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Vanadium dioxide (VO2) is a promising candidate for electronic and optical switching appli-

cations in the terahertz frequency range due to the metal to insulator transition (MIT). In this
study, the use of VO2 patterned as a metamaterial surface or coupled as a homogeneous layer

with a metallic metamaterial surface on top is investigated in terms of performance. High-

quality VO2 thin ¯lms were deposited on c-cut sapphire substrates by using the dc magnetron

sputtering technique. A change in resistivity by a factor of 104 MIT in VO2 was observed
allowing to investigate its use as a controllable metamaterial. The layer was patterned using

a unique geometry (four-cross shaped) that operates in the THz frequency range. To

understand its performance as a tunable THz ¯lter, the four-cross structure fabricated from VO2
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is compared to one fabricated from Au on VO2 bare ¯lm using UV lithography and ion beam

etching techniques. The spectral performances of metamaterials were assessed using THz-Time

Domain Spectroscopy (THz-TDS) and results were compared with simulations based on CST
Microwave Studio. Absence of the resonant e®ects in the purely developed VO2 device, while

clear observation of the MIT behavior shows the strong dependency of the inductive and/or

capacitive e®ects of the four-cross structure on conductivity of the surface metamaterial, which

is clearly observable for the Au-based device. In the latter case, the resonant transmittance of
the ¯lter can be e®ectively modulated by change in temperature.

Keywords: THz metamaterials; VO2 thin ¯lm; tunable metamaterials; metal-insulating transition
(MIT) materials.

1. Introduction

Terahertz (THz) radiation lies in the region of the electromagnetic spectrum which is

between microwaves and the infrared. Since it is di±cult to develop devices which

can interact, generate or detect radiation due to the typically weak electromagnetic

response of bulk materials in the frequency range between 0.1 and 10THz, this region

is usually called the THz gap. There are important e®orts focusing to ¯ll this vacancy

in the spectrum.1–11 Due to their latent utilizations in security monitoring (THz

imaging), non-destructive testing, wireless communications, and material charac-

terization metamaterials manipulating light in the THz regime have drawn great

attention. Metamaterials whose resonant interactions can be realized through ring-

like periodic surface structures in this frequency range initially allowed the devel-

opment of passive THz ¯lter devices based on conductive metals patterned on

dielectric media. Materials whose conductivity can be controlled employed with

such metal patterned structures have shown promise as tunable THz ¯lters, but

patterning of such materials into metamaterial devices by themselves has been

challenging. One exception has been superconducting metamaterials, although their

practical employment is elaborate due to the cooling requirements and the power

necessary to maintain these systems. The demand to fabricate devices that operate in

this frequency range closer to the room temperature has driven recent investigations.

One of the basic outcomes of strongly correlated material research is phase transition

phenomena. Due to extensive technological capabilities awarded through control-

lable optical, electronic, and structural properties, there have been various attempts

to implement the transition properties of novel materials in various archi-

tectures.11–16 Transition metal oxides, such as vanadium oxides, show the insulator-

to-metal transition (MIT) behavior near room temperature, so that it can be

a versatile material for temperature sensitive photonic and electronic devices.

Curiously enough, there are variations between oxides of vanadium and among them

VO2 has the nearest transition to room temperature. Due to its substantial change in

optical and electrical properties as a result of structural phase change from a semi-

conducting monoclinic phase (low-temperature) to a metallic tetragonal phase (high-

temperature) at � 68�C VO2 has been recognized as an excellent tunable functional

material.16–21 The transition speed for the electrical activation is in the order of
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nanoseconds whereas the optical-induced transition reduces to the picosecond and

femtosecond regimes. Substantial attempts have taken place in fabricating frequency

tunable metamaterials displaying narrow-band operation for a certain part of the

electromagnetic spectrum, including microwave,21 THz22 and optical frequencies23–25

using the phase changing properties of VO2. For metamaterial devices based on split

ring resonators, modulation of the resonant THz beam transmission was controlled

through the conductive behavior of the SRR gap which transitioned from capacitive

to resistive with the help of thermal triggering of the phase change of VO2.
25–30

A great number of these studies have concentrated on tunable THz metamaterials

based on the phase transition of VO2 triggered by temperature tuning, however,

since VO2 is a superior quality photoelectric functional material it displays a dis-

tinctive transition property that can be onset not just by heat but by the external

excitation of light, or stress.31

In this study, two types of metamaterial ¯lters are produced. One is fabricated by

patterning planar VO2 ¯lms (referred as \four-cross-planar VO2 device") and the

other is constructed from patterning Au on VO2 ¯lms (referred as \Au four-cross

patterned VO2 device"). By tuning between insulating and metallic phases of the

VO2 layer, the frequency-dependent THz transmission spectra of both metamaterial

designs are demonstrated and compared. The four-cross planar VO2 device exhibited

a non-resonant change in transmission absent of any expected resonant features

while the Au four-cross patterned VO2 device showed an observable change near the

expected resonant transmission with change in temperature. The strong dependency

of the quality factor of the resonance on the dielectric properties of the medium is

evident in these investigations, and that conductivity or sheet resistance of the VO2

¯lm is not enough to simulate the observed transmission in the THz range. There are

still many approaches and ongoing studies to construct the suitable and e±cient

metamaterials combined with phase change VO2 material. The performance com-

parison of two types of metamaterial devices that given in study will give an insight

to the development of such devices.

2. Experimental Results

2.1. Background & modeling

In order to quantify the temperature dependent transmission characteristics and also

validate the ¯lter properties of the designed metamaterial structure, simulations

were performed using the commercial software CST Microwave Studio suite (version

2019) program. Unit cell boundary condition is used with the Frequency Domain

Simulator and the linearly polarized plane wave is propagated at normal incidence to

the surface. Previous investigations by our group have shown that the \four-cross"

structure can be utilized as a terahertz ¯lter operating in the sub-THz frequency

range.32 A detailed demonstration of the ¯lter structure is presented in Figs. 1(a)

and 1(b) for the four-cross-planar VO2 device and Au four-cross patterned VO2

device, respectively.
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The structure of the metamaterial, which was comprised by a four-cross rectan-

gular resonator, has a rectangular shape in which band lines are placed at the sides of

the ring on a dielectric substrate. The unique pattern, a conjunction of a square ring

with four-fold strips, allows for the necessary capacitive an inductive interaction

typically seen with split-ring resonator structures. Simulations were performed using

frequency domain approach in CST Microwave Studio for the region 0.01–1THz.

(a) (b)

(c)

Fig. 1. (Color online) (a) Detailed demonstration of the four-cross-planar VO2 device with designed

parameters. (b) Detailed demonstration of the Au four-cross patterned VO2 device with designed

parameters. (c) The simulated transmission spectrum of the four-cross-planar VO2 device and the four-
cross-planar VO2 device at 299 and 370K respectively.
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Both devices utilize a 250 nm thick VO2 layer grown on a 500�m thick sapphire

substrate. Supported by THz-TDS measurements, an electrical permittivity value of

"r ¼ 9:61 was assumed to be constant in this frequency region for the sapphire

substrate. Likewise, the VO2 layer is assumed to be lossless and have a dielectric

permittivity of "r ¼ 9 at room temperature. Its temperature-dependent dielectric

parameters, which are supported by THz-TDS measurements on an unpatterned

VO2 layer grown on dielectric saphhire substrate is modeled following the Brugge-

man e®ective medium approach based on a Boltzmann function to model the volume

fraction (V Þ of the metallic domains.33

VO2 ¼
1

4
f"dð2� 3V Þ þ "mð3V � 1Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½"dð2� 3V Þ þ "mð3V � 1Þ�2þ 8"d"m

p
g: ð1Þ

In this model, the dielectric function for the VO2 layer in the metallic state ("m) is

based on a Drude model.34 In Fig. 1(c), the numerical results for terahertz wave

transmittance of both devices are presented. The primary simulated results for the

etched four-cross structure on a VO2 layer and the one where gold is patterned in the

exact same four-cross pattern on a VO2 layer yield terahertz wave minimum

transmittance peaks at around 0.56THz and 0.65THz, respectively.

2.2. VO2 ¯lm growth

There are various methods utilized in the preparation of VO2 thin ¯lms such as sol–
gel,34 pulse laser deposition,35 thermal evaporation,36 sputtering37,38 and others.

One of the preparation methods extensively employed is magnetron sputtering which

is introduced due to superiority of ¯lms in high packing density, uniformity, good

adhesion, and e®ortlessly for industrialization. Many current e®orts are concentrated

on understanding the mechanism of the phase transition and subsequent modi¯ca-

tion of the transition performance of VO2 ¯lms.25,36 Onset of MIT in the ¯lms is

extremely dependent to deposition parameters, namely, sputtering power, deposition

rate, oxygen partial pressure, and substrate temperature. In our previous studies,

to obtain VO2 single phase, ideal growth parameters were investigated by the help

of XRD, RAMAN and XPS analysis.37,38 There are many variables such as substrate,

growth temperature, deposition rate and sputtered ion energy a®ecting the quality of

the grown vanadium oxide ¯lms. In this study, the optimum growth conditions are

used for VO2 ¯lm deposition. VO2 exhibits metal insulator transition (MIT) at

around 70�C. VO2 shows insulator phase at low temperature whereas above the

transition temperature VO2 shows metallic phase. The resistivity of this material

abruptly changes by a factor of 104 at the MIT temperature. It is known that mixed

phases of vanadium oxide systems need to be optimized in terms of sputtering

parameters to yield high quality pure VO2 phase. One of the most crucial property

that indicates the ¯lm quality is the resistivity drop at TMIT.

Unlike other phase change materials, the conductivity of VO2 can be increased by

4, 5 orders of magnitude under external stimulus such as applied electric ¯elds as well

as optical and thermal pumping.38

Investigation of resonant properties of metamaterial
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In the development process, thin ¯lm deposition, photolithography and ion beam

etching techniques were used for the microfabrication of the metamaterial ¯lters. DC

magnetron sputtering technique was employed where high purity (99.95%) vanadi-

um (V) target was used for the deposition of VO2 thin ¯lms on c-cut sapphire (Al2O3

(0001)).38 With the help of ultrasonic cleaner, cleaning of the substrates was carried

out using acetone and DI water. In the deposition process, evacuation of the vacuum

chamber up to a base pressure of 1:2� 10�6 mbar was realized, meanwhile a tem-

perature of 550�C was attained for the sapphire substrates. A former process to

deposition was introduced on the target by pre-sputtering for 10min with the pur-

pose of removing any contaminations of target's surface. The fabrication of VO2 thin

¯lms was carried out under the circumstances where 8:5� 10�3 mbar of O2 and Ar

mixed gas pressure and 50 W of sputtering power were accomplished. In the course of

deposition, for the purpose of uniformity development in the ¯lm, a rotation of the

substrates with 15 rpm was provided. Oxygen gas ratio of the sputtered thin ¯lms

was altered in accordance with the exploration of the growth circumstances of VO2

thin ¯lms maintaining sharp resistivity changes at MIT. Electrical properties of the

VO2 samples were characterized using a microprobe station under vacuum envi-

ronment. MIT with hysteresis behavior was observed for the unpatterned samples at

� 68�C (Fig. 2).

VO2 exhibits a reversible MIT at around 68�C. It has been shown that MIT

behavior of VO2 strongly depends on wide range with crystal quality, grain

size, grain boundaries and defects related to self-doping and the other factors.38,39

While VO2 has monoclinic crystal structure with insulator phase at below the MIT

temperature (TMIT), the material has tetragonal rutile crystal structure with

metallic phase at above TMIT. During the MIT transition, the change in the volume

of VO2 crystal is approximately 1%–2%. In insulator phase, the energy bandgap of

VO2 is around 0.65Ev. There have been two theories to explain the hysterisis loop

characteristics of MIT in VO2; Peierles transition and Mott–Hubbard transition.

Peierles transition arises due to the change in crystal structure, and Mott–Hubbard

transition takes places due to electron–electron correlations.

Fig. 2. (Color online) The MIT hysteresis behavior of the unpatterned VO2 samples at � 68�C.
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After the thin ¯lm deposition, THz four-cross metamaterial ¯lters were fabricated

using the UV photolithography and Ar ion beam etching techniques. During the UV

lithography process, di®erent imperfections could appear as irregularity in shape

rounding, etc. Figures 3(a)–(d) show the optical photographs of the fabricated

metamaterial ¯lters patterned by etching the VO2 layer and patterned by depositing

gold on bare VO2 layer, respectively.

2.3. THz time domain measurements

A home-built terahertz time-domain spectroscopy (THz-TDS) system was employed

in order to analyze the transmission characteristics of the realized THz four-cross

metamaterial ¯lters. Two optical beam lines of the spectrometer are used in an

interferometric con¯guration, in which one is called the generation arm and the other

the detection arm. A photo-conductive antenna is used to generate a s-polarized

terahertz beam. By making use of two o®-axis parabolic mirrors and two TPX lenses,

the beam is guided and collected to and from the sample. A focal spot diameter of

roughly 5mm on the sample is achieved. Measurement of the THz pulse is done using

electro-optical detection based on a ZnTe crystal and a balanced photodetector.

Using phase sensitive lock-in detection, the data is collected with and without the

samples with the help of a personal computer. Subsequent Fourier analysis resulted in

a frequency resolution of 40GHz. Temperature-dependent measurements were carried

out using a home-built heater that is calibrated for measurements up to 370K.

Fig. 3. (Color online) (a), (c) Optical microscope images of four-cross-planar VO2 device and Au four-cross
patterned VO2 device given with measured dimensions. (b), (d) Optical microscope images of four-cross-

planar VO2 device and Au four-cross patterned VO2 device which is taken with di®erent magni¯cations.

Investigation of resonant properties of metamaterial
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3. Results and Discussion

Requirement of the optimization of mixed phases for vanadium oxide systems in

concern with sputtering parameters in order to produce high quality pure VO2 phase

has been recognized. The resistivity drop at MIT is among the virtually signi¯cant

characteristics in determination of ¯lm quality. It is pointed out that uniformity of

the ¯lm, strain, grain size and boundaries are the dependant of the change in resis-

tivity. In the measurement region 30�C and 90�C, the resistivity of the bare VO2

¯lms is presented in Fig. 2. At transition temperature, an evident decrease in the

resistivity of bare ¯lm with greater than � 104 of magnitude has been observed. In

the case of this bare thin ¯lm sample, MIT value is around 68�C, and the hysteresis

loop width is around 4�C and for DC sputtered high quality VO2 thin ¯lms they are

entirely acceptable values. Furthermore, the abrupt MIT in VO2 allows the ampli-

tude variation of the resonant peaks of a metamaterial switching device on an ex-

tremely short temperature region. In the VO2 transitional state, the ¯lm constitutes

nanoscale con¯gurations of metallic- and insulator-state VO2, and the developing

medium operates as a tunable irregular metamaterial. A bene¯cial usage of this

attitude could be a thermally triggered electrical switch which may operate by

supplying minute; however, momentary heat pulses additionally cooling pulses of

small amplitudes with the rank of a few Kelvins.

The measured transmission spectra of four-cross VO2 metamaterial ¯lter (Four-

cross (VO2)) at 299, 310, 330, 340, 350, 370K are given in Fig. 4. The observed

oscillations are by virtue of the etalon e®ect and turn to be more evident with

increasing temperature.

The ratio between the Fourier-transformed amplitude spectra of the sample and

the heated stage with no sample mounted speci¯ed the frequency-dependent trans-

mission. Accordingly, the measured transmission spectra incorporated the Fabry–
Perot resonance e®ect taking place from the Al2O3 substrate (0.5mm thick). In the

case when the critical temperature of the VO2 sample is over 340K the aforementioned

Fig. 4. (Color online) THz time-domain measurements of four-cross-planar VO2 device at 299, 310, 330,

340, 350, 360 and 370K.
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e®ect becomes apparent to a greater extent. Furthermore, one could declare that the

sample is an insulator providing that the temperature is under the critical temper-

ature and on the other hand in the case when the temperature is over the critical

temperature the sample is metallic where the THz radiation adding to the observed

dips in the etalon is demonstrated. Even though the metamaterial con¯guration

incorporating rectangular loops does not demonstrate any resonant properties the

broadband THz transmission can be entirely turned o®/on. At room temperature the

dielectric constant of VO2 is approximately 9 (insulating state) and when MIT

occurs, the structural transformation occurs and VO2 turns into the rutile phase. The

formation of the undesirable structural inhomogeneity provokes a monoclinic metal

phase as an intermediate state that appears in a region between the MIT and the

structural phase transition temperatures (SPT). This phenomenon can cause a

highly anisotropic THz dielectric function of VO2 ¯lms which can a®ect the reso-

nance of the metamaterial device strongly. Metamaterial device research recently has

focused on development of advanced structures based on functional materials. Due to

complexity of the overall metamaterial structure, e.g. chiral metamaterials, resultant

device architecture may not manipulate the incident radiation e®ectively using op-

tical and/or electrical means. Noting that the lower conductivity of VO2 compared to

a pure metal is not su±cient to manipulate the incident radiation for patterned VO2

designs, a second design was implemented in order to better observe resonant THz

interactions. Among the research areas of metamaterials, there exists a driving

aspect namely; together with the optical resonance, the extensive utilization of nano-

engineered metals has been documented to entitled complex functionalities that

furnishes the basis for accomplishing \self-su±cient" metadevices. Nevertheless, an

immediate investigation of the documented chiral metamaterials exposes that most

patterns cannot endorse the extra functionalities due to the fact that they conven-

tionally comprise of geometrically isolated units.

This second device comprising of one identical four-cross design with a structure

equivalent to the one illustrated beforehand is produced that is supported by the

metallic structure. Characterized by time-domain THz measurement systems this

design showed more pronounce resonant e®ects. In Fig. 5(a), it can be noticed that

when bare VO2 thin ¯lm changes between the insulating and the metallic state,

amplitude of the electric ¯eld of the transmitted wave varies signi¯cantly. Also, in

Fig. 5(b), the THz electric ¯eld peak to peak value is plotted with respect to tem-

perature, showing this transition clearly.

Including semiconducting and metallic phases of VO2 ¯lm the frequency-depen-

dent transmission spectra of our second design, Au/VO2 four-cross structure layer at

293, 303, 313, 318, 323, 328, 333, 343, 353, 363, and 373K is shown in Fig. 6.

It is obviously seen from the terahertz measurement of the frequency selective

surface composed of shaped gold layer that the resonance (0.7 THz) disappears

around the VO2 transition temperature. In Fig. 6, it is seen that with a decrease in

temperature, one observes increase in resonance strength and also a resonance shift

to higher frequencies. With the increase of temperature (from 273K up to MIT)
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resonance frequency is blue-shifted and it is observed that the resonance strength

disappeared as a broadening and reduction in amplitude of the transmission dip. In

the present circumstance, as presented in Fig. 5, it is observed that low-lying second

resonance frequency (around 0.370THz) takes place close to the resonance frequency

(a) (b)

Fig. 5. (Color online) (a) The amplitude of the electric ¯eld of the transmitted wave versus time graph.
(b) The THz E-¯eld peak values versus temperature curve is plotted in order to determine the MIT

temperature of the VO2 ¯lm (red curve). The MIT measurement of the ¯lm is also plotted on the same

graph (blue curve).

Fig. 6. (Color online) THz time-domain measurement of four-cross-planar VO2 device taken from 293 to 373K.
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of the four-cross gold/VO2 structure. The aforementioned resonance peak is a con-

sequence of the stimulation of the surface plasmons initiated by the periodically

arranged ring arrays in the four-cross structure.

The resonance frequency that is obtained from experimental measurements of

gold/VO2 design is similar to the simulations performed, where it is observed that the

VO2 thin ¯lm base adversely a®ects the resonant e®ect in the metamaterial structure.

The associated THz transmission alongside altering the conductivity of VO2

through temperature, MIT nature was used to modulate their resonance frequencies.

The agreement of the conclusion achieved from simulation estimates for these four-

cross gold/VO2 metamaterials based on both semiconducting and metallic VO2 with

those of the experimental measurements is outstanding.

THz transmission measurement and simulation results of gold four-cross

patterned VO2 ¯lm at 293K (room temperature), which is much lower than MIT, is

shown in Fig. 7 on the same graph. The initial simulation results that performed

before experimental studies give a resonance peak at around 0.65THz (Sim. 1 four-

cross Gold-VO2). It has been already known that the spectral response of metama-

terial ¯lters is sensitive to individual variation of each design parameters which can

shift the peak frequency and bandwidth.

So, the simulation studies were repeated in compliance with measured unitcell

parameters (Sim. 2 four-cross Gold-VO2). If we compare the room temperature

transmission intensity of gold four-cross patterned VO2 ¯lm and four-cross patterned

VO2 ¯lm, it is around only 4% for second design with bare ¯lm. The modulation

range is enhanced by 1 order magnitude in the four-cross patterned VO2 ¯lm

metamaterial structure so that the THz transmission can be fully switched o®.

Fig. 7. (Color online) THz time-domain measurement of four-cross-planar VO2 device at 299K, plotted

with simulation results (The initial simulation results and the repeated simulation results in compliance
with measured unitcell parameters (Sims. 1 and 2.)) on the same graph.
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The low transmission intensity of the bare VO2 layer can be attributed to the ¯lm

thickness. The sharp alteration of refractive index in the course of the MIT process is

the origin of the converse modulating tendency of transmittance with respect to tem-

perature reported on thicker VO2 ¯lms. The converse modulating tendency of trans-

mittance could be induced by the debate in between transmittance and absorption rate.

Hence, possessing latent applications in the ¯elds of THz imaging, sensing and

communications the device under consideration is a thermally governable intensity

modulator in the THz regime. The thin ¯lm quality can adversely a®ect the device

e±ciency. The optical characteristics of VO2 ¯lms could be adjusted by numerous

components some of which are structure, strain and defects. Well-controlled exper-

imental condition is required in order to achieve the intended optical properties of

VO2 ¯lm and this necessity restricts its utilizations in manipulating waves. For

instance, oxygen vacancy or unsought V valence states might be stimulated by

spatially discriminative defect engineering or other sequential methods to produce

VO2 ¯lms. Accordingly, both the dielectric function and the e®ect of thickness of

VO2 ¯lm on the optical characteristics have to be taken under consideration.

The comparative analysis of this study with the previously published papers on

metamaterial devices is given in Table 1. In this study, we used a four-cross structure

that has many advantages over the reported studies, including a simple geometry, being

easily fabricable., whereas the remaining designs either include multiple-stacked layers

or nonswitchable characteristics, as compared to our proposed four-cross structure.

The complete form (unitcells are all connected to eachother) of the architecture

also enables applying voltage to the metamaterial structure for the MIT. Both single

Table 1. Comparison among metamaterial devices.

Parameter Unitcell size Material

Device

layers

Design

con¯guration

Fabrication

method

Switching

ability

Ref. 40 �nm Absorber Ni Single Nanocylinders Nano imprint

Lithography

���

Ref. 41 �nm Absorber Au, Si Multiple Nanocones Numerically

demonstrated

���

Ref. 42 ��m Broadband

absorber,

Polarization

converter,

Filter

VO2 Multiple Four-layered

structure of

PI/VO2/Au/PI

With Au-VO2

gratings

Photolithography By MIT

Ref. 43 ��m Filter Au,

dielectric,

VO2

Multiple Metal–VO2–
dielectric–
metal-VO2

(MVDMV)

Photolithography By MIT

Ref. 44 ��m Absorber

(metallic)

Filter

(Insulating)

Au,

dielectric,

VO2

Multiple Au/Polymide/

VO2/SiO2

Numerically

demonstrated

By MIT

Current

Study

��m Filter Au, VO2 Single

Multiple

Four-cross

Shaped

(unit cells

attached to

each other)

Photolithography By MIT
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(four-cross-planar VO2 device) and multiple layers (Au four-cross patterned VO2

device) are used and compared in the study to understand the e®ect of design

parameters on device performance.

This Au four-cross patterned VO2 device with a temperature-dependent

resonance behavior has great potential for tunable and low loss THz devices

for imaging, sensing, and detection applications. By modifying the geometrical

parameters of the four-cross structure and temperature-dependent MIT properties,

the resonance frequency of the metamaterial structure can be switched. It provides to

fabricate compact metamaterial-based ¯lters with a high selectivity. These types of

particular ¯lters can be used to delete undesirable transmitted signals in pre-de¯ned

frequency bands and have potential applications in the ¯eld of THz diagnostics.

4. Conclusion

In summary, a thermally controllable THz metamaterial based on vanadium dioxide

(VO2) thin ¯lm was proposed. High quality DC magnetron sputtered VO2 thin ¯lms

were deposited and the resistivity change at transition temperature is approximately

by a factor of four which is suitable for electrical switching applications. In this

study, two di®erent VO2-based terahertz devices were introduced comprising

metamaterials moreover their responses can be regulated by external stimulations. A

unique four-cross metamaterial patterned above VO2 ¯lms and on gold layer de-

posited on bare VO2 layers by conventional �v lithography and ion beam etching

techniques. In metamaterial ¯lters, resonance switching and frequency shifting are

observed depending on temperature. Accomplishment of a spectral tunability of the

resonance by introducing VO2 four-cross ¯lters over the MIT temperature was

demonstrated by consequences of simulations and THz-TDS measurements. Re-

markably, in advance, the MIT happens to be evident at all, it is possible to control

entirely the transmitting THz electromagnetic wave. The amplitude modulation

stimulated by a temperature °uctuation of not more than 10�C across the MIT of

VO2 warrants for prolonging this design may support to accomplish excessive quality

adjustable instruments for the THz region.
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