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therefore may limit the utility of many nano-structured and
nano-composite systems. Therefore, the selection of materials
that spontaneously form natural, thermodynamically stable,
nano-structures is desirable.
Recent attention has been paid to the naturally layered
oxides18–22 as a class of crystalline materials with very low,
glass-like thermal conductivities. One such material that has
garnered interest of late is the Sr2Nb2O7 material system.19–21
Sr2Nb2O7 is an orthorhombic perovskite phase (space group
#36-Cmc21) composed of octahedrally coordinated niobium
and 12-coordinated strontium, separated by a SrO double
layer in the cross-plane direction 23 (i.e., in the standard setting, the direction perpendicular to the layers and referred to
as the b-axis direction in this work, but also called the c-axis
in the nonstandard setting). It has been shown that the
power factor is increased due to introduction of charge carriers with lanthanum doping,19–21 suggesting that it may be
well suited for thermoelectric applications. Furthermore, the
naturally layered structure of this material is the equilibrium
crystal structure, meaning it is a very stable conﬁguration
that is ideally suited for high-temperature applications.
Given the layered structure in this class of compounds, it
is interesting to ask whether the thermal transport behavior
is sensitive to ﬁlm boundary and/or impurity scattering
eﬀects, or whether the internal layering will dominate the
thermal transport. In this work, we use time-domain thermoreﬂectance (TDTR) to measure the cross-plane (b-axis)
lattice thermal conductivity of a series of lanthanum-doped
strontium niobate (Sr2xLaxNb2O7d) thin ﬁlms of varying
thicknesses. The ﬁlms were fabricated through chemical solution deposition24,25 (CSD), which is a scalable technique for
producing large quantities of material both quickly and inexpensively.26 We ﬁnd that neither ﬁlm thickness nor doping
lead to further reductions in j, suggesting that phonon scattering at the weakly bonded layer interfaces is the dominant
scattering mechanism that dictates thermal transport in layered perovskite structured strontium niobate. The results of
the measurements are analyzed in the context of a minimumlimit model for thermal conductivity.

We have measured the cross-plane thermal conductivity (j) of
(010)-textured, undoped, and lanthanum-doped strontium niobate (Sr2 – xLaxNb2O7 – d) thin ﬁlms via time-domain thermoreﬂectance. The thin ﬁlms were deposited on (001)-oriented
SrTiO3 substrates via the highly-scalable technique of chemical
solution deposition. We ﬁnd that both ﬁlm thickness and lanthanum doping have little eﬀect on j, suggesting that there is a
more dominant phonon scattering mechanism present in the
system; namely the weak interlayer-bonding along the b-axis in
the Sr2Nb2O7 parent structure. Furthermore, we compare our
experimental results with two variations of the minimum-limit
model for j and discuss the nature of transport in material systems with weakly-bonded layers. The low cross-plane j of these
scalably-fabricated ﬁlms is comparable to that of similarly layered niobate structures grown epitaxially.

I.

Introduction

T

HE development of materials with exceptionally low thermal conductivities (j) has been an exciting area of
research over the past decade.1–7 Materials that possess such
extreme attributes provide unique opportunities to study both
the fundamental physics of carrier transport and also create
new solutions to challenging engineering problems. Nanostructuring has proven to be an eﬀective way of minimizing the
value of j through several extrinsic mechanisms, including
superlattices, nano-grains, crystallographic texture, quantum
dots, etc.8–16 As a result, these nano-structured material systems have garnered signiﬁcant interest as both thermoelectric
(TE) materials and as thermal barrier coatings.
While the demonstrated reduction of j through the use of
these nano-structures has yielded promising results, the
atomic-layer-based deposition processes used to fabricate
many of these structures may limit their commercial-inﬂuence
to niche markets where cost is not the most important design
factor.17 Ideally, these materials will be able to be produced
in large quantities both quickly and inexpensively so as to
maximize their applicability and commercial potential. To
that end, bulk nano-structured materials, or nano-composites, are an intriguing class of materials which can be fabricated via scalable manufacturing processes while retaining
their thermally insulative properties.10,11,14-16 In addition to
manufacturability, the ideal materials also should be stable
against Ostwald ripening at operation temperatures and

II.

Experimental Procedure

(0k0)-oriented ﬁber-textured strontium niobate and lanthanum-doped strontium niobate ﬁlms were prepared on SrTiO3
substrates as described in previous work.27 In short, a chelate-based CSD approach was used where strontium or
strontium and lanthanum acetates were dissolved in propionic acid and niobium butoxide was chelated with six molar
equivalents of acetic acid. The appropriate amount of the
dissolved acetates was added to the niobium precursor, as
measured by constituent masses, and the solutions were
diluted to 0.15M with anhydrous ethanol. Solutions were
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Results and Discussion

Figure 1(a) shows a representative group of X-ray diﬀraction
(XRD) patterns for Sr2xLaxNb2O7d ﬁlms of various thicknesses doped with 5% lanthanum (x = 0.1). XRD reveals
highly (0k0)-oriented ﬁlms for each thickness. Minority peaks
associated with the 002 and 151 reﬂections were also
observed, but constituted less than 3% of the diﬀracting volume based upon comparison of measured intensities and
those expected from a random powder pattern. In previous
work27 these ﬁlms were shown to possess a random in-plane
orientation and therefore are ﬁber-textured. Also, while we
utilize single crystalline substrates in this study, (010)-ﬁber
texture was identiﬁed on non-lattice-matched and polycrystalline substrates, demonstrating a preferred (010) out-ofplane orientation regardless of substrate,27 which makes this
technique/materials system uniquely manufacturable for thermal applications.
Figure 1(b) is comprised of atomic-resolution HAADFSTEM images illustrating the layered crystal structure of
strontium niobate. The left image depicts the interface
between the thin ﬁlm and SrTiO3 substrate, conﬁrming that
the layers are well aligned with the substrate. The right image
in Fig. 1(b) shows detail of an individual Sr2Nb2O7 grain
that was tilted, in the microscope, to a 〈101〉-type orientation,
allowing the layered structure to be imaged directly. These
observations identify the presence of defects in the layering
sequence. In the ideal Sr2Nb2O7 crystal structure, the NbO6octahedra are arranged in slabs that are 4-octahedra wide
along the b-axis.23,38 However, more generally within the
SrnNbnO3n+2 homologous series (for which Sr2Nb2O7 corresponds to n = 4), slab widths of both 4 and 5 NbO6-octahedra have been observed39,40; for instance, the Sr5Nb5O17
structure (the n = 5 member of the homologous series) consists entirely of slabs that are 5 octahedra-wide.41 Examples
of individual n = 4 and 5 slabs are indicated on Fig. 1(b)
with the superimposed Sr and Nb atom positions from 〈101〉
projections of Sr2Nb2O7 and Sr5Nb5O17. The arrows on Fig.
1(b) indicate the distribution of n = 5 slabs across one grain.

SrTiO3

III.

(a)

Sr2Nb2O7

spin cast onto (001)-oriented SrTiO3 single crystalline substrates at 3000 rpm for 30 s and pyrolyzed on a hot plate in
air at 300∘C for 5 min. Sr2Nb2O7 and Sr1.9La0.1Nb2O7d
ﬁlms were formed by annealing the as-pyrolyzed ﬁlms to
1000∘C in an air atmosphere for 5 min by directly inserting
the samples into a preheated furance. After the ﬁnal deposition and crystallization anneal, the La-containing ﬁlms were
postannealed in a dry 3% H2/N2 atmosphere to promote solubility of the lanthanum and to activate electronic carriers
for thermoelectric applications. The coating/pyrolysis/crystallization process was repeated to increase ﬁlm thickness with
as-crystallized individual layer thickness of 27 nm.
The phase-assemblage and orientation of the ﬁlms was
conﬁrmed via x-ray diﬀraction (XRD; Philips MPD, PANalytical, Westborough, MA) using CuKa radiation. Scanning
transmission electron microscopy (STEM) images were generated using an FEI-Titan G2 instrument (FEI, Hillsboro,
OR), operated at 200 keV and equipped with a high angle
annular dark ﬁeld (HAADF) detector. The thermal conductivities of the samples were determined using TDTR28 where
we ﬁt the experimental data to a multi-layer thermal
model.29–31 To provide the transducer for our optical measurements, we deposited an aluminum ﬁlm on the samples by
electron beam evaporation. The ﬁlm was approximately
90 nm thick, as conﬁrmed by picosecond ultrasonics.32,33 For
this experiment, we modulate the pump-beam using a linearly
ampliﬁed 11.39 MHz sinusoid and monitor the ratio of the
in-phase to out-of-phase signals from the probe beam using a
lock-in ampliﬁer (Stanford Research Systems 844, Sunnyvale,
CA). Additionally, we assume literature values for the heat
capacities of Al [Ref. (34)] and Sr2Nb2O7 [Ref. (35)], as well
as the bulk thermal properties of SrTiO3 [Refs. (36,37)].

5 nm

1 nm

Fig. 1.
(a) X-ray diﬀraction patterns of samples with 5 %
lanthanum (x = 0.1) and the following thicknesses (nm); (i) 130, (ii)
220, (iii) 400, (iv) 800. The bar markers along the horizontal axis
indicate the 2h angles of the (0k0) reﬂections, while * denotes
reﬂections from substrate planes and ⋄ denotes substrate reﬂections
from CuKb radiation. (b) Atomic-resolution HAADF-STEM images
illustrating the layered crystal structure of strontium niobate. The
grain is imaged along a 〈101〉 type direction with the b-axis normal
to the SrTiO3 substrate. Arrows along the left image indicate the
position of defects in the layering sequence. The image on the right
shows a higher magniﬁcation of a section of the grain overlaid with
〈101〉 projections of the Sr (yellow) and Nb (orange) atom positions
in the Sr2Nb2O7 (n = 4 NbO6 octahedra) and Sr5Nb5O17 (n = 5
NbO6 octahedra) crystal structures.

At this defect density (9 slabs of the n = 5 phase versus 34
slabs of n = 4 present within the left image), we calculate
that there is a small amount of oxygen reduction by d = 0.05
in the Sr2xLaxNb2O7d samples. To conﬁrm our results
were not sensitive to this low level of reduction, an additional sample (x = 0.1, approximately 220 nm thick) was prepared through CSD, but done so in oxidizing atmospheres to
discourage the formation of the n = 5 slabs.27
Figure 2 shows the measured thermal conductivities of our
Sr2xLaxNb2O7d thin ﬁlms as a function of both ﬁlm thickness (x = 0.1) and doping with lanthanum (constant ﬁlm
thickness) at room temperature. The error bars encompass the
uncertainty in the thickness of the 90 nm aluminum ﬁlm
deposited on the samples to serve as a transducer for the optical measurement, as well as the standard deviation about the
mean for the three measurements made on each sample. Measurement of the single sample prepared in oxidizing atmospheres yielded a thermal conductivity of 0.60 W (m  K)1
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Fig. 2.
Thermal conductivities of CSD-fabricated Sr2xLax
Nb2O7d thin ﬁlms as a function of ﬁlm thickness (circles) with 5%
La (x = 0.1), as well as doping with Lanthanum (squares, inset) for
a ﬁxed ﬁlm thickness of approximately 220 nm, along with the
thermal conductivity of bulk, hot-forged Sr2Nb2O7 along the b-axis
reported by Sparks et al. (dashed line). The thermal conductivity
exhibits little dependence on both the thickness and dopant level,
suggesting that there is a more dominant scattering mechanism
present in the material.

[0.03 W (m  K)1]. This value is of the same magnitude as
the samples in both the thickness and doping series, thereby
conﬁrming that (a) the presence of minority fractions of the
Sr5Nb5O17 phase has minimal eﬀect on the cross-plane j, and
(b) that the electrical contribution to j as a result of La-doping
coupled with diﬀerent annealing conditions is dwarfed by the
phonon contribution.
Additionally, in Fig. 2 we include the thermal conductivity
along the b-axis of textured, hot-forged ceramic
Sr2xLaxNb2O7d samples (x = 0.01) reported by Sparks
et al. in Ref. [19]. We see a 40%–45% reduction in the j of
our thin ﬁlms versus the bulk samples measured via thermal
ﬂash by Sparks.19 We do not believe that this reduction is
caused by ﬁlm boundary scattering, since j is independent of
ﬁlm thickness, as shown in Fig. 2. If boundary scattering
were playing a role in the observed reduction, we would
expect j to increase with increasing ﬁlm thickness, asymptotically approaching the bulk value from Ref. [19]. Similarly,
we see no variation in j due to diﬀerent dopant concentrations
of lanthanum, allowing us to conclude that neither impurity
nor ﬁlm boundary scattering are dominant phonon scattering
mechanisms in these samples. Alternatively, phonons are
more readily scattered at the weakly bonded interfaces normal to the measurement direction within the Sr2Nb2O7
unit cell.
The diﬀerence in thermal conductivity along the b-axis of
our ﬁlms compared with the hot-forged ceramics reported by
Sparks et al. likely stems from the degree of texture present
in the diﬀerent sample sets. The ﬁlms we report here have
signiﬁcantly fewer non-0k0 peaks present in the X-ray diffraction pattern and the intensities of non-0k0 peaks relative
to 0k0 peaks are lower than those reported by Sparks. Given
the higher degree of crystallographic anisotropy present, we
believe our lower thermal conductivity value stems from a
higher degree of texture owing to sampling a high concentration of 0k0-oriented material.
We measured the thermal conductivity of two La-doped
samples (x = 0.1) with diﬀerent ﬁlm thicknesses (130 and
800 nm, respectively) as a function of temperature from 80–
500 K. Figure 3 is a plot of these data along with previous
measurements of several materials, including those with
weakly bonded, naturally layered structures as well as amorphous SiO2 (a-SiO2). Like the other layered structures shown
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Fig. 3. Thermal conductivity versus temperature for two 5% La
(x = 0.1) Sr2xLaxNb2O7d samples of diﬀerent thicknesses; 130 nm
(blue circles) and 800 nm (red squares). Literature data for
amorphous SiO2 [dashed line, Ref. (42)], bulk Sr5Nb5O17 [solid line,
Ref. (22)], CsBiNb2O7 [triangles, Ref. (18)] and WSe2 [diamonds,
Ref. (2)] are included for comparison.

in the ﬁgure, the thermal conductivities of both
Sr1.9La0.1Nb2O7d ﬁlms are less than a-SiO2 across the temperature range, demonstrating the strong role that phonon
scattering at weakly bonded layers can have on the thermal
conductivity of crystalline materials. Additionally, our data
show good agreement with cross-plane values for highly textured, bulk single-crystalline Sr5Nb5O17 samples22 (exclusively composed of n = 5 material in the SrnNbnO3n+2
homologous series; note that they use the nonstandard setting and that their c-axis is the b-axis in the standard setting)
measured via a thermocouple-based, steady-state technique.
Lastly, the thermal conductivity of Sr1.9La0.1Nb2O7d is larger than that of other layered material systems, including
CsBiNb2O718 and WSe2.2 This is consistent with the fact that
the cross-plane (b-axis) longitudinal speed of sound (vL) in
Sr2Nb2O7 is 5192 m/s,43 which is larger than the similarly
directed sound velocities of the aforementioned materials [vL
equal to 3350 m/s from Ref. (18) and 1650 m/s from Ref.
(2), respectively]. The diﬀerences in the cross-plane sound
velocities of these materials can be attributed to the strength
of the bonding between the layers; the bonds between WSe2
layers being the weakest while those between “perovskiteslabs” in Sr1.9La0.1Nb2O7d being the strongest. The weaker
bonds lead to stronger phonon scattering at the layer interfaces, leading to lower thermal conductivities.
To investigate the nature of thermal transport in our
Sr1.9La0.1Nb2O7d layered structures, we turn to the minimum limit model for thermal conductivity.44 Assuming an
isotropic Debye solid, the expression for the minimum phonon thermal conductivity is

jmin

X
2
h
¼ 2
6p kB T2 j

Zxc;j
0

h i
exp khBxT
x4
smin;j  h i
2 dx;
vj
exp khBxT  1

(1)

where the summation is over the three acoustic phonon
modes (one longitudinal, two transverse) and j denotes the
particular mode, ℏ is the reduced Planck’s constant, x is the
phonon angular frequency, xc;j is the cutoﬀ frequency, T is
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the temperature, vj is the phonon group velocity and smin,j is
the minimum scattering time. To evaluate Eq. (1) for our
material system, we
use vL = 5192 m/s from Ref. [43] and
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
calculate vT ¼ vL ðc55 =c22 Þ using literature values for the
elastic constants45 of Sr2Nb2O7. Additionally, we use
n = 72.993 nm3 for the atomic density19 of Sr2Nb2O7 in calculating the cutoﬀ frequencies (xc,j = vj(6p2n)1/3).
Figure 4 shows our La-doped ﬁlms of diﬀerent thicknesses
along with two versions of the model described by Eq. (1).
The solid line is the Cahill-Watson-Pohl (CWP) model44 and
the dashed line is a modiﬁed version of the CWP that we
refer to as the Layered model (LM).46,47 Our LM calculations include the eﬀects of scattering between weakly bonded
layers. Like the work in Refs. [18] and [2], our data lie
below the expected minimum thermal conductivity predicted
by the CWP. The diﬀerence between the two models lies in
the deﬁnition of smin; the CWP model deﬁnes the minimum
scattering time to be one-half the period of oscillation
between adjacent atoms in a given material, smin,j,CWP=p/x.
The LM incorporates an additional term via Matthiessen’s
rule48 that accounts for scattering at the interface between
two diﬀerent layers. The minimum scattering time thus takes
the form
smin;j;LM ¼
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(2)

where the ﬁrst term is the scattering within the layers and the
second is the scattering between layers, which is dependent
on the separation distance, d. In the case of small d and
weak bonding between layers (resulting in lower Debye cutoﬀ
frequencies), the diﬀerence between the modal sound speed
and interlayer velocities is maximized, resulting in scattering
times that approach the interatomic ones from CWP. The
result is a reduction in the predicted minimum thermal conductivity due to the combined contributions of these separate
scattering mechanisms. As we can see in Fig. 4, the LM lies
below our measured data suggesting that the incorporation

of interlayer scattering successfully establishes a new theoretical minimum thermal conductivity that is applicable to similarly layered structures.

IV.

Conclusions

This work highlights several important features of the naturally layered Sr2xLaxNb2O7d material system that are relevant to a variety of application areas. First, we have shown
that both the ﬁlm thickness and lanthanum doping have little
to no eﬀect on the cross-plane (b-axis) thermal conductivity
of the samples, indicating that the electrical and thermal
properties of these ﬁlms can be tuned independently over the
doping range explored in this study. This conclusion is particularly signiﬁcant in the scope of using strontium niobate
as a high-temperature thermoelectric material. Second, the
scalable-nature of the fabrication process used to synthesize
these thin ﬁlms and the exceptional degree of crystallinity
and crystallographic texture conﬁrmed via XRD and STEM
is an extremely important component of this work. We have
shown that the thermal conductivities of our CSD-fabricated
thin ﬁlms (0.6 W  (m  K)1) are comparable to that of similarly layered ﬁlm structures created via epitaxial growth processes. The ability to fabricate these extremely insulative
ﬁlms through such a simple process both quickly and inexpensively on a broad variety of substrates without requiring
lattice-matching epitaxy not only reinforces their potential as
a commercial thermoelectric, but also as a next-generation
thermal barrier coating to protect critical components in
high-temperature operating environments.
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