(GaAsSb), the heat created by the laser beam is not only limited
within the epilayer but part of the heat can also be transferred into
the substrate, resulting in that the obtained thermal conductivity is
just the apparent thermal conductivity of the GaAsSb/InP hetero-
structure rather than the thermal conductivity of GaAsSb.” To
solve that, the heat transfer process between the thin films and
thick substrates has to be considered. The schematic of the heat
conduction model for GaAsSb/InP is drawn in Fig. 2(a). Regarding
that the film thickness is much smaller than the substrate thickness,
the heat conduction equations must be satisfied in both the sample
and the substrate as follows:"*°

PT, 19T, T, 0 >0, 0<z<h (6)
__ -1 =0, r > >
o ror 0z

o1, o,
o2 r Or 0z%

2
aTzzo, r>0 z>h )

where T; (T5) is the temperature in the film (substrate). Continuity
of the heat flow (temperature) at the interface and the boundary
conditions is as follows:

Ti(r2) = Ta(r2), r>0, z=h, 8)
ky 0Ti(r,2) _ k, OTx(r, 2) , r>0,z=h, 9)
or or
OT(r, Z):_ Q e a>=r>0, z=0, (10)
0z 2mak(a® — r?)
OTy(r, Z):O’ r>0, z=0, (11)
0z

P +22)" = o, (12)

T1 and T2 — 0,
where k; and k, are film and substrate thermal conductivities,
respectively, and h is the film thickness. Following the theoretical
work by Negus et al.”® and Wight et al,”* such isothermal contact
boundary conditions are satisfied by the thermal restriction param-
eter listed below:

k1 71 2 ©o n_n
4_ku_Z+;Zn:1 (—1)"a"l, (13)

where

h 1 1 1
I=-2n—+=sin ' (z7H) + (1 — 772 (r — —), (14)
a 2 27

ARTICLE scitation.org/journalljap
ne |
t=n-—+ |n? (E) +1], (15)
ky — kK
= . 16
Ttk (16)

Based on the above equations, the thermal conductivity x; of
the thin film can be extracted given that the laser radius a, thick-
ness h, the apparent thermal conductivity x,, and the substrate
thermal conductivity x, are known.

Figures 3(a)-3(c) give the power-dependent Raman curves of
GaAsSb. The Raman spectra are dominated by GaAs-like LO (LO;)
modes (~270cm™"),”” which have a redshift with raising laser
power from 12 to 30 mW. The redshifts are due to an anharmonic
effect as a result of local laser heating on the sample. The shifts of
the Raman LO modes with increasing laser power for all three
samples are evident in Fig. 3(d), displaying a good linear relation-
ship between them. It shows that the values of the slope % are
—0.036 cm™ ' mW™! (S1 sample), —0.029 cm ' mW! (82 sample),
and —0.074 cm™ ' mW™! (S3 sample).

Figure 4(a) displays the temperature-dependent Raman
spectra of the GaAsSb sample with Sb composition of 56.2%. With
an increase in temperature, LO; modes shift to the left (redshift)
linearly due to the thermal expansion effect. The Raman peak posi-
tion (Ak) vs temperature (T) for all three samples is plotted in
Fig. 4(b), which exhibit a good linear relationship with a fitted
slope %AT]‘ =-0.019cm™ K" (S1), —0.021cm™'K™' (S2), and
—-0.023cm™ K™ (S3), respectively. It is noted that with the
increase in Sb components, the slope % slightly increases.
Accordingly, % and % of samples S1 (Sb 37.9%), S2 (Sb 47.7%),
and S3 (Sb 56.2%) have been achieved. The apparent thermal
conductivity ( x,) of the GaAsSb/InP heterostructure is, in turn,
deduced as 20Wm™'K™' (S1), 29WmT'K™' (S2), and
11m K™ (S3) by using Eq. (5). Furthermore, the thickness of
GaAsSb epilayers is determined as ~495 nm (S1), 477 nm (S2), and
503 nm (S3), respectively (Fig. A2 in the supplementary material).
Assuming that the thermal conductivity of the substrate InP is
~68 Wm ™' KL the actual thermal conductivity of the GaAsSb
epilayer can be calculated according to Eq. (13), and the results are
listed in Fig. 5. To verify our results, a more reliable TDTR mea-
surement was conducted to obtain the thermal conductivity of
GaAsSb, and the corresponding results are also displayed in Fig. 5.

It is noted that the interfacial thermal resistance Rk between
GaAsSb and InP is not taken into account in our calculation. The
reported interfacial thermal resistance Rk of InGaAs grown on InP
is ~107'%m® K/W.”® Considering that both InGaAs and GaAsSb
are III-V group alloy semiconductors owing to similar thermal
conductivity, the interfacial thermal resistance Rk of GaAsSb/InP
can be assumed as ~107'° m* K/W. We calculated the temperature
fields T(Z) and T(r) for 500 nm thick GaAsSb grown on InP con-
sidering the interfacial thermal resistance Ry, (see Fig. A3 in the
supplementary material) and found that the influence of Rk on the
temperature field is negligible for Ry < 107% m* K/W.

As can be seen from Fig. 5, two sets of measured values are
pretty close and the trend is similar. The thermal conductivity of
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FIG. 3. (a)-(c) Power-dependent Raman spectra of GaAsSb/InP. (d) Solid lines are a linear fit for Raman peak position as a function of laser power.

GaAsSb reduced significantly compared with that of GaAs and
GaSb due to alloy phonon scattering. According to the Adachi
model,'* the thermal conductivity of GaAsSb is essentially
unchanged between 40% and 60% of Sb. Contrastingly, in compari-
son to the lattice-matched sample S2 with Sb=47.7%, we find a
strong reduction rather than a little increase predicted by theory for
the thermal conductivity of the lattice-mismatched sample with
Sb=37.9% and Sb =56.2% (see the inset in Fig. 5). The discrepancy
between our experiments and the theoretical curve is that Adachi’s

model does not take into account the effect of strain on the
thermal conductivity of GaAsSb.

In the case of GaAsSb/InP heterostructures, the in-plane
biaxial strain in GaAsSb arising from the lattice mismatch would
distort the cubic unit cell and break the cubic crystal symmetry
with increased (decreased) lattice constants along with the interface
directions and decreased (increased) lattice constant along the
growth direction. Recently, Vega-Flick et al. found that ~0.15%
in-plane biaxial tensile strain can result in ~21% reduction of the
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thermal conductivity for GaAs owing to the breakage of the cubic
crystal symmetry,'® which enhanced the phonon scattering rates in

able. However, for the S3 sample under ~ —0.35% biaxial compres-
sive strain, the reduction in thermal conductivity does not
correspond to the theoretical prediction.

On the other hand, in the growth of lattice-mismatched epi-
taxial films, defects are inevitably generated.” Strain arising from
hetero-epitaxial interfaces can yield increased phonon scattering
due to the defects that create a mass difference at the lattice sites,
leading to a strong modification of phonon scattering.”' Enhanced
phonon scattering from defects for the lattice-mismatched sample
can lead to a reduction in thermal conductivity.”’ Consequently,
0 20 40 60 80 100 the observed overall thermal conductivity decreases under biaxial

Sb component (% ) compressive strain since the effect of defect-induced reduction
p o plays the dominant role.

To confirm that, low-temperature PL measurement was
FIG. 5. Thermal conductivity vs Sb composition for GaAs;_,Sb,. Solid line is carried out to characterize the optical quality [see Fig. 6(a)]. The
the calculaﬁon1 4result of GaAsSb based on Adachi's model regarding alloy disor- shift of the PL peak toward lower energies corresponds to the pre-
der scattgnng and the red solid circles represent the expenmenta\] data.. The dicted bandgap reduction associated with an increasing Sb concen-
black solid triangles stand for the data measured by TDTR. The inset is the tration.’ It is noted that the lattice-matched sample S2 has the

i picture,
el highest PL intensity and minimum FWHM (full width at half

70 D ® Raman the stressed GaAs. As mentioned before, theoretical works pointed
6 k + A TDTR to an increased thermal conductivity with increasing biaxial com-
L pression strain and a decreasing thermal conductivity with increas-

50 — Theory ing biaxial tensile strain. Thus, for the S1 sample with 0.43% biaxial
% + tensile strain, the reduction in thermal conductivity is understand-

w
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FIG. 6. (a) Low-temperature PL spectra of GaAsSb/InP heterostructure. (b) Arrhenius plot of the PL intensity measured from GaAsSb with different Sb compositions as a
function of inverse temperature. The solid lines are fitting curves obtained by using Eq. (17) with parameters list in Table |.

maxima), implying lower density defects produced in sample S2.
The integrated PL intensity as a function of 1/T for GaAsSb in the
temperature range from ~6 to ~300 K is pictured in Fig. 6(b). The
temperature dependence of the PL intensity can be described in
terms of the Arrhenius formula, which is expressed as follows:"'

I(T)/1(0) = 1/[1 + ¢ exp(—E,/KT) + ¢; exp(—E/KT)], (17)

where E, and E, are the thermal activation energies that are the
characteristics of two thermally activated processes for high- and
low-T regions, respectively, and I(0) is the intensity at low T.

The corresponding activation energies E, and E;, were found
to be around ~8 and ~36 meV, respectively, as presented in
Table I. The E, channel is suggested to be correlated to the defect,
and the E, channel corresponds to the thermal-induced carrier
transfer from band emission to a higher energy level."” The coeffi-
cients ¢; and c, are proportional to the concentration of the defect
centers. Compared with S1 and S3 samples, the pre-factors ¢; and

TABLE |. Activation energies and corresponding coefficients obtained by fitting the
temperature-dependent PL intensity using Eq. (17).

GaAsSb a c E, (meV) E, (meV)
0.379 20 947 8 36
0.477 11 181 8 36
0.562 13 485 8 36

¢, are largely reduced for the S2 sample (see Table I), demonstrat-
ing a lower defect density, which acts as a non-radiative recombina-
tion center. Such defects may enhance phonon scattering through
local changes in mass, interatomic bonding forces, and strain gradi-
ents, resulting in lower thermal conductivity. Our experimental
results can inspire more theoretical scientists to investigate the
effect of strain on thermal conductivity taking into account both
the breakage of the crystal symmetry and strain-induced defects.

IV. CONCLUSION

In this paper, we measured the power and temperature
micro-Raman spectra of the lattice-matched and mismatched
GaAsSb sub-micrometer epilayers grown on InP. Based on a heat
conduction model considering the heat transfer process between
thin films and thick substrates, the thermal conductivity of GaAsSb
films was derived accurately by micro-Raman spectra. The obtained
results are basically in agreement with the values measured by the
TDTR method, indicating that the Raman optothermal method is
an effective way to estimate the thermal conductivity of sub-
micrometer films grown on substrates. Compared with the lattice-
matched sample with Sb=47.7%, we find a large reduction in
thermal conductivity for the lattice-mismatched sample with
Sb=37.9% and Sb=56.2%. Combining with the RSMs and the
temperature-dependent PL results, it is suggested that biaxial
tensile strain leads to a significant reduction in thermal conductiv-
ity, arising from enhanced phonon scattering that originated from
the breakage of the cubic crystal symmetry and strain-induced
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defects, while under biaxial compressive strain, the effect of
defect-induced reduction plays the dominant role. Our results con-
firmed the importance of removing the stress in the epitaxial III-V
alloy layers to avoid the reduction in thermal conductivity and
facilitate heat dissipation.

SUPPLEMENTARY MATERIAL

See the supplementary material for power and temperature-
dependent Raman spectra of silicon under focus (defocus) condi-
tion, Fourier transforms infrared (FTIR) reflection spectroscopy of
GaAsSb/InP heterostructure, and the calculation of the temperature
fields T(Z) and T(r) for 500 nm thick GaAsSb grown on InP con-
sidering different interfacial thermal resistances Ry.
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