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ABSTRACT

Active manipulation of the amplitude of terahertz (THz) frequency waves, through electrical tuning, is key for next-generation THz imaging
and essential for unlocking strategic applications, from wireless communication to quantum technologies. Here, we demonstrate high-
performance THz amplitude modulators based on an electrolyte-gated single-layer graphene. Broadband modulation in the 1.5-6 THz range
is achieved by optimizing the electric field coupling by carefully controlling the spacer thickness in a quarter-wavelength cavity structure,
with a maximum modulation depth of 40% at around 2 THz. Raman characterization confirms a Fermi-level tuning of 0.39 eV via electrolyte
gating of graphene. A test 2 x 2 modulator array with independent control of sub-millimeter regions is then developed and tested, with no
crosstalk between pixels. The reported results highlight the potential of electrolyte-gated graphene for efficient THz modulation. The single-
chip design offers compactness and ease of integration with other electronic components, making it a promising platform for THz spatial
light modulators and adaptive optical components.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0176096
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There is an increasing interest in optoelectronic devices operating
in the 0.1-10 THz frequency range of the electromagnetic spectrum
for applications in spectroscopy,”” imaging,” wireless communica-
tions,”” and quantum technologies.” Unlocking the full potential of
these technologies requires efficient amplitude, frequency, and phase
modulation of terahertz (THz) waves. In quantum technologies, such
as quantum key distribution (QKD) systems, the modulation of single
terahertz photons” amplitude, phase, and polarization state introduces
interesting capabilities for quantum communication and computing.”*
Additionally, THz modulators provide opportunities to study funda-
mental phenomena in THz quantum cascade lasers.””

Significant improvements in controlling various properties of
THz electromagnetic waves, such as amplitude,“]‘ll phase,'z‘13 fre-
quency,'”"” and polarization'®'” in the 0.1-10 THz range with an
amplitude modulation (AM) depth reaching 100% (Ref. 18) and
high-speed (14 GHz) optical signal switching'’ have been reported.
However, dynamically manipulating electromagnetic wave propaga-
tion in the THz band remains challenging, necessitating ultrafast
electronics and active materials. Over the past two decades, extensive
efforts have targeted developing active THz devices with controllable

amplitude and phase.””** Early approaches focused on cooled semi-
conductor quantum wells with intersubband absorption in the THz
range.” By depleting electrons, absorption can be reduced and reflec-
tion increased. Metamaterials have also been explored to amplify
these interactions.

Two-dimensional (2D) materials, especially graphene, provide
original avenues for manipulating light-matter interactions across the
THz. In the THz, the optical conductivity ¢ of single-layer graphene
(SLG) is dominated by intraband transitions. Following the Drude
model, ¢ =iD/n(w +il), where D = (vpe?/h)\/n|n|, vp is the
Fermi velocity, and n is carrier density.”” Through electrostatic gating,
the graphene’s carrier density, the Fermi level and the complex optical
conductivity can be tuned, enabling amplitude, phase, or polarization
modulation to THz frequencies.” >’ However, challenges with fabrica-
tion, doping uniformity, and contact resistance must still be overcome to
fully exploit graphene’s potential for high-performance THz modulators.

Electrolyte gating (EG) emerges as a powerful technique for tun-
ing graphene’s optoelectronic properties. Unlike solid dielectrics, ionic
liquids can create large electric double layers (EDLs) at the graphene
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interface, shifting the Fermi level by over 1eV at low biases
(<3V). """ The self-assembled nanoscale EDL acts as a nano-
capacitor, spontaneously generating intense 10° V/m electric fields
over tiny distances without electrical breakdown. The EDL’s self-
formation in large area provides electrolyte gating with high charge
storage capacity without complex manufacturing. By combining such
strong electrostatic doping with graphene’s inherent tunable conduc-
tivity and high mobility, breakthroughs in THz modulators, switches,
and metamaterials are envisioned. Further improvements in speed’”
stability”” and integration”* of electrolyte-gated graphene could enable
fast, low-power, and CMOS-compatible THz modulation.

To realize an amplitude modulator structure, the gated graphene
layer is conveniently placed at a distance of one-quarter wavelength
(A/4) from a reflective metallic surface, where the amplitude of the cre-
ated stationary wave is maximum.”>’* Remarkably, the reflectivity of
the heterostructure can be controlled by varying the gate voltage.

Here, we report on high-performance THz amplitude modulators
using electrolyte-gated SLG in reflection geometry. By optimizing the
spacer thickness to maximize electric field coupling at the graphene/
electrolyte interface and utilizing resonance effects, we achieve broad-
band (1.5-6 THz) modulation with 40% modulation depth for applied
voltages in the range [—0.5, +-0.5 V]. Raman spectroscopy confirms a
large shift by 13.6cm ™" of the G peak, corresponding to a Fermi level
shift of 0.39 eV. We also present a 2 x 2 spatial light modulator array
with independent control of sub-millimeter scale regions and no cross-
talk between pixels.

The devised THz modulators employ a reflective architecture
consisting of a graphene/electrolyte/metal stack [Figs. 1(a) and 1(b)].
The electrolyte is DEME TFSI (N,N-diethyl N-methyl-N-(2-methox-
yethyl ammonium bis-trifluoromethanesulfonyl imide—99.9%). A
commercially available polycarbonate spacer with actual thicknesses
(15.5,16.5, and 47 um) definesa 3 x 3 mm?> cavity filled with the ionic
liquid electrolyte. This active region is sandwiched between SLG and a
glass substrate coated with 5/200nm of the Ti/Au thin film mirror
deposited by e-beam evaporation. Commercial SLG films deposited on
quartz substrates (Graphenea, Inc.) are employed. Meticulous stacking
of the quartz/SLG on the top of the spacer/electrolyte/metal structure
completes the modulator structure.

The devices are then characterized by measuring the electrical
resistance, the in situ and operando Raman spectra, and the THz
power reflectance, as a function of the applied gate voltage (V). The
resistance-voltage characteristics of Fig. 1(c) exhibit well-defined peaks
at 0.0, 0.2, and 0.0V for devices with active layer thicknesses of 15.5,

(b)
(a)

¢ 10mm1

Quartz
Graphene

Spacer Active area

ARTICLE pubs.aip.org/aip/apl

16.5, and 47 um, respectively. The peaks correspond to the charge neu-
trality point (CNP) of SLG.”

We employed Raman spectroscopy to investigate the gate-
tunable response of the electrolyte-gated graphene modulators. Raman
measurements are performed in the range Vg [—0.5, 40.5V] with
0.05V steps. The applied voltage creates electric double layers (EDLs)
at the SLG/electrolyte and at the Au/electrolyte reflector that modulate
the SLG carrier density and the Fermi energy. A low voltage range is
used to avoid electrochemical processes. Raman spectra are acquired at
each V. The G band corresponds to the E,; phonon at the Brillouin-
zone center (I" point), which is a second-order vibration caused by the
scattering of phonons at the zone boundary.””” The 2D band is the
second order of the D band (defect band).*’

Figures 2(a) and 2(b) show the Raman spectra recorded on a rep-
resentative device having a spacer thickness S = 15.5 um, in the regions
of G (left) and 2D (right) peaks. A Lorentzian fitting of the voltage-
dependent G and 2D peaks [Figs. 2(a) and 2(b)] allows the extraction
of key parameters: G and 2D central frequencies, G peak full width at
half maximum (FWHM), and 2D/G intensity ratios, which are plotted
in Figs. 2(c)-2(f). See the supplementary material for details.

The Fermi energy depends on the energy of the G peak as

31,40

2nhwcMv?

Erl =
=D

(horg — hol), (1)
where fiwg is the G band energy; i, is the G band energy at CNP; D
is the electron-phonon coupling strength, 12.6 eV/A; A, is the area of
the graphene honeycomb unit cell, 0.051 nm?; M is the carbon atom
mass, 1.993 x 10~ *°kg; and vr is the Fermi velocity, 1.2 x 10° m/s.

From the minimum %@ value in the explored voltage range, cor-
responding to 1584.4 cm ™}, we can estimate a CNP of —0.05 V, which
matches well the value found through resistance-voltage measure-
ments shown in Fig. 1(c). From the change by 13.6 cm™ ! of hwg, a
maximum Fermi energy shift of 0.39 eV, is extracted. Also, the G peak
FWHM decreases by a factor of 2.2 [Fig. 2(e)]. The 2D/G intensity
ratio reaches a maximum at the CNP and decreases as the SLG is
biased, starting to saturate at higher bias voltages. This comprehensive
Raman description reveals the voltage-controlled tunability of graphe-
ne’s vibrational properties, which are directly related to the change in
Fermi energy and free carrier concentration and hence anticipate the
corresponding THz reflectivity modulation. Gate tunable response of
graphene-based electrolyte gated THz modulators for spacer thickness
16.5 and 47 pum are described in the supplementary material Figs. S3
and S4, respectively.

| @m— S =155 pm
) S = 16.5 pm
| e— S =47 pm

Resistance (k)

05 -03 01 01 03 05
Voltage (V)

FIG. 1. (a) Graphene modulator scheme consisting of a 3 x 3mm? electrolyte-filled cavity sandwiched between single-layer graphene (SLG) and a gold back reflector. The
modulation occurs in the reflection mode by applying a bias voltage between the SLG and the back reflector surface Au. (b) Optical image of the terahertz modulator. (c)
Measured device resistance as a function of the biased voltage. The peaks in the individual curves correspond to the CNP of SLG.
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FIG. 2. Raman spectra of the THz modulator with 15.5 um thick spacer, as a function of V. Bands due to G and 2D phonons (a) and (b) are fitted with Lorentzian functions
(black lines). Applied voltage dependence of G peak (c), 2D peak (d), G peak full width at half maximum (FWHM) (e), and 2D/G peak intensity ratio (f). The standard error was
found to be ~1%, and the error bars are smaller than the marker size and are not shown.

Fourier transform infrared spectroscopy is employed to measure
the THz reflectivity modulation as a function of V¢, normalized to a
gold mirror reference [Fig. 3(a)] (see the supplementary material Fig.
S5). The modulation efficiency is quantified by the modulation depth

[Fig. 3(b)], calculated as y = 100 x (W) R(Vg) is the

reflectivity at gate voltage V5 and R(Vyp) is the maximum reflectivity
at the charge neutrality point.”® A maximum modulation depth
n = 40% is attained, demonstrating efficient tuning of THz reflectivity
in these graphene modulators. A good agreement with the calculated
frequency dependence of the electric field intensity [Fig. 3(c)] is found.
The results for spacer thicknesses 16.5 and 47 um show a similar
behavior and are shown in the supplementary material (Figs. S6 and
S7, respectively). These are compared with the results found for spacer
thickness of 15.5 um and summarized in Table I.

As a proof of principle toward the fabrication of a spatial light
modulator, four independent (13 x 3 mm?) pixels separated by
0.3 mm gaps are defined on a glass substrate by e-beam evaporation of
Ti/Au (5/200 nm). Four 47 um-thick optical tissue spacers soaked in
ionic liquid create 5 x 3 mm? active regions sandwiched between the
continuous SLG and the individual pixel metal layers. This forms a
2 x 2 submillimeter pixel array operated in reflection mode, with the

Wave number (cm) Wave number (cm™)

50 100 150 200 50 100 150
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e
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508
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common SLG top contact and distinct spacer/reflector for each indi-
vidually addressable 200 x 200 yum® pixel.

The spatial light modulator array comprises four independently
addressable pixels. Graphene charge density modulation is monitored
through in situ micro-probe Raman spectroscopy. Electrolyte gating
allows Fermi level tuning up to 0.5eV with remarkably low [—0.5,
+0.5 V] voltages and without crosstalk. Figure 4(b) shows Raman spec-
tra for pixel 3. Varying the gate bias from —0.5 to +-0.5V, the G band of
pixel 3 is tuned, demonstrating localized graphene gating. Interestingly,
the G band of pixel 3 shows no tuning when pixel 1 is biased, indicating
that the pixels are well isolated. This demonstrates the capability to fabri-
cate modulator arrays without crosstalk and independent pixel operation
using electrolyte gating, which has not been reported previously.
Exploiting this approach could enable efficient THz spatial light modula-
tors comparable to state-of-the-art devices'' ** and provide a path
toward high-performance terahertz spatial light modulators.

In conclusion, we have demonstrated amplitude modulators at
THz frequencies using electrolyte-gated single-layer graphene posi-
tioned at a distance of one-quarter wavelength (//4) from the metallic
reflecting surface. By precisely controlling the electric field coupling
between the graphene/electrolyte interfaces, as well as exploiting reso-
nant effects via different spacer thicknesses, we achieved modulation

1.0
—_ 10V L(c)
— 08V o L 4

- S=155um
- S=16.5pum
- S =47 um

0.2V CNP 0.6 -

I

&

2
IER

—_— +0.2V 04

0.2 =

oA N NA
[ L5 3.0 4.5 6.0

Frequency (THz)

FIG. 3. THz reflectivity spectrum (a) and modulation depth (b) as a function of the applied voltage V. (c) Electric field intensity calculated as a function of the radiation fre-

quency for spacer thickness S = 15.5, 16.5, and 47 um.
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TABLE I. Analysis of the single pixel modulator for different spacer thicknesses.
CNP
Spacer extracted by
thickness electrical CNP extracted CNP extracted Modulation Broadband
Modulator (um) measurement (V) from FTIR (V) from Raman (V) depth (%) (THz)
1 15.5 0 —0.2 —0.05 40 1.5-6.0
2 16.5 0.2 —0.1 0.00 36 1.5-6.0
3 47 0 —-0.2 —0.15 22 1.5-6.0
(@) Pixel 3 - Pixel 2 1605 — 11— T

EF— bias pixel 1
w—— bias pixel 3

FIG. 4. (a) Schematic of the multi-pixel

1600

LI I I

Quartz €—

Graphene
Spacer

1595

w (G){em™)

modulator array. (b) Raman spectra dem-
onstrate independent pixel addressing.
Pixel 3 exhibits gate-tuning of wg band
when biased, while no tuning of wg band
is seen when pixel 1 is biased that exhib-
its independent operation.

(b)

Si/Si0,

depths exceeding 40%. By varying the spacer thicknesses, we show that
the 15.5 um spacer showed the broadest tuning range of 1.5-6 THz,
owing to optimal resonance conditions. Raman analysis confirmed
that a mere bias voltage range of =0.5V resulted in an impressive
13.6cm ™' modulation of the G peak frequency, and a Fermi-level tun-
ing of 0.39 eV, thereby validating the underlying tuning mechanisms.
Finally, we fabricated a 2 x 2 spatial light modulator array, where
independent addressing and control over sub-millimeter scale regions
of graphene were achieved without any crosstalk between pixels. These
results pave the way for the development of high-performance THz
modulators and open up possibilities for their integration for different
applications, such as spectroscopy and imaging. The monolithic inte-
gration of electrolyte-gated graphene structures with existing CMOS
terahertz technology will enable the realization of highly compact tera-
hertz systems on a single chip.

See the supplementary material for details on the fabrication
of single and multi-pixel] THz modulators, the calculation of the
reflectivity as a function of the voltage-induced Fermi energy shift,
additional Raman results on modulators with spacer thickness of
16.5 and 47 um, and the data processing of the reflectivity modula-
tion and efficiency.
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