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Abstract Fabrication of terahertz modulators as simple devices with high modulation depth
across a broad bandwidth is still very challenging. In this study, four different chemical vapor
deposition grown multilayer graphene (MLG) modulators based on MLG/ionic liquid/gold
sandwich structures have been investigated. Flexible substrates (PVC and PE) were chosen as
host materials, and devices were fabricated with three different thicknesses. The resultant
MLG devices can be operated at low voltages between 0 and 3.4 V providing nearly complete
modulation between 0.2 and 1.5 THz with low insertion losses. Even with such low gate
voltages, the devices have been doped significantly inducing 7–11-fold improvement in their
sheet conductivities depending on device thickness. In addition, sheet conductivity has been
improved more than three times as the graphene layer number increased from 30 to 100. With
the demonstration of promising device performances, the proposed modulators can be poten-
tial candidates for applications in terahertz and related optoelectronic technologies.

Keywords Attenuators . Filters . Terahertz optics . Integrated photonics

1 Introduction

Since its discovery in 2004, graphene has attracted intense attention in many fundamental
areas due to its remarkable electronic and mechanical properties. With its gapless and
symmetrical band structure, graphene has extraordinary physical properties such as a room-
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temperature quantum Hall effect and micrometer long mean free path [1]. Its massless carriers
result in an extremely high carrier mobility making graphene a unique material in applications
of high-speed electronics. Single-layer graphene’s fairly low (ca. 2.3%) absorption of visible
and IR radiation [2] makes it useful in the application of transparent electrodes, photodetectors,
and broadband infrared electro-optical modulators [3]. Exploration of graphene carrier dy-
namics has shown that electronic structure of graphene is more sensitive to the terahertz region
of the electromagnetic spectrum than to the IR and visible ranges [4], and terahertz beams
allow characterization of carrier dynamics [5] near the Fermi level [6]. Therefore, graphene is
recognized as a potentially active material for photosensitive terahertz devices in the applica-
tion of active filters, switches, and modulators. These optical devices are urgently needed in
order to advance in diverse applications such as nondestructive imaging, spectroscopy,
biomedical diagnosis, ultrahigh wireless communication, and security.

Conventional terahertz modulators that are based on semiconductor materials [7] and
hetero-structures containing a 2D electron gas [8] showed low modulation depths. Metal gates
used in the structures can limit the working range of carrier density and Fermi energy tuning
[9]. In addition, hybrid metasurfaces were also considered such as the one by Heyes et al. that
achieved a broadband modulation between 0.5 and 1.5 THz [10]. Compared to those first-
generation devices, single layer graphene-based terahertz modulators have higher carrier
mobilities with an electrically tunable carrier density and offer low insertion loss (0.2–
0.5 dB) [3, 11]. However, theoretically expected high modulation depth and broadband
performance are difficult to achieve due to their strong dependence on quality of graphene
[3] and unanticipated component effects such as substrate effects [2]. Improvement in terahertz
modulation of single-layer graphene was achieved by integrating graphene with photonic
cavities [12] or by metamaterials [13]. Kakenov et al. have demonstrated a flexible active
terahertz surface constructed with a large-area single-layer graphene, a metallic reflective
electrode, and an electrolytic medium in between. The device provides complete modulation
in terahertz reflectivity at 2.8 . In addition, a 50% amplitude modulation at voltages between −
20 and + 20 V is reported by Gao et al. using a gated single-layer graphene modulator with
metallic ring aperture [13]. However, terahertz modulation in these studies is limited to a
narrow bandwidth.

Increased modulation depth can be obtained by use of multilayer graphene (MLG) structure
alone or MLG with ionic liquids [14–17]. Shen et al. presented 75% modulation depth with a
multilayer stack of alternating patterned graphene sheets in a metamaterial-based modulator
[18]. However, narrowband operational range and polarization-dependent responses of
metamaterial-based modulators may limit their future applications [11]. On the other hand,
Baek et al. reported improved modulation when modulator layer numbers were increased from
1 to 12 [16].

In a study by Wu et al., the increase in modulation with increased number of graphene
layers on electrodes was explained by elimination of boundary defects during multilayer
formation in a graphene/ionic liquid/graphene device where ionic liquid forms interfaces with
the graphene electrodes [15]. Kakenov et al. [19] presented an ionic liquid-based terahertz
amplitude modulator where more than 50%modulation depth was obtained by efficient mutual
gating of graphene electrodes and ionic liquid. Furthermore, Liu et al. achieved a modulation
depth of 22% with a device utilizing ionic liquid. In addition, ionic liquid-based graphene
modulators can demonstrate very high flexibility when used with flexible host materials such
as polymers (i.e., polyvinyl chloride (PVC), polyethylene (PE), or polyethylene terephthalate
(PET)) [20]. Another advantage of MLG is that its optical response is dominated by layers that
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do not interact with substrate. Consequently, misleading optical results can be prevented since
the dielectric substrates may cause a change in the Fermi level of a single layer graphene due to
band gap opening [21].

A compromise between modulation depth, polarization dependence, ease of fabrication,
design flexibility, large area production, and operational bandwidth exists in most of the
studies reported in the literature. In this study, we present large-area MLG devices on flexible
substrates that do not compromise on the modulation performance. The study experimentally
demonstrated a remarkable performance on terahertz amplitude modulation by devices made
from ionic liquid-doped MLG structures on polyvinyl chloride (PVC) and polyethylene (PE)
substrates. The modulation depths were investigated at a broadband frequency range from 0.2
to 1.5 THz with application of very low voltages ranging between 0 and 3.4 V. The observed
modulation range is limited by the spectrometer and appears frequency independent. The
modulation is tunable and almost 100% attenuation is achieved at 3.4 V. This performance is
achieved by simple but effective structure of MLG terahertz modulators which enhanced
gating effect of ionic liquid.

2 Experimental

A diagram of terahertz-TDS system used in these studies is shown in Fig. 1a. Coherent
terahertz radiation was generated on a < 110 > ZnTe crystal via optical rectification by an
amplified femtosecond laser (800 nm, 180 fs, 1 kHz). The radiation is detected from retarded
phase of the detection pulse by the oscillating terahertz field in a second ZnTe crystal, and
polarization change is monitored by a balanced photodiode with a quarter-wave plate and a
Wollaston prism. The photodiode voltage is detected using a lock-in amplifier. The system is
enclosed in a dry air-purged box to minimize water vapor attenuation of terahertz. The
spectrometer effective working range is 0.2 to 1.5 THz with the MLG devices.

Multilayer graphene samples were grown on nickel foils using chemical vapor deposition
method. Due to high solubility of carbon atoms on Ni, highly crystalline MLGs with varying
layer numbers were grown. The growth process takes place in quartz chamber under the
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Fig. 1 (a) Terahertz setup and MLG structure (inset) consisting of MLG sandwiched between host (PVC or PE),
electrolyte, and gold electrode. Drawings show (b) no doping case at 0 Vand (c) intercalation of ions through the
graphene
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presence of argon, hydrogen, and methane gases. The temperature in the chamber determines
the layer number of graphene samples. The samples were grown at 850, 900, and 1000 °C
corresponding to nearly 30, 60, and 100 layers, respectively, estimated from optical measure-
ments [22]. After the growth, MLG samples were transferred on PVC (labeled as MLG850,
MLG900, and MLG1000) or on PE (MLG1000PE) by lamination, and nickel was removed
with iron chloride (FeCl3.6H2O) solution.

The inset of Fig.1a illustrates the fabricated MLG structure. The device consists of MLG on
substrate (PE or PVC) and gold electrodes sandwiching an ionic liquid, Diethylmethyl(2-
methoxyethyl)ammoniumbis (trifluoro-methylsulfonyl) imide. Separator, 35 μm Whatman
tissue, is used to keep ionic liquid and to isolate MLG and gold electrode from contacting.
The gate electrode, 80-nm gold on substrate, has a 5-mm circular opening for terahertz trans-
mission. Eighty-nanometer gold is sputtered with a mask for electrical contact, and wires are
bonded to sputtered gold and to gold electrode. The separation, tissue, between MLG and
gold-gating electrode prevents leaking and enables intercalation. At zero bias, the transmit-
tance of MLG devices were maximum suggesting very low doping level (Fig. 1b). Upon
application of bias voltage, the ions of the same polarity intercalate through layers of graphene
[22, 23] resulting in attenuation of terahertz transmission (Fig. 1c). Recovery is slow, and
application of a gate voltage beyond 3.5 V may damage the device.

3 Results and Discussion

Figure 2a presents changes in terahertz waveforms for the MLG850 sample as the applied
voltage was varied. The corresponding frequency domain data of the waveforms are given in
Fig. 2b. The data show no observed changes in phase, a result that might be due to graphene’s
robust nature under electrolyte gating [15] and/or its much smaller thickness compared to the
terahertz wavelength. Transmission spectra of MLG devices relative to 0 V are given in Fig.
2c–f. At applied voltages up to 1.5 V, less than 20% modulation was observed in all devices. A
modulation between 20 and 30% at ca. 2 V was achieved with greater MLG thickness. The
MLG devices had more than 80%modulation at 2.6 V, except MLG850 which had modulation
around 50%. Almost full power modulation was achieved with all MLG devices at voltages
beyond 3 V. The modulation depth is significantly improved compared to single [4] and
multilayer [16] devices over a very broad range. The modulation was fairly flat and featureless
over a broad frequency range especially at low voltages suggesting that modulation is
frequency-independent. Compared to other devices, the thinnest unit, MLG850, provided a
more controllable modulation with the applied voltage. Features such as the ones around
1.2 THz in Fig. 2b, c at low voltages (which are higher than 100% at 0.5 V) are possibly
artifacts due to signal-to-noise limits and transmittance calculations relative to 0 V. Otherwise,
such features are expected to become stronger as the voltage or attenuation is increased.

Figure 3a presents the change in terahertz peak amplitude of all four devices at voltages
between 0 and 3.4 V. The terahertz peak amplitude results from an interference of all
frequencies in the field. Therefore, it represents an average behavior. The maximum transmis-
sion was observed at 0 V while the minimum was reached beyond 3 V. As the gate voltage was
increased, an almost linear decrease in amplitude was observed up to ca. 2 V. Transmission
decreased sharply as the gate voltage was increased from 2.0 to 2.8 V. At gate voltages above
ca. 2.8 V, the transmission remained relatively flat (up to a maximum applied voltage of
3.4 V). The observed change in terahertz amplitude was provided with voltage-controlled
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changes in mobile carrier density. The voltage-dependent behavior of all MLG devices was
very similar except the thinnest device (MLG850) where steep decrease started at slightly
higher voltage. Four probe measurements of the voltage-dependent sheet resistance behavior
of MLG850 is provided in inset of Fig. 3a and shows a very similar behavior. The comparison
of the peak amplitude behavior with the sheet resistance and with the behaviors at selected
voltages (Fig. 3b) suggest that observed modulation with the set voltage appears to be
independent of the terahertz frequencies and is limited only by the instrument response.

Fig. 2 (a) Transmitted terahertz waveforms as voltage is varied on the device, MLG850. (b) Corresponding
frequency domain amplitudes. Terahertz transmittance of (c) MLG850, (d) MLG900, (e) MLG1000, and (f)
MLG1000PE at all applied voltages relative to 0 V

Fig. 3 (a) Transmission modulation with voltage at terahertz peak amplitude (MLG850 black square; MLG900
red circle; MLG1000 green triangle; MLG1000PE blue pentagon). (inset: voltage-dependent sheet resistance of
MLG850 measured by four probe). (b) Transmittance of MLG850 device for three selected frequencies of 0.4,
0.9, and 1.4 THz
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Optical conductivity of graphene appears to follow its electrical conductivity at the sampled
terahertz frequencies and is described by the Drude model [6, 24]. The imaginary part of the
conductivity was neglected when applying the model since no significant phase shift in the
time domain (Fig. 2a) was observed. All changes observed in conductivity are expected to
result from a change in carrier density and/or change in scattering time [25]. Therefore,
terahertz sheet conductivities (σsh) of MLG devices are proportional to the amplitude ratio
of reference (PVC or PE) substrate to MLG sample as given in Eq. 1 [26]:

σsh ¼ nþ 1ð Þ Asubsrate

AMLG
−1

� �
=Z0 ð1Þ

Here, Z0 is free-space impedance, and n is substrate refractive index. Frequency-dependent
sheet conductivity of MLG850 at 0 V is given in Fig. 4a as an example. The behaviors of
others were similar to the thinnest device. At the Dirac point, all devices showed featureless
sheet conductivities, and their DC conductivities were estimated to be 4.4, 7.5, 17.8, and
10.3 mS for MLG850, MLG900, MLG1000, and MLG1000PE, respectively.

The DC conductivity of the device having a PE substrate (MLG1000PE) appeared to be
lower than its PVC counterpart. This difference was most likely due to differences in the
quality of the graphene [26] since it affects the carrier scattering time. These DC conductivities
are close to the ones determined from four probe measurements (3.3 mS for MLG850, 5.8 mS
for MLG900, 31.2 mS for MLG1000) and are consistent with those reported for the similar
devices [11, 16, 26]. Carrier densities were estimated as ca. 1.5 × 1012 cm−2 for MLG850, ca.
4.5 × 1012 cm−2 for MLG900, and ca. 1.3 × 1014 cm−2 for MLG1000 using experimental sheet

Fig. 4 (a) Frequency-dependent terahertz sheet conductivities of MLG850. Trends in (b) terahertz sheet
conductivities and (c) modulation at selected frequency of 0.8 THz for selected voltages of 1.5, 2.8, and 3.4 V
for clarity. The x scale in Fig. 4c is the insertion loss of MLG devices (initial attenuation of the device when it
is first introduced into the optical path)
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resistance and an average scattering time of 200 fs [27]. Sheet conductivities (σsh) at applied
voltages were calculated using Eq. 2 [28], which is derived from Eq. 1:

σsh ¼ nþ 1

Z0

A0

Agate
1þ σsh;0

Z0

nþ 1

� �
−1

� �
ð2Þ

where A0 and Agate are the transmitted terahertz field amplitudes of the devices at 0 Vand gate
voltages, respectively. The results are reported in Fig. 4a for MLG850. Figure 4b presents
conductivities of all devices at representative voltages of 1.5, 2.8, and 3.4 V for 0.8 THz.
Conductivities increased significantly with doping, and percent increase at 3.4 V relative to
0 V [Δσ = (σ3.4 − σ0)/σ0] was ca. 1000% for MLG850, 715% for MLG900, 705% for
MLG1000, and 1150% for MLG1000PE. A similar high increase is explained by an increase
in hole carrier concentration in a study by Qi et al. [25]. Besides the doping effect, graphene
thickness can also affect the conductivity significantly. When the thinnest (ca. 30 layers) and
the thickest (ca. 100 layers) devices were compared at 0 V [Δσ = (σ100 − σ30)/σ30], an
enhancement of ca. 300% was observed. The difference was still significant but less pro-
nounced (197%) at 3.4 V for the same devices. The increase in layer numbers should not affect
terahertz conductivity of MLG devices or their scattering time [25] since the sheet conductivity
is defined as σsheet = σTHz × dN − layer where dN-layer is the thickness of graphene layers. Thus,
only the sheet conductivity should increase due to increased carrier density with thickness.
Similarly, an increase of 73% in the sheet conductivity was noted as the graphene layer number
was increased from 1 to 12 in a study by Baek et al. In addition, Wu et al. had also shown an
increased sheet conductivity with an increase in layer number [17].

In addition to being a preferential host material for flexible photonic devices, PVC and PE
are also preferred for their very low insertion losses of less than 1 dB at all frequencies, which
is much less than that of the devices. The thinnest device had an average of 3 dB insertion loss,
and the loss was increased with the layer thickness. Thus, the highest loss was observed for the
thickest devices as ca. 8 dB for MLG1000PE and 11 dB for MLG1000. Figure 4c presents
modulation of terahertz amplitude versus the insertion loss at 0.8 THz for selected voltages of
1.5, 2.8, and 3.4 V. Here, the insertion loss is the initial loss of the terahertz power when the
device is inserted in the beam path and modulation represents the further change in the
transmission of the terahertz wave. Any initial attenuation of the terahertz field by the ionic
liquid prior to applied voltage is also included in the insertion losses. The best performance
was achieved with the thinnest MLG device with its much lower insertion loss and almost
100% modulation depth at 3.4 V. Depending on the application type, devices with optimal
numbers of graphene layers can be designed considering the trade-off between the conduc-
tivity, modulation, and insertion loss at the preferred voltage.

4 Conclusions

In this study, broadband modulation behavior of four different terahertz devices based on
multilayer graphene was investigated by terahertz time-domain spectroscopy. The thinnest
device with ca. 30 layers provided almost complete modulation of terahertz waves at an
operation voltage of less than 3.4 V. The effect of increased layer number on terahertz
modulation was also investigated, and near-complete modulation was demonstrated at all
thicknesses. However, as the layer thickness increased, an increase in the insertion loss was
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also observed. With the strong gating effect of dopant molecules, it was possible to achieve a
tunable modulation in terahertz transmission between 0.2 and 1.5 THz as a broadband
response at very low operation voltages, 0 to 3.4 V. Here, the modulation is frequency-
independent and bandwidth appears to be limited only by the instrument. Even at such low
gate voltages, the devices were doped significantly inducing an enormous improvement in
their sheet conductivities. Sheet conductivities of the devices were also improved with
increasing thickness of the active layer. Such controlled and targeted behaviors are promising
for new terahertz devices for desired conductivities and modulations. This study along with the
previously reported studies have shown that ionic liquid-integrated MLG devices are a
promising platform to produce terahertz active filters with controlled modulation and are
expected to have a strong impact on terahertz optoelectronic devices in the near future in
many application areas.
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