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Vanadium dioxide (VO2) is a correlated electron material which undergoes an insulator-metal
transition proximal to room temperature. The large change of optical properties across this phase
transition is promising for tunable optical and optoelectronic devices especially at infrared frequencies. We demonstrate the ability to locally tune the optical properties on the micron scale through a
simple design consisting of two electrodes patterned on a VO2 thin film. By current injection
between the electrodes, a localized conducting path (metallic phase) can be formed within the insulating background. The width of the conducting path can be controlled by varying the applied current. Fourier transform infrared imaging shows that this current-modulated reflectance changes
significantly over a distance on the order of the wavelength in the mid-infrared spectral range.
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902924]
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Vanadium dioxide (VO2) is a correlated electron material which features an insulator-metal transition (IMT). The
thermally driven IMT occurs near room temperature
(!340 K) and results in an on/off resistance ratio of up to
four orders of magnitude.1 This IMT also results in a large
change in the optical transmittance in the near-infrared spectral range, which has found applications in energy-efficient
windows2 and high-efficiency switches;3 in the infrared, a
close-to-zero reflectance has been used as a perfect
absorber,4 thermal emitter,5 and resonance tuning of optical
antennas,6 among others. The onset of the IMT can be percolative in nature, accompanied by phase inhomogeneity,
where the metallic and insulating phases coexist and various
aspects of the transition are an active area of study.3,7–9 The
transition can be driven electrically by current injection, and
the threshold can be modulated by external stimuli including
pressure and ambient temperature or by chemical doping.10
Because the metallic and insulating phases possess distinctly different electrical and optical properties, dynamic
spatial control of phase inhomogeneity can be utilized to realize active metamaterials and metasurfaces, as well as other
tunable optical and optoelectronic devices. Recently, VO2based spatially tunable gradient index metasurfaces have
been demonstrated in the terahertz spectral regime where the
tuning was achieved by applying heat or voltage pulses to a
VO2 thin film combined with split ring resonators.11,12
However, as the authors pointed out, tradeoffs exist between
the degree of spatial control and the strength of the tuning of
the optical properties.
In this paper, we demonstrate electrical tuning of the
mid-infrared optical properties of VO2 on the micron scale.
Our simple design provides dynamic control of the geometry
of metallic and insulating phase regions within a compositionally homogeneous VO2 thin film. A two-terminal device
consisting of a pair of wide electrodes patterned on a VO2
a)
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thin film was fabricated. By current injection, a localized
micron-scale conducting path comprising metal-phase VO2
was formed within the gap between the electrodes, surrounded by insulator-phase VO2. The spatial extent of this
conducting path and thereby its optical properties can be
deterministically controlled locally via the applied current
which allows the development of tunable optical devices.
Our sample consists of a VO2 film grown on a polished
c-plane sapphire wafer substrate by RF-magnetron sputtering
with a V2O5 target (99:9% purity, AJA International, Inc.).
During film growth, the substrate temperature and RF source
gun power were maintained at 550 " C and 125 W, respectively. A mixture of 99.50-sccm Ar and 0.50-sccm O2 was
used as the sputtering gas while maintaining the total pressure at 10 mTorr. The film thickness is approximately
230 nm measured by a scanning ellipsometer (Gaertner
Scientific) with a root-mean-square roughness value of
approximately 3 nm measured by an optical profiler (Taylor
Hobson CCI HD optical profiler system). The resistance on/
off ratio of the film is R25 " C =R100 " C ¼ 610. The transition
temperature is 69 " C given by the average of the maximum
of derivative curves d½log ðRÞ'=dT during heating and coolheating
cooling
þ TIMT
Þ=2. The hysing, respectively, i.e., TIMT ¼ ðTIMT
heating
cooling
"
teresis width (TIMT ) TIMT ) is 4 C. The calculations are
provided in the supplementary material.13
A pair of metallic electrodes were patterned on the sample using direct-write photolithography (MicroChem
LOR3A, Shipley S1818 photoresist, and Heidelberg lPG501
writer), electron beam evaporation (Denton evaporator), and
lift-off. The electrode composition was Ti (10 nm)/Au
(300 nm). The gap between the electrodes was 15 lm, and
the width was 300 lm. The sample was mounted on a probe
station and characterized using a parameter analyzer
(Agilent 4156C). Before all other electrical measurements,
electroforming of the contacts was performed to break down
any oxide layers and to form a conducting path at the TiVO2 interface. The electroforming process involved applying
a voltage to the electrodes from 0 to a value at which a sharp
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FIG. 1. Conducting path dynamics: (a) a schematic of the two-terminal device and optical microscope images zoomed in on the gap region showing a conducting path (indicated by the black arrows) appeared at a threshold current and grew wider as the current was increased (contrast of the images was increased for
visual clarity). (b) Curve fit results showing a linear correlation between the width of the conducting path and the applied current in the increasing current
mode (blue curve) and the decreasing current mode (red curve).

increase in conductivity was observed, and the I-V curve
became S-shaped14 (12 V in our experiment). The experiments were performed in an ambient atmosphere at room temperature with no external temperature control in the set-up.
The Raman spectroscopy study was performed using a WITec
Alpha300 confocal Raman microscope with a laser source of
k ¼ 532 nm. The Fourier transform infrared (FTIR) spectroscopy measurements were performed using a Bruker Vertex 70
FTIR spectrometer with a Hyperion 3000 microscope
equipped with a focal plane array (FPA) detector.
Fig. 1(a) shows a schematic of the two-terminal device
and optical microscope images zoomed in on the gap region
(black dashed box) when the applied current was gradually
increased from 0 to 100 mA. The contrast of the images was
increased for visual clarity. Below 18 mA, the increasing
current did not lead to any visually noticeable features.
When the current reached 18 mA, a dark strip (indicated by
black arrows) suddenly appeared. As explained below, this
dark strip corresponds to a “conducting path”—a region of
metal-phase VO2 which has a much higher conductivity than
the surrounding insulator-phase VO2. As the current was
increased further, the width of this conducting path increased
until it reached the width of the electrodes. Similarly, when
the current was decreased, the width decreased as would be
expected for the reversible transition. The physics behind the
formation of the conducting path was discussed in Ref. 15.
We focus on the optical control that this tunable path can
provide.
Fig. 1(b) shows a linear relationship (curve fit with an
r-squared value close to 0.99) between the width of the

conducting path and the applied current for increasing current (blue curve) and decreasing current (red curve). The
slopes of the curves are constant, which means that the current density in the conducting path region is approximately
constant over the range of the applied current. Once a conducting path is formed, the local resistance drops significantly, which provides a favorable path for the current flow.
Most of the power is dissipated in this metal-phase region, so
any additional current elevates the local temperature and
hence widens the region.
Fig. 2(a) shows the I-V characteristics of the twoterminal device measured using a current source. We
observed a region of negative differential resistance (NDR)
from 12.5 mA to 91.5 mA for increasing current and from
80.5 mA to 8.5 mA for decreasing current, where the voltage
decreased as the current was increased and vice versa. The
onset of the NDR region corresponds to the onset of the IMT
which is percolative in nature, i.e., the metallic and insulating phase coexist in VO2.7,16 The difference between the
NDR regions of the red curve and the blue curve is a result
of the hysteresis.12,16
Since the conductance of the insulating phase region is
much smaller compared to that of the metallic phase region
and assuming that the borders between the metallic phase
and insulating phase regions are relatively abrupt, we correlated the electrical measurements and the width of the conducting path to deduce the local resistivity of the metallic
phase region. The resistivity q is related to the resistance by
R ¼ q * l=A, where l is the gap size and A is the product of
the width of the conducting path and the thickness of the

FIG. 2. (a) I-V characteristics for
increasing current (blue curve) and
decreasing current (red curve). (b) The
measured resistance is related to the
width of the conducting path.The resistivity of the metal-phase VO2 is determined to be 2:32 * 10)3 X+cm from
the fit of the data.
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VO2 film. In Fig. 2(b), we plot the measured resistance as a
function of the visually determined width of the conducting
path. We fitted the data with the above expression to obtain
the resistivity q to be 2:32 * 10)3 X+cm with an r-squared
value close to 0.99 (black curve) consistent with the
literature.8
Fig. 3(a) shows the Raman spectroscopy measurements
near the conducting path region. Raman measurements are
frequently used to study the structural change associated
with the IMT.17,18 We compared the Raman spectrum at the
center of and approximately 50 lm away from the conducting path region (the latter point is outside of the frame in
Fig. 3(b)). The blue curve in Fig. 3(a) is the Raman spectrum
of the VO2 film with no applied current and the VO2 film
was entirely in its insulating phase. At an applied current of
35 mA, we observed a metal-phase conducting region (red
curve); outside the conducting path the VO2 appeared to still
be in its insulating phase (black curve). Comparing the red
curve with the blue and black curves, several peaks associated with the insulating phase VO2 vanished (e.g., 196 cm)1,
224 cm)1, and 620 cm)1), but a broad peak at about
390 cm–1 appeared, which is a Raman active mode of the
metal-phase VO2.17
We also performed a two-dimensional scan of an area of
60 * 60 lm2 (150 * 150 points) around the conducting
region (integration time ¼ 0.5 s). We applied a sum filter
which integrates the Raman signal intensity over a defined
wavenumber range of interest and subtracts the background
as a linear baseline from the minimum to the maximum
value of the wavenumber range. The filter range selected
was from 530 cm)1 to 700 cm)1 (indicated by the black box
region in Fig. 3(a)) covering one of the characteristic Raman
peaks of the insulator-phase VO2 at 620 cm)1. The resulting
image is shown in Fig. 3(b). We can see clearly the contrast
of the Raman intensities inside and outside the conducting
path; the darker the color, the lower the intensity sum. The
Raman intensity distribution at the edge of the conducting
path shows that there is a phase co-existence region. As a
result, our assumption that the edge of the conducting path is
abrupt made in calculating the resistivity (Fig. 2(b)) is only
approximate; nonetheless, the uncertainty is relatively small
(!3 lm) compared to the total width of the conducting path
(tens of microns).
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Since both the real and imaginary parts of the refractive
index change drastically as VO2 undergoes phase change,6
the optical properties are different in the conducting path
region and outside of it. Fig. 4 shows mid-infrared reflectance images acquired using an FTIR microscope with an
FPA detector. The FPA detectors allow for the simultaneous
acquisition of 64 by 64 spatially resolved spectra, with each
pixel providing an independent infrared spectrum. With a
36* objective, each pixel corresponds to an area of 1.11 *
1.11 lm2. The measurements were performed at two different currents (21 mA and 40 mA). Figs. 4(a)–4(c) show the
reflectance spectra at each pixel integrated over the 2.86 to
2.94 lm and 8.33 to 10 lm regions. The resolution of each
image is diffraction limited, so the smaller the wavelength,
the better the resolution. All spectra were normalized to the
reflectance of the gold electrodes. The conducting path is
shown at the center of the images. The line scans are taken
across the middle of the conducting path indicated by the
black dashed lines. The reflectance intensity sum is higher in
the conducting path than outside of it. The width of the highreflectance region increased with the current. This provides a
way to dynamically control the optical properties of VO2
locally and use it as a tunable optical device.
Fig. 4(d) compares the reflectance at the center of
(blue), at the edge of (green), and far away from (red) the
conducting path (CP) as a function of wavelength. The positions are marked as the black crosses in (b). It can be seen
that the reflectance decreases gradually from a value above
0.6 at the center of the conducting path to approximately 0.4
at the edge (10 lm away from the center) and finally to
approximately 0.2 far away (23.3 lm from the center). The
reflectance spectrum at the center of the conducting path
increases slightly at longer wavelengths, whereas the reflectance at the edge of and far away from the conducting path
decreases when the wavelength increases. This is consistent
with the observations of the reflectance spectra of the same
sample at temperatures above and below the transition temperature (see the supplementary material13). The spikes near
4.25 lm and 6.25 lm come from carbon dioxide and ambient
water respectively which do not affect our analysis.
A VO2-based two-terminal device was fabricated and
characterized by optical microscopy, electrical measurements, and Raman spectroscopy. By current injection, we

FIG. 3. (a) The blue curve is the Raman spectrum measured with zero applied current. The red and black curves are the Raman spectra measured with 35 mA
applied current at the center of the conducting path and 50 lm away from the conducting path, respectively. (b) Plot of the sum of the Raman signal intensity
integrated over the wavenumber range from 530 cm)1 to 700 cm)1 (black box region in (a)) in an area (60 * 60 lm2) around the conducting path;the darker
the color, the lower the intensity sum.
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It has previously been shown that it is possible to electrically trigger the IMT of VO2 on the nanosecond timescale.9
We envision our technique being applied to a wide range of
high speed tunable structures, e.g., spatial light modulators
and beam steering devices. Furthermore, if spatial control on
subwavelength scales can be attained, our technique may
enable a new class of dynamically tunable metamaterials and
metasurfaces.
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FIG. 4. (a)–(c) FTIR spectroscopy measurement at 21 mA and 40 mA. The
reflectance spectra are integrated over the 2.86-2.94 lm (left) and 8.33-10
lm (right) wavelength regions. (a) and (b) are the maps of the reflectance
distribution after integration, and (c) shows the corresponding line scans
taken at the positions indicated by the black dashed lines. (d) Infrared spectrum at the center of (blue), 10 lm away from the center (green), and 23.3
lm away from (red) the conducting path (CP). The positions are shown as
black crosses in (b) at 40 mA.

are able to tune the optical properties of VO2 locally on the
micron scale as observed by spatially resolved transform
infrared (FTIR) measurements. The results point to interesting directions for further studies in the design of electrically
tunable optical devices utilizing phase change materials.

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
76.119.237.83 On: Wed, 26 Nov 2014 04:12:21

