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Abstract
Terahertz time-domain spectroscopic polarimetry (THz-TDSP) method was used to study polarization properties of a 
few-layer graphene (FLG) on a silicon (Si) substrate in terahertz (THz) frequency range under an external optical pump-
ing and an external static magnetic field. Frequency dependencies of azimuth and ellipticity angles of a polarization 
ellipse and the polarization ellipse at various frequencies of the electromagnetic waves transmitted through the Si 
substrate and the FLG on the Si substrate were obtained experimentally and theoretically. The results confirm the fact 
that, based on the FLG, it is possible to devise efficient tunable THz polarization modulators for use in the latest security 
and telecommunication systems.
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1 Introduction

Terahertz (THz) radiation is widely used in physics and 
astronomy [1–3], chemistry and medicine [4–6], security 
and telecommunication systems [7–9], and other fields of 
science and technology [10].

Currently, one of the relevant problems for develop-
ment of THz photonics is the lack of efficient and afford-
able tunable under external influences devices for modu-
lating the polarization of an electromagnetic radiation in 
the THz frequency range [11–15]. Polarization, amplitude, 
and frequency modulators are basic components in the 
security and telecommunication systems, for example, 
for communication between geostationary satellites. 

The efficient polarization modulators have a fundamen-
tal importance for an investigation of properties of novel 
materials in physics and chemistry.

A promising solution to the foregoing problem is a 
study of graphene for use as a functional medium in polar-
izers thanks to unique optical and electronic properties of 
this material. From a point of view of physics, one of the 
ways to control polarization properties of graphene is to 
use the magneto-optical Faraday effect.

In this regard, recent research is concentrated in a field 
of studying an influence of an external optical pumping 
(OP), and an external static magnetic field (MF) on the 
properties of graphene, especially of few-layer graphene 
(FLG), which generally contains from 3 to 10 layers.
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Firstly, it is worth noting several works devoted to the 
study of properties of the graphene under the OP. An arti-
cle by Gu et al. [16] is devoted to a theoretical research of 
a FLG on a lithium niobate substrate, with the number of 
graphene layers from 2 to 8, in the frequency range from 
0.5 to 10 THz. It has been shown that the transmittance 
and the reflectance of the FLG can be adjusted by chang-
ing the number of the layers and the intensity of the OP. 
Ryzhii et al. [17] theoretically studied a bilayer graphene 
(BLG), in the frequency range from 1 to 10 THz. It has been 
shown that the remote doping enhances the indirect 
interband generation of photons in the BLG. Fu et al. [18] 
experimentally studied a vertically aligned FLG on a quartz 
substrate, with the number of graphene layers from 5 to 
10, in the frequency range from 0.1 to 1.5 THz. It has been 
shown that the optical conductivity of the photoexcited 
vertically aligned FLG has a strong free carrier response. Fu 
et al. [19] experimentally studied a single-layer graphene 
(SLG) on a quartz substrate, in the frequency range from 
0.1 to 1.5 THz. It has been shown that the transmission 
of the SLG increases nonlinearly with the increase in the 
intensity of the OP. Tomadin et al. [20] theoretically and 
experimentally studied the ultrafast carrier dynamics and 
the photoconductivity of a SLG on a quartz substrate.

Secondly, there are several interesting works devoted to 
the study of properties of the graphene under the MF. An 
article by Heyman et al. [21] is devoted to an experimental 
research of a SLG in a sapphire substrate. In this paper, 
data on the conductivity and the carrier scattering rate of 
the SLG are described in detail. Qin et al. [22] theoretically 
studied the rate of the Faraday rotation of a SLG with a 
gold grating on a silicon (Si) substrate, in the frequency 
range from 0.43 to 24 THz. Liu et al. [23] theoretically stud-
ied multilayered graphene disks on a substrate, with the 
number of graphene layers from 2 to 5, in the frequency 
range from 15 to 45 THz. It has been shown that the Fara-
day rotation is due to the plasmonic coupling in the gra-
phene disks. Mei et al. [24] theoretically and experimen-
tally studied the magneto-optical properties of a BLG and 
a trilayer graphene (TLG) on quartz substrates, in the fre-
quency range from 0.1 to 2.0 THz. Grebenchukov et al. [25] 
theoretically studied the magneto-optical properties of a 
multilayer graphene (MLG) on a dielectric substrate, at the 
frequency of 1.0 THz.

Summarizing, it could be concluded that studies of 
the optical properties of FLG and MLG depending on the 
number of the layers and the substrate material under the 

external influences in the THz frequency range, however, 
are principally theoretical, or limited to three layers of 
graphene.

To experimentally obtain the necessary polarization and 
magneto-optical properties of carbon nanomaterials and 
nanostructures, the THz time-domain spectroscopic pola-
rimetry (THz-TDSP) method is widely used [26–30].

Therefore, the objective of this work was a study of a 
FLG on a Si substrate using the THz-TDSP method to obtain 
its polarization properties and to devise tunable THz polar-
izers based on it.

In this work, polarization properties of the FLG on the 
Si substrate under the OP and the static MF were obtained 
experimentally and theoretically in the frequency range 
from 0.2 to 1.0 THz.

It was found that with the simultaneous use of the 
OP and the static MF, the azimuth angle of a polariza-
tion ellipse changes on average by 6◦ . This is enough to 
devise compact magneto-optically tunable polarizers 
based on the FLG, which are necessary in advanced THz 
nanophotonics.

2  Material and methods

The FLG on the Si substrate and the sample of the Si 
substrate were studied. The FLG was synthesized by the 
chemical vapor deposition at University of Exeter’s Gra-
phene Centre (UK) [31]. The FLG was grown on a nickel 
(Ni) foil in a quartz chamber using argon, hydrogen, and 
methane gases. The Ni foil with a thickness of 25.0 μm was 
used as a catalyst for the growth of the FLG. The Ni foil was 
etched in an iron(III) chloride hexahydrate solution, and 
then, the FLG was transferred to the Si substrate with a 
surface area of ∼ 1.0 cm2 and a thickness of ∼ 1.0mm . The 
high-resistivity monocrystalline Si substrate was grown at 
Tydex (Russian Federation).

To study a surface morphology of the FLG on the Si sub-
strate, scanning electron microscopy (SEM) images were 
obtained at various scales. Pictures of the Si substrate, the 
FLG on the Si substrate, and SEM images of the FLG on the 
Si substrate are shown in Fig. 1. Based on the SEM images, 
it can be seen that the graphene is distributed over the 
surface of the Si substrate in the form of disordered flakes 
with a diameter of ∼ 10 μm , with a different brightness, 
which also means a different number of layers.

To determine the number of the layers of the experi-
mental sample, reflection Raman spectroscopy was per-
formed. Raman spectra of the FLG on the Si substrate are 
shown in Fig. 2. Raman spectra were recorded for one 
of the light and one of the dark graphene flakes using 
514.5 nm laser excitation system [32], 50× objective, and 
10 s integration time for a single scan. By studying the 

Fig. 1  Pictures of a  the Si substrate, and b  the FLG on the Si sub-
strate, highlighted in green, with the scale bar of 2 cm; c SEM image 
of the side view of the FLG on the Si substrate with the scale bar 
of 2 μm ; and SEM images of the top view of the FLG on the Si sub-
strate with the scale bars of d 20 μm , e 10 μm , and f 2 μm

◂
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spectra and intensity of main characteristic peaks of 
MLG (the G-bands at ∼ 1580 cm−1 and the 2D bands at 
∼ 2700 cm−1 ), it was found that the experimental sample 
contains a minimum of ∼ 3 and a maximum of ∼ 7 layers 
of graphene [33].

To study the polarization properties of the experimen-
tal samples using the THz-TDSP method, a system based 
on a THz time-domain spectrometer [34], two polariz-
ers, a 980 nm laser for creating the OP of ∼ 1.0W ⋅ cm−2 , 
and a NdFeB axially magnetized magnet for creating the 
static MF of ∼ 1.3 T was used.

A scheme of an experimental setup, schematic repre-
sentation of the FLG on the Si substrate under the various 
external influences, pictures of an assembled experimental 
THz-TDSP setup, and a cuvette for the experimental sam-
ples are shown in Fig. 3.

A beam of a femtosecond Yb:KYW 1040 nm laser (LSR1) 
is divided by a beam splitter into a pump beam and a 
probe beam with 90% and 10% intensity. The pump beam 
goes through an optical delay line (ODL) and an optical 
chopper (OC) and falls on a InAs crystal (TS). The Dem-
ber effect occurs in this crystal. Because the mobility of 

Fig. 2  Raman spectra of the 
FLG on the Si substrate a in the 
full scale, and the scaled parts 
containing b the G-bands, and 
c the 2D bands of the spectra (a)

(b)

(c)
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Fig. 3  a  Scheme of the experimental THz-TDSP setup (ADC—
analog-to-digital converter; BP—balanced photodetector; DAC—
digital-to-analog converter; GTP—Glan–Taylor prism; HW—half-
wave plate; IF—polytetrafluoroethylene  (PTFE) infrared cut-off 
filter; L1, L2—positive lenses; LD1, LD2—laser diodes’ drivers; LIA—
lock-in amplifier; LSR1—femtosecond Yb:KYW 1040  nm laser; 
LSR2—980 nm laser; OC—optical chopper; OCC—optical chopper 
controller; ODL—optical delay line; P1—rotatable polarizer; P2—

static polarizer; PC—personal computer; PS—balanced detector 
power supply; QW—quarter-wave plate; TD—THz radiation detec-
tor based on the CdTe crystal; TS—THz radiation source based on 
the InAs crystal; WP—Wollaston prism); b schematic representation 
of the FLG on the Si substrate under the various external influences; 
and pictures of c the assembled experimental THz-TDSP setup, and 
d the cuvette for the experimental samples
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electrons is greater than the mobility of holes, electric 
dipoles are formed, which oscillate in the THz frequency 
range. The static MF of ∼ 2.4 T is necessary to enhance an 
output THz radiation. The THz beam focuses on the experi-
mental sample and then goes through two polarizers. The 
first polarizer (P1) is rotatable, and the second polarizer 
(P2) is static.

By recording temporal waveforms of transmitted THz 
signals at two different positions of the polarizers, it is pos-
sible to calculate the Stokes parameters and fully describe 
the polarization properties of the experimental samples.

The probe beam goes through a half-wave plate (HW) 
and a Glan–Taylor prism (GTP) and falls on a CdTe crystal 
(TD). The Pockels electro-optic effect occurs in this crystal. 
When the probe beam falls on the CdTe crystal simulta-
neously with the THz radiation, the CdTe crystal becomes 
anisotropic for the probe beam. The polarization of the 
probe beam becomes elliptical.

The probe beam goes through a quarter-wave plate 
(QW) and is divided by a Wollaston prism (WP) into two 
linearly polarized beams with orthogonal polarization. 
These beams are detected by a balanced photodetector 
(BP), and a received signal is transmitted to a personal 
computer (PC).

Temporal waveforms of the THz signals transmitted 
through the experimental samples under the various 
external influences were recorded using PC with Lab-
VIEW® (National Instruments Corp., USA) software at the 
parallel and the crossed by 45◦ positions to a transmission 
direction of the polarizers. Each single measurement took 
∼ 35min.

All measurements were taken at ITMO University’s Tera-
hertz Biomedicine Laboratory (Russian Federation) under 
a stable air temperature of ∼ 291 K and a relative humidity 
of ∼ 40% . Experimental temporal waveforms of the THz 
signals are shown in Figs. 4, 5 and 6.

Based on the waveforms, it can be seen that the elec-
tric field amplitude of the THz signals transmitted through 
the samples at crossed by 45◦ position to the transmission 
direction of the polarizers is approximately two times less 
than the corresponding amplitude at parallel positions in 
all cases.

It is also seen that when using the external OP, the 
amplitude also decreases by approximately half relative 
to the measurements without the OP in all cases. Since 
during the experiments, the surface of the samples was 
heated by ∼ 20 K under the influence of the intensive infra-
red OP, the signal-to-noise ratio (SNR) decreased when 
recording waveforms.

Raw experimental data processing was done using 
MATLAB® (The MathWorks Inc., USA) software. To obtain 
the maximum SNR, denoising technique with Coiflet wave-
let of order 4 and rectangular signal windowing were used. 

Compared to the other wavelets, such as Symlet, Daube-
chies, and Meyer, Coiflet denoising is the most optimal 
method for the THz signals processing [35]. The signal 
windowing was used to exclude an influence of a water 
vapor absorption.

3  Results

Experimental frequency dependencies of an azimuth 
angle � and an ellipticity angle � of a polarization ellipse 
of the electromagnetic waves transmitted through the 
samples were calculated according to the formulas [36]:

where E1 and E2 are amplitudes of parallel and perpen-
dicular components of an electric field vector E, and � is 
a phase difference between them. The results are shown 
in Fig. 7a, b, c, e, f, g. Polarization ellipse of the electro-
magnetic waves at the various frequencies transmitted 
through the samples is shown in Fig. 8.

4  Discussion

The conductivity of graphene in the static MF is described 
theoretically by a tensor with components [37]:

where �c = e ⋅ B ⋅ vF ⋅ ℏ
−1

⋅ kF
−1 is an orbital cyclotron 

frequency; B is a magnetic field; �0 = 2 ⋅ e2 ⋅ �−1
⋅ ℏ−1 is 

a direct current conductivity; and kF = (4 ⋅ � ⋅ Σ)0.5 is a 
Fermi wave number, which depends on a carrier density 
Σ = Σ0 + ΔΣ , and can be controlled by OP.

Theoretical frequency dependencies of the azimuth 
angle �  and the ellipticity angle �  of the polarization 
ellipse of the electromagnetic waves transmitted through 
the FLG were calculated according to the formulas [37]:
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where Σxx = �xx ⋅ d ⋅ Z0 and Σxy = �xy ⋅ d ⋅ Z0 are effective 
dimensionless 2D conductivities; d is a film thickness; and 
Z0 is the vacuum impedance.

(4)

�
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Based on this theory, a mathematical model was 
developed [25] that describes polarization properties of 
the graphene depending on the number of layers and 
the external influences in the THz frequency range. The 
results are shown in Fig. 6d, h. This model is calculated 
on an assumption that the graphene consists of identical 
sheets stacked on top of one another, has no substrate, 
and is in vacuum. At the same time, the data shown in 
Fig. 6c, g were obtained by subtracting the data of the FLG 
on the Si substrate from the data of the Si substrate itself.

Figures 6 and 7 show that the most efficient method 
for controlling the polarization properties of the FLG is the 

Fig. 4  Experimental tem-
poral waveforms of the THz 
signals a in the full scale, and 
b the scaled part containing 
the main information of the 
signals transmitted through 
the Si substrate without the 
external influences; c in the 
full scale, and d the scaled part 
containing the main informa-
tion of the signals transmitted 
through the Si substrate with 
the external OP; e in the full 
scale, and f the scaled part 
containing the main informa-
tion of the signals transmitted 
through the Si substrate with 
the external static MF; g in the 
full scale, and h the scaled part 
containing the main informa-
tion of the signals transmitted 
through the Si substrate with 
the external OP, and exter-
nal static MF at parallel and 
crossed by 45◦ positions to the 
transmission direction of the 
polarizers

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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simultaneous use of the OP and the static MF. In this case, 
the azimuth angle changes on average by 6◦ relative to 
the FLG without influences, which is within the obtained 
theoretical data. Also, the ellipticity angle varies within 2◦ , 

which is noticeably less than the theoretical data. An effect 
of the Si substrate is also very noticeable, especially in the 
frequency range from 0.8 to 1.0 THz. This is confirmed by 
a form of the polarization ellipse.

Fig. 5  Experimental temporal 
waveforms of the THz signals 
a in the full scale, and b the 
scaled part containing the 
main information of the signals 
transmitted through the FLG 
on the Si substrate without the 
external influences; c in the 
full scale, and d the scaled part 
containing the main informa-
tion of the signals transmitted 
through the FLG on the Si 
substrate with the external 
OP; e in the full scale, and f the 
scaled part containing the 
main information of the signals 
transmitted through the FLG 
on the Si substrate with the 
external static MF; g in the full 
scale, and h the scaled part 
containing the main informa-
tion of the signals transmitted 
through the FLG on the Si 
substrate with the external OP, 
and external static MF at paral-
lel and crossed by 45◦ positions 
to the transmission direction of 
the polarizers

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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The changes in the angles are a result of the magneto-
optical Faraday effect. The difference between the theoret-
ical and the experimental data is due to a simplicity of the 
mathematical model, which does not consider the effect 
of the Si substrate on the polarization properties of the 

graphene. Also, the complex morphology of the surface 
of the FLG, consisting of graphene flakes, which was con-
firmed by the SEM images, has an effect on the modulation 
of the polarization properties.

Fig. 6  Main peaks of the THz 
signals transmitted through 
a the reference (free space) for 
the Si substrate, and the FLG 
on the Si substrate; b the Si 
substrate; and c the FLG on the 
Si substrate under the various 
external influences at parallel 
positions to the transmission 
direction of the polarizers; and 
main peaks of the THz signals 
transmitted through d the 
reference (free space) for the Si 
substrate, and the FLG on the 
Si substrate; e the Si substrate; 
and f the FLG on the Si sub-
strate under the various exter-
nal influences at crossed by 45◦ 
positions to the transmission 
direction of the polarizers

(a) (b) (c)

(d) (e) (f)



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1714 | https://doi.org/10.1007/s42452-019-1748-x

Fig. 7  Frequency dependen-
cies of the azimuth angle � 
of the polarization ellipse of 
the electromagnetic waves 
transmitted through a the Si 
substrate (experimental data), 
b the FLG on the Si substrate 
(experimental data), c the 
FLG without the Si substrate 
(experimental data), and 
d the FLG without the Si 
substrate (theoretical data); 
and frequency dependen-
cies of the ellipticity angle � 
of the polarization ellipse of 
the electromagnetic waves 
transmitted through e the Si 
substrate (experimental data), 
f the FLG on the Si substrate 
(experimental data), g the 
FLG without the Si substrate 
(experimental data), and h the 
FLG without the Si substrate 
(theoretical data) under the 
various external influences

(a) (b) (c) (d)

(e) (f) (g) (h)

5  Conclusion

As a result of this work, the polarization properties of 
the FLG on the Si substrate in the THz frequency range 
were studied. It can be seen that the FLG is an efficient 
material for creation of the magneto-optically tunable 

polarization modulators, which are necessary in cutting-
edge THz nanophotonics.

The next stage of this work is a theoretical and an 
experimental study of the polarization properties of 
graphene at different values of the external OP and the 
external static MF.
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