. HOKKAIDO UNIVERSITY

Titl Coexistence of High Electron Conduction and Low Heat Conduction in Tungsten Oxide Epitaxial
€ Films with 1D Atomic Defect Tunnels
Author (s) Kim, Gowoon; Feng, Bin; Sheu, Yu-Miin et al.
Citation ACS Applied Electronic Materials, 2(8), 2507-2513
https://doi.org/10.1021/acsaelm. 0c00428
Issue Date 2020-08-25
Doc URL https://hdl. handle. net/2115/82516
This document is the Accepted Manuscript version of a Published Work that appeared in final
Rights form in ACS Applied Electronic Materials, copyright © American Chemical Society after peer
g review and technical editing by the publisher. To access the final edited and published work
see https://pubs. acs.org/doi/10.1021/acsaelm. 0c00428 .
Type journal article
File Information Manuscript to ACS Appl. Electron. Mater. revision clean, pdf

kaido
wo¥ Uo%

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Coexistence of High Electron Conduction and Low Heat
Conduction in Tungsten Oxide Epitaxial Films with 1D Atomic

Defect Tunnels

Gowoon Kim,* Bin Feng, Yu-Miin Sheu, Hai Jun Cho, Yuichi Ikuhara, and Hiromichi Ohta*

Keywords
thermal conductivity, electrical conductivity, tungsten oxide, 1D atomic defect tunnel, epitaxial

film, pulsed laser deposition

ABSTRACT: Materials showing unusual electron and heat conduction such as the coexistence
of high electron conduction and low heat conduction is essentially important to realize efficient
thermal management systems. Although introducing point defects or layers is known as an
effective way to reduce the thermal conductivity, the coexistence of high electron conduction
and low heat conduction is still challenging because of the fact that electrons and phonons are
scattered simultaneously by impurities, defects, and boundaries. Although oxygen-deficient
tungsten oxide (WOy) films (2.7 < x < 3.0) show the desired properties, the origin is still unclear.
Here we report that 1D atomic defect tunnels give rise to the coexistence of low thermal
conductivity and high electrical conductivity of WOy films. We fabricated WOy epitaxial films
on LaAlOsz substrates under a precisely controlled oxygen atmosphere. Crystallographic
analyses revealed that 1D atomic defect tunnels are formed randomly along the rectangular-
shaped grains in the in-plane direction. The cross-plane thermal conductivity of the WOy films
dramatically decreased with decreasing x, while the electrical conductivity drastically increased

due to an increase of carrier electrons, and high electron conduction and low heat conduction



coexist when x < 2.9. The present finding would be useful to design efficient thermal

management materials.

INTRODUCTION

Electron conduction and heat conduction in media are associated with electrical conductivity,
o, and thermal conductivity, «, respectively. o is a product of the carrier (electron) concentration
and mobility. In the case of crystalline material, quantized lattice vibration (phonon) carries
heat. In general, electron propagation is suppressed by phonons, impurities, atomic vacancies,
and boundaries, and phonon propagation is suppressed by impurities, atomic vacancies, and
boundaries. Since both o and « are increased/suppressed simultaneously by
reducing/introducing impurities, atomic vacancies, and boundaries, it is considerably difficult
to solely control the o or x. Nevertheless, materials showing unusual electron and heat
conduction such as the coexistence of high electron conduction and low heat conduction are

required to realize efficient thermal management systems such as thermoelectrics.**

Nanostructuring approaches such as introducing point defects>® and/or layers®*! are known as
an effective way to reduce thermal conductivity. In general, a phonon mean free path is much
longer than a carrier electron mean free path. Therefore, when the distance between two nearest
neighbour defects is shorter than a phonon mean free path and longer than a carrier electron
mean free path, phonon propagation would be suppressed but electron propagation would not
be suppressed.? However, it is still challenging to reduce heat conduction while keeping high
electron conduction (mobility). The reason deters this approach from success can be understood
by using the schematic diagram of Fig. 1. When a 0D defect or dot is introduced [Fig. 1(a)],
both electron and phonon can be transported without suppression when the 0D defect density
is low because of the low probability that the phonon hits the vacancies. On the other hand,

both electrons and phonons are scattered when the 0D defect density is enough high??. If a 2D
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layered structure is fabricated [Fig. 1(c)], electrons and phonons are scattered at the

heterointerfaces, therefore, they cannot be transported through the interface.

In order to overcome these difficulties, we propose an excellent solution [Fig. 1(b)]; introducing
1D atomic defect tunnel®>** or wire to reduce the phonon propagation without reducing the
electron propagation. In this structure, the probability of that phonon (mid-to-long wavelength?)
hits the 1D atomic defect tunnel or wire is much higher than that of introducing 0D defect or
dot even though the 1D defect density is low. Further, since the distance between two
neighbouring 1D defects is much longer than the carrier electron mean free path, we expected

that the electron propagation is not suppressed when the 1D defect density is low.

To verify this hypothesis experimentally, we selected oxygen-deficient tungsten oxide (WOsy,
2.7 <x < 3) epitaxial films as the candidate. The bulk crystal structure of oxygen-deficient WOy
contains 1D tunnel structure®®, WOy can be epitaxially grown on perovskite oxide single
crystals coherently.t’?! Therefore, we expected that WOx with 1D tunnel structure can be
stabilized on a substrate. In fact, Ning et al.?* reported that the thermal conductivity of WOy
films grown on (001) LaAlOs substrate by modulating the oxygen atmosphere during the
growth decreased dramatically with decreasing the x whereas the electrical conductivity
increased oppositely. They also showed that the thermal conductivity of WOy decreased with
increasing the electrical conductivity. Based on the results of the WOy films grown on various
substrates, they concluded that the thermal conductivity decreased with increasing the
volumetric strain without discussing the atomic arrangement of the WOy films. Although the
thermal conductivity of a crystal is extremely sensitive to the disordering of the atomic

arrangement, it has not been discussed yet.



Here we show that 1D atomic defect tunnels originate the coexistence of low thermal
conductivity and high electrical conductivity of WOy films. We fabricated WOy epitaxial films
on LaAlOz substrates under a precisely controlled oxygen atmosphere. Crystallographic
analyses revealed that 1D atomic defect tunnels are formed randomly along the rectangular-
shaped grains in the in-plane direction. The cross-plane thermal conductivity of the WOy films
dramatically decreased with decreasing x, while the electrical conductivity drastically increased
due to an increase of carrier electrons, and high electron conduction and low heat conduction
coexist when x < 2.9. The present finding would be useful to design efficient thermal

management materials.

RESULTS AND DISCUSSION

The WOy films were heteroepitaxially grown by the pulsed laser deposition (PLD) technique
on (001) LaAlOs single crystalline substrate at 700 °C under oxygen atmospheres. The oxygen
pressure was varied from 2 to 13 Pa during the deposition to modulate the oxygen content x in
WOy. The x in the WOx films were successfully modulated from extracted from 2.787 to 2.977
as shown in Figs. 2(a) and 2(b), which were extracted from the X-ray photoelectron
spectroscopy (XPS) spectra (Fig. S1). The volume fractions of W®* and W°* are dynamically
changed with decreasing x [Fig. 2(a)]. The composition x in WOx was determined from ([W®*]

X 3+ [WT x 2.5+ [WH] x 2) / (IWS'] + [W*'] + [W*H])*2

The film thickness was evaluated to be ~40 nm in all cases from the analyses of the X-ray
reflectivity. Coherent epitaxial growth was confirmed by measuring the X-ray reciprocal space
mappings (Fig. S2); the in-plane lattice parameter is fixed with that of LaAlOz substrate. Intense
diffraction peak of WO with Pendelldsung fringes is observed around 001 LaAlOs in the out-
of-plane XRD patterns [Fig. 2(c)], indicating a strong orientation of WOy. From the XRD results,

lattice expansion from ~0.366 nm to ~0.385 nm was observed with decreasing x [Fig. 2(d)].
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The streak-like RHEED pattern [inset of Fig. 2(d)] was observed in the WO..7s7 film,
confirming that the film was heteroepitaxially grown. Checkerboard-like surface composed of
rectangular-shaped grains (~200 nm long, and ~20 nm wide 1D wires, alternating in the plane
to form checkboard-like pattern) was observed in the topographic AFM image of the WO2.7g7

film [Fig. 2(e)].

In order to visualize the atomic arrangement of the WO films directly, we performed the high-
angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM)
observations in the in-plane direction along the [100] LaAlOz substrate (Fig. 3). Almost perfect
square lattice is seen in the cross-sectional HAADF-STEM image of WO..977 film [Fig. 3(a)],
indicating that the film is epitaxially grown on (001) LaAlOz substrate, which belongs to the
epitaxially stabilized pseudo tetragonal structure. Misfit dislocation was not observed at the
heterointerface between the film and the substrate, confirming the coherent epitaxial growth
occurred. On the other hand, we found that the atomic defects were formed when x is smaller
than 2.955 in WOy as shown in Figs. 3(b) and 3(f). The defects were randomly distributed.
Since the images are the projection, these atomic defects are tunnel in shape. Further, Figs.
3(a)—3(e) show that the density of the atomic defect tunnels increased with decreasing of x in
WOx. In addition, the shape of the atomic defect tunnels became complex [Fig. 3(g)] when the
density of the atomic defect tunnels increases, probably due to the interactions and relaxations
between these defects that occurred during the film growth. It should be noted that the atomic
arrangement of oxygen-deficient WOx with many atomic defect tunnels looks random, like
amorphous material. However, the atomic columns along with the electron beam direction are
clearly visible, indicating the epitaxial growth continues even above the atomic defect tunnels
[Figs. 3(f) and 3(g)]. The oxygen-deficient WOy films receive stronger compressive strain from
the substrate to forcibly stabilize the WO3 structure. Therefore, these atomic defect tunnels

would be formed to release the strain during the film growth.
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It should be noted that the 1D atomic defect tunnels are located along the long axis of the
rectangular-shaped grains; We observed the cross-sectional HAADF-STEM images from the
direction along the long axis (data not shown). As a result, 1D atomic defect tunnels were
clearly seen. On the other hand, from the direction across the long axis, a nearly perfect square
lattice was seen (data not shown). Thus, the rectangular-shaped grains are single crystalline
WOy with 1D atomic defect tunnels. Although two different atomic arrangement is seen in the
HAADF-STEM images due to that the thickness of the typical TEM sample is ~100 nm, it is
reasonable because of the checkerboard-like arrangement of the rectangular-shaped grains (L
~200 nm, W ~20 nm). These observations revealed that the 1D atomic defect tunnels are aligned

along the long axis of the rectangular-shaped grains.

Here we demonstrate coexistence of high electron conduction and low heat conduction in WOx
epitaxial films with 1D atomic defect tunnels. The thermal conductivity (x) in the cross-plane
direction drastically decreases with decreasing x from 2.98 to 2.92 [Fig. 4(a)], whereas the
electrical conductivity (oave) drastically increases simultaneously [Fig. 4(b)]. Very similar
decreasing tendency is also seen in the x of WOy epitaxial films grown on LaAlOs, which is
reported by Ning et al.?! The x of WO2.97 was ~7 W m~* K™t and it decreased to ~2 W mt K1
with decreasing x to 2.92, then gently decreased with decreasing x (Figs. S3 and S4). The «
values of the WOx films (x < 2.92) are close to that of amorphous WO film?2, which shows
minimum thermal conductivity?® among the same chemical composition. On the other hand,
the measured cave in the in-plane direction of WO2.97 was 0.07 S cm™ and it increased to ~500
S cm ! with decreasing x to 2.92. This is due to the increase of both carrier mobility and carrier

electron concentration, which was extracted from thermopower analyses (Figs. S5 and S6).



As schematically shown in Fig. 4(c), the x was measured in the cross-plane direction, whereas
the oave Was measured in the in-plane direction as shown in Fig. 4(d). Since the cross-plane
electrical conductivity of the WOy films cannot be directly measured, we measured the 1D
electrical conductivities of several WOy films with uniaxially oriented rectangular grains on
(110) LaAlOs3 substrates (Fig. S7). Many rectangular-shaped grains (L ~600 nm, W ~20 nm)
aligned in [001] direction are seen [Fig. S7(a)]. Although the azimuth of short axis of the
rectangular grains is [1-10], which is different from that on (001) LaAlOs substrates, the long
axis is the same. Surprisingly, the electrical conductivities in the long axis of the rectangular
grains, measured by d.c. four probe method as shown in Fig. S7(b), are almost the same as those
on (001) LaAIOz3 substrates [Fig. 4(b)]. Although the electrical conductivities in the short axis
of the rectangular grains are a bit smaller than those in the long axis, the overall tendency of the
electrical conductivity is similar to each other; the electrical conductivity increases with
decreasing oxygen content. These results reveal that the coexistence of high electron conduction

and low heat conduction in the oxygen-deficient WOy crystals with the 1D atomic defect tunnel.

In addition, we analysed the low thermal conductivity of the WOy epitaxial films by applying
Wiedemann-Frantz (WF) law to extract phonon contribution and electron contribution to the
heat propagation. In the case of crystalline metal, WF law can be applicable to extract the
electron contribution to the observable thermal conductivity, xe as xe = L-o-T, where L is the
Lorenz number, (n?/3)(ks/e)? = 2.44 x 108 W Q K2, and T is the absolute temperature.
Although WF law does not give a reliable e in the case of one of the transition metal oxides,
VO,?*, the x. can be calculated in the case of the WOy epitaxial films. We used the asnort Values
to extract the e in the cross-plane direction. The ke and x| of the WO2.92 film can be calculated
as ~0.07Wm*K?'and~1.83 W m 1K™ close to that of amorphous WO203 (1.4 W m K™2),
which is quite low thermal conductivity among low x oxides?®. Although amorphous WO2g3

shows ~101 S cm™, epitaxial WO292 shows three orders of magnitude large electrical
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conductivity. Thus, by introducing the 1D atomic defect tunnel, phonon propagation is
suppressed but electron propagation is not suppressed. Since the 1D atomic defect tunnel is
spontaneously introduced upon oxygen removal while keeping the epitaxial growth, and
therefore, high electron conduction and low heat conduction are realized in the oxygen-deficient

WO crystals.

CONCLUSION

In summary, we demonstrated that high electron conduction and low heat conduction are able
to coexist simultaneously in an oxide crystal, oxygen-deficient WOy epitaxial film.
Crystallographic analyses revealed that the resultant WOy films contain 1D atomic defect
tunnels in the in-plane direction and the density increased with decreasing x. The 1D atomic
defect tunnels were randomly distributed along the long axis of rectangular-shaped WOy grains.
The cross-plane thermal conductivity dramatically decreased with increasing the 1D atomic
defect tunnels due to phonon propagation is suppressed, whereas the electrical conductivity
dramatically increased simultaneously. High electron conduction and low heat conduction
coexist when x < 2.92. The present finding would be useful to design efficient thermal

management materials.

EXPERIMENTAL PROCEDURES

Fabrication and characterization of WOx epitaxial films with 1D atomic defect tunnel. The
WOy films were heteroepitaxially grown on (001) LaAlOsz single crystal substrate by pulsed
laser deposition (PLD, KrF excimer laser, ~1 J cm™2 pulse?, 10 Hz) at 700 °C in oxygen
atmospheres. The oxygen pressure was varied from 2 to 13 Pa during the deposition to modulate
the x in WOy. The thickness of the films was ~40 nm in all cases. High energy electron
diffraction (RHEED) patterns were observed before exposing the film to the air. The growth

condition of all the WOy films was determined by optimizing the growth condition of the WOy
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film (13 Pa) from the viewpoints of RHEED pattern, surface morphology, and average crystal
tilting. Details of our PLD system have been described elsewhere. Valence states of W in the
resultant WOy films were analyzed by the X-ray photoelectron spectroscopy (XPS) using Al
Ko radiation (1486.6eV). The flood gun was used to prevent charge up problem. The W 4f (30
— 42 eV) core level spectra were collected and all the spectra were calibrated with C 1s peak at
284.8 eV?®. The thickness and the lattice parameters of the resultant films were analyzed by
high-resolution X-ray diffraction (Cu Kai, ATX-G, Rigaku Co.). X-ray reflectivity was
measured to extract the density and thickness of the films. Out-of-plane Bragg diffraction
patterns and X-ray reciprocal space mappings (RSMs) were recorded to measure the lattice
parameters of the WOy films. An atomic force microscopy (AFM, Nanocute, Hitachi Hi-Tech
Sci. Co.) was used to observe the surface morphology of the films. The atomic arrangement of
the films was visualized using high-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM).

Electron transport properties. The electrical conductivity of the resultant WOy films was
measured by d.c. four-probe method. In-Ga alloy was used as the contact electrodes.
Thermopower of the resultant films was measured by a standard steady-state method. The film
sample was placed on the gap (~5 mm) between two Peltier devices. By applying the
forward/reverse current to each Peltier device, temperature differences were generated in the
sample. We measured the temperature difference (AT) and the thermos-electromotive force
(AV) simultaneously at room temperature. The thermopower was calculated as the linear slope

of the AT — AV plot.

Heat transport properties. Cross-plane thermal conductivity (x) of the resultant films was
measured by the time domain thermo-reflectance (TDTR, PicoTR, PicoTherm Co.). The 116-

nm-thick Mo was deposited on the WOx films as a transducer by dc sputtering. The decay curves
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of the TDTR signals were simulated using the packaged software developed by PicoTherm Co.
In our simulation to minimize the number of free parameters, we used constant values that
include bulk density = 10000 kg m™3, Cp, = 250 J Kg* K* and x = 454 W m* K for Mo
transducer and bulk density = 6520 kg m3, C, =427 JKg* K and x = 10.3 W m 1 K™ for
the LaAlOs. These values were measured separately using a Mo transducer on the substrate.
When the simulation includes a film, the film thickness and density were fixed by using the
value derived from the XRR measurements. Because specific heat does not vary significantly
for various x, we constrain the specific heat to allow small fluctuation around the reported single

crystalline bulk values.?”
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a 0D defect/ dot b 1D tunnel / wire C 2D layer
Both electron and phonon Electron can be transported Both electron and phonon
can be transported but phonon cannot cannot be transported

electron phonon electron phonon electron | phonon

’
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y cfec © 9D tunnel / wire

Figure 1. Nanostructuring concept to reduce heat conduction while keeping high electron
conduction. Schematic illustrations of electron/phonon propagation in materials with (a) 0D
defect (dot), (b) 1D tunnel (wire), and (c) 2D layer. (a) Electron and phonon can be transported
without suppression because of the low probability of that phonon hits the vacancies. Electron
transport is less sensitive to the defect. (b) the probability of that phonon hits the 1D tunnel is
much higher than that in OD. Therefore, low thermal conductivity can be expected. (c) 2D layer
insertion is effective to reduce thermal conductivity. However, electrons are also scattered at
the interface, which results in low electrical conductivity and low thermal conductivity.
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Figure 2. Change in the crystalline lattice of the WOy epitaxial films. (a) Volume fraction of
W6 W5 and W*" and (b) x in the WO films as a function of the oxygen pressure during the
film growth. The x in WOyx was modulated from ~2.78 to ~2.98. (c) Out-of-plane XRD patterns
of the WOy films around 001 LaAlOs. The arrows () indicate the diffraction peak position of
WOy and the short lines (| ) indicate Pendelldsung fringes. (d) Change in the out-of-plane lattice
spacing of WOx. The inset shows the RHEED pattern of the WO..7s7 film, confirming the
successful heteroepitaxial growth. (e) Topographic AFM image of the WO27g7 film.
Checkerboard-like arrangement of the rectangular-shaped grains (L ~200 nm, W ~20 nm) is
seen.
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Figure 3. Evolution of 1D atomic defect tunnel in the oxygen-deficient (001) WOy epitaxial
films. Cross-sectional HAADF-STEM images of (a) WO2977, (b) WO2.s5, () WO2.924, (d)
WO: 35, and (e) WO2.7g7 films. (f) Atomic structure of the 1D atomic defects in (b). (g) Atomic
structure of high-density 1D atomic defect in (e). The scale bar is 5 nm for (a)—(e), 1 nm for (f),
2 nm for (g).
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Figure 4. Coexistence of high electron conduction and low heat conduction in the WOy
epitaxial films with 1D atomic defect tunnels. (a) Cross-plane thermal conductivity x extracted
from the TDTR measurement. The x of amorphous WO films?? and epitaxial WO films?! are
also plotted. (b) In-plane electrical conductivity . The o of amorphous WOy films?? and
epitaxial WOy films?! are also plotted. (c) Schematic illustration of the TDTR measurement of
the WO films. (d) Schematic illustration of the electrical conductivity measurement of the WOy
films.
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