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0 and 475 kV/cm (0 and 10 V) and plotted the thermal
conductivity as a function of time in Figure 2b. We observe a
nearly instantaneous decrease (less than 300 ms, limited by the
integration time of the lock-in amplifier) in the thermal
conductivity when the field is applied, which recovers when the
field is removed. This demonstrates that the thermal
conduction decrease is rapid and recoverable between the
poled (remanent) and applied-field states.
To demonstrate the mechanism for this result, we

characterized the domain structure before and after poling
with PFM and in operando during application of electric fields
with channeling contrast scanning electron microscopy (SEM).
The PFM measurements were performed with a conductive tip
and no top electrode. The channeling contrast measurements
utilized a 3 nm thick platinum electrode, which is thin enough
to enable sufficient transparency for electron imaging, but thick

enough to apply a field across the PZT film. Figure 3a,b shows a
PFM image of a representative region of a bilayer film prior-to
and after poling. Edge identification was used to measure the
domain wall length before and after application of the field.
Depending on the region measured, we observe −4.1 to +8.3%
changes in domain wall line length/unit area after poling of the
sample with an overall average increase of 2.6%. Figure 3c−f
shows channeling contrast SEM images in states of negatively
poled (negative remanent ferroelectric state), positive applied
field, positively poled (positive remanent ferroelectric state),
and negative applied field, respectively. Clear voltage-induced
domain structure changes are observed in each state. Edge
identification was used in regions where we could unambigu-
ously identify domains with the results for one grain shown in
Figure 3g−j. We find that the domain wall density increases
under the application of field compared to a zero field, poled
film state, as shown in Figure 3k. For Grain 3, which is
highlighted in Figure 3g−j, we observe increases of 9.9 and
10.2% in domain wall line length relative to the negatively
poled state under fields of −414 and 414 kV/cm, respectively.
The amount of domain boundary length change varied in the
other grains measured, but we routinely observe greater than a
2% increase in domain wall length while the sample is under
field. It is important to note that the 12 μm diameter of the
laser spot used for the TDTR measurements results in a
measurement volume that encompasses several adjacent grains,
ensuring that the average increase in domain wall length/unit
area is captured in each thermal measurement.
Combined, the PFM and SEM domain imaging data show

that the domain wall densities increase after and during the
application of a dc field. Increases in domain wall density in
polycrystalline PZT thin films30 and PZT bilayers,24,29,31 similar
to those studied here, have been observed previously between
unpoled and poled states via PFM. Here, we show that domain
wall density increases while under an applied field. This
increase is a consequence of several factors, including interplay
of ferroelectric switching and ferroelastic domains30 and strain
relief from the imposed mechanical boundary conditions that
exist at grain boundaries and clamping to a rigid silicon
substrate.32 These increases in domain wall density correlate
with decreases in thermal conductivity after poling into the
remanent ferroelectric states and while under an electric field.
The decreased thermal conductivity with increasing domain
wall density results from increased phonon scattering across
these interfaces. In addition to the increase in domain boundary
area resulting in increased phonon scattering interfaces, an
accompanying necessary decrease in domain wall spacing is
likely to result in phonons of shorter mean free path lengths
being scattered by domain walls, which may amplify this
thermal conductivity tuning effect. Furthermore, as a
consequence of the phonon scattering at domain boundaries
mechanism, it can be anticipated that this tuning effect can
occur at the time scale of ferroelastic switching, which has been
shown to occur in the nanosecond time frame.31,33 This
indicates that the response time can be significantly faster than
we have been able to measure using our experimental setup.
Finally, given the rich physics present in ferroelectrics, it is

important to differentiate the effects observed in this work from
electrocaloric effects. The application of a large electric field to
a ferroelectric thin film results in a change in entropy and a
concomitant change in temperature under adiabatic con-
ditions.34 The electrocaloric effect is a transient response that
would not be observable over the several minute time scales of

Figure 2. (a) dc electric field dependence of thermal conductivity in
the PbZr0.3Ti0.7O3 layer of the PZT bilayer film measured at room
temperature (red circles). Also shown are the zero-field thermal
conductivities of the initially unpoled material (black diamond) and
those of the remanent, poled, material after application of positive
(green triangle) and negative bias (blue square). (b) Real-time change
in thermal conductivity measured via TDTR at a pump−probe delay
time of 150 ps, showing the dynamic response of the thermal
conductivity tuning effect.
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•  At room temperature, over 2 orders of magnitude in intricate 

tunability in κ in silicon based on disorder/interfaces/
nanostructuring 

•  What is the range and precision in tuning κ in oxide 
systems based on defects and interfaces? 
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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 dashed lines
projected onto the x axis for different temperatures.

We note that equivalent (STO)/(CTO) superlattice films on
NGO (NdGaO3) substrates tend to have slightly higher thermal
conductivity than those on STO or LSAT substrates. All are of
identical thickness, so this cannot be attributed to the thickness-
dependent effect noted previously7. The observation also cannot
be attributed to the differing symmetry of the orthorhombic
NGO versus the cubic symmetry of STO and LSAT. NGO is a
slightly distorted perovskite, and a NGO (110) surface presents
a square surface mesh to within 0.3% by bond distance, and
within 0.002% by symmetry. Therefore, symmetry or octahedral
distortion differences due to different substrates can be ruled out
as a dominant contributing factor (although such distortions of
CTO or BTO may occur in the superlattices themselves, especially
the longer-period ones). The difference in the lattice parameter of
NGO (110) and LSAT (001) surfaces as compared with STO (001)
is �1.1% (average of �0.9 and �1.3%) and �0.9%, respectively,
and so strain could play a subtle and systematic role in varying the
thermal conductivity of superlattices grown on different substrates.
We have seen minor hints of a possible misfit effect on thermal
conductivity, and this is the subject of ongoing efforts. The origin
of this systematic difference in thermal conductivity between
superlattices on different substrates could be due to a combination
of the above-discussed effects. Last, we note that, although only
short-period (STO)/(CTO) superlattices on LSAT substrates were
synthesized and measured, these data are taken in the important
(coherent) regime. The incoherent regime is known to exhibit a
classical trend of thermal conductivity with decreasing interface
density, trending in the limit towards a thermal conductivity that is
an average of the two components, STO and CTO.

Figure 2 shows the thermal conductivity of (STO)m/(CTO)n
superlattices at 307, 142 and 84K for a range of interface densities.
There are two clear trends observable in this plot. First, the depth of
the minimum increases with decreasing temperature, and second,
the interface density at the minimum shifts to lower values at
lower temperatures. Both of these trends are consistent with the
zone-foldedmini-band formation description18,19. The temperature
window in which the minimum can be observed is limited. If the
temperature is too high, Umklapp processes will dominate and limit

the observation of such coherent behaviour; at too low temperatures
the high-frequency phonon modes may not be populated or may
carry insufficient heat to show a very pronounced minimum. The
observation of a minimum over a temperature range with a clear
trend further corroborates our conclusion of the observation of
coherent wave scattering phenomena at high interface densities
in these superlattices.

Structural and microstructural characterizations of superlattice
samples are shown in Fig. 3. The results establish the crystalline
perfection of the bulk, interfaces, and layering of the superlattices.
Figure 3a shows a high-resolution, short-angular-range ✓–2✓ X-
ray diffraction (XRD) scan of a (STO)6/(CTO)6 superlattice
centred on the substrate 220 peak. The data clearly show the
002 Bragg peak roughly corresponding to a 50:50 STO/CTO
alloy with a single order of superlattice fringes, labelled SL(±1).
Figure 3b similarly shows a ✓–2✓ XRD scan, in this case of a
(STO)74/(BTO)1 superlattice, collected over a 2✓ angular range
of 40�–52.5�. The plot shows a strong peak from the substrate,
and many orders of superlattice reflections, indicating the high
degree of long-range order of the superlattice itself. Evaluating
the strain relaxation and the rocking curves of the films also
aids in assessing the low occurrence of line defects such as misfit
dislocations. Qualitative evidence for this high degree of crystalline
perfection is shown in Fig. 3c, in terms of a reciprocal space map
of the (STO)2/(CTO)2 superlattice. The map clearly shows that
the in-plane lattice parameter of the film matches well with the
substrate (similar reciprocal-space maps for superlattices about
the minimum are given in the Supplementary Information) and
hence is coherently strained with the substrate. As there is little
or no strain relaxation, we can rule out the formation of a
significant density of misfit dislocations, which would have affected
thermal transport. Moreover, the full-width at half-maximum
(FWHM) values for the rocking curves of the (STO)6/(CTO)6
superlattice 002 peaks and substrate 002 peaks were 0.028� and
0.018�, respectively. Similarly, the FWHM for the rocking curves
of the substrates and (STO)m/(BTO)n superlattices averaged 0.018�

and 0.023�, respectively, with film texture commensurate with
substrate in each case. A narrow FWHM (typically limited by the
broadening due to crystalline domains and threading dislocations
from the substrate) for a film, which is comparable to the
substrate, is a further indication of the lack of misfit dislocations
and other line defects.

The presence of thickness fringes (Pendellösung fringes)
surrounding the central Bragg peak in Fig. 3a attests to the
surface smoothness of the film. The smoothness of the surface
of the (STO)m/(CTO)n superlattices was evaluated by atomic
force microscopy, as shown in Fig. 3d, revealing that the film
surface remains smooth with unit-cell terraces even after growing
a 200-nm-thick film (further discussions can be found in the
Supplementary Information). Results of transmission electron
microscopy (TEM) characterization of both films are shown in
Fig. 3e,f for (STO)m/(CTO)n and (STO)m/(BTO)n superlattices, re-
spectively. Figure 3e shows cross-sectional scanning TEM (STEM)
analysis of a (STO)2/(CTO)2 superlattice. The image clearly shows
that the interfaces obtained by the laser MBE growth technique
are extremely sharp with little or no inter-diffusion of species
across the interfaces. Figure 3f shows a cross-sectional STEM
electron energy loss spectroscopy (STEM-EELS) map of the Ti
and Ba atoms in a (STO)30/(BTO)1 superlattice using Ti–L2,3
edges (green) and Ba–M4,5 edges (purple), along with a schematic
of the crystal structure. This documents the atomically sharp
interfaces that are created in the oxide superlattices by MBE. In
summary, these characterizations clearly establish the high quality
of the superlattice samples. (Further structural analysis on both the
(STO)m/(CTO)n and (STO)m/(BTO)n superlattices can be found
in the Supplementary Information.)

170 NATUREMATERIALS | VOL 13 | FEBRUARY 2014 | www.nature.com/naturematerials

LETTERS NATUREMATERIALS DOI: 10.1038/NMAT3826

© 2014 Macmillan Publishers Limited. All rights reserved

100

q

z

 (
rlu

)

q

x

 (rlu)

2 nm

101

102

103

104

In
te

ns
ity

 (
cp

s)

105

106

44 45 46

NGO 220 STO 002

SL(+1)002

SL(0)002

SL(¬1)002

SL(¬n)002 SL(+n)002

47
2   (°)

48 49 40 42 44

2.5 µm × 5 µm

46 48 5250

109

108

107

106

105

In
te

ns
ity

 (
cp

s)

104

103

102

101

0.768

0.774

SLpc 103

NGO 332

0.780

0.786

0.246 0.252 0.258 0.264

(CaTiO3)2

(SrTiO3)2

(SrTiO3)30

(SrTiO3)30

(BaTiO3)1

10,000

2,000

2 nm

1 nm

0 nm

1.0 µm

500

100

20

4

c

e

f

d

θ 2   (°)θ

a b

Figure 3 | Structural and microstructural characterization of superlattice samples from both series. a,b, High-resolution, short angular-range ✓–2✓ XRD
scan of a (STO)6/(CTO)6 superlattice centred on the NGO 220 substrate peak (a) and (STO)74/(BTO)1 superlattice peaks centred on the STO 002
substrate peak (b). 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. The colour scale bar indicates intensity in arbitrary units (log scale). d, Surface topography of a
200 nm (STO)2/(CTO)2 thick superlattice film on a STO (001) substrate. The image clearly shows the presence of smooth step edges with unit-cell
height. e,f, High-angle annular dark-field (HAADF) STEM images of (STO)2/(CTO)2 (e) and STEM-EELS image (dimensions 35 nm⇥3.6 nm) of a
(STO)30/(BTO)1 superlattice (f) revealing the presence of atomically sharp interfaces with minimal intermixing in the samples studied. A schematic of the
crystal structures is shown on the right in f. Chemical formulae of the component materials of the superlattice are colour-coded to match the false-colour
of the atomic-resolution STEM-EELS image on the left (Sr, orange; Ba, purple; Ti, green).

In conclusion, we have provided the first unambiguous
evidence for the crossover of phonon scattering from particle-
like (incoherent) to wave-like (coherent) processes in high-
quality, epitaxial perovskite oxide superlattices. The results are
in agreement with several theoretical predictions, and are much

stronger evidence for coherent phonon transport than the often-
reported ballistic transport experiments7–9. We have also shown
sufficient evidence to eliminate extraneous or spurious effects,
which could have alternatively explained the observed thermal
conductivity minimum in these superlattices. Our work opens up
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The lock-in amplifier measures the fundamental compo-
nent of the probe signal at the modulation frequency, !0, and
rejects all other harmonic components. This is shown in Fig.
2!d". The output will be the amplitude, A, and phase, ", of
the fundamental component of the probe signal with respect
to the reference wave at every delay time #. Mathematically,
the solution takes the form of a “transfer function,” a com-
plex number Z!!0" such that the output of the lock-in ampli-
fier for a reference wave ei!0t is given by

Aei!!0t+"" = Z!!0"ei!0t. !3"

The transfer function can be represented in two ways. The
first, given by Capinski and Maris10 is in terms of the im-
pulse response of the sample, h!t",

Z!!0" =
$QQprobe

T #
q=0

%

h!qT + #"e−i!0!qT+#", !4"

where Q is the power per pump pulse, Qprobe is the power per
probe pulse, and $ is a constant that includes the thermore-
flectance coefficient and gain of the electronics. A math-
ematically equivalent form was later given by Cahill11 in
terms of the sample frequency response, H!!",

Z!!0" =
$QQprobe

T2 #
k=−%

%

H!!0 + k!s"eik!s#, !5"

where again !0 is the reference frequency and !s$2& /T.
The equivalence of Eqs. !4" and !5" stems from the fact that,
in a LTI system, the impulse response and frequency re-
sponse are Fourier transform pairs. In practice, Eq. !4" may
be more convenient for numerical simulations, while Eq. !5"
is more convenient for cases where an analytical heat trans-
fer solution is more easily obtained in the frequency domain.

In the limit that the time between pulses, T, becomes
infinite, both expressions reduce to the impulse response as a
function of delay time, #,

lim
T→%

$QQprobe

T #
q=0

%

e−i!0#h!qT + #" =
$QQprobe

T
h!#"e−i!0#

!6"

since at very long times, h!qT+#" decays to zero for all
terms where q!0. In this limiting case, the phase shift is
simply the delay between the pump and probe pulses divided
by the modulation frequency, as expected, and the amplitude
of the signal can be directly interpreted as the response of
the sample to a single pulse. In this case, the relevant time
and length scales are those associated with the single-pulse
response.

In the other limit, as T approaches zero, the expression
approaches the frequency response !i.e., the steady periodic
response at !0",

lim
T→0

$QQprobe

T2 #
q=0

%

e−i!0#h!qT + #"T =
$QQprobe

T2 H!!0" . !7"

In this case, the relevant time and length scales are those
associated with the steady periodic response.

In the intermediate range, where the decay time of the
system is not much longer or shorter than the pulse period T,
the signal has elements of both the impulse response and the
steady frequency response and the two effects cannot be eas-
ily separated.

To examine this further, we take a simple exponential
system as a model and see how the measured signal changes
as the decay rate and laser pulse period are varied. Although
the thermal response of a sample is more complex, the basic
features of the accumulation effects will be the same. The
impulse response and frequency response of the simple sys-
tem are given by

h!t" = e−at, !8"

Time (a.u.)

(a)

(b)

(c)

(d)

Temperature
Probe pulses

Pump pulses

Temperature
Pump pulses

Pump pulses

Temperature
Probe pulses

Reference wave

Measured signal

FIG. 2. !Color online" !a" The pump beam input to the sample modulated by
the fundamental component of the EOM. !b" The surface temperature of the
sample in response to the pump input. !c" The probe pulses arrive at the
sample delayed by a time, #, and are reflected back to a detector with an
intensity proportional to the surface temperature. !d" The fundamental har-
monic components of the reference wave and measured probe wave. The
amplitude and phase difference between these two waves is recorded by the
lock-in amplifier at every delay time.
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We compare an example of a full calculation of Vf!t" /V0
to measured data in Fig. 4. The unknown layer parameters
in the fit—the thickness of the TiN layer !56 nm" and the
thermal conductance of the TiN/MgO interface
!650 MWm−2 K−1"—were measured in a fit to the ratio
Vin /Vout as described in Ref. 8. The thermoreflectance was
also adjusted to improve the fit shown in Fig. 4; we find
dR /dT=1.8!10−4 K−1. This value for dR /dT is in good
agreement with measurements by ellipsometry, 1.6
!10−4 K−1.

The deviation of the data from the fits at large delay
times, t"2 ns is caused by the changes in the radius of the
pump beam w0 with changes in the length of the optical path
of the pump beam; i.e., the model calculation assumes that
w0 is constant but in reality w0 varies with delay time t. We

have previously discussed how our approach of analyzing
the ratio Vin /Vout minimizes these errors;

6,8 the optical design
of Capinski and Maris3 provides another method for improv-
ing the accuracy of TDTR measurements at large delay
times.

This work was supported by NSF Grant No. CTS-
0319235. Data were acquired using the equipment in the
Laser Facility of the Frederick Seitz Materials Research
Laboratory (MRL) at the University of Illinois at Urbana-
Champaign.
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The lock-in amplifier measures the fundamental compo-
nent of the probe signal at the modulation frequency, !0, and
rejects all other harmonic components. This is shown in Fig.
2!d". The output will be the amplitude, A, and phase, ", of
the fundamental component of the probe signal with respect
to the reference wave at every delay time #. Mathematically,
the solution takes the form of a “transfer function,” a com-
plex number Z!!0" such that the output of the lock-in ampli-
fier for a reference wave ei!0t is given by

Aei!!0t+"" = Z!!0"ei!0t. !3"

The transfer function can be represented in two ways. The
first, given by Capinski and Maris10 is in terms of the im-
pulse response of the sample, h!t",

Z!!0" =
$QQprobe

T #
q=0

%

h!qT + #"e−i!0!qT+#", !4"

where Q is the power per pump pulse, Qprobe is the power per
probe pulse, and $ is a constant that includes the thermore-
flectance coefficient and gain of the electronics. A math-
ematically equivalent form was later given by Cahill11 in
terms of the sample frequency response, H!!",

Z!!0" =
$QQprobe

T2 #
k=−%

%

H!!0 + k!s"eik!s#, !5"

where again !0 is the reference frequency and !s$2& /T.
The equivalence of Eqs. !4" and !5" stems from the fact that,
in a LTI system, the impulse response and frequency re-
sponse are Fourier transform pairs. In practice, Eq. !4" may
be more convenient for numerical simulations, while Eq. !5"
is more convenient for cases where an analytical heat trans-
fer solution is more easily obtained in the frequency domain.

In the limit that the time between pulses, T, becomes
infinite, both expressions reduce to the impulse response as a
function of delay time, #,

lim
T→%

$QQprobe

T #
q=0

%

e−i!0#h!qT + #" =
$QQprobe

T
h!#"e−i!0#

!6"

since at very long times, h!qT+#" decays to zero for all
terms where q!0. In this limiting case, the phase shift is
simply the delay between the pump and probe pulses divided
by the modulation frequency, as expected, and the amplitude
of the signal can be directly interpreted as the response of
the sample to a single pulse. In this case, the relevant time
and length scales are those associated with the single-pulse
response.

In the other limit, as T approaches zero, the expression
approaches the frequency response !i.e., the steady periodic
response at !0",

lim
T→0

$QQprobe

T2 #
q=0

%

e−i!0#h!qT + #"T =
$QQprobe

T2 H!!0" . !7"

In this case, the relevant time and length scales are those
associated with the steady periodic response.

In the intermediate range, where the decay time of the
system is not much longer or shorter than the pulse period T,
the signal has elements of both the impulse response and the
steady frequency response and the two effects cannot be eas-
ily separated.

To examine this further, we take a simple exponential
system as a model and see how the measured signal changes
as the decay rate and laser pulse period are varied. Although
the thermal response of a sample is more complex, the basic
features of the accumulation effects will be the same. The
impulse response and frequency response of the simple sys-
tem are given by

h!t" = e−at, !8"
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FIG. 2. !Color online" !a" The pump beam input to the sample modulated by
the fundamental component of the EOM. !b" The surface temperature of the
sample in response to the pump input. !c" The probe pulses arrive at the
sample delayed by a time, #, and are reflected back to a detector with an
intensity proportional to the surface temperature. !d" The fundamental har-
monic components of the reference wave and measured probe wave. The
amplitude and phase difference between these two waves is recorded by the
lock-in amplifier at every delay time.
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contributing to the x fraction of the computed value of hK
for a maximum cutoff frequency of ωmax,N. The dashed line
in Fig. 4(b) represents β0.5 showing the fraction of thermal
boundary conductance dictated by the first 50% of the phonon
spectrum in metal. The result demonstrates that up to S1, 50%
of the heat is carried across the interface by the first 79% of the
spectrum. This means that for metals with cutoff frequencies
less than the TA cutoff frequency in Si (Pb, Bi, and Au),
high-frequency phonons (or the upper 21% of frequencies
in the metals’ phononic spectra) are the dominant frequency
modes. β0.5 then decreases after S1 to reach a value of 0.53
at a slightly higher frequency than S2. The trend is followed
by an increase as higher-frequency phonons are excited in Si
and the metal. At around 58 Trad s−1, the system has fully
accumulated and β0.5 takes a relatively constant value of ∼0.6.

The trend in β0.5 suggests that the value of the TA cutoff
frequency in Si, which dictates S1 and affects S2, and the
value of s, which dictates S2, are the major factors influencing
the spectral contribution to the thermal transport across the
interface. To understand this effect, we recalculate β0.5 after
intentionally multiplying the TA branch in Si by a factor of 2.
The inset in Fig. 4(b) depicts this calculation showing that
S1 has now been pushed to ∼58 Trad s−1 and that high-
frequency phonons are dominant up to this frequency. The
inset also shows the corresponding αK[υ1(ωmax)], normalizing
hK[υ1(ωmax)] at 74 Trad s−1. Going back to αqT in the inset
of Fig. 4(a), we note that 50% of the computed value is
contributed to by 45% of the phonon spectrum in the metal.
Given the nearly linear behavior of αqT , this value will not
depend on the normalization frequency. Moreover, we note
that αqT is a function of the metal properties and is not
dependent on S1 or S2. Therefore, the trend and features of
β0.5 are independent of αqT and can be directly associated with
ζ1→2. While αqT affects the magnitude of hK, the dynamics of
phonon transport across the interface is directly related to the
transmission coefficient over the entire frequency spectrum.

To further understand how ζ1→2 dictates the trend seen
in β0.5, and the effect of the frequency modes in the
substrate on heat transport across the metal/substrate inter-
face, we measure the thermal boundary conductance across
metal/(0001)sapphire interfaces and compare the value to
metal/native oxide/silicon interfaces. The results are shown in
Fig. 5. As an aside, the experimental procedures for fabricating
and testing these various metal/sapphire interfaces were
identical to that discussed in Sec. III, and each pair of substrates
shown in Fig. 5 was coated in the same deposition chamber.
It is evident that these metal/sapphire thermal boundary
conductance data can be larger (in Al) or smaller (in Pd and
Pt) than the metal/Si data even though the “phonon mismatch”
is greater by a Debye temperature argument. This suggests
that the variation of the magnitude of Kapitza conductance
between the two systems can not be simply interpreted using
the “phonon mismatch” idea based on a Debye temperature
comparison. As demonstrated in Fig. 4, the dynamics of heat
transport across the interface is more complicated and relies
on the relative positions of the cutoff frequencies in the metal
and substrate.

To strengthen our understanding to the role of transmission
in thermal transport across the interface, we rearrange Eq. (10)
to find that ζ1→2[υ1(ωmax)] is simply a function of hK and QT ,
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FIG. 5. (Color online) Measured thermal boundary conductance
across various metal/native oxide/Si and metal/sapphire interfaces as
a function of metal cutoff frequency. The Cr/Si data point (unfilled
square) was taken from Ref. [62] while all other data points (filled
symbols) are reported in this work.

represented as

ζ1→2[υ1(ωmax)] = hK

QT

. (13)

As demonstrated, the thermal boundary conductance measure-
ments on the various samples construct the thermal boundary
conductance accumulation function (i.e., the measured data are
the quantity hK). Since we can accurately predict ∂q1/∂T (and
hence QT ), we can determine the average phonon transmission
in the phonon spectrum of the metal by using the measured
TDTR data in Eq. (13). Values for ζ1→2 for the metal/native
oxide/silicon and metal/sapphire are shown in Fig. 6. Note
that these values did not require any information about phonon
distributions in the substrate. Nevertheless, the quantity shown
in Figs. 6(a) and 6(b) gives direct insight into how phonons
couple energy across solid interfaces comprised of silicon with
a native oxide layer and sapphire, respectively.

Figure 6(a) also shows the calculations of ζ1→2[υ1(ωmax)]
for metal/silicon interfaces using the assumptions of the DMM.
We show acceptable agreement between the DMM calcula-
tions and our experimentally derived data of ζ1→2[υ1(ωmax)].
Figure 6(a) shows that ζ1→2 increases up to S1 and is relatively
flat thereafter. Comparing the results in Fig. 6(a) to the
predictions shown in Fig. 4(b), we find that the monotonic
increase in ζ1→2 before S1 maintains the high and constant
value of β0.5 before S1. The flattening after S1 results in the
reduction and fluctuation of β0.5 between S1 and S2, and
after S2. This result further substantiates that the variation
in the spectral contribution to thermal interfacial transport is
associated with the transmission coefficient.

The same analysis can be applied to the data in Fig. 6(b).
The steep increase in the calculated transmission coefficient at
∼45 Trad s−1 suggests that S1 for metal/sapphire system falls
somewhere around this frequency. Examining the dispersion
curve in sapphire in the ' → Z, we find that the lowest cutoff
frequency in the TA branches occurs at 44 Trad s−1 followed by
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• Phonon scattering with mass impurities (such as dopants) causes 
a reduction in phonon thermal conductivity 

conductivity increases with thickness, we can safely say that
the reduction is not due to film dislocations. Intriguingly,
the thermal conductivities of the alloy thin films measured
in this Letter are among the lowest of any of the previous
measurements on SiGe-based thin-film systems. We note
that the only previous data that approach our lowest mea-
sured value are those in which the authors admit that the
measured samples have poor crystal quality (black filled
squares in Fig. 2) [2].

To quantify this effect, we turn to a model originally
proposed by Wang and Mingo [31], in which thermal
conductivity ! is given by

! ¼
Z @!c=kBT

0

k4BT
3

2"2v@3 #ðT; yÞy4 expðyÞ
½expðyÞ % 1&2 dy; (1)

where kB is Boltzmann’s constant, @ is Planck’s constant
divided by 2", T is temperature, and y ¼ @!=kBT
is a dimensionless parameter. The average velocity v is
calculated by v ¼ ½ð1% xÞv%2

Si þ xv%2
Ge &%1=2, where x is

the Ge concentration and vSi and vGe are the average
speeds of sound in Si and Ge, respectively, as calculated
by Wang and Mingo [31]. The scattering time for a given
frequency, #, is related to the individual processes via
Mattheissen’s rule # ¼ ð#%1

U þ #%1
a þ #%1

b Þ%1, where #U,

#a, and #b are the umklapp, alloy, and boundary scattering
times, respectively. These are given by

#U ¼ ½ð1% xÞ#%1
U;Si þ x#%1

U;Ge&%1; (2)

#a ¼ ½xð1% xÞA!4&%1; (3)

and
#b ¼ d=v; (4)

where
#%1
U;SiðGeÞ ¼ BSiðGeÞ!

2 expð%CSiðGeÞ=TÞ: (5)

The constants A, B, andC are taken from Ref. [31], and d is
the film thickness.
Our model is thus identical to that in Ref. [31] except

for the cutoff frequency, which we define as !c ¼ 2"v=a,
with a being the lattice constant of the Si1%xGex film
approximated by Vegard’s law: a ¼ ð1% xÞaSi þ xaGe,
where aSi and aGe are the lattice constants of silicon and
germanium, respectively. Equation (1) assumes a disper-
sionless, Debye system. This is acceptable for Si1%xGex
systems with nondilute alloying compositions, since the
dispersive phonons scatter strongly with the alloy atoms
due to their high frequencies. This assertion is substanti-
ated by the reasonable agreement found between this
model, our data, and previously reported measurements
on thin-film alloys in Refs. [2,7,23] as shown in Fig. 2.
To first assess the role of alloy composition, Fig. 3

shows the measured thermal conductivity versus Ge
concentration and the predictions of the thermal conduc-
tivity for bulk and thin-film Si1%xGex of three different
thicknesses at room temperature using Eq. (1). For
Si1%xGex with 0:2< x< 0:8, we found that the thermal
conductivity is almost flat and in agreement with our
experimental results. This lack of dependence on the Ge
concentration is much more pronounced in thin films than
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FIG. 2 (color online). Thermal conductivity measurements on
Si0:8Ge0:2 of the thickness series along with previously reported
values of different Si/Ge superlattices, alloy-based superlattices,
and alloy films at room temperature. Closed symbols represent
superlattices; open symbols represent Si1%xGex films. The ther-
mal conductivity is plotted versus (a) period or film thickness
and (b) total sample thickness. The figure also shows the model
presented in Eq. (1).
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suggest that enhancement in thermal conductivity at low Dy
concentrations is dominated by an increase in the electron
mobility due to a decrease in oxygen vacancies, while the
reduction in thermal conductivity at intermediate doping
concentrations is partially driven by phonon scattering from
cation vacancies.

The CdO:Dy films were synthesized via plasma assisted
molecular beam epitaxy. Heteroepitaxial films with thick-
nesses of 500 nm were grown on MgO (100) substrates.
Dysprosium acts as an n-type dopant, replacing Cd atoms on
the Cd site of the CdO crystal. Doping with Dy encourages a
reduction in oxygen vacancies in the CdO via Fermi-level
pinning.6 This results in a shift of the defect equilibrium to a
state with a fixed substitutional impurity concentration.
Considering that the difference in radius due to substitution
of Dy on a Cd site is much less than that of a vacancy in an
O site, the initial introduction of Dy into the system is
accompanied with an increase in carrier mobility.6

Thermal conductivity measurements were performed
using TDTR, an optical pump-probe technique used commonly
to measure nanoscale thermal transport phenomena.29–31 In
our experiment, we use an 80 MHz Ti:sapphire oscillator emit-
ting a train of 800 nm wavelength, sub-picosecond pulses,
which are split into a modulated pump for thermal excitation
and a time-delayed probe to measure the temporal change in
surface reflectivity at the pump modulation frequency. The
measured decay in the reflected probe signal is fit to a thermal
model that is used to determine the thermal conductivities of
the CdO films.29–31 In these experiments, we use an Al thermal
transducer with a thickness of 83 6 3 nm, and a pump and
probe spot radii of 42lm and 11 lm, respectively. We assume
literature values for the heat capacities of the Al,32 CdO,33

MgO,34 and thermal conductivity of the MgO.35 The major
source of error in our analysis arises from uncertainty in the
thickness of the Al transducer. To minimize this uncertainty,
we verify the Al film thickness with both X-ray reflectivity and
picosecond acoustic analyses.36,37

In order to understand the physical mechanisms affect-
ing the measured thermal conductivities in these materials,
we conduct measurements at 80 K to compare to our previ-
ous measurements reported at room temperature.6 The
results seen in Fig. 1 show the measured thermal conductiv-
ity of CdO:Dy as a function of Dy concentration both at
room temperature6 and at 80 K. The room temperature data
transition through a number of regions of dominant scatter-
ing mechanisms. Initially, in region “R1” of Fig. 1, the addi-
tion of Dy results in a decrease in oxygen vacancies, thus
decreasing the total scattering of thermal carriers and
increasing the total thermal conductivity. In the second
region, “R2,” the Dy concentration is high enough to signifi-
cantly scatter the thermal carriers (i.e., both electrons and
phonons) in the system and the only contribution acting to
increase the thermal conductivity is the addition of free car-
riers from doping. The final data point in this region
(0.08 at. % Dy) represents the maximum electrical contribu-
tion to the thermal conductivity, jelec, which leads to a sec-
ond peak for the measured thermal conductivity at room
temperature. The electrical contribution to the thermal con-
ductivity was calculated using the Wiedemann-Franz law
applied to our electrical resistivity measurements on these

samples.6 In the final region, “R3,” the Dy concentration is
high enough to effectively scatter all carriers and the total ther-
mal conductivity decreases. This final region includes data
from near the solubility limit of Dy in CdO, giving us an upper
bound on the defect interactions, and we can not rule out the
formation of secondary phases at this concentration.

In Fig. 1(b), we see a slight shift in these regions and
changes in the trends of thermal conductivity as a function of
Dy concentration. This variation of thermal characteristics with
temperature is crucial to understanding the dominant thermal
transport mechanisms being affected in each region. We see
that “R1,” delineated by the total peak in the thermal conduc-
tivity, has shifted slightly, which can be understood by a change
in the phonon population; at low temperatures, we expect less
high frequency phonons which are more impacted by point
defect scattering. In addition, at low temperatures, the second
peak in the thermal conductivity is no longer present, since this
peak is due to the electrical contribution to the thermal conduc-
tivity, which is significantly reduced at low temperatures.

To understand the effects of changes in various defect
populations on the phonon thermal conductivity in CdO, we
subtract the electronic contribution from the total measured
thermal conductivity and analyze the phonon thermal

FIG. 1. Measured thermal conductivity of CdO:Dy for various Dy concen-
trations. Squares and circles indicate the total measured thermal conductivity
and the calculated electronic contribution to thermal conductivity, respec-
tively. Measurements were taken at (a) 300 K and (b) 80 K. Included are
delineations between regions in which the total thermal conductivity is
driven by R1: a decrease in the scattering of the thermal carriers; R2: an
increase in phonon scattering balanced by an increase in electrical carrier
population; and R3: an increase in electron and phonon scattering that over-
whelms additional increase in the electrical carrier population.
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Figure 2 | DFT calculations and mechanistic zone model for lattice defects in CdO:Dy. a–c, Defect formation energies as a function of Fermi level for
oxygen vacancies (VO

··), cadmium vacancies (VCd”), and Dy substituents on the Cd site (DyCd
·) in the O-poor (a), O-mid (b) and O-rich (c) limits. The

slope of each line at a given Fermi level corresponds to the charge of the defect at that Fermi level. d, VO
·· concentration (solid lines) and carrier

concentration n (dashed lines) as a function of DyCd
· concentration. Plots are shown for a set of given oxygen chemical potentials, reported as 1µO relative

to the O-rich extreme with more negative values being more O-poor. e, Idealized schematic summarizing the individual contributions of defects to the
observed electronic transport in CdO:Dy. [VO

··], [DyCd
·], mobility (µe) and conductivity (� ) are plotted versus [Dy]. Lattice thermal conductivity (l), total

thermal conductivity (t), electronic thermal conductivity (e) and the theoretical values for e are also plotted versus [Dy]. The Dy-doping space is
divided into 5 di�erent zones, where within each zone the observed transport is regulated by a di�erent mechanism.

Dysprosium on a Cd site and an oxygen vacancy are both
electron donors. However, as Dy and Cd have similar ionic radii
(rCd2+ =0.95 nm; rDy

3+ = 0.92 nm (ref. 18)), we expect that their
substitution will perturb the CdO lattice less than an oxygen va-
cancy. Consequently, Dy doping creates carriers while reducing
the concentration of vacant O sites and the net lattice strain from
point defects falls. Furthermore, the primary donor is now a singly
positively charged cation, as opposed to a doubly positively charged
vacancy. As the impurity scattering potential scales with Z2, at the
same carrier density, there is less net scattering for 2n donors of
charge e than for n donors of charge 2e (ref. 19). Both e�ects will
reduce carrier scattering and thus increase mobility.

This model has implications regarding additional properties,
amongst them are low-temperature resistivity and room-
temperature thermal conductivity, which must share parallel
dependencies on Dy content. Figure 1b,c depicts the temperature-
dependent sheet carrier concentration, ns, and resistivity, and
leads to three observations: ns is temperature independent, the
temperature coefficient of resistivity is positive, and the residual
resistivity ratio (RRR, ⇢300K/⇢20K) increases with Dy doping.
Overall, the data imply that CdO:Dy behaves as a metal and that
mobility is inversely proportional to temperature; the doping level
of ⇠5⇥ 1019 cm�3 exhibits the highest mobility; and that adding
impurity cations reduces the number of lattice defects, and/or the
extent to which these scatter electrons.

To disentangle the phenomena, thermal conductivity was
measured for this film series using the thermoreflectance
technique20. Total thermal conductivity ( t), and the electronic
component of thermal conductivity ( e) are superimposed with the
RRR data in Fig. 1d. Both  t and RRR exhibit two maxima. The first
corresponds to the [Dy] producing maximum mobility, and the

second lies at a concentration approximately 10 times higher (more
details later). As a final observation, all measured properties and
trends degrade for the highest Dy concentration (4⇥ 1021 cm�3),
which approaches the Dy-solubility limit.

The equilibrium of defects was characterized with density
functional theory (DFT) calculations to extract formation energies
(at di�erent charge states), for oxygen and cadmium vacancies
(VO, VCd), and dysprosium substituents (on the Cd site—DyCd;
ref. 21). As an example, equation (2) expresses the formation energy
for Dy substituted on a Cd site:

Ef|DyqCd|=EDFT|DyqCd|�EDFT|Bulk|+µCd �µDy +qEF +ECorr

Here, EDFT|DyqCd| is the total DFT energy of Dy on a Cd site in
CdO in charge state q, and EDFT|Bulk| is the total DFT energy of
the perfect bulk structure. The defect formation energies depend
on the Fermi level, EF, as well as the O, Cd and Dy chemical
potentials (µO, µCd and µDy). This approach enables a particularly
useful representation where defect formation energies are plotted
versus EF, as shown in Fig. 2a–c. Fermi energies are referenced to
the valence band maximum.

The vertical dotted line at ⇠0.9 eV represents the conduction
band minimum, and the grey region corresponds to the energy
range between the indirect and direct bandgaps. The slope for each
formation energy curve indicates the most energetically favourable
charge state for a given EF. For instance, DyCd transitions from
a doubly ionized (DyCd ··) to a singly ionized (DyCd ·) state in
the mid-gap region, whereas VO prefers a +2 charge state (VO

··)
across the entire indirect bandgap. At the O-poor limit, there is
a substantial energy window where defect formation energies are
negative, indicating CdO instability as a host.
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update the model with a Cd vacancy scattering term in the
form of Eq. (2). This model, referred to in Fig. 3 as the “Vac.
Compensated” model, agrees with the measured data signifi-
cantly better at the higher Dy concentrations than the “Dy
Dominated” model. This agreement, along with similar find-
ings in other oxide systems found in the literature,44,45 serves
to indicate that there may be an introduction of other point
defects compensating the Dy dopants at these high doping
concentration levels, and it is these compensating defects
that drastically drive the phonon thermal conductivity down.

The highest doping concentration measured in region
“R3” does not follow this continued downward trend in the
phonon thermal conductivity. This is understood when con-
sidering that this sample is near the solubility of Dy in CdO
and our characterization indicates that secondary phases
have formed.6 In this case, there are likely multiple regions
that will behave more similarly to dilute solutions of Dy in
CdO rather than highly doped solutions. This hypothesis is
supported by the relative agreement with the “Dy
Dominated” model compared with the “Vacancy
Compensated” model. Further characterization of the pre-
cipitated phases and their respective Dy concentrations
would need to be carried out in order to verify this hypothe-
sis, but is beyond the scope of this study.

There are a number of other components that may be at
play to dictate the phonon thermal conductivity of these

films, such as minority defect populations, contributions to
the thermal conductivity from optical phonons, and phonon
drag from the free electrons in the system.46 However, the
agreement between the relatively simple models presented in
this work and the data measured in this and our previous
work6 suggest that we have identified the major phonon scat-
tering mechanisms in these materials. Furthermore, agree-
ment of the model and the measured data in the various
regimes of Dy doping suggest that the phonon thermal con-
ductivity, and analytical modeling thereof, can be used to
identify signs of complex defect interactions in functional
oxides. The two models, one taking into account only the
known defects and the other identifying the remaining scat-
tering sites, serve as bounds for the major phonon scattering
mechanisms in this material and significantly aids in the
understanding of the phonon-related thermal conductivity
tuning of CdO using Dy dopants.

In conclusion, the CdO:Dy material system illustrates
intricate bi-directional tunability of thermal conductivity in
complex oxide materials, offering potential next steps for
thermal engineering using functional oxides. We have shown
that with the introduction of Dy dopants, the thermal conduc-
tivity of CdO can be increased or decreased via the interplay
among the electronic contribution to thermal conductivity
and thermal carrier scattering due to mass-impurity and va-
cancy concentrations present in the system. Decreasing of
the intrinsic oxygen vacancy concentrations increases the
electronic mobility, leading to an increase in thermal con-
ductivity at low Dy doping levels, but has a limited effect on
the phonon thermal conductivity. At higher Dy doping lev-
els, the lattice thermal conductivity is impacted. Using meas-
urements at multiple temperatures, we are able to formulate a
model for the phonon thermal conductivity that highlights the
major scattering mechanisms present in the system including
mass-impurity and vacancy scattering. We show that Dy mass-
impurities contribute to thermal scattering at low Dy concen-
trations, as expected. However, at higher Dy concentrations,
additional defects, namely, cation vacancies, must be taken
into account to capture the trend in the data. This results in
models which act as bounds for the measured data as the sys-
tem transitions from dilute dopant scattering to scattering due
to both dopant and vacancies at high Dy concentrations.
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Office of Scientific Research under Grant No. FA9550-14-1-
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update the model with a Cd vacancy scattering term in the
form of Eq. (2). This model, referred to in Fig. 3 as the “Vac.
Compensated” model, agrees with the measured data signifi-
cantly better at the higher Dy concentrations than the “Dy
Dominated” model. This agreement, along with similar find-
ings in other oxide systems found in the literature,44,45 serves
to indicate that there may be an introduction of other point
defects compensating the Dy dopants at these high doping
concentration levels, and it is these compensating defects
that drastically drive the phonon thermal conductivity down.

The highest doping concentration measured in region
“R3” does not follow this continued downward trend in the
phonon thermal conductivity. This is understood when con-
sidering that this sample is near the solubility of Dy in CdO
and our characterization indicates that secondary phases
have formed.6 In this case, there are likely multiple regions
that will behave more similarly to dilute solutions of Dy in
CdO rather than highly doped solutions. This hypothesis is
supported by the relative agreement with the “Dy
Dominated” model compared with the “Vacancy
Compensated” model. Further characterization of the pre-
cipitated phases and their respective Dy concentrations
would need to be carried out in order to verify this hypothe-
sis, but is beyond the scope of this study.

There are a number of other components that may be at
play to dictate the phonon thermal conductivity of these

films, such as minority defect populations, contributions to
the thermal conductivity from optical phonons, and phonon
drag from the free electrons in the system.46 However, the
agreement between the relatively simple models presented in
this work and the data measured in this and our previous
work6 suggest that we have identified the major phonon scat-
tering mechanisms in these materials. Furthermore, agree-
ment of the model and the measured data in the various
regimes of Dy doping suggest that the phonon thermal con-
ductivity, and analytical modeling thereof, can be used to
identify signs of complex defect interactions in functional
oxides. The two models, one taking into account only the
known defects and the other identifying the remaining scat-
tering sites, serve as bounds for the major phonon scattering
mechanisms in this material and significantly aids in the
understanding of the phonon-related thermal conductivity
tuning of CdO using Dy dopants.

In conclusion, the CdO:Dy material system illustrates
intricate bi-directional tunability of thermal conductivity in
complex oxide materials, offering potential next steps for
thermal engineering using functional oxides. We have shown
that with the introduction of Dy dopants, the thermal conduc-
tivity of CdO can be increased or decreased via the interplay
among the electronic contribution to thermal conductivity
and thermal carrier scattering due to mass-impurity and va-
cancy concentrations present in the system. Decreasing of
the intrinsic oxygen vacancy concentrations increases the
electronic mobility, leading to an increase in thermal con-
ductivity at low Dy doping levels, but has a limited effect on
the phonon thermal conductivity. At higher Dy doping lev-
els, the lattice thermal conductivity is impacted. Using meas-
urements at multiple temperatures, we are able to formulate a
model for the phonon thermal conductivity that highlights the
major scattering mechanisms present in the system including
mass-impurity and vacancy scattering. We show that Dy mass-
impurities contribute to thermal scattering at low Dy concen-
trations, as expected. However, at higher Dy concentrations,
additional defects, namely, cation vacancies, must be taken
into account to capture the trend in the data. This results in
models which act as bounds for the measured data as the sys-
tem transitions from dilute dopant scattering to scattering due
to both dopant and vacancies at high Dy concentrations.
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spin cast onto (001)-oriented SrTiO3 single crystalline sub-
strates at 3000 rpm for 30 s and pyrolyzed on a hot plate in
air at 300∘C for 5 min. Sr2Nb2O7 and Sr1.9La0.1Nb2O7!d
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 deposi-
tion and crystallization anneal, the La-containing films were
postannealed in a dry 3% H2/N2 atmosphere to promote sol-
ubility of the lanthanum and to activate electronic carriers
for thermoelectric applications. The coating/pyrolysis/crystal-
lization 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, PANa-
lytical, Westborough, MA) using CuKa radiation. Scanning
transmission electron microscopy (STEM) images were gen-
erated 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 conduc-
tivities 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 mea-
surements, 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)].

III. Results and Discussion

Figure 1(a) shows a representative group of X-ray diffraction
(XRD) patterns for Sr2!xLaxNb2O7!d films of various thick-
nesses 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 vol-
ume 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 polycrys-
talline substrates, demonstrating a preferred (010) out-of-
plane orientation regardless of substrate,27 which makes this
technique/materials system uniquely manufacturable for ther-
mal applications.

Figure 1(b) is comprised of atomic-resolution HAADF-
STEM 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 NbO6-
octahedra 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 corre-
sponds to n = 4), slab widths of both 4 and 5 NbO6-octahe-
dra have been observed39,40; for instance, the Sr5Nb5O17

structure (the n = 5 member of the homologous series) con-
sists 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.

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 Sr2!xLaxNb2O7!d samples. To confirm our results
were not sensitive to this low level of reduction, an addi-
tional sample (x = 0.1, approximately 220 nm thick) was pre-
pared 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
Sr2!xLaxNb2O7!d thin films as a function of both film thick-
ness (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 opti-
cal measurement, as well as the standard deviation about the
mean for the three measurements made on each sample. Mea-
surement of the single sample prepared in oxidizing atmo-
spheres yielded a thermal conductivity of 0.60 W" (m " K)!1

(a)
Sr

Ti
O

3 

5 nm 

Sr
2N

b 2
O

7 

n=5 

n=4 

1 nm 

(b)

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.
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[!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
Sr2#xLaxNb2O7#d 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, asymptoti-
cally 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 nor-
mal 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 dif-
fraction 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 concentra-
tion 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 amor-
phous SiO2 (a-SiO2). Like the other layered structures shown

in the figure, the thermal conductivities of both
Sr1.9La0.1Nb2O7#d films are less than a-SiO2 across the tem-
perature 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 tex-
tured, bulk single-crystalline Sr5Nb5O17 samples22 (exclu-
sively composed of n = 5 material in the SrnNbnO3n+2
homologous series; note that they use the nonstandard set-
ting 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 Sr1.9La0.1Nb2O7#d is lar-
ger than that of other layered material systems, including
CsBiNb2O7

18 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 “perovskite-
slabs” in Sr1.9La0.1Nb2O7#d being the strongest. The weaker
bonds lead to stronger phonon scattering at the layer inter-
faces, leading to lower thermal conductivities.

To investigate the nature of thermal transport in our
Sr1.9La0.1Nb2O7#d layered structures, we turn to the mini-
mum limit model for thermal conductivity.44 Assuming an
isotropic Debye solid, the expression for the minimum pho-
non thermal conductivity is

jmin ¼ !h2

6p2kBT2

X

j

Zxc;j

0

smin;j
x4

vj

exp !hx
kBT

h i

exp !hx
kBT

h i
# 1

! "2
dx; (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

Fig. 2. Thermal conductivities of CSD-fabricated Sr2#xLax
Nb2O7#d 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.

Fig. 3. Thermal conductivity versus temperature for two 5% La
(x = 0.1) Sr2#xLaxNb2O7#d 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.
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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
calculate vT ¼ vL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðc55=c22Þ

p
using literature values for the

elastic constants45 of Sr2Nb2O7. Additionally, we use
n = 72.993 nm$3 for the atomic density19 of Sr2Nb2O7 in cal-
culating the cutoff frequencies (xc,j = vj(6p

2n)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 calcula-
tions 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 x
p
þ vj

p5n
x2

vj $
xd
p

" #2
 !$1

; (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 con-
ductivity 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 theoreti-
cal minimum thermal conductivity that is applicable to simi-
larly layered structures.

IV. Conclusions

This work highlights several important features of the natu-
rally layered Sr2$xLaxNb2O7$d material system that are rele-
vant 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 par-
ticularly 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 simi-
larly layered film structures created via epitaxial growth pro-
cesses. The ability to fabricate these extremely insulative
films through such a simple process both quickly and inex-
pensively 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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Figure 1: (a) 2D Schematic representation of the ZnOx/HQ superlattice (bottom panel) along with
an illustration of the heat flow pathway that induces a temperature gradient in the superlattice
(top panel). (b) Grazing incidence X-ray diffraction (GIXRD) patterns for the control samples and
hybrid thin films with varying ZnO:HQ and TiO2:HQ ratios. The peaks in the XRD patterns for the
ZnO based samples fit to the typical hexagonal wurtzite structure of ZnO (indexed accordingly).
There are no shifts in the position of the peaks for the hybrid SLs, suggesting that the introduction
of the organic monolayers do not affect the crystallinity of the ZnO phase. Similarly, the peaks for
the (TiO2)x/HQ SL do not shift in position compared to the TiO2 sample.
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of SL period thickness of the ZnO-based SLs as compared
to the TiO2-based SLs is due to the fact that the phonon flux
in a ZnO layer is much greater than that in the TiO2 layer
[28]. Furthermore, the m = 4 TiO2-based SLs and the m = 9
and 4 ZnO-based SLs demonstrate thermal conductivities that

Inorganic 
thin films  

Hybrid Inorganic/organic 
thin films  

FIG. 5. Thermal conductivities of ZnO- and TiO2-based SLs as a
function of SL period thickness. The measured thermal conductivity
for a k:m = 1:1 hybrid film reported in Ref. [1] is also plotted (hollow
triangle). The calculated minimum in thermal conductivities for ZnO
and TiO2 are also shown for comparison. Note, for the case of as-
deposited and annealed TiO2, the SL period of ∼ 100 nm are for
the corresponding purely ALD grown samples with k = 0 (hollow
symbols).

are lower than the theoretical minimum, further providing
evidence that the thermal transport in these SLs is severely
limited by the SL period thicknesses. Figure 5 also includes
the thermal conductivity measured via TDTR for a ZnO-based
ALD/MLD grown thin film with k:m = 1:1 [1]. We estimate
the period spacing for the ZnO layers in their structure to
be ∼0.15 nm, which is a reasonable estimation considering
that the average growth rate reported in Ref. [1] is 0.15
nm/cycle. Their measured thermal conductivity is in line
with the decreasing trend in the thermal conductivity with
decreasing period spacing for our hybrid samples. With more
than an order of magnitude difference in the measured thermal
conductivities, ALD/MLD grown hybrid films in general
demonstrate a wide range of tunability in the design of their
thermal conductivities.

IV. HEAT CAPACITY

Figure 6 shows the measured volumetric heat capacities for
the TiO2- and ZnO-based SLs as a function of temperature.
Along with the thermal conductivities, the heat capacities
of the TiO2-based SLs increase significantly due to the high
annealing treatment as shown in Fig. 6(a). For comparison, the
bulk heat capacities of TiO2 are also shown [38]. As expected,
the heat capacities of the as-deposited SL are close to the
values for the bulk heat capacities due to the fact that the
fraction of the organic component in the SL film is relatively
small (the SL is fabricated with 40 ALD cycles for every 1
MLD cycle). Similarly, the measured heat capacities for the
ZnO-based sample (with m = 9) agree very well with the bulk
ZnO heat capacities [Fig. 6(b)] [37].

To understand the effect of higher fractions of organic
constituents on the heat capacity of the hybrid SLs, we
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[(ZnO)m=9(Zn–O–C6H4–O–)k=1]n SLs. The corresponding bulk heat
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son [37,38].
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There are no shifts in the position of the peaks for the hybrid SLs, suggesting that the introduction
of the organic monolayers do not affect the crystallinity of the ZnO phase. Similarly, the peaks for
the (TiO2)x/HQ SL do not shift in position compared to the TiO2 sample.
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thermal boundary conductance for any interface.309

From the measured thermal conductivities in our hybrid SLs, we derive the mean thermal310

boundary conductance across the individual ZnO/HQ/ZnO interfaces with a series resistor311

model, which assumes that phonons can only scatter at the ZnO/HQ/ZnO interfaces (con-312

sistent with our previous analysis where we assume that the phonon flux is only scattered313

at the ZnO/HQ boundaries). We calculate the mean conductance across the HQ layers as314

1/RK = d/(ZnO
x

/HQ n), where n is the number of organic layers in-between the inorganic315

layers and d is the total thickness of the hybrid SLs. Figure 6a shows the mean thermal con-316

ductance for ZnO/HQ/ZnO interfaces as a function of the inorganic layer thickness (hollow317

squares). Two aspects of the results for the conductance calculations shown in Fig. 6a are318

worth noting. First, the values of the mean conductances for these multilayers among the319

various samples are agreeable within the uncertainties, regardless of the ZnO/HQ/ZnO inter-320

face density. This suggests that the series resistor model used to derive these conductances321
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an illustration of the heat flow pathway that induces a temperature gradient in the superlattice
(top panel). (b) Grazing incidence X-ray diffraction (GIXRD) patterns for the control samples and
hybrid thin films with varying ZnO:HQ and TiO2:HQ ratios. The peaks in the XRD patterns for the
ZnO based samples fit to the typical hexagonal wurtzite structure of ZnO (indexed accordingly).
There are no shifts in the position of the peaks for the hybrid SLs, suggesting that the introduction
of the organic monolayers do not affect the crystallinity of the ZnO phase. Similarly, the peaks for
the (TiO2)x/HQ SL do not shift in position compared to the TiO2 sample.
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Cross-sectional TEM was implemented to further char-
acterize the roughnesses and quality of the interfaces post
aluminum thin film deposition. Micrographs of samples I
and IV at two different magnifications are shown in Fig. 1.
The micrographs indicate that regardless of roughness, an
approximately 1.75 nm thick conformal oxide layer covers
the silicon substrates after 24-h exposure to ambient. This
oxide layer prohibits any apparent interdiffusion or composi-
tional mixing of aluminum and silicon at the interface, as
opposed to earlier studies of chromium-silicon interfaces
where Auger electron spectroscopy confirmed a significant
mixing of species within roughly 10 nm of the interface.22 In
addition, the micrographs indicate that the aluminum thin
films exhibit a columnar crystal structure regardless of sub-
strate roughness, and that the crystallinity of the substrate is
undisturbed by the etch. Again, this is contrary to the afore-
mentioned chromium-silicon study, where TEM indicated
the chromium films were amorphous.22

We measured the Kapitza conductance across the four
aluminum-silicon interfaces with TDTR.30,31 TDTR is a
non-contact, pump-probe technique in which a modulated
short pulse laser (full-width half max! 100 fs) is used to cre-
ate a heating event (pump) on the surface of a sample. This
heating event is monitored with a time-delayed probe pulse.
The change in the reflectivity of the probe at the modulation
frequency of the pump is detected through a lock-in ampli-
fier; the change in reflectivity is related to the change in tem-
perature at the sample surface. This temporal thermal
response is then related to the thermophysical properties of
the sample of interest. We monitor the thermoreflectance sig-
nal over 4.5 ns of probe delay time. The deposited energy
takes approximately 100 ps to propagate through the alumi-
num film, after which the response is related to the heat flow
across the aluminum-silicon interface and the thermal effu-
sivity of the silicon substrate. Our specific experimental
setup is described in detail elsewhere.32

We monitor is the ratio of the in-phase to the out-of-
phase voltage recorded by the lock-in amplifier ("Vin/Vout),
which is related to the temperature change on the surface of
the sample. The thermal model and analysis used to predict
the temperature change and subsequent lock-in ratio are
described in detail in references 30, 32, and 33. In short, the
model accounts for heat transfer in composite slabs34 from a
periodic, Gaussian source (pump) convoluted with a Gaus-
sian sampling spot (probe).30,34 The pump is modulated at
11 MHz and the pump and probe 1/e2 radii are 7.5 lm. The
temperature change at the surface is related to the thermal
conductivity and heat capacity of the composite slabs, as

well as the Kapitza conductance between each slab.
Although dominated by the aluminum-silicon Kapitza con-
ductance,32 the TDTR signal is also related to the heat
capacity and thickness of the Al film and the thermal proper-
ties of the silicon substrate (which, due to time delay and
modulation frequency can be taken as semi-infinite in this
work). We first assume bulk values for the properties of the
film and substrate35 and we verify the aluminum film thick-
ness via picosecond acoustics.36,37 We then adjust the ther-
mal conductivity of the substrate during our analysis to
achieve a better fit between the model and the data.3

Figure 2 shows the measured Kaptiza conductance
across the four aluminum-silicon interfaces as a function of
temperature (filled symbols). In addition, we plot the Kapitza
conductance at a nominally flat and oxide-free aluminum-sil-
icon interface as reported in Ref. 38 (open circles). As the
data indicate, even a thin oxide layer at the interface substan-
tially reduces the effective Kapitza conductance (>50%
reduction at room temperature). In addition, these two data
sets demonstrate significantly different temperature depend-
encies, suggesting that the oxide layer inhibits multiple-
phonon scattering events which would otherwise contribute
to Kapitza conductance.6,7 Similarly, comparing the four
data sets of the present study, increased interface roughness
both reduces the magnitude of Kapitza conductance as well
as suppresses its temperature dependence, i.e., Kapitza con-
ductance is less temperature dependent as interface rough-
ness increases.

In addition to the data, several different predictive mod-
els are plotted as well. All models are calculated assuming
that elastic phonon-phonon interactions dominate Kapitza
conductance, i.e., phonons in silicon at frequencies higher
than the maximum phonon frequency of aluminum do not
participate in transport. The diffuse mismatch model39

(DMM) is calculated using an approach we outlined previ-
ously in Ref. 40, where the vibrational properties of film and

TABLE I. Root-mean-square roughnesses and room-temperature Kapitza
conductances of the four Al:Si interfaces studied within this work. The
reported standard deviations represent the repeatability of the measurement,

i.e., the deviation about the mean value of several measurements made on a
single sample.

Sample d (nm) hK @ 300 K (W m"2 K"1)

I <0.1 6 0.0 193 6 18

II 0.6 6 0.3 182 6 15

III 6.5 6 2.3 131 6 13

IV 11.4 6 3.1 90 6 13

FIG. 1. Cross sectional TEM micrographs of samples I (a and c) and IV (b
and d) Al:Si interfaces at two different magnifications. The micrographs
indicate show that regardless of roughness, a! 1.75 nm conformal oxide
layer covers the Si substrates after 24 h exposure to ambient. This oxide
layer prohibits any noticeable interdiffusion or compositional mixing of spe-
cies near the interface. Lastly, the evaporated Al thin film exhibits a colum-
nar crystal structure regardless of substrate surface roughness, while the
crystallinity of the substrate is undisturbed.
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•  Defects/imperfections 
generally thought to 
decrease hK.  

  
•  How is phonon transmission 

affected by disordered 
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• Thermal property measurements in thin films and nanosystems: 
Time domain thermoreflectance (TDTR) 
 
• Impurity effects on thermal conductivity of oxides 

• Vacancy scattering vs. electron transport in doped CdO 
• Beating the amorphous limit to κ in TiO2 with molecular layers 
• What modes scatter and carry the heat at interfaces? 

 
• Advances in thermoreflectance techniques via frequency 
modulation 

• Depth profiling and measuring buried interfaces 
• Alloy effects on thermal boundary conductance across 
CaTiO3/Ca0.5Sr0.5TiO3/SrTiO3 interfaces 
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We compare an example of a full calculation of Vf!t" /V0
to measured data in Fig. 4. The unknown layer parameters
in the fit—the thickness of the TiN layer !56 nm" and the
thermal conductance of the TiN/MgO interface
!650 MWm−2 K−1"—were measured in a fit to the ratio
Vin /Vout as described in Ref. 8. The thermoreflectance was
also adjusted to improve the fit shown in Fig. 4; we find
dR /dT=1.8!10−4 K−1. This value for dR /dT is in good
agreement with measurements by ellipsometry, 1.6
!10−4 K−1.

The deviation of the data from the fits at large delay
times, t"2 ns is caused by the changes in the radius of the
pump beam w0 with changes in the length of the optical path
of the pump beam; i.e., the model calculation assumes that
w0 is constant but in reality w0 varies with delay time t. We

have previously discussed how our approach of analyzing
the ratio Vin /Vout minimizes these errors;

6,8 the optical design
of Capinski and Maris3 provides another method for improv-
ing the accuracy of TDTR measurements at large delay
times.

This work was supported by NSF Grant No. CTS-
0319235. Data were acquired using the equipment in the
Laser Facility of the Frederick Seitz Materials Research
Laboratory (MRL) at the University of Illinois at Urbana-
Champaign.
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conductivity increases with thickness, we can safely say that
the reduction is not due to film dislocations. Intriguingly,
the thermal conductivities of the alloy thin films measured
in this Letter are among the lowest of any of the previous
measurements on SiGe-based thin-film systems. We note
that the only previous data that approach our lowest mea-
sured value are those in which the authors admit that the
measured samples have poor crystal quality (black filled
squares in Fig. 2) [2].

To quantify this effect, we turn to a model originally
proposed by Wang and Mingo [31], in which thermal
conductivity ! is given by

! ¼
Z @!c=kBT

0

k4BT
3

2"2v@3 #ðT; yÞy4 expðyÞ
½expðyÞ % 1&2 dy; (1)

where kB is Boltzmann’s constant, @ is Planck’s constant
divided by 2", T is temperature, and y ¼ @!=kBT
is a dimensionless parameter. The average velocity v is
calculated by v ¼ ½ð1% xÞv%2

Si þ xv%2
Ge &%1=2, where x is

the Ge concentration and vSi and vGe are the average
speeds of sound in Si and Ge, respectively, as calculated
by Wang and Mingo [31]. The scattering time for a given
frequency, #, is related to the individual processes via
Mattheissen’s rule # ¼ ð#%1

U þ #%1
a þ #%1

b Þ%1, where #U,

#a, and #b are the umklapp, alloy, and boundary scattering
times, respectively. These are given by

#U ¼ ½ð1% xÞ#%1
U;Si þ x#%1

U;Ge&%1; (2)

#a ¼ ½xð1% xÞA!4&%1; (3)

and
#b ¼ d=v; (4)

where
#%1
U;SiðGeÞ ¼ BSiðGeÞ!

2 expð%CSiðGeÞ=TÞ: (5)

The constants A, B, andC are taken from Ref. [31], and d is
the film thickness.
Our model is thus identical to that in Ref. [31] except

for the cutoff frequency, which we define as !c ¼ 2"v=a,
with a being the lattice constant of the Si1%xGex film
approximated by Vegard’s law: a ¼ ð1% xÞaSi þ xaGe,
where aSi and aGe are the lattice constants of silicon and
germanium, respectively. Equation (1) assumes a disper-
sionless, Debye system. This is acceptable for Si1%xGex
systems with nondilute alloying compositions, since the
dispersive phonons scatter strongly with the alloy atoms
due to their high frequencies. This assertion is substanti-
ated by the reasonable agreement found between this
model, our data, and previously reported measurements
on thin-film alloys in Refs. [2,7,23] as shown in Fig. 2.
To first assess the role of alloy composition, Fig. 3

shows the measured thermal conductivity versus Ge
concentration and the predictions of the thermal conduc-
tivity for bulk and thin-film Si1%xGex of three different
thicknesses at room temperature using Eq. (1). For
Si1%xGex with 0:2< x< 0:8, we found that the thermal
conductivity is almost flat and in agreement with our
experimental results. This lack of dependence on the Ge
concentration is much more pronounced in thin films than
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FIG. 2 (color online). Thermal conductivity measurements on
Si0:8Ge0:2 of the thickness series along with previously reported
values of different Si/Ge superlattices, alloy-based superlattices,
and alloy films at room temperature. Closed symbols represent
superlattices; open symbols represent Si1%xGex films. The ther-
mal conductivity is plotted versus (a) period or film thickness
and (b) total sample thickness. The figure also shows the model
presented in Eq. (1).
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FIG. 3 (color online). Predictions of the thermal conductivity
as a function of Ge composition for bulk and thin-film Si1%xGex
of three different thicknesses calculated at room temperature
by using Eq. (1). The symbols correspond to experimental data
on the thickness series (down open triangles) and composition
series (up filled triangles). With decreasing film thickness,
alloying induces smaller and smaller changes in the thermal
conductivity as size effects begin to dominate.
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FIG. 4. Thermal conductivities of ZnO-based m = 9 SLs along
with the thermal conductivities of m = 99 and 49 hybrid SLs
(Ref. [28]), and a 180-nm ZnO film (Ref. [35]). The calculated
minimum in thermal conductivity for ZnO is also shown for
comparison.

of SL period thickness of the ZnO-based SLs as compared
to the TiO2-based SLs is due to the fact that the phonon flux
in a ZnO layer is much greater than that in the TiO2 layer
[28]. Furthermore, the m = 4 TiO2-based SLs and the m = 9
and 4 ZnO-based SLs demonstrate thermal conductivities that

Inorganic 
thin films  

Hybrid Inorganic/organic 
thin films  

FIG. 5. Thermal conductivities of ZnO- and TiO2-based SLs as a
function of SL period thickness. The measured thermal conductivity
for a k:m = 1:1 hybrid film reported in Ref. [1] is also plotted (hollow
triangle). The calculated minimum in thermal conductivities for ZnO
and TiO2 are also shown for comparison. Note, for the case of as-
deposited and annealed TiO2, the SL period of ∼ 100 nm are for
the corresponding purely ALD grown samples with k = 0 (hollow
symbols).

are lower than the theoretical minimum, further providing
evidence that the thermal transport in these SLs is severely
limited by the SL period thicknesses. Figure 5 also includes
the thermal conductivity measured via TDTR for a ZnO-based
ALD/MLD grown thin film with k:m = 1:1 [1]. We estimate
the period spacing for the ZnO layers in their structure to
be ∼0.15 nm, which is a reasonable estimation considering
that the average growth rate reported in Ref. [1] is 0.15
nm/cycle. Their measured thermal conductivity is in line
with the decreasing trend in the thermal conductivity with
decreasing period spacing for our hybrid samples. With more
than an order of magnitude difference in the measured thermal
conductivities, ALD/MLD grown hybrid films in general
demonstrate a wide range of tunability in the design of their
thermal conductivities.

IV. HEAT CAPACITY

Figure 6 shows the measured volumetric heat capacities for
the TiO2- and ZnO-based SLs as a function of temperature.
Along with the thermal conductivities, the heat capacities
of the TiO2-based SLs increase significantly due to the high
annealing treatment as shown in Fig. 6(a). For comparison, the
bulk heat capacities of TiO2 are also shown [38]. As expected,
the heat capacities of the as-deposited SL are close to the
values for the bulk heat capacities due to the fact that the
fraction of the organic component in the SL film is relatively
small (the SL is fabricated with 40 ALD cycles for every 1
MLD cycle). Similarly, the measured heat capacities for the
ZnO-based sample (with m = 9) agree very well with the bulk
ZnO heat capacities [Fig. 6(b)] [37].

To understand the effect of higher fractions of organic
constituents on the heat capacity of the hybrid SLs, we
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FIG. 6. Measured volumetric heat capacities as a function
of temperature for (a) [(TiO2)m=40(Ti–O–C6H4–O–)k=1]n and (b)
[(ZnO)m=9(Zn–O–C6H4–O–)k=1]n SLs. The corresponding bulk heat
capacities for the inorganic constituents are also shown for compari-
son [37,38].
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Through intimate control during growth and fabrication, oxide 
materials offer new directions and regimes for phonon thermal 
transport 

 

update the model with a Cd vacancy scattering term in the
form of Eq. (2). This model, referred to in Fig. 3 as the “Vac.
Compensated” model, agrees with the measured data signifi-
cantly better at the higher Dy concentrations than the “Dy
Dominated” model. This agreement, along with similar find-
ings in other oxide systems found in the literature,44,45 serves
to indicate that there may be an introduction of other point
defects compensating the Dy dopants at these high doping
concentration levels, and it is these compensating defects
that drastically drive the phonon thermal conductivity down.

The highest doping concentration measured in region
“R3” does not follow this continued downward trend in the
phonon thermal conductivity. This is understood when con-
sidering that this sample is near the solubility of Dy in CdO
and our characterization indicates that secondary phases
have formed.6 In this case, there are likely multiple regions
that will behave more similarly to dilute solutions of Dy in
CdO rather than highly doped solutions. This hypothesis is
supported by the relative agreement with the “Dy
Dominated” model compared with the “Vacancy
Compensated” model. Further characterization of the pre-
cipitated phases and their respective Dy concentrations
would need to be carried out in order to verify this hypothe-
sis, but is beyond the scope of this study.

There are a number of other components that may be at
play to dictate the phonon thermal conductivity of these

films, such as minority defect populations, contributions to
the thermal conductivity from optical phonons, and phonon
drag from the free electrons in the system.46 However, the
agreement between the relatively simple models presented in
this work and the data measured in this and our previous
work6 suggest that we have identified the major phonon scat-
tering mechanisms in these materials. Furthermore, agree-
ment of the model and the measured data in the various
regimes of Dy doping suggest that the phonon thermal con-
ductivity, and analytical modeling thereof, can be used to
identify signs of complex defect interactions in functional
oxides. The two models, one taking into account only the
known defects and the other identifying the remaining scat-
tering sites, serve as bounds for the major phonon scattering
mechanisms in this material and significantly aids in the
understanding of the phonon-related thermal conductivity
tuning of CdO using Dy dopants.

In conclusion, the CdO:Dy material system illustrates
intricate bi-directional tunability of thermal conductivity in
complex oxide materials, offering potential next steps for
thermal engineering using functional oxides. We have shown
that with the introduction of Dy dopants, the thermal conduc-
tivity of CdO can be increased or decreased via the interplay
among the electronic contribution to thermal conductivity
and thermal carrier scattering due to mass-impurity and va-
cancy concentrations present in the system. Decreasing of
the intrinsic oxygen vacancy concentrations increases the
electronic mobility, leading to an increase in thermal con-
ductivity at low Dy doping levels, but has a limited effect on
the phonon thermal conductivity. At higher Dy doping lev-
els, the lattice thermal conductivity is impacted. Using meas-
urements at multiple temperatures, we are able to formulate a
model for the phonon thermal conductivity that highlights the
major scattering mechanisms present in the system including
mass-impurity and vacancy scattering. We show that Dy mass-
impurities contribute to thermal scattering at low Dy concen-
trations, as expected. However, at higher Dy concentrations,
additional defects, namely, cation vacancies, must be taken
into account to capture the trend in the data. This results in
models which act as bounds for the measured data as the sys-
tem transitions from dilute dopant scattering to scattering due
to both dopant and vacancies at high Dy concentrations.
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