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We describe a method for the active control of terahertz (THz) waves using vanadium dioxide (VO;)-
embedded hybrid metamaterials (MMs). VO, undergoes an insulator—metal phase transition at around
68 °C, causing its conductivity to change by five orders of magnitude. Our MM consists of a periodic
array of two metallic structures connected with VO, pads. Simulations show that this MM can realize
mode switching via the VO, pads with high conductivity in the conduction state and high dynamic con-
ductivity across the phase transition. Such material characterizations have rarely been observed in other
materials, such as semiconductors, superconductors, and graphene. More interestingly, this mode switch
can be realized experimentally using not only a thermal stimulus, but also electrical and optical stimuli.
The phase transition mechanisms are the same for thermal and electrical stimuli, but different for the opti-
cal stimulus. This diverse range of stimuli is very useful for manipulating the THz waves in practical

applications.
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I. INTRODUCTION

The fifth-generation (5G) wireless network is currently
deployed across the world. This means it is important to
accelerate fundamental research on the next-generation,
i.e., sixth-generation (6G), network [1]. It has been repo
rted that, to satisfy the demand for system bandwidth,
capacity, and transmission rate, the working frequency for
the 6G network may be elevated to 140, 220, and 340 GHz,
which are located in the sub-terahertz (THz) regime. More-
over, the sub-THz spectrum is currently sparsely occupied,
making it suitable for future wireless communications
[2]. Thus, there is considerable interest in the develop-
ment of novel sub-THz sources, functional devices, and
detectors [3].

At present, sub-THz devices are still relatively imma-
ture; for example, the source power is too low to trans-
mit signals over long distances in free space [3], the
detector cannot achieve very high sensitivity at room
temperature [4], and there is a lack of tunable materials
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for sub-THz functional devices [4]. The physical reason
is that conventional electronic and optical methods of
device design used in the adjacent microwave and infrared
light bands cannot easily be extended to the sub-THz
regime. Therefore, alternative materials and design prin-
ciples for developing high-performance sub-THz devices
are urgently needed.

MMs have a periodic structure that enables the con-
struction of artificial materials with arbitrary equivalent
permittivity and permeability through the elaborate design
of unit cell structures [5,6]. In recent decades, MMs have
offered an innovative paradigm for the design of alternative
electromagnetic functional devices. To make these func-
tional devices more powerful, the active MMs can incorpo-
rate active components and tunable materials. At the THz
level, the main tunable materials are semiconductors [7—
10], liquid crystals [11,12], phase-change materials such as
VO, [13-20], superconductors [21—26], and 2D materials
such as graphene [27-29]. Their conducting or dielectric
properties can be tuned or switched by thermal, optical,
magnetic, and electrical stimuli. For active MMs, the func-
tions of frequency-tuning or switching resonant modes can
be realized through an elaborate MM design. For example,
we can incorporate photoconductive semiconductors into

© 2019 American Physical Society
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MM-based devices to manipulate their THz response via
an optical stimulus [9,10].

Among these tunable materials, VO, is very promi-
nent in the THz community because of its large and steep
change of conductivity across a metal-insulator transition
[30-32]. When the working temperature is above 68 °C,
just a little higher than room temperature, the lattice of
VO, begins to change from an insulating monoclinic phase
to a metallic tetragonal phase. The conductivity changes by
approximately 45 orders of magnitude during this tran-
sition. Moreover, optical and electrical stimuli can also
bring about this phase transition [32,33]. In particular, VO,
has a subpicosecond response time to an optical stimu-
lus [34]. These diverse stimuli, low working temperature,
and good performance make VO, a popular choice for
potential applications.

In this paper, we design a VO,-embedded hybrid MM
to realize mode switching [35-38]. This mode switch,
analogous to the resonant mode switching phenomenon
in plasmonics, requires a functional material with a large
dynamic conductivity range and high conductivity in the
conducting state. We once attempted to use supercon-
ducting (SC) materials, which changed their electrical
conductivity across the SC transition [35], but this reso-
nant mode switch did not occur because of the relatively
small change of conductivity during the transition. In our
present work, this mode switch is successfully observed
in a VO,-embedded hybrid MM, which shows its unique
tuning capability compared with superconductors. Addi-
tionally, the switches are observed experimentally in the
cases of optical and electric stimuli. Moreover, we find
that the change in resonant frequencies for thermal and
electric stimuli is different to that produced by an optical
stimulus. The relations between the thermal, electrical, and
optical stimuli and the underlying physical process are also
discussed.

I1. DESIGN AND SIMULATIONS

There are several THz MM-based devices that use VO,
films or pads as thermal- or electrical-sensitive elements
[13—18]. For example, a switchable ultrathin quarter-wave
plate with VO, pads inserted in the resonator of the MM
element has been reported [ 14]. To demonstrate the unique
tuning performance of VO, film, which is barely matched
by common THz tuning materials, four types of hybrid
resonators are designed and simulated and the resonance
mode switch in VO,-hybrid MMs is investigated [17]. This
mode transition is very useful for making THz modula-
tors. The tunable THz transmission is also observed in an
electrically controlled THz resonator with VO, film [18].

In this section, we describe the simulation of the THz
spectra using electromagnetic field computational soft-
ware. Figure 1 shows the VO;-embedded hybrid MM
studied in this paper. Resonant mode switching occurs
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FIG. 1. Left: Schematic diagram of MM embedded with

200-nm thick VO, film (green color). Right: Geometric parame-
ters of unit cell of the MM, p =100 um, g =10 um, w=8 um,
d=60 um, h=22 um.

when the VO, film transits from low conductance to high
conductance states. The unit cell of the MM is shown on
the right of Fig. 1. It consists of two folded gold wire
structures connected with a VO, pad, which we refer to
as a dimer. The geometrical parameters of the unit cell
are p =100 ym, g=10 ym, w=8 um, d =60 um, and
h=22 pum. The gold and VO, layers are both 200-nm
thick. When the VO, film changes from insulator to
metal, the THz response along the x direction experi-
ences remarkable changes as a result of the resonant
mode switching. The film mimics dimer pairs made from
two subwavelength plasmonic particles, which suggests
promising applications in sensing, local field enhancement,
and high-frequency conductance probing [35-37].

The resonant mode switching properties of the MM can
be illustrated using a three-dimensional full wave simula-
tion in the commercial software CST Microwave Studio.
To illustrate the role of the conductive coupling, the VO,
pad in the simulation is first replaced by a normal mate-
rial with a real part of relative dielectric constant of 1 and
a set of electrical conductivities. In the case of x direction
polarization and normal incidence, the THz transmission
spectra of the structure at conductivities of 40 S/m and
4 x 10° S/m in the VO, film region are shown in Fig. 2.
As shown in Fig. 2(a), there is a switch from a resonant
dip (labeled A) to two resonant dips (labeled B and C).
Figures 2(b)-2(d) show the simulated electric field distri-
butions corresponding to points 4, B, and C, respectively.
According to the simulated electric field distribution and
the maximum position of the charge density in Fig. 2(b),
the resonant mode at point 4 can be considered as a hybrid
of the two electric dipole resonances. In particular, a sim-
ulation analysis of the resonant mode indicates that it is
similar to a bonding dimer plasmonic (BDP) mode [36].
For the BDP mode, the center of the gap between the upper
and lower metal structures is located at the position of
the VO, pads, the ends of which have the largest charge
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FIG. 2. Simulation analysis of resonance
modes. (a) Transmission spectrum of the
MM with VO, pad conductivities of 40 S/m

: BDP mode

and 4 x 10° S/m, respectively. (b-d) Distri-
butions of the electric fields and charges for
BDP, CTP, and SBDP modes. The red +
and — denote positive and negative charge
distribution densities, respectively.
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density. When the VO, film becomes a good conductor,
conductance coupling occurs between the upper and lower
parts of the metallic structure. This allows the charge to
flow through the gap to produce two resonance modes. The
distributions of the electric fields and the charges for two
modes are depicted in Figs. 2(c) and 2(d). For the reso-
nance at point B, only one kind of charge is distributed in
each part of the metal structure [Fig. 2(c)], and the total net
charge appears in each part. These features are similar to
the charge transfer plasmonic (CTP) mode [36]. At point
C, there is another pattern [Fig. 2(d)], which has oppo-
site charges on each part, much like the BDP pattern in
Fig. 2(b). The difference is that the local electric field in
the center of the gap is shielded as the VO, region becomes
highly conductive, so this mode is also called the screened
BDP (SBDP) mode [36].

In the case of x direction polarization and normal inci-
dence, the THz transmission spectra of the structure for
various conductivities in the VO, region are presented
in Fig. 3. When VO, is in the insulator state, the BDP
mode dominates and there is only one resonance dip in
the transmission spectrum. As the conductivity increases
in the VO, region, the spectral response exhibits con-
tinuous changes. Both the amplitude at the resonance
frequency and the resonance frequency itself increase
with the conductivity. As the conductivity increases from
1.6 x 10° S/mto 2 x 10° S/m, the resonant mode splits into
two, as shown in the transmission spectra. One resonance
mode shows a slight blueshift relative to the initial BDP
resonance. In the previous description, the high-frequency

resonance is the SBDP mode generated by conductance
coupling, whereas the low-frequency resonance is the CTP
mode. With a further increase in conductivity, the qual-
ity factors of these two resonances gradually increase.
It can be seen that the aforementioned resonant mode-
switching process occurs when the conductivity increases
from 4 x 10* S/m to 5 x 103 S/m. To achieve resonance
switching, therefore, the conductivity variation should
cross the critical value of 2 x 103 S/m.

Several material candidates can realize conductivity
variations under environmental or stimulus changes. For
example, the semiconductor silicon-on-sapphire changes
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FIG. 3. Simulated transmission as a function of the conductiv-
ity of VO, thin film.
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from approximately 1 to approximately 10* S/m [8]. The
conductivity of Yttrium Barium Copper Oxide (YBCO)
SC materials is approximately 10° S/m in normal state
and approximately 10® S/m in the SC state, a change of
one order of magnitude [21,22]. The surface conductiv-
ity of chemical vapor deposition-grown graphene can be
adjusted from approximately 0.1 mS to several mS by
changing the voltage [28,29,39]. Our previous experimen-
tal study on SC NbN film supports this conclusion [35].
VO, exhibits a change in conductivity of approximately
5 orders of magnitude, providing a larger dynamic range
as it undergoes the phase transition [40]. This enables
some unique properties in terms of manipulating THz
waves. In the following section, we present an experi-
mental demonstration of mode switching under thermal,
electrical, and optical stimuli, and describe a powerful
material for manipulating THz waves.

III. EXPERIMENTAL RESULTS

A. Sample preparation

A thin VO, film is deposited on a 500-um thick ¢ cut
sapphire substrate by reactive magnetron sputtering [41].
The sputtering target is vanadium metal with a purity
of 99.99%. The vacuum chamber is first evacuated to
10~* Pa, and then the sapphire substrate is heated and kept
at 550 °C. A mixture of high-purity Ar and oxygen (O,/Ar
ratio = 5%) is poured into the chamber to stabilize the base
pressure at approximately 1.0 Pa. The rf source gun power
is set to 200 W. Before the deposition, the surface of the
vanadium target is cleaned by presputtering for at least
10 min. A film with a thickness of approximately 200 nm is
then deposited onto the substrate. Finally, the sample tem-
peratures are lowered to 450 °C for 30 min and then 200 °C
for 30 min before being naturally cooled to the ambient
temperature in air.

The samples are prepared using photolithography and
a micro-fabrication process. First, the VO, layer is pat-
terned via reactive ion etching with CF4 of 40 sccm
(standard-state cubic centimeter per minute) fluence and
100 W rf power after photolithography. Gold films are
then deposited on the samples by electron beam evapo-
ration following the second photolithography. Eventually,
the samples are fabricated using the lift-off process.

B. Thermal stimulus case

First, we investigate the THz response of the VO,-
embedded MM under a thermal stimulus using traditional
THz time domain spectroscopy (THz TDS). See Supple-
mental Material for the measurement detail [42]. Trans-
mission spectra are measured at different temperatures
spanning the metal-insulator phase temperature of approx-
imately 68 °C. The transmission spectrum obtained using
a Fourier transform is shown in Fig. 4(a). It can be seen

from Fig. 4(a) that resonance occurs at 0.62 THz when the
temperature is 51 °C, which corresponds to the BDP mode.
When the temperature increases to 70 °C, the resonant
frequency exhibits a redshift and the THz transmission
amplitude at the resonance frequency increases. Note that
the redshift of the resonance frequency is different from
the simulation results. This is because both the electrical
conductivity and the real part of the dielectric constant
increase during the phase transition of VO, film [40,43],
which leads to an increase in capacitance between the
upper and lower metallic structures. Therefore, the reso-
nance frequency for the BDP mode shifts to a lower value.
When the temperature rises to 71 °C, the phase transition
occurs, and there is no longer a single Lorentz resonance
in the transmission spectra. As the temperature increases
by 0.5 °C, the two resonant modes appear in the spectrum,
which indicates that the MM has changed from BDP mode
to SBDP and CTP modes. When the temperature rises in
the range of 72—88 °C, the increase in conductivity of the
VO, leads to a decrease in the Ohmic loss of the CTP and
SBDP modes and an increase in the strength of the reso-
nance. The amplitude modulation depths of the THz wave
in this VO,-embedded hybrid MM are 82% and 89% at
0.41 and 0.62 THz, respectively, in the thermal stimulus
case.

C. Electrical stimulus case

Compared with the thermal stimulus case, an electrical
stimulus has the advantages of convenience and reliability.
Figure 4(b) presents the THz transmission spectra of the
device for various bias currents at room temperature. It can
be seen that the BDP resonance mode occurs at 0.62 THz
and is almost unchanged when the current is below 0.2 A.
When the current increases from 0.26 A to 0.31 A, the BDP
mode frequency of our VO,-embedded hybrid MM shifts
toward the red end of the spectrum and the resonance band-
width increases, which is consistent with the phenomenon
in the thermal stimulus case. This indicates that the dielec-
tric constant and conductivity of the VO, thin film both
increase when an electrical stimulus is applied. When the
current increases from 0.31 A to 0.32 A, the resonance
of the MM immediately changes from the BDP mode to
the CTP and SBDP modes. When the current increases to
0.35 A, the THz transmission became saturated, which is
very similar to the thermal stimulus case. To observe the
variation in the transmission spectra with the applied elec-
trical current, Fig. 4(c) shows the transmission amplitude
changes with respect to the electrical current at 0.41 and
0.62 THz. It can be seen that the 0.62 THz case exhibits
better linearity than that at 0.41 THz. The transmission
amplitude at 0.62 THz varies nearly linearly with the
applied current in the range 0.28-0.33 A, which is suitable
for amplitude modulation. In this range, the transmission
varies from 0.38 to 0.76, and the modulation depth is 75%.
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There are two possible mechanisms for the VO, phase
transition. One is the electric-induced phase transition [44—
48], the other is the Joule-heat-induced phase transition.
The first comes from the electric field Poole-Frenkel effect,
or carrier injection, which leads to an increase in the carrier
concentration. When the concentration reaches the criti-
cal value (approximately 10?! cm™3) required for phase
transition [49], the VO, film undergoes the Mott phase
transition, that is, the metastable metal phase breaks down
under the strong electric field [50]. The lattice structure
of the VO, material (monoclinic lattice metal) remains
unchanged during the transition, and only electronic phase
transition takes place. The electronic phase transition then
causes the lattice structure to change. Finally, the film com-
pletes the Peierls structural phase transition. The second
mechanism, Joule-heat-induced phase transition, is caused
by the current in VO, films. This produces Joule heat,
causing the temperature to exceed the critical temperature
required for phase transition. The trigger for phase transi-
tion depends on the carrier injection or the Poole-Frenkel
field effect to provide the electrical current, and the Joule
heat produced by the electrical current is sufficient for
thermal-induced phase transition before the carrier con-
centration reaches the critical value for the Mott phase
transition [51-54]. According to a previous study [55], the
field strength of the critical electric field of the electro-
induced phase transition is approximately 50 V/um. In our
experiment, the maximum electric field is much lower at
approximately 2.1 V/um. Therefore, the thermally induced
Joule phase transition should occur in our VO, thin film

in the electrical stimulus case. Figure 4(d) shows the /-V
(current—voltage) characteristic and the absorption power
P (P=Ux1I)of our VO;-embedded hybrid MM. It can be
seen that in the current range 0.2—0.32 A, the /-V curve of
the device exhibits negative differential resistance, which
is caused by the VO, phase transition. The absorption
power indicates that the power consumption of the device
is less than 1 W, and this could be reduced further by
reducing the area of the device.

Because the VO, phase transition in our electrical stim-
ulus case is caused by Joule heat, the speed of the electrical
stimulus is limited by the thermal response time of the
film. In addition, the electrical parameters of the MM affect
the response time. In our MM, there is a large capacitance
between the parallel metal lines in the structure, which will
prolong the response time.

D. Optical stimulus case

We conduct an optical stimulus experiment using the
optical pump—THz probe spectroscopy. See Supplement
Material for the detail of experimental setup [42,56,
57], which provides an alternative method of controlling
THz wave transmission. Interestingly, different from the
electrical stimulus case, the response time is not related to
the geometrical electric parameters. As we know, the effect
induced by the thermal and electrical stimulus is mainly the
thermal effect, therefore, the switching time can not be as
fast as optical stimulus, as it depends on the temperature,
electrical current, the sample geometrical parameters, the
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external substrate, and so on. The switching time for these
two cases is estimated to be on the orders of subseconds.
In our optical stimulus case, the central wavelength of the
pump pulse is 800 nm, corresponding to a photon energy
of 1.55 eV, which is larger than the insulation phase gap
of 0.67 eV [14]. The maximum power of the pulse after
the L4 lens measured to be 2.2 W, and the energy den-

of the VO, film. Previous experimental results have shown
that the resonance frequency redshifts in the thermal stim-
ulus case, but remains unchanged in a strong THz field
[43]. Moreover, the transmission spectrum of the THz-
field-induced phase transition is consistent with the elec-
tromagnetic simulation results, in which only the change in
conductivity of the VO, film is considered. The VO, phase

sity calculated to be approximately 6.6 mJ/cm? based on  transition process in the strong THz field is explained by

the spot size. There is a threshold of light energy density
for the phase transition of the VO, film, which is reported
to be 7 mJ/cm? for a 100-nm thick film on MgO sub-
strate [58]. Therefore, the maximum optical energy density
of the femtosecond pulse may be lower than the thresh-
old. The THz transmission of the VO,-embedded hybrid
MM is almost unchanged at room temperature under the
maximum optical pump power. To measure the change
in THz transmission through the MM under an optical
stimulus, we heat the sample to slightly below the phase

the increase in the carrier concentration, the carrier accel-
eration of the applied electric field by the Poole-Frenkel
effect, and the Joule heat effect resulting from the sub-
sequent electron and lattice coupling. Therefore, we can
say that the phase transition of the VO, film under the
femtosecond pulse stimulus is not a pure thermal effect.
Instead, it is caused by the Mott-Peierls phase transition as
the concentrations of the light-excited carrier and the light-
excited hole in the vicinity of 6 THz exceed their respective
threshold values [59]. Even the process and mechanism of

transition temperature to reduce the threshold of the optical ~ phase transition of VO, film induced by thermal stimu-

excitation energy density.

lus, electrical stimulus and optical stimulus are different,

Figure 5 shows the THz transmission spectra of the  the final mode switching results are similar. We compared
VO,-embedded hybrid MM at different temperatures for  the simulation and experimental result with different exter-
a delay time At of 149 ps. At temperatures of 60°C  nal stimulus in Fig. 6. It can be seen that the simulation
and 64 °C, it can be seen that only the BDP resonance of ~ with VO, conductivity of 4 x 103 S/m and experimental
the MM appears under a low pump power, as shown in  results from thermal effect at 88 °C, electrical stimulus with

Figs. 5(a) and 5(b). The strength of the resonance decreases
with an increase in the optical pump power. However, the
resonant frequency barely shifts, which is different from

0.35 A at room temperature, and optical pump power of
1.68 W at 68 °C are very similar. The two resonant modes
appear clearly in the spectrum, which indicates that the

the results for the thermal and electrical stimuli. This is MM has changed from BDP mode to SBDP and CTP
similar to the simulation results shown in Fig. 3, in which ~ modes. Therefore, we can say that the electrical conduc-
we only considered the increase in electrical conductivity  tivities of VO, film for these three cases are very similar.
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FIG. 6. The THz transmission spectra from simulation (dash
line) and experimental results with different external stimulus
(solid line), including thermal stimulus at 51 °C and 88 °C, elec-
trical stimulus with 0.35 A at room temperature, and optical
stimulus with 2.17 W at 64 °C and 1.68 W at 68°.

From Figs. 5(a)-5(c), we can see that the BDP resonance
frequency does not shift as the pump power increases
below the threshold values. Therefore, it is reasonable to
speculate that the dielectric constant of the VO, at low
pump powers is almost unchanged. Only the conductiv-
ity of the film increases. As the pump power increases,
the resonant mode eventually changes from BDP mode
to CTP and SBDP modes. It can be seen from Fig. 5(c)
that the transmission spectrum at 68 °C and 1.68 W in

the optical stimulus case is similar to that in the thermal
stimulus case at 88 °C, which means that the electrical con-
ductivites of VO, film for these two stimuli are similar.
Figure 5(d) shows the THz transmission spectra as a func-
tion of the pump power at three temperatures (60 °C, 64 °C,
and 68 °C) and a frequency of 0.62 THz. The optical pump
power threshold clearly decreases with an increase in tem-
perature. The phase transition threshold power is close to
0 W at the critical temperature of 68 °C.

Using this optical pump—THz probe spectroscopy, we
further studied the dynamic response process of the VO,-
embedded hybrid MM. It can be seen from Fig. 7(a) that
the THz spectra are basically the same under delay times of
—137.7 and 149 ps at 64 °C and a pump power of 1.68 W.
In fact, the maximum attainable THz pulse delay is approx-
imately 1 ms. The similar transmission spectra at these
delay times indicates that the VO, does not revert to the
insulating phase in less than 1 ms.

We also measure the THz transmission spectra of our
VO;-embedded MM at 55 °C and a pump power of 2.03 W
under several different delay times, as shown in Fig. 7(b),
to investigate the dynamics of the THz transmission spec-
tra caused by the phase transition of the VO, film. With
a negative delay time, the resonance dip exhibits the low-
est amplitude and remains almost unchanged as the delay
time increases. When the delay time is zero, the pump and
probe pulses reach our sample simultaneously. The phase
transition of VO, is a sub-ps process, thus the amplitude
of the resonant dip increases immediately. Note that the
shape of the resonance dip is asymmetric. This arises from

(a) FIG. 7. Optical pump—THz probe
measurement results. (a) THz spectra
without pump pulse and with a pump

c pulse of 1.68 W under a delay time

g of 137.7 and 149 ps, respectively. (b)

K% THz spectra at pump pulse of 2.03 W

e and different delay times. (c) Trans-

2 ©) mission vs delay time at 0.62 THz.
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the absorption of water vapor in the air (the frequency is
0.56 THz, see [60]). When the delay time is 4 ps, the trans-
mission of the resonant dip increases further. As the delay
time increases from 4 to 149 ps, the amplitude of the res-
onant dip increases slowly. To see this dynamic process
clearly, the transmission is plotted with respect to the delay
time in Fig. 7(c). This illustrates the whole phase process.
The fast VO, optical-excited phase transition occurs from
0 to 4 ps. This phase is the contribution of Mott-Peierls
phase transition and can produce a metallic phase. The
increase in amplitude almost ceases at 62.3 ps. The slow
process, lasting about 60 ps, corresponds to the slow phase
of the optical excitation of the VO, phase transition, which
can be explained by the grain growth and connection of the
metal phase, that is, a percolation process.

IV. SUMMARY

VO, undergoes a metal—insulator transition at around
68 °C, and has a high conductivity in the conducting state
and a dynamic conductivity range of five orders of magni-
tude. In this study, we construct a VO,-embedded hybrid
MM composed of an array of two metal structures con-
nected by VO, pads. Using the metal—insulator transition
of VO,, we experimentally demonstrate the mode switch-
ing phenomenon in this MM using thermal, electrical,
and optical stimuli. The physical reasons for the phase
transition are similar for the thermal and electrical stim-
uli, but different for the optical stimulus. The diversity of
the stimuli is favorable in practical applications such as
THz modulators, phase-array antennas, and wireless com-
munications, and represent an innovative technique for
manipulating THz waves.
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