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Abstract

CrossMark

An electrically controllable square-loop metamaterial based on vanadium dioxide (VO,) thin
film was proposed in the terahertz frequency regime. The square-loop shaped metamaterial was
adopted to perform roles not only as a resonator but also as a micro-heater for the electrical
control of the VO,. A dual-resonant square-loop structure was designed to realize band-pass
characteristics in the desired frequency band. The measured Q-factors of the basic and scaled-
down metamaterials fabricated on VO, thin films were 2.22 and 1.61 at the center frequencies of
0.44 and 1.14 THz in the passbands, respectively. The transmittances of the proposed
metamaterial were successfully controlled by applying a bias voltage without an external heater.
The measured transmittance on—off ratios of the metamaterials were over 40 at the center
frequencies in the passbands. In the future, electrically controllable terahertz metamaterial based
on VO, metamaterial could be employed as high-performance active filters or sensors.

Keywords: terahertz wave, metamaterial, spectroscopy, vanadium dioxide, phase transition,

microheater

(Some figures may appear in colour only in the online journal)

1. Introduction

Terahertz (THz) technology has received considerable interest
because of its potential in a wide variety of applications such
as wireless communication, spectroscopy, imaging, and sen-
sing [1-3]. In the past couple of decades, cost-effective and
compact THz sources and detectors have been intensively
developed to use the THz wave in industrial applications [4—
7]. For more practical THz applications, various active and
passive devices such as THz filters, modulators, phase shif-
ters, switches, and mirrors must be developed. However, the
development of THz devices is delayed because the electro-
magnetic properties of most natural materials are not suitable
to be used in the THz frequency range.

In recent years, metamaterials have attracted significant
attention owing to their unique responses for manipulating
electromagnetic resonances that are not usually found in
natural materials. The response of metamaterials to

0957-4484/16,/195202+-08$33.00

electromagnetic waves is determined by the structure of
metallic resonators with periodic patterns whose unit cell is
smaller than the wavelength of the wave. The resonances of
the metamaterials are characterized by both LC resonance of
the unit cell and the periodicity of the structures [8]. The
controllable resonances of the artificially engineered meta-
materials can offer opportunities to realize novel THz devices
for a wide variety of THz applications [9-12]. Numerous
research studies on the realization of tunable characteristics
for THz metamaterials have been reported by using semi-
conductors, graphene, and tunable functional materials [13—
16]. Tunable metamaterials based on functional materials—
especially vanadium dioxide (VO,), which has reversible
switching physical properties caused by insulator-to-metal
transition at critical temperature 340 K—present one pro-
mising approach to spatially manipulate the THz wave thanks
to easy fabrication and high tunability. Several studies have
researched tunable THz metamaterials based on the phase

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. Simulation results for single-resonant square-loop metamaterial (SSLM) (a) schematics of the unit cell and the measured device, (b)
transmittances in mode 1 and (c) in mode 2. (Insets of figures 1(b) and (c): detailed result for the conductivity in the range of

2 x 10°-1 x 10%).

transition of VO, by applying temperature, THz-field, or light
[17-20]. However, these methods require external devices
such as a heater or a source of THz wave or light; the external
devices cause these THz tunable devices to be expensive and
bulky. Thus, the electrical control for the phase transition of
VO, is preferred for practical applications [21]. In addition, it
is very important to design the tunable THz metamaterial
based on VO, to be used in the desired THz frequency range;
the design of the metamaterial for the operation in the specific
frequency can enlarge its application fields.

In this paper, an electrically controllable THz square-loop
metamaterial based on VO, thin film is presented. The dual-
resonant square-loop metamaterial (DRSLM) is designed to
have band-pass characteristics in the desired frequency range
and also works as a micro-heater for the control of the con-
ductivity on the VO, thin film. The designed and fabricated
THz metamaterial based on VO, thin film was successfully
controlled by a bias voltage without external sources.

2. Design and fabrication

Instead of a split-ring resonator, a closed loop-shaped reso-
nator was adopted as a unit cell of the metamaterial to
effectively increase the temperature of the VO, thin film by
applying a bias voltage [22]. A bias line was attached to the

two sides of the square-loop facing each other as shown in
figure 1(a). The bias voltage applied to the bias line can
generate the uniform current flowing through the whole
metamaterial; the flowing current through the metamaterial
could heat up the temperature of the VO, thin film by current
induced Joule heating effect in metal structure. Thus, the
adopted square-loop metamaterial can function not only as a
resonator but also as a micro-heater. The width of the unit cell
(cell_w) was 100 pum, the length of the square-loop (leng) was
70 pm, and the width of the metal line (w) was 5 um. The
square-loop of metamaterial was simulated using electro-
magnetic simulator HFSS with varying VO, conductivity
from 20 to 1 x 10° Sm~' which values were confirmed by
measurements as shown in figure 4(b). The thickness of the
VO, thin film was set to 100 nm. The proposed metamaterial
has different transmission characteristics according to the
polarization state of the incident THz electric field. As shown
in figure 1(a), mode 1 means the polarization of the electric
field is parallel to the bias line; mode 2 means polarization is
perpendicular to the line. The transmittances of a single-
resonant square-loop metamaterial (SSLM) are plotted as a
function of VO, conductivity in figure 1(b) (mode 1) and
figure 1(c) (mode 2). The insets in figures 1(b) and (c) show
the transmittances according to the varying VO, conductivity
from 2 x 10° t0o 1 x 10°Sm~". In figure 1(b), there were
abrupt changes of THz wave transmittance in the frequency
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Figure 2. Simulation results for dual-resonant square-loop metamaterial (DSLM) (a) schematics of the unit cell and the measured device, (b)
transmittances in mode 1 and (c) in mode 2. (Insets of figures 2(b) and (c): detailed result for the conductivity in the range of

2 x 10°-1 x 10%).

range between 0.7 and 0.8 THz. The transmittance char-
acteristics of the SSLM operating in mode 2, as shown in
figure 1(c), were more stable than those of the SSLM in mode
1. The resonance frequency of the SSLM in mode 2 was near
0.62 THz. As the VO, conductivity increased, the resonance
of the SSLM was redshifted and its strength was weakened
because of the increase in effective permittivity and degra-
dation of the Q-factor, respectively.

A DSLM was proposed to realize band-pass character-
istics in the specific frequency band. The schematic and
transmittances of the DSLM operating in modes 1 and 2 are
shown in figure 2. The size of the unit cell and the dimension
of the basic square-loop structure inside the DSLM are the
same as those of the SSLM—i.e., cell_w = 100 pm,
leng_in = 70 um, and w = 5 ym. An additional resonant
square structure with a gap (g) of 5um and a length
(leng_out) of 90 um was attached to the outside of the SSLM.
The attached square structure was close to and evenly apart
from the SSLM to be directly and uniformly affected by the
heat controlled by the SSLM as a micro-heater. When the
DSLM was operated in mode 1, there were two abrupt
changes of THz wave transmittance because of the dual-
resonance of the DSLM. In addition, two strong resonances
were observed in mode 2 because of the dual-resonance as
shown in figure 2(c). Resonance at 0.71 THz mainly resulted

from the size of the basic SSLM, and the other resonance at
0.30 THz resulted from the entire structure of the DSLM
having the basic SSLM and additionally attached resonant
structure. Thus, the stable band-pass characteristics could be
realized between two strong resonances. The transmittance of
the DSLM operating in mode 2 decreased from 85% to 0.3%
at the peak of the passband, 0.47 THz, as the VO, con-
ductivity increased from 20 to 1 x 10° Sm™".

The surface currents of the DSLM operating in mode 2 at
two different resonant frequencies are shown in figure 3. The
surface current at the lower resonant frequency of 0.30 THz
flowed through the whole structure of the DSLM, including
the basic square-loop structure, the attached square structure,
and the connection line between the two structures as shown
in figure 3(a). The strength of the current was largely con-
centrated in the connection line. Conversely, the surface
current at the higher resonant frequency of 0.71 THz flowed
mostly through the basic square-loop structure and slightly
through the inside part of the attached square structure as
shown in figure 3(b). These indicate that the resonances at the
lower and higher frequencies were mainly governed by the
entire structure and the inner basic square-loop structure,
respectively.

Single phase VO, thin films were grown on a single
crystal Al;O3 (0001) substrate by using ion reactive radio-
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Figure 3. Simulation results for surface current density of dual-resonant square-loop metamaterial (DSLM) at resonant frequencies (a)

0.3 THz and (b) 0.71 THz.
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Figure 4. (a) ©6-20 x-ray diffraction pattern of the VO, thin film on Al,O3 (0001). (Inset: ¢ scan from 0° to 360° for the planes of VO, (011)
and Al,O5 (10-12)). (b) Temperature dependence of electrical conductivity on the film. (Inset: 1st derivative of log(o)-temperature and I-V
curves at various temperatures for two-terminal device with channel dimension of 10 x 10 (,umz)).

frequency (RF) sputtering. A 3inch vanadium metal target
with a purity of >99.99% was used for the film deposition,
and the applied RF power and substrate temperature were
maintained at 100 W and 550 °C, respectively, under a pres-
sure of 5 mTorr. Throughout the growth process, a mixture of
Ar and O, was introduced at fixed rates of 30sccm and
0.03 sccm, respectively, within the vacuum chamber in which
the sputtering process was performed. The grown films were
spontaneously cooled to room temperature. The thickness of
the VO, films was 100 nm, which was controlled by changing
the deposition time and examined by a cross-sectional scan-
ning electron microscope. The atomic spatial arrangement of
the thin films in the out-of- and in-plane directions was
measured by a 6-20 scan and a ¢ scan in an x-ray dif-
fractometer (RIGAKU, D/MAX-2500). Figure 4(a) shows
the out-of-plane atomic displacement of the VO,/Al,0;
(0001). In the x-ray diffraction measurement, Cu Ko radiation
(A ~ 1.54 A) was used under an acceleration voltage of 40 kV
and a current of 300 mA. Clear and sharp peaks of 26 at

approximately 40° and 86° correspond to monoclinic VO,
(020) and (040) lattice plane spacing, respectively, indicating
that the crystalline single phase VO, [010] domains are well-
formed in parallel to Al,O; [0001] direction. To investigate
the in-plane epitaxial relation between VO, and Al,O;
(0001), a ¢ scan was performed from 0° to 360° for the planes
of VO, (011) and Al,O5 (10-12) as shown in the inset of
figure 4(a). From the observed results, the in-plane epitaxial
relation can be determined as VO, (M) [100] or [001]ll
Al,05{1120}. Figure 4(b) shows a temperature dependence
of electrical conductivity of the VO, thin film in an in-plane
direction using four-probe measurement. The measured con-
ductivity of the film showed a drastic change of about
5 x 10* (at 0360k/0300k) Dear the transition temperature.
From the measurement results, the conductivities are about 20
and 1 x 10°Sm™" at the insulator and metal phase, respec-
tively, which are the start and end values used in the simu-
lations. The left inset in figure 4(b) shows the detailed
insulator-to-metal phase transition characteristics. The critical



Nanotechnology 27 (2016) 195202

J-H Shin et al

Figure 5. Photographs of the fabricated (a) SSLM, (b) DSLM, and (c) high-frequency dual-resonant square-loop metamaterial (HDSLM).

temperature (7,.), which is defined as the biggest value in the
first-order derivative of log(o)-temperature, was 346.2 K. The
transition width of the phase transition—i.e., a full-width at
half maximum, is only 1.75 K. These values indicate that the
film quality is very high and comparable to the values of a
single crystal [23]. Its sharp phase transition property is
highly suitable for high-performance active devices. And I-V
curves of the two-terminal device with VO, channel dimen-
sion of 10 x 10 (um?) were measured at various temperatures
as shown in the right inset of figure 4(b).

The electrically tunable metamaterial based on VO, thin
film was fabricated to prove that the proposed structure can
possess the double functionalities of both a resonator and a
micro-heater for the electrical control of the VO,. A gold
electrode (200nm) with a Ti adhesion layer (20 nm) was
deposited on top of the VO, thin film by the dc sputtering
method. The designed metamaterials were patterned by using
a general photolithography and a lift-off process. The pho-
tographs of the fabricated SSLM, DSLM, and high-frequency
dual-resonant square-loop metamaterial (HDSLM) are pre-
sented in figure 5. The HDSLM is scaled-down version of the
DSLM to be operated over 1.0 THz.

3. Experimental results and discussion

The designed and fabricated SSLM and DSLM were mea-
sured using THz time-domain spectroscopy (THz-TDS) sys-
tem. In order to directly compare the performances of the
SSLM and DSLM as micro-heaters with that of an external
heater, the SSLM or DSLM was placed on the external heater,
which had a hole in the center to facilitate good transmission
of a THz wave. First, the transmittances of the SSLM and
DSLM operating in an insulator phase of VO, thin film were
measured (all OFF state—black lines in figures 6 and 7).
Second, a bias voltage of 2 V was engaged in the SSLM and
DSLM to increase the temperature and change the phase of
the VO, from insulator to metal (micro-heater ON state—red
lines in figures 6 and 7). Instead of the moderately varying
characteristics of the device as shown in the simulation, only

the ON and OFF states of the device were measured because
the deposited VO, thin film showed the sharp phase transition
property owing to its high quality. After measuring the
transmittances of the SSLM and DSLM operating in a metal
phase of VO,, the bias voltages were turned off to return the
VO, phase to insulator. Finally, the temperature of the
external heater was increased to 360 K to change the phase of
VO, from insulator to metal, and their transmittances were
measured (external-heater ON state—blue lines in figures 6
and 7). Figure 6 presents the transmittances of the SSLM and
DSLM while operating in insulator and metal phases of VO,
thin film. The experimental results agree relatively well with
those of the simulated results. The transmittances of the
SSLM and DSLM operating in mode 1 show some ripples,
which may result from the truncated signals in the time
domain. Because the time-domain signals in mode 1 show
long oscillation signals that are overlapped with the secondary
internal-reflection signals inside the substrate with the meta-
material, the overlapped signals were truncated in the time
domain for the fast Fourier transform. The measured reso-
nance frequencies of the SSLM and DSLM in figure 6 were
shifted to the lower frequencies compared with those of the
simulated results. These differences could be caused by the
deviation of the set simulation values from the real values of
the material properties in the fabricated devices or the
dimensions of the structures. When the metamaterials were
operated in an insulator phase of VO, thin film, the trans-
mittance of the SSLM in mode 2 was 1.2% at a resonance
frequency of 0.56 THz; the transmittances of the DSLM were
4.7% and 1.85% at resonance frequencies of 0.27 THz and
0.65 THz, respectively. The transmittance of the DSLM
(mode 2) operating in an insulator phase of VO, thin film was
77.8% at a frequency of 0.43 THz in the passband. The Q-
factors of the DSLM operating in mode 2 were 2.22 at the
center frequencies of 0.44 THz in the passband. Insets in
figure 6 enlarge the transmittances of the SSLM and DSLM
operating in metal phases of VO, thin films, which were
heated by either a micro-heater (red-line) or an external heater
(blue-line). These data show that the performances of the
SSLM and DSLM as micro-heaters are the same as that of the
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external heater. The transmittances of the SSLM and DSLM
operating in metal phases of VO, were less than 3% and 2%,
respectively. The fabricated SSLM and DSLM successfully
worked as both a resonator and a micro-heater.

The HDSLM was fabricated for operation in the fre-
quency range over 1 THz. The width and gap of the HDSLM
was fixed to 5 um for easy fabrication by using a typical
photolithography. The size of the HDSLM was scaled down

from the DSLM to increase the operating passband frequency.
The size of the unit cell and the dimensions of the HDSLM
were cell_w = 60 um, leng_out = 50 um, leng_in = 30 pm,
w=>5um, and g =5 pum as shown in figure 5(c). The
HDSLM also worked well as both a micro-heater and a
resonator. Figure 7 shows the measured transmittance of the
HDSLM operating in modes 1 and 2. The transmittances of
HDSLM in a metal phase of VO, were less than 2.5% in the
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entire frequency band from 0.1 to 2.0 THz. The transmittance
of the HDSLM (mode 2) operating in an insulator phase of
VO, thin film was 85% at a frequency of 1.27 THz in the
passband. The Q-factors of the HDSLM operating in mode 2
were 1.61 at the center frequencies of 1.14 THz in the pass-
band. The passband frequency range and the transmittance of
the DSLM were successfully controlled by changing its
dimensions and directly applying a bias voltage to it,
respectively.

The DSLM and HDSLM operating in mode 2 could be
used as an active THz filter by using the thermally induced
phase transition characteristics of the VO, thin film. The
phase transitions of the DSLM and HDSLM could be easily
achieved by applying a bias voltage. The transmittance on—off
ratios of the DSLM and HDSLM were 45 and 43 at the center
frequencies of each passband, respectively, as shown in
figure 8. These on—off switching characteristics of the pro-
posed devices based on the undoped VO, thin film can be
changed to the gradual switching characteristics by using
W-doped VO, thin film which has wide tunable phase
transition temperature range [24, 25]. Our measured results
clearly show that the square-loop shaped metamaterial based
on VO, thin film can be used as an active THz filters or
sensors, which is easily controllable by a bias voltage.

4. Conclusion

We proposed an electrically controllable THz active meta-
material based on vanadium dioxide (VO,) thin film. A
square-loop shape was adopted to simultaneously perform
roles as a resonating metamaterial and a micro-heater to
electrically control the conductivity of the VO,. Dual-reso-
nant metamaterials were designed to realize band-pass char-
acteristics in the desired operation frequency band. The
measured electromagnetic properties of the metamaterials
agreed relatively well with the simulated results. The mea-
sured Q-factors of the basic and scaled-down metamaterials
fabricated on VO, thin films were 2.22 and 1.61 at the center

frequencies of 0.44 THz and 1.14 THz, respectively. The
transmittances of the active metamaterials based on VO, thin
film were successfully controlled by directly applying a bias
voltage instead of using an external heater. The measured
transmittance on—off ratios of the metamaterials were over 40
at the center frequencies in the passbands. Our results clearly
show the possibility of electrically controllable THz active
devices based on VO, metamaterial. These easily controllable
THz metamaterials can be used as high-performance active
filters or sensors.
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