
Low intrinsic c-axis thermal conductivity in PVD grown epitaxial Sb2Te3 films

F. Rieger,1 K. Kaiser,2 G. Bendt,2 V. Roddatis,1 P. Thiessen,1 S. Schulz,2 and C. Jooss1

1Institute of Material Physics, University of G€ottingen, 37077 G€ottingen, Germany
2Institute of Inorganic Chemistry and Center for Nanointegration Duisburg-Essen (Cenide),
University of Duisburg-Essen, 45141 Essen, Germany

(Received 9 February 2018; accepted 11 April 2018; published online 7 May 2018)

Accurate determination and comprehensive understanding of the intrinsic c-axis thermal conductiv-

ity jc of thermoelectric layered Sb2Te3 is of high importance for the development of strategies to

optimize the figure of merit in thin film devices via heterostructures and defect engineering. We

present here high precision measurements of jc of epitaxial Sb2Te3 thin films on Al2O3 substrates

grown by physical vapor deposition in the temperature range of 100 K to 300 K. The Kapitza resis-

tances of the involved interfaces have been determined and subtracted from the film data, allowing

access to the intrinsic thermal conductivity of single crystalline Sb2Te3. At room temperature, we

obtain jc ¼ 1.9 W/m K, being much smaller than the in-plane thermal conductivity of jab¼ 5 W/m

K and even lower than the thermal conductivity of nano crystalline films of jnc� 2.0–2.6 W/m K

published by Park et al. [Nanoscale Res. Lett. 9, 96 (2014)]. High crystallinity and very low defect

concentration of the films were confirmed by x-ray diffraction and high resolution transmission

electron microscopy. Our data reveal that the phonon mean free path lmfp Tð Þ is not limited by defect

scattering and is of intrinsic nature, i.e., due to phonon-phonon scattering similar to other soft van

der Waals type bonded layered systems. VC 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5025491

I. INTRODUCTION

Tetradymite-type materials such as Sb2Te3 and Bi2Te3

are thermoelectric materials with promising high figure of

merit ZT close to 1 in a temperature range of 300–400 K

which is promising for technical applications.2 The thermo-

electric efficiency of a material is given by the dimensionless

figure of merit ZT¼ (S2r/j)T [S¼ Seebeck coefficient,

r¼ specific electrical conductivity, j¼ thermal conductivi-

ty¼ sum of electronic jel and lattice jla contributions,

T¼ absolute temperature (K)].3 In order to achieve a high ZT,

high Seebeck coefficients (S), high electrical conductivity (r)

and low thermal conductivity (j) are required. For many ther-

moelectric relevant materials the lowering of lattice thermal

conductivity by the introduction of grain boundaries or inter-

faces in heterostructures have been demonstrated.4 Reduction

of thermal conductivity down to j¼ 0.22 W/m K by a factor

of 7–8 was reported for Sb2Te3/Bi2Te3 multilayer structures

by Venkatasubramanian et al.5 The same author claimed a

high ZT value of 2.4 for p-type Sb2Te3/Bi2Te3 multilayer

structures.6 This result could not be reproduced by other

research groups and was later questioned since the superlatti-

ces have been shown to be unstable at elevated tempera-

tures.7–9 Here, reduced cross-plane thermal conductivity (0.55

to 0.6 W/m K) is due to nanoalloying of the superlattice at ele-

vated temperatures was observed, while no measurable reduc-

tion of the thermal conductivity by the superlattice-type 2D

nanostructuring was found (see also the overview in Ref. 8)

therefore pointing against simultaneous low thermal and high

electrical cross plane conductivities in such systems.

High-quality Sb2Te3 films have been grown by use of

different methods, including molecular beam epitaxy

(MBE),10–12 RF-magnetron sputtering,13 pulsed laser deposi-

tion (PLD),14,15 metal organic chemical vapor deposition

(MOCVD)16,17 and thermal (co-)evaporation,18–21 respec-

tively.22,23 Among these, thermal (co-) evaporation is of par-

ticular interest, since it allows the deposition of highly

stoichiometric, impurity-free Sb2Te3 thin films on rather

large substrates with high growth rates starting with com-

mercially available, high-purity Sb2Te3 powder. As a conse-

quence, it is a far less expensive and less time-consuming

method compared to MOCVD, MBE and sputtering, but to

the best of our knowledge, its capability for the epitaxial

growth of highly c-oriented Sb2Te3 films has not been

demonstrated.

For an understanding of the thermal conductivity in

superlattices or nanocrystalline materials, reliable data of the

anisotropic intrinsic thermal conductivity of single crystal-

line tellurides is required. Whereas temperature dependent

data for the in-plane thermal conductivity jab in Sb2Te3 sin-

gle crystals is published,24,25 to the best of our knowledge,

data on c-axis thermal conductivity jc is only reported for

room temperature.26 Park et al.1 measured the thermal con-

ductivity of magnetron-sputtered nanocrystalline Sb2Te3

films, where the grain size has been varied by annealing.

Remarkably, the room temperature’s thermal conductivity

jab¼ 5 W/m K, jc¼ 1.9 W/m K shows a pronounced anisot-

ropy A ¼ jab=jc� 2.6. Consequently, the thermal conduc-

tivity in nanocrystalline films in the range of jnc� 2.0–2.6

W/m K is certainly strongly influenced by the anisotropy.

Temperature dependent jcðTÞ measurements are thus highly

desirable for the understanding of nanostructured tellurides

and for basic insights into the transport mechanism of pho-

nons across layered systems which are connected only via
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van der Waals bonding. Furthermore, for the application

in thermoelectric devices the c-axis component jc(T) is the

most relevant.

Here, we present jc(T) in the range between

T¼ 100–300 K determined by the 3x method. Highly crys-

talline epitaxial Sb2Te3 films with a very low defect concen-

tration have been grown by physical vapor deposition

(PVD). The epitaxial growth and crystallinity is confirmed

by x-ray diffractometry as well as by transmission electron

microscopy (TEM). High resolution transmission electron

microscopy (HRTEM) shows a low density of stacking faults

and grain boundaries. In order to determine the intrinsic

jc(T), a careful determination and subtraction of the Kapitza

resistances of all involved interfaces between the Sb2Te3

films and the substrate as well as the 3x heater structure is

required. This is carried out by variation of the thickness of

the Sb2Te3 films as well as of the SiO2 layer, required for

electrical insulation of the Pt heater structures from the ther-

moelectric films in the 3x measurements. The paper is orga-

nized as follows: In Sec. II, we present the growth and

characterization of the PVD Sb2Te3 films as well as the

introduction of the used 3x setup. We continue in presenting

the thermal conductivity measurements and the HRTEM

characterization. In Sec. IV, the obtained intrinsic jc(T) of

the epitaxial films is compared with the literature data of sin-

gle crystalline and nanocrystalline Sb2Te3 samples, and the

determined phonon mean free path is discussed in the light

of the determined crystal- and microstructure. This allows

for conclusions on the intrinsic limitation of the c-axis pho-

non thermal conductivity in the van der Waals type layered

system.

II. EXPERIMENTAL

A. Film preparation via PVD

Epitaxial thin films of Sb2Te3 were grown on

10 � 10 mm c-orientated sapphire [Al2O3 (0001)] substrates

in a vertical PVD-reactor at a substrate temperature of

330 �C. Commercial Sb2Te3 powder (150 mg, 99.999% abcr)

was evaporated at 570 �C at 20 mbar within 15 minutes.

According to XPS studies (Fig. S1), the Sb2Te3 films

show a thin (1–3 nm) oxide surface layer due to post-

oxidation processes during transport and handling of the films

under atmosphere. However, the thickness of the oxide layer

did not increase with time as it was shown by analyzing a

sample that was stored for 1 month under ambient conditions.

A Bruker D8 Advance powder diffractometer in a Bragg-

Brentano geometry with Cu-Ka radiation (k¼ 1.5418 Å) was

used for XRD studies. A typical XRD pattern as displayed in

Fig. 1 shows the characteristic 00l (l¼ 3, 6, 9, 12, …) reflec-

tions for c-orientated antimony telluride (PDF: 71-393). No

other crystalline phases are present.

SEM investigations done at a FEI Nova NanoSEM 650
shown in Fig. 2 reveal a flat surface morphology. All films

show island growth mode. Crystallites of some lm size are

observed which are all c-oriented as confirmed by XRD and

TEM. Flatness is an important requirement for depositing a

proper insulation layer and Pt heater structures for reliable

3x measurements.

FIG. 1. X-ray diffractogram of a PVD grown Sb2Te3 film on a c-oriented

Al2O3 substrate. The asterisk corresponds to the 006 reflection of the Al2O3

substrate.

FIG. 2. SEM images of Sb2Te3 samples with different thicknesses taken

under 45� inclination, (a) 191, (b) 487, and (c) 1184 nm. The dark contrast

in Fig. 2(a) for the thinnest film is most probable due to pinholes.
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B. High resolution TEM

TEM lamellas have been prepared via Focused Ion

Beam (FIB) technology using a Nova NanoLab 600 (FEI,

Netherlands), operated at 30 kV and 5 kV, and partially fol-

lowed by a cleaning argon ion milling step in a Gatan PIPS.

HRTEM, STEM and EELS studies have been performed at a

CS corrected FEI Titan 80–300 kV operated at 300 kV.

C. Sample geometry for thermal conductivity
measurements

The geometry of the samples including the Pt heater

structures for the 3x measurement is shown in Fig. 3.

Subsequently, the SiO2 insulating layer and the 200 nm thick

Pt layer have been deposited by ion beam deposition in a

negative resist mask that has been fabricated by electron

beam lithography. After deposition of the films, the resist is

removed by solving it in acetone followed by a lift-off pro-

cess. To minimize possible electric short circuits between

the heater and the film, the size of the heater area on top of

the Sb2Te3 film is minimized. Consequently, the Sb2Te3 film

covers only one corner of the substrate. This allows deposit-

ing three heater structures, one on the substrate and two close

to the film, where only the relevant transport strip is on top

of the thermoelectric film, respectively. This geometry has

been chosen for verification. The heater on top of the

SiO2/substrate is used for measuring the thermal conductiv-

ity of the SiO2 insulating layer.

The thicknesses of the film, the SiO2 layer and the Pt

heater are measured by profilometry, X-ray reflectometry

and TEM. The heater width 2b has been measured via

SEM for every individual heater structure. Due to highly

reproducible lithography procedures, the variations are with

2b ¼ 10.55 6 0.1 lm very small. The total heater length is

2 mm; the segment between the voltage sense connections

has a length of 1 mm. The TEM characterization of the SiO2/

Pt stack (Fig. S2 in the supplementary material) shows a

very flat SiO2 film with complete surface coverage.

Selection of the minimum SiO2 thickness of 60 nm was

made based on exclusion of electric shortcuts. Samples have

been electrically contacted by silver paste and soldering.

D. Thermal conductivity measurements
by the 3x method

Cross plane thermal conductivity measurements of the

films have been performed by the 3x-technique in the temper-

ature range of 40 to 310 K in high vacuum. The temperature

was controlled by using an electric heater and simultaneously

a closed cycle helium cryostat. Used frequencies for the AC

current through the heater structure were in the range of 210

to 1010 Hz. The 3x set up in G€ottingen is based on a descrip-

tion of Raudzis27 and further optimized with respect to refer-

ence resistances and software control. An eLockIn 204/2
(Anfatec, Germany) is used to extract the U3x signal.

We analyze the data based on an extension of the

method of Cahill,28 taking into account the anisotropy of

film, the heat spread in the film as well as the heat transfer

conditions at the backside of the substrate as suggested by

Borca-Tasciuc et al.29 We found approximately adiabatic

boundary conditions at the substrates backside thermal con-

tact. In the following, the indexes “s” and “f” are used for

substrate and the film, respectively. We fit the DTðln xð ÞÞ
data to the frequency dependent integral function

jDTj¼
����� P

lpjs;y

�
ð1

0

sin2 kbð Þ

tanh ts
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gsk

2þq2
p� �

kbð Þ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gsk

2þq2
p dkþDTtot

�����;
(1a)

jf;y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
N2 þ gs

gf

� j2
s;y

s
� 1

2
N; (1b)

N ¼ gs

gf

� 2bl

tf P
� DTf � j2

s;y; (1c)

where js,y and jf,y are the cross plane components of the ther-

mal conductivities, DT is the total thermal offset in the

heater, DTtot is the out of plane component of the offset cre-

ated by the film, insulation layer and Kapitza resistances,

DTf is the offset created by the film only, P/l is the applied

power per length of the heater, 2b is the width of the heater,

ts and tf are the thicknesses. Furthermore, q is the inverse of

the thermal penetration depth of the substrate, which depends

on the temperature and frequency. The fitting parameters are

FIG. 3. Top view and cross section of the sample geometry and the used

heater structure for the 3x measurement. The coordinate system is used in

the formula shown below.
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js,y and DTf. Using the absolute value of the DTðxÞ oscilla-

tion, one can avoid the measurement of phase shifts. This is

often a critical source of errors in 3x measurements. Equations

(1b) and (1c) are derived from Tong and Majumdar30 as shown

in the supplement. Equation (1b) includes a correction for

horizontal heat transfer through the film. It is used for more

accurate results, even though here it only has a very small

impact due to high substrate and low film thermal conduc-

tivities. We use anisotropy ratios for substrate and film of

gs ¼ 0.93 and gf ¼ 2.3, respectively. The changes in the

determined c-axis thermal conductivity of the films in com-

parison to the isotropic limit gs ¼ gf ¼ 1 are however

within error bars.

The shown error bars are calculated by error propagation

from Eq. (1), using the experimental errors in the heater’s

width and length, film thickness and the standard deviation

of the two fit parameters DTtot and js;y in Eq. (1a).

In order to determine the intrinsic thermal conductivity of

the thermoelectric Sb2Te3 films, the subtraction of the thermal

conductivity of the SiO2 insulation layer and the Kapitza resis-

tances is necessary. For that reason, a SiO2 layer thickness

series for the Kapitza resistances in the reference samples has

been prepared and measured containing 9 samples from 10 to

200 nm SiO2 thicknesses. Furthermore, 7 samples of Sb2Te3

with thicknesses between 191 and 1184 nm were prepared and

measured, in order to determine the Kapitza resistances of the

two interfaces involving the Sb2Te3 film (see Fig. 4).

III. RESULTS

A. Determination of the Kapitza resistances

The Kapitza resistance of a pair of interfaces of a thin film

can be determined by studying the DT oscillation as a

function of the film thickness d and extrapolating to DT(d! 0).
In our stack of thin films, two different Kapitza resistances

have to be considered: (i) The Kapitza resistance of the two

interfaces connected to the SiO2 insulation layer (SiO2-

Sb2Te3 and SiO2-Pt) which were named Kapitza A in the fol-

lowing. (ii) The Kapitza resistance of the two interfaces con-

nected to the Sb2Te3 film (Al2O3-Sb2Te3 and Sb2Te3-SiO2)

plus the SiO2-Pt interface at the Pt heater, were named

Kapitza B, in the following.

In order to determine Kapitza A, DT was measured as a

function of the SiO2 layer thickness dSiO2 (supplementary

material, Fig. S3). Below 60 nm SiO2 thickness, a linear

dependence of DT(tSiO2) was observed which turned a non-

linear increase at the higher SiO2 thickness most probably

due to the thickness of the dependent microstructural

changes. Both the linear fit between 10 nm to 60 nm as well

the polynomial 2nd order fit between 10 nm and 200 nm

gave similar results for DT(dSiO2 ! 0) (see supplementary

material Fig. S4). The results for the linear fits as a function

of temperature were shown in Fig. 5.

For determination of Kapitza B, DT was measured as a

function of the Sb2Te3 layer thickness tf, showing a linear

dependence of DT(tf) over the entire thickness range from

tf¼ 191 nm to 1184 nm. An exemplary fit was shown in the

supplementary material Fig. S5. The resulting Kapitza B resis-

tance as a function of temperature was shown in Fig. 5. The

SiO2 contribution wa subtracted. Below 100 K the thermal

penetration depth in the Al2O3 substrate was too large for the

used adiabatic boundary condition for the 3x data evaluation.

This was due to the strong rise in the thermal conductivity in

Al2O3 at that temperature range, where thermal waves could

have been reflected at the backside of the substrate. In the mea-

sured temperature range Kapitza B was constant. This might

have been be due to the relatively low Debye temperature of

Sb2Te3 of 157 K. Kapitza B was found to be much higher than

Kapitza A. This was explained by three different properties:

The Debye temperature in Al2O3 was 1047 K much above that

of Sb2Te3 and thus there was a huge acoustic mismatch

between Sb2Te3 and Al2O3 as expected. Additionally, the

weak van der Waals bonding between substrate and film con-

tributed to a huge thermal boundary resistance. Furthermore,

Sb2Te3 showed an electronic contribution to the thermal con-

ductivity while Al2O3 was an electric insulator.

B. Determination of the cross plane thermal
conductivity of Sb2Te3

Since the Kapitza resistances significantly contributed

to the total DT oscillation of the film stack, the thermal

FIG. 4. Sketch of the cross sections of samples of the SiO2 and the Sb2Te3

thickness series, showing the interfaces that are involved in the Kapitza

resistances A and B.

FIG. 5. The Kapitza resistances A and B as defined in Fig. 4 determined

from a series of samples with different SiO2 and Sb2Te3 layer thicknesses as

described in the text.
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conductivity of the Sb2Te3 film would have been underesti-

mated. In the first step, the Kapitza A thermal offset was sub-

tracted from the offset of the reference measurement of the

SiO2 insulation layer, in order to get the DT caused by the

SiO2 layer only. The resulting contribution of SiO2 and

Kapitza B was then subtracted from the thermal offset of the

stack in order to obtain the intrinsic out of plane thermal con-

ductivity of those Sb2Te3 films.

As a result, a precise determination of the intrinsic ther-

mal conductivity as a function of temperature in the range

between 100 K and 300 K was achieved. The influence of the

Kapitza resistances were seen in Fig. 6. Obviously, the cor-

rection of the interface resistances was very important for

the determination of the intrinsic jc(T) of Sb2Te3. The

resulting measurement errors were lowfor small jc values

due to the corresponding high thermal offset. On an average

they were estimated to be below 15% which was quite rea-

sonable for thermal thin film measurements.

C. HRTEM results

Some samples from the Sb2Te3 layer thickness series

were investigated using HRTEM and HRSTEM to gain

information about their atomic structure and density of

defects. Exemplary images are shown for a 191 nm sample

in Figs. 7(a) and 7(b). The study of the film-substrate inter-

face using EELS showed that all samples start growing with

one or two quintuple layers of partially oxidized Sb2Te3-x

and were also visible in the enhanced disorder of one mono-

layer in the HRTEM images.

EELS results at three positions marked at Fig. 7(b) were

shown in Fig. 7(c). They were based on the analysis of the

energy range of 450 to 650 eV. We used the Sb M edge

(528 eV), the O K edge (532 eV) and the Te M edge

(572 eV) to obtain the relative concentrations by using

Gaussian plots. An exponential background was subtracted

from the original high energy loss spectra. The original data

was shown in Fig. S6 (supplementary material). The back-

ground subtracted spectra together with the used Gaussian

fits were seen in the supplementary material Figs. S7, S8,

and S9. Since the energy edges of all three elements

wereclose, the overlap of the maxima was the origin of pos-

sible errors. Nevertheless, the result fit very well to our

expectations: Position 1 on the substrate showedonly O as it

was located on the Al2O3 substrate while Position 3 was

approximately 6 nm away from the substrate consisting of

only Sb and Te in the expected ratio of 2:3. Position 2 at the

first quintuple layer exhibited a slightly higher Sb to Te ratio

and a small O content. We suggest that the formation of

Sb was enriched Sb2Te3-xOy during the film growth by inter-

mixing with surface oxygen from the substrate. This interfa-

cial layer exhibited significant disorder visible in the high

FIG. 6. Thermal conductivity of a representative Sb2Te3 film without (red)

and with (black) subtraction of the Kapitza resistance B.

FIG. 7. Interface Al2O3-Sb2Te3 (191 nm thick). (a) HRTEM image and,

FFTs show epitaxial c-axis oriented film. (b) STEM image of the interface,

(c) EELS results for O K edge, Sb M edge and Te M edge at three different

positions marked in B.
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resolution images, however its presence did not affect the

epitaxial growth of the Sb2Te3.

A very low defect concentration was observed in all the

samples. The concentration of the stacking faults was

increasing slowly starting at approximately 150 nm thickness

with the increasing distance to the substrate. Moreover, the

1184 nm thick Sb2Te3 film showed the formation of differ-

ently oriented surface grains. They should have been formed

due to a reduced growth in temperature at the increasing film

thickness, due to the thermal gradient between the substrate

and the top area of the film (Fig. 8).

IV. DISCUSSION

After careful subtraction of the extrinsic contributions of

the interfaces and the insulation layers, the determined

intrinsic out of the plane thermal conductivity jc Tð Þ of

Sb2Te3 epitaxial films of different thicknesses are shown in

Fig. 9(a). Deviations for T< 140 K was because of q�1 ! ts
and thus the used adiabatic thermal boundary condition for

the back contact of the substrate was getting increasingly

inaccurate with decreasing T. C-axis conductivity of a repre-

sentative film was compared to jc and ja,b(T) data from liter-

ature in Fig. 9(b). We selected the thickest film because of

the lowest error. In literature, only the c-axis thermal con-

ductivity data for Sb2Te3 single crystals at room temperature

has been found.26 It was determined by measuring the ther-

mal diffusivity via an open-cell photoacoustic method in the

rear-side illumination configuration. The measurement was

performed on Sb2Te3 single crystals prepared in sealed

quartz ampullas at 850 �C. To the best of our knowledge, no

temperature dependent jcðTÞ values were available in the lit-

erature. The value jc¼ 1.65 6 0.11 W/m K given by Y�a~nez-

Lim�on et al.26 well agrees with our jc 300 Kð Þ data for epi-

taxial thin films. This confirms the low defect concentration

and high crystallinity of our PVD grown c-oriented Sb2Te3

films as found by HRTEM analysis.

The in-plane thermal conductivity jabðTÞ was measured

by a longitudinal steady-state technique at Sb2Te3 single

crystals grown by a modified Bridgeman method.24 The

jabðTÞ is several times larger than the measured jcðTÞ of our

epitaxial films, indicating temperature dependent anisotropy

AðTÞ between 1.5 and 2.6 (ignoring the obviously deviating

value of our measurement at 290 K).

Figure 9(b) also shows the thermal conductivity of nano-

crystalline films prepared by RF-magnetron sputtering at a

room temperature on Si measured by the 3x method.1 The

films were annealed at different temperatures between 200 �C
and 350 �C in order to modify the grain size between 88 nm

and 129 nm. Without the effect of grain boundary scattering,

the average thermal conductivity in nanocrystalline films

would be given by jav ¼
ffiffiffiffiffiffiffiffiffiffiffi
jcjab
p ¼ jc

ffiffiffi
A
p
� (1.2–1.6) jc.

Indeed, as shown in Fig. 9(b), above T¼ 200 K, the thermal

conductivity of the nanocrystalline films was close to the

jcðTÞ of our single crystalline films. Consequently, the effect

FIG. 8. Upper part of a 1184 nm thick Sb2Te3 film covered by the Pt-C pro-

tection layer. It shows a slightly higher defect concentration followed by

thin grains with different orientation but same composition.

FIG. 9. (a) C-axis thermal conductivity jc of the PVD grown Sb2Te3 films

of different thicknesses after correction for Kapitza resistances and the con-

tribution of the SiO2 insulation layer. (b) The result for jc(T) for the

1184 nm thick film is compared with the room temperature value of jc and

ja,b(T) measured at single crystalline bulk Sb2Te3.24,26 In addition, the ther-

mal conductivity of nanocrystalline sputtered Sb2Te3 films with two differ-

ent average grain sizes 88 nm (filled green triangles) 129 nm (empty green

triangles) is presented for comparison.1
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of grain boundary scattering at grain sizes of the order of

100 nm seemed to be quite low and was only visible at tem-

peratures below 120 K.

Next, we applied a simple approximation of kinetic the-

ory for the phonon thermal conductivity to correlate the esti-

mated phonon mean free path lmfp with the average defect

density in our epitaxial films. In order to get an estimate of

lmfp, the electronic contribution to jc was subtracted, i.e.,

jc;l Tð Þ¼ jc � jc;e �
1

3
CVvlmfp; (2)

where jc,e is the electron contribution, Cv is the specific heat

and v is the average velocity of acoustic phonon modes. We

took jc;e ¼ 1.03 W/m K from Ref. 26. CvðTÞ from 4 up to

280 K that has been published by Dutta et al.31 We determine

Cv 300 Kð Þ by extrapolation that for Sb2Te3 the increase was

very small in that temperature region. The sound velocity

parallel to the c axis vc was been obtained using the stiffness

matrix C (Ref. 32) and the density q by using the following

formula was adopted from Zheng et al.33

vc ¼
1

3
vL þ

2

3
vT ¼

1

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C33

q

� �s
þ 2

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C44

q

� �s
: (3)

Temperature dependent measurement of rc published by

Lo�st’�ak et al.25 revealed an almost constant jc,e(T). We took

a temperature independent absolute value of jc,e from Ref.

26. The result for the phonon mean free path lmfp parallel to

the c-axis was shown in Fig. 10: The order of magnitude of

lmfp was in the range of only a few nm for all the tempera-

tures and showed a monotonously decreasing temperature

dependence.

The approximation of Eq. (2) for an estimate of the

mean free path of a representative phonon from the lattice

thermal conductivity was only valid in isotropic materials.

For strongly anisotropic vdW materials such as graphite

(A¼ 300), this equation has led to a strong underestimate of

lmfp in c-direction, because of a strong variation of the den-

sity of states in different directions.34–36 This had the conse-

quence that specific heat transported into the c-axis is

reduced compared to the isotropic value 1
3

CVðTÞ. In compari-

son to graphite, the thermal conductivity anisotropy of

Sb2Te3 was however two orders of magnitude smaller. We

thus suggested correcting to the specific heat transported in

c-direction by the anisotropy ratio of the highest acoustic

phonon frequency in the c- and ab-directions, respectively,

CV;mod ¼ CV
xac;c

xac;ab
: (4)

Using xac;c=xac;ab � 0.62 from Ref. 37, the estimate of

lmfp in c-direction was increased by around 60% as shown in

Fig. 10.

In comparison, the observed density of the stacking

faults in the 487 nm thick Sb2Te3 film was approx. 1010/cm2,

in the sample with 1184 nm thickness it was estimated to be

around 2� 1010/cm2. This translated into a mean distance

between stacking faults parallel to the c-axis of about 50 to

100 nm and was much larger than the estimated phonon

mean free path. Although the density of the point defects

could not be directly measured, we argued that their impact

on lmfp in PVD grown films was negligible. Since the growth

of PVD films proceeded near to the thermal equilibrium, the

point defect concentration should be close to the thermal

equilibrium concentration. For example, the defect of lowest

formation energy DE in Sb2Te3 is the antisite defect with

DE¼ 0.35 eV and a measured room temperature concentra-

tion of 8–10� 1019 cm�3 (see Ref. 38). This was translated

in an anti-site defect in 1 out of 26 unit cells and thus an

average distance in c-direction of 81.4 nm.

Noted that lmfp in c-direction derived from the kinetic

theory may represent the lower bound values, even after cor-

rection for anisotropy. Taking the phonon dispersion into

account typically yielded a higher lmfp as e.g., shown for sili-

con.39 In addition, a recent study40 has shown that for a vdW

material (Ta2Pd3Se8) of less degree of anisotropy than graph-

ite, the lmfp along the vdW interaction direction could be tens

of nanometers long. Our conclusion about the intrinsic origin

of the low jc(T) in our Sb2Te3 films thus depends on the

assumption that phonon dispersion affects lmfp as obtained by

kinetic theory by less than one order of magnitude.

V. SUMMARY AND CONCLUSION

We have carried out careful measurements of the c-axis

thermal conductivity in high quality nearly single crystalline

epitaxial Sb2Te3 thin films using the 3x method. In order to

determine the intrinsic jc(T), the contribution of the Kapitza

resistances and the thermal resistance of the electrical insula-

tion layer were measured. The obtained Kapitza resistance

of the two interfaces between the layered Sb2Te3 film

sandwiched by Al2O3 and SiO2 was with RK� 10�7 Km2/W

which is relatively large. However, the value fits well to the

range of values of interfaces with large acoustic impedance

mismatch.41 Our result on the intrinsic c-axis thermal con-

ductivity of epitaxial thin films indeed confirms the low

jc(300 K) value of an Sb2Te3 single crystal in Ref. 26. After

taking into account the electronic contribution to jc(T), we

approximately calculated the temperature dependent phonon

mean free path. We argue that the intrinsic phonon mean
FIG. 10. Phonon mean free path of Sb2Te3 parallel to the c-axis, based on jc

calculated as described in the text.
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free path due to phonon-phonon scattering is dominating

jc(T) above the Debye temperature [hD¼ 157 K (Ref. 42)].

Although we cannot entirely rule out the effect of point

defects on lmfp, their effect at thermal equilibrium concentra-

tion is small. Consequently, we obtain a low intrinsic jcðTÞ
in epitaxial highly crystalline Sb2Te3 films grown by PVD

close to thermal equilibrium.

We observe a weak decrease in jc(T) with increasing

temperature. Such a temperature characteristic is typically

observed for the c-direction in van der Waals bound layered

systems with relatively low Debye temperature such as

WSe2 at low defect density43 or Ca3Co4O9
44 due to phonon-

phonon scattering. The low intrinsic jcðTÞ as well as the

temperature characteristics in Sb2Te3 support the idea of a

generally low jcðTÞ for layered materials with van der

Waals bonding. Furthermore, we conclude that the reduced

thermal conductivity of nanocrystalline films in Ref. 1 com-

pared to jab is mostly due to the low c-axis contribution, sug-

gesting that an effective pathway for the reduction of the

thermal conductivity in c-axis oriented films is predomi-

nantly enhancing point defect scattering by alloying of pure

systems or by interdiffusion of different chemical species in

superlattices.

SUPPLEMENTARY MATERIAL

See supplementary material document for the derivation

of Eqs. (1b) and (1c) from literature and figures named S1 to

S9.
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