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We have systematically measured the room-temperature thermal conductivity of epitaxial layers
of In,Ga,_,N alloys with 15 different Indium compositions ranging from 0.08 to 0.98 by
time-domain thermoreflectance method. The data are compared to the estimates of the strength of
phonon scattering by cation disorder. The thermal conductivity is in good agreement with the
theoretical modeling results based on the mass difference for In-rich (x > 0.9) and Ga-rich (x < 0.2)
compositions. At intermediate compositions (0.2 < x < 0.9), the thermal conductivity is strongly
suppressed below the values expected for homogeneous alloys. We attribute this suppression of
thermal conductivity to phonon scattering by nanometer-scale compositional inhomogeneities in

alloys. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4798838]

In,Ga;_,N alloys with Ga-rich compositions (x < 0.3) are
used as active layers for light emitting diodes in the short-
wavelength region, 400 < 4 < 530nm. Applications at longer
wavelengths, green emission, are limited by an abrupt drop in
the quantum efficiency that typically occurs at x>0.3.'
Compositional inhomogeneities and structural defects have
been proposed as possible reasons for this drop in quantum ef-
ficiency.” We have recently demonstrated that thermal conduc-
tivity measurements can reveal disorder in epitaxial layers that
is difficult to identified by traditional x-ray diffraction (XRD)
or transmission electron microscopy (TEM).” Here, we use
thermal conductivity measurements to reveal nanometer-scale
disorder in In,Ga;_,N alloys that extends over a wide range of
compositions, and the results indicate the strongest disorder
exists for compositions 0.2 <x < 0.6, approximately corre-
sponding to the In,Ga,_,N miscibility gap.*”

Iny,Ga;_4N alloys show promise for efficient thermoelec-
tric energy conversion in addition to their applications in
solid-state lighting.®’ The thermoelectric figure-of-merit,
ZT = S*6T/IA, where S, o, A, and T are the Seebeck coeffi-
cient, electrical conductivity, thermal conductivity, and tem-
perature, respectively, has been reported to be comparable to
the figure-of-merit of SiGe alloys.®® High-efficiency conver-
sion of heat into electrical power requires low lattice thermal
conductivity while maintaining high mobility of the charge
carriers. The binary InN and GaN materials have high ther-
mal conductivity materials’ ' (the room-temperature thermal
conductivity of GaN and InN are 230 and 120Wm~ 'K,
respectively); however, the thermal conductivity of even
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relatively dilute In,Ga;_,N alloys is significantly reduced
because of scattering of high-frequency phonons by mass
disorder. "

Four sets of In,Ga;_ N epitaxial layers with various
thicknesses were grown by molecular beam epitaxy (MBE)
and metalorganic chemical vapor deposition (MOCVD) on c-
sapphire substrates at four different institutions.'®'® Growth
conditions, sample structures, compositions, and thermal con-
ductivities are summarized in Table I. Sample numbers 5 and
9 were the subject of a prior study of composition modulation
in In,Ga;_,N alloys by TEM and XRD.'” Liliental-Weber
et al. (see Ref. 16) observed periodic modulations in composi-
tion along the c-axis with a period of ~5nm for x=0.55 and
~7nm for x=0.78. They observed a columnar growth mor-
phology with columns separated by edge dislocations, where
the average dislocation density was ~10"cm™? and
6 x 10" ecm ™ for x=0.55 and x = 0.78, respectively.

Figure 1(a) shows XRD 0-20 scan data of the (0002)
reflections for selected In,Ga;_ N samples. All samples
show a single (0002) reflection; the lack of secondary peaks
indicates that these samples do not exhibit gross extended
domains that are phase-separated into Ga-rich and In-rich
alloys.lQ’20 Figure 1(b) shows the In,Ga; N c-lattice param-
eter as a function of the In content of selected samples deter-
mined by Rutherford backscattering spectrometry (RBS).
The c-lattice parameters are in good agreement with
Vegard’s law, where the layers are assumed to be fully
relaxed. The full-width-at-half-maximum (FWHM) of the
XRD peaks is plotted in Fig. 1(c). The XRD peaks are
strongly broadened, presumably by inhomogeneous strain
fields created by plastic deformation that relaxes the epitaxial
stresses imposed by the substrate.

© 2013 American Institute of Physics
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TABLE I. Summary of all InyGa,_N samples investigated. The samples were grown by MOCVD or MBE method on sapphire substrates with GaN or AIN
buffer layers at four institutions. The composition is determined by XRD and RBS. The thermal conductivities are measured by time-domain

thermoreflectance.

Samples Growth technique In fraction (RBS) In fraction (XRD) Thickness (nm) Buffer layer Thermal conductivity A(Wm ™' K™
1 MOCVD 0.08 0.07 229 GaN 24
2 MOCVD 0.11 0.10 233 GaN 13
3 MOCVD 0.17 0.16 268 GaN 8.5
4 MOCVD 0.25 0.25 608 AIN 2.8
5 MBE 0.44 0.48 147 GaN 22
6 MBE 0.56 0.55 398 GaN 2.5
7 MOCVD 0.64 0.65 560 AIN 3.8
8 MBE 0.70 0.64 500 GaN 4.1
9 MBE 0.72 0.72 364 GaN 43
10 MBE 0.80 0.78 302 None 5.1
11 MOCVD 0.80 0.82 723 AIN 53
12 MOCVD 0.79 0.83 223 GaN 4.8
13 MOCVD 0.84 0.90 222 GaN 5.6
14 MOCVD 0.90 0.93 756 AIN 8.5
15 MBE 0.98 0.99 4600 GaN 73

Each sample was coated with a ~80nm thick layer of
Al by magnetron sputter deposition at room temperature to
prepare the samples for thermal conductivity measurements.
This Al layer serves as an optical transducer in the measure-
ment of thermal conductivity by time-domain thermoreflec-
tance (TDTR).21 Details of the measurement setup are
described in Ref. 22. In a TDTR measurement, a laser beam
from a mode-locked Ti: sapphire laser is split into a pump
beam and a probe beam with the relative optical path
adjusted by a mechanical delay stage. The pump beam is
modulated at 9.8 MHz by an electro-optic modulator. The
pump and probe beam are focused on the sample to a 1/¢” ra-
dius of ~5 um. The Al layer is heated by the pump beam,
and the temperature change of the Al layer is monitored by
the probe beam through the temperature dependence of the
optical reflectivity of Al Signals obtained by a photo-
detector are sent to a lock-in amplifier to detect the 9.8 MHz
component that is synchronous with the modulation of the
pump beam.

The ratio of in-phase (V;,) and out-of-phase (V,,,,) signals
were compared with a multilayer thermal transport model.”!
Fitting parameters used in the model include thickness,
heat capacity, and thermal conductivity of each layer. The
Al thickness was determined by picosecond acoustics.
The rule of mixtures was used to calculate heat capacities
of In,Ga;_ N alloys, Ci,gan =xCrn+ (1 —x)Cgan; here
Cron=2.1Jcm K™ (Ref. 23) and Cgony =2.6Jcm *K 1.
The thermal penetration depth is d = y/A/(C7nf) ~ 200nm.
Alloy layers with thickness d > ¢ are “thermally thick,” and
the thermal conductance of the alloy-layer/buffer-layer inter-
face Gy, and the thermal conductivity of buffer-layer are unim-
portant in the model. Since the acoustic impedance difference
between alloy layers and GaN buffer layers is small, for the
low-In alloy layers with d < 0, it can expected that the interfa-
cial thermal conductance is high. Furthermore, the intermedi-
ate In composition alloys with d <6 grown on high thermal
conductivity GaN buffer layers produce only a small correc-
tion to the model. Hence, we do not include the interfacial
thermal conductance in the model. Since the samples grown

on AIN buffer layers are thermally thick, the uncertainty of
the thermal conductivity of AIN layers which could be as low
as ITWm 'K™! (Ref. 25) has no effect on the model. The
thermal conductivity of the In,Ga; N layer and the thermal
conductance of the interface between the Al layer and the
In,Ga; _,N layer are the only significant unknowns. These
two free parameters were adjusted to give the best fit between
the model and the experimental data.

The thermal conductivity of In,Ga;_,N alloys at room
temperature is plotted in Fig. 2(a). We include data from
prior studies of In,Ga;_,N alloys for comparison. Sztein
et al. studied n-type In,Ga;_N films (81-190 nm thick) de-
posited by MOCVD?*® on Fe:GaN/sapphire. Pantha et al.
studied In,Ga;_ N films (=110nm thick) grown by
MOCVD on GaN/sapphire templates. In these studies, the
thermal conductivity of the epitaxial layers was measured by
a differential 3w method. The thermal conductivity of
In,Ga,_ N alloys reaches a minimum in our dataset of
22Wm 'K ' atx=0.44.

A Callaway model”’ as modified by Morreli er al.*® is
used to calculate the lattice thermal conductivity to gain
quantitative insight into the strength of the phonon scattering
mechanisms. In this model, the longitudinal and transverse
phonon modes are independently investigated. The total ther-
mal conductivity is a sum over one longitudinal (A;) and
two degenerate transverse (At) components, A = Ay + 2Ar,
where A;, = Ap | + Az and Ap = At + Ar,. The partial con-
ductivities Ay, Ars, Ay, and Aty are the Debye-Callaway
terms (see Eqs. (3a), (3b), (4a), and (4b) of Ref. 28). Debye
temperatures and speeds of sound are calculated separately
for acoustic phonon branches in the [001] direction. The cut-
off frequencies f, are set at the zone boundary of the acoustic
phonon dispersion curves, and the Debye temperatures were
calculated from these frequencies, Tp = hf./kp, where kg is
Boltzmann constant.

Griineisen parameters of y, =0.73 and y;=0.51 were
assumed for all alloy compositions,29 and a virtual crystal
model was used to determine the speeds of sound, densities,
and cut-off frequencies of the alloys. The longitudinal speeds
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FIG. 1. (a) XRD 0-20 scan patterns for selected In,Ga; (N samples in the
vicinity of the (0002) reflection. (b) XRD c-lattice parameter of In,Ga; N
alloys vs. In composition measured by RBS. The solid line shows the predic-
tion of Vegard’s law; the good agreement suggests that the In,Ga; _ N layers
are fully relaxed. (¢) FWHM of the In,Ga; (N (0002) reflection vs. In
composition.

of sound were measured for selected samples (x=0.44,
0.65, 0.9, and 0.93) by picosecond acoustics to provide
greater confidence in the validity of this approximation. The
data are in good agreement with the virtual crystal approxi-
mation. Table II summarizes the parameters used in our
model.

The resistive scattering rate includes contributions from
phonon-phonon Umklapp scattering (ty), point defect scat-
tering due to mass disorder and bond length disorder (ty),
and boundary scattering (tg). Typically the high temperature
form of the normal process scattering rate>> is taken as>-

B kg2 V13 )
=

(n) ' == o™ (1)

Here, 7y is the Griineisen parameter, V is the volume per
atom, M is the average mass of the atoms in the alloys given
by M =xM,+ (1 —x)Mp and M4, My are the atomic weights
of alloy components (GaN and InN for In,Ga; N alloys), v
is speed of sound, and w is the phonon frequency.

Klemens derived a form of the phonon scattering due to
point defect disorder™*

Appl. Phys. Lett. 102, 121906 (2013)
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FIG. 2. (a) The thermal conductivity (A) at room temperature of In,Ga; N
alloys as a function of In fraction compared to the predictions of the modi-
fied Callaway model. Previously reported thermal conductivities of GaN,
InN, and In,Ga; N alloys are included for comparison. The open-square
and open-circle is the thermal conductivity of pure GaN (Ref. 9) and pure
InN (Ref. 10), respectively. The dashed line is calculated for the limit of
large layer thickness; the solid line is calculation for a layer thickness of
d=200nm. (b) Ratio of the measured thermal conductivity from this work
to the calculated thermal conductivity (Apcwm) at each thickness as a func-
tion of In content.

v o,
="
43

(z)! )

I' is a coefficient that characterizes the strength of phonon
scattering and for mass disorder in alloys with a basis of 2

atoms35
2 2
r:x<MAM—_M> +(1—x)(MB]‘47_M> . 3)

The phonon boundary scattering rate is given by
(tg) ' =v/d, where d is the thickness of the sample and v

TABLE II. Material parameters of InN and GaN used in the Callaway-type
model of the thermal conductivity of In,Ga; N alloys.

T5" (K) T5*(K) v,” (m/s) v7® (m/s)
InN 278 194 5720 2650
GaN 305 157 7770 3950

TL and T} are, respectively, longitudinal and transverse cut-off Debye tem-
peratures calculated from Ref. 30.

"y, and vy are, respectively, speeds of sound for longitudinal and transverse
phonon dispersion branches calculated from Ref. 31.
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velocity of each acoustic mode. The thicknesses of the sam-
ples in our study are not constant, but the dependence of the
model on the boundary scattering rate is weak (changing d
by a factor of 2 creates a change in the thermal conductivity
of a factor of 1.2). Moreover, since the thermal conductivity
of semiconductor alloys measured by TDTR is not governed
by the phonons with mean free paths larger than the thermal
penetration depth,*® the thermal penetration depth can be
used as an effective film thickness for alloys with d > 4.

The contribution of phonon scattering by dislocation
cores and the long-ranged strain field of dislocations was
also considered.’” Dislocations significantly reduce the ther-
mal conductivity of high thermal conductivity pure crystals
such as GaN.? However, these calculations show that the
disorder alloy scattering rate is approximately an order of
magnitude higher than the dislocation scattering rate even
for a very high dislocation density of 10'?cm 2. Inclusion of
the dislocation scattering rate at a density of 10'*cm ™2 sup-
presses the thermal conductivity by only ~10% for In com-
positions 0.2 <x <0.9. Therefore, phonon scattering by
dislocations was not used in this model.

The solid line in the Fig. 2(a) shows the results of this
calculation for the thermal conductivity as a function of InN
composition at a fixed thickness of 200 nm, which is the av-
erage value of the effective thickness of the films. It is noted
that the calculated thermal conductivity of the pure GaN and
InN samples is much smaller than the experimental data.
This discrepancy is created by the boundary scattering in this
model, which creates a much stronger reduction of the ther-
mal conductivity of the pure crystals than the alloy (the
thicknesses of the GaN and InN layers were 200 um and
1 um, respectively). If the boundary scattering is removed,
this model (the dashed line in the Fig. 2(a)) matches the ex-
perimental values of pure InN and GaN. The thermal con-
ductivity at each thickness is also calculated and plotted as
the ratio of the measured thermal conductivity and the calcu-
lated thermal conductivity as a function of In composition in
Fig. 2(b). It is noted that the thermal conductivity of the alloy
layer with x =0.08 is higher than calculation by the model.
One possibility is that the boundary scattering is not as high
as prediction because of small acoustic impedance mismatch
between the alloy layer and the GaN buffer layer.

A significant reduction of the In,Ga; 4N thermal con-
ductivity below the prediction of the model is observed for
In compositions in the range 0.2 <x < 0.9. This suppression
is stronger for 0.2 < x < 0.6 which falls within the miscibility
gap. This reduction is much larger than the uncertainties in
the TDTR experiment of £10% (the error bar is approxi-
mately the size of symbols used to plot the data points in
Fig. 2(a)). While the model predicts well the thermal conduc-
tivity for the alloy with x =0.98, the abrupt reduction of the
thermal conductivity for x < 0.9 prevents using the possibil-
ity of bond-length disorder as a significant phonon-scattering
mechanism in these alloys. Therefore the enhanced phonon
scattering at 0.2<x<0.9 is tentatively attributed to
nanometer-scale compositional inhomogeneities in alloys
that are thermodynamically unstable.*> There has been no
systematic study of the thermal conductivity of thermody-
namically unstable alloys prior to this work, but the strong
reduction of thermal conductivity by the precipitation of

Appl. Phys. Lett. 102, 121906 (2013)

nanometer scale second phase particles has been widely
investigated.*®"

The existence of compositional inhomogeneities in
In,Ga;_(N has been controversial,‘m_42 partly because
electron-beam damage during imaging by TEM can generate
changes in composition, and some of the early studies misin-
terpreted these experimental artifacts as compositional inho-
mogeneities formed during epitaxial growth. Low In content
alloys have been best studied, and most of these studies have
concluded that for x < 0.20 in the form of thin layers lattice
matched to GaN, the microscopic structure is best described
as a random alloy.***** The microstructure of higher concen-
tration alloys and unstrained layers have been less studied.’

In conclusion, at low and high In concentrations (x < 0.2
and x>0.9), the thermal conductivity of In,Ga;_ N is
adequately described by a model based on phonon Rayleigh
scattering of mass disorders. At intermediate compositions, a
suppression in the thermal conductivity has been observed
which has been attributed to nanometer-scale compositional
inhomogeneities that strongly scatter thermal phonons.
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