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ABSTRACT: Thermal management efforts in nanoscale
devices must consider both the thermal properties of the
constituent materials and the interfaces connecting them. It is
currently unclear whether alloy/alloy semiconductor super-
lattices such as InAlAs/InGaAs have lower thermal con-
ductivities than their constituent alloys. We report measure-
ments of the crossplane thermal resistivity of InAlAs/InGaAs
superlattices at room temperature, showing that the super-
lattice resistivities are larger by a factor of 1.2—1.6 than that of
the constituent bulk materials, depending on the strain state
and composition. We show that the additional resistance
present in these superlattices can be tuned by a factor of 2.5 by
altering the lattice mismatch and thereby the phonon-mode
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mismatch at the interfaces, a principle that is commonly assumed for superlattices but has not been experimentally verified
without adding new elements to the layers. We find that the additional resistance in superlattices does not increase significantly
when the layer thickness is decreased from 4 to 2 nm. We also report measurements of 250—1000 nm thick films of undoped
InGaAs and InAlAs lattice-matched to InP substrates, for there is no published thermal conductivity value for the latter, and we
find it to be 2.24 + 0.09 at 22 °C, which is ~2.7 times smaller than the widely used estimates.
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1. INTRODUCTION

Proper thermal management of nanostructured devices
requires understanding phonon transport in both the bulk
materials and across the interfaces between them."” Measure-
ments have shown that epitaxially grown semiconductor
superlattices of Si/Ge,>* GaAs/AlAs,” and InAs/AlSb® with
thin layers and high interface densities have up to an order of
magnitude lower thermal conductivity, , than bulk films of the
constituent materials. The materials in those superlattices were
either elemental or ordered-binary semiconductors, whose
intrinsic thermal conductivity is reasonably high. Conversely,
semiconductor random alloys such as In,Ga,;_,As have much
lower intrinsic thermal conductivities because of the rapid
scattering of phonons by alloy atoms,”” and it is an open
question whether superlattices of two of these random alloys
would see any reduction in thermal conductivity when
compared to bulk films of the constituent alloys. Previous
work has shown that, at least in certain circumstances, the
answer is negative: alloy/alloy superlattices of Siyg,Geg 6/
Sig76Gegas showed no measurable reduction in thermal
conductivity than the equivalent SiGe alloy.” Those alloys,
however, had relatively little lattice mismatch between layers,
of order 0.4%, and therefore had little phonon-mode
mismatch. Further, measurements of the thermal conductivity
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of SiGe/SiGe superlattices with larger lattice mismatches were
found to be dominated by growth defects.'” Thus, despite the
technological importance of alloy/alloy superlattices, it is
currently unknown whether ultrathin layers and correspond-
ingly high interface densities produce any measurable decrease
in the thermal conductivity of alloy/alloy superlattices.
Ternary alloy semiconductors are technologically very
important random alloys. For example, In Al,_,As/In,Ga,_,As
is widely used in optoelectronic applications such as quantum
cascade lasers (QCLs)."'™"* It is crucial for proper thermal
management of such devices to understand the fundamental
origin of thermal resistance and how it depends on alloy
concentration, layer thickness, interface density, and lattice
mismatch between layers. In comparison with bulk materials,
superlattices are predicted to have larger reductions in their
cross-plane thermal conductivities than their in-plane con-
ductivities.'”'® Furthermore, the majority of the heat in QCL
structures is dissipated in the cross-plane direction.'” The
cross-plane thermal conductivity of InAlAs/InGaAs super-
lattices lattice-matched to InP has been measured,'® but the
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thermal conductivity of bulk InAlAs had not been reported at
that time, making it difficult to determine whether alloy/alloy
superlattices demonstrate any experimentally measurable
increase in thermal resistance. Additionally, ternary alloy
superlattices are typically grown such that each layer has a
different lattice constant than the previous one, with
alternating compressively and tensilely strained layers, leading
to what are known as strain-balanced (or strain-compensated)
heterostructures.'” This approach allows for a high degree of
control over the electrical properties of the superlattice;
however, the effect of this lattice mismatch on the thermal
conductivity of the superlattice has never been quantified.

Here, we report cross-plane thermal conductivity measure-
ments of InAlAs/InGaAs superlattices, demonstrating that the
ultrathin layers and correspondingly high density of interfaces
together cause the superlattices to be 1.2—1.6 times as resistive
as equivalent amounts of their bulk constituents. These
superlattices are composed of the most resistive InAlAs and
InGaAs alloys, suggesting that superlattices with other alloy
concentrations could see even larger fractional increases in
their resistivity. We quantify the effect of phonon-mode
mismatch between superlattice layers by comparing lattice-
matched superlattices, whose layers have identical lattice
constants, and strain-balanced superlattices, which have ~3%
lattice mismatch between each layer and therefore a larger
phonon-mode mismatch. We find that the strain-balanced
superlattices are ~60% more resistive than the equivalent
amount of bulk material, approximately three times larger than
the ~20% increase measured in lattice-matched superlattices.
We find that the resistivity of these superlattices does not
depend strongly on layer thickness in the technologically
relevant range of 2—4 nm. We compare the superlattice
resistivities to measurements of thermal resistivity of thick films
of Iny 5,Alj 4As and Ing 3Gag 4,As lattice-matched to their InP
substrates at 22 °C. The former has not been measured
previously, and we find it to be 2.24 + 0.09 W m™" K" The
latter we measure to be 4.57 + 024 W m™! K7}, in agreement
with previous results.”’”>*

2. RESULTS

To understand how thermal transport is modified in
superlattices, the thermal conductivity of the constituent
materials must first be measured. Although both InGaAs and
InAlAs are important and widely used, surprisingly the thermal
conductivity of undoped InAlAs has not been reported.
Further, theoretical results from other ternary alloys are
difficult to apply to InAlAs because the light mass of Al has a
large impact on the mass scattering terms needed in such
calculations.'®** To measure the bulk thermal conductivity,
thick epitaxial films are required, and these can be grown for
both InGaAs and InAlAs when they are lattice-matched to InP,
corresponding to Ings3GagyAs and Ings,Aly4sAs. We grow
such films with several different thicknesses and then fabricate
an array of metal heaters across the surface of each film. We
measure the cross-plane thermal resistance of each film using
the differential 3w technique.”*** A diagram of a typical
sample can be seen in Figure 1. The heaters are 25 ym wide to
ensure that the heat flow through the grown films (which are
all less than 1 ym thick) is one-dimensional in the cross-plane
direction. To improve the precision and understand the
uncertainty of the measurements, we average results from
many different heaters, typically between 10 and 20, on each
sample. For a film thick enough to behave similarly to a bulk
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Figure 1. Schematic cross section of a superlattice sample with an
AlO, dielectric capping layer and 3w heaters. The relative dimensions
are exaggerated for clarity. The inset X-ray diffraction data show the 2
nm superlattice periodicity for a strain-balanced superlattice sample.
The 3w heaters are all 25 pm wide with an inner probe spacing of 800
pum and outer probe spacing of 1 mm.

material, the thermal resistivity p = 1/k (units of m K W), is
RpA
d
resistance, A is the area of the heater, and d is the film
thickness. Figure 2 shows Rp-A of the InAlAs (blue) and
InGaAs (green) films as a function of film thickness. The trend
of Rp-A is linear with thickness, as expected. We find the
thermal conductivity of Inys,Al 45As to be 2.24 + 0.09 W m™
K. The value we measure is slightly lower than the value of
2.9 + 0.3 W m™! K™! reported by Koh et al.*® for In, 5,Al, 44As
with 0.3% ErAs doping. Importantly, the thermal conductivity
we measure is a factor of ~2.7 lower than the commonly
assumed value, which is on the order of 6 Wm™ K~1.>’7%° For
completeness, we also measure the thermal conductivity of
Ings3Gag4,As and find it to be 4.57 + 024 W m™' K7, in
reasonable agreement with the commonly used value of 5 W
m~! K71*° We also measure the temperature dependence of
the thermal conductivity of the ~1 ym thick Ings,Al) 4As and
Ing 53Gag 47As samples, and these results can be found in Figure
S6 of the Supporting Information. We also provide in Figure
SS the measurements of the temperature-dependent thermal
conductivity of the InP substrates under these films, which are
in good agreement with the existing literature values.

The layers in the strain-balanced superlattices of
Ing30Aly70As and Ing,sGag,sAs each have a ~1.5% difference
in lattice constant compared to InP, with an opposite sign. The
resulting strain makes it difficult to grow dislocation-free thick
films of the individual alloys on InP for thermal measurements.
To estimate the thermal conductivity of the alloys at the
corresponding bulk compositions and thus of each of the layers
in the superlattice, we use a calculation based on the virtual
crystal approximation (VCA).” A recent paper by some of us
suggests that one important parameter in this calculation, the
mass-difference scattering rate, is underestimated in the VCA
for 11—V ternary alloys.'® Because of this effect, we adjust this
parameter so that the calculated thermal resistivities agree with
the values reported above for InAlAs and InGaAs lattice-
matched to InP. This adjustment is made by scaling the mass-
difference scattering rate reported in ref 16 by 1.39 and 1.32
for InGaAs and InAlAs, respectively. Using the VCA with the
scaled mass-difference scattering rate, the estimated thermal
conductivity of Ing;pAly;As is 2.10 W m™ K' and of

given by p = , where Ry is the cross-plane thermal
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Figure 2. Measured cross-plane thermal resistance Ry times the
device area A as a function of film thickness of InAlAs and InGaAs
lattice-matched to InP substrates. In the bulk regime, Ry-A is linear
with film thickness, as seen here. The slope of the fitted lines yields a
measurement of the thermal resistivity p = 1/k, shown as the blue and
green points in the inset. For Ingys,Alys4s, p = 0.446 + 0.018 m K
WY, and for Ing 53Gag 47As, p = 0.219 & 0.011 m K W', The shaded
regions around the fitted lines in the large plot are the one standard
deviation confidence interval of the linear fit. Each point represents an
average of 4 to 12 device pairs on a single sample. Vertical error bars
represent the uncertainty in the thermal resistance measurement
including the device to device variation on a single sample.
Measurements of two different growths of 500 nm-thick InAlAs
yielded nearly identical resistances. Thickness error bars are also
plotted for all points; however, for most points, the error bars are
smaller than the plotted point size. The inset shows the measured
thermal resistivity of InAlAs (blue point) and InGaAs (green point) as
a function of alloy concentration. The inset also includes a calculation
of the thermal resistivity of both alloys using the VCA. The mass-
difference scattering rate of the original calculation in ref 16 (dashed
lines) was scaled (solid lines) to match the measured resistivities,
thereby providing an estimate for the resistivity of the alloys in the
strain-balanced superlattices (orange and purple points), which could
not be measured.

Ing;5Gag,sAs is 497 W m™ K™', as shown by purple and
orange dots, respectively, in the inset of Figure 2. It is worth
noting that although the VCA can accurately predict the
thermal resistivity as a function of alloy concentration,
simulations have shown that the phonon information extracted
from this model, such as relaxation times, is often
misrepresented for high-frequency phonons when the mass
difference between alloy atoms is large.”’ Fortunately, the
analysis here only requires a prediction of the thermal
resistivity, which is unaffected by this limitation.

To quantify the effect of layer thickness and phonon-mode
mismatch in InAlAs/InGaAs superlattices, we grow two classes
of samples: lattice-matched superlattices of Ings,Alj4gAs/
Ing s3Gag 47As and strain-balanced superlattices of
Ing 30Aly70As/Ing ;5Gag,sAs. For each class, two sets of
superlattices are grown, with either 2 or 4 nm thick layers.
Two lattice-matched superlattices with 4 nm thick layers are
grown, one with 62 and the other 125 repetitions (total
thickness of ~500 nm and ~1 pm, respectively), to confirm
that the thermal resistance of the superlattices is linear with
film thickness. The remaining superlattice films are grown with
sufficient repetitions to be ~500 nm thick. Structurally, these
two types of heterostructures appear to be equally good, as
seen in atomic force microscopy (AFM) surface-roughness

measurements and X-ray diffraction profiles. Cross-sectional
transmission electron microscopy images of similar super-
lattices grown by us show that the grown films are single
crystal, and we measure X-ray reciprocal space maps of the
samples in this work to confirm that there is no relaxation in
the strained-balanced superlattices (see the Supporting
Information). We average the measurements of multiple
heater devices on each sample to extract meaningful error
bars (see Experimental Methods below). Figure 3 reports the
thermal resistivities of both lattice-matched and strain-
balanced superlattices as a function of layer thickness. The
resistivity of the equivalent amount of bulk alloy is shown using
green, blue, purple, and orange colored bars, and the additional
superlattice resistivity above these values is shaded in red. On
average, the lattice-matched superlattice resistivity is larger by a
factor of 1.2, and the strain-balanced superlattice by a factor of
1.6 than the average resistivity of their constituent alloys. In
Figure S6 of the Supporting Information, we show that there is
very little temperature dependence to the thermal conductivity
of the lattice-matched superlattice with 125 repetitions of
Ing52Aly 45As (2 nm)/Ing 53Gag47As (2 nm).

3. DISCUSSION

Our results demonstrate that alloy/alloy semiconductor
superlattices can be more thermally resistive than equivalent
amounts of their constituent alloys, despite the relatively high
thermal resistivity of random alloy materials. Phonon-mode
mismatch between layers, which scales with the Ilattice
mismatch at the interface,*>>* is also important, and we find
that superlattices with a 3% lattice mismatch between layers
have 2.5 times the additional thermal resistance than lattice-
matched superlattices of identical layer thicknesses. This result
suggests that the resistivity of InAlAs/InGaAs superlattices
could be increased even further with larger lattice mismatches.
Our findings are consistent with the trends reported in the
literature for the thermal performance of buried-heterostruc-
ture (BH) QCLs. Devices with core regions made of ~3%
lattice-mismatch superlattices have been found to have thermal
resistance values ~40% larger than BH QCLs with core-
regions made of ~2% lattice-mismatch superlattices."*

An important result shown in Figure 3 is that the excess
thermal resistivities of III-V ternary superlattices above the
value expected from bulk resistivities depends only weakly on
the layer thicknesses and density of interfaces. Thus, a series
resistor model attributing a simple additive resistance to each
interface does not fit the data. If a series resistor model were
valid, the thermal resistivity would scale inversely with the layer
thickness. For the strain-balanced superlattice, the measured
additional resistivity is large enough to make it clear that such a
scaling does not match the measurement. This comparison is
shown graphically in Figure 3¢, where we run a one-over-
thickness curve through the 4 nm data point and show the
divergence that a series resistance model predicts cannot fit the
data.

This flattening of the resistivity as the layer thickness
decreases is physically reasonable and has been previously
observed by Ravichandran et al. in oxide superlattices.’” In that
work, this phenomenon was described as a cross-over regime
between coherent and incoherent phonon transport. In
coherent phonon transport, the average phonon mean free
path is comparable to the layer thickness and interface spacing,
which requires that wave-interference effects be consid-
ered.*>*® Experimental evidence for coherent phonon trans-

DOI: 10.1021/acsami.8b17268
ACS Appl. Mater. Interfaces 2019, 11, 11970—11975



ACS Applied Materials & Interfaces

Research Article

'Strain Balanced ]

¢) [Strain Balanced |

a) Lattice Matched b)
0.8 ; ;

o g
o “
. ,

Thermal Resistivity (m K W)
<
W

0.4
In ,Ga,As
0.3 1 r
In,Ga As—]
021 1 F
In, Al As
0.1 '\
In,Al As

3% lattice mismatch

Additional resistivity|
/ above bulk values

2 4
Layer Thickness (nm)

[ |- series resistance | |

scaling
L |---bulk limit ]
2 4 0 2 4 bulk limit
Layer Thickness (nm) Layer Thickness (nm)

Figure 3. Total bar height is the measured resistivity of (a) lattice-matched and (b) strain-balanced superlattices with colored bars indicating what
the resistivity of an equivalent amount of the constituent alloys with no interfaces would be. All of the superlattices are more resistive than
equivalent amounts of their bulk constituents, and the red bars indicate that increase in resistivity. The resistivity of the alloys in the lattice-matched
superlattices were directly measured (see Figure 2), and the resistivities of the alloy compositions in the strain-balanced superlattices are extracted
from the VCA calculation shown in the inset of Figure 2. The error bars in (a)) include the uncertainty of both the superlattice resistivity
measurements and the measured resistivity of bulk alloy films shown in Figure 2. Panel (c) plots the resistivity of the strain-balanced superlattices as
a function of layer thickness, and the bulk limit corresponds to the average resistivity of the constituent alloys. The dotted line is chosen to run
through the 4 nm data point and scale inversely with layer thickness, as described in the main text.

port in superlattices also has been found for AlAs/GaAs
superlattices.”” In the cross-over regime between coherent and
incoherent transport, the thermal resistivity reaches a
maximum as a function of interface density, and thus such a
cross-over regime may play a role in the flattening of the
resistivity as a function of layer thickness we report in Figure
3c.

Another contributing effect is the diffuse phonon scattering
at each interface, which drives the phonon-mode population
within each material layer out of equilibrium: when phonons
scatter across an interface, they drive the phonon-mode
occupation in the region immediately surrounding the interface
away from the equilibrium.">'® If these out-of-equilibrium
states have lower group velocities or shorter relaxation times,
the effective thermal conductivity of the material near the
interface will be reduced below the typical bulk value. The
equilibrium occupation is recovered through successive
scattering events as the phonons propagate away from the
interface. In the case of a superlattice, if the layer thickness is
smaller than the phonon mean free path, then the interface
contribution to the cross-plane thermal resistance will not be
additive.

Ing 5,Alj 4As/Ing 53Gag 47As superlattices similar to those we
study here were measured in ref 18, where the authors also
observed little change in superlattice resistivity as a function of
layer thickness. With no published thermal conductivity
measurement of InAlAs available at that time, the authors
analyzed their data under the simplest reasonable assumption
that the thermal conductivity of InAlAs was very small, with an
estimated value of 1.2 W m™! K™\, and therefore concluded
that there was no thermal resistance introduced by the thinness
of the layers or from thermal boundary scattering at the
interfaces. Thus, a new contribution here is the measurement
of the bulk conductivity of In,s,Al, 44As to be 2.24 + 0.09 W
m™' K7, a significantly larger value, which indicates that in
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both studies, the superlattices are more resistive than the
constituent bulk materials.

It is reasonable to assume that there is some small amount of
atomic interdiffusion near the interfaces because no growth is
perfectly abrupt. Our X-ray characterization of these samples
and cross-sectional transmission electron microscopy on
similar superlattices grown in the same metal—organic
chemical vapor deposition (MOCVD) system suggest that
the interdiffusion is constrained to within a few monolayers of
each interface. Past theoretical work has predicted that
interdiffusion between layers could either increase the thermal
boundary resistance through diffuse phonon s.cattering16 or, in
some specific cases, reduce the thermal boundary resistance by
increasing the phonon transmission.*®

It is possible that the thermal resistivity of InGaAs reported
here is somewhat larger than the resistivity of an infinitely thick
film. Measurements by another group indicate that phonons
with mean free paths longer than the film thicknesses studied
here (500—1000 nm) could reduce the thermal resistivity of
thicker films.”” The fact that the thermal resistivity we measure
for InGaAs is in good agreement with the previous results on
InGaAs suggests that this difference is small. Because of the
sign of this effect, any such difference would cause superlattices
to have an even larger fractional increase in resistivity
compared to the average of their bulk constituents than that
reported here.

4. CONCLUSIONS

We have demonstrated that lattice-matched superlattices of the
most thermally resistive InAlAs/InGaAs alloys are 24% more
resistive than a film of equivalent thickness of the constituent
alloys with no interfaces. This increase in resistance is found to
be 61% for strain-balanced superlattices with ~3% lattice
mismatch between layers, an effect that is 2.5 times larger than
for lattice-matched superlattices, demonstrating the impor-
tance of phonon-mode mismatch at the interfaces. We also
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ACS Appl. Mater. Interfaces 2019, 11, 11970-11975



ACS Applied Materials & Interfaces

Research Article

provide a measurement of the thermal conductivity of
undoped Injs,Aly4sAs and a calculation of the thermal
conductivity of In,Al;_,As as a function of alloy concentration
using the VCA.

This work offers some insights for thermal management of
ternary alloy superlattices. For superlattices with few-nano-
meter-thick layers, the layer thickness does not appear to be a
significant variable in determining the total superlattice cross-
plane thermal resistivity. Instead, the lattice mismatch at the
interface and the resistivity of the bulk alloys are the primary
factors. Device designers aiming to reduce the thermal
resistivity of superlattices with layers spaced by only a few
nanometers must clearly consider the tradeoff between
choosing alloys with lower bulk resistivity, as x approaches 0
or 1 (as seen in the inset of Figure 2), versus increasing the
superlattice resistivity through phonon-mode mismatch at the
interfaces, which will scale with the lattice mismatch between
each superlattice layer.

These results are of particular relevance to QCL design,
where thermal management is key to achieving high device
performance in continuous-wave (CW) operation.14 QCL
long-term reliable operation is well-known to be a strong
function of device self-heating in CW operation, as QCL-
device degradation has been shown®”*’ to be primarily the
result of a thermal runaway. Minimizing the device self-heating
is key to QCL reliable operation at watt-range CW powers, as
required for a multitude of applications."*

5. EXPERIMENTAL METHODS

The InAlAs/InGaAs samples are grown in a close-coupled shower-
head MOCVD system on (100) InP substrates. The growth
temperature is fixed at 600 °C, as determined by an in situ pyrometer,
and the growth rate is ~1 A/s. Trimethylgallium (TMGa),
trimethylindium (TMIn), and arsine (AsH;) are used as the growth
gas sources. Each superlattice consists of multiple repetitions of a
bilayer period that contains one layer of InAlAs and one of InGaAs. A
cross-sectional transmission electron microscopy image, which
represents the typical quality of the superlattices studied here, is
shown in Figure S1 of the Supporting Information.

We measure the cross-plane thermal resistance with a differential
3w method.**** We measure many devices on each sample to obtain
good statistics. For each 3w measurement, the uncertainty in the
measured resistance fluctuations and temperature calibrations of the
heaters is propagated along with the variation in thermal resistance
measured from device to device. Between 4 and 12 substrate—film
device pairs are tested on each sample; in total, over 150 device pairs
are measured. Figure 1 depicts a cross section of a typical sample. All
experiments are performed at 22 °C in a temperature-controlled
chamber. Representative 3@ scans are shown in Figure S4 of the
Supporting Information. The thickness of the grown material is
determined with AFM and confirmed with X-ray diffraction. An X-ray
reciprocal space map and X-ray reflectivity measurements of two of
the superlattice films studied here are provided in the Supporting
Information, in Figures S2 and S3, respectively.

We measure 10—20 heaters in total on each sample, and the heaters
are measured simultaneously in groups of three or four. In total, this
produces 3—6 independent differential measurements of thermal
resistance on each sample, with associated uncertainties. For each
sample, we average these simultaneous measurements, weighting with
the uncertainty in each measurement following the formula in ref 41
for data with nonuniform uncertainties and for the error of a weighted
mean. The best-fit resistivities of InAlAs and InGaAs shown in Figure
2 include the uncertainties in both the measured resistance and the
film thickness. For this fit, we perform a Monte Carlo simulation of
the data, the procedure for which can be found in ref 41 Chapter 5. In
Figure 3, the uncertainty in thermal resistivity was calculated by

propagating the associated errors in each measured quantity: thermal
resistance (as described above) and thickness (measured by AFM).
We consider possible systematic errors from both variations in the
thickness of the AlO, passivation layer and from differences between
the thermal interface resistance of AlO,/InAlAs, AlO,/InGaAs, and
AlO,/InP and estimate both to be small compared to the thermal
resistances measured here. The typical variation in the thickness of the
AlOQ, layer across each sample’s surface (8 X 8 mm) is <0.5 nm. Using
the typical thermal conductivity of AlO, of ~20 W m™' K™/, we
estimate that the variation in thermal resistance because of the AlO, is
<0.25 m®> K GW™" across a sample’s surface, which is much smaller
than the 250—1000 m* K GW™" resistance of the films in this work.
The AlO,/InGaAs thermal interface resistance has been measured to
be 10—14 m> K GW™L'® and it is reasonable to assume that the
AlO,/InP interface resistance is close to this value, and therefore the
difference between these resistances is expected to be negligible
compared to the total film resistances of 250—1000 m* K GW™.
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