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Stretching and Tunability of Graphene-Based Passive

Terahertz Components

Konstantin G. Batrakov,* Nadezhda |. Volynets, Alesia G. Paddubskaya,
Polina P. Kuzhir, Maria Stella Prete, Olivia Pulci, Evgeni Ivanov, Rumiana Kotsilkova,

Tommi Kaplas, and Yuri Svirko

The dependence of transmission/absorption of terahertz (THz) radiation on
strain in graphene is investigated experimentally and with the aid of ab initio
calculations. By applying strain to chosen graphene layer(s), the effective
sheet conductance can be fine-tuned to necessary value to design tunable
passive THz components (such as shields, filters, polarizers, etc.) utilizing
the high absorption ability of graphene. The positive influence of non-
petfectness of chemically vapor deposited (CVD) graphene for strong

tunability versus mechanical deformations is also discussed.

1. Introduction

Our daily life heavily relies on sunlight. However, the spectrum
of the electromagnetic (EM) waves we use is much broader.
It spans from 50/60 Hz, the frequency of the power supply
in our households, to X-rays, which we use for routine
medical screening. This vast range includes microwave
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(communication), infrared (night vision)
and optical waves. Nevertheless, there
exists a narrow band between microwave
and infrared that has been not in use until
recently. This is the so-called Terahertz
(THz) gap, which is still hardly reachable
Dby either electronic or optical devices. This
frequency range corresponds to the tem-
perature of biological processes and covers
a substantial fraction of the luminosity
from the Big Bang. The emergence of
novel THz sources, such as quantum
cascade lasers, opened the path to the
exploitation of THz waves."! The growing interest over the past
10 years in THz science is due to its many important applications
in physics, astronomy, chemistry, biology, and medicine,
including THz imaging, microscopy, non-destructive testing,
tomography, medical diagnosis, health monitoring, environ-
mental control, chemical and biological identification, and in
future communication networks. These applications require
efficient, durable, robust, and tunable components capable of
generating, manipulating, and detecting of THz radiation.”
According to the just published The 2017 terahertz science and
technology roadmap™ among the most important challenges are
passive quasi-optical components, ie., filters, polarizers,
collimators, and modulators.

Conventional optical components can be used in the THz
range. However, the performances of THz quasi-optics have not
reached the same levels as at optical, much shorter, wavelengths.
Most popular material solution for passive components at THz is
silicon. However, since the undoped Si possesses a high
refractive index, 3.41 at THz, Si/air interface reflects 32% of the
incident radiation thus decreasing significantly the efficiency of
filters, polarizers, etc. What is more, the main drawback of
existing THz components is their restricted tunability, which is
the must for future THz devices.

Graphene, being light, flexible, and shatterproof, is very
attractive to be used in electronic components in post-silicon age.
Electromagnetic properties of graphene and its ability to absorb
radiation strongly depend on the frequency range, i.e., on which
transitions (inter- or intra-band)* dominate the graphene ac
conductivity. In the visual and IR range, graphene monolayer
absorbs 2.3% of incident light mainly due to inter-band
transitions, while in the THz-subTHz range, the intra-band
processes dominate giving rise to absorptance of as high as
20+% per graphene sheet, depending on the doping level.
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Recently, we have demonstrated”® that free standing
multilayered structures consisting of alternating graphene
monolayers and submicron-thin polymer (PMMA) slabs are
capable to absorb up to 50% of the radiation, depending on the
number of graphene sheets, thus providing an efficient
microwave shielding. According to admittance-matching con-
ditions, in case of using a proper dielectric substrate being 1/4 of
wavelength thick,'® or metamaterials-like type,"” it is possible to
reach almost perfect absorption. The concept of EM components
relying on graphene high absorption ability in microwave-THz
frequency range has been proposed in our recent work: high
performance of graphene in shields, filters, polarizers, operating
at the GHz and THz frequencies has also been recently
demonstrated.®

In order to achieve tunability, we may utilize one of the many
outstanding properties of graphene,® % for example its ability to
tune the Fermi level with external doping or biasing. Graphene
transmission/absorption coefficients depend, in particular, on
chemical potential w.!*® For chemical vapor deposition (CVD)-
produced graphene, typical values of the chemical potential are
[u| ~0.1+0.2eV . Density of carriers and, therefore, graphene
sheet conductance depend also on temperature. Hence,
transmittance/absorbance can be tuned by temperature varia-
tion. However, a rather high variation of temperature is needed
for noticeable carrier density altering in CVD graphene.

One more method to tune electronic and optical properties of
graphene is to apply mechanical strain or bending."*'* In fact,
among the many outstanding characteristics, graphene posses
also unique mechanical properties with elastic reversible
resistance to tensile stress."” Landau levels and optical Hall
effect have been extensively studied in strained graphene.!'®
Effect of strain has been widely investigated with the aim to open
a gap (through high shear and uniaxial strain), to produce very
strong pseudomagnetic fields (non-uniform strain) and to break
the electron-hole symmetry giving rise to a non-isotropic Dirac
cone and hence a non-universal IR absorbance for uniaxial
strain.['”!

Here, we study the possibility to tune the transmittance ability
of graphene/PMMA sandwich structure (i.e., to tune passive
THz components relying on the absorbance ability of graphene)
with isotropic stretching or strain. Mechanical deformations
could be an interesting alternative to other widely applied ways of
using external forces to change the chemical potential, mobility
and relaxation time of graphene, e.g., electrostatic doping,!"***!
allowing to avoid widely discussed problems of high and non-
reproducible metal-graphene contact resistance.**=!!

2. Theory

As shown in ref. [5], maximal absorptance in graphene
corresponds to some optimal value of the effective sheet
conductance. Such an optimal value can be reached by combining
several graphene layers in sandwich structure.®®! Fine-tuning to
the exact value of optimal conductance can be fulfilled by applying
strain to one of the layers. Sheet conductance depends on the
carrier density n, which is connected to the chemical potential u
and relaxation time 7 due to carrier scattering processes. The
dominant contribution to carrier scattering in supported CVD
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graphene (on the substrate, e.g., on the PMMA layer) is due to
charge impurities and defects.*>** In contrast, in high quality
suspended graphene, mobilities exceeding 200000 cm?* V™" are
obtained, with main contribution to carrier scattering arising from
electron—phonon interaction.

The dependence of chemical potential on strain can be
extracted from the considerations below. Carriers density
changes with u following the equation

/‘ kdk g.8, __ M (1)
2rep{(e—W/TH+1  (1+0)

Here g;, g, are spin and valley degeneracy, for graphene these
parameters equal to two, ny is carrier density of unstrained
graphene, o is linear strain, k and ¢ are electron momentum and
energy correspondingly.

In reality, when |u| > T (typical situation for CVD graphene
and room temperature), and |u| < t, where t is graphene hopping
parameter, Eq. (1) could be simplified

gsgvuz = nO = gsgvu(Z) (2)
220 (140 22021 +0)
or

u VE

o vro(1+0) (3)

When deriving (3) the step Dirac-Fermi distribution (Ju| > T)
and Dirac dispersion law for x electrons in graphene (Ju| < t)
were used for electrons near the Dirac point. Equation (1) or (3)
set the value of the chemical potential, which is necessary for
transmission/absorption calculations. vg, and vp are Fermi
velocities for unstrained and strained graphene, respectively.

Our calculations for the dependence of the Fermi velocity on
strain are based on density functional theory (DFT)**** using
the Quantum ESPRESSO code.*® The exchange and correlation
functional was selected to be the Perdew—Burke—Ernzerhof
(PBE).*”! The calculated Fermi velocities are reported in Table 1,
together with the lattice constants and work functions. A clear
trend is found: by increasing the strain, the Fermi velocities
decrease, and the work function increases. Another parameter
which influence conductance is relaxation time. Expressions for
it, considering that charge impurities give main contribution,

Table 1. Calculated lattice constant (aj,), Fermi velocity, and work
function (WF) of graphene for different strain isotropic on the xy
plane.

Strain At (A) ve (10°ms ) WF (eV)
0.0 2.460 0.844 4.22
2.2% 2.513 0.819 4.40
2.4% 2,518 0.813 4.42
2.6% 2.523 0.811 4.43
3.5% 2.546 0.805 4.51
4.8% 2.576 0.785 4.61
5.5% 2.595 0.783 4.65
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was derived, for example, in ref. [33]

1 . 27\ 221
1 n e <l (4)
T 2h\ « il

Here n; is impurity concentration, k is substrate (or interface)
dielectric constant, renormalized by graphene polarization*”

1 x21/1 — x2
I(): / ax—
0

(x4 2r,)

rs = €2 /xhvg is graphene fine structure constant. Relaxation time
increases with chemical potential (carrier concentration)
increase. It is caused by screening effect. Electron cloud screens
charged impurities and diminishes long-range scattering. The
chemical potential and carrier concentration drop during tensile
strain (3). This factor decreases relaxation time. Strain also
affects the fine structure constant which increases (because vg
decreases). This factor changes 7 in different direction during
tensile strain, because decrease of Fermi velocity decreases
screening distance. Resulting relaxation time dependence on
strain without considering change of impurity concentration can
be derived using expressions (3)—(5). Figure 1 demonstrates
dependence of 7(0)/7o on o. The dependence for hopping
parameter t = t, exp(—3.370)® was used. This formula slightly
overestimates the effect of strain on hopping parameter.

Table 1 presents ab initio calculation for some values of strain
applied isotropically to graphene including 2.2, 2.4, 2.6, 3.5, 4.8,
and 5.5% in experiments. The strain produces a change in the
Fermi velocity and in the work function (WF). In particular, with
increasing strain (and hence, increasing C-C distance) the Fermi
velocity decreases (see Table 1). According to our DFT
calculations, even in presence of strain, the most stable
geometry is still planar (no buckling).

The Dirac cone survives also in presence of the imposed strain
(see Figure 2). As a consequence, the infrared absorbance
(interband transitions), which for linear bands in 2D system
tends to the universal constant 7al***" (a is the Sommerfeld fine
structure constant), does not change with the application of
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Figure 1. Dependence of relaxation time on strain.
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Figure 2. Electronic band structure of graphene (DFT calculation). The
bands for unstrained graphene and for strained graphene (2.4 and 4.8%)
have been aligned to the same vacuum level. The Fermi energy (and hence
the Work Function) change with changing the applied strain.

strain. Interestingly, there are instead large changes in the
absorbance and in the 2D-optical conductivity for higher photon
energies (see Figure 2 and Figure 3).

3. Experimental Section

Graphene was synthetized by conventional CVD method on a
copper foil (25um, 99.8% pure) by using a custom-made CVD
reactor. The reactor chamber was pumped to vacuum for 1h to
cleanse air and moisture from the chamber. Thereafter, the
chamber with the foil was heated to 1000 °C in H, flow (5 sccm,
0.1 mbar) and the Cu foil was annealed 30 min at this temperature.
After the Cufoil annealing, graphene was synthetized on the foil by
injecting CH,4 (5sccm) together with H, (5sccm) into the
chamber. The graphitization part lasted 15 min and afterwards,

Graphene

—_—

— 0% strain |
2.4% strain |
— 4 8% strain |

Absorbange
T

T
T

10 12 14 :Irs ' 1=>¢ )
Energy (eV)

Figure 3. Two-dimensional absorbance for different values of applied
strain. Just interband transitions are included.
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the chamber was filled with H, (10 mbar) and the chamber was
cooled down to room temperature (overnight).

The Cu foil with graphene was spin coated with a one
micron thick poly(methyl methacrylate) (PMMA) layer, which
was cured in 60 C on a hot-plate. The backside of the Cu foil
was treated with oxygen plasma (20s/100W/20sccm) to
remove graphene layer which was grown on another side of
the foil. After removing backside graphene, the Cu foil was
etched by FeCl; solution (overnight). The PMMA-graphene
layer was rinsed twice in water before it was attached on a
metal plate with a hole (diameter of 10mm). An adhesion
between the PMMA-graphene sandwich and the metal plate
was promoted by a double-sided tape around the hole, which
allowed us to apply mechanical stress to the sandwich
structure.

It is demonstrated from stress-induced Raman bands shifts
that stress can be transferred from a polymer matrix to a
graphene monolayer in a system polymer/graphene.*? Here we
deal with the same situation.

Terahertz response on isotropic strain was studied. For
stretching, contact loading small punch test experiments were
done (see for details ref. [43]). Briefly, the Universal Mechanical
Testing device UMT-2M (Bruker) with small punch setups
(equipped with a very sensitive sensor for load 0.1 mN working
in both load control and displacement control modes) was used
for macromechanical characterization of the freestanding
graphene/PMMA sandwich. The punch diameter was of
6mm with a spheroidal end shape. Table 2 presents the load-
test details. The graphene/PMMA samples were stretched by 2.2
and 2.6%, respectively.

At THz frequency range, the EM response of unstrained and
strained samples has been measured using a commercial THz
time-domain spectrometer “I-Spec” by EKSPLA. In a setup
photoconductor antenna (low temperature grow GaBiAs), illumi-
nated by ultrashort laser pulses with 1050 nm wavelength, 50-150
fc pulse duration and more than 40 mW output power, was used in
order to generate THz radiation up to 2 THz. The THz radiation
was focused onto the sample by parabolic mirrors. THz pulses are
detected in a similar photoconductive antenna. In order to get
better signal to noise ratio (more than 106:1 at 0.4 THz with
spectral resolution 5GHz) up to 1024 scanned curves were
averaged for each measurement. This allows us to obtain the
experimental error less than 2%. Fourier transformation was used
to convert the time-domain signal into the frequency domain.

Table 2. The load-test details.

Sample Mechanical stretching test details

Graphene/PMMA,
2.2% strain

The Mullins-type 3-step load—upload stretching test runs at
1mN min~" load rate at 3 steps of increasing load, up to
maximum of 6mN, at 2min running time for each step.
After every load step, a fast upload for 1s, followed by a
hold at 0.3vmN for 2min is applied

Graphene/PMMA, !

2.6% strain

The 3-step load-hold stretching test runs at 1mN min~
load rate up to maximum load of 6 mN, as divided in

3 steps of equal load each and 6 min running time. After
every load step, a hold at the respective peak load is
applied for 2 min
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4. Results and Discussion

Figure 4a demonstrates experimental transmission data and
calculated ones for unstrained samples and graphene/PMMA
stretched by 2.2 and 2.6%. One can see that small strain
(stretching) up to 2.6% leads to significant increase of
transmittance ability of graphene/PMMA sandwich in THz
range (from 62 to 72%).

Comparing experimental data for as-prepared sample with
theoretical calculations using expression (3)—(5), one may
conclude that concentration of charged impurities in unstrained
graphene is about 10''/Z%>cm™2% where Ze is the charge of
impurity. The same procedure for strained graphene/PMMA
shows that additional micro-defects and impurities appear
during the strain as impurities concentration increases by 25% at
strain 2.2% and by 40% at 2.6%. It worth noting that within a
range of experimental error there is a good agreement between

0.74
0.72

wﬁ% W

sualisisnis

0.74

c E
o E (LI LT
30.68 5 unsrtained
E E o 2.2 % strain
%0.66—5 26 % straln
T0.64

0.621

0.2
0,33 )
unstrained

50'30' — 2.2 % strain
= ~——2.6 % strain
5]
73]
L
<0,27

0,241 Bl

04 06 08 10 12 14
v, THz

Figure 4. Frequency dependence of the transmittance (a) and absorbance
(b); measured (symbols) and calculated values for the graphene of
different strain.
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transmission spectra measured experimentally and calculated
using the theoretical model.

5. Conclusions

Our conclusions are summarized by Figure 4b, which presents
calculated absorptance of graphene/PMMA sandwich versus
applied strains. The absorbance changes with the applied external
forces, from 33% to 23-25%. That is starting from observation of
basic principles of mechanically induced tunability concept, we
show possibility to tune THz response of passive THz components
made of CVD graphene by small mechancal deformations. The
importance of CVD graphene imperfectness, i.e., the positive
influence of different graphene micro-defects and impurities and
their dynamics on the high level of THz graphene tunability at
small strain is also addressed, opening the route to cost-effective
and efficient processing of tunable passive components necessary
for future and emerging THz technologies.
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