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a hundred nanometer length-scale beyond the fundamental
electrostatic screening length. We attributed this unique fea-
ture to inherent collective interactions between electrons and
lattice in VO2; electrostatic charge accumulation at the sur-
face triggers long-range elastic lattice deformation and sub-
sequent MIT inside bulk region to minimize the interface
energy. Although there are intensive discussions regarding
the operation mechanism both from electrostatic and/or elec-
trochemical viewpoints,26,27 this different type of field-effect
device enabling bulk phase control opens up a way to unique
electronics applications beyond conventional local electrical
switching of current. We fabricated VO2-based EDLTs and
examined the impact of electric field on the optical properties
of VO2 by characterizing both optical transmittance and electri-
cal resistance simultaneously with varying temperature and VG.

VO2 (001) epitaxial thin film with a thickness (d) of
50 nm was grown on a both-side polished TiO2 (001) single
crystal substrate (Shinkosha Ltd.) by pulsed laser deposition
at 390 !C under oxygen pressure of 10 mTorr.11,25,28 The
sample was patterned into a standard Hall-bar geometry
with a side gate fabricated next to a channel by photolithog-
raphy and Ar-ion etching. The dimensions of the channel
were 60 lm in width and 500 lm in length. Ti/Au electrodes
were deposited by electron-beam evaporation both for cur-
rent/voltage probes and a gate electrode. A hard-baked pho-
toresist was used as a separator to electrically isolate the
gate from the channel. Both channel and gate areas were
covered just before the measurements by organic ionic liq-
uid, N,N-diethyl-N-(2-methoxyethyl)-N-methylammonium
bis-(trifluoromethylsulfonyl)-imide (DEME-TFSI). A glass
plate was subsequently placed on top of a droplet of ionic
liquid to reduce a thickness of ionic liquid and to avoid
having a spherical ionic liquid surface. The sample was
loaded in a standard helium cryostat (Oxford Instruments,

MicrostatHe2), and all the measurements were performed in
high vacuum (P< 10" 5 Pa). Figure 1(d) shows an optical
microscope image of an actual device with measurement con-
figurations. Electrical resistance and normal incidence optical
transmission spectra were simultaneously characterized using
semiconductor parameter analyzer (Agilent Technologies,
4156C) and UV/Vis/NIR Microspectrophotometer (JASCO
Corporation, MSV-370 YK) with unpolarized light, respec-
tively, under different temperatures. A relative transmittance
of VO2 was evaluated by dividing a transmittance at a chan-
nel region [consisting of glass/ionic liquid/VO2/TiO2, red rec-
tangular area in Fig. 1(d)] by that at a reference region
[glass/ionic liquid/TiO2, yellow rectangular area in Fig. 1(d)].
Note that ionic liquid is extremely non-volatile, and thus
evaporation of ionic liquid is negligible under the measure-
ment condition. In addition, it is almost transparent within the
measured wavelength (k) range, whereas it has strong absorp-
tion peaks in mid-infrared region (2500 nm< k) due to vibra-
tions of molecules.

VO2 possesses large spectral sensitivity in the IR region
in association with the thermally driven MIT. Figure 2(a)
shows typical optical transmission spectra of a 50-nm
thick VO2 film at different temperatures near TMI. The
high-temperature metallic state at T ¼ 350 K exhibits low

FIG. 1. (a) Schematic energy diagrams of vanadium dioxide (VO2) below
and above the metal-insulator phase transition temperature (TMI). (b) A sche-
matic device structure of an EDLT composed of VO2 film, where a gate
electrode is located next to a channel, suitable for dynamic control of optical
transmittance through a channel without optical loss across a gate electrode.
(c) The chemical structure of ionic liquid used in this study. Those ions are
shown as plus and minus symbols in (b), respectively. (d) An optical micro-
scope image of VO2-EDLT and measurement configurations for in-situ opti-
cal and electrical measurements. A transmittance of VO2 was evaluated by
dividing a transmittance of a channel (red rectangular area) by that of a sub-
strate (yellow rectangular area).

FIG. 2. (a) Temperature dependence of the optical transmission spectra of a
50-nm thick VO2 film at the OFF state (VG $ 1.0 V) near TMI, showing clear
TC effect originating from the thermally induced MIT. Note that dip struc-
tures around the wavelength of 2250 nm are due to absorption of ionic liquid
molecules. (b) Electric-field effects on the transmission spectra of the same
device at T ¼ 300 K, demonstrating large EC effect triggered by the electri-
cally induced MIT.
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tangular area in Fig. 1(d)] by that at a reference region
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evaporation of ionic liquid is negligible under the measure-
ment condition. In addition, it is almost transparent within the
measured wavelength (k) range, whereas it has strong absorp-
tion peaks in mid-infrared region (2500 nm< k) due to vibra-
tions of molecules.
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morphology and the nucleation of metallic puddles in the
insulating host.

This paper is organized as follows. Sec. II gives a brief
overview of sample growth and characterization and de-
scribes the basics of the s-SNIM method. Presentation and
analysis of data follows this in Sec. III. In Sec. III, we first
establish that the topography remains essentially unchanged
through the IMT. We then seek to determine where the me-
tallic islands initially nucleate in the sample and whether film
morphology influences the location of nucleation sites. We
demonstrate that the metallic puddles nucleate primarily near
sample defects like grain boundaries. We also show that me-
tallic and insulating regions coexist in single crystalline
grains, which is a consequence of competing electronic
phases intrinsic to VO2. A summary is provided in Sec. IV.

II. SAMPLES AND EXPERIMENTAL METHOD

Highly oriented granular VO2 films approximately 100
nm thick were grown on !1̄012" oriented sapphire !Al2O3"
substrates using the sol-gel method. Details of sample
growth and characterization are provided in Ref. 21. The
resistance of the VO2 film is plotted in Fig. 1!b" and shows
the hysteretic IMT upon heating and cooling. Thin films
were used instead of single crystals because the IMT can
cause single crystals to fracture.18 Our thin films have proven
to be robust, even after experiencing numerous cycles
through the IMT.19,22 Thus, data obtained using thin-film
samples grown on sapphire substrate are reproducible and
can provide information about the intrinsic properties of
VO2.

The s-SNIM technique uses an AFM in tapping mode to
probe the optical properties of materials at the nanoscale
while simultaneously acquiring topographic images of the
sample surface.23 The s-SNIM technique relies on polarizing
the AFM tip with incident infrared radiation. The extended
dipole model, in which the polarized AFM tip is modeled as
a spherical dipole, is used to describe the near-field interac-
tion of the tip with the sample.19,24 The coupled quasielec-
trostatic equations of interaction between the tip dipole and
the sample can be solved to obtain an effective polarizability
of the system, given by

!eff!t" =
!

1 −
!"

16##a + z!t"$3

, !1"

where !=4#a3!$̃t−1" / !$̃t+2" is the polarizability of the tip
dipole, "= !$̃s−1" / !$̃s+1" is the response function of the
sample, a is the effective radius of the spherical dipole, and
z!t"=z0#1+cos!%t"$ is the tip-sample distance. Here, % is the
tapping frequency and z0 is the amplitude of oscillation. The
near-field scattering signal Es is given by

Es & !eff!1 + rp "2Ei. !2"

Here Ei is the incident electric field and rp is the Fresnel
reflection coefficient for p -polarized light. The !1+rp "2 factor
accounts for the contribution to the near-field signal due to
light reflected by the sample.19,25,26 Since !eff!t" depends on
the sample’s complex dielectric function $̃s and the near-field
signal depends on !eff!t", the model predicts a contrast in

FIG. 1. !Color online" !a" Maps of the second harmonic of the amplitude of the scattering signal collected from the same 2' 2 (m2 area
upon heating the VO2 film through the IMT. Higher amplitude #light blue !light gray", white$ corresponds to the metallic state of VO2 while
lower amplitude #dark blue !dark gray"$ corresponds to the insulating state. Four newly formed metallic puddles are marked as 1, 2, 3, and
4 on the T=341.0 K map. !b" The temperature dependence of the resistance of the VO2 film upon heating and cooling through the IMT.

FRENZEL et al. PHYSICAL REVIEW B 80, 115115 !2009"

115115-2

M R

M
R

H eat,
E lectr ic  f ie ld ,

Photon , 
S tress …

3.02.52.01.5

b)�

d)�
c)�

τ = -1.66 ps�

0 ps�

10 ps�

20 ps�

30 ps�

40 ps�

50 ps�

60 ps�

70 ps�

a)� 2.858 nm�

0 nm�

Photon Energy (eV)�

In
te

ns
ity
�

3.02.52.01.5

0 – 20 ps�

30 – 50 ps�

60 – 70 ps�

Photon Energy (eV)�

In
te

ns
ity
�

-0.5

0.0

0.5

-1.0 -0.5 0.0 0.5 1.0
Bias voltage (V)�

Tu
nn

el
 c

ur
re

nt
 (n

A
)�

0.1 count�

0.2 count�

-0.5

0

0.5

1.5 2 2.5 3

In
te

ns
ity

Photon Energy (eV)
-0.5

0

0.5

1.5 2 2.5 3
Photon Energy (eV)

-0.5

0

0.5

1.5 2 2.5 3
Photon Energy (eV)

τ=30 ps τ=40 ps τ=50 ps
The Ag tip is located over a 
semiconducting domain

Sakai et al., J Phys: Condens. Mat. 29, 405001 (2017), Sakai et al., J Phys: Condens. Mat. 28, 385002 (2016).

NP#0'I@NXDH

VO2<���d1�#0'?QF&HE`]9.�

0

20

In
te

ns
ity

0

20

0 20 40 60 80 100

In
te

ns
ity

Channel number

0

20

In
te

ns
ity

0

20

In
te

ns
ity

0

20

In
te

ns
ity

0

20

0 20 40 60 80 100

In
te

ns
ity

Channel number

Conventional Conventional

T=-1.66 ps

T=-0 ps

T=1.66 ps

T=3.33 ps

T=5.00 ps

T=6.66 ps

0

20

In
te

ns
ity

0

20

0 20 40 60 80 100

In
te

ns
ity

Channel number

0

20

In
te

ns
ity

0

20

In
te

ns
ity

0

20

In
te

ns
ity

0

20

0 20 40 60 80 100

In
te

ns
ity

Channel number

Conventional Conventional

T=-1.66 ps

T=-0 ps

T=1.66 ps

T=3.33 ps

T=5.00 ps

T=6.66 ps

�%�*�<�
+�?QF&HE`]9.�

W_T−T^`SSTM
17 24 27

N=17: 140 meV
N=24: 98 meV
N=27: 86 meV

R`\A

��

[001]

[110]

98 meV
140 meV

86 meV

�
Z`M:
�
AO]C`

STM�

STM"�HUDL]

j kn


