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Understanding the relative importance of interface scattering and phonon-phonon interactions on

thermal transport in superlattices (SLs) is essential for the simulation of practical devices, such as

quantum cascade lasers (QCLs). While several studies have looked at the dependence of the ther-

mal conductivity of SLs on period thickness, few have systematically examined the effect of vary-

ing material thickness ratio. Here, we study through-plane thermal conduction in lattice-matched

In0.53Ga0.47As/In0.52Al0.48As SLs grown by metalorganic chemical vapor deposition as a function

of SL period thickness (4.2 to 8.4 nm) and layer thickness ratio (1:3 to 3:1). Conductivities are

measured using time-domain thermoreflectance and vary between 1.21 and 2.31 W m�1 K�1. By

studying the trends of the thermal conductivities for large SL periods, we estimate the bulk conduc-

tivities of In0.53Ga0.47As and In0.52Al0.48As to be approximately 5 W m�1 K�1 and 1 W m�1 K�1,

respectively, the latter being an order of magnitude lower than theoretical estimates. Furthermore,

we find that the Kapitza resistance between alloy layers has an upper bound of �0.1 m2 K GW�1,

and is negligible compared to the intrinsic alloy resistances, even for 2 nm thick layers. A phonon

Boltzmann transport model yields good agreement with the data when the alloy interfaces are mod-

eled using a specular boundary condition, pointing towards the high-quality of interfaces. We dis-

cuss the potential impact of these results on the design and operation of high-power QCLs

comprised of In1�xGaxAs/In1�yAlyAs SL cores. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4892575]

The thermal conductivity of superlattices (SLs) deter-

mines the figure-of-merit and key operating parameters of

several prominent solid state energy conversion and opto-

electronic devices.1–6 Advances in epitaxy have made it

possible to grow SLs of a variety of materials with layer

thicknesses down to a few nanometers, a length scale compa-

rable to dominant room-temperature phonon mean-free-paths

in commonly used semiconductor materials. Measurements

of through-plane thermal conductivity, i.e., along the growth

direction, have shown a strong reduction from bulk values,

by up to an order of magnitude.7–10 The period thickness dSL

can strongly impact the effective thermal conductivity of

SLs by increasing the role of interface phonon scattering in

the regime of particle-like incoherent transport.10,11 In the

regime of wave-like coherent transport, dSL affects the con-

ductivity through modification of the dispersion relation

which can lead to lowering of the group velocity and increas-

ing of mini-Umklapp scattering.12–15 While most previous

studies have looked at the variation of conductivity with total

period thickness, there is little systematic data on the impact

that the relative material fraction within a period has on the

overall conductivity.

Superlattice thermal transport is critically important for

mid-infrared and terahertz Quantum Cascade Lasers (QCLs),

where efficiencies are limited by large rates of heat genera-

tion and high peak operating temperatures.4 The design of

these lasers is hindered at present by the limited experimen-

tal thermal property data set for InGaAs/InAlAs SLs. Active

cores of QCLs typically consist of aperiodic SL structures

with spatially varying layer thicknesses in the range of

2–6 nm.16 Previous efforts have focused on measuring effec-

tive thermal properties of these complex aperiodic structures

using techniques such as microprobe photoluminescence17,18

that give little information about local variations in thermal

conductivity within the core. More importantly, these meas-

urements do not separate the thermal resistance of the inter-

faces from the intrinsic resistance of the alloy layers, and

therefore are of limited applicability to building predictive

thermal models of QCL active cores with arbitrary stack

configurations.

In this paper, we study through-plane thermal conduc-

tion in lattice-matched In0.53Ga0.47As/In0.52Al0.48As

SLs and its dependence on total period thickness and unit

cell alloy thickness ratio. We find that the effective thermal

conductivity increases monotonically with increasing frac-

tion of In0.53Ga0.47As and decreases with increasing

fraction of In0.52Al0.48As. When the thickness ratio is fixed

the conductivity does not change appreciably with increas-

ing period thickness. These trends are in good agreement

with a Boltzmann transport model employing specular

interface conditions, pointing towards the high-quality and

low thermal resistance of the interfaces. Additionally,

we estimate the bulk conductivity for In0.53Ga0.47As and

In0.52Al0.48As to be approximately 5 W m�1 K�1 and

1 W m�1 K�1, respectively.

a)aditsood@stanford.edu
b)goodson@stanford.edu
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A total of six, lattice-matched In0.53Ga0.47As/

In0.52Al0.48As SLs, each containing 65 periods, were grown

by Metalorganic Chemical Vapor Deposition (MOCVD) on

InP substrates (lattice constant a¼ 5.88 Å). These six struc-

tures fall into three experimental groups and are herein

referred to with a label in the form Am-Gn, where m and n
refer to the nominal layer thicknesses of the InAlAs and

InGaAs, respectively, in units of nanometers. In Group I, the

thickness of InAlAs was fixed at 2 nm while the thickness of

InGaAs was varied in steps of 2, 4, 6 nm (Group I¼ [A2-G2,

A2-G4, A2-G6]). In Group II, the thickness of InGaAs was

fixed and that of InAlAs was varied in steps of 2, 4, 6 nm

(Group II¼ [A2-G2, A4-G2, A6-G2]). In Group III, the

thickness ratio of InAlAs and InGaAs was fixed at 1:1 and

the individual layers were doubled from 2 to 4 nm (Group

III¼ [A2-G2, A4-G4]). Note the intersection of all three

groups with A2-G2 to yield a total of six unique structures. A

summary of the structure designs is shown in Figure 1, along

with a representative X-ray diffraction (XRD) spectrum taken

on sample A6-G2, showing the high quality of growth. XRD

was used to measure exact period thicknesses at multiple

points on each wafer (see Table I). A detailed mapping of

A2-G2 showed a period of (4.18 6 0.05) nm over the 200 di-

ameter wafer, excluding a 3 mm periphery zone.

Through-plane thermal conductivity was measured

using time-domain thermoreflectance (TDTR), a well-

established pump-probe technique.19–22 A 55 nm thick alu-

minum transducer film was deposited on each sample by

electron-beam evaporation in a common deposition run.

1/e2 pump and probe spot sizes of 10 lm and 6 lm, respec-

tively, were used in these experiments. Pump pulses were

amplitude modulated at a frequency fmod ¼ 2 MHz for lock-

in detection. Measurements were performed at three ran-

domly selected locations on each sample, with four traces

recorded per spot. The systematic relative error between

each of the four traces taken at the same location was sub-

stantially below the intrinsic noise floor of the measurement

and was therefore undetectable. The average signal to noise

ratio was 200:1, at a probe delay time of 1 ns with a lock-in

time constant of 10 ms. The averaged data of the 12 meas-

urements per sample were analyzed using a multilayer heat

diffusion model.

The through-plane thermal conductivity of the SL (jSL)

and the thermal boundary resistance (TBR) between the Al

transducer and SL film (TBRAl-SL) [Table I] were extracted

simultaneously by fitting the data using a least squares algo-

rithm. The measured jSL varied by �2% across multiple

spots on each sample, which is smaller than the error bars

propagated by uncertainties in the values of the fixed param-

eters, predominantly the thickness of the aluminum layer

(62 nm) and the specific heat of the SL, CSL (65%) (see

supplementary material22). The latter was nominally taken to

be a thickness weighted average of the specific heats of the

alloys InGaAs and InAlAs, which were found by linearly

interpolating between the binary compounds InAs, GaAs and

AlAs.23 The measurement is insensitive to the TBR at the SL

film–InP substrate interface, and the in-plane thermal con-

ductivity of the SL.

In Figure 2(a), we plot jSL as a function of the SL period

thickness. We find that jSL increases with dSL for the Group I

SLs, i.e., the conductivity increases with period thickness

when the thickness of the InAlAs layer is fixed, while that of

the InGaAs is allowed to vary. On the other hand, we observe

a decreasing trend in jSL versus dSL for the Group II SLs,

FIG. 1. (a) Schematic of superlattice structures. (b) (004) X-ray diffraction

pattern of the A6-G2 superlattice, giving a period thickness of 8.49 nm.

TABLE I. Superlattice sample properties and TDTR data.

Sample

dSL
a

(nm)

dfilm
b

(nm)

CSL

(�106 J m�3 K�1)

jSL

(W m�1 K�1)

TBRAl-SL

(m2 K GW�1)

A2-G2 4.18 271.7 1.889 1.63 6 0.09 13.7 6 0.6

A2-G4 6.28 408.2 1.883 1.88 6 0.12 12.1 6 0.6

A4-G2 6.35 412.8 1.894 1.50 6 0.11 12.4 6 0.6

A2-G6 8.38 544.7 1.881 2.31 6 0.18 10.6 6 0.5

A6-G2 8.49 551.9 1.896 1.21 6 0.12 12.0 6 0.4

A4-G4 8.44 548.6 1.889 1.66 6 0.15 12.2 6 0.5

adSL is the thickness of one period measured by XRD.
bdfilm is the total SL film thickness, consisting of 65 periods.

FIG. 2. (a) Through-plane thermal conductivity plotted versus period thick-

ness. Blue dotted lines are guides to the eye, showing trends for A2-Gn, Am-

G2, and 1:1 SLs. (b) BTE predictions for two extreme cases of interface

scattering: fully specular (black) and fully diffuse (red), for two different

phonon dispersions (heavy lines—Debye, light lines—sinusoidal).
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implying that the addition of InAlAs to a SL period decreases

the conductivity when the thickness of the InGaAs is held

constant. Finally, we find that the two SLs in Group III that

have the same ratio of layer thicknesses, A2-G2 and A4-G4

have nearly equal conductivity to within experimental error

bars. jSL therefore depends both on the total SL period thick-

ness and the intra-period ratio of layer thicknesses. Simple

arguments based on a series resistance model under the

assumption of thickness independent layer conductivities sug-

gest that the TBR between the InGaAs and InAlAs would

need to be negligibly small in order to explain the trends in

the data. In such a scenario, doubling dSL while maintaining

the same ratio of layer thicknesses would exactly double the

thermal resistance per period, keeping jSL unchanged. An

estimate of the thermal resistance due to a single InGaAs/

InAlAs interface can be obtained by extrapolating the single

period SL resistances of A2-G2 and A4-G4 down to zero

period thickness, giving an upper bound of close to

0.1 m2 K GW�1. However, such arguments need to be applied

with caution, as the layer thicknesses involved here are in the

2–6 nm range, length-scales that are comparable with domi-

nant phonon mean free paths in InGaAs and InAlAs.

In order to establish a rigorous model for thermal con-

duction within the sub-continuum regime that accounts for

size effects and phonon interface transmission, we develop

Boltzmann transport equation (BTE) simulations. Using a

framework outlined by Chen,10 we solve the BTE in order to

calculate the effective through-plane thermal conductivity of

the SL.

Under the single mode relaxation time approximation,

the solution to the BTE within layer i of a SL repeating unit

cell (i ¼ 1; 2) for phonons of frequency x is given by10

gi;x zi; lið Þ ¼
gþiL;x 0; lið Þe�

zi
Ki;xli �

ðzi

gi¼0

@f0i;x

@gi

e
� zi�gi

Ki;xli dgi; li 2 0; 1ð Þ

g�iR;x Li;�jlijð Þe
zi�Li

Ki;x jlij þ
ðLi

gi¼zi

@f0i;x

@gi

e
zi�gi

Ki;x jli jdgi; li 2 �1; 0ð Þ

8>>>><
>>>>:

(1)

where gi;xðzi; liÞ ¼ fi;xðzi; liÞ � f0i;xðziÞ is the departure

from equilibrium of the phonon population at a coordinate zi,

along a line that makes a direction cosine of li with the film-

normal direction, and gþiL;xð0; liÞ and g�iR;xðLi;�jlijÞ are

boundary values of gi;x at the left and right interfaces of the

ith layer, respectively. f0i;x is the equilibrium Bose-Einstein

distribution function, Ki;x is the phonon mean free path, and

Li is the thickness of the layer.

The interface phonon populations within adjacent layers

are related by applying detailed balance across the interface,

accounting for partial transmission and reflection of phonons

traveling in different directions, as follows:

f�1;x L1;�l1ð Þ ¼ p

�
cs;12;xfþ1;x L1; l1ð Þ þ ss;21;x

� v2;xD2;x

v1;xD1;x
f�2;x 0;�l2ð Þ l2dl2

l1dl1

�

þ 2 1� pð Þ
�
cd;12;x

ð1

0

fþ1;x L1; l1ð Þl1dl1

þ sd;21;x
v2;xD2;x

v1;xD1;x

ð1

0

f�2;x 0;�l2ð Þl2dl2

�
;

(2)

where p is the specularity parameter denoting the fraction of

phonons that undergo specular reflection and transmission,

vi;x is the phonon group velocity, and Di;x is the density of

states.

Similar equations apply at each of the three other inter-

faces within a SL period, i.e., for fþ1;xð0; l1Þ, fþ2;xð0; l2Þ, and

f�2;xðL2;�l2Þ.
The transmission coefficients for diffuse scattering (sd)

are given by the Diffuse Mismatch Model (DMM): sd;12;x

¼ v2;xD2;x=½v1;xD1;x þ v2;xD2;x�, while those for specular

scattering ðssÞ are given by the Acoustic Mismatch Model

(AMM):24 ss;12;xðl1Þ ¼ 4Z1;xZ2;xl1l2=ðZ1;xl1 þ Z2;xl2Þ2,

where Zi;x ¼ qivi;x is the acoustic impedance. Reflection

coefficients cs and cd are calculated from the transmission

coefficients under conditions of energy conservation, i.e.,

cd;12;x ¼ 1� sd;12;x and cs;12;xðl1Þ ¼ 1� ss;12;xðl1Þ.
In the absence of heat generation, periodicity of the SL

is imposed by requiring that the angular distribution of the

departure function be equal at equivalent coordinates inside

every SL unit cell (see Chen10): gi;xðzi; liÞ ¼ giN ;xðziN ; liN Þ,
where iN denotes layer i of the adjacent super cell.

These equations are solved numerically until conver-

gence is achieved, i.e., heat flux is conserved. The total heat

flux qz is found by integrating the normal component of the

energy flux over all angles and across the full spectrum of

phonon frequencies and polarization modes M

qz ¼
1

2

X
M

ðxc;i

x¼0

vi;x�hxDi;x

ð1

li¼�1

gi;x zi; lið Þlidli dx: (3)

The effective SL conductivity jSL is given by qz=rT where

rT is the spatially averaged temperature gradient over one

SL period.

A full calculation of jSL requires knowledge of the pho-

non dispersion and scattering rates in bulk materials InGaAs

and InAlAs. In this paper, we consider two different cases for

the phonon dispersion. In one case, we assume a Debye

model25 with acoustic sound speeds in the alloys given by a

linear interpolation vLA=TA;InðGa=AlÞAs ¼ ð0:47ÞvLA=TA;ðGa=AlÞAs

þð0:53ÞvLA=TA;InAs.
26 Values of vLA=TA for the binary com-

pounds are found from calculated dispersion curves in the

[100] direction27,28 taking the slopes in the limit x ! 0. In

051909-3 Sood et al. Appl. Phys. Lett. 105, 051909 (2014)
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the second case, we consider a sinusoidal dispersion:

x ¼ xc sinðpk=2k0Þ, where k0 ¼ 2p=a, with the low fre-

quency group velocity given by the sound speed of the Debye

model. In both cases, phonon scattering processes are mod-

eled using a frequency and polarization independent bulk

mean free path Kb;i, i.e., in the grey medium approximation.

The bulk conductivity jb;i is given by jb;i ¼ ½
Ð

LAni;xvi;xdx
þ 2
Ð

TAni;xvi;xdx�Kb;i=3, where ni;x denotes the specific heat

per unit angular frequency. The model explicitly neglects any

optical phonon contributions to heat conduction due to their

small group velocities. First principles calculations in GaAs

have shown that although optical phonons can affect thermal

conductivity indirectly through acoustic-optical scattering

channels, more than 90% of the heat is conducted by acoustic

phonons at room temperature.29

In order to estimate the dominant bulk mean free path, we

use the bulk conductivity values of jb;InGaAs¼ 5 W m�1 K�1

and jb;InAlAs¼ 1.2 W m�1 K�1. While the conductivity of

InGaAs is based on experimental data from literature,30 no

such data have been reported for InAlAs. Our estimate of

1.2 W m�1 K�1 is based on the asymptotic value of the thermal

conductivity of Am-G2 SLs at large period thicknesses. We

note that this experimental value is lower than that estimated

using a semi-empirical alloy disorder model,31 which gives

�17 W m�1 K�1. This suggests that the simplified alloy scat-

tering picture might not be sufficient to explain the low thermal

conductivity of InAlAs.

Using the above values for jb;i and other parameters

listed in Table II, we estimate grey phonon mean free paths

of Kb;InGaAs¼ 5.8 nm, Kb;InAlAs¼ 1.3 nm, and

Kb;InGaAs¼ 15 nm, Kb;InAlAs¼ 3.5 nm for the Debye and sinu-

soidal dispersion models, respectively. Finally, we assume

that no phonon mode conversion takes place at the interfaces,

and that scattering is purely elastic for the specular case.

Figure 2(b) shows the predictions of this model (for p¼ 1,

i.e., fully specular, and p¼ 0, i.e., fully diffuse cases).

For both types of phonon dispersion, the qualitative

trends predicted by the models are similar. They predict that

when the interfaces are fully diffuse, jSL increases with dSL

for all groups of SLs, i.e., Group I [A2-Gn (n¼ 2, 4, 6)],

Group II [Am-G2 (m ¼ 2, 4, 6)], and Group III [Am-Gn (m
¼ n)]. This type of behavior is similar to what would be

obtained using a series resistor model with non-negligible

TBR at the interfaces. In contrast, when the interfaces are

fully specular, the dependence of jSL on dSL is different for

the three groups. jSL increases with dSL for Group I SLs,

tending towards the bulk conductivity of InGaAs for large

periods, while the opposite happens for Group II SLs, which

show a decreasing trend due to the lower bulk conductivity

of InAlAs. Furthermore, the specular model predicts nearly

equal conductivities of the 1:1 SLs A2-G2 and A4-G4.

Overall, the BTE simulations predict the correct trends in

jSL versus dSL for all three SL groups, for both the Debye

and sinusoidal dispersion models, when interface scattering

is fully specular. The predictions are also robust to perturba-

tions in the assumed bulk conductivities (See supplementary

materials22).

The specularity parameter p is a function of the relative

magnitudes of two length scales, the dominant phonon wave-

length (k) and the interface roughness (r).32 An interface

that is rough (k� r) has a largely diffuse, and one that is

smooth (k� r) a largely specular character. The former

scatters incident phonons randomly in all directions, with an

isotropic transmission probability within each medium, lead-

ing to a larger value of TBR than in the purely specular case.

Also for materials that are acoustically similar, which is

likely the case in InGaAs and InAlAs, specular interfaces

show near unity transmission probability based on the

AMM, which results in a TBR that is negligibly small com-

pared to the intrinsic layer resistances. Therefore, the good

agreement between the data and specular BTE model sup-

ports our earlier hypothesis of a small TBR based on the

series resistance model.

Recent studies have shown the effects of coherent pho-

non heat conduction in SL structures, where it is important

to consider wave-like effects such as phonon interference.15

In such cases, the SL is best modeled as a material with an

effective dispersion that depends on the period thickness.

While we do not rule out the possibility of such effects here,

we believe that the current model sufficiently captures the

essential physics at play, reproducing the trends observed in

the data. Studies at low temperatures may provide additional

insights into coherent phonon behavior. We also note that

recent literature has shown that scattering of long wave-

length phonons at SL film boundaries can cause jSL to

depend not only on dSL but also on the total SL film thick-

ness, df ilm.25,33 In such a case, jSL saturates when df ilm

exceeds the mean free path of the dominant heat conducting

coherent-ballistic phonons. In the pure binary GaAs/AlAs

SL system,33 a film thickness of �220 nm was shown to be

sufficient for jSL to saturate to an intrinsic value at room

temperature. In comparison, we expect this saturation to

occur at significantly smaller film thicknesses in the strongly

alloyed InGaAs/InAlAs system. Given that the film

TABLE II. BTE model parameters.

vx¼0 (�103 ms�1)

xc
a (�1013 rad s�1)

Cac,Deb
b (�105 J m�3 K�1) jb (W m�1 K�1)

Kb (nm)

Material Deb. Sine. Deb. Sine.

InGaAs LAc 4.40 4.64 2.99 2.56 5.0 5.8 15

TAc 2.70 2.85 1.84 2.67

InAlAs LA 4.77 5.04 3.24 2.53 1.2 1.3 3.5

TA 2.96 3.12 2.01 2.66

axc is the cutoff frequency ¼ ð24 p2Þ1=3vx¼0=a for Debye, ¼ 4 vx¼0=a for sinusoidal.
bCac,Deb is the Debye specific heat of acoustic phonons.
cLA and TA refer to longitudinal and transverse acoustic branches, respectively.

051909-4 Sood et al. Appl. Phys. Lett. 105, 051909 (2014)
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thicknesses used in this study are greater than 270 nm, the

role of size effects is unlikely.

The data and model together illustrate the roles of intrin-

sic versus interface phonon scattering in SLs of InGaAs/

InAlAs. We have shown that the interfaces must have a high

degree of specularity in order to produce divergent trends for

the through-plane conductivity as a function of period thick-

ness, pointing towards the excellent quality of interfaces in

this lattice-matched system. Further, it is important to con-

sider the relative thicknesses of the constituent layers within

a SL when drawing a relationship between through-plane

thermal conductivity and period thickness. This is especially

so when the materials are closely matched, and the interfaces

are highly transmitting.

Our measurements also provide relevant data for the

layer thickness dependent thermal conductivity in the tech-

nologically important InGaAs/InAlAs system, showing that

the local thermal resistance can vary greatly depending on

the exact layer configuration. With special relevance to

QCLs, we have examined the fundamental factors that limit

heat conduction using a physically rigorous phonon transport

model and have shown that high-quality interfaces do not

play a significant role in impeding through-plane thermal

conduction in this lattice-matched system. The data and the-

oretical analysis together enable the possibility of building

accurate models for thermal conduction within active cores

of QCLs with arbitrary stack geometry. Incorporating such

models within the design process of QCL devices would

potentially lead to structures with optimized thermal per-

formance, improved overall wall plug efficiency and optical

mode stability.
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