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Thermal	  conducDvity	  of	  Ferroelectrics	  

Tachibani et al. Appl. Phys. Lett. 93, 092902 (2008) 

•  Ferroelectrics and related 
materials can have low 
thermal conductivities 
•  Complex phonon spectra 
•  Soft modes 
•  Anisotropy 
•  Stable at high temps 

•  What role do internal 
boundaries/structures play?? 



Outline	  

•  Time domain thermoreflectance (TDTR) 

•  Grain boundary scattering in BaTiO3 and SrTiO3 
 
•  Domain effects on thermal transport in BiFeO3 

•  Coherent phonon conductivity in SrTiO3/CaTiO3 superlattices 



Time	  domain	  thermoreflectance	  (TDTR)	  
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• Can measure thermal conductivity of thin films 
and substrates (κ) separately from thermal 
boundary conductance….sometimes…… 

• Nanometer spatial resolution (~10’s of nm) 
• Femtosecond to nanosecond temporal resolution 
• Noncontact 
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Grain	  boundary	  effects	  on	  the	  thermal	  conducDvity	  BaTiO3	  
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TABLE I: Various literature values of thermal conductivity for bulk & nano-structured BaTiO3

Avg. k of BaTiO3
Data Source (year) @ RT (W/mK) Sample Type Measurement Method

Mante & Volger Physica (1967) 5.7 Bulk Single Crystal Steady State Heat Flow
Tachibana et al. APL (2008) 3.4 Bulk Single Crystal Bulk Meas System
He et al. Therm Acta (2004) 2.7 Bulk Sintered Hot Disc
Davitadze et al. APL (2002) 5.1 1µm Thin Film w/ 150nm Grains 3w method
Jezowski et al. APL (2007) 10.22 Film w/ 100nm Grains Axial Stationary Flow
Jezowski et al. APL (2007) 1.73 Film w/ 30nm Grains Axial Stationary Flow

2.17 ±0.22 175 nm Thin Film Single Crystal TDTR
1.71 ±0.06 175 nm Thin Film w/ 63nm Grain TDTR

This Work 1.42 ±0.07 175 nmThin Film w/ 52nm Grain TDTR
1.27 ±0.1 175 nm Thin Film w/ 47nm Grain TDTR
1.08 ±0.07 175 nm Thin Film w/ 42nm Grain TDTR
1.00 ±0.09 175 nm Thin Film w/ 36nm Grain TDTR

the single-crystalline bulk phase, most likely due to defects or
grain introduced by the sintering process.9

In terms of the thermal conductivity of
polycrystalline/nano-grained BaTiO3, there exists no
clear agreement among the reported values in the literature.
Jezowski et al.11 measured the thermal conductivity of thin
film, polycrystalline BaTiO3. The values reported for a
thin film with 100nm grains were nearly twice the thermal
conductivity of bulk single crystal values reported elsewhere.
This is also in contrast to values reported by Davitadze et
al.12 on 1µm thin films with roughly 150nm grains. Jezowski
et al.11 also found that for the films with 30nm grains the
thermal conductivity was around 1.7W/mK, which is much
lower than bulk and to be expected with nano-structuring.
Jezowski et al.11 explain the wide variation in their data from
potential radiation losses and photon thermal conductivity
from the surface of their samples due to a optically black
film. Therefore, the measured values reported for these films
do not represent the intrinsic phonon thermal conductivity of
BaTiO3.

The wide variety in values for thermal conductivity illus-
trates the nuances involved with thermal measurements of ce-
ramics, along with the need of consistent, accepted values of
the thermal conductivity of nano-structured BaTiO3. Issues
that arise from the processing, measurement and analysis of
these properties such as porosity, defectivity, grain size, im-
purity contamination, and film thickness can significantly al-
ter findings if the system in question is not fully characterized
and understood. Our current study establishes a consistent
set of data of measured thermal conductivities of nanograined
and single crystalline BaTiO3. From this, we propose a semi-
classical model for phonon thermal conductivity that allows
us to analyze the mechanisms of phonon heat conduction in
BaTiO3thin films and estimate the typical length scales of the
thermal phonon mean free paths in BaTiO3.

We fabricated thin films of nano-grained BaTiO3via chemi-
cal solution deposition, utilizing controlled annealing to mod-
ify the average grain size. We fabricated 5 films with grain

sizes ranging from 36 - 63 nm; all films were 175 nm thick and
grown on exact substrate stats here. This process is easily
scalable and repeatable and yields dense, thin film BaTiO3that
can be grown in a very controlled manner.

Thin film nano-grained barium titanate samples were pre-
pared via chemical solution deposition using a method based
on previous work. Stoichiometric amounts of barium acetate
solution and a titanium precursor solution were combined and
diluted with methanol then spin cast onto a sapphire substrate
which were then pyrolyzed and heated to form crystalline
BaTiO3films. This process was repeated a number of times to
create the 175nm thick films used for this study and to ensure
that the films were fully dense. After the thin films were de-
posited in the desired thickness, samples were diced from the
original substrate and annealed at temperatures ranging from
300�C to 800�C for 30 minutes to achieve the preferred grain
sizes. Samples were capped with an approximately 90nm thin
film of aluminum, deposited using electron beam evaporation,
to act as a transducer for the laser based thermal measure-
ments.

X-ray diffraction and scanning electron microscope cross
sections were used to determine film quality and crystallinity
of the BaTiO3films. Grain sizes were determined using the
linear intercept method with the plan view SEM images. Den-
sity and porosity were determined using transmission electron
microscopy and ellipsometry. The precise thickness of the
aluminum transducer films were verified by picosecond ultra-
sonic echoes from the ultra-fast laser system used to make the
thermal measurements discussed in this paper.

We measured the thermal conductivity of the nanograined
films with time domain thermoreflectance (TDTR). TDTR uti-
lizes a train of ultra-fast laser pulses to thermally stimulate a
material system and a time delayed probe pulse to measure
the change in thermoreflectance from the decay of the pump
pulse. This work utilizes sub picosecond laser pulses ema-
nating from our Ti:Sapphire laser system at 80 MHz. The
sample is irradiated with a train of pump pulses modulated
sinusoidally at 8.8 MHz, while the thermoreflectivity of the



present a model that incorporates the effect of grain size by
means of a boundary scattering term that accounts for the
spectral nature of the phonon mean free paths in strontium
titanate.

The strontium titanate films were prepared via chemical
solution deposition using a chelate chemistry based on previ-
ous work.10,11 Briefly, anhydrous strontium acetate was dis-
solved in propionic acid (0.25 M) at room temperature with
constant stirring. Separately, titanium isopropoxide was che-
lated with one molar equivalent of 2,4-pentanedione and
mixed at room temperature to create a stable titanium precur-
sor solution. A stoichiometric amount of the strontium ace-
tate solution was added to the titanium precursor solution
and then diluted to a final concentration of 0.15 M with
methanol.

The solution was spin cast at 3000 RPM for 30 sec onto
a 50 mm diameter (0001)-oriented single crystalline Al2O3

wafer (Union Carbide, UCC Crystal Products) and subse-
quently pyrolyzed at 300 !C for 3 min on a hotplate. Pyro-
lyzed films were heated at 20 !C=min to 700 !C for 30 min in
air to crystallize the SrTiO3 film. An every-layer firing
approach was used to ensure high-density films,12 where the
process of spin casting, pyrolysis, and crystallization from
the same precursor solution was repeated nine times to pro-
duce nominally 170 nm thick films. After crystallization, the
wafer was diced to form 1 cm2 coupons that could be indi-
vidually heat treated at 700, 800, 900, or 1000 !C for 30 min
to modify the final grain size.13

Phase assemblage and crystallinity of the SrTiO3 films
were confirmed by x-ray diffraction (Philips MPD) using Cu
Ka radiation in standard Bragg-Brentano geometry. Cross-
sectional and plan-view microstructural images (Fig. 1) were
obtained by scanning electron microscopy (SEM, Zeiss,

Gemini Supra 55VP). Average grain size measurements
were determined from film plan view images using the linear
intercept method14 and the results are summarized in Table I
where davg is the average grain size and rd is the associated
uncertainty in the measured value. Transmission electron
microscopy (TEM) and spectroscopic ellipsometry (SE,
V-VASE from J. A. Woollam) were used to verify density of
the films. Porosity was extracted from SE measurements via
modeling the ng-SrTiO3 layer as a mixture of void and
SrTiO3 using a Bruggeman effective medium approximation.
Porosity levels of less than 13.5% were observed for films
prepared at 700 !C (sample A) and decreased to 9.3% for
films processed at 1000 !C for 30 min (sample F). Finally,
aluminum films nominally 90 nm thick were e-beam evapo-
rated onto the samples in order to serve as transducers for
subsequent TDTR scans. The precise thicknesses of the Al
films were determined via picosecond ultrasonic measure-
ments during TDTR scans.15,16

The thermal conductivities of the ng-SrTiO3 films were
determined using TDTR17 by fitting the data to a multi-layer
thermal model that has been detailed by several groups else-
where.18–20 For this study, we modulate the pump path at
11.39 MHz with a linearly amplified sinusoid and monitor
the ratio of the in-phase to out-of-phase signal of the probe
beam with a lock-in amplifier. We assume literature values
for the heat capacities of the Al film21 and Al2O3 sub-
strate,22,23 as well as the heat capacity of the SrTiO3

(Ref. 24) which we then reduce according to the measured
density to account for the porosity. The thermal conductivity
of the Al is approximated from previous measurements of Al
films evaporated under identical conditions,18 although over
the time delay of our TDTR measurements, we are relatively
insensitive to the thermal conductivity of the Al. We fit the
TDTR model to the data by varying the thermal conductivity
of the ng-SrTiO3 films and the thermal boundary conduct-
ance between the Al and the ng-SrTiO3 samples. We are
generally more sensitive to the thermal conductivities of the
ng-SrTiO3 films due to their low conductivity. In addition,
due to the thickness of the samples and their relatively low
thermal conductivity compared to the thermal penetration
depth of our laser at 11.39 MHz, we are relatively insensitive
to the thermal boundary conductance between the ng-SrTiO3

and the Al2O3 substrate. However, to ensure accuracy in our
experimental data of j for the ng-SrTiO3, we conduct TDTR
measurements at different frequencies to determine the ther-
mal properties of the ng-SrTiO3=Al2O3 interface and the
thermal conductivity of the Al2O3 (Refs. 25–27). We then

FIG. 1. (a) Plan and (b) cross sectional SEM micrographs of as crystallized
SrTiO3 films on (0001) sapphire. Plan view images of films that were post
annealed at (c) 700, (d) 800, (e) 900, and (f) 1000 !C demonstrate the degree
to which post crystallization anneals impact the film microstructures.

TABLE I. Annealing conditions (temperature, treatment time) and the
resulting average grain sizes (davg) and measurement uncertainties (rd).

Sample
Anneal temperature

(! C)
Treatment time

(min)

davg

(nm)
rd

(nm)

A 700 0 28.3 2.4

B 700 30 31.3 3.3

C 800 30 45.5 3.6

D 900 30 59.9 4.8

E 1000 5 64.1 3.8

F 1000 30 88.1 14.1

231908-2 Foley et al. Appl. Phys. Lett. 101, 231908 (2012)
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Ti:Sapphire laser system at 80 MHz. The sample is irradi-
ated with a train of pump pulses modulated sinusoidally at
8.8 MHz, while the thermoreflectivity of the time delayed
probe pulses are monitored for upwards of 6.5 ns after the
pump heating event on the sample surface. The resulting data
is fit to a model using a least squares method to determine
the through-plane thermal conductivity of the BaTiO3 layer
given the heat capacity, film thickness, and other layers ther-
mal properties. We assume literature values for the heat ca-
pacity of Al,16 BaTiO3,17 and Sapphire,18 as well as the ther-
mal conductivity of Sapphire.19 We assume a reduced thermal
conductivity of the Al film based on electrical resistivity mea-
surements and the Weidemann-Franz law, though we are in-
sensitive to this parameter being fit in our experiment in our
system due to our spot sizes and pump-probe delay. While we
fit the thermal boundary conductance for the BaTiO3-Al in-
terface, our system is also insensitive to this and the backside
interface conductance. The analysis methods are described in
detail elsewhere.13–15 Using laser spot sizes of 62.9 µm and
13.2 µm in diameter for the pump and probe respectively al-
lows us to assume that the heating event being probed is a
fully uniform column.13 We deposited nominally 80 nm of Al
on the surface of the BaTiO3 to transduce the optical energy
from the pulses into thermal energy. We confirm the exact
thickness of 79 ±2 nm for the Al layer location with picosec-
ond acoustics.20,21 The measurements over temperature were
done through a transparent window in a cryostat cooled by
liquid nitrogen.

As indicated in Figure 1 the thermal conductivity of the
nano-grained thin films was greatly reduced compared to bulk

FIG. 1. Thermal conductivity of BaTiO3 by grain size with refer-
ences of measured single crystal thin film and bulk measurements
from literature values. The model discussed is overlaid with the data.
Also included is similar data for another common perovskite SrTiO3
from Foley et al.

values. Furthermore, the average size of the grains in each
sample significantly affected it’s thermal conductivity. A
clear trend of decreasing thermal conductivity with decreasing
grain size can be seen. As expected, the single crystal sample
shows a higher thermal conductivity than any nano-grained
samples, but is still more than 2x lower than bulk values due
to its thin film structure. This trend coincides well with data
taken by Foley et al.22 on SrTiO3 showing a similar depen-
dance of thermal conductivity with grain size and a similar
reduction from bulk values of approximately 11 Wm�1K�1.23

The room temperature dependance of thermal conductiv-
ity on grain size clearly shows limitation of the phonon mean
free path spectrum by grain boundaries. With smaller grains,
phonons with mean free paths greater than the grain sizes
scatter more readily. This means that phonons with longer
wavelengths will have an added limitation to their mobility,
translating into a reduced ability to conduct thermal energy.
This is consistent with previous observations of nano-grained
silicon24 and our previous measurements of grain size de-
pendence on the thermal conductivity of SrTiO3.22 However,
as with our SrTiO3 measurements, the strong dependence of
thermal conductivity on grain size greater than 40 nm implies
phonons with mean free paths greater than 40 nm are conduct-
ing thermal energy. This directly conflicts with the picture
that phonons in these complex oxides (BaTiO3 and SrTiO3)
have non-spectral (i.e. gray) mean free paths that are less than
2 nm, which has been used to analyze phonon transport in
SrTiO3 previously.25

In response, we turn to semi-classical formalisms of the ki-
netic theory expression for thermal conductivity to model the
spectral phonon transport and grain boundary scattering in our
]BTO films. In accordance with previous work on other tran-
sition metal oxides,22 we show that grain sizes greater than
30 nm play a significant role in phonon scattering due to the
thermal energy carried by the long wavelength, long mean
free path phonons. The model used in this work treats the
system as a Debye solid, taking into account only contribu-
tions to the thermal conductivity from the acoustic branches of
the phonon dispersion. From Kinetic Theory, we know that26

k = 1
3Cnl = 1

3Cn2t where k is the thermal conductivity, C
is the heat capacity, n is the sound velocity, l is the mean free
path and t is the scattering time. The boundary scattering is
taken into account in the total scattering time by Matthiessen’s
rule given by

1
t
= AT w2 exp

�B
T

+Cw4 +
n

d f ilm
+

n
dgb

(1)

In this expression, from left to right, we account for the
phonon-phonon scattering, impurity scattering, film thickness
scattering, and grain boundary scattering respectively. In this
approximation T is sample temperature, w is the phonon fre-
quency, d is the appropriate thickness, and A, B, & C are fit-
ting parameters associated with the bulk scattering processes.
These fitting parameters were determined initially by fitting
the model to bulk, single crystal data without the additional
nano-structuring scattering components. This model is in-
cluded in the figures shown in this work. We see that the

present a model that incorporates the effect of grain size by
means of a boundary scattering term that accounts for the
spectral nature of the phonon mean free paths in strontium
titanate.

The strontium titanate films were prepared via chemical
solution deposition using a chelate chemistry based on previ-
ous work.10,11 Briefly, anhydrous strontium acetate was dis-
solved in propionic acid (0.25 M) at room temperature with
constant stirring. Separately, titanium isopropoxide was che-
lated with one molar equivalent of 2,4-pentanedione and
mixed at room temperature to create a stable titanium precur-
sor solution. A stoichiometric amount of the strontium ace-
tate solution was added to the titanium precursor solution
and then diluted to a final concentration of 0.15 M with
methanol.

The solution was spin cast at 3000 RPM for 30 sec onto
a 50 mm diameter (0001)-oriented single crystalline Al2O3

wafer (Union Carbide, UCC Crystal Products) and subse-
quently pyrolyzed at 300 !C for 3 min on a hotplate. Pyro-
lyzed films were heated at 20 !C=min to 700 !C for 30 min in
air to crystallize the SrTiO3 film. An every-layer firing
approach was used to ensure high-density films,12 where the
process of spin casting, pyrolysis, and crystallization from
the same precursor solution was repeated nine times to pro-
duce nominally 170 nm thick films. After crystallization, the
wafer was diced to form 1 cm2 coupons that could be indi-
vidually heat treated at 700, 800, 900, or 1000 !C for 30 min
to modify the final grain size.13

Phase assemblage and crystallinity of the SrTiO3 films
were confirmed by x-ray diffraction (Philips MPD) using Cu
Ka radiation in standard Bragg-Brentano geometry. Cross-
sectional and plan-view microstructural images (Fig. 1) were
obtained by scanning electron microscopy (SEM, Zeiss,

Gemini Supra 55VP). Average grain size measurements
were determined from film plan view images using the linear
intercept method14 and the results are summarized in Table I
where davg is the average grain size and rd is the associated
uncertainty in the measured value. Transmission electron
microscopy (TEM) and spectroscopic ellipsometry (SE,
V-VASE from J. A. Woollam) were used to verify density of
the films. Porosity was extracted from SE measurements via
modeling the ng-SrTiO3 layer as a mixture of void and
SrTiO3 using a Bruggeman effective medium approximation.
Porosity levels of less than 13.5% were observed for films
prepared at 700 !C (sample A) and decreased to 9.3% for
films processed at 1000 !C for 30 min (sample F). Finally,
aluminum films nominally 90 nm thick were e-beam evapo-
rated onto the samples in order to serve as transducers for
subsequent TDTR scans. The precise thicknesses of the Al
films were determined via picosecond ultrasonic measure-
ments during TDTR scans.15,16

The thermal conductivities of the ng-SrTiO3 films were
determined using TDTR17 by fitting the data to a multi-layer
thermal model that has been detailed by several groups else-
where.18–20 For this study, we modulate the pump path at
11.39 MHz with a linearly amplified sinusoid and monitor
the ratio of the in-phase to out-of-phase signal of the probe
beam with a lock-in amplifier. We assume literature values
for the heat capacities of the Al film21 and Al2O3 sub-
strate,22,23 as well as the heat capacity of the SrTiO3

(Ref. 24) which we then reduce according to the measured
density to account for the porosity. The thermal conductivity
of the Al is approximated from previous measurements of Al
films evaporated under identical conditions,18 although over
the time delay of our TDTR measurements, we are relatively
insensitive to the thermal conductivity of the Al. We fit the
TDTR model to the data by varying the thermal conductivity
of the ng-SrTiO3 films and the thermal boundary conduct-
ance between the Al and the ng-SrTiO3 samples. We are
generally more sensitive to the thermal conductivities of the
ng-SrTiO3 films due to their low conductivity. In addition,
due to the thickness of the samples and their relatively low
thermal conductivity compared to the thermal penetration
depth of our laser at 11.39 MHz, we are relatively insensitive
to the thermal boundary conductance between the ng-SrTiO3

and the Al2O3 substrate. However, to ensure accuracy in our
experimental data of j for the ng-SrTiO3, we conduct TDTR
measurements at different frequencies to determine the ther-
mal properties of the ng-SrTiO3=Al2O3 interface and the
thermal conductivity of the Al2O3 (Refs. 25–27). We then

FIG. 1. (a) Plan and (b) cross sectional SEM micrographs of as crystallized
SrTiO3 films on (0001) sapphire. Plan view images of films that were post
annealed at (c) 700, (d) 800, (e) 900, and (f) 1000 !C demonstrate the degree
to which post crystallization anneals impact the film microstructures.

TABLE I. Annealing conditions (temperature, treatment time) and the
resulting average grain sizes (davg) and measurement uncertainties (rd).

Sample
Anneal temperature

(! C)
Treatment time

(min)

davg

(nm)
rd

(nm)

A 700 0 28.3 2.4

B 700 30 31.3 3.3

C 800 30 45.5 3.6

D 900 30 59.9 4.8

E 1000 5 64.1 3.8

F 1000 30 88.1 14.1

231908-2 Foley et al. Appl. Phys. Lett. 101, 231908 (2012)
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present a model that incorporates the effect of grain size by
means of a boundary scattering term that accounts for the
spectral nature of the phonon mean free paths in strontium
titanate.

The strontium titanate films were prepared via chemical
solution deposition using a chelate chemistry based on previ-
ous work.10,11 Briefly, anhydrous strontium acetate was dis-
solved in propionic acid (0.25 M) at room temperature with
constant stirring. Separately, titanium isopropoxide was che-
lated with one molar equivalent of 2,4-pentanedione and
mixed at room temperature to create a stable titanium precur-
sor solution. A stoichiometric amount of the strontium ace-
tate solution was added to the titanium precursor solution
and then diluted to a final concentration of 0.15 M with
methanol.

The solution was spin cast at 3000 RPM for 30 sec onto
a 50 mm diameter (0001)-oriented single crystalline Al2O3

wafer (Union Carbide, UCC Crystal Products) and subse-
quently pyrolyzed at 300 !C for 3 min on a hotplate. Pyro-
lyzed films were heated at 20 !C=min to 700 !C for 30 min in
air to crystallize the SrTiO3 film. An every-layer firing
approach was used to ensure high-density films,12 where the
process of spin casting, pyrolysis, and crystallization from
the same precursor solution was repeated nine times to pro-
duce nominally 170 nm thick films. After crystallization, the
wafer was diced to form 1 cm2 coupons that could be indi-
vidually heat treated at 700, 800, 900, or 1000 !C for 30 min
to modify the final grain size.13

Phase assemblage and crystallinity of the SrTiO3 films
were confirmed by x-ray diffraction (Philips MPD) using Cu
Ka radiation in standard Bragg-Brentano geometry. Cross-
sectional and plan-view microstructural images (Fig. 1) were
obtained by scanning electron microscopy (SEM, Zeiss,

Gemini Supra 55VP). Average grain size measurements
were determined from film plan view images using the linear
intercept method14 and the results are summarized in Table I
where davg is the average grain size and rd is the associated
uncertainty in the measured value. Transmission electron
microscopy (TEM) and spectroscopic ellipsometry (SE,
V-VASE from J. A. Woollam) were used to verify density of
the films. Porosity was extracted from SE measurements via
modeling the ng-SrTiO3 layer as a mixture of void and
SrTiO3 using a Bruggeman effective medium approximation.
Porosity levels of less than 13.5% were observed for films
prepared at 700 !C (sample A) and decreased to 9.3% for
films processed at 1000 !C for 30 min (sample F). Finally,
aluminum films nominally 90 nm thick were e-beam evapo-
rated onto the samples in order to serve as transducers for
subsequent TDTR scans. The precise thicknesses of the Al
films were determined via picosecond ultrasonic measure-
ments during TDTR scans.15,16

The thermal conductivities of the ng-SrTiO3 films were
determined using TDTR17 by fitting the data to a multi-layer
thermal model that has been detailed by several groups else-
where.18–20 For this study, we modulate the pump path at
11.39 MHz with a linearly amplified sinusoid and monitor
the ratio of the in-phase to out-of-phase signal of the probe
beam with a lock-in amplifier. We assume literature values
for the heat capacities of the Al film21 and Al2O3 sub-
strate,22,23 as well as the heat capacity of the SrTiO3

(Ref. 24) which we then reduce according to the measured
density to account for the porosity. The thermal conductivity
of the Al is approximated from previous measurements of Al
films evaporated under identical conditions,18 although over
the time delay of our TDTR measurements, we are relatively
insensitive to the thermal conductivity of the Al. We fit the
TDTR model to the data by varying the thermal conductivity
of the ng-SrTiO3 films and the thermal boundary conduct-
ance between the Al and the ng-SrTiO3 samples. We are
generally more sensitive to the thermal conductivities of the
ng-SrTiO3 films due to their low conductivity. In addition,
due to the thickness of the samples and their relatively low
thermal conductivity compared to the thermal penetration
depth of our laser at 11.39 MHz, we are relatively insensitive
to the thermal boundary conductance between the ng-SrTiO3

and the Al2O3 substrate. However, to ensure accuracy in our
experimental data of j for the ng-SrTiO3, we conduct TDTR
measurements at different frequencies to determine the ther-
mal properties of the ng-SrTiO3=Al2O3 interface and the
thermal conductivity of the Al2O3 (Refs. 25–27). We then

FIG. 1. (a) Plan and (b) cross sectional SEM micrographs of as crystallized
SrTiO3 films on (0001) sapphire. Plan view images of films that were post
annealed at (c) 700, (d) 800, (e) 900, and (f) 1000 !C demonstrate the degree
to which post crystallization anneals impact the film microstructures.

TABLE I. Annealing conditions (temperature, treatment time) and the
resulting average grain sizes (davg) and measurement uncertainties (rd).

Sample
Anneal temperature

(! C)
Treatment time

(min)

davg

(nm)
rd

(nm)

A 700 0 28.3 2.4

B 700 30 31.3 3.3

C 800 30 45.5 3.6

D 900 30 59.9 4.8

E 1000 5 64.1 3.8

F 1000 30 88.1 14.1

231908-2 Foley et al. Appl. Phys. Lett. 101, 231908 (2012)
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Ti:Sapphire laser system at 80 MHz. The sample is irradi-
ated with a train of pump pulses modulated sinusoidally at
8.8 MHz, while the thermoreflectivity of the time delayed
probe pulses are monitored for upwards of 6.5 ns after the
pump heating event on the sample surface. The resulting data
is fit to a model using a least squares method to determine
the through-plane thermal conductivity of the BaTiO3 layer
given the heat capacity, film thickness, and other layers ther-
mal properties. We assume literature values for the heat ca-
pacity of Al,16 BaTiO3,17 and Sapphire,18 as well as the ther-
mal conductivity of Sapphire.19 We assume a reduced thermal
conductivity of the Al film based on electrical resistivity mea-
surements and the Weidemann-Franz law, though we are in-
sensitive to this parameter being fit in our experiment in our
system due to our spot sizes and pump-probe delay. While we
fit the thermal boundary conductance for the BaTiO3-Al in-
terface, our system is also insensitive to this and the backside
interface conductance. The analysis methods are described in
detail elsewhere.13–15 Using laser spot sizes of 62.9 µm and
13.2 µm in diameter for the pump and probe respectively al-
lows us to assume that the heating event being probed is a
fully uniform column.13 We deposited nominally 80 nm of Al
on the surface of the BaTiO3 to transduce the optical energy
from the pulses into thermal energy. We confirm the exact
thickness of 79 ±2 nm for the Al layer location with picosec-
ond acoustics.20,21 The measurements over temperature were
done through a transparent window in a cryostat cooled by
liquid nitrogen.

As indicated in Figure 1 the thermal conductivity of the
nano-grained thin films was greatly reduced compared to bulk

FIG. 1. Thermal conductivity of BaTiO3 by grain size with refer-
ences of measured single crystal thin film and bulk measurements
from literature values. The model discussed is overlaid with the data.
Also included is similar data for another common perovskite SrTiO3
from Foley et al.

values. Furthermore, the average size of the grains in each
sample significantly affected it’s thermal conductivity. A
clear trend of decreasing thermal conductivity with decreasing
grain size can be seen. As expected, the single crystal sample
shows a higher thermal conductivity than any nano-grained
samples, but is still more than 2x lower than bulk values due
to its thin film structure. This trend coincides well with data
taken by Foley et al.22 on SrTiO3 showing a similar depen-
dance of thermal conductivity with grain size and a similar
reduction from bulk values of approximately 11 Wm�1K�1.23

The room temperature dependance of thermal conductiv-
ity on grain size clearly shows limitation of the phonon mean
free path spectrum by grain boundaries. With smaller grains,
phonons with mean free paths greater than the grain sizes
scatter more readily. This means that phonons with longer
wavelengths will have an added limitation to their mobility,
translating into a reduced ability to conduct thermal energy.
This is consistent with previous observations of nano-grained
silicon24 and our previous measurements of grain size de-
pendence on the thermal conductivity of SrTiO3.22 However,
as with our SrTiO3 measurements, the strong dependence of
thermal conductivity on grain size greater than 40 nm implies
phonons with mean free paths greater than 40 nm are conduct-
ing thermal energy. This directly conflicts with the picture
that phonons in these complex oxides (BaTiO3 and SrTiO3)
have non-spectral (i.e. gray) mean free paths that are less than
2 nm, which has been used to analyze phonon transport in
SrTiO3 previously.25

In response, we turn to semi-classical formalisms of the ki-
netic theory expression for thermal conductivity to model the
spectral phonon transport and grain boundary scattering in our
]BTO films. In accordance with previous work on other tran-
sition metal oxides,22 we show that grain sizes greater than
30 nm play a significant role in phonon scattering due to the
thermal energy carried by the long wavelength, long mean
free path phonons. The model used in this work treats the
system as a Debye solid, taking into account only contribu-
tions to the thermal conductivity from the acoustic branches of
the phonon dispersion. From Kinetic Theory, we know that26

k = 1
3Cnl = 1

3Cn2t where k is the thermal conductivity, C
is the heat capacity, n is the sound velocity, l is the mean free
path and t is the scattering time. The boundary scattering is
taken into account in the total scattering time by Matthiessen’s
rule given by

1
t
= AT w2 exp

�B
T

+Cw4 +
n

d f ilm
+

n
dgb

(1)

In this expression, from left to right, we account for the
phonon-phonon scattering, impurity scattering, film thickness
scattering, and grain boundary scattering respectively. In this
approximation T is sample temperature, w is the phonon fre-
quency, d is the appropriate thickness, and A, B, & C are fit-
ting parameters associated with the bulk scattering processes.
These fitting parameters were determined initially by fitting
the model to bulk, single crystal data without the additional
nano-structuring scattering components. This model is in-
cluded in the figures shown in this work. We see that the

•  Phonon mean free path in 
crystals: spectral/depends 
on wavelength 

•  Gray assumption probably 
not the best, even for these 
low thermal conductivity 
crystals 

•  Not surprising given 
similar effects shown in 
other crystals 



What	  about	  domain	  boundaries/strain?	  

Grain boundaries = incoherent 
 
 
 

Ferroelectric domain boundaries = coherent and strained 



“Coherent”	  interfaces	  –	  BiFeO3	  domains	  
•  Domain boundaries – coherently strained interface 
•  Reactive molecular-beam epitaxy: 30 nm BiFeO3 films on 

SrTiO3 substrates (Ihlefeld and Schlom) 
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Domain	  effects	  on	  effec$ve	  thermal	  conducDvity	  

•  Effective thermal 
conductivities of  
BiFeO3 < 2.5 W m-1 K-1 
 

•  Presence of domain walls 
reduces κ by ~30% 

 
•  Strain fields from domains 

are scattering phonons 
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What	  about	  layered	  structures?	  

Ferroelectric domain boundaries = coherent and strained 
Seem to “incoherently” scatter phonons 

 
 

Can coherent phonon transport occur at interfaces?  
(i.e., no incoherent scattering)? 



“Coherent	  interfaces”	  –	  think	  layers	  but	  sDll	  fully	  crystalline	  

Layered structures can exhibit ultralow thermal conductivity 

intersection of (1 0 L) reflections with the
Ewald sphere probed the coherence of the
crystal structure along the direction normal to
the WSe2 sheets. The large line widths (Fig.
1B) indicated that crystallographic ordering
in the stacking of the WSe2 sheets was limited
to <2 nm.

We next compared the thermal conductivity
of annealed WSe2 films to the conductivity of a
single crystal of WSe2 and the predicted min-
imum thermal conductivity (Fig. 2). The thermal
conductivity of single-crystal WSe2 was approx-
imately proportional to 1/T (the reciprocal of
absolute temperature), as expected for a di-
electric or semiconductor in which heat trans-
port is dominated by phonons with mean-free
paths limited by anharmonicity. Calculations of
the minimum thermal conductivity require
knowledge of the number density of atoms and
the speed of sound (1). We used picosecond

acoustics to measure the longitudinal speed of
sound in the cross-plane direction of nominal 360-
nm-thick films and found that vL = 1.6 nm ps−1

(13, 14). This measurement is in good agreement
with an independent measurement of the same
film (vL = 1.7 nm ps−1) with the use of pico-
second interferometry (15) and an index of
refraction at the laser wavelength of 800 nm
of n = 4.13. If we use the average of these val-
ues, vL = 1.65 nm ps−1, and a mass density of
r = 9.2 g cm−3, we obtain an elastic constant
C33 = 25 GPa, which is approximately a factor of
2 smaller than C33 for single crystals of NbSe2
and TaSe2 measured by neutron scattering (16)
and single-crystalWSe2measured by picosecond
interferometry. The transverse speed of sound vT
is not accessible to the standard methods of
picosecond acoustics; instead, we estimated vT =
1.15 based on our measurement of vL and the
ratio C44/C33 previously measured for NbSe2
and TaSe2 (16).

The lowest thermal conductivity,L, measured
at 300 K is L = 0.048 W m−1 K−1 for a 62-nm-
thick WSe2 film, 30 times smaller than the cross-
plane thermal conductivity of a single-crystal
sample of WSe2 (Fig. 2) and a factor of 6 smaller
than the predicted minimum thermal conductiv-
ity. This degree of deviation from the predicted
minimum thermal conductivity in a homoge-
neous material is unprecedented (17). Notably,
the conductivity of the 62-nm-thick film is
smaller than the conductivity of a thinner film
(24 nm) or a thicker film (343 nm). The reasons
for these differences are not understood in detail,
but we speculate that variations in the degree of
crystallographic ordering along the thickness of
the films are playing an important role.

The data shown in Figs. 1 and 2 lead us to
conclude that the ultralow thermal conductiv-
ities are produced by random stacking of well-
crystallized WSe2 sheets. To test this idea, we
used irradiation by energetic heavy ions to dis-

rupt the crystalline order in the thin film samples
(Fig. 3). Because our TDTR measurements re-
quire knowledge of the thermal conductivity of
the substrate, bare silicon substrates were ir-
radiated with the same range of ion fluences and
measured by TDTR (6). At the highest ion dose,
3 × 1015 ions cm−2, we observed a factor of 5
increase in the thermal conductivity of the WSe2
film. This increase in thermal conductivity with
ion beam damage is also unprecedented. We
inferred from these experiments that ion-induced
damage introduces disorder that reduces local-
ization of vibrational energy and enhances the
transfer of vibrational energy in the material.

To gain further insight and confidence in our
experimental results, we performed molecular
dynamics (MD) simulations on model structures.
For simplicity and computational efficiency, the
atomic interactions in our model compound are
described by 6-12 Lennard-Jones potentials:

UðrÞ ¼ 4e
s
r

! "12
−

s
r

! "6
# $

ð1Þ

where e is the energy scale and s is the length
scale. Two sets of e and s parameters were used:
For interactions within a single WSe2 sheet, e =
0.91 eV and s = 2.31 Å, and for the interaction
between layers, e = 0.08 eVand s = 3.4 Å. These
parameters achieved a good fit to WSe2 crystal
structure and theC11 (200GPa) andC33 (50GPa)
elastic constants. For computation efficiency, a
cutoff of 5.4 Å was used, with both energy and
forces shifted such that they were zero at the

Fig. 2. Summary of measured thermal conductiv-
ities of WSe2 films as a function of the measure-
ment temperature. Each curve is labeled by the
film thickness. Data for a bulk single crystal are
included for comparison. Error bars are the
uncertainties propagated from the various exper-
imental parameters used to analyze the data (6).
The ion-irradiated sample (irrad) was subjected to
a 1-MeV Kr+ ion dose of 3 × 1015 cm−2. The
dashed line marked Lmin is the calculated
minimum thermal conductivity for WSe2 films in
the cross-plane direction.

Fig. 3. Thermal conductivity versus irradiation
dose for WSe2 films 26 nm thick. Samples were
irradiated with 1-MeV Kr+ ions to the dose indicated
on the x axis of the plot. Error bars are the uncer-
tainties propagated from the various experimental
parameters used to analyze the data (6).

Fig. 4. (A) Atomic positions in a model WSe2
structure showing stacking disorder. The positions
of the heat sink and source separated by 8 nm are
indicated. (B) The steady-state temperature pro-
file obtained from the nonequilibrium, heat source–
sink method. The solid line depicts a linear fit to the
central region between the heat source and sink.
The dashed line is an analogous fit but for the
structure with doubled size along the z direction
with the corresponding separation between the heat
source and sink of 16 nm.
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What	  about	  superlaYces?	  

These weak bonds and anisotropy incoherently scatter phonons 
 
 

Can coherent phonon transport occur at interfaces?  
(i.e., no incoherent scattering) 

Let’s try AB superlattices 



Incoherent	  phonon	  picture	  in	  superlaYces	  

R1

R1,2

R2 R3 R4

R2,3 R3,4

What if layers are “linked”?  – coherent transport 

Rn�1,n

Rn�1 Rn

1/ / 1/h =
X

n

Rj



The	  minimum	  thermal	  conducDvity	  of	  superlaYces	  

15	  

Interfacial periodicity can lead to 
“mini-band” formation 



The	  minimum	  thermal	  conducDvity	  of	  superlaYces	  

16	  

Mini-band formation leads to a minimum 
in the superlattice thermal conductivity 
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Minimum Thermal Conductivity of Superlattices

M.V. Simkin and G.D. Mahan
Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996-1200
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The phonon thermal conductivity of a multilayer is calculated for transport perpendicular to the layers.
There is a crossover between particle transport for thick layers to wave transport for thin layers. The
calculations show that the conductivity has a minimum value for a layer thickness somewhat smaller
then the mean free path of the phonons.

PACS numbers: 66.70.+f, 68.65.+g

The thermal conductivity is a fundamental transport pa-
rameter [1]. There has been much recent interest in the
thermal conductivity of semiconductor superlattices due to
their possible applications in a variety of devices. Efficient
solid state refrigeration requires a low thermal conductivity
[2]. Preliminary experimental and theoretical work sug-
gests that the thermal conductivity of superlattices is quite
low, both for transport along the planes [3,4], or perpen-
dicular to the planes [5–8]. The heat is carried by exci-
tations such as phonons and electrons. Most theories use
a Boltzmann equation which treats the excitations as par-
ticles and ignores wave interference [7,9]. These theories
all predict that the thermal conductivity perpendicular to
the layers decreases as the layer spacing is reduced in the
superlattice. The correct description using the Boltzmann
equation would be to use the phonon states of the superlat-
tice as an input to the scattering, but this has not yet been
done by anyone.
We present calculations of the thermal conductivity per-

pendicular to the layers which include the wave interfer-
ence of the superlattice. These calculations, in one, two,
and three dimensions, always predict that the thermal con-
ductivity increases as the layer spacing is reduced in the
superlattice. This behavior is shown to be caused by band
folding in the superlattice. It is a general feature which
should be true in all cases. The particle and wave calcu-
lations are in direct disagreement on the behavior of the
thermal conductivity with decreasing layer spacing. This
disagreement is resolved by calculations which include the
mean free path (mfp) of the phonons. For layers thinner
than the mfp, the wave theory applies. For layers thicker
than the mfp the particle theory applies. The combined
theory predicts a minimum in the thermal conductivity, as
a function of layer spacing. The thickness of the layers for
minimum thermal conductivity depends upon the average
mfp, and is therefore temperature dependent.
The particle theories use the interface boundary resis-

tance [10] as the important feature of a superlattice. A su-
perlattice with alternating layers has a thermal resistance
for one repeat unit of RSL ! L1!K1 1 L2!K2 1 2RB,
where "Lj , Kj# are the thickness and thermal conductiv-
ity of the individual layers, and RB is the thermal bound-
ary resistance. For simplicity assume that L1 ! L2 $ L,

which is often the case experimentally. The effective ther-
mal conductivity of the superlattice is then

KSL !
2L
RSL

!
2L

L"1!K1 1 1!K2# 1 2RB
. (1)

This classical prediction is that the thermal conductivity
decreases as the layer thickness L decreases [9].
The wave theory calculates the actual phonon modes

vl"k# of the superlattice, where l is the band index. They
are used to calculate the thermal conductivity from the
usual formula in d dimensions [1],

K"T # !
X

l

Z ddk
"2p#d h̄vl"k# jyz"k#j!l"k#

≠n"v, T #
≠T

,

(2)
where n"v, T # is the Bose-Einstein distribution function.
A rigorous treatment uses Boltzmann theory applied to
the transport in minibands to find the mean free path
!l"k#. At high temperatures, one can approximate n %
kBT!h̄vl"k#, which gives the simpler formula

K"T # ! kB

X

l

Z ddk
"2p#d jyz"k#j!l"k# . (3)

The above formula is quite general. There are two im-
portant special cases of constant relaxation time "Kt# and
constant mfp "K!#

Kt"T # ! kBt
X

l

Z ddk
"2p#d yz"k#2, (4)

K!"T # ! kB!
X

l

Z ddk
"2p#d jyz"k#j . (5)

Both of these formulas can be related to the distribution
P"yz# of phonon velocities perpendicular to the layers

P"yz# !
X

l

Z ddk
"2p#d d"yz 2 jyz"k#j# , (6)

Kt ! kBt
Z

dyzP"yz#y2
z , (7)

K! ! kB!
Z

dyzP"yz#yz . (8)

Wave interference leads to band folding [11,12]. Band
folding leads to a reduction of the phonon velocities. Both

0031-9007!00!84(5)!927(4)$15.00 © 2000 The American Physical Society 927



Experimental	  evidence	  of	  minimum	  in	  SL’s	  
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Figure 1 | Measured thermal conductivity values for superlattices as a function of 
interface density at room temperature. a, (STO)m/(CTO)n superlattice, b, (STO)m/
(BTO)n superlattice. The black line represents the modified Simkin-Mahan model with 
disorder correction for (STO)m/(CTO)n superlattices and the blue dots represent the 
Simkin-Mahan model with disorder and volume fraction corrections for (STO)m/(BTO)n 
superlattices. The blue line is used as a guide to eye. The dotted black horizontal lines 
refer to the alloy limits for STO/CTO 50:50 alloy and the STO/BTO 25:75 alloy.  
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Figure 3 | Structural and microstructural characterization of superlattice 
samples from both series. High-resolution, short angular-range q‑2q XRD 
scan of a, an (STO)6/(CTO)6 superlattice centred on the NGO 220 substrate 
peak and b, (STO)74/(BTO)1 superlattice peaks centred on the STO 002 
substrate peak. Both the superlattice peaks and the thickness fringes suggest 
the high degree of interface abruptness in the samples. c, A high-resolution 
reciprocal space map of the (STO)2/(CTO)2 superlattice centred on the NGO 
332 substrate peak. The map clearly shows that the superlattice film is 
coherently strained to the substrate. d, Surface topography of a 200 nm (STO)2/
(CTO)2 thick superlattice film on an STO 001 substrate. The image clearly 
shows the presence of smooth step edges with unit cell height. STEM images of 
e, (STO)2/(CTO)2  and f, STEM-EELS image (dimensions 35 nm X 3.6 nm) of a 
(STO)30/(BTO)1 superlattice revealing the presence of atomically sharp 
interfaces with minimal intermixing in the samples studied along with a 
schematic of the crystal structures on the right. Chemical formulas of the 
component materials of the superlattice are colour-coded to match the false-
colour of the STEM-EELS image on the left (Sr – orange, Ba – purple, Ti – 
green). 
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Additional measurements on BaTiO3/
SrTiO3 confirmed by D. Cahill 

CTO/STO study: Nature Materials 13, 168 (2013) 



Experimental	  evidence	  of	  minimum	  in	  SL’s	  

was adopted to model those SLs with larger period length,
since for longer period, the phonon-phonon scattering within
each period will destroy the coherence and phonon transport
can be treated as particle transport. If the period length is
smaller, the above described treatment is not adopted since
the wave nature of phonons may be important. Instead, the
simulation domain size was increased until thermal conduc-
tivity was no longer dependent on the total length. We found
that a total length of 128 UCs is enough to make the finite
size effect marginal for SLs with period length less than
8 UCs.

To explore the effect of phonon mean free path, we assign
the SL with parameters as listed in Table I. The phonon mean
free path is evaluated from the extrapolation method de-
scribed above. Figure 1 shows the thermal conductivity of
SLs at 40 K versus period length. The period length ranges
from 2 UCs to 32 UCs. The two materials A and B have the
same equilibrium distance in the LJ potential, which means
that they have the same lattice constants and the two mate-
rials have ideal interfaces. The only difference between the
two materials is their atomic masses. The atomic mass ratio
of B to A is 1.2. The results show that if the strength of the
LJ interatomic potential is the same as that of solid argon, the
lattice thermal conductivity increases monotonically with the
period length. However, if the interatomic potential strength
is increased, the thermal conductivity will first decrease with
increasing period length, then increase, yielding a minimum
thermal conductivity in simulation case II. As shown in Table
I, larger well depths correspond to longer phonon mean free
paths. Case II shows that the value of the thermal conductiv-
ity reaches a minimum when the period length is about the
same as the phonon mean free path in the bulk materials A or
B. As the phonon mean free path of the bulk materials A and
B further increases, the minimum shifts to longer period
lengths and cannot be observed for case III in Fig. 1. This
result supports Simkin and Mahan’s lattice dynamics model,
i.e., if the layer thickness is smaller than the phonon mean
free path, SL thermal conductivity will show a minimum
with respect to period length.

If phonons are treated as waves, the thermal conductivity
reduction in SLs arises from two reasons. Both are due to

band folding or miniband formation. When zone folding oc-
curs, the overall phonon group velocity decreases with in-
creasing period length, leading to a decrease of thermal con-
ductivity as the period length increases. In addition, the zone
folding leads to stop bands in the phonon dispersions for
SLs. These stop bands filter the phonons with energies in the
stop bands and prevent their transport through the SL. The
phonon transmission coefficients can be calculated with
transfer matrix techniques.18–20 Figure 2 shows the phonon
transmission coefficients for SLs of different masses and dif-
ferent well depths. The physical parameters are listed in
Table II. In Fig. 2, the phonon transmission coefficients for
cases II, case IV and V are depicted together to compare the
width of the stop bands. The acoustic impedance difference
between the two alternating layers, which is computed from
the mass and the phonon group velocity, is the smallest for
case II, larger for case IV, and the largest for case V. The
calculated results demonstrate that the width of the stop band
increases with increasing acoustic impedance mismatch.
Wider stop bands indicate enhanced phonon reflection at the
interface and reduced energy transport.

Figure 3 shows the thermal conductivity versus period
length for the three cases listed in Table II at 40 K. The
thermal conductivities in Fig. 3 are normalized with the ther-

FIG. 3. Superlattice thermal conductivity for different mass ra-
tios and interatomic potential strength. The parameters are listed in
Table II.

FIG. 4. Period length dependence of thermal conductivity at
different temperatures.

FIG. 5. Relationship between thermal conductivity and period
length for 4% lattice mismatch.

CHEN et al. PHYSICAL REVIEW B 72, 174302 !2005"

174302-4

•  More pronounced minimum at low T, thermal conductivity 
measurements show trends of mini-band formation 

•  MD simulation (left), mini-band = phonon bandgap 

Figure 2 | Measured thermal conductivity values for (STO)m/(CTO)n superlattices 
as a function of interface density at different temperatures. The minimum in 
thermal conductivity becomes deeper at lower temperatures and the interface density 
at which the minimum occurs moves to smaller values at lower temperatures as 
expected. The solid lines are guides to the eye. The shift of the minimum is shown 
using dotted lines projected onto the x-axis for different temperatures. 
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Conclusions	  	  

•  Grains greater than “gray” MFP in SrTiO3 and BaTiO3 affect thermal conductivity 
•  Applied Physics Letters 101, 231908 (2012) 

•  Domain boundaries scatter phonons in BiFeO3 
•  Applied Physics Letters 102, 121903 (2013) 

•  Coherent phonon transport trends observed in thermal conductivity of CaTiO3/SrTiO3 
superlattices 

•  Nature Materials 13, 168 (2014) 
•  Collaborators: Jon Ihlefeld (Sandia), Harlan-Brown Shaklee (Sandia), John Duda 

(Seagate), Bryan Huey (U.Conn), Darrell Schlom (Cornell), J.P. Maria (NC State), Brady 
Gibbons (Oregon State), Doug Medlin (Sandia), David Cahill (UIUC), Arun Majumdar 
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