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Abstract: Electronically controlled modulation devices operating in the terahertz (THz) band offer a crucial foundation for the integration and
minimization of THz systems. In this work, we offer a broadband THz amplitude modulator that can be electrically controlled. The modulator
is based on a composite structure made of ionic liquid and polymer mixture poly (3-ethoxythiophenyl): poly (4-phenylsulfonate) (PEDOT:
PSS:DMSO). By applying merely +4 V excitation and −4 V turn-off voltage, a 40% amplitude modulation depth may be produced in the
frequency region of 0.1–1.5 THz due to the joint action of electrons in the polymer and ions in the ionic liquid. The measurement of the
resistance change of the polymer surface provides an explanation and confirmation of the mechanism of polymer action in this
occurrence. This work provides a material selection for a simple preparation, inexpensive, and effective modulation of THz amplitude
for an ionic liquid gate electronically controlled THz modulator. It is also expected that this work can be helpful for the miniaturization
and integration development of THz modulators.
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1. Introduction

Terahertz (THz) radiations affect a wide range of fields, including
security detection, medical imaging, molecular biology, and next-
generation communication systems [1–5]. Functional devices such
as filters [6], polarizers [7, 8], and modulators [9–14] are essential
for speeding up applications related to spectroscopy, imaging, and
communication. THz modulators are essential parts of high-speed
data transfer, high-resolution imaging systems, and THz wireless
communications. Broadband performance, low transient, and low
energy cost are essential for THz modulators. Numerous
publications on the development of THz modulators based on
diverse materials have been published. The public’s anxiety over
electronically controlled THz modulators stems from their versatility
and universality. An electric-controlled dual-band modulator on n-
GaAs with a unique patterned metallic structure was proposed by
Min et al. [15]. Two distinct split strips that would resonate at two
different frequency bands (0.58 THz and 1.0 THz) made up the
metamaterial structure cell. A modulator that used a DC bias
voltage to dynamically adjust the alignment of liquid crystal (LC)
molecules was proposed by Yang et al. [16]. The electro-optic
characteristics of LC and devices at various DC biases are
examined using a THz time-domain spectroscopy. In the particular
operational frequency region, resonance shifting, tunable
electromagnetically induced transparency, and electromagnetically
induced absorption have all been seen under various DC bias
directions and polarization directions of incident THz waves. The

aforementioned articles make clear that the majority of known
electronically controlled THz modulators employ a combination of
semiconductor materials. Traditional electronic control circuits face
difficulties in generating and accumulating carriers. Nevertheless,
achieving the previously specified structural functions is challenging
for semiconductor materials that can work in the THz region.
Therefore, to enable electrically controlled carrier creation and
stacking, a new approach is required.

Ionic liquid-based (IL) graphene gating devices have attracted a
lot of research interest recently. Wu et al. [17] showed off the greater
performance of THz modulators built on a sandwich architecture of
IL and graphene in 2015. By applying a gate voltage of 3 V, the
modulation covers a broadband frequency range from 0.1 to 2.5
THz with a modulation depth of up to 99% [17]. Di Gaspare et al.
[18] presented a gate-tunable single layer graphene that operated
in the 1–5 THz range. The graphene was implanted in a quarter-
wave cavity. 40% optical amplitude modulation depth is
guaranteed by the employment of an electrolyte IL gate. The
performance of ion liquid gate electronic control modulators using
graphene thin films as functional layers is excellent. However,
graphene thin-film materials are relatively expensive and the
preparation process is quite complex. It is valuable to find some
semiconductor films that can replace graphene films as functional
layers in ion liquid gate electronic modulators. In 2021, Karst
et al. [19] reported an electrically switchable metal polymer
nanoantenna that can switch between conductor and insulator
states by applying excitation voltages of +1 V and −1 V under
the action of a conductive ion solution. The properties of
conductive particle solutions are similar to those of ILs, indicating
the potential of PEDOT:PSS to form modulators with IL gates.
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Meanwhile, the price of PEDOT:PSS is cheaper and the method of
preparing thin films is simple, whichmeets the research expectations.

Polymer mixture poly (3-ethoxythiophenyl): poly
(4-phenylsulfonate) (PEDOT:PSS) has excellent thermal stability,
high transparency, carrier mobility, and conductivity. Figure 1(a)
depicts its chemical composition. The PEDOT oligomer is thought
to have polymerized onto the long chain of PSS (Figure 1(b)),
indicating that PEDOT possesses intrinsic flaws in its relative
molecular weight and polydispersity. A polyanion (PSS) rich shell
(Figure 1(c)), which aids in stabilizing PEDOT rich particles in
aqueous solution, is typically found in the gel-like particles that
make up the PEDOT:PSS dispersion [20]. P-stacking is evident in
Figure 1(d), which depicts gel particles that have been formed in a
pancake-like structure [21–23]. Chemical doping with ethylene
glycol and dimethyl sulfoxide (DMSO) can be used to customize its
electrical conductivity [24–27]. A material made up of free ions in
liquid form at or close to room temperature is referred to an IL.
Anion and cation are joined by the Coulomb force in ionic
compounds. Certain ionic compounds have a high anion and cation
volume and a loose structure, which results in little force between
the ions and a melting point that is near ambient temperature. Due
to their unique ionic transport characteristics and conductivity, ILs
have garnered a lot of attention and are utilized in a variety of
applications, including high-performance batteries and solar cells
[28–30]. A flexible multilayer graphene infrared device based on
porous polyethylene film was disclosed [31]. IL intercalation allows
for the adjustment of the infrared emissivity in this device. The
infrared emissivity of surface graphene is changed from 0.57 to 0.41
following the intercalation of IL. Surface graphene’s relative
reflectance rose from 1.0 to 1.15 during the same period. Kee et al.
stated in 2020 that by altering the IL additive, it is possible to adjust
the mechanical and electrical properties of the representative
CP-PEDOT:PSS. PEDOT:PSS conductivity was greatly increased
by the cationic/anionic alteration of IL, reaching up to 1075 S/cm.
The high conductivity PEDOT:PSS:IL film also exhibited good
mechanical and electrical tensile capabilities, allowing it to retain its
initial conductivity under 80% strain [32]. These studies have
demonstrated the electrical sensitivity and modifiable features of IL
and semiconductor hybrid structures, which has piqued our intense

curiosity. Development of THz electronic dynamic devices is
anticipated to be possible, thanks to the semiconductor and IL
hybrid structure’s electrical sensitivity and adjustable features.

In this work, a method for controlling charge carriers in
semiconductor materials using ion-containing electrical circuits
was studied. The ions can be driven near and away from the
PEDOT:PSS:DMSO film by applying an electric field to the IL,
thereby achieving the dynamic control of the THz transmission.
The amplitude modulation depth can reach 40% by applying a
high voltage of +4 V and a low voltage of −4 V, and the
modulation speed is 7 Hz. A relatively uniform modulation can be
achieved in the range of 0.1–1.5 THz. The experimental
mechanism of device’s electrical excitation was explained, and the
proposed experimental mechanism was verified using the
R (resistance)-T (measurement time) curve. This work provides a
cheaper, simpler, and effective material selection for the
electrically controlled THz modulator based on IL gate. At
the same time, it is also expected that this work can be helpful for
the miniaturization and integration development of THz modulators.

2. Experiment and Method

With the chemical CAS number 143314-16-3, EMIM-BF4,
also known as 1-Ethyl-3-methylimidazolium tetrafluoroborate, is
the IL that was used in this work. It is frequently employed as a
reaction medium because it is a superior electrolyte. The
techniques of spin coating and heat evaporation were used to
create the three-layer structure samples. A quartz sheet measuring
25 mm in length, 25 mm in width, and 1 mm in thickness was
spun using a 9:1 weight ratio solution of PEDOT:PSS and
DMSO. The quartz sheet was then dried at 100 °C for 15 min,
with the PEDOT:PSS film having a thickness of about 30 nm
[33]. Next, as illustrated in Figure 2(a), the quartz sheet covered
with PEDOT:PSS:DMSO film was adhered to a quartz sheet that
had been plated with gold electrodes. In this manner, a 100 μm-
thick vacant slot appears between two quartz slices. Using a
syringe, the EMIM-BF4 was injected into the vacant slot until the
liquid level was flush with the slot’s aperture. To enhance the
visual representation of the sample structure, Figure 2(b) presents

Figure 1
(a) Chemical structure of PEDOT:PSS. The commonly described microstructure of conducting polymer system,

(b) PEDOT:PSS is synthesized on the long chain of PSS, (c) colloidal gel particles are formed in the
dispersion, and (d) thin films containing PEDOT (blue) and PSS (gray)
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a top view of the sample structure. Figure 2(c) displays an optical
image of the sample following wire bonding. Electrodes 1 and 2
are responsible for excitation voltage, while Electrodes 3 and 4 are
employed for measuring thin-film resistance. A homemade THz
time-domain spectroscopy is employed to measure the THz spectra
[34]. The femtosecond light beam generated by an amplifier has an
average power of 900 mW, the repetition ratio is 1 kHz, the center
wavelength of 800 nm, and the pulse width of 50 fs. THz waves
were radiated and detected using ZnTe crystals. A translation
platform is moved during the test to alter the relative optical path
difference between the THz pulses and probe beam. This allows the
point-by-point scanning of the entire THz time-domain spectrum
with a step of and the step size is 0.01 mm. The THz spot has a
diameter of 1 mm.

An electrical testing system is used to confirm the modulation
mechanism during the electronically controlled dynamic modulation
of the sample. A digital source meter, a computer, and an excitation
power supply make up the system. The DC and AC power supplies
needed for testing are provided by the digital source meter. The
sample’s voltage and current are measured and fed into a computer.
The sample receives an excitation voltage from the power supply.

3. Experimental Results

The samples are tested using a homemade THz time-domain
spectroscopy. The time-domain spectra of a sample at various bias
voltages are displayed in Figure 3(a). The THz signal peak value
increases from 0.8 to 1 in comparison to the case of no bias
voltage when 1 V, 2 V, 3 V, and 4 V voltages are applied on the
PEDOT:PSS:DMSO/EMIM-BF4/electrode sample. It can be seen
that the peak values obtained at the application of 1 V, 2 V, 3 V,
and 4 V excitation voltages are the same. It decreases to 0.6 when
a −4 V voltage is applied. Based on these observations, it can be
concluded that the amplitude modulation depth can reach 40%
with a small bias voltage of ±4 V. The response speed and the
film’s capacity to tolerate instantaneous current during positive
and negative voltage switching are the primary factors that went
into choosing 4 V. (The higher the voltage, the faster the response
speed, but high voltage can easily damage the PEDOT:PSS:
DMSO film). Figure 3(b) displays the frequency domain THz
spectra of a sample with varying bias voltages. The virtually
identical shapes of the spectra show that the device can regulate
the THz radiation’s amplitude uniformly over a large range. In
order to clearly demonstrate the working bandwidth of the sample,

the experimental results were normalized based on the frequency
domain spectral intensity with 4 V excitation voltage. Figure 3(c)
shows the transmittance of the sample at different frequencies
with different excitation voltages. The device’s ability to
consistently accomplish about 40% amplitude modulation in the
0.1–1.5 THz frequency range indicates that it is a wide-band
modulator. To confirm that PEDOT:PSS:DMSO thin film is the
cause of this phenomena, an Electrode/EMIM-BF4/Electrode
sample control experiment was also carried out. Figure 3(d) shows
that there is no discernible difference in the time-domain spectra
whether the excitation voltages are applied or not. This means that
the device without the PEDOT:PSS:DMSO layer does not have
the ability to electrically modulate THz wave.

The peak change diagram of square wave voltage switching is
used to quantify the sample’s response speed to an electrical
stimulus. By measuring the peak variation of the time-domain
spectrum during a switch with a ±4 V square wave voltage, one
may determine how quickly the sample responds to electrical
excitation. As can be observed from Figure 4(a), the sample’s THz
transmittance increases from 0.6 to 1 in 60 ms when a +4 V
excitation voltage is supplied (as indicated by the yellow area). The
sample’s THz transmittance drops from 1 to 0.6 in 80 ms when a
−4 V excitation voltage is supplied, as seen in Figure 4(b) (yellow
area). This allows for the calculation of the sample’s response speed
for the square wave excitation voltage, which comes out to be
about 7 Hz. When a 4 V excitation voltage is applied (rising edge),
the resistance of PEDOT:PSS film increases, and the ions move
fast, so the transmittance of the THz wave increases quickly.
However, when a −4 V excitation voltage is applied (falling edge),
the film resistance decreases, and the ion movement speed is slow.
This results that the time of the rising edge is shorter than that of
the falling edge. The transmission speed of ILs and the current-
withstanding capacity of PEDOT:PSS:DMSO thin films are the
primary factors limiting the device response speed.

The flow of electrons from the gold electrode toward the
PEDOT:PSS film and their binding to the holes in the film are
diagrammed in Figure 5(a), where a +4 V voltage is supplied for
excitation (the long arrow in the figure denotes the direction of
travel of electrons and ions). The blue region in Figure 5(a)
illustrates this process. At the same time, the BF4- ions travel
toward the gold electrode and the EMIM+ ions move toward the
PEDOT:PSS:DMSO layer. Through this method, the conductivity
of the PEDOT:PSS thin film is decreased together with the
number of holes in them increases; thus, the device exhibits a

Figure 2
Structure diagram of the sample (a) side view and (b) top view. (c) Optical image of the sample (Electrodes 1 and 2
are used to apply excitation voltage, while Electrodes 3 and 4 are employed for measuring thin-film resistance)
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stronger THz wave transmission. On the other hand, as illustrated in
Figure 5(b), when a voltage of −4 V is applied, holes are released in
the PEDOT:PSS film and electrons go from the film to the gold
electrode. Simultaneously, EMIM+ ions travel toward the gold
electrode while BF4- ions in the IL move toward the PEDOT:
PSS:DMSO layer. By doing this, the PEDOT:PSS film returns to
its original condition of conductivity. The device shows a low
THz wave transmission at this time [35].

According to the aforementioned main rationale, the device’s
variation in THz transmission is caused by a change in PEDOT:

PSS thin-film conductivity. The resistance change of the film in
the high and low potential variations was evaluated to support this
mechanism. The sample is initially excited at low voltage (blue
line) and has 410 Ω of resistance, as can be seen in Figure 6. The
resistance increases to 18000 Ω when the high voltage (red line)
is switched on. As the voltage changes to low voltage, the film
resistance goes back to 410 Ω. Get the same outcomes by
repeating this procedure multiple times. This outcome is
consistent with the experimental procedure described above.
Figure 6 illustrates how the conductivity properties of ILs cause

Figure 3
(a) THz time-domain spectra of reference and PEDOT:PSS:DMSO/EMIM-BF4/electrode sample with different bias voltage,

(b) THz spectrum of reference and PEDOT:PSS:DMSO/EMIM-BF4/electrode samples with different bias voltages,
(c) Transmission of PEDOT:PSS:DMSO/EMIM-BF4/electrode samples with the excitation voltage at different

frequencies, and (d) Spectra of electrode/EMIM-BF4/electrode sample with different bias voltages

Figure 4
(a) Rising edge of the sample’s response to+4 V excitation voltage and (b) falling edge of the sample’s response to−4V excitation voltage
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the transmittance to increase quickly after providing a +4 V
excitation voltage, then slowly thereafter. When the excitation
voltage is applied, the concentration of moving ions in the IL will
increase; thus, the ion transport capacity is strong. The holes in
the film can join with the electrons and the resistance of the film
increases quickly. As the time for applied excitation voltage
increases, the concentration of flowing ions in the IL will fall, and
then the ion transport capacity drops; thus, the electron acquisition
speed drops also. Therefore, the growth of film’s resistance slows
down. The device just presents a moderate modulation depth and
frequency, the performance can be improved through better
electrode design, thinner IL layers, and lower loss substrates. The
advantage of this device is low cost and easy fabrication.

4. Conclusion

Finally, we provide a broadband THz amplitude modulator that
can be electrically controlled, based on the IL/PEDOT:PSS:DMSO

composite structure. With the application of +4 V and −4 V
excitation and shutdown voltage to regulate the mobility of
electrons in polymers and ions in IL, it can achieve 40% amplitude
modulation of THz signal in the frequency range of 0.1–1.5 THz.
The modulation speed is 7 Hz. The flow of ions and electrons
within the apparatus under varying voltage excitations provides the
experimental explanation of this phenomena. The thin film’s
capacity to transport holes is altered by electron mobility, which
modifies the film resistance. This work provides a material selection
for a simple preparation, inexpensive, and effective modulation of
THz amplitude for an IL gate electronically controlled THz
modulator. We also hope to promote the miniaturization and
integration development of THz functional devices.
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