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Vanadium dioxide (VO;) is a strongly correlated material, and it has become known due to its sharp metal-insulator
transition (MIT) near room temperature. Understanding the thermal properties and their change across MIT of VO, thin
film is important for the applications of this material in various devices. Here, the changes in thermal conductivity of
epitaxial and polycrystalline VO, thin film across MIT are probed by the time-domain thermoreflectance (TDTR) method.
The measurements are performed in a direct way devoid of deposition of any metal thermoreflectance layer on the VO, film
to attenuate the impact from extra thermal interfaces. It is demonstrated that the method is feasible for the VO, films with
thickness values larger than 100 nm and beyond the phase transition region. The observed reasonable thermal conductivity
change rates across MIT of VO, thin films with different crystal qualities are found to be correlated with the electrical
conductivity change rate, which is different from the reported behavior of single crystal VO, nanowires. The recovery of
the relationship between thermal conductivity and electrical conductivity in VO, film may be attributed to the increasing
elastic electron scattering weight, caused by the defects in the film. This work demonstrates the possibility and limitation of
investigating the thermal properties of VO; thin films by the TDTR method without depositing any metal thermoreflectance

layer.

Keywords: vanadium dioxide thin film, thermal conductivity, time-domain thermoreflectance
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1. Introduction

Vanadium dioxide (VO;), by virtue of its sharp metal—
insulator transition (MIT) near room temperature and the as-
sociated dramatic changes in electrical and optical proper-
ties, presents promising applications in electrical and opti-
cal switches.!!®) While the predominant research thrust has
been oriented to the intensive exploration of its phase tran-
sition mechanism and applications in memory devices and
other smart devices, the mechanistic exploration of its ther-
mal transport mode has attracted much less attention.!’~!?]
Only very recently, Sangwook et al.l'%! and Jin et al.!'!l have
done some researches on the thermal transport mode of VO,,
including the abnormal low electronic thermal conductivity
and the non-quasiparticle transport mechanism in the metallic
phase, which provides a different perspective to further under-
stand the electron—electron interaction in this strongly corre-
lated material.

Sangwook et al’s work focused on single-crystal VO,
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nanowire, but VO, thin films were technically more useful
in the predicted devices. In this study, we use the time-
domain thermoreflectance (TDTR) method"3-17! to investi-
gate the cross-plane thermal properties of VO, thin films. The
TDTR has been demonstrated to be a powerful method to in-
vestigate the thermal properties of thin films and multilayered
films.[18-211 Unlike the most widely used 3@ method in mea-
suring the thermal properties of films, TDTR allows detect-
ing the thermal properties of electrically conducting or semi-
conducting materials. In practical, most TDTR experiments
require a thin metal layer (Pt, Au, Mo or Al) as a thermore-
flectance layer in probing the surface temperature changes be-
cause the reflectivity of metal layer changes linearly with tem-
perature. Some previous work utilized the TDTR to investi-
gate the cross-plane thermal properties of VO, films by de-
positing a metal layer on the top of the film.!”-8] However, the
interfacial thermal resistance between the metal layer and the
specimen was difficult to eliminate, which might cause ad-

ditional measurement uncertainties. On the other hand, the
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reflectivity and transmittance of VO, film change with tem-
perature, which is similar to those of the metallic thermore-
flectance layer, suggesting the possibility of measuring the
thermal transport properties of VO, film by using TDTR with-
out depositing any metal layer on the film.

In this study, we fabricate VO, thin films on the
Alp03(10-10) substrate and fluorine mica substrate, respec-
tively. The VO, thin film epitaxially grown on the Al,O3 sub-
strate exhibits high crystalline quality and bonds well with the
substrate. The fluorine mica substrate is a van de Waals (vdW)
substrate, which means a weak effect on the in-plane growth
direction of the as-grown film. By measuring the TDTR spec-
tra of the VO, films on these two different substrates below
and above the phase transition temperature through using the
TDTR method without depositing any metal layer on the films,
we observe the reasonable thermal conductivities of VO, thin
films when the thickness values of the films are greater than
100 nm. Meanwhile, by comparing the thermal conductiv-
ity changes of VO, films on different substrates across the
MIT, we find that it is correlated with the electrical conduc-
tivity change rate. Our results show that the TDTR method
can be feasible in investigating the thermal transport properties
of VO, films without depositing any metal thermoreflectance
layer. Meanwhile, the limitation of this method will also be
discussed.

2. Experiment

The VO, thin films were grown on Al,O3(10-10) sub-
strate and fluorine mica substrate by using a polymer-assisted
deposition (PAD) technique.?>>*! First, the polymer solu-
tion was prepared by dissolving 2.0-g polyethyleneimine (PEI,
Mw=210000), 2.0-g ethylenediamine tetra acetic acid (EDTA)
and 0.8-g ammonium metavanadate (NH4VO3) in 60-mL
deionized (DI) water. Then the solution was filtered in an ul-
trafiltration device (Amicon 8050) to obtain a precursor solu-
tion containing 20.5-mg V ions per mL as measured by in-
ductively coupled plasma optical emission spectrometer (ICP-
OES). The as-prepared precursor solution was spin-coated
on the Al,O3(10-10) and fluorine mica substrates at a rate
of 6500 rpm for 40 s, respectively. Finally, the precursor
films were annealed at 505 °C in forming gas (H, =1.5% and
N, =98.5%) for 2 h. The spin-coating and annealing process
was repeated to obtain VO; thin films of various thickness val-
ues. A detailed description of the synthesis process can be
found in previous literature.>>?*! The VO, thin films of four
different thickness values were grown on the Al,O3 substrates
and the fluorine mica substrates. Using scanning electron mi-
croscopy, the thickness values were determined to be about
30 nm, 60 nm, 110 nm, and 150 nm, respectively.

The thermal conductivity of the VO, thin film was mea-
sured by a nanosecond pulse laser thermal reflector system

(Nano TR, PicoTherm, Japan). The experimental set-up is
schematically shown in Fig. 1. A ceramic heating plate, con-
trolled by a direct current (DC) power, was used to heat the
samples and the temperature of the ceramic heating plate was
detected by a thermocouple thermometer. A 1550-nm pulsed
laser with pulse width of 1 ns and energy of 100 mW was used
to heat the sample and a 785-nm continuous wave laser was
used to probe the variation of temperature of the sample with
time. A lock-in amplifier in this system was used to measure
a small change of temperature with time.

pump laser
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VO, thin films
/
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Fig. 1. Schematic set-up of nanosecond pulse laser thermal reflection system.

The crystal quality of the VO, thin films was examined
by a high-resolution x-ray diffractometer (HR-XRD, Bruker
D8 Advance). The variation of the resistance of the thin films
with temperature was measured by B2902A (Keysight), while
the temperatures of the samples were controlled by LakeSore
325 during the measurements.

3. Results and discussion

The crystal structures of the VO, thin films on the flu-
orine mica and Al,O3(10-10) substrates are investigated by
XRD 60-20 scans as shown in Fig. 2. For the VO, thin films
on the Al,O3 substrates, only the x-ray diffraction peak of
VO,(—402) is observed besides the peaks from the substrates.
Additionally, our previous @-scan confirmed the epitaxial
growth of VO, on Al,03(10-10) substrate.”*! For the VO,
thin films on the fluorine mica substrates, the x-ray diffrac-
tion peaks of VO,(011) and VO,(022) are detected besides
the peaks from the substrates as shown in Fig. 2, suggesting
the growth mode with a highly preferred crystalline orienta-
tion. However, the ®-scan does not detect the diffraction peak
of VO,, which is possibly due to the disordered in-plane crys-
talline alignment.

The TDTR is employed to measure the thermal conduc-
tivity of the VO, thin film. First, we measure the thermal re-
flectance curves of 60-nm-thick VO, thin films coated with
two kinds of 100-nm-thick metal films (Pt film and Mo film)
as shown in Fig. S1 in the supplementary materials. The
large difference between the observed two thermal reflectance
curves indicates that the interface thermal resistance between
the metal film and the sample should be carefully controlled to
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reduce the interface effect. To explore the methods of measur-
ing TDTR without depositing the metallic thermoreflectance
layer, we first check the change of the reflectivity of VO, film
with temperature. As demonstrated by the measurements with
a 785-nm laser, the reflectivity of 150-nm-thick VO, film ex-
hibits an approximately linear relationship with temperature
in both the insulating state and the metallic state as shown in
Fig. S2 in the supplementary materials. This implies that the
thermal reflectance curve of VO, film can be obtained through
the TDTR method without depositing an extra metal ther-
moreflectance layer on the top. However, in the phase transi-
tion process, the reflectivity of vanadium dioxide film displays
sharp changes, which in turn can present abnormal thermal
reflectance curves in TDTR. It should be noted that by mea-
suring the temperature dependent reflectivity of the VO, film
coated with 100-nm Pt film (shown in Fig. S3 in the supple-
mentary materials), we find that it also exhibits a sharp change
in the phase transition process, thereby confirming that the ab-
normal reflected signals of the VO, film cannot be completely
screened even by the 100-nm-thick Pt film. Therefore, we can
analyze only the thermal reflectance curves of VO, films be-
yond the phase transition region by using this method.

— VO,/Mica

(004.33) .,

Intensity (arb. units)

Mﬂ““ﬂ ot o bl

20 30 40 50 60 70 80
26 (%)

Fig. 2. X-ray diffraction of VO, thin films grown on Al;03(10-10) substrate
and fluorine mica substrate, respectively.

In order to obtain the thermal conductivity of the VO, thin
film through the thermal reflection curve of the film, the Ther-
mal Analysis for Thin Films software supplied in the nanoTR
system is used to analyze the curve. This simulation method
uses a mirror image method. After heating the surface with
a pulse, the temperature of the specimen surface changes ac-
cording to the following equation:

(e ren(2) o

Here, 7; represents the characteristic time (thermal diffusion

Trp(t) =

time) that describes the thermal diffusion from the surface of

the thin film to the interface between the film and its substrate,

Y= (br—by)/(bs+bs) = (1= B)/(1+ ), 2

with by and by being the thermal effusivity of the thin film
and the substrate, respectively. and 8 = bs/by representing the
thermal effusivity ratio.

By using the analysis software, the thermal diffusion time
7r and a dimensionless parameter Y for the thin film are deter-
mined through fitting this equation over an optimum time span
with the top film used as the first layer and the substrate as the
second layer. Then the thermal conductivity of the film is cal-
culated from the thermal diffusion time according to

2
di - pr-cr
Te ’

A= 3)
where Ay is the thermal conductivity of the film, dy is the thick-
ness of the film, p¢ is the density of the film, and c; is the
specific heat capacity of the film.

To verify the above argument, we first measure and sim-
ulate the thermal conductivities of VO, thin films with thick-
ness values of 30 nm, 60 nm, and 110 nm on the Al,O3(10-10)
and fluorine mica substrates, which are shown in Fig. S4 and
Table S1 (supplementary materials). Even though the results
show that the simulated thermal conductivities of all the VO,
thin films at the metallic phase (353 K) are larger than those
at the insulating phase (297 K), in consistence with that ex-
pected from the properties of VO, the data of 30-nm-thick
and 60-nm-thick VO, thin films are much lower than the val-
ues of VO, reported in Refs. [8,10]. Furthermore, it should be
noted that the thermal conductivity increases as the thickness
of the VO, film increases. This is caused by the short heat
flow diffusion time when the thickness of the VO, thin film is
too small. Based on the calculation above, for the film with
thickness below 100 nm, a picosecond laser should be utilized
to improve the temperature response time.

On the other hand, because of the fast temperature re-
sponse of VO, to infrared light, reasonable thermal conduc-
tivity value of 150-nm VO, thin film should be able to be
measured with a nanosecond laser. We measure the ther-
mal reflectance curves of 150-nm-thick VO, thin films on the
Al,O3(10-10) substrate and the fluorine mica substrate, with-
out an extra metal layer on their top, at 297 K and 353 K,
respectively, and the curves are shown in Figs. 3(a)-3(d). The
fitting results are also shown in Fig. 3. At 297 K, the sim-
ulated thermal diffusion time of the 150-nm-thick VO, thin
films on Al,O3(10-10) substrate and the fluorine mica sub-
strate are 13.19 ns and 9.97 ns, respectively. Utilizing Eq. (3)
and the heat capacity per unit volume of VO, in Ref. [6],
the simulated thermal conductivity of the 150-nm-thick VO,
thin films on the Al,O3(10-10) substrate and the fluorine mica
substrate are 4.86 W/mK and 6.43 W/mK, respectively. At
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353 K, the thermal conductivity of the 150-nm-thick VO, thin
films on Al,O3(10-10) substrate and fluorine mica substrate
are 7.62 W/mK and 7.06 W/mK, respectively. While the tem-
perature increases to 373 K, the thermal reflectance curve of
the 150-nm-thick VO, thin film on Al,O3(10-10) is the same
as that at 353 K as shown in Fig. S5 in the supplementary ma-
terials. In this case, the thermal conductivity of VO, thin film
at 353 K is a stable value of metallic VO,. It is obvious that the
thermal conductivity of the VO, thin film on the Al,O3(10-10)
substrate has a larger rate of change across the phase transition
than that on the fluorine mica substrate. The calculated phonon
thermal conductivity of metallic phase of VO, has a reduction
resulting from the calculated phonon thermal conductivity of

10l Therefore, the increase of ther-

insulating phase of VO,.
mal conductivity of the VO, thin film across MIT is due to
the increase of electronic thermal conductivity. In order to ex-
plore the difference, the electrical conductivity of VO, thin

film should be considered.

_ T=297T K (a) . T=353 K (b)
< = )
5 O experiment 5 O experiment
@ —— fitting k7] —— fitting
g 3
: g
=
=
g g
£ g hire
é sapphire = sapp
= 3}
= <
= =

1 1 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 0 100 200 300 400 500

Time (ns) Time (ns)
T=297 K (c) T=353 K (d)
[e) eixp_eriment O experiment
—— fitting fitting

mica

Thermoreflectance signal
Thermoreflectance signal

mica

1 1 1 1 1 1 1
0 100 200 300 400 500 0
Time (ns)

100" 200 300 200 500
Time (ns)

Fig. 3. Thermal reflectance curves of 150-nm-thick VO, thin films grown on

Al,03(10-10) at (a) 297 K and (b) 353 K, respectively. Thermal reflectance

curves of 150-nm-thick VO thin films grown on fluorine mica at (c) 297 K

and (d) 353 K, respectively. Olive circles represent experimental data, and

red solid lines denote fitting data.

The temperature-dependent electrical conductivities of
the 150-nm-thick VO, thin films on different substrates are
measured by four-point-probes, and the results are shown in
Fig. 4. For the 150-nm-thick VO, film on Al,03(10-10), the
electrical conductivity changes from 37.6 S/m (at 297 K) to
1.44x10° S/m (at 353 K), while the electrical conductivity
varies from 46.2 S/m (at 297 K) to 1.09x10° S/m (at 353 K)
for the VO, thin film on the mica substrate. In the metallic
state, the electrical conductivity of the VO, thin film on the
sapphire substrate is an order of magnitude higher than that on

the mica substrate. This phenomenon should be attributed to
the crystalline quality of the films. The VO, thin films epitax-
ially grown on Al,O3(10-10) have better crystallinity and less
defects. However, the interaction force between the fluorine
mica substrate and the VO, film is the van der Waals force,
and the XRD pattern in Fig. 2 indicates that the VO, thin film
has only a preferred growth orientation along (011). Thus, the
VO, thin film has more defects, which increases the elastic
electron scattering weight.

It should be noted that the metallic phase of VO, is not
regarded as a conventional Fermi liquid,?>?%! where the trans-
port mode of charge and the transport mode of heat current are
separated.[!! In this case, the electronic thermal conductivity
of metallic VO, is not proportional to its electrical conductiv-
ity, which means that it does not obey the Wiedemann—Franz
(WF) law. However, it has been found that disorders can re-
cover the WF law.!'!l Consequently, because VO, thin film
has more defects than the single-crystalline VO, nanowires,
the electronic thermal conductivity in the VO, thin film is re-
lated to its electrical conductivity.

o —* heating o
10 - o- cooling P
9

103 '
T
£ 101
2
Sl .

10-3.

150 nm
102k sapphire
300 320 340 360
Temperature (K)
| —®—heating

10°F - o- cooing
5‘7 104
2
n
o 103}

150 nm
102k mica

300 320 340 360
Temperature (K)

Fig. 4. Temperature-dependent electrical conductivities of 150-nm-
thick VO, thin films grown on (a) Al,03(10-10) and (b) fluorine mica,
respectively.

4. Conclusions

In this work, the thermal conductivities of the VO, thin
films on different substrates are successfully measured by
TDTR without depositing any metal thermoreflectance layer.
When the thickness is greater than 100 nm, the thermal con-
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ductivity value is consistent with those measured by other

methods. A comparison of thermal conductivity among the

VO, thin films on different substrates shows that the thermal

conductivity change rate across MIT is related to the electrical

conductivity change rate, implying that the increasing elastic

electron scattering weight caused by defects in the VO, thin

film can change the electronic thermal transport mode in the

metallic phase.
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