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Here we propose a voltage-controlled Fabry-Perot modulator made of two overlapping graphene sheets sepa-
rated by a hafnium oxide layer, manufactured on a silicon substrate. The applied voltage shifts the Fermi level in
both layers thus changing the total surface conductivity. This in turn changes the optical parameters of the system.
Due to the architecture of the modulator, =50% of THz power is absorbed and the applied voltage controls the ratio
between the reflection and transmittance. At the resonance frequency of 414 GHz, the transmission through the Fab-
ry-Perot modulator can be doubly reduced in a voltage range of —1.5 to 10 V. In DC measurements, it is revealed
that the electrical properties of graphene sheets dramatically depend on the technological process. The proposed
multilayer structure can be manufactured on any THz-transparent substrate, compatible with photolithography and
atomic layer deposition (ALD) processes. Voltage-controlled surface conductivity could find its application in sensing

or modulation of electromagnetic waves.
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1. Introduction

THz is a region of electromagnetic wave spectrum
that lies between microwaves and far infrared rays,
with free-space wavelengths of 3 mm and 30 ym,
respectively. This frequency region is relatively
new and unexplored compared to other frequency
ranges, opening up opportunities for innovative
discoveries and technological advancements. Some
of these discoveries already find applications for
non-destructive testing, imaging [dj] and sensing
in materials science, biology [E] and security [E].
However, the development of efficient and versatile
modulators capable of manipulating THz signals
is still a challenge. This is where graphene-based
modulators come into play. Unique properties of
graphene, such as its high carrier mobility [H], tuna-
ble conductivity [E] and ultrafast response [], make
it an attractive material for THz modulation [ﬂ, E].
For instance, surface conductivity can be modi-
fied by applying voltage to graphene strips through
the ionic liquid in the periodic array of H cells [é].

The basic idea is that linking more cells modifies
the properties of the array, allowing the adjustment
of transmission, phase and frequency. The same
principle is applied for voltage-controlled elec-
tromagnetically induced transparency (EIT) [].
It is also possible to control surface conductivity
with optical excitation. It has been demonstrated
using a semi-insulating GaAs substrate, on which
the laser beam and THz beam are concentrated at
the same spot. Modulation of Fabry-Perot reso-
nances is performed by sweeping the laser intensity
from 0 mW (which has no effect on THz transmis-
sion) to 100 mW (which suppresses THz transmit-
tance) [].

In this paper, we present a novel graphene du-
al-layer modulator that does not require ionic gel
or additional laser to modulate surface conductiv-
ity. By applying DC voltage to the graphene sheets
separated by hafnium oxide, the graphene surface
conductivity can be modified, thereby dynamically
controlling the optical parameters (transmission/
reflection) of the Fabry-Perot modulator.
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2. Preparation of samples

A Fabry-Perot modulator is made on a 2 x 2 cm
silicon substrate with a thickness of 525 + 25 ym.
Both sides of the silicon substrate are polished,
the surface Miller index is 100, the resistivity rang-
es from 10000 Qhm-cm to 1000000 Qhm-cm. Fol-
lowing the RCA (Radio Corporation of America)
cleaning steps SC1 and SC2, the samples undergo
surface passivation by etching in H,O:HF solution
(100:1 by volume) for 3 min at room temperature.
This etching process removes the native silicon ox-
ide (SiO,). As a result, the silicon dangling bonds
are terminated by hydrogen atoms, resulting in
a hydrophobic surface with a low surface recombi-
nation velocity [[L2] and an increased resistance to
chemical attacks [[L3]. Then the etching sample is
rinsed in deionized water and dried with a flow of
nitrogen gas.

A 60 nm hafnium oxide layer is grown by
atomic layer deposition over a period of 8 h at
175°C in a Fiji F200 ALD reactor (Cambridge Na-
noTech Inc.). Tetrakis(dimethylamino)hafnium
(TDMAH, [(CH,),N],Hf) with 99% purity func-
tions as a hafnium precursor, while deionized wa-
ter acts as an oxygen precursor. Argon is used as
carrier gas, with a constant flow rate of 140 stand-
ard cubic centimetres per minute (SCCM) and
a base pressure of ~19 Pa in the reaction chamber.
A hafnium oxide layer prevents the leakage cur-
rent flow in silicon, ensuring the minimal impact
of environmental lighting on DC and THz mea-
surements.

Image reversal photolithography is carried out
using an AZ5214E photoresist. The photoresist is
developed in H,0:AZ351B solution (4:1 by vol-
ume) for 1 min, followed by rinsing with deionized
water and drying in nitrogen gas flow. Gold con-
tact pads are deposited by thermally evaporating
Cr/Au and performing the lift-off procedure. Easy
transfer graphene with PMMA poly(methyl meth-
acrylate) on top, procured from Graphenea, Ltd., is
cut into 5 x 7 mm pieces. Wet transfer technique
is employed to transfer graphene onto gold contact
pads 1-3 (Fig. ). Annealing of graphene is carried
out by placing samples on a 120°C hotplate for 2 h.
Subsequently, a combination of deep UV radiation
(A =254 nm) and immersion in an isopropyl alco-
hol solution is used to remove PMMA, following
the procedure described in Ref. [@].

Fig. 1. A Fabry-Perot modulator features over-
lapping of two 5 x 7 mm graphene sheets (light
blue) which are separated by 60 nm HfO, (dark
blue). The modulator is made on a 500 ym silicon
substrate (grey), and contact pads 1-4 are made
of gold (yellow). A THz beam incident perpen-
dicularly to the surface hits the overlapping part
of the graphene sheets.

The second hafnium oxide layer is deposited by
the ALD process described above. Before laying of
the second graphene sheet, contact pads 2 and 4
were cleaned mechanically to uncover gold under
hafnium oxide. Wet transfer technique is employed
for placing the second 5 x 7 mm graphene sheet on
pads 2-4. After the annealing, the sample is ready
for measurements. The final structure of the Fab-
ry-Perot modulator is shown in Fig. .

3. THz measurements

Fabry-Perot resonance can be seen in the trans-
mission spectra of the parallel dielectric plate when
waves propagate through a substrate and experi-
ence multiple internal reflections. The transmis-
sion spectrum is a periodic function of frequency
with the equal spacing of high-transmittance peaks
and low-transmittance dips. Transmission dips
occur as a result of the destructive interference
within the dielectric plate, thus part of the imping-
ing wave is reflected back. Transmission peaks oc-
cur as a result of constructive interference within
the dielectric, thus reducing reflection to the mini-
mum. The material thickness influences the pe-
riod between peaks (the highest transmission) in
the frequency scale, the dielectric constant also
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determines the depth of transmission dips. These
spectral properties can be used for practical appli-
cations, for example, in the enhancement of anten-
na radiation properties [, ].

Experimentally, terahertz spectra are obtained
using a frequency domain spectrometer Toptica
Terascan 780. The Fabry-Perot modulator is posi-
tioned perpendicularly to the THz beam. The un-
polarized beam is aimed at the intersection of
two graphene sheets. Since the distance between
the graphene sheets is much smaller than the THz
wavelength, they act as a single unit, hence the sur-
face conductivity of the graphene sheets is summed
together. Fabry-Perot resonances are periodic,
and we analyse the frequency range around a sin-
gle selected Fabry-Perot peak at 414 GHz. Mea-
surement data are obtained by sweeping frequency
from 380 to 460 GHz in increments of 0.2 GHz.
The transmission spectrum is calculated by divid-
ing the data measured with the sample in the beam
path by the data measured without a sample.
The THz detector measures photocurrent propor-
tional to the THz signal amplitude. Transmittance
is calculated by squaring the divided THz signals.
To reduce the spectrometer noise and effect of
the standing waves [], averaging and smoothing
of the spectral curves is applied.

The surface conductivity of a double graphene
layer, put on a dielectric slab, offers an additional
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degree of freedom for THz signal modulation. By
applying DC voltage between the graphene layers,
we are able to vary their conductivity and, in this
way, the intensity of THz radiation can be modulat-
ed. The experimentally measured change of trans-
mittance for different voltages applied to the gra-
phene layers is shown in Fig. P in the vicinity of
the Fabry-Perot resonance peak.

Accounting for substrate characteristics such
as dielectric constant, substrate thickness and sur-
face conductivity, one can numerically evaluate
the Fabry-Perot resonance spectra of transmit-
tance, reflectance, or absorption. Reflected wave
electric field amplitudes can be written as [@]
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Fig. 2. Transmittance of the Fabry-Perot modulator. Symbols
(x) represent measurements, other lines represent the calculated
spectra with surface conductivity as a fitting parameter.
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Here o is the surface conductivity [S/O], & is
the relative substrate permittivity, #, is the imped-
ance of free space 376.73 [Q], d is the dielectric
thickness [m], k, denotes the wave vector ampli-
tude in the dielectric plate, and k,; = 272\e 1 2, A
is the wavelength in free space. The electric field
amplitude for the transmitted wave is

E' 2

== - (6)
C+1Dsin(k,d)

Having reflected and transmitted the electric
field amplitude, the reflectance R and transmit-
tance T can be expressed in the following way:

T=E'x E", (7)

R=E xE", (8)
yielding the following expression for absorbance:

A=1-R-T. 9)

By varying the surface conductivity in Eq.
(6), the transmittance spectra (7) are matched to
the experimental data. This is shown in Fig. , with
lines for a few selected voltages. The lowest surface
conductivity corresponds to the highest THz trans-
mittance.

The double-sided arrow at —1.5 V in Fig. E illus-
trates the range of controlled transmission and also
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corresponds to the Dirac’s point voltage. The hori-
zontal dashed line represents the operational volt-
age range of Fabry-Perot modulator. The modula-
tion depth can be calculated from minimum and
maximum transmittance values, and it determines
the extent to which a carrier signal can be modu-
lated by the applied DC voltage. As follows from
the figure, by applying DC voltage the transmitted
power is decreased by 50%. The modulation depth
is calculated by using formula from Ref. [],

T —T.
MD = Zmax—Tnin 1009, (10)
Tmax + Tlnin

where T is the maximum transmittance through
a sample, and T is the minimum transmittance.
In this particular case, the value of MD = 34% is
reached.

The presence of conductive layers (graphene
sheets) changes the reflection of THz radiation from
the sample, leading to a change in transmission. But
the calculations of absorbance using Eq. (9) reveal
that transmission is significantly affected by the ab-
sorption of THz radiation in the graphene layers. It
is seen in Fig. E that as the applied voltage changes
from -1.5 to 10 V the absorbance in the graphene
layers increases from 28 to 48% at 414 GHz.

The THz measurements show the combined ef-
fect of both graphene sheets. In the following sec-
tion, the surface conductivity measured with THz

T@414 GHz

AT =50%

-2 0 2 4 6 8 10

Voltage (V)

Fig. 3. Fabry-Perot modulator performance at 414 GHz.
The characteristic is plotted with respect to the poten-
tial connected to the top graphene layer.
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Fig. 4. Absorbance, reflectance and transmittance spectra of the Fabry-Perot modulator. Bias voltage: (a) 1.5V

and (b) 10 V. Solid lines illustrate the calculated results.

is compared with the electrical measurements
using DC voltage sources and current meters.
This approach provides a better understanding of
the behaviour of each graphene layer.

4. DC measurements

The main factor determining the performance of
the Fabry-Perot modulator is the achievable low
and high surface conductivity which depends on
the applied voltage and features of the graphene
sheets. The conductivity of the insulating layer be-
tween the graphene sheets should be kept much
lower than the conductivity of any graphene
sheet to prevent the leakage current flow between
the graphene sheets, which can compromise
the THz modulation performance.

We repeat voltage sweep performed in the THz
measurement to measure the conductivity of each
layer using the voltage source U, ,. The circuit in
Fig. E is complemented with voltage sources U
and current meters. During the main voltage (U, ,)
sweep, the secondary voltage (U, ) is kept constant
at 1 V, thus simultaneously monitoring current
changes in each layer. Dependent on the applied
voltage the surface conductivity can be expressed
in the following way:

o1l
S Ush W. (11)

Here U is the secondary voltage applied to the gra-
phene sheet [V], I, is the current in the graphene

sheet [A], w is the overlapping width of graphene
sheets [m], and [ is the overlapping length of gra-
phene sheets [m].

Surface conductivity as a function of voltage
between the graphene sheets is depicted in Fig. f.
Contributions of the top layer (green) and the bot-
tom layer (light blue) to the total surface conductiv-
ity are demonstrated. The black curve corresponds
to the surface conductivity obtained from the THz
measurements as described in the previous section.

We observe some discrepancy between the total
surface conductivity obtained from the DC mea-
surements (red) and the conductivity obtained

U12
Ush
1 2
A
4 3 I,
I

24

U A

sh

Fig. 5. Diagram for measuring graphene sheet
conductivities. Voltage is applied by variable
source U, ), currents measured for each layer are

I,and I, U, arethe voltage sources for each layer.
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Fig. 6. Surface conductivity obtained from THz measurements (black) com-
pared to the total surface conductivity from DC measurements (red). Other
curves represent the contribution of each layer to the total surface conductiv-
ity. In the chart, a top layer voltage is referenced.

from the THz (black) across the entire voltage
range. On the one hand, the contact resistance (Rc)
between the graphene and gold contact pads might
be present [R(]. On the other hand, non-overlap-
ping parts of graphene sheets add some additional
series resistance in the DC measurements. As a re-
sult, the measured surface DC conductivity appears
to be lower than the one obtained from the THz
transmittance measurement.

5. Discussion of Fabry-Perot modulation
performance

DC and THz measurements confirm that the volt-
age between the graphene sheets changes the sur-
face conductivity of individual graphene layers, thus
affecting the THz transmission through the modu-
lator. In contrast to the THz experiment, the DC
measurements allow one to analyze the contribu-
tion of each graphene layer separately. The bottom
layer (R ,) shows a significantly higher sensitivity
to the voltage change between the graphene sheets
compared to that of the top layer (Fig. H). Accord-
ing to the position of the Dirac’s point of the bot-
tom sheet (R ,), which is shifted towards negative
voltages, the p-type conductivity of graphene can

be determined [, @]. When voltage is applied,
the electrostatic potential changes the charge carrier
density, which causes a shift in the Fermi level [@],
thus changing the conductivity of both graphene
sheets. For the bottom layer (R,,), in the voltage in-
terval from -10 to -1.5'V, the Fermi level is shifted
out of the conduction band until the Dirac’s point
is reached. Here due to the ambipolar effect charge
carriers change from holes to electrons. From -1.5
to 10 V, the Fermi level is shifted down towards
the valence band. For the top layer (R,,), the Fermi
level stays inside the valence band across the entire
voltage range.

In our case, the p-type doping of graphene is
present due to the chemicals used in PMMA re-
moval []. Other doping sources might affect
the modulator as well. For example, the contact
between graphene and physisorptive metals like
Al, Cu, Ag, Au and Pt can change the Fermi level
locally and affect the concentration of electrons
and holes [@]. It is reported that the carbon na-
notube conductivity significantly changes when
nanotubes are exposed to a mixture of Ar, NH,,
NO, and ahﬂ@]. In another instance, the report
by Kriiger [R3] discovered that covering a carbon
nanotube sample with aqueous solutions of LiCIO,,
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KMnO, and H,PO, shifted the Dirac’s point. There
is also possible to create more than one Dirac’s
point either due to local gates or the p-n junction
formed by chemical doping. This phenomenon
is explained in the article on graphene and MoS,
overlapping sheets [@].

Here, we demonstrate a voltage-controlled sur-
face conductivity that provides the dynamic control
of THz power in an otherwise static system. This
feature could be very useful for more advanced
resonant structures, like metasurfaces where Fano
resonances are observed. Multiple Fano resonances
are demonstrated in an array of split ring resona-
tors (SRR) on a low loss dielectric (PTFE) [@]. This
resonance is very sensitive to changes in surface
conductivity and dielectric loss. It is considered to
combine Fano resonance and voltage-controlled
surface conductivity. Furthermore, due to the ex-
cellent mechanical properties of graphene, our
work can be extended to develop and optimize gra-
phene-based modulators on thin flexible polymer
substrates to create multilayer non-planar metama-
terial devices operating at terahertz frequencies.

By purposefully engineering multiple Dirac’s
points it is possible to create logic gates [@], or
use the concept in aqueous solution sensors. An-
other improvement in the modulator performance
is expected from advanced technological processes
and a broader selection of materials. For example,
the Dirac’s point can be shifted to lower voltages
during annealing in the He atmosphere by applying
voltage to remove ambient contamination by Joule
heating [@]. The use of this technique would re-
duce the control voltage range.

6. Conclusions

We demonstrated the voltage-controlled Fabry-
Perot modulator based on the mutual gating of
two graphene sheets separated by a hafnium oxide
layer deposited on a silicon substrate. The work-
ing principles have been highlighted, indicating
that voltage shifts the Fermi level in both graphene
sheets, thus affecting the total surface conductivity
more than 3 times. This in turn determines the op-
tical parameters of the Fabry-Perot modulator. In
a voltage range of -1.5 to 10 V, the ratio between
reflectance and transmittance is controlled, thus
resulting in the modulation depth of 34%. THz and
DC measurements allow one to estimate the Dirac’s

point position and quantitatively evaluate surface
conductivity. We observe that the behaviour of
graphene layer conductivity strongly depends on
the chemicals used for processing. The proposed
modulator can be made on any mechanically sta-
ble dielectric surface compatible with processes of
photolithography and ALD. It can be applied for
sensing or modulation at terahertz frequencies.
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JTAMPA VALDOMAS FABRY IR PEROT MODULIATORIUS

A. Kamarauskas ?, L. Staisitinas ®, D. Seliuta »®, G. Slekas ¢, Z. Kancleris *

2 Fiziniy ir technologijos moksly centras, Vilnius, Lietuva
* VILNIUS TECH, Vilnius, Lietuva

Santrauka

Pagamintas ir i$tirtas jtampa valdomas Fabry ir Pe-
rot moduliatorius, ant silicio padéklo klojant du grafe-
no sluoksnius ir juos atskiriant hafnio oksidu (HfO,).
Prijungus jtampg tarp grafeno sluoksniy abiejuose
sluoksniuose ji skirtingai paveikia Fermi lygio padétj,
todél keiciasi bendras pavir$iaus laidumas. Tai keicia vi-
sos sistemos optinius parametrus. Dél moduliatoriaus
architekttros beveik 50 % galios sugeriama grafeno
sluoksnyje. Jtampa valdomas santykis tarp atspindétos
ir praéjusios bangos per Fabry ir Perot moduliatoriy.
Nustacius 414 GHz rezonansinj daznj, praéjusj elek-

tromagnetinés bangos galingumg galima sumazinti
du kartus jtampos diapazone nuo -1,5 iki 10 V. Atli-
kus nuolatinés srovés (DC) matavimus paaiskéjo, kad
grafeno sluoksniy elektrinés savybés labai priklauso
nuo technologinio proceso. Sig daugiasluoksne struk-
targ galima pagaminti ant bet kokio THz bangoms
skaidraus pagrindo, suderinamo su fotolitografija bei
atominio sluoksnio nusodinimo (ALD) technologija.
Jtampa valdomas pavir$iaus laidumas galéty buti nau-
dingas elektromagnetiniy bangy jutikliams ar modu-
liatoriams.
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