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According to the Boltzmann transport 
theory of phonons, the lattice thermal 
conductivity (κL) depends mainly on 
structure-related parameters including the 
specific heat, the velocity, and the scattering 
of phonons. One common strategy for the 
manipulation of phonon transport has 
been to introduce lattice imperfections in 
materials which alters the mean free path 
of phonons, particularly for applications in 
thermoelectric energy conversion.[1] Based 
on the well-established Abeles theory of 
interactions between phonons and defects 
in alloys or semiconductors,[2] point 
defects, including substitutionals,[3] inter-
stitials,[4] and vacancies,[5] are considered 
to cause additional scattering and therefore 
lower κL due to the mass differences and 
local strain that they introduce. However, 
in addition to localized mass and strain 
effects, point defects can also yield sig-
nificant structural changes, particularly in 
complex oxides.[6–10] In this case, the role 
that defects play in the phonon transport 

could be more subtle, which merits re-evaluation of the typical 
expectation that defects lower the thermal conductivity.

In this work, we focus on epitaxial tungsten trioxide (WO3), 
which exhibits an ABO3 perovskite structure with the A-sites 
vacant and can accommodate a range of lattice distortions 
via octahedral tilts and rotations.[11–13] We find that the room-
temperature (RT) thermal conductivity of the WO3 thin films 
evolves significantly upon electrolyte gating, accompanied by 
reversible structure changes caused by the intercalation or dein-
tercalation of hydrogen (Hi), enabling a reversible control of 
thermal conductivity. The modulation in thermal conductivity 
is comparable with that reported in LiCoO2

[14] and MoS2
[15] by 

electrochemically tuning the degree of lithiation, but works 
in a much simpler configuration. What is more, the variation 
of thermal conductivity is highly dependent on the substrate 
on which the epitaxial WO3 thin films are grown. An unusual 
increase of κL is observed after gating with the intercalation of 
hydrogen, which contradicts the expectation that point defects 
cause additional thermal resistance and therefore reduce κL.[16] 
We further investigate how another common type of point 
defect, the oxygen vacancy (VO), influences the lattice structure 
and κL in WO3 thin films. The results collectively indicate that 
the dominant factor determining κL is the lattice dimension, 
i.e., the unit-cell volume. κL increases as the lattice contracts and 

Lattice defects typically reduce lattice thermal conductivity, which has been 
widely exploited in applications such as thermoelectric energy conversion. 
Here, an anomalous dependence of the lattice thermal conductivity on 
point defects is demonstrated in epitaxial WO3 thin films. Depending on 
the substrate, the lattice of epitaxial WO3 expands or contracts as protons 
are intercalated by electrolyte gating or oxygen vacancies are introduced 
by adjusting growth conditions. Surprisingly, the observed lattice volume, 
instead of the defect concentration, plays the dominant role in determining 
the thermal conductivity. In particular, the thermal conductivity increases 
significantly with proton intercalation, which is contrary to the expectation 
that point defects typically lower the lattice thermal conductivity. The thermal 
conductivity can be dynamically varied by a factor of ≈1.7 via electrolyte 
gating, and tuned over a larger range, from 7.8 to 1.1 W m−1 K−1, by adjusting 
the oxygen pressure during film growth. The electrolyte-gating-induced 
changes in thermal conductivity and lattice dimensions are reversible through 
multiple cycles. These findings not only expand the basic understanding of 
thermal transport in complex oxides, but also provide a path to dynamically 
control the thermal conductivity.

Thermal Conductivity

Controlling the thermal transport properties in solid-state 
materials is of great interest for many technological appli-
cations. Unlike in metals, the heat transport in dielectrics or 
semiconductors is dominated by lattice vibrations or phonons. 
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decreases as the lattice expands, implying that volumetric strain 
is playing a lead role in governing phonon propagation, which 
can be attributed to changes in the bond stiffness and hence the 
phonon velocity. These findings expand the basic understanding 
of the defect dependence of κL in oxides, and also provide a new 
“tuning knob” to manipulate κL in nanoscale oxide thin films.

In addition, due to the defect-driven volume insulator-
metal-transition,[17–19] we are also able to tune the RT electri  -
 cal conductivity (σ) of epitaxial WO3 thin films by more than 
5 orders of magnitude, along with their electrochromic 
behavior, using oxygen pressure during growth and electrolyte 
gating. The independent sensitivities of thermal and electrical 
conductivity to lattice dimensions and defect concentrations 
enable us to selectively control both conductivities in WO3 thin 
films and obtain specific combinations of thermal and electrical 
properties by appropriate modification of the lattice dimension 
and stoichiometry, making WO3 a good candidate for various 
applications including smart windows, thermal barriers and 
thermoelectrics.

Epitaxial WO3 thin films were prepared using pulsed laser 
deposition (PLD) on (001)-oriented pseudo-cubic perovskite  
 single-crystal substrates of LaAlO3 (LAO, rhombohedral with a 
pseudo-cubic lattice constant apc = 3.788 Å) and YAlO3 (YAO, 
orthorhombic with a pseudo-cubic lattice constant apc = 3.715 Å) 
at p(O2) = 150 mTorr. The as-grown films are stoichiometric 
with no detectable oxygen deficiency, since only W6+ 4f doublets 
are present in the high-resolution X-ray photoelectron spectro-
scopy (XPS), see Figure 1a–I.

The RT phase of bulk WO3 is a monoclinic structure 
(am = 7.328 Å, bm = 7.564 Å, cm = 7.728 Å, α = γ = 90°, and 
β = 90.49°). When epitaxially grown on (001)pc-oriented LAO 

or YAO, the WO3 films are coherently strained to match the 
substrate in-plane, yielding a tetragonal-like structure. Sym-
metric X-ray diffraction (XRD) 2θ−ω scans (see Figure S1b,  
Supporting Information) reveal that WO3/LAO has a much 
smaller d-spacing along the out-of-plane direction than 
WO3/YAO. Asymmetric reciprocal space mapping (RSM) anal-
ysis on the (013)pc family of peaks, Figure 1b–I, demonstrate 
that the WO3/LAO is fully strained to the LAO substrate, indi-
cated by the almost identical qx values, whereas the WO3/YAO 
has a partial strain reduction suggested by the slightly smaller 
qx than that of the YAO substrate, but still shows a high struc-
tural quality indicated by the clear Kiessig fringes in XRD 
(Figure S1b, Supporting Information).

Electrolyte gating experiments were performed on both WO3/
LAO and WO3/YAO (Figure 1c). With a positive (negative) bias 
applied through the thickness of the ionic liquid (IL), cations 
(anions) accumulate near the interface between the IL and film, 
inducing transport of ions such as H+ or O2− into or out of the 
film and hence changes in structure and properties.[7] Our in 
situ XRD experiments suggest gating with a negative bias (up to 
−4 V) does not produce any detectable structural changes as it is 
difficult to add more oxygen into the fully oxidized WO3 lattice. 
A structural change along with a colorization is observed only 
when the sample is gated with a positive bias beyond +3.75 V 
(see Figure S2a, Supporting Information), in the period of only 
a few minutes for ≈30-nm-thick samples and up to 30 min for 
thicker films. The gated state relaxes when a negative bias is 
applied, along with the bleaching of the film. The reversible 
control of WO3 lattice structure between gated and relaxed 
states can therefore be realized just by altering the polarity of 
gating bias (see Figure S2b, Supporting Information).
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Figure 1. Electrolyte gating on WO3 thins films. a) W 4f core level high-resolution XPS spectra of WO3/LAO in: I) pristine, II) gated, and III) relaxed 
states, respectively, and the photographs are inset correspondingly. b) Superposed in situ RSM from the (013)pc family of peaks of epitaxial WO3 films 
on both LAO (red color) and YAO (blue color) in: I) pristine, II) gated, and III) relaxed states, respectively. The stoichiometries are estimated with XPS 
analysis (δ of fully relaxed HδWO3 is infinitesimal). c) Schematic of the electrolyte gating experiments. d) Raman spectra evolution with electrolyte 
gating of WO3/LAO. Raman peaks from LAO substrate are marked with stars.
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Comparing the results of WO3/LAO and WO3/YAO shown 
in Figure 1b, we find that the structural evolution of the epi-
taxial WO3 films with IL gating is qualitatively dependent 
on the substrate. After +4 V gating, the WO3/LAO substrate 
significantly expands out of plane, with the in-plane lattice 
parameter still matched to the substrate (see Figure S3, Sup-
porting Information for the lattice parameters). The WO3/
YAO, however, contracts out of plane and becomes more 
strained in-plane compared with the pristine film. After 
relaxation, the structure recovers incompletely in both LAO 
and YAO cases, which means there is a small residual lattice 
expansion for films on LAO and a residual contraction for 
films on YAO. The relaxed WO3/LAO retains a monoclinic 
distortion suggested by the split of the RSM peaks shown in 
Figure 1b-III, but the relaxed WO3/YAO is coherently strained 
in-plane to the substrate.

Ex situ XPS analysis (see Figure 1a and Figure S4, Supporting 
Information) show that lower valences of W, i.e., W5+ and W4+, 
appear in the gated samples and almost disappear after full 
relaxation, indicating formation and annihilation of defects in 
the gated and relaxed states, respectively, which also accounts 
for the coloring and bleaching that is attributed to electron 
exchange between W ions with different valence states.[20,21] 
Ex situ Raman analysis was conducted to examine the Raman 
peaks S1 and S2 corresponding to the stretching modes of 
WO and OWO bonds, respectively. As Figure 1d shows, 
mode S1 completely disappears after gating, which is a charac-
teristic of hydrogenated tungsten oxide (HxWO3),[22] meaning 
that the defect involved during electrolyte gating with a positive 
bias is Hi.[8] After relaxation, the re-appearance of mode S1 sug-
gests that Hi has escaped from the WO3 lattice. Based on the 
XPS analysis, the gated films on LAO and YAO can be written 
as H0.42WO3 and H0.36WO3 respectively, and the relaxed films 
are denoted as HδWO3 to distinguish from the pristine state, 
where δ is infinitesimal. Although electrolyte gating interca-
lates hydrogen into WO3 on both substrates, the evolution in 
structure and strain state is qualitatively different for films on 
YAO versus LAO. This is attributed to the different initial struc-
tures of the WO3 films determined by the lattice mismatch, and 
will be discussed further below.

The RT cross-plane thermal conductivity (i.e., perpendicular 
to the film plane) was measured by time-domain thermoreflec-
tance (TDTR).[23–25] After +4 V gating, substantial changes in 
the thermal conductivity were observed in both WO3/LAO and 
WO3/YAO as Figure 2a shows. Along with the following revers-
ible control of the structure by tuning the degree of hydro-
genation through electrolyte gating, the thermal conductivity 
could be tuned between gated and relaxed states by ≈1.7-fold 
in WO3/YAO and ≈1.3-fold in WO3/LAO, and the changes 
were reversible on multiple cycles as shown in the Supporting 
Information, Section S3. However, from Figure 2a, we notice 
that the variation of thermal conductivity with electrolyte gating 
is qualitatively dependent on the substrate: κL decreases in 
WO3/LAO after gating but increases in WO3/YAO. Examples of 
raw TDTR data and fits are shown in Figure S13 in the Sup-
porting Information.

To separate the contributions to κL, we should consider con-
tributions of both charge carriers and the lattice, as the electro-
lyte gating leads to an insulator-metal-transition in WO3 and a 
change in carrier concentration.[17–19] The total thermal conduc-
tivity (κtotal) can be written as:

κ κ κ= +total e L  (1)

where κe is electronic thermal conductivity, which can be 
estimated by the Wiedemann–Franz law

κ σ=e L T  (2)

in which L, the Lorenz constant, is about 2.4 × 10−8 W Ω K−2 
(= L0) at RT for most metals and varies little from metals to 
semiconductors. It is challenging to measure the through-plane 
σ for the thin films, so we measured in-plane σ by using the 
van der Pauw method and neglected any anisotropy in σ. As 
shown in Figure 2b, the σ of the pristine stoichiometric WO3 is 
quite low, indicating an insulating state. A small difference in 
σ is found between the stoichiometric WO3 on LAO and YAO, 
which can be attributed to a minor impact of strain on the elec-
tronic band structure suggested by first-principles calculations 
(see Figure S6, Supporting Information). After gating, σ in both 
WO3/LAO and WO3/YAO is enhanced by more than 4 orders of 
magnitude, meaning a bulk insulating-metal-transition occurs 

Adv. Mater. 2019, 1903738

Figure 2. Conductivities and structures varying with electrolyte gating. a) RT thermal conductivity, b) electrical conductivity, and c) unit-cell volume 
of the epitaxial WO3 thin films on both LAO and YAO change with electrolyte gating. The lattice thermal conductivity κL is obtained by subtracting κe 
from the measured total thermal conductivity. The error bars in (a) are from the deviations of TDTR measurements.
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with the intercalation of hydrogen. After relaxation, σ recovers 
incompletely, which may be due to a tiny amount of residual 
hydrogen. As shown in Figure 2a, κL ≫ κe even in the gated 
samples, meaning the measured thermal conductivity is domi-
nated by κL. Compared with the as-expected reduction in κL of 
WO3/LAO with the intercalation of hydrogen, the κL in WO3/
YAO is significantly increased, which is contrary to the expec-
tation that introducing point defects could decrease κL due to 
additional scattering from the mass difference and local strain.

Comparing Figure 2a,c, changes in κL with IL gating corre-
late with changes in the unit-cell volume, and we find that the 
κL of WO3/LAO is significantly larger than that of WO3/YAO 
although they are both stoichiometric. We prepared another sto-
ichiometric WO3 thin film on SrTiO3 (STO, cubic with a lattice  
constant a = 3.905 Å). The κL of WO3/STO was ≈6.61 W m−1 K−1  
which is near to that of WO3/LAO (7.84 W m−1 K−1), both 
of which are about 2 times higher than that of WO3/YAO 
(2.97 W m−1 K−1). The lattice structure and parameters of the  
WO3/STO (see Figure S8, Supporting Information) are similar 
to those of WO3/LAO but much different from WO3/YAO. In 
particular, WO3/STO and WO3/LAO have a smaller unit-cell 
volume than WO3/YAO by ≈4%.

Both electrolyte gating effects and the substrate dependence 
of κL point to a correlation between κL and the unit-cell volume: 
the lattice expansion (contraction) corresponds to a reduction 
(increase) of κL, rather than a simple decrease in κL upon 
introducing point defects. To further evaluate the unexpected 
dependence of the κL and structure on defects, we will next 
describe the effects of another type of defect in epitaxial WO3, 
i.e., the oxygen vacancy.

First-principles calculations using density functional theory 
(DFT) were performed to demonstrate the dependence of unit-
cell dimensions on VO. We assume the WO3 has P21/n sym-
metry and an a− b+ c− (in Glazer notation) oxygen octahedral 
rotation which is stable at RT in bulk. The structures of stoi-
chiometric WO3 on both LAO and YAO are first optimized 
(see Section S4, Supporting Information), and the equilib-
rium structures are visualized in Figure 3a,b. Since the lat-
tice parameters of monoclinic WO3 are conventionally taken 

as cm >  bm >  am, to minimize the in-plane lattice mismatch, 
the WO3 on YAO was labeled with am and bm axes in-plane 
clamped to the substrate, whereas WO3 on LAO orients with 
cm and am axes in-plane. Removing one oxygen atom from the 
simulation cell (eight formula units) corresponds to an oxygen 
sub-stoichiometry of WO2.875. Three types of VO shown by the 
dotted circles in Figure 3a, b were considered. The relative total 
energy was calculated as a function of the unit-cell volume to 
obtain the ground state structure.

Figure 3c, d shows that the formation of VO favors a large 
volume expansion for WO3/LAO, but a tiny volume shrinkage 
for WO3/YAO, suggesting the WO3 lattice responds qualita-
tively differently to VO depending on the substrate, reminiscent 
of the effects of Hi intercalation. We believe that the reason 
why the same defect leads to substrate-dependent responses of 
the WO3 lattice strain is that the films exhibit different initial 
structural configurations. DFT calculations showed that the 
oxygen octahedral tilts and rotations (see Figure S8, Supporting 
Information), particularly the amplitude of oxygen octahedral 
tilt along each crystallographic axis (see Table S2, Supporting 
Information), varies considerably with the substrate lattice 
parameter. This accounts for the substantial difference in the 
unit-cell volume between stoichiometric WO3/LAO and WO3/
YAO and endows the pristine WO3 on different substrates with 
different structural responses to the presence of point defects.

To experimentally demonstrate the effect of VO on structure 
and thermal conductivity, WO3 films were prepared at different 
lower p(O2), i.e., 20, 10, and 5 mTorr, on both LAO and YAO 
substrates. As the photographs inset in Figure 4a show, the 
films’ color became darker as the p(O2) decreased, implying 
changes in the stoichiometry of the films.[9] XPS analysis 
(Figure 4a for those on LAO and Figure S10, Supporting Infor-
mation for those on YAO) demonstrates that the concentra-
tions of W5+ and W4+ and hence the oxygen deficiency increase 
when the films are grown at lower p(O2). The oxygen sub-
stoichiometries were calculated from the W valence states and 
are shown in Figure 4b.

The structural evolution with p(O2) of the epitaxial films on 
LAO and YAO is qualitatively different. As Figure 4b shows, 
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Figure 3. First-principles calculations of structural evolution caused by an oxygen vacancy. a,b) Schematics of the lowest energy structure of stoichio-
metric WO3/LAO (a) and WO3/YAO (b). Red and dark gray spheres correspond to O and W atoms, respectively. c,d) The total energy of the structures with 
the oxygen vacancy bridging two W atoms along the x-, y-, and z-directions is calculated as a function of the unit-cell volume for WO2.875 on LAO (c) and  
YAO (d), where WO2.875 corresponds to the composition for one vacancy in the supercell.



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1903738 (5 of 8)

www.advmat.dewww.advancedsciencenews.com

the RSM peak of films on LAO shifts toward lower qz with 
the decrease of p(O2), yielding a significant out-of-plane lattice 
expansion with increasing oxygen deficiency. By contrast, the 
RSM peak position of films on YAO changes little with p(O2), 
leading to a marginal contraction of the unit-cell volume with 
increasing oxygen deficiency (see Figure S11, Supporting Infor-
mation). Raman analysis further suggests a significant elon-
gation of WO bond length caused by oxygen deficiency (see 
Section S6 and Figure S12, Supporting Information). Both RSM 
and Raman analysis are consistent with the DFT calculations. 
We note that Figure 4b also shows a slight shift of the YAO sub-
strate peak as p(O2) varied from 150 to 20 and 10 mTorr. The 
changes in the Raman spectra of YAO substrates after growth 
at p(O2) of 150 and 10 mTorr, shown in Figure S12b in the Sup-
porting Information, further confirm that the YAO substrate 
itself is modified by the deposition process at low p(O2).

The thermal and electrical conductivities were measured as a 
function of oxygen pressure during growth. As Figure 4c shows, 

the σ increases significantly with oxygen deficiency in films on 
both LAO and YAO, showing an enhancement of more than 
5 orders of magnitude. The κL obtained by subtracting κe from 
κtotal shown in Figure 4d gradually decreases in films on LAO, 
but slightly increases in films on YAO, as the oxygen deficiency 
increases. Similar to the electrolyte gating results, irrespective 
of the oxygen sub-stoichiometry, the κL is found to strongly 
correlate with the unit-cell volume, see Figure 4d,e.

The thermal conductivity of all the samples is plotted in 
Figure 5a as a function of the unit-cell volume, including both 
oxygen-dependent and electrolyte gating results. We clearly see 
that the κL monotonically decreases as the unit-cell volume 
increases. Despite the small monoclinic distortion in the relaxed 
HδWO3/LAO, it is still in line with the trend. The thermal 
conductivity of polycrystalline monoclinic WO3 thin films is 
reported to be 1.63 W m−1 K−1,[26] lower than the trendline of our  
experimental data, which may be attributed to the fact that the 
grain boundaries make a major contribution to the scattering 

Adv. Mater. 2019, 1903738

Figure 4. Structures and conductivities in oxygen-deficient WO3. a) W 4f core-level high-resolution XPS spectra of WO3/LAO grown at the p(O2) of: 
I) 150 mTorr, II) 20 mTorr, III) 10 mTorr and IV) 5 mTorr, respectively. A photograph of each sample is inset to show the color change. b) Superposed 
(013)pc RSM of samples on both LAO and YAO grown at p(O2) of: I) 150 mTorr, II) 20 mTorr, III) 10 mTorr, and IV) 5 mTorr, respectively, with 
stoichiometries estimated from XPS fitting analysis. Each panel shows the superposed data from a pair of films grown on LAO (red) and YAO (blue). 
c) Electrical conductivity, d) thermal conductivity, and e) unit-cell volume of WO3 thin films on both LAO and YAO change with p(O2) during PLD 
growth. The error bars in (d) are from the deviations of TDTR measurements.
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of phonons. We also show the volumetric strain as a horizontal 
axis, taking the bulk monoclinic structure as the unstrained ref-
erence, in Figure 5a, clearly indicating an increase of κL upon 
compression and a reduction upon expansion, irrespective of 
substrate and stoichiometry.

Furthermore, in our experiments, intercalating hydrogen or 
introducing oxygen deficiency is an effective way of manipu-
lating the electrical conductivity. The different dependences 
of thermal and electrical conductivity on the volumetric strain 
and the defects (VO or Hi) concentrations enable independent 
control over both conductivities. With appropriate engineering 
of the lattice dimension and the stoichiometry, as well as choice 
of substrates, as shown in Figure 5b, one can obtain epitaxial 
WO3 thin films with specific combinations of thermal and 
electrical conductivity, such as low σ and low κ (stoichiometric 
WO3/YAO), low σ and high κ (stoichiometric WO3/LAO), high 
σ and low κ (oxygen-deficient WO3/LAO), and high σ and high 
κ (hydrogenated WO3/YAO). In particular, the material with 
high σ and low κ could be a promising candidate for thermo-
electric materials, meriting further research.

It was challenging to obtain reasonable phonon-dispersion 
curves for our epitaxial WO3 in the first-principles calculations, 
but the measured behavior is consistent with the trend 
predicted by simulation in low-dimensional Si and diamond.[27]

The correlation of κL with unit-cell volume rather than 
scaling with defect concentrations (Hi, VO) suggests that a 
reconsideration of the classic description of how point imper-
fections influence κL is needed. The established model is that 
point defects reduce κL by decreasing the relaxation time (τ)[16] 
according to kinetic theory:

κ τ=
1

3
L V g

2c v  (3)

in which cV is the specific heat capacity and vg the group velocity. 
If changes in τ were the dominant factor, we would expect κL to 
decrease on intercalation of Hi or for more oxygen-deficient films 
in both WO3/LAO and WO3/YAO. The anomalous dependence 

of κL on defects observed in our experiments indicates that 
there are other factors dominating the variation of thermal 
conductivity. The specific heat capacity is not highly dependent 
on the structural distortion particularly at high temperature. 
Therefore, the change in vg in equation (3) is likely the domi-
nant factor, which results from the change in the bond strength 
caused by the lattice expansion or contraction.[28] Changes in vg 
not only appear explicitly in Equation (3), but also implicitly in 
the scattering time due to point defects (τPD), which is given by 
Abeles[2] as:

∑τ ω
π

= Γ−

4
PD

1
4 3

g
3

d

v
ii

 (4)

where ω is the phonon frequency, d is the cube root of the 
volume of the host atom, and Γi is the scattering cross-section 
of point defect i which is given by:

ε [ ][ ] ( )( )Γ = − + −



/ /

2 2
x M M M d d di i i i  (5)

where xi is the defect concentration, M is the mass of the host 
atom and Mi that of the defect, ε is a phenomenological para-
meter, and di is the cube root of the volume of the defect.

In prior work that assessed the effect of defects on κL, the 
results have been interpreted in terms of an increase of Γi. 
The point defects can indeed affect τPD via Γi, and the model 
predicts a decrease in τPD and hence a reduction in κL due 
to the increase of Γi as a result of both mass and volume dif-
ference caused by the defects. However, changes in unit-cell 
volume can also affect τPD via d and vg. The overall variation 
of lattice thermal conductivity with defects is therefore a conse-
quence of the interplay between defect concentration and struc-
tural properties, and could be dominated by the latter if the 
defects induce a significant macroscopic change in the lattice 
dimensions. In particular, if the lattice contracts, the d3/vg

3 in 
equation (4) will decrease and compensate the increase of Γi, 
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Figure 5. Thermal conductivity dependence on lattice volume and correlation with electrical conductivity. a)The lattice thermal conductivity is plotted 
as a function of the unit-cell volume and the volume strain (defined as the change of unit-cell volume taking the bulk phase as non-strained reference). 
Data from the relaxed HδWO3/LAO, which consist of two sets of monoclinic variants, is marked with a red circle. b) The thermal conductivity versus 
electrical conductivity in WO3 thin films with various stoichiometries. The error bars are from the deviations of the TDTR measurements.
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which can therefore weaken the influence of defects on τPD and 
κL. Some reports show little or no effect of VO on κL.[29,30] Even 
in reports that ascribed the changes of thermal conductivity 
to VO in epitaxial oxide thin films,[5,31–33] there are indeed sig-
nificant changes in the lattice dimensions, and the reduction 
of thermal conductivity in each of these reports correlates with 
a significant lattice expansion. These reports mainly attributed 
the impact of defects on thermal conductivity to the enhance-
ment of defect-phonon scattering, but our findings suggest that 
the defect-induced variation in the structural parameters can 
instead play the dominant role.

In summary, we have demonstrated an approach to adjusting 
the thermal conductivity of epitaxial WO3 films by a factor of  
7 by varying the growth conditions, and by a factor of ≈1.7 
though electrolyte gating. The structural and thermal con-
ductivity changes resulting from electrolyte gating are highly 
reversible over multiple cycles and can be accomplished in a few 
minutes at room temperature. An increase of lattice thermal 
conductivity was observed in WO3/YAO and a decrease was 
observed in WO3/LAO upon introducing intercalated hydrogen 
or oxygen vacancies, accompanied by a lattice contraction and 
expansion, respectively. This implies that the lattice volume 
rather than defect concentration plays the dominant role in gov-
erning the thermal conductivity in our materials. Our finding 
motivates a re-examination of the mechanisms that dominate 
the phonon transport in epitaxial oxide films and provides a 
new direction for tuning, particularly reversibly controlling, 
the thermal conductivity in solid-state materials. For instance, 
making use of electrostriction (magnetostriction) might enable 
electric (magnetic) field-driven control of thermal conductivity. 
Moreover, the independent sensitivities of the thermal and elec-
trical conductivity of WO3 films to the lattice dimensions and 
defect levels enable us to selectively control both conductivi-
ties within broad ranges. The tunability of properties shown in 
WO3 suggests strategies for developing materials for thermo-
electrics or thermal management applications.

Experimental Section
Thin Film Preparation: The epitaxial WO3 thin films were prepared 

by PLD using a KrF excimer laser (λ = 248 nm) with 0.3 J cm−2 fluence 
and 2 Hz pulse repetition rate. The growth temperature was 750 °C. The 
thin films were cooled down to room temperature in the same p(O2) 
at a rate of 20 °C min−1. The WO3 target with a purity of 99.9% was 
purchased from Plasmaterials Inc. and the single crystal STO, LAO and 
YAO substrates from MTI Corp.

Electrolyte Gating Experiments: Electrolyte gating experiments 
were performed with the IL of 1-hexyl-3-methylimidazolium 
bis(trifluormethylsulfonyl)imide as the gating electrolyte (Sigma-Aldrich, 
USA). The WO3 thin films were immersed in the IL with a spiral Pt wire 
as counter electrode. A Pt probe was spring loaded to directly contact 
the sample surface. A Hewlett Packard 6632A Power Supply was used to 
apply the bias.

Structure and Composition Characterizations: XRD and RSM 
measurements were performed using a Rigaku SmartLab high-
resolution diffractometer with Cu Kα1 radiation (λ = 1.5406 Å) as source 
and an incident beam Ge-(022) double-bounce monochromator. For 
the in-situ XRD measurements, 2θ−ω scans were measured at ambient 
conditions with the homemade electrolyte gating setup mounted on the 
XRD sample stage during which a bias was applied to the sample and 
varied from 0 to 4.25 V with a step of 0.25 V and an interval of 30 min 

for each scan. Raman spectroscopy was performed using a Horiba 
XploRA plus system with a 785-nm laser as the excitation source at 
room temperature. High-resolution XPS measurements used a Thermo 
Scientific K-Alpha+ XPS system with Al Kα (1486.6 eV) as the X-ray 
source. Before collecting the data, the samples were sputtered with a 
cluster ion beam for 30 s to clean the surface.

Thermal and Electrical Conductivity Measurements: The RT cross-
plane thermal conductivity was analyzed by a homemade TDTR setup 
in the Nanoengineering Group at MIT. A pulsed laser (Ti:Sapphire) 
at 800 nm with a repetition rate of 80.7 MHz and a pulse width of 
approximately 200 fs was used. A ≈80-nm-thick Al layer was deposited 
as the transducer pads on the top of the sample surface. The TDTR 
data were collected at modulation frequencies of 3, 6, 9, and 12 MHz, 
respectively, and then interpreted using a multilayer solution to fit 
the heat diffusion equation.[25] With heat capacity and layer thickness 
input as known parameters into the heat transfer model, the unknown 
thermal conductivity of the film and the interface conductance between 
the Al layer and the film are obtained through non-linear least-squares 
minimization. The parameters used in the fitting procedure, and the 
raw TDTR data with fit curves of representative samples are reported 
in Section 3 and Section S7 in the Supporting Information, respectively. 
The RT electrical conductivity was measured using a homemade 
Semiconductor Parameter Analyzer Program in van der Pauw 
configuration.

First-Principles Calculations: First-principles DFT calculations were 
performed using the Vienna Ab-initio Simulation Package.[34] For 
projector augmented wave pseudo-potentials,[35] the kinetic energy cut-
offs with high accuracy of 600 and 900 eV were used for plane-wave 
basis and augmentation charge, respectively. A generalized gradient 
approximation using the exchange-correlation functional of PBEsol 
(Perdew–Burke–Ernzerhof revised for solids[36]) was applied to effectively 
reproduce the experimental lattice constants of solids within reasonable 
computational cost. The k-space integration was used by a (4 × 4 × 4) 
mesh with absolute total energy converging within 0.002 eV. All atomic 
positions were fully relaxed until the Hellmann–Feynman force on each 
atom was within 0.01 eV Å−1.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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