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Since strain changes the interatomic spacing of matter and alters electron and phonon dispersion,

an applied strain can modify the thermal conductivity k of a material. We show how the strain

induced by heteroepitaxy is a passive mechanism to change k in a thin film. Molecular dynamics

simulations of the deposition and epitaxial growth of ZnTe thin films provide insights into the role

of interfacial strain in the conductivity of a deposited film. ZnTe films grow strain-free on lattice-

matched ZnTe substrates, but similar thin films grown on a lattice-mismatched CdTe substrate

exhibit �6% biaxial in-plane tensile strain and �7% uniaxial out-of-plane compressive strain. In

the T¼ 700 K–1100 K temperature range, the conductivities of strained ZnTe layers decrease to

�60% of their unstrained values. The resulting understanding of dk/dT shows that strain engineer-

ing can be used to alter the performance of a thermal rectifier and also provides a framework for

enhancing thermoelectric devices. Published by AIP Publishing. https://doi.org/10.1063/1.5022097

It is possible to alter a material’s thermal conductivity k
through passive and nondestructive mechanisms. Altering k
can be useful to modulate heat dissipation in integrated elec-

tronics or for thermoelectrics that require low k but high

electrical conductivity.1–4 Furthermore, tuning dk/dT is rele-

vant in designing thermal rectifiers, where the heat flux

depends on the direction of the temperature gradient.5,6 We

utilize the strain induced by heteroepitaxy as a passive

method to alter k in a thin film. Since this mechanism of

strain induction can be realized in practice, it has practical

relevance for device design. Previous experiments indicate

that SrTiO3/CaTiO3 superlattices grown on NdGaO3 have a

larger thermal conductivity than when the superlattices are

grown on SrTiO3 substrates. The measured difference in k is

attributed to the differences in-plane strains of �0.1% and

0.93% that are produced for the two cases, respectively.7,8

Our systematic simulations unambiguously quantify the

effect of heteroepitaxial strain on k. Unlike the existing heat

transfer literature for lattice mismatched heterostructures,9,10

this entry simulates the complete cycle of thin film deposi-

tion and growth, evaluates the deposited film’s thermal con-

ductivity, and probes the applicability of epitaxy-induced

strain for a thermal rectifying device.

Molecular Dynamics (MD) simulations are employed to

investigate the deposition and growth of thin films11 and

their thermal responses.12,13 The atomic coordinates of the

substrate are specified a priori. As the constituent atoms are

deposited, an epitaxial thin film grows with a crystallo-

graphic orientation that is influenced by the substrate.

During homoepitaxy, both the thin film and the substrate are

composed of the same elements so that the film-substrate lat-

tice parameters are perfectly matched. Hence, the material

does not experience interfacial-bond straining. In the case of

heteroepitaxy, the film and substrate materials are different

and thus have mismatched lattice parameters. Depending on

the deposition conditions, the extent of lattice mismatch, and

the thickness of the deposited film, the interfacial adatoms of

the film can become either strained or relaxed by forming

dislocation defects at the interface.14

Specifically, we consider strained-layer epitaxy in

ZnTe-CdTe heterostructures, with both materials being wide

bandgap II-VI semiconductors used in optoelectronic devi-

ces.15,16 Their heterostructures have a lattice mismatch of

(asu–af)/af � 6%, where the subscripts su and f denote the

substrate and the thin film, respectively. This mismatch is

small enough to allow high quality crystal growth but suffi-

ciently large to unambiguously reveal changes in k. Hence,

these materials provide an ideal case to explore the influence

of strained-layer epitaxy on k. For reference, we also simu-

late the homoepitaxial growth of relaxed ZnTe films and

compare their thermal responses with those of the strained

heteroepitaxial ZnTe films grown on CdTe substrates. Both

the homoepitaxial and heteroepitaxial grown films are dislo-

cation free. Nonequilibrium MD studies provide k for the

ZnTe films, which are evaluated between 700 and 1100 K.

These temperatures lie well below the melting points of

ZnTe (1568 K) and CdTe (1315 K)17 and exceed their Debye

temperature values hD, i.e., ZnTe (225 K) and CdTe

(158 K),18 ensuring that the MD simulations are relevant.

The simulations are conducted using LAMMPS19 and

employ the Zn-Cd-Hg-S-Se-Te Stillinger-Weber (SW)

potential that appropriately reproduces experimental lattice

constants, cohesive energies, and elastic constants, while

ensuring that the lowest energy structure is tetrahedral.20

Stillinger-Weber potentials21 have a term in their potential

energy function that penalizes non-tetrahedral bond formation,

an important property that allows the potential to predict the
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crystalline growth of stoichiometric compounds under stoi-

chiometric growth conditions during MD simulations of vapor

deposition.20 To evaluate the suitability of this potential for

examining the thermal conductivity of ZnTe, a series of simu-

lations are conducted, the results from which are averaged

over 50 ns, to extrapolate the bulk thermal conductivity of

ZnTe at 300 K.22 The detailed methodology is described in

supplementary material A. The extrapolated thermal conduc-

tivity for a cross-sectional area of 4� 4 [(unit cells)2] is

19 6 1 W m�1 K�1, and the corresponding value for 12� 12

[(unit cells)2] is 18 6 2 W m�1 K�1, which are both in

agreement with the experimentally measured value of

18 W m�1 K�1 for ZnTe.18

An overview of the MD simulations is presented in Fig.

1. First, as shown in Fig. 1(a), simulations are performed

with a 0.4 fs time step under constant NPT—number of

atoms, pressure, and temperature—with periodic boundaries

to determine the equilibrium lattice constant of the substrate

between 700 and 1100 K. The substrate is either ZnTe or

CdTe with a Zincblende crystal structure. In this temperature

range, the equilibrium lattice constant of CdTe ranges from

6.507 to 6.525 Å and for ZnTe from 6.133 to 6.155 Å. For

reference, lattice constants for both materials are also evalu-

ated at 293 K and found to be only 0.1% larger than experi-

mental measurements at �300 K with a lattice mismatch that

is in agreement with experiments. The slight overestimate of

the lattice parameters is characteristic of the potential func-

tion employed.11,23 Table S1 of supplementary material A

contains a full list of the measured lattice constants.

Subsequent simulations, presented in Fig. 1(b), use these

values for the lattice constants. The periodic x and y bound-

aries are 5 unit cells wide, the z boundary is fixed and 18 unit

cells high, and the bottommost layer is fixed and immobile.

The substrate is equilibrated to 1200 K for 5–10 ns under

constant NVT—number of atoms, volume, and tempera-

ture—using Nos�e-Hoover style thermostats. Substrate

thermostatting continues until 3 ns after deposition, where-

upon 1 Zn and 1 Te atom are introduced from the top of the

simulation box every 55 ps with an incident angle of 0� and

an incident energy of 5.3 eV–6 eV. Following deposition, the

deposited thin film and the substrate are equilibrated for

5–10 ns with a time step of 0.5 fs to the average temperature

at which k is measured. The distribution of atomic species,

lattice spacing, and potential energy per atom are measured

along the z axis.

The system is further equilibrated at constant NVE—

number of atoms, volume, and energy—for 0.5–1 ns. The

last 104 steps are spaced at 1.0 fs to record instantaneous

atomic velocities which are later processed to determine the

vibrational spectrum. Finally, nonequilibrium MD is

employed to determine kZnTe with a heat source and sink, as

shown in Fig. 1(b), and the non-thermostatted region is inte-

grated using NVE with a time step of 0.5 fs. The conductiv-

ity k¼ J(dT/dz)�1, where J denotes the heat flux and the

gradient dT/dz is determined through a linear fit to the tem-

perature profile that is averaged over 40 ns. The standard

deviations of the temporal and spatial measurements are

used as uncertainty measures for all the disclosed parame-

ters. The time steps used for these simulations are conserva-

tive since, based on the vibrational spectrum presented later,

a larger time step may be suitable. During deposition, the

velocity of the deposited atoms should also be considered

when optimizing the time step. Further details of the simula-

tion methodology and the influence of the size of the simula-

tion box are provided in supplementary material A and B.

Zn, Cd, and Te in ZnTe and CdTe have average poten-

tial energies of �2 eV per atom. Since the deposited atoms

have an incident energy of 5–6 eV, due to momentum trans-

fer, the energetic Zn and Te atoms sputter the surface atoms

upon incidence.24 Ejected atoms from the substrate are evi-

dent in the deposition video included in the supplementary

material. These ejected atoms are either readsorbed on the

surface or deflected away from it. The periodic boundaries in

the x and y directions and a reflector on the upper z-boundary

prevent overall loss of ejected atoms. Hence, all the atoms

are eventually reincorporated into the film.

This sputtering and reincorporation process explains the

slightly asymmetric mixing profile across the interface in

supplementary material C and the atomic mixing profiles in

Figs. 2(a2) and 2(b2). It is evident that the atomic species

contained in each substrate layer remain intact, except at the

interface and within two preceding monolayers. In contrast,

several monolayers extending from the interface into the

film contain atoms that were previously part of the substrate

but have now become mixed with the deposited material.

The ZnTe homojunctions also exhibit this asymmetric mix-

ing profile across their interface, which cannot be explained

by the diffusivity of Zn and Te in ZnTe alone. The mixed

atomic species are mainly Zn or Cd, which is unsurprising

since the substrate is either Zn terminated in ZnTe or Cd

FIG. 1. Simulation overview. (a)

Simulations are conducted using peri-

odic boundary conditions, under NPT,

to determine the equilibrium lattice con-

stant. The substrate is a Zincblende

crystal, either Zn-terminated (upper

most surface) ZnTe or Cd-terminated

CdTe. The calculated lattice constants

are used as inputs into subsequent simu-

lations shown in (b). asu and af,z denote

the substrate and thin film lattice con-

stants along the z-direction. For homoe-

pitaxy, af,z¼ asu, and for heteroepitaxy,

with CdTe as the substrate, af,z< asu.

The x and y boundaries in (b) are peri-

odic, while the z boundary is fixed.
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terminated in CdTe. Furthermore, both 30Zn and 48Cd are

lighter than 52Te, which increases their sputtering yield.14

Due to the slight mixing during deposition, both the

temperature profile along the ZnTe-CdTe heterostructure

[Figs. 2(b1) and 2(b2)] and the lattice spacing along the z-

direction [Fig. 2(b3)] exhibit a transition across the interface.

Regions free of Cd atoms display uniform lattice spacing

and potential energy per atomic layer. Interfacial mixing also

occurs in the ZnTe-ZnTe homostructure [Fig. 2(a2)].

However, since identical atoms are being substituted for in

this case, their mixing does not alter the atomic layer spacing

[Fig. 2(a3)], potential energy per atomic layer [Fig. 2(a4)],

or the temperature profile [Fig. 2(a1)].

To reduce the influence of Cd impurities and isolate the

role of strain caused by heteroepitaxy, the values of k for the

deposited ZnTe films are evaluated over regions that are

essentially Cd free. The selected region in the thin film for

calculating kZnTe, identified and marked in Fig. 2(b), contains

a maximum of only two Cd atoms for any deposition case.

There is no clear correspondence between the insignificant

Cd impurity in these regions and the value of kZnTe.

The simulations can be summarized as follows. We use

Cd1–qZnqTe as the substrate and evaluate heat transfer for

two extreme cases when q¼ 0 and q¼ 1. The corresponding

change in the relative conductivity k/ko, where the subscript

o refers to the unstrained value, decreases from 1

(unstrained) to �0.6 (strained). Although not explicitly eval-

uated here, in principle, this value can be tuned by changing

q between 0 and 1. For q¼ 0, ZnTe exhibits �7% uniaxial

out-of-plane compressive strain and �6% biaxial in-plane

tensile strain, which leads to an overall unit cell volumetric

increase in the heteroepitaxial ZnTe films, see supplementary

material D for the values.

Experimentally, ZnTe layers grown at 573 K on CdTe

have been found to be fully strained up to�16 Å.25 Beyond

this thickness, the ZnTe film gradually relaxes and becomes

fully relaxed at �300 Å. This value for the critical thickness

varies in the literature and depends strongly on the growth

conditions.26 While more systematic simulations are required

to evaluate the applicability and the limitations of simulating

strain and strain-relaxation using molecular dynamic simula-

tions, our results based on strain induced by heteroepitaxy are

nonetheless applicable when strain relaxation does not occur.

Figure 3(a) compares the relative volumetric change V/Vo

to k/ko. These results are in excellent agreement with previous

MD studies despite the differences in the constituent atoms

and the method of strain implementation, i.e., strain-layer epi-

taxy for the Cd1–qZnqTe system vs. uniform rescaling of the

simulation domain and the corresponding atomic coordinates

for an Ar system.27 Li et al. also observe similar trends for k
under anisotropic strain.13 The results are also consistent with

experimental measurements in strained superlattices7,8

FIG. 2. (a) Homoepitaxially grown ZnTe structure. (b) Heteroepitaxially

grown ZnTe-CdTe structure. (a1) and (b1) show temperature profiles over-

laid on the two-dimensional projections of the atomic coordinates. Each data

point is obtained by time averaging over 40 ns and spatially averaging over

two atomic layers that contain a total of 100 atoms. The results in (a2)–(b2)

to (a4)–(b4) are evaluated post-deposition and after equilibrating the system

for 10 ns at 1000 K. (a2) and (b2) show the atomic species distribution. (a3)

and (b3) illustrate the lattice spacing along the z-axis. At 1000 K, the unit

cells of ZnTe and CdTe are 6.150 Å and 6.520 Å, respectively. The expected

value in the figure is what the lattice spacing would have been if the film

and the substrate were unstrained and did not mix during deposition. (a4)

and (b4) present the potential energy profile.

FIG. 3. (a) Thermal conductivity k and average unit cell volume V normal-

ized to their unstrained values ko and Vo, respectively. (b) Experimental data

for mechanically strained free-standing amorphous Si3N4 thin films28 and

for SrTiO3 thin films29 with residual strain caused by point defects. The

SrTiO3 data are normalized to their maximum value (at 0.2% instead of

0.0% strain) since strain-relaxed data were not available. (c) Thermal con-

ductivity of ZnTe films grown strain-free on ZnTe (homoepitaxy) and under

strain on CdTe (heteroepitaxially). For reference, the extrapolated thermal

conductivities of bulk CdTe were also evaluated through nonequilibrium

MD simulations, which are presented along with their theoretically31 pre-

dicted values. The solid lines indicate the least square fits weighted to the

error bars. The fitted functions are kZnTe,strained¼ 418/T, kZnTe, relaxed¼ 863/T,

kCdTe, bulk¼ 11 887/T � 6, and kCdTe, ref¼ 1756/T � 1.
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although direct quantitative comparison is not possible with

available data. Previous experiments reveal that increasing

biaxial tensile strain reduces the thermal conductivity of amor-

phous thin films,28 as shown in Fig. 3(b) for a 50 nm free-

standing amorphous silicon nitride film. Furthermore, strain

induced by point defects in SrTiO3 thin films also shows a

reciprocal relationship between k and in-plane tensile strain.29

Our simulations were designed to systematically iden-

tify the role of heteroepitaxial strain in the thermal conduc-

tivity of the deposited ZnTe thin films. Hence, in the

simulations, the sole role of the CdTe substrate during Zn

and Te deposition is to act as a template that influences how

the deposited Zn and Te atoms are adsorbed and crystalized.

In an experiment, the substrate would be of the order of

microns or more. However, to reproduce the role of such a

substrate during lengthy simulations of material vapor depo-

sition, it is common to only use a few unit cells while keep-

ing the bottom atomic layer fixed.11,20 Thus, while the CdTe

film mimics a substrate used during heteroepitaxy, because

of its minuscule thickness, its properties do not reflect those

of an actual substrate. The thermal conductivity of bulk

CdTe, which better represents the properties of a CdTe sub-

strate, was analyzed instead. Fifteen simulations were done

at five temperatures, i.e., at 700, 800, 900, 1000, and 1100 K,

with three different simulation cell lengths for each tempera-

ture [4� 4 � 46, 4� 4 � 118, and 4� 4 � 298 (unit cells3)].

The bulk thermal conductivity was deduced by extrapolating

kCdTe as Lz!1. The simulation details are similar to those

described for bulk ZnTe in supplementary material A.

High temperature measurements of thermal conductivity

are unavailable in the literature for comparison with our simula-

tion results. The most relevant data are from a theoretical model

which uses equations of phonon radiative transfer and a modifi-

cation of the acoustic phonon dispersion and group phonon

velocities. This model is in excellent agreement with experimen-

tal measurements taken between 100 K and 300 K and also pre-

dicts the high temperature thermal conductivity of CdTe.

Because the simulations correspond to a perfect single

crystalline material while in practice the material is not

defect and impurity free, MD simulations of thermal conduc-

tivity typically provide higher values than those measured

experimentally.22,30 The theoretical model accounts for

impurity and dislocation scatterings which are not included

in the MD simulations.31 The SW potential function used in

this work may also contribute to the larger value of kCdTe

although the extent of this contribution is unknown.

From classical heat transfer, the necessary condition for

thermal rectification is that k(T,r) is a nonseparable function

of both space r and T.32 Consider a hypothetical multilayered

structure consisting of n materials, where kj¼ cj and cj is

constant for j¼ 1 to n. Here, k(T,r) ¼ k(r)k(T), where k(T)

¼ 1, and so, the overall thermal conductivity is a separable

function of r and T. In this case, thermal rectification cannot

occur. Conversely, rectification is possible when each mate-

rial segment exhibits a different dk/dT response from its

neighboring segment in the composite material.32 In this

case, the functional form of dk/dT influences the effective-

ness of a thermal rectifier.33

Based on the k(T) data available for bulk ZnTe and

CdTe,18 the necessary condition for thermal rectification is

met in a bi-segment ZnTe-CdTe structure. Here, we show

that strain changes the value of (dk/dT)ZnTe. Linear fits to k
vs. 1/T are shown in Fig. 3(c). Above hD, k / 1/T,34 where

the proportionality constant in the k-T relation depends on

the lattice constant a of the material. The heteroepitaxy

induced strain changes a, altering dk/dT. This suggests that

thermal rectification in a CdTe-ZnTer structure is different

from rectification in a CdTe-ZnTes structure, where the sub-

scripts r and s denote the relaxed and strained states, i.e.,

strain can change the extent of thermal rectification. The

extent of rectification will also depend on the average tem-

perature and the magnitude of the temperature gradient, i.e.,

j@T/@zj. As j@T/@zj decreases, rectification and therefore rel-

ative changes in rectification become negligible.33

The vibrational density of state spectra for the ZnTe

films grown on both lattice matched and lattice mismatched

substrates are presented in Fig. 4. Since the system is finite

in the 6z direction, the local vibrational spectrum depends

on the local spatial displacement from the material bound-

aries.35 To better isolate the effect of strain, identical regions

identified to produce the linear dT/dz fits, highlighted in

Fig. 2(b), are compared. The vibrational spectrum is com-

puted by36

I xð Þ ¼
XN

n¼0
mn

ð
eixt vn tþ sð Þvn sð Þ
� �

s
dt (1)

and is normalized to its maximum intensity. The hi brackets

indicate the averaging of the correlation function over trajec-

tories of different starting times s, x is the angular fre-

quency, N is the total number of atoms, and m is the mass of

the nth atom. Additional details on the implementation are

provided in supplementary material A. The strained ZnTe

overlayer exhibits the red shift shown in Fig. 4, illustrating

softening of the vibrational modes, which is consistent with

the reduced k37 and the unit cell expansion in the overlayer.38

We contemplate that as a unit cell expands, the Brillouin

zone boundaries move inward and cut off higher phonon fre-

quencies. Consequently, hD decreases. Since k / hD
3, the con-

ductivity also declines.39

In summary, we employ MD simulations to grow epitax-

ial ZnTe films on both lattice matched (ZnTe) and lattice

mismatched (CdTe) substrates. The simulated deposition

reveals the interfacial bond straining at the ZnTe-CdTe junc-

tion, which propagates into the ZnTe thin film during

growth. The strained films undergo �6% biaxial in-plane

FIG. 4. Normalized vibrational density of state spectra for the ZnTe films epi-

taxially grown on ZnTe and the heteroepitaxial ZnTe films grown on CdTe.
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tensile strain and �7% uniaxial out-of-plane compressive

strain, and so, k reduces to about 60% of its unstrained value.

While we use binary values for q of 0 and 1 in the Cd1–q Znq

Te substrate, in principle, other fractional values are possible

to tune thermal conductivity. A different substrate with a lat-

tice constant smaller than that of ZnTe can be considered to

observe other trends in strain and k, i.e., in-plane compres-

sive strain and out-of-plane tensile strain, which should

increase k of the strained ZnTe film. Nonequilibrium MD is

used to evaluate k in the temperature range of 700 K–1100 K.

The different slopes of the linear fits made to k vs. 1/T for the

strained and unstrained ZnTe films suggest that strain

induced by heteroepitaxy can be used to alter thermal rectifi-

cation. Since thermal rectification depends on j@T/@zj and

decreases with decreasing j@T/@zj, we acknowledge that

practical applications may be limited. However, the 40%

reduction in thermal conductivity is significant in the context

of thermoelectric devices, where strain can both decrease k
and enhance the mobility of charge carriers40–43 improving

device performance.

See supplementary material for the details of the simula-

tion and data analysis (A), sensitivity of thermal conductivity

to the periodic dimensions of the simulation box and the sim-

ulated time length (B), molecular dynamic simulations of the

deposition and growth of ZnTe (C), and axial strain in the x,

y, and z directions for heteroepitaxial ZnTe thin films mea-

sured at different temperatures (D). A video of the simulated

thin film deposition of ZnTe on ZnTe is also included.
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