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Preface

Graphene is a one-atom-thick layer of carbon atoms arranged in a hexagonal lattice. It is the
building block of graphite (which is used, among other things, in pencil tips), but graphene
is a remarkable substance on its own—with a multitude of astonishing properties that re-
peatedly earn it the title “wonder material.” Graphene is the thinnest material known to
man at one atom thick and also incredibly strong—about 200 times stronger than steel. On
top of that, graphene is an excellent conductor of heat and electricity and has interesting
light absorption abilities. It is truly a material that could change the world, with unlimited
potential for integration in almost any industry. Graphene is an extremely diverse material
and can be combined with other elements (including gases and metals) to produce different
materials with various superior properties. Researchers all over the world continue to con-
stantly investigate and patent graphene to learn its various properties and possible applica-
tions, which include touch screens (for LCD or OLED displays), transistors, computer chips,
batteries, energy generation, and supercapacitors. This book covers a big part of graphene
science, which is the applications.
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Chapter 1

Degradation of Toxic Organic Contaminants by

Graphene Cathode in an Electro-Fenton System

Liu Shuan, Zhao Xia, Jiang Xin, Zhao Xiaorong,
Pu Jibin, Wang Liping and Zhou Kaihe

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67492

Abstract

A novel composite electrode was constructed by pressing graphene and CuO, using a
cathode in an electro-Fenton (EF) system. Cyclic voltammetry, charge/discharge curve
and electrochemical impedance spectroscopy (EIS) were used to characterize the com-
posite electrode. The degradation of a toxic organic contaminant, Terramycin, by EF sys-
tem was studied in an undivided electrolysis cell. The possible degradation products
of Terramycin were studied by a Fourier transform-infrared spectrum, and the findings
showed that the structure of Terramycin was damaged. The variations of hydrogen per-
oxide and the relative content of hydroxyl radical (OH) during the degradation pro-
cess were traced by enzyme catalysis method and fluorescence spectrometry. The results
showed that the electro-catalytic degradation of Terramycin occurred by an -OH radical
mechanism. More importantly, this as-prepared cathode was very stable and could be
reused without any catalytic activity decrease, suggesting its potential application in the
wastewater treatment.

Keywords: Terramycin, CuO-graphene electrode, electro-Fenton system, hydrogen

peroxide, hydroxyl radicals introduction

1. Introduction

Persistent organic pollutants (POPs) resist conventional chemical and biological treatments
and accumulate in the aquatic environment after discharge. They tend to be liposoluble and
undergo food chain amplification and, if toxic, threaten human health [1, 2].

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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Electro-Fenton (EF) reaction is one of the most widely used advanced oxidation processes
(AQPs) for the destruction of a wide range of recalcitrant organic contaminants such as anti-
biotics that cannot be eliminated biologically in wastewater [3-5]. In the EF systems, they have
the ability to in situ generate highly potent chemical oxidants such as -OH, which is strong
enough to non-selectively oxidize most organic as well as some inorganic compounds [6].
H,O, is simultaneously produced in an aqueous medium at the cathode by the 2e” reduction
of the dissolved molecular oxygen (Eq. (1)), and -OH is formed from the Fenton's reagent
according to the following reaction (Egs. (2, 3)) [7].

O,+2H"+2e — H,O,(acidic) (1a)
0,+2H,0+2e — H,O,+20H" (basic) (1b)
H,O,+2 — 2:OH (2)
H,0O,+Fe* - Fe*+OH +-OH 3)

Therefore, cathode materials determine the efficiency of the EF system. Usually, carbon mate-
rials with excellent characteristics of conductivity, gas diffusion, adsorption and catalysis are
chosen as cathode materials. Graphene, an excellent functional material, has been widely
used in super capacitors [8], transistors [9, 10], fuel cells [11], etc., but as electrode materi-
als in electro-catalytic degradation of organic matter, very few have been reported. In this
research, a new CuO-graphene electrode was constructed by pressing nano-CuO and pure
graphene together. The electro-catalytic characteristics of the CuO-graphene electrode were
studied using cyclic voltammetry, time power method and electrochemical impedance spec-
troscopy, respectively. In the EF system, the CuO-graphene electrode acted as the cathode
and the pt net as the anode to degrade Terramycin. The concentration of Terramycin in the
oxidative degradation was traced by HPLC. The variations of hydrogen peroxide and the
relative content of hydroxyl radical during the degradation process were traced by enzyme
catalysis method and fluorescence spectrometry, and the oxidation mechanism of Terramycin
by EF system was studied.

2. Preparation and characterization of CuO-graphene cathode

In this section, we will describe the preparation and the properties of CuO-graphene cathode
and discuss its electro-catalytic characterization. Graphene (layer of 8-10, diameter of 2040 pum,
thickness of 6-15 nm, purity 99.5%) was purchased from Ningbo Morsh Technology Company
in China. Nano-CuO was prepared by the hydrothermal method. The CuO-graphene compos-
ite cathode was prepared by loading CuO onto graphene powder. CuO and graphene were
mixed in an ethanol/PTFE emulsion (60% by volume), sonicated for 5 min to disperse the mix-
ture completely, and then dried at 50°C to form a dough-like paste. Two pieces of the paste
were fixed on a stainless steel mesh current collector and pressed at 30 MPa for 2 min. The
electrode was refluxed in acetone for 24 h to remove ethanol and surface PTFE. The dimensions
of the composite cathode were 1.0 cm? x 5.0 mm (see Figure 1; the composite cathode was firmly
compressed with the edge sealed with epoxy coating to yield an exposed area of 1 cm?).
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Figure 1. The photograph of the CuO-graphene electrode.

CHI-660E electrochemical station was employed to study the electro-catalytic characteristics
of the CuO-graphene cathode at room temperature. A Pt net (99.99% purity, Tianjin Aida
Technology Co., Ltd.) of 2.0 cm? in area was used as the counter electrode and a saturated
calomel electrode (SCE) equipped with a Luggin capillary as the reference electrode. Figure 2
displayed the cyclic voltammetry curves of the CuO-graphene electrode under neutral pH
conditions after being scanned eight times. The electrode showed good electro-catalytic prop-
erties under the working voltage. There were two pairs of redox peaks in the system medium.
The current peak at 0.246 V vs. SCE is produced by the cathodic reduction of O, to H,O, and
that at -0.231 V vs. SCE is produced by the cathodic reduction of H* to H, [12]. Thus, there are
two degradation pathways that may occur in the EF system. One is the anodic electrochemical
oxidation process on the Pt anode [13] and the other is the cathodic -OH oxidation process in
which the CuO-graphene cathode catalyzes the two-electron reduction of O, to H,O, under
certain potential, and the H,O, may be converted to -OH [14].

H,0,+e - OH +-OH 4)
IR F A3
.E 0.
:
= -0rE
]
=000 [
-II.IP -1;" I Ill.ﬂ I 0= I II.II

Tatental/V vsSCE

Figure 2. The CV curves of CuO-graphene cathode in a 10 g/ Na,SO, solution, with a scan rate of 1 mV/s.
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The specific capacitance is the ratio of capacity and mass of the electrode, which could rep-
resent the reversibility and stability of the as-prepared electrode while charging/discharging.
Figure 3 showed the charge/discharge curve of CuO-graphene cathode in a 10 g/L. Na,SO,
solution with a scan rate of 1 mV/s, a current of 10 mA and a potential range of —0.8 to +0.8 V
(vs. SCE). After nine repeated cycles, the charging and discharging curve still showed good
symmetry, the potential was essentially linear with time and the charge-discharge curve slope
dV/dt was still constant, suggesting that the CuO-graphene cathode material had a good
reversibility [15].

EIS is a rapid, in situ and non-destructive technique for investigating the electrochemical
properties of the electrode surface and affording information on the impedance changes
of the electrode surface during the modification process [16, 17]. Figure 4 illustrated the
Nyquist diagrams and Bode plots of the CuO-graphene cathode under different reduction
potentials in 10 g/ Na,SO, solution. It can be seen that all the impedance spectra exhibited a
capacitive semicircle at the medium-high frequency and a bigger capacitive semicircle at the
medium-low frequency. Two-time constants were observed in the Bode plots under differ-
ent reduction potential. R_is the solution resistance and the medium-high frequency circuit
Q_-R_ corresponds to the capacitance and the ohmic process within the porous structure; the
medium-low frequency circuit Q,~R , is the double-layer capacitance and the kinetic process
of electrochemical reaction (the O, reduction into H,0,) [18, 19]. For the capacitive loops, the
coefficients n, and n, represent a depressed feature in the Nyquist diagram. The EIS data was
simulated by ZSimpWin software through Figure 5 [20, 21]. It was seen that the equivalent
circuit fitted the experimental data well in most of the frequency ranges (Figure 4), suggesting
that the equivalent circuit (Figure 5) was suitable.

According to the fitted results in Table 1, the values of R_remained constant as the reduction
potential increased. When the reduction potential changed from 0 to 250 mV, the R , values
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Figure 3. The charge-discharge of the CuO-graphene cathode in a 10 g/L. Na,SO, solution, at a scan rate of 1 mV/s and
current of 10 mA.



Degradation of Toxic Organic Contaminants by Graphene Cathode in an Electro-Fenton System

o ~
Myquist .
149 Hx e B
.-"-...
L O AT
= )
= }/j o
5 Fake s+ OmV
" 30 ;‘é/ « -S0mV
| 100 mV
P . 200 m¥
. 250mV
ﬁ'- 0 mY
Op O ~usokme | . .
0 w60 %W 120 150
Lt em’

180

b
[=

-phase angle/deg.

=]

http://dx.doi.org/10.5772/67492

149 Hi Bode
IL my
[ i | + =50 mV
= =100 mY
et ? . =200 mV
E= !‘.4' « -230mvY
*
+* g
s ‘*“:*‘ LI6KHz
- *t:‘ 134
L “tpggat
'."l
L b |
-2 -1 0 1 ] 3 4 5

log I/ Hz

Figure 4. The experimental (dots with different symbols) and the fitted (solid lines) EIS curves of the CuO-graphene
cathode according to the presented equivalent circuit immersed in a 10 g/L Na,SO, solution under different reduction

potentials.

Figure 5. The equivalent circuit models used to fit the experiment impedance data of the CuO-graphene cathode in a

10 g/L Na,SO, solution.

decreased from 420.5 t0 30.12 QQ cm? and R values decreased from 9.51 to 3.45 Q cm? indicat-
ing that the reduction rate of O, into H,0, on CuO-graphene cathode was very rapid under
higher reduction potential, that is to say, the degradation rate based on Cuo-graphene cath-
ode of EF system increased with reduction potential. It should be noted that higher reduction
potential might cause the electrolysis of water [22].

Cathodic R, Q. n R, Q, n, R,
potential Q cm? (F cm™) (Q cm?) (F ecm™) (Q cm?)
0mV 3.724 0.0092 0.80 9.51 0.00071 0.89 402.5
-50 mV 4.37 0.00031 0.77 6.06 0.015 0.66 223.9
-100 mV 391 0.000054 0.81 4.70 0.016 0.65 175.9
—-200 mV 4.40 0.000025 0.99 2.83 0.021 0.54 108.4
-250 mV 4.04 0.000064 0.86 3.45 0.019 0.59 30.12

Table 1. EIS fitting parameters of the CuO-graphene cathode under different reduction potentials (0, =50, =100, ~200 and
-250 mV) in 10 g/L Na,SO, solution.
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3. Degradation mechanism of Terramycin in EF system

3.1. The degradation process of Terramycin in EF system

The EF system degradation of Terramycin was performed in an undivided cell (50 mL) with a
two-electrode system at room temperature. A Pt net (99.99% purity, Tianjin Aida Technology
Co., Ltd) of 1.0 cm? in area was used as the anode. The as-prepared CuO-Graphene electrode
was employed as the cathode. The initial concentration of Terramycin was 20 ug/L. Na,SO,
aqueous solution of 10 g/L was used as the electrolyte to increase the conductivity. The initial
pH of the Terramycin solution was neutral at 7.0. The solution was magnetically stirred at
room temperature during the whole reaction period. Before degradation experiments, the
system was stirred for 40 min to establish adsorption/desorption equilibrium between the
solution and electrodes, and then different voltages were applied and 1 mL samples were col-
lected and analyzed with HPLC spectra to examine the decomposition of Terramyecin.

Analysis of HPLC: The mobile phases were pump-mixed dynamically from oxalic buffers
(including 1 mmol/L of EDTA solution) and acetonitrile at specified compositions. The flow
rate was 1.0 mL/min and the injection volume was 20 mL. The UV detection was at 254 nm,
and the column temperature was maintained at 35°C [23].

Figure 6 showed the changes of HPLC chromatograms of Terramycin in the EF system under 5V
in 10 g/L of Na,SO, aqueous solution. The mobile phase was V(acetonitrile): V(oxalic buffers) = 30:
70 of mixture, adding a little EDTA in the mobile phase in order to chelate with Cu*/Cu* which
were corroded from the CuO-Graphene electrode. It was observed that the peak of Terramycin at
the retention time of 3.06 min gradually decreased with time, and disappeared thoroughly after
180 min, which means that the tetracycline had degraded completely.

3.2. Effect of applied potential on degradation of Terramycin in EF system

Figure 7 depicted the degradation rate of Terramycin in the EF system under different applied
potentials. As we know, the generation rate of H,O, on the cathode depended on the applied
potential, and the degradation efficiency of the EF system is proportional to the quantity
of ‘OH produced by Fenton's reaction [24, 25]. When no power was applied, no H,O, was

00
| Time (min)

0015

4 30

EQI
i 90

0005
| 180

10— et N\ |
W 20 240 2% 260 20 280 20 30 30 3N 30 340 350 360 3M 3 3N 4K

Figure 6. HPLC spectra of Terramycin during degradation in the EF system with the CuO-Graphene cathode: initial
concentration of Terramycin, 20 ug/L; electrolyte, 10 g/L of Na,SO,; applied potential, 5 V.
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Figure 7. Effects of applied potentials on Terramycin degradation in the EF system with the CuO-Graphene cathode.

S: HPLC peak area and S: the initial peak area. Initial tetracycline concentration, 20 ug/L; initial pH = 7.0; electrolyte,
10 g/L Na,SO,.

generated in EF system and there was no Terramycin degradation in the blank solution [26, 27].
The degradation efficiency of Terramycin increased with the addition of applied potentials;
only 60.6% of Terramycin decomposed in 180 min at 4 V, and when the potential reached 5V,
Terramycin decomposed 100% in 180 min. This phenomenon can be ascribed to the fact that
a higher potential leads to higher H,O, formation rate, resulting in an increased rate of -OH
formation from Fenton's reaction. When the applied potential exceeded 5V, the electrolysis of
water increased.

3.3. Concentration of oxidizing species during degradation of Terramycin

The effectiveness of the Fenton reaction depends on the catalytic generation of H,O,, which
yields the highly reactive species, ‘OH radical, that oxidizes organic material non-selectively.
In the EF system, the electrogenerated levels of H O, and -OH determine the rate and effi-
ciency of Terramycin degradation. Figure 9 displayed the concentration changes of H,O, and

relative content of -OH as the degradation reaction proceeded.

Analysis of H,O,: The concentration of H,0, was determined by the oxidation of peroxidase
catalytic method. The reaction was carried out in a colorimetric tube (10 mL). 30 pL of 1.0 mg/
mL horseradish peroxidase (POD), 1 mL of NaH,PO,-NaOH buffer solution (pH = 6.80), 150
pL of 10.0 mg/mL N,N-diethyl-p-phenylenediamine (DPD) and 1 mL sample were added
into the colorimetric tube in turns. After oxidation for 15 min, the concentration of H,O, was
analyzed spectroscopically at the wavelength of 510 nm [28]. Analysis of -OH: The relative
content of -OH was determined by fluorescence spectrometry. 1 mL of 0.01 mol/L benzoic acid
and 1 mL sample from Fenton's reaction system was added into a 10 mL colorimetric tube and
the volume was kept constant at 5mL; after a reaction time of 10 min, the content of -OH was
analyzed with an excitation wavelength of 309 nm and an emission wavelength of 410 nm,
and the slit width of excitation and emission was 5 nm [29].
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Little amounts of H,0, and ‘OH were detected in the blank solution (the applied potential
was 0 V). With the electrolysis performed, the amount of H,O, concentration accumulated
in the EF system was calculated. As 5 V was applied, the concentration of H,0O,, generated
by cathodic reduction, increased with time. After 90 min, the H,O, concentration reached 2.3
x 10° mol/L and fluctuated over time. This indicates that the H O, production increased in
the beginning and then was consumed in the degradation of Terramycin. These results were
in good agreement with the previous experimental studies by Wang [14], who conducted
diethyl phthalate degradation using a self-made Pd/C gas-diffusion cathode and a Ti/IrO,/
RuO, anode. By comparing Figure 8a and b, it can be seen that the electrogenerated H,O, in
the EF system was quickly converted to ‘OH. The content of -OH increased by prolonging the
electrolysis time and then reached a steady state after about 120 min [30, 31]. The degradation
of Terramycin in the EF system was in accordance with the characteristic of the Fenton reac-
tion, indicating that the degradation process involves -OH [32, 33].
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Figure 8. Evolution of the concentration of H,0, (a) and relative content of -OH (b) during the degradation of Terramycin
in the EF system, initial Terramycin concentration, 20 pg/L; initial pH =7.0; electrolyte, 10 g/L Na,SO,.
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Figure 9. Evolution of TOC for the degradation of Terramycin, initial tetracycline concentration, 60 ug/L; initial pH =7.0;
electrolyte, 10 g/L Na,SO,.
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3.4. The deep oxidation of Terramycin in EF system

In order to measure the extent of Terramycin mineralization during the degradation process,
the TOC change of solution was tracked during degradation, and the results were displayed
in Figure 9. The TOC did not change when no power was applied to the electrode, but as a
voltage of 5 V was applied, the mineralization rate of Terramycin was 59.8% in 10 h. These
results indicated that the EF system not only degraded the Terramycin but also oxidized over
half of the Terramycin into CO, (mineralization) [34, 35].

3.5. IR spectra of the Terramycin in EF system during degradation

IR spectra were used to identify non-mineralized products as the degradation proceeded and
the results are displayed in Figure 10 [36-38]. Initially, the bands 1450 and 930 and 750-800
cm™ corresponded to benzene ring vibration and C—H in the benzene ring plane bending
vibration, respectively. The in-plane bending vibration absorption peak at 1620-1650 cm™
indicated the existence of O=C—NH,, and the bands at 1310 and 1180-1240 cm™ indicated the
existence of (n—c<’y). With the photoelectron-catalytic reaction proceeding, bands of (w—c<%)
vibrations disappeared after 10 h, and at the same time, anew band at 1110 cm'emerged, which
indicated that the tertiary amine was wiped off from the skeleton molecule of Terramycin and
degraded into small amine molecules. Meanwhile, the 750-800 and 930 cm™ bands of char-
acteristic vibrations in the benzene ring bond disappeared. These results showed that the
Terramycin aromatic structure was damaged.
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Figure 10. The IR spectra of the Terramycin in the EF system after different times.

3.6. The stability of CuO-graphene electrode in EF system

The stability of the electrode is very important for its application in environmental technology
[39,40]. Inorder tostudy the stability of CuO-grapheneelectrode, the degradation of Terramycin
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with the same CuO-graphene electrode under the same conditions is also evaluated. Figure 11
showed the degradation stability of the CuO-graphene cathode over five cycles in the EF
system. After being reused five times, the degradation rates of Terramycin for cycle one, two,
three, four and five were 97.84, 95.67, 95.21, 96.54 and 93.88%, respectively, indicating that the
CuO-graphene electrode was stable and reusable.
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Figure 11. The degradation stability of the CuO-graphene cathode over five cycles in the EF system, initial Terramycin
concentration, 20 pg/L; initial pH =7.0; applied potential, 5 V; electrolyte, 10 g/L of Na,SO,.

4, Conclusion

A new cathode-CuO-graphene electrode was prepared by pressing nano-CuO and graphene.
The degradation of Terramycin was investigated in an undivided electrolysis cell with a CuO-
graphene cathode and Pt net anode. The electro-catalytic performance of the CuO-graphene
cathode was studied by cyclic voltammetry, charge/discharge curve and electrochemical
impedance spectroscopy. The primary conclusions were listed as follows:

(1) The CuO-graphene cathode was stable and exhibited high catalytic activity in neutral
Na,SO, solution.

(2) Under the optimal conditions of using 10 g/L of supporting electrolyte Na,SO, at 5 V
with a pH of 7.0 and reaction time of 180 minutes, respectively, up to 100% of 20 ug/L of
Terramycin degraded.

(3) Terramycin can be mineralized to carbon dioxide and small molecules; this new EF sys-
tem may soon be developed for other toxic organic contaminants degradation.
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Abstract

The present study introduced a very sensitive and low-cost analytical procedure based
on voltammetry to study platinum group metals in road dust and roadside soil matrices.
Cathodic stripping voltammetry in conjunction with a reduced graphene oxide-antimony
nanocomposite sensor and ICP-MS analysis were used to analyse roadside soil and dust
samples. The results were processed to evaluate possible pollution in order to map the
distribution of the PGMs along specific roads in the Stellenbosch area, outside Cape
Town. The results revealed that within each site under investigation, Pd was more abun-
dant than Pt and Rh using both voltammetric and spectroscopic methods. The AADPCSV
results obtained showed concentrations for Pd(II) ranging between 0.92 — 4.0 ng kg™'. For
Pt (I), the concentrations ranged between 0.84 — 0.99 ng kg™'. For Rh(III), concentrations
ranged between 0.42 — 1.21 ng kg™'. The ICP-MS results showed Pd concentrations rang-
ing between 0.01 — 0.34 ug kg™'. For Pt the concentrations ranged between 0.004 — 0.07 ug
kg™. For Rh, concentrations ranged between 0.002 - 0.26 pg kg™. The analysis showed
significant levels of all PGMs in soil and dust samples analysed. Metal concentration in
dust and soil followed the trend Pd > Pt > Rh using both voltammetric and spectroscopic
techniques.

Keywords: adsorptive stripping voltammetry, roadside dust and soil samples, ICP-MS
analysis, PGMs, Sensitivity, speciation
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1. Introduction

The pollutants present in soil not only affect the micro-flora and fauna of soil ecosystems but
also contaminate fruits and vegetables in close vicinity. They result in formation of leachates
that ultimately contaminate the ground water passing through the soil profiles or by directly
entering the surface water system through run off. The consumption of the contaminated food
and water causes severe health problems in human beings [1].

Research has shown that platinum group metals (PGMs) could become available to plants
and especially to humans and livestock, who consume plants growing on a contaminated soil
[2]. In general the Pt(II), Pt(V) and Pd(II) toxic effects on the cellular level are comparable to
the toxic effects of Cd(II) and Cr(VI), sometimes even exceeding the damage induced by the
above species of Cd and Cr [3].

Numerous studies have concentrated on the heavy metal (e.g. Pb or Cd) concentrations in
the environment, while relatively few studies have focussed on PGMs in the environment
[4-7]. PGMs released from the catalytic converters are primarily bound to aluminium oxide
particles [8-9]. Until recently, they were regarded as inert elements, but studies have shown
that they may be soluble and quite reactive. High levels of PGMs in human body may cause
asthma, nausea, hair loss, abortion, dermatitis and other health problems [10].

PGMs are emitted both in nanometre and micrometre particle sizes on the surfaces of road
dusts, roadside soils and plants during vehicle operation as evidenced by atmospheric par-
ticle analysis, but their presence is increasing as a consequence of the use of catalytic convert-
ers introduced to reduce gaseous automobile emissions [11-14].

Studies conducted by Barbante et al. [15] showed that the spread of PGMs in the environment
is rather a global process, despite some works asserting the low transportability of these pol-
lutants. Therefore, it is important to study how these PGMs species may become chemically/
biochemically active and mobile in interactions with various environmental matrices under
the changing weather conditions, in order to give a prediction on the possible hazards of
PGMs for human health.

PGMs contamination initially occurs in airborne particulate matter (PM), roadside dust, soil,
sludge and water, etc., which finally results in uptake and bioaccumulation of these elements
in the living organisms. The high demand for on-site monitoring of these metals in environ-
mental matrices has attracted much attention from researchers since the concentration is still
very low at present [16]. Moreover, in samples of complex composition, the determination of
these elements is still a special challenge to trace element analysis [17-19].

There is a need for dynamic analytical techniques able to routinely measure parameters that
are reliable predictors of bio-availability and bio-uptake and, thus of the potential ecotoxico-
logical risk [20]. Ideally such measurements should be made in situ to avoid sampling and
sample handling artefacts. This is a considerable challenge, techniques must be sufficiently
robust to withstand field deployment, provide adequate sensitivity and furnish a signal that
can be quantitatively interpreted in terms of chemical species present [20].
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The measurements of total metal concentrations alone do not yield sufficient information on
the ecotoxicological impact and fate of metallic elements. The measurement of specific spe-
cies or groups of homologous species is therefore essential. The major existing techniques
for trace-metals analyses are spectroscopic (in particular, graphite furnace atomic absorption
spectroscopy (GF-AAS) and inductively coupled plasma mass spectroscopy (ICP-MS), neu-
tron activation analysis (NAA) and voltammetric and chronopotentiometric analysis) [21].

Briefly, the advantage of NAA, GF-AAS and ICP-MS compared to voltammetric techniques is
that they are applicable to a large number of elements. Their major drawbacks are their much
higher cost and, above all, the fact that they allow measurements of total concentration only.
Consequently, speciation measurements, using these detection techniques, are feasible only
by coupling them with separation and extraction procedures. However, such steps signifi-
cantly increase the risk of contaminations or chemical species modifications during sample
storage or sample handling, and dramatically increase the cost of analyses. This is a major bar-
rier to their application to routine speciation measurements on large sample sets, even though
it would be the only means to interpret correctly the environmental impact of metals [21].

In contrast, the characteristics of voltammetric techniques make them particularly well suited
for automatic (thus low cost) in sifu speciation measurements, with no or minimum sam-
ple change, i.e., under conditions that dramatically minimize contaminations by reagents or
losses by adsorption on containers. It has some intrinsic advantageous features like quick
analysis speed, high precision and accuracy, relatively portable and inexpensive instrumen-
tations and can be used ‘on-site’” measurements, biomedical, environmental and industrial
applications [22-24].

The main objective of this work was aimed to apply ICP-MS analysis and to evaluate and com-
pare the established simple method for analysis of road dust and roadside soil samples, with
a voltammetric technique. Numerous studies of PGMs have been done in South Africa using
ICP analysis and focusing on Pt analysis [25]. The only PGMs studies with stripping voltam-
metry data have been reported by van der Horst et al. [26]. This study supplied baseline infor-
mation to enable future studies and detection of PGMs in soil and dust samples. Accordingly,
since catalytic car converters may increasingly contribute as a main source of these environ-
mental pollutants. Hence, there was a need for the present study so as to compare the concen-
trations of PGMs with studies in other parts of the world to ascertain the impact of catalytic
car converters on environment quality. Furthermore, this work is also a contribution to the
monitoring of PGMs in the South African environment since very little is known about the
influence of these elements on organisms exposed to this type of contamination.

2. Experimental

2.1. Study area and site description

The study was conducted on the analysis of road dust and roadside soil samples, collected
on busy roads of the Stellenbosch area in the Western Cape Province (South Africa). Soil and
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dust samples were collected on the Bottelary road that joins the R304 road into Stellenbosch
(Figure 1). Sampling sites and corresponding samples collected on the Bottelary Road were
labelled BOT1 to BOT4. A second set of samples were collected at sampling sites on the Old
Paarl road that joins the R44 (or Adam Tas Road) that also runs into Stellenbosch. These sam-
pling sites and corresponding samples were labelled OP1 to OP4 (Figure 1).

The overall sampling sites were categorized based on the level of traffic flow. Figure 1 repre-
sents a schematic map of the study area and the sampling points.

2.2. Sample collection

Samples of soil and dust were collected from the eight sampling locations highlighted
(Figure 1), by demarcating a square segment of about 10 cm? in the top soil. The grass on the
top of some soil samples was removed, while the soil around the grassroots was shaken off to
form part of the sample collected.

To avoid contamination during the collection and processing of sample material, nitrile gloves
were worn at all times. It was hypothesised that soil and dust inputs from the surrounding
area would be a primary source of particulates containing PGMs to settle on road surfaces.
The OP sites are categorized as high-traffic zones. Site OP4 and BOT4 are the junctions that
receive heavy traffic from R44 to R304, respectively. All sampling devices were cleaned by
rinsing with pure water, 25% HNO, and 10% HCI, followed by drying for several days before
sampling. Road dust and roadside soil were collected using hand auger and brush.
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Figure 1. Schematic map of the study area near Stellenbosch (outside Cape Town), showing the sampling sites on
Bottelary and Old Paarl Roads.
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The samples were placed into double zip-locked plastic bags labelled BOT1-BOT4, OP1-OP4
to represent Bottelary and Old Paarl sites, respectively. The samples were transported to the
laboratory on ice and transferred to clean storage containers, before drying was done. Soil
samples were air-dried, grinded using mortar and pestle, and then sieved through a 1-mm
mesh sieve to remove debris and small stones. The samples were then transferred into a zip-
lock bag and stored in the fridge at 4°C until analysis. The working environment was also
kept clean to avoid any cross-contamination [27].

2.3. Reagents

All chemical reagents used for calibration plots and design of electrodes were of analytical
grades purchased from Aldrich (Germany). All other reagents used were provided by Merck
(South Africa) and included sodium acetate, ammonia with a purity of ca. 25% ammonium
chloride, hydrochloric acid (purity 32%) and nitric acid (purity 55%). Glacial acetic acid and
ethanol (95%) were purchased from Kimix (South Africa). The electro-analytical measure-
ments were performed in 0.2 M sodium acetate buffer (pH = 5.2) solution and a MilliQ deion-
ized water (resistivity of 18.2 MQ cm) was used for the preparation of the reagent solutions.

2.4. Instrumentation and analysis

In most inorganic analytical laboratories, PGMs analysis is usually performed using induc-
tively coupled plasma-mass spectroscopy (ICP-MS). For the purpose of this study, both
voltammetric and ICP-MS techniques were used. The two techniques were used to compare
results, considering aspects of both analytical and technical details. These analytical techniques
differ in terms of sensitivity, requirements for sample preparation and costs of analysis [28].

Voltammetry is, however, better than spectroscopy in terms of interferences and because it
does not require addition of matrix modifiers. It is, also, certainly much less expensive. Finally,
with regard to analysis time voltammetry is more advantageous [28]. In addition the detec-
tion limits of stripping voltammetry are better than those of ICP-MS analysis. Comparison of
the two techniques is shown in Table 1.

2.4.1. Sequential extraction

Since the total concentration does not yield information on mobility, origin or bioavailability
of metallic elements, metals in sediments have to be associated with the different fractions
present. For soils and sediments the term speciation refers to the process of identification
and quantification of metals in phases, such as carbonates, oxides, organic matter and others,
which may be extracted in sequence [35].

All materials associated with the metal extraction were thoroughly acid-cleaned and rinsed
with deionised water before use, according to internationally recommended protocols [36]. A
schematic presentation of the extraction procedure is shown in Figure 2. In Table 2, a sum-
mary of the stepwise sequential extraction procedure with pH solution values is shown,
which involved a carbonate-bound fraction, an iron manganese-bound fraction and an
organic-bound fraction [36-39].
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Parameters ICP-MS AdDPCSV Ref.
Detection limit ng L™ pgL™! [29-30]
Sample mineralization Yes Yes [28]
Matrix modifier Yes No [28]
Interferences High Very few [31]
Sample volume required Very small Very small [30]
Ease to use Moderate easy Very easy [30]
Method development Difficult Very easy [30, 32]
Capital costs Very high Very low [21, 28, 30]
Sensitivity Very high Extremely high [21, 33]
Sample preparation Destructive Non-destructive [33, 34]

Table 1. Comparison of elemental techniques for the analysis of PGMs.

.25 g of S0l or Dust

Samples

| | 100 sl of 1.0 M MaOlue. shake 5h |

| Extract analysed for cathonate dbound |

[ Residual Soil or Dust Sample ]

100 ol of 0.04 I MH2OH-HT], shake 4 h |

Extract analweed for redncible metals

[ Residual Soil or Dust Sample ]

| 50 1l of 30% H202, & 20 1l 0.02 M HNOZ, shake 4h |

| Extract analveed for orzarnic bound metal

Figure 2. Sequential extraction procedure for trace metals in sediment, soil and dust samples.

Extraction fraction

Reactant concentration; pH

Carbonated bound

Fe-Mn oxide bound

1.0 M NaOAc (sodium acetate); 2.0 pH =4

0.04 M NH,OH-HCI (hydroxylamine hydrochloride), in 25% acetic acid; pH <2

A hydrogen peroxide (H,0,, 30%) solution including a 0.02-M HNO, solution; pH <2

Organic bound ,0,,

Table 2. Summary and description of extracts used for each extraction step and the extraction phases of the sediments
in the sequential extraction procedure [36].
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Sample introduction

Sample uptake rate 55s

Nebulizer type Micromist

Nebulizer gas Argon, 0.9 L min™

ICP-MS Data acquisition

RF power 1590 W Acquisition mode Peak hopping
Pulse stage voltage 1570V Stabilization time 25ms

Lens voltage Omega Lens used Integration time 0.5s

Plasma gas Argon, 0.98 L min™!

Auxiliary gas Argon, 0.11 L min™!

Cones Platinum

Table 3. ICP-MS operating conditions for the determination of PGMs.

2.4.2. ICP-MS analysis

The analysis of the extracts produced by a sequential extraction procedure was achieved by
using ICP-MS (Agilent Technologies, 7500 CX, Chemetrix, Midrand, RSA). Typical instru-
ment operating conditions for the ICP-MS are listed in Table 3. The effects of plasma power,
gas flow and sample depth were investigated in terms of PGM signal and interference forma-
tion. The standard solution of each of the metal ion was made in glass volumetric flask using
double de-ionised water (18.2 m(Q2 cm) and the environmental samples were filtered through
a 0.1 mm millipore filter. The concentration of the metals was then determined by means of
extrapolation from a calibration plot.

2.4.3. Voltammetric analyses

Concentration of Pd, Pt and Rh in different speciation fractions were determined by adsorp-
tive differential pulse cathodic stripping voltammetry (AdDPCSV). The instrument used was
Epsilon analyser (BASi Instruments, West Lafayette, IN, USA) equipped with a three electrode
system. The electrode set-up consisted of a conventional three electrode configuration, which
comprised a glassy carbon (GC) working electrode, a Pt wire as counter electrode and silver/
silver chloride (Ag/AgCl) as a reference electrode. Alumina micro polish and polishing pads
(Buehler, IL, USA) were used for electrode polishing. A 0.2 M NaOAc buffer (pH = 5.2) solu-
tion was used as the supporting electrolyte. The volume of the voltammetric cell was 25 ml.

The sample containing each of the selected PGMs was conditioned by the addition of 0.2 M
NaOAc buffer (pH = 5.2) solution and 1 x 10° M dimethylglyoxime (DMG) chelating reagent
solution. Afterwards, 1 ml of sequentially extracted sample was placed into the voltammetric
cell and the buffer was added. The solution was de-oxygenated for 150 s with high purity
nitrogen and the adsorption study of PGMs was done using a pre-concentration potential of
-1.2'V (vs. Ag/AgCl), under stirring conditions of 200 rpm for 120 s. The parameters measured
in this technique are recorded in Table 4.
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AdDPCSV

Potential window 0.6-1.5V
Electrodeposition potential -1.2V
Reduction time 120's
Speed 200 rpm
Rest time 10s
Time of deaeration with nitrogen 150's

Table 4. Main parameters used in the adsorptive differential pulse cathodic stripping voltammetry.

Metal contents were determined by comparing voltammograms peak height from the sample
with heights corresponding to standards on calibration graphs. The standard addition was
used as a way of checking applicability of the calibration graph. All determinations were
performed with five repetitions. From that series, basic statistical information was collected:
mean values and standard deviations were calculated.

3. Results and discussion

3.1. Quality assurance

The analytical precision and quality assurance for the overall procedure was done by testing
three sub-samples for each of the dust and soil samples. The AdADPCSV measurement showed
good recoveries for all PGMs ions, with percentage recoveries between 89 and 112%. A blank
sample consisting of an electrolyte (0.2 M sodium acetate buffer (pH = 5.2)) was used as a cor-
rection factor, the true concentration of the samples were taken as the difference between the
measured concentrations of the samples to those of the blanks for each metal.

The procedural blanks were routinely analysed for every five samples. Since the certificate
samples are not available, the analytical procedure was checked for accuracy by analysing
enriched samples prepared by us. For metal contents lower than the detection limits a known
quantity of Pd, Pt and Rh standards to samples of soil and dust was spiked [27]. The relative
standard deviations on the metals measurements of recovery were found to be less than 15%.

3.2. Study of interferences

Precise and selective measurement of PGMs present in real sample matrices is a challeng-
ing task, as there are other commonly encountered cations and anions normally present in
the real samples along with PGMs, posing a serious problem for electrochemical analysis.
After obtaining the limits of detection, quantification and study of recovery, some possible
interference in soil samples were investigated. Possible interfering ions of iron (Fe*), nickel
(Ni?*), cobalt (Co*), sodium (Na*) and copper (Cu?") were tested using a 4:1 ratio of each metal
ion possibly co-existing with selected PGMs. Interferences arising from oxygen containing
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inorganic ions of phosphate (PO,*) and sulphate (SO,*) that are expected to co-exist in PGMs
were also evaluated [26, 40].

The results obtained have shown that although some of the cations appeared to have an inter-
fering effect towards stripping analysis of PGMs complexes, the interfering was still at toler-
able levels, as these ions only lead to approximately 5% decline in stripping peak current
signals.

3.3. Analysis of soil samples by voltammetric and spectroscopic techniques

The concentration of the PGMs in soil samples was evaluated by AADPCSV and ICP-MS anal-
ysis using the optimised parameters that are described in Tables 1 and 2, respectively.

As already mentioned in the introduction, concentration levels of PGM in environmental
samples are very low, although a tendency to higher values is given due to anthropogenic
impact. Analysis of the results in Table 5 for sites OP1-OP4 and BOT1-BOT4 has been con-
ducted to understand the prevalence of the PGMs at these sampling sites.

Table 5 shows mean concentrations and standard deviations for all the investigated sites.
Analysis of the AADPCSV and ICP-MS results that are shown in Table 5 for Pd suggests that
at OP sites, the major concentrations of Pd are associated with the Fe-Mn oxide-bound frac-
tion, while at BOT sites, they are associated with the carbonated-bound fraction. The carbon-
ated-bound fraction is considered to be introduced by land use activities (anthropogenic),
which are considered to be weakly bound and, when in contact with the aqueous phase, will
become more bio-available [41].

The Fe-Mn oxide-bound fraction has a scavenging effect and sometimes provides a sink of
heavy metals, which can be unlocked under the correct redox potential and pH conditions
[41]. The ICP-MS results obtained for Pt at the OP sites revealed that major concentrations are
found in the Fe-Mn oxide-bound fraction. The BOT sites contained major concentrations of Pt
in the carbonated-bound fraction. The results for the AADPCSV analysis suggests that major
concentration of Pt were found at the OP sites, while for the BOT sites the Pt concentrations
were found in organic-bound fraction.

The ICP-MS results obtained for Rh at the OP sites revealed that the major concentrations
were found in the Fe-Mn oxide-bound fraction, while for the BOT sites the Rh concentrations
were obtained in carbonate-bound fraction.

Voltammetric results for Rh(IIl) analysis suggests that no major concentrations were found
in extracted fractions of OP and BOT sampling sites. However, only for site BOT3 it was
found that there were high concentrations of Rh in the organic-bound fraction. The results
obtained for the samples collected at these sites detected by AADPCSV analysis for Pd(II)
ranged between 0.92 and 4.0 ng kg™. For Pt(II), the concentrations ranged between 0.84 and
0.99 ng kg™'. For Rh(IlI), concentrations ranged between 0.42 and 1.21 ng kg™

The results obtained for the samples collected at the OP and BOT sites, showed results for the
ICP-MS analysis for Pd ranging between 0.01 and 0.34 ug kg™. For Pt the concentrations ranged
between 0.004 and 0.07 pg kg™. For Rh, concentrations ranged between 0.002 and 0.26 ug kg™.
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Soil samples

Sites Fraction AdDPCSV(ng g™) ICP-MS (ug g™)
Pd(ID Pt(IT) Rh(III) Pd Pt Rh
OP1 Carbonated  0.96 +0.01 0.93+0.01 0.42 +0.01 0.02 0.01 0.005
Fe-Mn 1.14+0.05 0.94 +0.01 0.94 £0.01 0.198 0.01 0.01
Organic 0.99+0.01 0.92+0.01 0.98 +0.01 0.01 0.004 0.002
OP2 Carbonated  0.98 +0.01 0.96 +0.04 0.92+0.02 0.03 0.02 0.01
Fe-Mn 1.17 £0.01 0.98 +£0.01 0.94 +0.03 0.17 0.03 0.02
Organic 0.97 +£0.03 0.97 +£0.02 0.96 +0.01 0.02 0.01 0.01
OP3 Carbonated  0.96 +0.02 0.96 +0.03 0.99 +0.01 0.04 0.01 0.02
Fe-Mn 1.17+0.01 0.84 £ 0.06 0.98 +£0.01 0.15 0.04 0.03
Organic 0.98 £0.01 0.97 £0.01 0.98 £ 0.04 0.03 0.03 0.02
OP4 Carbonated  0.98 +0.03 0.97 £0.01 0.98 £ 0.04 0.06 0.05 0.03
Fe-Mn 1.17+0.03 0.97 +0.01 0.97 +0.01 0.13 0.06 0.01
Organic 0.99 +0.01 0.97+0.01 0.97 £0.01 0.04 0.03 0.004
BOT1 Carbonated 1.04 +0.01 0.94 +0.01 0.86 +0.03 0.03 0.01 0.004
Fe-Mn 0.98 +0.01 0.96 +0.01 0.96 +0.06 0.01 0.004 0.003
Organic 0.94 +0.01 0.96 +0.01 0.76 +0.01 0.01 0.01 0.005
BOT2 Carbonated 1.31+0.01 0.99 +0.04 0.99 +0.01 0.06 0.03 0.02
Fe-Mn 0.98 +0.01 0.97 +0.01 0.98 +0.03 003 0.02 0.01
Organic 0.94 £0.01 0.98 +£0.01 0.75+0.04 0.02 0.01 0.01
BOT3 Carbonated  4.00 +0.01 0.95+0.01 0.95+0.01 0.34 0.04 0.26
Fe-Mn 0.98 +0.03 0.98 +0.01 0.97 £0.01 0.06 0.05 0.04
Organic 0.97 +0.05 0.97 +0.03 1.21+0.01 0.04 0.02 0.02
BOT4 Carbonated  0.92 +0.06 0.90 £ 0.01 0.86 +0.08 0.08 0.05 0.04
Fe-Mn 0.98 +0.01 0.96 +0.02 0.86 +0.06 0.08 0.07 0.05
Organic 0.98 +0.01 0.98 +0.01 0.75+0.03 0.05 0.04 0.04

Table 5. Results obtained for the sequential extraction of PGM concentrations in soil samples obtained using AADPCSV
and ICP-MS analysis techniques.

Comparison of the above results has shown that better detection with AADPCSV analysis was
achieved, compared to the results obtained for ICP-MS analysis in Table 5.

Figure 3 displays the results obtained for the comparative analysis of PGMs by ICP-MS and
AdDPCSV techniques in soil samples.

The results shown in Figure 3 indicated that the results obtained for Pd seemed to be the
highest at all of the investigated sampling sites, indicating that Pd(II) was the most mobile
element in both spectroscopic and voltammetric results. The ICP-MS results showed the
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highest concentrations at site BOT3, followed by site OP1. AADPCSV results showed the
highest concentrations of Pd(I) at site BOT3, followed by site BOT2. Both the ICP-MS and

AdDPCSV analysis were in agreement with the highest concentration of Pd found at site
BOT3.

From the results shown in Figure 3, the order of abundance of PGMs in the soil samples was
found to follow the order Pd > Pt > Rh. In this study, the concentration of Pd(Il), Pt(Il) and
Rh(III) were successfully determined in the soil samples by AADPCSV technique. The strip-
ping peaks for Pd(II), Pt(Il) and Rh(III) were obtained at average peak potentials of about
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Figure 3. Comparative analysis of PGMs by ICP-MS and AdDPCSV techniques in soil samples.
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-0.05, 0.04 and -0.25 V (vs. Ag/AgCl), respectively. These results showed a good comparison
to the studies done by van der Horst et al. [26].

3.4. Analysis of dust samples by voltammetric and spectroscopic techniques

The PGMs levels in dust samples of the Bottelary (BOT) and Old Paarl (OP) Road samplings
sites are outlined in Table 6. The experimental results for the AADPCSV and ICP-MS analysis,
displayed in Table 4 revealed that for the OP sites, major concentrations of Pd was associated
with the Fe-Mn oxide-bound fractions, while for the BOT sites it was associated with the car-
bonated-bound fractions.

The ICP-MS results obtained at sites OP4 and BOT4 revealed that major concentrations of
Pt were found in the Fe-Mn oxide-bound fraction. The results obtained for the AdDPCSV
analysis showed that major concentrations of Pt were found at sites OP2 and BOT?2 in the
carbonated-bound fraction.

The ICP-MS results obtained for Rh at the OP sites revealed no significant difference in con-
centrations obtained in the Fe-Mn oxide-bound and carbonated-bound fractions, while major
concentrations at the BOT sites were obtained in the organic-bound fraction. The results for
AdDPCSV analysis showed that no major concentration difference for the Rh concentrations
were found in all of the fractions of all sites, except for site BOT3 that showed high Rh concen-
trations in the organic-bound fraction.

The results obtained for the samples collected at all sites detected by AdDPCSV analysis
showed that the Pd(II) concentrations ranged between 0.96 and 1.35 ng kg™. The Pt(II) con-
centrations ranged between 0.87 and 0.99 ng kg™'. The Rh(II) concentrations ranged between
0.10 and 0.95 ng kg™

The results obtained for the samples collected at all sites detected by ICP-MS analysis showed
that the Pd concentrations ranged between 0.02 and 0.15 ug kg™. The Pt concentrations
ranged between 0.01 and 0.08 ug kg™. The Rh concentrations ranged between 0.002 and 0.26
ug kg. These results obtained with AADPCSV analysis showed better detection limits and
were much lower values, compared to the results obtained for ICP-MS analysis (Table 4). It
was therefore clear that the voltammetric technique was more sensitive than the spectroscopic
technique investigated. Analysis of the results in Figure 4 showed that the Pd concentrations
were the highest at all of the investigated sites. It was again observed that Pd was the most
mobile element in both spectroscopic and voltammetric results as observed in the results of
Figure 4. The ICP-MS results showed the highest Pd concentrations at sites OP1 and OP3, fol-
lowed by sites BOT3, OP4 and BOT2. Analysis of the AADPCSV results showed the highest
Pd concentrations at site BOT3, followed by site BOT4. The order of abundance of PGMs in
the soil samples followed the order Pd > Pt > Rh.

3.5. Comparison between road soil and dust samples

Analysis of the PGMs concentrations was found to be generally a little bit higher in the soil
samples than in the dust samples. A possible reason for this might be that the soil samples
were taken from upper layer (0-2 cm), partly consisting of dust emitted from the roadway,
containing particulate matter with PGMs.
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Dust samples

Sites Fraction AdDPCSV(ng g™) ICP-MS (ug g™)
Pd Pt Rh Pd Pt Rh
OP1 Carbonated  0.99 +0.01 0.93 +0.01 0.40 +0.01 0.04 0.02 0.01
Fe-Mn 0.99 +0.01 0.98 +0.01 0.15+0.01 0.15 0.02 0.01
Organic 1.05+0.01 0.99 +0.01 0.93 +0.02 0.02 0.01 0.004
OP2 Carbonated  1.35+0.01 0.93 +0.02 0.70 +0.01 0.07 0.04 0.03
Fe-Mn 0.99 £0.01 0.97 +£0.05 0.42 +0.06 0.06 0.04 0.03
Organic 1.05+0.01 0.95+0.01 0.89+0.01 0.03 0.02 0.01
OP3 Carbonated  1.35+0.01 0.92+0.01 0.70+0.01 0.09 0.05 0.04
Fe-Mn 0.99 +0.03 0.98 +0.01 0.25+0.01 0.15 0.06 0.05
Organic 1.00 + 0.02 0.98 +£0.01 0.95+0.01 0.05 0.05 0.03
OP4 Carbonated 1.30+0.01 0.96 +0.01 0.72£0.03 0.06 0.06 0.05
Fe-Mn 0.97 +0.03 0.96 +0.02 0.34+0.03 0.13 0.09 0.06
Organic 1.00 £ 0.02 0.96+ 0.02 0.95 £ 0.04 0.04 0.06 0.03
BOT1 Carbonated  0.98 +0.01 0.93 +0.01 0.80 £0.01 0.03 0.06 0.005
Fe-Mn 0.98 +0.01 0.87 +0.04 0.24 +0.02 0.01 0.02 0.01
Organic 1.01+£0.01 0.99 +0.02 0.92+0.01 0.01 0.02 0.01
BOT2 Carbonated  0.99 +0.01 0.99+0.01 0.80+0.01 0.06 0.08 0.03
Fe-Mn 0.98 +0.02 0.89+0.03 0.13+0.05 003 0.04 0.02
Organic 1.12+0.01 0.99 +0.01 0.30 +0.02 0.02 0.05 0.03
BOT3 Carbonated  0.97 +0.01 0.92 £0.01 0.17+0.01 0.34 0.09 0.04
Fe-Mn 0.97 £0.01 0.94 £0.01 0.40 £ 0.01 0.06 0.08 0.04
Organic 1.20+0.01 0.95+0.01 0.60 +0.01 0.04 0.06 0.04
BOT4 Carbonated  0.96 +0.02 0.89 £0.02 0.10 £ 0.08 0.08 0.10 0.05
Fe-Mn 0.97+0.01 0.91+0.02 0.88 £ 0.06 0.08 0.09 0.07
Organic 1.18 +0.01 0.96 +0.01 0.47 +0.01 0.05 0.08 0.05

Table 6. Results obtained for the sequential extraction of PGM concentrations in dust samples obtained using AADPCSV
and ICP-MS analysis techniques.

Although the AADPCSV and ICP-MS techniques have different levels of detection, it was
found that both soil and dust samples from all sampling sites have relatively high concentra-
tions of Pd. Therefore, the observed Pd levels in soil and dust may either reflect the earlier
introduction of Pd base catalysts or be indicative of the more widespread shift away from Pt
towards Pd as the main catalytic component [42, 43].

The Pt: Pd ratios in environmental samples and the results of solubility experiments have sug-
gested that Pd is more soluble than Pt or Rh and thus more susceptible to aqueous transport,
resulting in its possible higher levels in the environment [44].
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Figure 4. Comparative analysis of PGMs by ICP-MS and AdDPCSV techniques in dust samples.

The results obtained for the AADPCSV and ICP-MS analysis in this study was also compared
to the results obtained in other related studies. These results are displayed in Tables 7-9.

For comparison, the PGMs global concentration levels obtained using spectroscopic techniques
are shown in Table 7. Analysis of the results in Table 7 has shown that the past studies in South
Africa investigated only platinum using ICP analysis in roadside dust samples. This study shows
the concentration of all the investigated PGMs detected up to ng g™'. Although this is an inter-
esting result, it has no confirmation in the literature about Pd and Rh in South Africa. Both the
global concentration and the results from the present study reveal that the introduction of cata-
lytic converters to automobiles in the process of reducing the harmful emissions from the exhaust
emissions has resulted in the increase of PGMs in roadside dust. This study is therefore updating
the results for South Africa and comparing the results available for the international scenario.

The results in Table 8 shows the levels of PGMs obtained in global roadside soil samples.
Analysis of the results in Table 8 has shown that most of the global studies have been done
on ICP analysis for the detection of platinum in roadside soils. Both the global concentration
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and the results from the present study reveal that the introduction of catalytic converter to
automobiles in order to reduce the harmful emissions from car exhaust systems has resulted
in the increase of PGMs in roadside dust matrices.

Roadside dust samples

Country/city Pd Pt Rh Unit Reference
South Africa/ 20-150 10-80 4-74 ng g’ This study
Stellenbosch

South Africa/ - 4 - ngg’ [25]
Cape Town

South Africa/Port - 6 - ng g’ [25]
Elizabeth

South Africa/ - 23 - ng g’ [25]
Pretoria

South Africa/ - 223 - ngg’ [25]
Rustenburg

Ghana/Accra - 39 - ng g’ [45]
Germany/ - 112-169 - ngg’ [44]
Karlsruhe

Germany/ - 10 35 ng L™ [44]
Stuttgart

Germany/ 6 72 18 ng L™ [46]
Frankfort

Germany/ 21.3 101.3 18.7 ng L™ [18]
Frankfort

Germany/ 1-146 5-8 - ng g [47-49]
Unknown

UK/Richmond - 0.42-29.8 - ng g’ [50]
UK/Nottingham  92.9 69.55 - ng g’ [51]
Sweden/ 80 196 93 ng g’ [52, 53]
Gothenburg

Sweden/ 213 56 74 ng g [47]
Unknown

Poland/Bialystok  37.5 110.7 19.6 ngg’ [54]
Australia/Perth 375 110.7 19.6 ng g’ [55]
Austria/Styria 4 55 10.3 ng g™ [56]
Mexico/Mexico 53.2-74 307.5-332.7 26-39.1 ngg’ [57]
city

Spain/Madrid 39-191 31-252 11-182.1 ng g™ [58]
Italy/Rome 102-504 14.4-62.2 1.9-11.1 ng g’ [59]
Greece/loannina  12.1-18.2 3.2-306 6.1-64. ng g’ [60]

Table 7. Comparison of global concentration levels of PGMs in roadside dust samples by ICP spectroscopy analysis.
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In Table 9, the results obtained for the voltammetric analysis of PGMs in roadside dust and
soil samples are shown. Very few papers relevant to the voltammetric determination of PGMs
in roadside soil and dust are reported in literature.

Roadside soil samples

Country/City Pd Pt Rh Units Reference
South Africa/ 10-340 4-70 2-260 ng g’ This study
Stellenbosch

Ghana/Accra - 15 - ng g’ [45]
Germany/Hanau - 23-112 - ng g’ [18]
Germany/Mainz 7.2 87 - ngg’' [61]
Germany/ - 7.2-58.6 - ngg’ [62]
Darmstadt

Germany 15.6-31.7 ngg’ [63]
Germany 0.9-200 ng g’ [44]
Germany 27 ngg’! [64]
UK/Richmond 0.3-8 ng g’ [50]
UK/Nottingham 0.19-1.33 ng g’ [50]
UK/Birmingham 0.05-4.45 ngg’' [50]
Mexico city 307.5-332.7 53.2-74 26-39.1 ng g [58]

Table 8. Comparison of global concentration levels of PGMs in roadside soil samples by ICP spectroscopy analysis.

Country/city Pd Pt Rh Units Reference

Roadside dust samples

South Africa/ 0.96-1.35 0.87-0.99 0.10-0.95 ngg’! This study
Stellenbosch

South Africa/ 1.13-3.62 1.41-5.46 3.32-8.70 ng L™ [26]
Stellenbosch

Saudi Arabia/Jeddah 192.3 - - ug L™ [65]

city

Roadside soil samples

South Africa/ 0.92-4.0 0.84-0.99 0.42-1.21 ng g™ This study
Stellenbosch

South Africa/ 0.94-2.5 2.80-4.15 3.65-7.10 ng L™ [26]
Stellenbosch

Table 9. Comparison of global concentration levels of PGMs in roadside soil and road dust by voltammetric techniques.
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Analysis of the results in Table 9 has shown a lack of data in global concentrations of PGMs
using voltammetric studies. One of the first investigations on roadside dust PGMs levels in
Saudi Arabia was undertaken by Ba-Shami et al. [65]. This proves that voltammetric methods
for detection of PGMs in road soil and dust samples are still in early stages globally. Most
countries of the world have used spectroscopic studies to determine the concentration levels
of PGMs in roadside dust and soil. The study by Ba-Shami et al. [65] has shown that voltam-
metric techniques can be applied to analyse roadside soil and dust samples for Pd(II) levels. In
the current study, it was shown that voltammetric studies are sensitive enough to determine
Pd(II), Pt(II) and Rh(II) in roadside soil and dust samples.

4. Conclusion

The present study showed the use of AADPCSV analysis with a GCE/rGO-SbNPs sensor for
the voltammetric determination of PGMs in roadside soil and dust samples. At all the sampling
sites evidence of Pd, Pt and Rh were observed in different roadside media by AADPCSV and
ICP-MS analysis. The results showed that automobile catalysts are a minor source of PGMs
into the South African environment with relatively low concentrations at high volume traffic
sites near Stellenbosch, Western Cape. Useful analytical data on platinum group metal concen-
trations in soil and dust samples have been collected. Matrices effects in the samples were min-
imised by diluting the samples without the need of prior treatment for voltammetric analysis.
The maximum concentrations of PGMs in road soil samples sampled near Stellenbosch using
voltammetry were as follows: Pd(I) =4 ng g™, Pt(Il) = 0.99 ng g and Rh(Ill) = 1.21 ng g™. The
maximum concentration of PGMs in road soil samples near Stellenbosch using spectroscopy
were as follows: Pd =0.34 ug g™, Pt=0.07 ug g and Rh=0.26 pg g™'. The maximum concentra-
tions of PGMs in roadside dust samples of Stellenbosch using voltammetry were as follows:
Pd(Il) = 1.35 ng g, Pt(Il) = 0.99 ng g™ and Rh(III) = 0.95 ng g™. The maximum concentration
of PGMs in roadside dust samples of Stellenbosch using spectroscopy were as follows: Pd =
0.34 ug g, Pt=0.10 pg g and Rh =0.06 pg g™'. It was interesting to note that the data obtained
in this study and compared to the globally available data revealed that Pt was the PGMs being
investigated the most using spectroscopy as technique in the past. Unfortunately, not a lot of
data are available concerning the voltammetric studies of PGMs in soil and dust samples. The
lack of data in this field enables us to make only a few general comments. The improvement
of LODs due to the development of novel analytical techniques has recently enabled detec-
tion of PGMs concentrations in the pg g™ range. The results of our investigations showed
voltammetry as more sensitive than spectroscopic methods. The research study confirmed
the significant role of traffic-related activities as a source of particles of anthropogenic origin
to urban road surfaces and surrounding environment. These particles contain heavy metals
that may become available for transport with storm water runoff and eventually impact on
receiving water quality and the aquatic ecosystem. The outcome of this study provides further
evidence of the need for voltammetric methods for detection of PGMs pollution. Although
environmental levels of PGMs are still relatively low, recent reports of a progressive increase
in these concentrations makes further research essential.
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Abstract

Graphene, the atomically thin sheet of sp? hybridized carbon atoms arranged in hon-
eycomb structure, is becoming the forefront of material research. The chemical vapor
deposition (CVD) process has been explored significantly to synthesis large size single
crystals and uniform films of monolayer and bilayer graphene. In this prospect, the
nucleation and growth mechanism of graphene on a catalytic substrate play the fun-
damental role on the control growth of layers and large domain. The transition metals
and their alloys have been recognized as the active catalyst for growth of monolayer and
bilayer graphene, where the surface composition of such catalysts also plays critical role
on graphene growth. CVD-synthesized graphene has been integrated with bulk semicon-
ductors such as Si and GaN for the fabrication of solar cells, photodetectors, and light-
emitting diodes. Furthermore, CVD graphene has been integrated with hexagonal boron
nitride (hBN) and transition metal dichalcogenides (TMDCs) for the fabrication of van
der Waals heterostructure for nanoelectronic, optoelectronic, energy devices, and other
emerging technologies. The fundamental of the graphene growth process by a CVD tech-
nique and various emerging applications in heterostructure devices is discussed in detail.

Keywords: graphene, CVD synthesis, atmospheric and low pressure, catalyst, graphene
heterostructure

1. Introduction

Graphene was first introduced in 2004 by Prof. Andre Geim and Prof. Konstantin Novoselov
by exfoliation of graphite using scotch-tape [1]. Prior to this ground breaking work, Peierls
and Landau have predicted that the two-dimensional (2D) layered materials are thermody-
namically unstable and difficult to find in nature [2—4]. The advent of atomically thin gra-
phene revolutionized the 2D materials in physics, chemistry, and engineering fields, opening
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enormous potential applications [5-10]. Considering the pioneering work on graphene, the
2010 Nobel Prize in Physics was awarded to Prof. Geim and Prof. Novoselov. Graphene can
be considered as the main building block of various other forms of sp? hybridized carbon
atoms (Figure 1). One of the most well-known allotrope is buckminsterfullerene also called
as buckyball or fullerene (C,)), which was discovered in 1986 by R. F. Curl, H. W. Kroto and
R. E. Smalley [11]. The soccer ball look-alike buckyball with a diameter only of 7.1 A and
consisting of 12 pentagons and 20 hexagons carbon rings. Its existence had been predicted
earlier in 1970, by the Japanese theoretician Eiji Ozawa et al. [12]. Similarly, carbon nanotubes
(CNTs), another form of carbon, have generated significant interest in the research fraternity
due to their fascinating properties such as a one-dimensional (1D) structure [13]. In contrast
to a buckyball, the CNTs can be considered as a rolled sheet of graphene forming 1D tubular
structure. A rolled single sheet graphene will form single walled CNTs, while multiple rolled
graphene sheet will create multi-walled CNTs. Graphene quantum dots (GQDs) and nanorib-
bons are also explored considering their unique characteristics [14, 15]. The discussed various
forms of crystalline carbon in different dimensions (i.e., zero, one, two, and three dimensions)
exhibit contrasting physical and chemical properties and are prominent materials for wide
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Figure 1. 2D graphene sheet is the building block of other forms of sp? hybridized carbon in all other dimensions. The
graphene sheet can be wrapped to form fullerene (zero dimension), rolled into nanotubes (one dimension), or stacked
into graphite (three dimension). [Reprinted with permission from Ref. [9]].
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range of applications. Various physical phenomena and structure-related properties have
been explored or discovered, while graphene can be ideal form of the materials to understand
the various other forms. In the chapter, we focused on graphene growth process on catalyst
substrates by the low and atmospheric pressure CVD process. Subsequently, we emphasize
on different possible catalysts for graphene growth and their surface structures for selective
growth of monolayer, bilayer, and large single crystal domains. Recent development and
emerging applications of CVD graphene for the fabrication of heterostructures with bulk
semiconductor and van der Waals heterostructures with other two-dimensional (2D) materi-
als were introduced and explained.

2. Crystal structure and basic properties of graphene

The unit cell of graphene contains two carbon atoms and the graphene lattice can be con-
sidered to be made of by two sublattices, A and B (Figure 2(a)). The A and B sublattices are
triangular Bravais lattices; therefore, the graphene honeycomb lattice can be viewed as a
triangular Bravais lattice also called as hexagonal lattice with a two-atom basis (A and B).
Figure 2(a) shows the honeycomb lattice of graphene. The vectors o, 9, and o, connect near-
est neighboring carbon atoms, separated by a distance of a = 0.142 nm. The vectors a, and a,
are basis vectors of the triangular Bravais lattice. The reciprocal lattice of the triangular lattice
with primitive lattice vectors a*, and a*, is presented in Figure 2(b). In the center, the shaded
region represents the first Brillouin zone, with its center I', and the two inequivalent corners K
(black squares) and K’ (white squares). The mt-bands electronic dispersion relations for the 2D
honeycomb crystal lattice of graphene under the tight binding (TB) approximation is shown
in Figure 2(c). Plots are shown for the electron energy dispersion for 1t and 7'-bands in the
first and extended Brillouin zones as contour plots at equidistant energies and as pseudo-3D
representations for the 2D structures. Electronic band structure can be simply presented by a
Dirac cone, where the valance and conduction band touch at Dirac point [16]. The cone-shape
energy band structures present linear electronic dispersion and density of states (DOS) of
graphene, which significantly differ from conventional metals and semiconductors.

The quantum confinement of the electrons in absence of a third dimension provides graphene
various exciting properties. Electrons in graphene behave as massless relativistic fermions at low
temperatures, which is an unusual behavior for condensed-matter system [16]. Graphene shows
an unusual (relativistic) quantum Hall effect with an applied perpendicular magnetic field at a
temperature as high as room temperature [6]. The massless Dirac fermion (i.e., charge carrier)
of graphene moves at ballistic speed in submicron length, close to relativistic speeds. It has been
estimated that the intrinsic carrier mobility of graphene is as high as 200,000 cm? V-'s™ [18]. The
2D graphene sheet is also known to be an excellent current conductor; the sustainability of current
density is six orders higher than of normal Cu [9]. Graphene also shows exceptional mechani-
cal strength, with breaking strength of ~40 N/m and the Young’'s modulus of ~1.0 TPa [8]. The
thermal conductivity of a suspended graphene sheet at room temperature has been measured
as in the range of 4.84 x 10°-5.3 x 10° W/mK [19]. The absorption coefficient of graphene has been
determined from the fine structure constant (a = ¢%/iic), which signifies that the absorbance and
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Figure 2. (a) Two graphene sub-lattices (A and B) and unit cell. (b) Reciprocal lattice of the

binding(TB)approximation (http://demonstrations.wolfram.com/GrapheneBrillouinZoneA:
(d) Electronic band structure and presentation of Dirac point of 2D graphene crystal.

transparency of graphene is independent of wavelength. A monolayer graphene absorb 2.3 +0.1%;
of the incident light with a negligible reflectance of <0.1% [7]. Graphene, with only one atomic
layer, has a high surface area-to-volume ratio without affecting much of the mechanical proper-
ties. In the chemistry point of view, graphene sheets can be functionalized with other elements to
achieve heterogeneous chemical and electronic structures. The basic properties of graphene-based

material are summarized in Table 1.

graphene lattice, presenting the
Brillouin zone, and (c) 7t-bands electronic dispersion relations for a 2D honeycomb crystal lattice of graphene under the tight
ndElectronicEnergyDispersion).

Properties  Graphene References

Electrical Band structure for Graphite ﬁzlrl(?;:;y;]al. (18]
e Carrier mobility~200,000 cm? Vs Zhang et al. [6]
* Unusual (relativistic) quantum Hall effect Geim and Novoselov [9]
* Excellent conductor (Can sustain 6 orders higher current than Cu)

Optical * Graphene absorb 2.3 + 0.1% of light (From fine structure constant), ~ Nair et al. [7]

independent of wavelength
Thermal Thermal conductivity~4.84 x 10° to 5.3 x 10° W/mK
Mechanical ~Breaking strength of ~40 N/m and Young’s modulus of ~1.0 TPa

Chemical Functionalization with various functional groups

Balandin et al. [19]
Leeetal. [8]
Loh et al. [20]

Table 1. Properties of graphene 2D crystals.
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3. Synthesis of graphene-based materials

The first demonstrated process to derive graphene was exfoliation of graphite by using a
simple scotch tape technique [21]. The repeated exfoliation on a substrate surface enabled to
derive a very thin sheet consisting of few-layers graphene. The unique physical properties of
the exfoliated 2D graphene sheet led to several outstanding innovations in graphene deriving
and synthesis process. Mechanical exfoliated graphene has been widely studied to investigate
physical properties of graphene and electronic device fabrication [8-12, 21]. The scotch tape
technique produces only a few micron sheet, which has only limited application prospective.
Again, the technique is time consuming and basically depends on trial and error approach
with difficulties to locate with repeatability. The other well-known approach explored in the
very beginning of the graphene research is epitaxial growth on silicon carbide (SiC). Graphene
on SiC has been synthesized by high temperature annealing process (>1300°C) in high vacuum
chamber [22, 23]. In the annealing process, top layer of SiC undergoes thermal decomposition,
where Si atoms desorb and carbon atoms remain on the surface rearranging and bonding to
form sp? hybridized graphene structure. The main drawback of graphene growth on SiC is
small domain structures with the presence of steps and terrace edges. Again, the high cost
of SiC substrate and high processing temperature in vacuum chamber make less industrial
attractive. The other alternative approach is reducing of chemically exfoliated graphene oxide
(GO) to derive large quantity of graphene flakes [20, 24]. GO has been synthesized at around
room temperature by a modified Hummer method that involves rigorous oxidation of pure
graphitic materials [25, 26]. The oxygen-related functional groups enhance the interlayer dis-
tance of graphene sheets of graphite, which make it possible to exfoliate readily with reduce
van der Waals interaction between the layers. GO is an insulating graphene sheet containing
epoxy and hydroxyl oxygen functional groups on the basal plane and at the edges [27-29].
GO-based materials are electronically hybrid material that features both 7 state of sp* carbon
and the o state of sp®> bonded carbon with oxygen. Controlling the sp? and sp® hybridized
carbon atoms ratio with oxidation and reduction process the desirable optical and electronic
properties can be achieved [20]. However, significant structural defects are induced in the
graphene lattice with reduction of GO, which considerably effect the mechanical and electri-
cal properties. Although the chemical exfoliation and reduction process can be carried out at
room temperature to synthesize a large quantity of graphene, it does not satisfy the norms
for electronic grade materials. Nevertheless, there are various possibilities for composite and
electrode materials for energy conversion and storage devices.

In the above-discussed point of views, the CVD process is one of the most prominent approaches
for the synthesis of high quality graphene with a controlled number of layers in large area. In
the CVD approach, hydrocarbons are decomposed and catalyzed to form sp? hybridized car-
bon for lateral growth on a substrate. Graphene can be synthesized with desired structures
depending on the CVD process, catalyst substrates, nature of precursors, base pressure, and
gas composition. Recent significant development of high-quality and single crystal graphene
synthesis by the CVD technique on metal substrates opens up new possibilities for applications
[32-37]. In the following, we discuss in detail about the CVD synthesis process and growth
mechanism of graphene on various catalyst substrates.
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4. Development of chemical vapor deposition process

Growth of the graphitic layer on a transition metal substrate owing to atomic carbon segrega-
tion has been well known for many years [30]. Synthesis of planar nanographene (PFLGs) was
demonstrated by Somani et al. by a simple CVD technique [31]. The graphitic structure included
about ~35 layers of graphene, due to high segregation of carbon atoms on the Ni foil. The pro-
cess was further developed to achieve control growth of monolayer, bilayer, and few layer gra-
phene on the Ni-deposited SiO,/Si and Ni foil [32, 33]. The main challenge of CVD graphene
structure is to remove and transfer on an insulating substrate for physical properties character-
ization. In the later stage, transfer process of CVD graphene onto an arbitrary substrate without
disturbing the intrinsic properties has been developed [34]. Transferring of a CVD graphene
can be achieved by wet or dry etching of the catalytic layer and placing on a desirable substrate
surface. The CVD process has been significantly explored to grow large size single crystals and
high quality wafer-scale monolayer and bilayer graphene. In this prospect, the nucleation and
growth mechanism of graphene on a catalytic substrate play the fundamental role in the for-
mation of large domains and number of layers. The transition metals, alloys, and liquid metals
have been recognized as the catalyst for growth of monolayer and bilayer graphene, where the
surface composition of solid catalyst substrates also plays critical role on graphene growth.
The thermodynamic and kinetic parameters are also crucial in graphene growth process, where
pressure and temperature are both key factors [32-39]. The graphene growth mechanisms are
discussed for the atmospheric and low pressure CVD technique in the following section.

5. Atmospheric and low pressure CVD technique

The atmospheric pressure chemical vapor deposition (APCVD) system consists of horizontal
quartz tube connected to gas inlet and outlet [40]. Figure 3(a) and (b) presents schematic of two
different possible APCVD and low pressure CVD (LPCVD) system depending on the precur-
sor materials. Gaseous precursors can be supplied from external sources, while solid and liquid
precursors can be directly inserted in the CVD chamber for graphene growth. The growth cham-
ber pressure in graphene growth has been significantly explored to control the nucleation den-
sity and number of layers [41-45]. It has been observed that the activation energy of nucleation
dramatically affects by the pressure i.e., different for the APCVD and LPCVD techniques. The
effect of chamber pressure on graphene nucleation has been explored on Cu catalyst substrate,
considering the self-limiting behavior for monolayer graphene growth on Cu [4345]. It has
been observed that the graphene nucleation density affected by several fundamental processes
occurred on the Cu surface. These are: (i) precursor adsorption, (ii) formation of active carbon
species (dehydrogenation), (iii) diffusion of active carbon on the surface, and (iv) critical size
nuclei formation that competes with (v) desorption. Now, most of these processes are affected by
the background pressure of CVD and responsible for the difference between the low and atmo-
spheric pressure growth of graphene [45]. The overall pressure significantly affects desorption of
various species from the catalyst surface. It has been explained that due to the collisions with the
buffer gas in the diffusion layer close to the surface, the desorbed species have a higher returning
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rate to the surface at higher pressures. The effect is inversely proportional to the background pres-
sure, making the evaporation rates at atmospheric pressure more than 3 orders of the magnitude
lower than at reduced pressures. In LPCVD process, diffusion of the gas decreases proportionally
to the reciprocal of the pressure. The pressure for LPCVD system is typically ~10-1000 Pa, while
the standard atmospheric pressure is 101,325 Pa. If the pressure in the CVD process is reduced
from atmospheric pressure to about 100 Pa the diffusion will decrease by almost 1000 times [46].
Hence, the velocity of mass transport will reduce to the substrate surface inside growth chamber,
allowing uniform and homogenous growth of graphene. Thus, graphene growth is less depen-
dent on mass transport velocity in the LPCVD process [45, 47].

It has been reported that the carbon atoms adsorption energies on a Cu surface vary within
4.1-7.5 eV range, where graphene nucleation on the catalyst substrate significantly depends
on desorption/etching of small active carbon species. It has been also reported that the Cu
evaporation rate in vacuum is significantly high, which is around 4 pm/hour at 1000°C [48].
The high evaporation rate of Cu in a LPCVD process promotes desorption of carbon species
adsorbed on top of the catalyst, leading to a lower nucleation density. The reported activation
energy of nucleation, E, ~ 3-4 eV at low pressures and temperature >950°C [45, 47]. On the
other hand, sublimation of Cu in the APCVD process is significantly less, which lead increased
activation energy for Cu atoms desorption as well as desorption energy of carbon atoms from
the catalyst surface (E_ _~9 eV) [45]. Thus, graphene nucleation and growth significantly dif-
fer depending on the pressure of the CVD chamber affecting absorption and desorption of
carbon atoms (Figure 4). Along with Cu, various other catalyst substrates have been explored
for uniform monolayer or bilayer graphene growth in the CVD process as discussed below.
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Figure 3. Two different possible CVD systems depending on the precursor materials. (a) External supply of gasses
precursor and (b) Directly inserted solid and liquid precursors in APCVD and LPCVD modes.
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Figure 4. Activation energy differ for low and atmospheric pressure CVD. At low pressure, evaporation of Cu is
significant which limits nucleation of graphene (E _~ 4 eV). Cu evaporation is less at atmospheric pressure CVD, where
nucleation activation energy is higher (E_ _~9 eV). [Reprinted with permission from Ref. [45].
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6. Catalysts for CVD process

6.1. Single transition metal catalyst

The CVD growth of graphene has been mostly investigated on transition metal catalysts
(Ni, Cu, Co, Pt, Ag, Ru, Ir, Pd, etc.) [31-39, 49-53]. Growth of pyrolytic carbon films or lay-
ers of graphite have been first observed on Ni catalyst with introduction of hydrocarbon or
evaporated carbon materials [30, 54]. Almost at the same time, the formation of graphitic
layers on single crystal Pt and Ru was observed in catalysis experiments. The formation of
graphitic layers can be explained with diffusion and segregation of carbon impurities on
the metal surface during the annealing and cooling process. At an elevated temperature,
hydrocarbons were thermally decomposed and surface absorption/desorption or segre-
gation of carbon occur depending on carbon-metal solubility for graphene growth. The
above-discussed (Section 5) absorption/desorption of carbon atoms for particular catalyst
substrate can significantly differ, depending on carbon solubility on metal surface. Again,
the metal catalyst can be polycrystalline or single crystalline in nature. The grain boundar-
ies, crystallographic orientation of grain can significantly influence the absorption/desorp-
tion or segregation of carbon atoms, which leads diverse morphologies of graphene on
different metal catalysts. In the following, we discussed two simple model of graphene
growth process on highly carbon soluble Ni and low carbon soluble Cu catalyst. The sta-
bility and the reactivity of Ni at high temperatures, as well as its high carbon solubility
(0.6 weight % at 1326°C), have been explored for graphene growth in the initial stage of
CVD research [55]. The lattice constant of Ni is 3.52 A and its first-neighbor distance in
the bulk is 2.49 A, which is almost identical to the lattice constant of graphene 2.46 A [55,
56]. Figure 5(a) shows the growth model of graphene on the Ni catalyst. Bulk diffusion
of carbon atoms can be dominant depending on the CVD growth conditions for high car-
bon soluble transition metal catalysts (Figure 5(a)). The nonequilibrium process leads to
the carbon precipitation on the surface and the formation of graphene during the cooling
down process [56-59]. It is difficult to obtain uniform graphene films with minimal micro-
structural defects on polycrystalline Ni, owing to multiple nucleation and unpredictable
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quantity of segregated carbon. Contrary to the Ni catalyst substrate, Cu has a filled 3D
shell that results in a low carbon solubility (0.008 weight % at 1084°C) and reduces the
tendency for adsorbing hydrocarbons onto the Cu surface [60-62]. This favors an extensive
surface migration of carbon adatoms on the Cu surface and a minimum diffusion into
the bulk of Cu. The low affinity of carbon for Cu is also shown in the absence of carbide
formation. The lattice constant of Cu is 3.61 A and its first-neighbor distance in the bulk is
2.56 A, which is slightly different than the lattice constant of graphene which is 2.46 A. The
lattice mismatch is around 3.7%, larger than of between Ni and graphene (1.2%), which
indicates favorable growth on the Cu surfaces but with easier transfer due to the weaker
interactions between graphene and Cu substrate. The carbon source precursor molecules
are decomposed before being adsorbed by the Cu catalyst where the dehydrogenation of
the molecules takes place, followed by the surface migration and the growth (Figure 5(b))
[62-64]. Growth conditions and substrate grain orientations of Cu also influence the
growth of the graphene crystals. Considering the effect of catalyst substrate polycrystal-
line nature, epitaxial growth of graphene on single crystal Ni (111) and Cu (111) has been
also explored [65-67]. Graphene can be grown with a preferred orientation on Cu(111),
and even seamless sticking of graphene domains on Cu(111) substrates has been obtained.
Thus, unidirectional alignment of nucleated graphene crystals on a single-crystal metal
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Figureb. (a) Graphene growth process on highly carbon soluble metal substrate (e. g., Ni). Decomposition, dehydrogenation,
bulk diffusion, and segregation process determined the graphene nucleation and growth. (b) Graphene growth process
on a low carbon soluble metal substrate (e.g., Cu). Decomposition, dehydrogenation, and surface adsorption/desorption
process determined the graphene nucleation and growth.
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substrate can be the perfect solution to grow uniform graphene films. However, Synthesis
of graphene on a single-crystal metal substrate is not suitable for large-scale production
owing to the high cost and the difficulty of preparing single-crystal metal. Significant effort
has been also made to synthesis large single crystal graphene on the metal catalyst to
overcome the limitation of smaller graphene domain and polycrystalline nature [68-74]. In
this prospect, modification of the Cu substrate surface by oxidation has enabled to reduce
nucleation density, which allows large-area lateral growth of the same crystal (Figure 6)
[72]. The processing of the Cu substrate surface is critical as well as the growth of kinetic
parameters determine the size and shape of the single crystals. The main challenge toward
this research prospect is to produce continuous large-area film with the same large size
single domains in a less growth duration.

6.2. Binary transition metal catalyst

One of the important aspects, we learn from the above discussion, is that the traditional
polycrystalline or single-crystalline metal catalysts have enabled the growth of uniform
graphene film by complex pretreatments or precise parameter controlling. Rational design-
ing of a binary catalyst can be significant to control nucleation density, number of layers,
solubility of carbon and dopant, which will provide significant control in the CVD growth
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Figure 6. Oxidizing treatment of Cu for large domain growth. (a) Photographs of Cu foils after the annealing treatment
in Ar and H, atmospheres. (b) XPS spectra of the Cu surface at different stages of the annealing. (c) SEM images of a large
graphene domain (~510 um). (d) Formation of millimeter scale structures with merging of two graphene domains (560
and 825 um). [Reprinted with permission from Ref. [72].
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process. Bilayer graphene with AA, AB stacking and rotation stacking fault is interesting
prospect to observe novel physical properties (Figure 7(a)) [75-77]. It has been demon-
strated that applying a vertical electric field in bilayer graphene-based field effect transistor
(FET), a bandgap of the order of 0.2-0.3 eV can be observed [78]. Significant research effort
has been given for control growth of bilayer graphene using a binary alloy catalyst to adjust
the solubility of the carbon atoms. The solubility of carbon species at high temperature in
Cu and Ni is significantly different, which leads to distinct growth behavior as discussed
in Section 6.1. Growth of bilayer graphene can be achieved on Cu-Ni alloys with more than
90% coverage adjusting the Ni concentration in the alloy [79]. Synthesis of a highly uniform
bilayer graphene film by the CVD process has been also achieved on an epitaxial Cu-Ni
(111) binary alloy catalysts [80]. In the case of the epitaxial Cu-Ni alloy also the relative
concentration of Ni and Cu as well as the other thermodynamic and kinetic parameters
such as temperature, cooling profile, and gas composition strongly influence the unifor-
mity of bilayer graphene growth. The other metal alloy such as Ni-Mo, Au-Ni, Co-Cu, etc.
also can be significant to achieve control growth of graphene in a CVD process [81-84].
The present challenges toward this direction are selection of proper metal for alloy, com-
position, and alloy preparation techniques for further development. Significant effort has
been also made to design alloy-based catalyst to achieve faster growth of larger graphene
domains [85]. The binary alloy catalyst also facilitates to control the solubility of carbon
and dopant atoms to achieve substitutional doping. Remi et al. have demonstrated that

Melamine g

Intensity (a.u.)

Cu-Ni

g . Nitrogen doped bila',nerg;;phene 1200 1700 2200 2700
®(Cuy ®Ni = C N Raman shift (cm™)

Figure 7. Graphene growth on the Cu-Ni binary alloy catalyst substrate by a CVD technique. (a) and (b) Schematics of
the CVD growth process of AB stacked bilayer graphene on the Cu-Ni alloy. (c) Transmission electron microscopy (TEM)
and diffraction analysis of the graphene. [Reprinted with permission from Ref. [76]]. (d) and (e) Schematic of nitrogen-
doped bilayer graphene growth on the Cu-Ni binary alloy using a melamine solid precursor and (f) Raman spectra of
the bilayer domain. [Reprinted with permission from Ref. [86]].
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large nitrogen-doped bilayer graphene domains can be synthesized on the Cu-Ni binary
alloy as shown in Figure 7(b) [86].

6.3. Liquid metal catalyst

Unidirectional nucleation and growth can be achieved on a liquid metal in the absence of
a crystalline lattice and amorphous atomic structure, which is truly homogeneous [87, 88].
The quasi-atomically smooth surface of the liquid to avoid defects or grain boundaries
such as those found in solid metals can be perfect choice for single layer graphene growth
in the CVD process. The perfectly smooth liquid surface supports uniform nucleation and
growth of graphene. The growth of graphene governed by a self-limited surface cata-
lytic process and is robust to variations in CVD growth conditions [89, 90]. Homogenous
monolayer graphene growth on liquid metals has been achieved using the CVD pro-
cess. The p-block element, such as liquid Ga, has been also demonstrated as an attrac-
tive option for large high-quality graphene growth and expanding the catalyst family
for graphene growth beyond d-block transition metals. Growth of monolayer graphene
on liquid indium (In) and gallium (Ga) has been demonstrated, without the formation of
sublayers as shown in Figure 8 [90]. Thus, the development of various catalysts for the
CVD process and achieving growth of graphene with desired numbers of layer, crystalline
structure, and morphology with the highest quality will enable commercial applications.
The comparison of various catalyst types for the graphene growth process is summarized
in Table 2.
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Figure 8. Typical growth results on liquid metal substrates. (a—c) Optical microscope images of graphene grown on
liquid Cu, In and Ga respectively, which demonstrates the excellent uniformity of the single-layer graphene. (d-f)
Layer distribution determined by RGB color analysis of the corresponding optical microscope images [Reprinted with
permission from Chem. Mater. 2014; 26(12): 3637-3643].
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Type of catalysts

Merits

Demerits

Polycrystalline metal

Single crystal metal

Binary alloy

Liquid metal

1. Low cost
2. Easy processability
3. Simple CVD approach

1. Unidirectional nucleation

2. Uniform monolayer

1. Control layer growth

2. Controllable doping of graphene

1. Uniform single layer graphene

. Nonuniform growth
. Multilayer growth

. Defect in grain boundaries

. Difficult to produce large area

graphene

. High processing cost for single

crystal metal preparation

. Alloy preparation technique
. High processing cost

. Handling and processability

2. Transfer process (for example,
transferring from liquid Ga
surface)

Table 2. A comparison of catalyst types for various graphene growth process.

7. Heterostructure of CVD graphene with other semiconductors

The heterostructure of CVD graphene with other bulk and two-dimensional (2D) semicon-
ductors has been developing extremely fast. Novel heterostructure devices are in main focus
for solar cell, light-emitting diodes, photodetectors, gas sensors, tunneling transistors, reso-
nant tunneling diodes, etc. [91]. This has enabled to utilize and integrate the properties of dif-
ferent materials to fabricate new highly efficient device architecture. Graphene with excellent
electrical conductivity, tunable work function, doping to obtain p-type and n-type and high
optical transparency has significant potential to combine with other semiconductor to fabri-
cate novel devices. In the earlier stage, graphene considered to suitable transparent conductor
for touch panel devices and as an alternative to metal oxide-based transparent conductors.
Recently, applications of graphene have spread into many other areas, such as nanomechani-
cal systems, nonvolatile memory, optoelectronics, interconnections, thermal management,
and bioelectronics. Among these applications, graphene-based solar cells, photodetectors,
light-emitting diodes are the most interesting because of their remarkable performances as
transparent electrodes and active layers for photoelectric devices, which make them promis-
ing solutions for fast-response and energy-efficient applications. In the following sections, we
discuss elaborately various CVD graphene-based heterostructures.

7.1. Graphene-Si heterostructure

Heterojunction of CVD graphene and Si has been extensively studied for solar cells and
photodetector applications [92]. The transparency of CVD graphene in a wide wavelength
range makes it possible to fabricate a broad wavelength range photodetector and utilize
much higher solar light to achieve high conversion efficiency. Again, the density of state
(DOS) for graphene significantly differs than that of conventional metals. It can be observed
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that conventional metal has a finite DOS near Fermi energy, whereas graphene has a zero
DOS at the Fermi energy (as discussed in Section 2). The unusual optoelectronic properties
of graphene open new opportunities in device engineering than that of conventional metal-
semiconductor-based devices. The CVD graphene on n-Si can create a Schottky junction with
a large build-in potential due to its suitable work function as well as prospect to tune the bar-
rier height. CVD synthesized a large-area monolayer or few-layer graphene has been trans-
ferred on the n-Si or p-Si substrate to create a heterojunction [94]. The CVD graphene film
coated on the patterned Si substrate with an insulating and metallic layer attached perfectly
with excellent contact (Figure 9). Excellent rectification diode characteristic can be observed
for the graphene/n-Si device. The low leakage current can be attributed to uniform contact of
the graphene film on Si surface. Photovoltaic action has been observed with illumination of
white light. The exciton dissociation can be achieved to obtain a photovoltaic action by creat-
ing a suitable barrier height in the graphene/Si heterojunction [92-94]. Recent studies show
more than 10% conversion efficiency of CVD graphene/n-Si Schottky junction solar cells [95].
The interesting fact is that by chemical or substitutional doping of graphene allows to tune
the electronic state to make p-type or n-type as well as changing the work function. There are
enormous potential in this device technology for various optoelectronics application. Such a
simple device structure with easy fabrication process can be ideal to integrate for wafer scale
production within the existing Si solar cell manufacturing process.
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Figure 9. (a) Schematic of fabricated graphene-Si heterojunction. (b) Optical microscope image of silver nanoparticles
(AgNPs) coated graphene/Si heterostructure. (c) Current-voltage curves for AgNPs-graphene/n-Si solar cell. (d)
Photoresponsivity at 550 nm wavelength. [Reprinted with permission from Ref. [94]].
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7.2. Graphene-GaN heterostructure

Integration of CVD graphene with wide bandgap semiconductors has also attracted sig-
nificant attention for optoelectronic device applications. GaN is one of the most promising
wide bandgap semiconductors for applications in optoelectronic and other electronic devices
such as light-emitting diodes, laser diodes, solar cells, and high-electron-mobility transistors
[95-99]. The transparency of metal oxide conductors is poor in the UV and near UV region,
which affects the photodetectors efficiency and brightness of LEDs. In this prospect, a high
transparent conductor in the UV region can be the only solution and CVD graphene is the
ideal candidate. Another important aspect is low thermal conductivity of metal oxide trans-
parent conductors, reduces the diffusion efficiency of the heat generated during the operation
of LEDs. Graphene/GaN heterojunction can be most chemically robust and nondegradable
under harsh conditions. The conventional metals like Ni, Pt, and Pd have been used for the
fabrication of Schottky junction with GaN. However, diffusion of the metal into semiconduc-
tor at elevated temperatures enhances the tunneling of the carriers across the barrier, causing
a decrease in thermionic emission current, i.e., lowering of the barrier and hence restricts the
high temperature operation of the device. Graphene has been combined with n and p type
GaN in lateral and vertical heterostructure to fabricate light emitting diode and photodetec-
tors (Figure 10) [98]. The fabrication of light emitting diode has been demonstrated using a
tunnel junction configuration such as graphene/n-In Ga, N/p-GaN. Similarly, a graphene/
GaN-based Schottky UV photodetector has been investigated for higher and faster response
than the conventional detectors. UV photodetector device has been fabricated with monolayer
CVD graphene. High photoresponsivity has been achieved in the wavelength below 360 nm,
corresponding to the band edge absorption of GaN [99]. The current ratio with and without
luminescence has been achieved as high as 1.6 x 10% Similarly, multi-layer CVD graphene
has been also investigated for photodetector or light-emitting diodes. A method of directly
growing graphene films on GaN by the CVD process can be also favorable for fabrication pro-
cess compatibility. Nevertheless, there are many challenges in graphene-GaN heterojunction
fabrications and interface engineering. The important aspect is to understand the graphene/
GaN interface physics and transport mechanism for carriers transporting across it. There is
plenty of scope to develop 2D (graphene)-3D (Si, GaN, GaAs and other bulk semiconductors)
heterostructure for fabrication of energy-efficient devices.

7.3. Graphene-hexagonal boron nitride heterostructure

Significant research interest has been given to develop atomically thin 2D heterostructure of
graphene and hexagonal boron nitride (hBN) [100]. hBN can be considered as a structural
analogue of graphene, which is composed of alternating boron and nitrogen atoms in a hon-
eycomb lattice rather than the carbon atoms. Graphene with a zero bandgap is a semimetal-
lic as discussed in Section 1, while hBN with a bandgap of ~6 eV is insulating [100-107].
Significant carrier mobility of graphene has been achieved on atomically flat hBN as a dielec-
tric layer for the FET device. hBN with no dangling bond and charge traps make an ideal
dielectric material for graphene electronics [104]. It has been also observed that a measur-
able bandgap can be induced in graphene using hBN as a substrate, opening a new prospect
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for the FET fabrication. Recent studies have also revealed that an obvious bandgap can be
introduced by in-plane hBN and graphene heterostructures fabrication with a relatively high
carrier mobility [106]. In these prospects of vertical heterostructures, the hBN and graphene
layer can be transferred individually to fabricate a stack of layers, while a growth process
is unavoidable for in-plane heterostructure fabrication. Various CVD approaches have been
developed for the fabrication in-plane hBNC hybrid or hBN-graphene heterostructures on
the catalyst substrate (e.g., Cu) [106, 107]. These approaches are one-batch growth and two-
step patching growth models. Ajayan et al. have demonstrated the synthesis of hBNC film
and observed significant influence on electronic property, such as the electrical conductivity
and opening a bandgap attributing to the quantum confinement effect or spin polarization at
specific C-BN boundaries (Figure 11) [106]. Subsequently, hydrogen-induced etching process
of graphene or hBN layer has been developed for lateral epitaxial growth of h-BN/graphene
structure with sharp interfaces [107]. Temperature-triggered chemical switching growth of
in-plane and vertically stacked heterostructures has been also achieved in the same growth
process [108]. There are significant potential to control the etched structure and domain for-
mation in an hBN-graphene heterostructure to realize a considerable bandgap. The control in
size, shape, interface, and domain structure will be critical for further development of both
in-plane and vertical hBN/graphene heterostructure.
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Figure 10. (a) Schematic diagram of graphene-GaN device. (b) and (c): Energy band diagram of graphene/p-GaN and
graphene/n-GaN junctions. (d) and (e): Forward current-voltage (I-V) characteristics for p-, n-GalN/graphene junctions,
respectively; insets of (d) and (e) present the corresponding reverse I-V curves. [Reprinted with permission from Ref. [98]].
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Figure 11. Synthesis of hBNC film by a CVD approach to introduce a bandgap in the hybrid structure. (a) AFM image
of the uniform hBNC transferred onto SiO,/Si substrates. (b) High resolution TEM images presenting the section view of
the hBNC film. (c) Moiré patterns of a two layer packing in the hBNC film. (d) EELS spectrum of the hBNC films showing
three K-shell excitation edges of B, C and N respectively. (e) UV-Vis absorption spectra of pure hBN, graphene, and
hBNC hybrid. (f) Atomic models for the hBNC film. [Reprinted with permission from Ref. [106]].

7.4. Graphene-transition metal dichalcogenides heterostructure

The monolayer transition metal dichalcogenides (TMDC) materials have received significant
attention due to the presence of a direct bandgap. TMDCs, such as molybdenum disulfide
(MoS,), tungsten disulfide (WS,), rhenium disulfide (ReS,), tungsten diselenide (WSe,), etc.,
are the family of compound materials with the generalized formula MX,, where M is transi-
tion metal and X is a chalcogen such as S, Se, or Te. The individual layer of TMDCs consists of
three atomic layers in which the transition metal is sandwiched between two chalcogens. The
electronic and optoelectronic components fabricated using TMDC-layered materials, such
as FET, sensors, and photodetectors, have the potential to substitute conventional Si-based
electronics and organic semiconductors [109-111]. TMDC-layered materials have been
derived by mechanical exfoliation, liquid exfoliation, solvothermal process, and sulfuriza-
tion of transition metal-based precursors [112-115]. Among various approaches, the CVD
technique is one of the most suitable approaches to obtain wafer-scale uniformity for device
fabrication [113, 115]. TMDC materials synthesis by the CVD process is independent of cata-
lyst in contrast to the graphene and hBN CVD synthesis. TMDC layers have been combined
with graphene and hBN for the fabrication of transistors, photodetectors, solar cell, sensors,
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etc. by exploiting their discrete physical properties [116, 117, 119]. Graphene and TMDCs,
such as MoS,, WS,, etc., have been combined to fabricate a heterojunction photodetectors.
Various other novel devices have been proposed or developed based on heterostructures
formed between MoS, and graphene. Electronic logic and memory devices have already
been constructed from graphene-MoS, hybrids [114]. The graphene-MoS, heterostructures
have also been adopted to demonstrate an extremely high photo-gain and the ultrasensitive
sensors fabrication [118, 119]. Considering the significant potential, efforts have been made
to grow graphene-TMDCs hybrid structures by a CVD technique (Figure 12). Direct synthe-
sis of TMDC layer on graphene has been developed; such large-area van der Waals hetero-
structures show a significant improvement in photoresponse. In-plane or vertically oriented
growth of TMDCs on graphene also has great potential in the hydrogen evolution reaction
and sensing device applications.

The beauty of these material systems is that we can design and develop accordingly to
achieve something unexpected. Various other layered materials and their heterostructures
are emerging with intriguing properties for possible practical nanoelectronics, optoelectron-
ics and energy conversion and storage devices. We expect that the further development of
the CVD method will be the forefront of research area to develop graphene and other 2D
materials.
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Figure 12. CVD synthesis of monolayer MoS, on graphene. (a) TEM images and electron diffraction pattern suggests the
Van-der-Waals epitaxy of MoS /graphene layers. (b) Raman spectra of the MoS,/graphene heterostructure. [Reprinted
with permission from Ref. [119]].
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8. Summary

In the very outset of the chapter, we have discussed the background of graphene research devel-
opment leading to a new area of research in physics, chemistry, and engineering of 2D crys-
tals. The crystal structure and basic optical, mechanical, electrical, and thermal properties of
graphene were presented. Deriving or synthesis of graphene by various approaches was intro-
duced. Among the synthesis processes, a CVD approach has been extensively explored for con-
trolled growth of high quality and large-area graphene for electronic device applications. The
thermodynamic and kinetic parameters have a critical role in graphene nucleation and growth
process in the CVD method. The pressure and temperature are both key factors for graphene
growth, where the kinetic factors, such as gas flow, precursor flow rate, and gas composition
pressure also play important roles on graphene quality and structural morphology. We intro-
duced the atmospheric and low pressure CVD technique and growth dynamics of graphene
continues film and large single crystals. Catalyst also plays a significant role on the quality of
graphene synthesized by the CVD process. We have discussed about the polycrystalline and sin-
gle crystalline transition metal catalysts and their effect on graphene growth. The surface modi-
fication, such as oxidation, plays an important role to reduce nucleation density and thereby
achieving centimeter scale single crystal graphene growth in a CVD approach. We also intro-
duced the monolayer graphene growth behavior on a liquid metal catalyst. Next, we discussed
about the emerging application of the CVD graphene and fabrication of various heterostructure
and hybrid materials. CVD graphene has been integrated with bulk semiconductor such as Si
and GaN for fabrication of advanced device structure for solar cell, photodetector, and light-
emitting diode applications. In-plane and vertical heterostructures of hBN-graphene have been
developed by the CVD process. The control in size, shape, and interface of domain structure will
be critical for further development of both in-plane and vertical hBN/graphene heterostructures.
Further, graphene and TMDCs (MoS,, WS, etc.) based van der Waals heterostructures have been
developed by the CVD process for nanoelectronic, optoelectronic, energy storage, and conver-
sion applications. We expect further development of the CVD method, which will be one of the
forefronts of research area to develop graphene and other 2D materials in the coming years.
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Abstract

The isolation of free-standing graphene in 2004 was the spark for a new scientific
revolution in the field of optoelectronics. Due to its extraordinary optoelectronic and
mechanical properties, graphene is the next wonder material that could act as an ideal
low-cost alternative material for the effective replacement of the expensive conventional
materials used in organic optoelectronic applications. Indeed, the enhanced electrical
conductivity of graphene combined with its high transparency in visible and near-infra-
red spectra, enabled graphene to be an ideal low-cost indium tin oxide (ITO) alternative
in organic solar cells (OSCs). The prospects and future research trend in graphene-
based TCE are also discussed. On the other hand, solution-processed graphene com-
bines the unique optoelectrical properties of graphene with large area deposition and
flexible substrates making it compatible with printing and coating technologies, such
as roll-to-roll, inkjet, gravure, and flexographic printing manufacturing methods. This
chapter provides an overview of the most recent research progress in the application of
solution-processed graphene-based films as transparent conductive electrodes (TCEs)
in OSCs. (a) Chemically converted graphene (CCG), (b) thermally and photochemically
reduced graphene oxide, (c) composite reduced graphene oxide-carbon nanotubes, and
(d) reduced graphene oxide mesh films have demonstrated their applicability in OSCs
as transparent, conductive electrodes.

Keywords: organic solar cells, transparent electrodes, graphene, reduction
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1. Introduction

Organic solar cells (OSCs) based on two-dimensional (2D) nanomaterials, including graphene,
transition metal dichalcogenides (TMDs), and Xenes (silicene, germanene, stanene, etc.) have
experienced immense interest as possible candidates for clean energy generation offer the
benefit of low-cost, light-weight, large-area, high mechanical flexibility, and low temperature/
high throughput manufacturing processes [1-3] offering important advantages over silicon
technology. A key task toward the implementation of this technology is the adaptability and/
or the development of the materials used for their fabrication to further optimize their overall
performance [4-12].

Transparent conductive electrodes (TCEs) with an outstanding combination of high electri-
cal conductivity and good optical transparency have a crucial role in OSCs, as the first layer
of the device that the incident solar electromagnetic radiation should transmit in order to
be absorbed by the solar cell's active medium [13-15]. Conventionally, the most common
materials are indium tin oxide (ITO) and fluorine tin oxide (FTO), which are widely used as
the transparent electrode in many optoelectronic devices because of their good combination
of high transparency and low resistance [16-18]. However, these metal oxides exhibit several
issues due to the high cost, resulting mostly from the indium scarcity [19], their brittleness
[20], the device degradation due to indium diffusion into the photoactive layer [21], and the
requirement for high cost coating methods [20]. Significant effort toward the search of alter-
natives has therefore been motivated [15, 22-24] and several alternative materials have been
proposed, including metallic nanowires (NWs), nanostructured carbon, and conductive poly-
mers, among others [24, 25]. Therefore, developing new materials combining most desirable
properties for transparent electrodes will contribute to satisfy the increasing demand for low-
cost solution-processed flexible devices. Due to its exceptional properties, graphene is highly
attractive and is believed to be the next wonder material for optoelectronics; thus, triggering
its application as a transparent electrode for flexible energy-harvesting devices [26].

Graphene, a two-dimensional single-atom-thick (0.34 nm) carbon honeycomb, corresponds to the
interlayer spacing of graphite [27]. It displays unique thermal conductivity (=5.0 x 103 W mK™)
[28], superior mechanical strength (remarkable flexibility elastic modulus ~1 TPa), and outstand-
ing chemical stability, especially high electron mobility (>15,000 cm?* Vs™) [29], which overcomes
the intrinsic performance limitations of traditional transparent electrode materials, as well as low
sheet resistance (35 Q2 sq at 90% optical transmittance) [30], high optical transmittance (+97.7% for
single-layer graphene) [31], and good piezoresistive sensitivity [32].

Graphene production includes several methods. Depending on its quality, the properties of
the synthesized graphene may differ. More specifically, the grain size, the shape, the thickness
as well as the presence of defects influence graphene mechanical properties. From a highly
ordered pyrolytic graphite (HOPG) through a mechanical exfoliation method (“scotch-tape”),
originally graphene was produced [33]. Since then, the number of methods for graphene pro-
duction has significantly increased. Some of them include liquid phase exfoliation (LPE) [34],
chemical vapor deposition (CVD) [35], preparation from organic materials using solvothermal
method [36], chemical cross-linking of polycyclic aromatic hydrocarbons [37], preparation
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from SiC through thermal decomposition [38], and carbon nanotube unzipping [39]. Although
CVD method produces the less defective graphene films, it exhibits technical issues relating
with the deposition of graphene films on flexible substrates making this method incompat-
ible with roll-to-roll (R2R) mass production processes. On the contrary, the fact that graphene
oxide (GO) can be produced in large quantities from low-cost graphite powder and its prop-
erty to give stable dispersions in various solvents, make GO an ideal candidate for solution-
processed graphene production [40]. On top of that, it can be the precursor for conductive inks
production, adding to the printing electronics technology [27]. However, the introduction of
oxygen functional groups on the GO lattice, disrupts the sp? conjugation system of the hex-
agonal graphene lattice, making GO an insulator. By removing the oxygen containing groups,
GO can be partially reduced to conductive graphene-like sheets. The reduction process can
be performed by chemical [41], thermal [42], or photochemical treatment [43], aiming to yield
reduced graphene oxide (rGO) with similar properties to graphene [41].

This chapter covers the latest advances in solution-processed graphene-based thin films as the
anode TCE in OSCs, substituting the conventional ITO. We highlight the latest advances on
thermally, chemically and photochemically produced conductive graphene-based nanoma-
terials, as well as on graphene-based nanocomposites TCE films. In addition, we summarize
some promising routes for the graphene-based TCEs treatment that advance their optoelectri-
cal properties tailoring and achieve a balance between the sheet resistance (R ) and transmit-
tance of the solution-processed graphene-based TCEs. ITO replacement in graphene-based
TCEs, establishes the era of lightweight, low cost, extended lifetime, and stability, as well as

flexible and stretchable OSCs.

2. Applications of graphene-based TCE in OSCs

Numerous studies have aimed to investigate the key role of graphene-based materials as
the anode (positive electrode) in OSCs. A TCE with efficient carrier transport and thus, high
charge collection efficiency is required in OSC devices as outlined in Figure 1. Properties
including high transparency (>80%), low sheet resistance (R <100/sq), suitable work function
(4.5-5.2 eV) as well as low cost and compatibility with R2R fabrication processes characterize
the ideal TCE material. Despite the unique optoelectrical properties (T >90%, R =10-20 Q/sq)
of ITO and its ideal work function, the abovementioned ITO disadvantages have intensified
the research on graphene-based TCEs in OSCs. In this context, solution-processed graphene-
based films meeting the standards for low electrical resistance, high optical transparency and
tunable WF must be developed.

2.1. Chemically treated rGO transparent conductive electrodes

In 2008, Wu et al. compared the electrical properties of rGO films prepared according to two
different reduction methods: chemical and thermal treatment [44]. As pristine material, gra-
phene oxide (GO) prepared by Hummers' method was used. The conductivity properties of
GO reduced by vacuum annealing at 1100°C, by a combination of hydrazine (N,H,) treatment,

69



70  Graphene Materials - Advanced Applications

Figure 1. The graphene-based TCE as the anode in a typical flexible OSC.

and Ar annealing at 400°C were explored. The results displayed that the vacuum annealing
reduction resulted in rGO films with slightly better transparency and conductivity compared
to the films reduced using the chemical and thermal treatment combination. In both cases, the
film surfaces were free from spikes that can cause short circuit in optoelectronic devices. This
is an advantage of graphene-based electrodes over carbon nanotube or metal nanowire mesh
electrodes, which require a thick, spin-coated polymer buffer layer in order to prevent shorts,
generated by rough surfaces (spikes). The transmittance and R with respect to the rGO film
thickness with the two different fabrication methods are depicted in Figure 2. In a general
term, for <20 nm film thickness, the optical transmittance was 480%, while the R_varied from
5 to 1 MQ sq . Bilayer small molecule OSCs were fabricated on rGO/quartz and on ITO/glass
substrates. The fabricated cells of the structure rGO/copper phthalocyanine (CuPc)/fuller-
ene (C,)/bathocuproine (BCP)/Ag achieved a power conversion efficiency (PCE) of ~0.4%,
whereas the ITO-based devices exhibited a PCE of ~0.84%. The observed PCE difference is
attributed to the higher R_of graphene-based electrodes compared to the ITO electrodes.

Yun et al. investigated the potential use of a solution-processed rGO thin film as transparent
electrodes and characterized the effect of rGO films by tuning the film thickness and anneal-
ing treatment on the cell performances in OSCs [45]. Using a p-toluenesulfonyl hydrazide
(p-TosNHNH,) reducing agent, GO reduction took place. rGO dispersions with high concentra-
tions and thin film processability were prepared as a result of the hydrazone groups attached to
the edge and basal plane of graphene. In this way, issues created using other film preparation
techniques (i.e., transfer problems during vacuum filtration) or high temperature reduction
methods could be overwhelmed [46, 47]. They also evaluated the morphological and optical
properties of the solution-processed rGO thin films by tuning the fabrication conditions, such
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for both reduction methods: vacuum annealing at 1100°C (open symbols) and hydrazine treatment and Ar annealing at
400°C (filled symbols). Reprinted with permission from Wu et al. [44]. Copyright 2008 AIP Publishing LLC.

as spin-coating cycles and annealing temperatures. All rGO thin films fabricated through a
spinning method showed a highly uniform morphology with thickness controllability. In addi-
tion, sheet resistance was efficiently decreased from ~103 to 10 kQ sq™* by the trade-off between
the coating cycles and the annealing conditions. Finally, the effects of rGO-based electrodes
on the OSC performances by controlling the number of coating cycles were studied. OSCs
performance was improved upon decreasing the sheet resistance, for 200°C as the annealing
temperature and seven times coated rGO film, achieving a PCE of 0.33%.

In 2015, Moaven et al. reported the synthesis of an rGO/Ag nanocomposite electrode appro-
priate for OSCs [48]. The reported technique is applicable to flexible substrates by spin coating
of an aqueous solution of rGO/Ag nanocomposite on polyethylene terephthalate (PET) sub-
strate in ambient conditions. The optical and electrical properties were determined by tuning
the Ag concentration of the rGO/Ag nanocomposite and the electrode thickness. Flexible elec-
trodes were prepared with R_as low as 83 k(2 sq™! and with a transmittance of 47%. Finally,
OSCs onto PET, based on rGO/Ag anode electrode in different ratios were fabricated. The
highest PCE observed was 0.24% onto PET flexible substrates which was improved by 25%
compared to the conventional ITO/glass (0.18%).

Huang et al. in another article, demonstrated the preparation of highly conductive and trans-
parent graphene-based electrodes with tunable WFs by mixing single walled carbon nano-
tubes (SWCNTs) with chemically reduced GO [49]. More specifically, dry powders of GO and
SWCNTs were directly dispersed in anhydrous hydrazine. The yielded composite was coated
in different thicknesses (1-5 layers) and the optical and electrical properties of the fabricated
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films were characterized. The transmittance was directly affected by the number of spin-cast
layers, as presented in Figure 3. By increasing the number of spin-cast layers from one to five,
the optical transmittance at 550 nm was decreased from 88.8 to 58.7%. On the other hand, sheet
resistance values of the rtGO-SWCNT films were conversely affected upon the increase of the
number of spin-cast layers reaching R_ values as low as 254 Q) sq'. Furthermore, OSCs were
fabricated using rGO-SWCNT films as the anode TCE. Through doping with alkali carbon-
ates (Li, Na, Cs, etc.), it is possible to tune the WF of the solution-processed rGO-SWCNTs to
match the lowest unoccupied molecular orbital (LUMO) of PC, BM. In this way, an improved
ohmic contact with the active layer can be achieved, leading to increased charge injection and
better device performance. On top of that, SWCNTs can act as conductive percolation paths
that short circuit the rGO sheets. Inverted OSCs with structure of rGO-SWCNT/PEDOT:PSS/
P3HT:PC, BM/V,0,/Al were fabricated to demonstrate the applicability of WF tuning of rGO-
SWCNT. The devices based on P3HT:PC, BM, incorporating the four-layer rtGO-SWCNT film
exhibited a maximum PCE of 1.27%. Additionally, an excellent flexibility even under bending
angles of more than 60° was observed.

2.2. Thermally annealing rGO transparent conductive electrodes

The first application of solution-processed thermally reduced GO TCEs in OSC devices was
performed by Yin et al. in 2010 [50]. In more detail, GO films were firstly spin-coated on SiO,/Si
substrates, followed by reduction through thermal annealing at 1000°C in the presence of Ar/H?2.
Polymethylmethacrylate (PMMA) (~300 nm thick) was subsequently coated to be used as an
intermediate transfer substrate before the final transfer of rGO films onto polyethylene tere-
phthalate (PET) substrates. Flexible poly(3-hexylthiophene) (P3HT):phenyl-C, -butyric acid
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Figure 3. (a) rtGO-SWCNT films transmission spectra featuring different numbers of deposited layers. Inset: photograph
of the samples tested. (b) rGO, SWCNTs, and the hybrid rGO-SWCNT sheet resistances as a function of the layers’
number. A significant decrease of the rGO sheet resistance is demonstrated after adhering to the SWCNTs. Reprinted
with permission from Huang et al. [49]. Copyright 2011 ACS American Chemical Society.
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methyl ester (PC, BM)-based OSCs were fabricated on the rGO-coated PET substrates, and
the electrical characteristics of the OSCs were investigated with respect to the thickness of the
rGO electrode (Figure 4).

Higher device performance dependence on the rGO film R was observed when the rGO films
optical transmittance exceeded 65%, while the light transmission efficiency dominated the
OSCs performance in lower optical transmittance (<65%). The optimum power conversion
efficiency (PCE) was achieved for device 3 (PCE =0.78%), slightly lower than the one reported
for CVD-graphene/PET-based photovoltaic devices (1.18%) [15]. This results from the lower
R, of the CVD grown graphene compared to the thermally derived rGO film.

rGO films were also investigated regarding their flexibility as displayed in Figure 5. BHJ OSC elec-
trical properties incorporating rGO films as electrodes demonstrated excellent tolerance under high
bending conditions and multiple number of bending cycles. The critical point beyond which the
fabricated OSCs with rGO/PET films exhibited degradation due to bending depends on the rtGO
film thickness. In more detail, thicker rGO electrodes led to higher stability, when the OSCs were
subjected to tensile stress. After various bending cycles, an electrical degradation of rGO-based
OSCs was observed, which was analogous to the increased R_of the rGO/PET films. In particular,
after 1600 bending cycles, the R_ of the rGO/PET electrode increased from 16 to 18 kQ2 sq* and
3.2t0 3.5 kQ) sq!, respectively, for the 4 and 16 nm thick rGO films.

In another study, Geng et al. reported a simple method for preparing graphene TCEs using
seriatim a chemical and a thermal reduction method [51]. More specifically, a converted gra-
phene (CCG) suspension obtained via controlled chemical reduction of exfoliated GO in the
absence of dispersants was used as the pristine material and then, upon thermal annealing
for 15 min at three different temperatures (200, 400, and 800°C) under vacuum in a furnace
tube, the sp? carbon networks of the graphene sheets were recovered, with the resulting CCG

5
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B 2 (10nm, 6.6 kisg, TE%) |
sl L |3 (16nm, 3.2 kikisg, 65%)
!4 {21nm, 1.6 kikisg, 55%)
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i1k -
0
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1_ (mAjem') Voe (V) FF n (%)

Figure 4. The effect of the rGO transparent films thickness in the performance of PBHT:PC,BM BH] OSCs. Reprinted
with permission from Petridis et al. [26]. Reproduced by permission of The Royal Society of Chemistry.
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Figure 5. Current density-voltage (J-V) curves the various devices tested: (A) for device 1 after applying (i) 400, (ii) 800,
and (iii) 1200 cycles of bending, and (B) for device 3 after (I) 800, (II) 1200, and (III) 1600 cycles of bending. (C) and (D)
The short circuit current density, overall power conversion efficiency (n), and sheet resistance R, for devices 1 and 3,
respectively, as a function of the number of bending cycles. Reprinted with permission from Yin et al. [50]. Copyright
2010 ACS American Chemical Society.

films exhibiting an R_of the order of 103 Q2 sq™" at 50% transparency (at 550 nm). Owing to the
apparently greater extent of sp? carbon networks restoration during the two-step reduction
of the CCG films, each thermally annealed CCG film exhibited lower R_than the thermally
annealed GO as depicted in Figure 6. The transparency of the CCG films decreases linearly
with respect to the volume of the CCG suspension used to prepare the vacuum-filtered film,
as also displayed in Figure 6. By increasing the annealing temperature, the transparency of
the CCG films decreased due to thermal improvement of the sp* carbon networks in the CCG
sheets.

The recession of the R observed in Figure 6, as the annealing temperature increases, is
attributed to the smaller induced distance owing to the elimination of the functional groups
between the CCG sheets layers, which leads to facilitated charge carrier transfer across the
CCG sheets. It is observed that interlayer distance in CCG-A800 films is reduced to 0.354 nm,
approaching the value of bulk graphite. The transparency reduced from this point, while the
R was reduced linearly to the order of 10° Q2 sq!, demonstrating that reduction impacted suc-
cessfully and uniformly from the outermost to the inner layers [51].
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Figure 6. (a) A GO suspension with concentration of 0.1 mg/mL (I), the resultant CCG suspension (II), and the CCG films
produced using 160, 240, 320, 400, 480, and 560 UL of a 10 mg/L CCG suspension. (b) GO and CCG films R_annealed
at 200, 400, and 800°C. (c) Transparency of CCG, CCG-A200, CCG-A400, CCG-A800 films with respect to the volume
(uL) of the 10 mg/L CCG suspension used for film preparation, and (d) R_values of CCG-A200, CCG-A400, CCG-A800
films as a function of film transparency. Reprinted with permission from Geng et al. [51]. Copyright 2010 ACS American
Chemical Society.

An important conductivity improvement was induced due to the structural changes in the
CCG resulted from the thermal reduction. In particular, sp* carbon network recover was cru-
cial for increasing the charge carrier transport in individual CCG layers, while the interlayer
distance was decreased to a level close to the value of bulk graphite; thereby, improving the
charge carrier transport across the CCG layers. As a proof of concept, CCG films were used
as TCEs in P3HT:PC61BM—based OSCs achieving a maximum PCE of 1.01%, which is ~50%
decreased compared to the PCE value in ITO-based devices, as presented in Figure 7.

2.3. Photochemically treated rGO transparent conductive electrodes

For the first time, Kymakis et al. presented a facile, laser-assisted technique to prepare trans-
parent and highly conductive graphene-based films on top of flexible substrates, produced
by spin-casting [52]. The experimental setup was realized with (1) a Ti:Sapphire pulsed laser
source, (2) a 10 mm diameter lens, and (3) a high precision X-Y computer controlled transla-
tion stage where the film was placed and translated across the focused laser beam (Figure 8).
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Figure 7. J-V curves for P3HT:PC61BM-based OSCs incorporating the CCG-A800 film as TCE. The inset shows the

architecture of the solar cell device. Reprinted with permission from Geng et al. [51]. Copyright 2010 ACS American
Chemical Society.

LrGO

Figure 8. (a) Laser-based GO reduction experimental setup. (b) Scan lines obtained upon irradiation with 100 fs pulses at
different fluences indicating the gradual color change due to reduction. (c) SEM and (d) AFM images of LrGO films on PET.
Reprinted with permission from Kymakis et al. [52]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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During the reduction process, the fs laser beam irradiated the as-spun GO layers, while it was
translated across the layers. The reduction of GO can be obvious. Scan lines obtained upon
irradiation with 100 fs pulses at different fluencies indicating the gradual color change due to
the reduction are also presented in Figure 8. The brownish color of the as cast film was gradu-
ally turned into black, which is a strong indication that GO is rapidly reduced via the laser
treatment in air, without using any reducing chemical agent. Scanning electron microscopy
(SEM) and atomic force microscopy (AFM) analysis demonstrated that no or minor ablation
effects occur during the reduction process.

The scope behind the production of solution cast laser reduced GO (LrGO) electrodes is to
prepare highly flexible OSCs that can be utilized for compact R2R solar modules. In this
context, the LrGO films were used to fabricate flexible OSC devices (Figure 9) in order to
determine their photovoltaic characteristics and identify the combination of transparency
and R_ that provides the best performance. Compared to the thermally reduced GO-based
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Figure 9. (a) Schematic and (b) picture of the flexible PET/rGO/PEDOT:PSS/P3HT:PC, BM/Al photovoltaic devices
fabricated and (c) The illuminated current density-voltage (J-V) curves of the solar cells with various LrGO film
thicknesses. Reprinted with permission from Kymakis et al. [52]. Copyright 2013 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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OSC devices (PCE ~ 0.78%) [50], LrGO-based OSCs exhibited 41% efficiency improvement
for a 16.4 nm thick film having an R_of 1.6 kQ) sq™" and 70% transparency. It is clear that the
higher efficiency is attributed to the LrGO film, revealing the superiority of the laser ablation
method, in contrast to the chemical method.

Since rGO TCEs presents low performance in terms of conductivity and transmittance
(R, ~1 kQ sq™', 70% transmittance) compared to the ITO TCEs (R ~15 Q sq, 90% transmit-
tance), new efforts are performed to improve graphene-based TCE performances. One very
promising technique is the employment of a mesh structure with periodic lines on the rGO film
[53], with OSC devices based on graphene mesh electrodes (GMEs) already exhibiting perfor-
mances comparable to those using conventional ITO TCEs [54, 55]. Therefore, it is possible to
control the films R_and transparency by tailoring the grid width, spacing, and thickness [56].

In the same year, Zhang et al. demonstrated the preparation of graphene mesh electrodes
(GMEs) by using the standard industrial photolithography and O, plasma etching process
as illustrated in Figure 10 [57]. The R_and the transparency of the graphene TCEs before
the mask-based etching were 150 Q sq™ and ~8%, while after the etching technique, the elec-
trodes R_and transparency were measured to be 750 (2 sq™" and 65%, respectively. The GME
transparency was directly designated by (a) pit depth and (b) period of the mesh, while its
conductance was mainly affected by the mesh (a) pit depth and (b) linewidth. By adjusting the
duration of the O, process, the pit depth was controlled, with 4-10 min of O, plasma etching
time required for high transparent mesh pits. To further investigate the appropriateness of the
GMEs, OSC devices of the structure GME/PEDOT:PSS/P3HT:PC, BM/LiF/Al were fabricated.
The devices employing optimum pit depth GMEs exhibited a PCE equal to 2.04% decreased
by ~33% compared to the conventional ITO-based OSCs (PCE ~3%).

In 2015, Konios et al. presented a different laser-assisted method to directly pattern a mesh on
the surface of rGO films deposited onto flexible substrates, for the production of large area
reduced graphene oxide micromesh (rGOMM) electrodes [58]. By using this technique, the
use of complicated photolithographic [59], ion beam [60], chemical etching [61], template [62]
and O, plasma methods [52] was overtaken. The proposed technique is a one-step method,
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Figure 10. Illustration of the fabrication steps for the preparation of GMEs. Reprinted with permission from Zhang et al.
[57]. Copyright 2013 Springer Berlin Heidelberg.
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since no TEM grid patterning mask [63], and no transfer step are needed. In addition, the
method does not use any photo-resistive material [64] or pre-patterned elastomeric stamps
[65], while the application of a fs laser pulses allows the patterning of micro size holes on
top of any flexible low cost material. In addition, this technique can be easily controlled over
the entire illuminated area induces minimum thermal damage in the surrounding layers and
more importantly is compatible to R2R production processes.

The electrode transparency can be accurately controlled with a small R_ increase, success-
fully handling with the existing trade-off between transparency and electrical conductiv-
ity. The rGO thin films optoelectrical properties of depended on the interplay between the
periodicity and the geometrical characteristics of the mesh pattern structure. The rGO mesh
electrode experimental setup and SEM images of the laser-induced patterns are presented
in Figure 11. The proposed technique main advantage is that it permits fine-tuning of the
optoelectrical properties via variation of the irradiation dose (energy, number of pulses) and/
or the periodicity and thus the neck width of the mesh. A significant improvement of the
transmittance by ~65% was performed after laser treatment. As a proof of concept, reduced
GO micromesh (rGOMM) were employed as the anode TCE in flexible devices based on
poly[N-90-heptadecanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl20,10,30-benzothiadiazo-le)]
(PCDTBT):[6, 6]-phenyl C71 butyric acid methyl ester (PC,BM) and compared with those
deposited on ITO (Figure 12).

a)
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Figure 11. (a) Illustration of the laser-induced patterns on the rGO films and (b, c) SEM images of the laser-induced
patterns: the darker spots correspond to the laser-processed areas where the mesh lines correspond to the lighter colored
paths. Reprinted with permission from Konios et al. [58]. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

79



80 Graphene Materials - Advanced Applications

The optimum photovoltaic parameters for the rtGOMM-based devices were extracted for trans-
parency ~59.1% and R ~565 Q) sq !, with the resulting PCE of 3.05%, the highest reported so far
for flexible OSC devices incorporating solution-processed graphene-based electrodes. Another
important issue investigated in this study was the determination of the effectiveness of the pro-
posed method when tested in large area photovoltaic cells, as presented in Figure 12. This is very
important for upscaling from lab solar cells to solar modules. In this context, stress tests dem-
onstrated that the photovoltaic performance deterioration for both tGOMM and ITO electrodes
tested was almost the same; for 135 mm? active area PCE reduction measured was 63.2% for ITO
and 64.9% for tGOMM, respectively. Therefore, the proposed method can be effectively applied
when upscaling to large area photovoltaic cells or solar modules without compromising the
photovoltaic efficiency compared with the widely commercialized ITO transparent electrode.

During the last 5 years, an intensive research effort was conducted in the field of solution-
processed graphene-based TCEs (Figure 13). The optoelectrical properties of graphene-based
TCEs in OSCs are presented in Table 1. The increase of the PCE of OSC devices incorporating
graphene-based TCEs has been improved from 0.13 to 3.7% for rigid devices, while the prog-
ress on the flexible graphene-based devices was also incredible with an efficiency improve-
ment from 0.78 to 3.05%.

Figure 12. (a) The architecture of the BHJ] OSC device with the laser-induced rtGOMM as TCE. (b) Photovoltaic performance
of the OSCs with r—GOMM (spheres) and ITO (squares) as TCE. Schematic illustration and photographs of (c) 4 mm?, (d)
50 mm? and (e) 135 mm? active areas devices tested. Reprinted with permission from Konios et al. [58]. Copyright 2015
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 13. OSCs performance of solution-processed graphene-based TCE with different active layers extracted from
literature [44, 48-51, 57, 58, 66, 67]. Squares stand for rigid devices, whereas circles for devices on flexible substrates.
Stars illustrate the champion PCE achieved. Reprinted with permission from Konios et al. [58]. Copyright 2015 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim.

Graphene-based electrodes R (kQ/sq) Transparency (%) Reference
Thermal reduced GO 32 65 [50]
Thermal reduced GO 1 80 [51]
LrGO 1.6 70 [52]
rGO-SWCNTs 0.331 65.8 [49]
rGO mesh electrodes 0.700 65 [57]
LrGO mesh electrode 0.565 59.1 [58]
rGO/Ag NPs 83 47 [48]

Reprinted with permission from Petridis et al. [26]. Reproduced by permission of The Royal Society of Chemistry.

Table 1. Summary of the optoelectrical properties of graphene-based TCEs in OSC devices.

3. Conclusion

In this chapter, the concept of solution-processed graphene-based films as anode electrodes in
OSCs has been presented, with respect to the fabrication techniques used: (a) thermally reduced
graphene, (b) chemically and photochemically rGO, (c) composite rGO-CNTs, and (d) tGO mesh
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films. The application of rGO-based TCEs in OSCs was also demonstrated. The successful trans-
ferring of such schemes in large scale poses a significant engineering challenge and ongoing effort
is needed for preparing high efficient printed optoelectronic devices such as flexible and stretch-
able OSCs. Despite graphene-based materials advantages regarding the manufacturing and pur-
chase cost, compatibility with flexible materials, WF tuning (by controlling graphene size, layer
and through functionalization), transparency, and solubility, significant improvement is required
in order to overcome the corresponding properties of ITO films. Even though the current perfor-
mance of graphene-based TCE OSCs approaches that of the conventional ITO technology, there
is more space for the improvement of OSCs adapting graphene as an anode electrode.

Future research efforts should be focused on (a) inventing cost-effective techniques for
large-scale graphene or rGO production, (b) effectiveness improvement of the GO reduc-
tion methods, (c) enhancing the electrical conductivity of the graphene-based TCEs without
disrupting their transmittance, and (d) improving the graphene-based films morphology.
For improving the TCE conductivity, metal nanoparticles (e.g., Au, Ag, and Al) with differ-
ent sizes and shapes can be incorporated in the graphene-based electrodes, leading to the
production of graphene-NPs electrodes with even lower resistance and high mechanical
stability; and thus, may improve the overall stability of the devices, contributing to the life-
time enhancement. On top of that, hybrid films consisting of rGO and 1D conductive bridg-
ing materials, such as metal nanowires, which exhibit better mechanical properties than
ITO films, can significantly decrease the film resistance. The metal nanowires can provide
electric pathways among the graphene layers and thus may enhance the conductivity, with-
out sacrificing their optical properties, leading to improved performance of graphene-based
TCEs. The incorporation of metal-graphene-based TCEs into optoelectronic devices demon-
strates their potential for ITO replacement in a broad range of optoelectronic applications.
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Abstract

The alternative synthetic route of graphene (G) is presented. At first, graphite is oxidized
to graphite oxide, which is dispersed in water to form graphene oxide (GO). GO can
be reduced to rGO or G. GO being negatively charged can be used to obtain organic
functionalized GO or hybrid of GO, reduction of which finally result in the formation
of G-based hybrids. The reduction of GO or GO hybrid can be accomplished by light
irradiation, thermal annealing, or by treating with reducing agents. The chemical changed
from graphite to GO and GO to rGO can be monitored by surface analysis, microscopic
investigation, and various spectroscopic methods.

Keywords: graphene oxide, chemical reduction, photo reduction, graphene hybrids,

solution processable graphene, multifunctionality

1. Introduction

Apart from chemical vapor deposition (CVD) or micromechanical exfoliation process, thermal,
chemical, or light-driven reduction of graphene oxide (GO) is the simplest route for synthe-
sis of graphene (G) in large scale [1-8]. The light-driven reduction is accomplished through
free radical reduction process of GO associated with the decomposition of carboxylic, epoxy,
and hydroxyl groups. The chemical reduction process includes reaction of GO with various
reducing agents. Depending on the temperature and strength of reducing agent, the extent of
reduction of GO or extent of formation of graphene can be varied [2, 3].
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Gbeing a hydrophobic material is difficult to be processed in polar solvents especially in water.
But for considering chemical reactions or processing with other, ingredient G necessarily needs
to be dispersed in solvents [2]. As an alternative route, reduction of GO in the presence of the
water soluble polymers such as polyvinylpyrrolidone results in linking between graphene
nanosheet and water molecules, making it solution processable [9]. Graphene being unreactive
itself can be functionalized by reacting GO with other reagents with subsequent reduc-
tion. The synthesis of GO from graphite is usually accomplished by three classical graphite
oxidation techniques, including Hummers’, Staudenmaier, and Brodie’s method [10-12]. The
synthesized GO is reduced by light irradiation, high-temperature refluxing, or reacting with
reducing agents including hydrazine and its derivatives, ammonia, sodium borohydride, and
so on to obtain graphene. To obtain graphene hybrids, GO suspension in water is treated
with metallic salts or organic bulk molecules containing amino or sulfonic acid terminals.
The formation of chemical bonds or electrostatic bindings stabilizes the resultant GO hybrid,
while subsequent reduction results in the formation of G hybrids. The conversions of graphite
to GO and GO to G are confirmed from X-ray photo electron spectroscopy (XPS) analysis,
Raman spectra, infrared spectra (IR) spectroscopy, and powder X-ray diffraction (PXRD)
analysis [2, 13]. The intercalation of materials within graphite results in significant change in
chemical and physical properties [14]. The ionic and electronic conductivity can be justified as
a function of oxygen content or sp? carbon sites. The hybrids usually display multifunctional
property including the conductivity of G and additional functionality attributed by the metal
ions, semiconductor ingredients, or organic molecules.

The overall process includes three major steps. Firstly, graphite is converted into graphene
oxide (GO) by surface oxidation and exfoliation. Secondly, GO is reduced to graphene by
reduction. Thirdly, composite of graphene is formed by reaction of GO with metal ions, organic
molecules, or semiconductor nanoparticles and subsequent reduction. Multifunctionality can
be achieved in the G hybrids formed by this way.

2. Strategy for indirect approach of graphene synthesis

After finding the extraordinary physical, chemical, and mechanical properties, surface
area, and optoelectronic characteristics of graphene (G) [13-20], the necessity for chemi-
cal and physical modification of G with formation of hybrid materials became a vital issue.
Scaffolding of various functional ingredient on G matrices became a facile route for material
devising and fabrication. But, due to the hydrophobic nature and chemical inertness, G has
been found to be a poor candidate for the as-mentioned purposes. Regarding these facts, GO,
the oxidized form of G, became a more potential candidate due to its hydrophilic nature,
processability in polar solution and ease for chemical functionalization [21]. Hence, both the
theoretical and experimental researches reveal the utilization of G/GO as some applied mate-
rials. Though pristine G possesses enormous possibility for various applications, the great
opportunity of G or GO primarily is associated with their extent of functionalization and
formation of hybrids with other organic and inorganic materials. There exist a number of
reports in favor of such strategy. To obtain G through an indirect route, at first GO is obtained
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from G. The GO thus synthesized is reduced to from G. For obtaining G-based hybrid, at first
GO-based hybrids are obtained from chemical reaction or physical interaction between GO
and a second ingredient. The as-prepared GO hybrid is then reduced to form rGO hybrid or
the G-based hybrid materials [2, 21]. Figure 1 represents the scheme for both the approaches.

There exist a number of routes to obtain G. Numerous modified version for synthesis of G,
including micromechanical exfoliation, chemical vapor deposition, reduction of GO, or most
recently developed electrochemical exfoliation of graphite, are most commonly used [1, 3-6, 22].
Usually, bulk graphite is intercalated by a chemical agent to separate the layers of graphitic
stake. Though this process, results contaminated graphitic mass due to the intervened atoms or
molecules functioning as impurity, the processes are widely employed for the cheap, nontoxic,
and easily affordable ways. In epitaxial growth method, single and multilayer G can be grown
using the process for chemical vapor deposition of hydrocarbons on the surface of some metal
substrate. Typical thermal decomposition of Si also can be utilized. The micromechanical cleav-
age is the most facile techniques to isolate pure G from graphite. All these methods are suitable
for separation of single-layer G, which is chemically very stable. The problem with this very pure
form of G is its limited chemical affinity for a second chemical entity, metal ions, semiconductor
ingredient, metal complex, or bulk organic molecules. However, the purpose of the addition of
such an entity is to decorate a second functionality in the hybrid in addition to the conductivity
and stability of G. G is composed of the sp? hybridized carbon atoms. The perpendicular elec-
tronic currents that circulate above and below the planar network of graphite layers are very
stable and difficult to be destroyed. Also, it is not facile to generate defect sites in G, which can
aid chemical bond formation with other ingredient.

Graphite
lmidatiun
Graphite Oxide
lexfuliatiun
Graphene Oxide
Graphene Oxide | —> based organic/
inorganic hybrid
materials
reduction reduction l
Graphite based
v organic / inorganic
Graphene hybrid materials

Figure 1. Scheme for the indirect synthesis of G and G-based organic/inorganic hybrid materials.
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These intrinsic limitations can be overcome by a three-step process. Firstly, graphite materi-
als are chemically converted into GO. Then, the GO is used for making chemical bond or
physical attachments with active functional ingredient. Finally, the hybrids are reduced to
form G-based complex structures. Initially for graphite — GO conversion, the conductivity
of G is destroyed significantly due to the destruction of sp* conductive r networks. The sites
where oxygen atoms become attached to G take the form of sp® hybridized carbon [23, 24].
But due to the attachment of oxygenated sites at G basement, the chemical affinity is
increased. Thus, the presence of oxygenated sites in terms of epoxy, hydroxyl, and carboxyl
groups increases the possibility of chemical reaction or physical affinity of GO toward other
functional ingredients. Hence, the formation of GO-based nonconductive inorganic hybrid
materials (GO-M) takes place in the second stage. In the final stage, GO-M is reduced to form
rGO-M or G-M type hybrid. During reduction, the oxygenated sites scaffolding M remain
unaffected, whereas the rest of the bare functional sites is reduced to recover some of gra-
phene’s conductivity and other functionality. The G-M hybrid thus possesses the functional-
ity of both G and M [21].

3. Oxidation of graphite to GO with subsequent reduction to graphene

Graphite usually can be oxidized by Hummers’, Staudenmaier, and Brodie’s method (Figure 2).
The typical synthetic routes involved are as following:

3.1. Hummers method

In Hummers’ method, 1.0 g graphite powder, 1.0 g finely meshed NaNO, and 50 mL 97%
H,SO, need to be cooled to 0°C by stirring in an ice bath for 15 min [10]; 3.0 g finely
meshed KMnO, powder needs to be added slowly with vigorous stirring with maintain-
ing the temperature of the mixture below 20°C. After 30 min, the mixture needs to be
warmed to 35°C for 30 min. Then, 200 mL water should be added slowly. The temperature
will rise gradually in this stage and it should be maintained around 95°C for another 30
min. Then, 400 mL water and 12 mL 30% H,O, must be added with stirring. The mixture

Staudenmaier’s
method
Brodie's HNO; and KCIO;; Total time 7 days,
method reaction temperature 70°C

Hummers'
method

Figure 2. Scheme for the various graphite oxidation techniques through slight modification to reported classical methods.
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e
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needs to be centrifuged at 3000 rpm for 10 min. The precipitate should be washed one time
with 5% HCl solution and three times with water. The precipitate finally needs to be dried
at 70°C for 24 hours to obtain H-GO.

3.2. Staudenmaier method

In Staudenmaier process, a mixture of 35 mL H,SO, (95-98%) and 18 mL fuming HNO, in
a round bottom flask need to be cool down to 0°C by stirring in an ice bath [11]. Then, 2 g
graphite will be added to the mixture under vigorous stirring to obtain a homogeneous
dispersion. While keeping the reaction flask in the ice bath, 22 g KCIO, must be added slowly
(over 15 min) to the mixture in order to avoid any sudden rise in temperature and formation
of explosive chlorine dioxide (ClO,) gas. After complete dissolution of KCIO,, the reaction
flask will be removed from the ice bath with capping loosely to allow evolution of gases. The
mixture must be stirred vigorously for 5 days at room temperature. After completion of the
reaction, the mixture should be poured into 2-L deionized water and filtered after keeping
overnight for sedimentation. The precipitate thus obtained should be dispersed and stirred
repeatedly by HCI (5%) solutions to remove sulfate ions. The mass obtained will be washed
several times with deionized water until neutral pH of the filtrate is obtained. The suspen-
sion obtained should be dried in a vacuum oven at 60°C for 48 h to obtain S-GO.

3.3. Brodie’s method

In Brodie’s method, 6 g graphite powder should be meshed finely with 21 g KCIO, in a retort.
The powdered mixture might be poured into a round bottom flask fitted with magnetic stirrer
[12], and 75 ml fuming HNO, needs to be added to the mixture with stirring continuously at
70°C for 1 day until the disappearance of yellow vapor. The mixture obtained thus should be
washed repeatedly with water. The final product will be obtained from drying. The whole
procedure was repeated three times by Brodie using the final products of the former operation
as the starting materials for the consecutive operation.

4. Reduction of GO into rGO or graphene

The oxygenated functional groups of GO disappear due to the reduction. For mild reduction,
there exist some residual oxygenated sites. This form is usually presented by rGO. In fact,
during treatment with strong reducing agent, rGO sometimes contains insignificant amount
of oxygenated sites and reveal similar characteristics of G. The as-prepared G displays
some electronic and chemical properties, which are comparable with pristine G. In general,
oxygen presents on GO is available mainly in the forms of epoxy (the bridge site oxygen) and
hydroxyl (—OH groups) and carboxylic acid (—COOH) groups. The relative composition in
terms of C:O:H ratio varies according to the synthetic route, degree of oxidation, and varia-
tions in the synthesis conditions. In average, the percent of oxygen in GO remains around
30% by weight. To remove these oxygenous sites, GO can be reduced through several ways
including: (1) thermal reduction, (2) photo reduction, and (3) chemical reduction.
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4.1. Thermal reduction

Thermal reduction of GO is a simple heating process accomplished by gradual heating of solid
GO mass or its dispersion in solvents under inert atmosphere. The absence of oxygen and reac-
tive chemical specious needs to be ensure as it might result in the loss of carbon content due to
the formation of gases or volatile substances. Gradual decrease in weight loss in thermogravi-
metric analysis indicates the decomposition of oxygenated functional groups and conversion
of GO into rGO or G. Complete reduction of GO by heat treatment is possible, and the process
is defined as thermal annealing reduction. Fast heating of GO at a rate above 2000°C min™
results in the exfoliation of graphite oxide into G. Such exfoliation of the staked GO mass is
aided by the swift expansion of CO or CO, gases evolved at the interlayer space of G sheets
due to the fast heating of GO. At high temperature, the oxygenous groups decompose, and the
gases make very high pressure within the layers. Calculations show that at 300 and 1000°C, a
pressure of 40 and 130 MPa, respectively, is created on the surface of G. However, a pressure of
only 2.5 MPa is enough to separate two stacked GO platelets. Thus, the rapid heating process
not only exfoliates GO but also reduces the functionalized graphene sheets by decomposing
oxygen-containing groups at high temperature. Due to these multiple effect, thermal reduction
of GO is preferred over other methods to generate G. In spite, this procedure reveals some
drawback, as it can produce small sized and wrinkled graphene sheets only. This is mainly
because the decomposition of oxygen-containing groups is associated with the removal of some
carbon atoms from the G skeleton. However, ultimately chopping of the large-sized G sheets
into tiny pieces also results in the distortion in morphology of carbon skeleton (Figure 3). The
thermal annealing also generates defects and damages at the structure of G due to the evolution
of CO, gas. Around 30% weight loss takes place during the conversion of GO into G. Although
the G obtained is very pure, the electronic property of rGO-based G decreases significantly
compared with G obtained from CVD method. Such incident takes place due to the decrease in
ballistic transport path length and introduction of scattering canters. The electrical conductivity
of rtGO-based G is around 10-23 S cm™, which is significantly lower than that of perfect G. The
thermal reduction of GO at liquid phase results in larger sized G [25]. In this method, the ther-
mal treatment is applied after fabricating macroscopic films, powders or thin pellets.

Figure 3. Three dimensional representation of a 600 nm x 600 nm AFM scan of a G nanosheet obtained from heat
treatment of GO. It shows the wrinkled and rough structure of the surface.
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4.2. Photo reduction

The photo-aided reduction is usually performed in solution state. Exfoliated GO water solution
in a vial is needed to be irradiated by 365 nm light beam flashed from a 500 W high-pressure
Hg lamp. Typically, 99.99% H, or N, at 1 atm pressure needs to be flown through a quartz cell-
filled GO sample at a rate of about 50 mL/min. The light intensity can be about 67 mW/cm?,
and the light source can be positioned at a distance of about 40 cm from the sample surface.
The degree and extent of GO — rGO/G conversion can be controlled by tuning the exposure
time. Photoreduction can also be resulted in by employing a UV cutoff filter (<420 nm) to
generate visible light irradiation. But, in such condition, the degree of reduction becomes
low. In contrast, UV irradiation obtained from a visible-light cutoff filter (>390 nm) can cause
in photoreduction through the same extent of reduction taking place in absence of any filter.
Thus, UV irradiation has been found to be a very effective way to reduce GO. Light irradiating
reduction can also be accomplished using an intense light source such as laser or photocata-
lyst such as TiO, or ZnO.

Light-driven reduction takes place through a mechanism associated with free radical cleavage
method. Epoxy groups locating at the basal planes of GO are relatively unstable due to the bond
strain and angular distortion associated with the bending of regular sp, hybrid orbitals. In the
reduction process, —1t* electronic excitations within the sp, domains on the GO surface take place
as the initial step of UV irradiation. The electron-hole pairs generated this way, then migrates to
the epoxy groups and aids C—O—C bond breaking process. Associated release of O, and formation
of larger sp, domains take place simultaneously. It was found that some ions including Ag* can
promote the destruction of the C—O bond and escaping of O, during photoreduction. In this case,
the reduction of GO takes place along with the formation of Ag nanoparticles from Ag" under
the presence of ethylene glycol and NaBH,. Here, some strong interaction happens between Ag
nanoparticles and the remaining surface hydroxyl O atoms. The reduction of GO can initially
be justified by change in color of GO dispersion and respected UV-vis spectra (Figure 4). The
epoxy bond cleavage study of X ray photo electron spectra suggests that the extent of reduction of
oxygenated sites follows the trend as epoxy > ketonic > carboxylic > hydroxyl groups.
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Figure 4. (a) Change in color and (b) UV-vis spectra of dispersion of GO (1) and rGO (2) generated from photoreduction
of GO in H, for 2 h. The color turns to black after photoreduction.
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4.3. Chemical reduction

A list of reducing agent can be used for the reduction of GO chemically. Typical strong
reducing agent includes hydrazine, dimethylhydrazine and other related derivatives, sodium
borohydrate (NaBH,), ammonia, hydrogen plasma and so on. Depending on the strength
of chemical agent, the reduction can be accomplished from room temperature to elevated
temperature. The commonest way of chemical reduction is treating GO with hydrazine
hydrate at 100°C for 24 hours [26]. Instead of the solution phase, GO film can be exposed to
hydrazine vapor from long to short time to obtain desired extent of reduction. In average, the
conductivity of rGO films obtained from hydrazine reduction is 99.6 S cm™ with a C/O ratio
of around 12.5 [27]. Strong metal hydride reducing agent, including sodium hydride, sodium
borohydride (NaBH,), and lithium aluminum hydride, cannot be applied through facile way
as these reducing agents exhibit slight to very strong reactivity toward water. As water is the
major dispersion phase for GO, the presence of water cannot be avoided.

NaBH, hydrolyzes in water through a slow rate. As a result, compared with hydrazine solution,
freshly prepared NaBH, solution serves as a more effective reducing agent for reducing C=O
groups in GO [28]. However, the efficiency of NaBH, is low to moderate for reduction of epoxy,
carboxylic acids, and alcohol groups. To solve this problem after reduction with NaBH,, dehy-
dration with concentrated sulfuric acid (98%) at 180°C can be applied to reduce the oxygenated
sites. Thus, reaching to a C/O ration of 8.6 with conductivity value as 16.6 S cm™ is possible
[29]. Ascorbic acid (Vitamin C) as a comparatively water stable and nontoxic materials can
reduce GO with a C/O ration of 12.5 and conductivity as 77 S em™. Glucose solution at 100°C
can also be applied for the reduction of GO. Exposure to hydrogen plasma for several seconds
is the shortest time reduction route. Heating GO with urea as a simple and affordable method.
Reduction of GO by HI is possible in various physical condition such as GO colloid, powder,
or film [30]. Some other mild reducing agent for GO includes hydroquinone, pyrogallol, hot
strong alkaline solutions (KOH, NaOH), hydroxylamine, and thiourea.

5. Formation of GO hybrid

5.1. Scaffolding metal/metal oxide or bulk molecules through physical entrapments to
form GO-M hybrid

The columbic interaction between the negatively charged GO nanosheet and positively
charged chemical ingredients including metal ions function as the major driving force behind
the formation of this type of hybrid (Figure 5). Initially, some primary metal ions bound to
some of the partially charged oxygenated sites of GO nanosheets and prohibit these sites from
further reaction with other metal ions. The GO nanosheet thus losses its charge, becomes
heavier, and precipitates as sediments in the form of GO-M hybrid. The GO-M hybrid then
can be converted to G-M hybrid by means of chemical, thermal, or photo reduction. When
GO-M hybrid is reduced to G-M, along with the change of GO — G, the growth of metal
precursor takes place by gradual combination with oxygen atoms, metal oxide molecules
(produced during reduction process), and more free metal ions. As a result, in the final stage,
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irregular-shaped metal oxide nanoparticles become anchored to the rGO matrices, which in
fact function as hybrid of G with metal/ metal oxide.

5.2. Functionalization of GO by organic compounds to form GO-Org hybrids

Numerous G-based hybrid materials can be generated from organic functionalization
of GO (GO-Org) and its successive reduction process. In the form of GO-Org, the materi-
als show excellent solubility and solution processability in both the water and organic sol-
vents. As G-Org form is inferior with respect to these properties, prior to the formation of
G-Org, a common stand includes obtaining GO-Org as the earlier step. At the second step,
the GO-Org is reduced to G-Org through a suitable reduction process discussed above. Most
of the outstanding properties of G and the organic molecules sustain in G-Org without being
perturb. The durability, stability, and extent of functionality have been found to be excel-
lent. Both the noncovalent and covalent functionalization of GO with organic compounds
thus became the subject of intensive research for developing G-based hybrid nanocompos-
ites with new functions and applications. From noncovalent aspect, due to the tendency of
GO for forming m-rt and hydrophobic interaction, strong adsorption between organic aro-
matic compounds or bulk molecules and GO nanosheets takes place. Thus, the formation
of numerous GO-Org hybrids becomes possible. For covalent modification, the oxygenated
sites in GO serve as the active site toward various chemical agent. Such reaction needs some
pre-requisite condition including the perfect diffusion of the organic precursors toward the
reactive moiety of GO nanosheet with successful approach for undergoing surface reactions.
A wide range of organic compounds including polyanilines, phenolic derivatives, porphyrins,
aromatic dyes, alkylamines, doxorubicin, hydrochloride, ionic liquids, pyrene, perylenedi-
imide, cyclodextrin, tetracyanoquinodimethane, and aryl diazonium compounds can react

Figure 5. Scheme for the formation of rGO-metal oxide nanoparticle hybrids. (a) In the first step, negatively charged
oxygenated site (deep green) of GO electrostatically attracts some primary metal ions (violet) through columbic
force. (b) In the second step, reduction takes place. During reduction, some oxygen escapes from the system, whereas
metal-masked oxygenated sites remain unreduced and attract metal oxide precursors, oxygen, and further metal ions.
(c) Gradual deposition finally results irregular-shaped metal oxide nanoparticles anchored on rGO matrices [21].
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noncovalently or covalently for being attached on GO surface. Prior to the conversion of
G-Org hybrid, additional facilities obtained from the formation of GO-Org hybrid include the
increase in the dispersibility due to the existence of residual polar groups (after some being
engaged for chemical bonding with the organic molecules) in GO-Org.

6. Monitoring the graphite - GO — G conversion and characterization of
the products

The black-colored graphite powder changes to stake layered mass in graphite oxide. Color
of GO dispersion in water is usually brown, though this color varies according to the route
of oxidation. GO dispersion in water turns to black-colored coagulated nanosheet due to
the reduction (Figure 6). Although these changes in morphology are visible by bare eyes,
there exist numerous well characterized physical and chemical methods to monitor the
changes. The surface morphology can be characterized by scanning electron microscopy
(SEM), atomic force microscopy (AFM), and transmission electron microscopy (TEM). In
case of hybrid formation with metallic ingredients, TEM in combination with EDX becomes
an excellent characterization tool. The granular pattern and changes in interlayer distances
with reaction can be monitored by powder X-ray diffraction (PXRD) study. The incorporation
of oxygenated groups can be monitored by Raman spectra. The extent of oxygenation and
nature of functional groups can be justified by infrared spectra (IR), and finally, the presence
of various functional groups can be confirmed from X-ray photo electron spectroscopy (XPS).

When graphite powder is oxidized into GO, the intercalation of oxygenated groups separate
layers of graphite. But, the hydrophilic functional groups at the graphitic surface make the
sheet coagulated with each other. The graphite oxide thus seems to be some massive pellets.
When graphite oxide is ultrasonicated in water, the nanosheets become separated and sustain
in water as colloid. The colors of the GO solutions vary depending on the synthetic route
(Figure 6). The color change is also remarkable during the formation of GO to GO-M and
finally from GO-M to G-M form. In Figure 6 (h—j), the brown-colored GO starts to precipitate
due to the mixing of CoCl, solution. When GO-Co is reduced by hydrazine, the final color of
G-Co becomes dark. Change in PXRD pattern (Figure 6k) clearly depicts that due to oxida-
tion, the interlayer distance of graphite increases significantly. The extension of oxygenated
groups from the graphitic basal plane is responsible for such observation. Graphite usually
show characteristic sharp peak around 27° (20), which represents the reflection plane (0 0 1)
of graphite and indicates its amorphous structure [31]. Due to oxidation, the graphitic sharp
peak disappears and appearance of relatively wider peak around 20 =9.13, 11.4, and 11.6 for
H-GO, 5-GO, and B-GO, respectively, represent the lowering of reflection planes. In this case,
the ‘d-spacing’ values become as 9.68, 7.76, and 7.62 A, respectively. When GO is reduced to
G, the wide peak disappears and a broad hollow rises around 20° (20).

Raman spectroscopy is commonly employed to monitor change and doping on graphitic
materials and GO. Raman spectra of carbon materials show two bands at ~1580 cm™ (G band)
and ~1350 cm™ (D band; Figure 7a). These G and D bands are responsible for E, photon
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Figure 6. Physical properties and morphologies of the samples. Photographs of GO prepared from Hummers” method
(H-GO) (a), Staudenmaier method (S-GO) (c), and Brodie’s method (B-GO) (e). The inset images show the respective
solution (1 mg/mL) in water after ultrasonication for 2 h. Respective SEM images of H-GO (b), S-GO (d), and B-GO
(f) display their surface morphologies. (h)-(j) The change in color and physical state of GO solution, GO-M hybrid and
G-M hybrid (M represents the Co* ion). (k) The powder X-ray diffraction patterns of graphite powder, H-GO, S-GO,
and B-GO [35].
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Figure 7. (a) Raman spectra and (b) XPS spectra of graphite and GO synthesized by various routes. GO shows characteristic
oxygenous functional groups.

corresponding to sp, atoms and k-point photon of A, symmetry of breathing mode result-
ing from local defects and disorder [32, 33]. During chemical conversion, the hole and elec-
tron doping in carbon materials results in the shifting of G-band, as well the intensity ratio
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of D and G-band varies significantly with doping. Peak ratio (I /I ) gradually increases for
G — GO; however, decreases along the conversion: GO - GO/GO-metal ion hybrids — G/G-
metal oxide hybrids. The I /I value changes proportionally with the extent of sp, domain
[34, 35]. Thus, the gradual decrease in I /I, value implies expansion of this domain. The
expansion of sp, domain indicates conversion of GO to G, whereas shrinking in this value
signifies conversion of G to GO.

XPS is the most powerful tool for marking the oxidation of graphite into GO and reduction of
GO into G. Pure graphite shows a sharp peak arising from the sp, hybridized carbon atoms.
After oxidation, all the samples exhibit two individual peaks near 285 and 287 eV in their XPS
spectra [36-38]. The deconvolution of spectra shows that GO exhibits characteristic peaks
comprising several particular oxygenated functional groups. The existence of epoxide (—O—)
and hydroxyl (—OH) groups at 286.8-287.0 eV, and carbonyl (—C=0) and carboxyl (—COOH)
groups at 287.8-288.0 and 289.0-289.3 eV, respectively, confirms the presence of oxygenated
sites in GO and graphite — GO conversion (Figure 7b). When GO is reduced into rGO or
G, the peak intensity gradually reduces depending on the extent of reduction. For complete
reduction, the spectra take the pattern of graphite almost, except revealing the existence of
some residual oxygenated sites [39-41].

7. Conclusions

Indirect method for synthesis of graphene includes conversion of graphite into graphite oxide
and GO dispersion by various oxidation method including Hummers’, Staudenmaier, and
Brodie’s techniques with successive reduction into rGO. The graphite oxide synthesized can
be dispersed into water by ultrasonication to obtain GO solution. Finally, the GO treating for
reduction by means of thermal, photo irradiation, or chemical method can transform into rGO
or G. In addition, GO having higher chemical affinity than G can easily be used for the forma-
tion of various functional GO hybrids, successive reduction of which can result in the forma-
tion of G-based hybrid materials. The series of chemical changes and progress of the reactions
can be monitored by various surface analysis techniques and spectroscopic investigations.
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Abstract

Recent development in miniaturized electronic devices has been boosting the demand
for power sources that are sufficiently thin, flexible/bendable, and even tailorable and
can potentially be integrated in a package with other electronic components. Reduced
graphene oxide can be a promising electrode material for miniaturized microsuperca-
pacitors due to their excellent electrical conductivity, high surface-to-volume ratio, out-
standing intrinsic electrochemical double-layer capacitance, and facile production in
large scale and low cost. Therefore, the routes to produce high-quality reduced graphene
oxide as electrode materials, along with the typical fabrication techniques for miniatur-
ized electrodes, are deliberately discussed in this chapter. Furthermore, breakthroughs
in the area of the advanced packaging technology, deciding the electrochemical perfor-
mance and stability of these miniaturized microsupercapacitors, are highlighted. Lastly,
a summary of the overall electrochemical properties and current development of the
reported devices is presented progressively to provide insights into the development of
novel miniaturized energy storage technologies.

Keywords: reduced graphene oxide, miniaturized supercapacitor, flexible/bendable
supercapacitor, laser, packaging technique

1. Introduction

The recent boom in portable electronic devices has raised great demand for miniaturized, flex-
ible/bendable, and even tailorable energy storage devices, which can be directly integrated
with a series of electronic devices, to provide unprecedented high-performance functionalities
[1, 2]. Currently, the thickness of commercial miniaturized supercapacitors is still faced with
great challenges to be further shrunk with the size to the level of surface mountable resistors
and ceramic capacitors, which has hindered their application in integrated electronic devices.
Microsupercapacitors (MSCs) with a thickness of 10-100 um can fulfill the above-mentioned
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requirements because of their excellent rate capability, high power density, and long lifetime
[3-5]. Also, ultrathin MSCs with polymer substrates showed great flexibility, which can make
full use of interstitial spaces among components in an integrated system [2, 6].

This chapter reviews the recent progress of fabrication strategies for reduced graphene oxide
(r-GO) and exemplifies some very promising r-GO-based MSC technologies; besides, it shows
the breakthroughs in packaging techniques for these novel devices. It will provide insights to
the development of novel miniaturized energy storage technologies.

2. Typical fabrication methods of high-quality r-GO as the electrode
material

Graphite oxide consists of layered graphene oxide (GO) nanosheets that contain many oxygen
functional groups, such as hydroxyl, epoxide, carbonyl, and carboxyl groups, which promote
the formation of few-layer GO nanosheets [7]. However, these functional groups also destroy
the planar sp? carbons of graphite by converting them into sp® carbons and alter van der
Waals interactions between these layers. The structural changes bring about two problems of
GO nanosheets for supercapacitors: one is that the electrical conductivity of GO is much lower
than that of graphene and the other is the strong hydrophilicity of GO nanosheets. Therefore,
GO cannot be used as an electrode material for supercapacitors without further treatments.
Notably, the electrical conductivity of r-GO can be increased close to the level of graphene,
and the specific capacitance of r-GO has been found to be significantly higher than that of GO.
Herein, the reduction routines of GO to r-GO are systematically introduced.

2.1. Chemical reduction of GO

The chemical reduction of GO route involves reducing agents to eliminate most of oxygen-
containing functional groups of GO nanosheets and partially restore the m-electron conju-
gation within the aromatic system of graphite [8]. The reducing agents can be categorized
into toxic ones and environment-friendly ones. Though toxic reducing agents, such as hydra-
zine, hydrazine monohydrate, dimethylhydrazine, sodium borohydride, hydroquinone,
and hydroxylamine, have been shown to efficiently reduce GO into r-GO [9-13], they are
not suitable for the future large-scale fabrication of electrode materials due to their dam-
ages to the environment. Therefore, environmental friendly reducing agents, such as amino
acids and ammonia, have attracted more attention. Pham et al. developed a green and facile
approach to produce r-GO by using an environmental friendly reagent, namely L-glutathi-
one as a reducing agent, under mild condition in aqueous solution [14]. The r-glutathione-
r-GO could be dispersed in both distilled water and some polar aprotic solvents, including
Dimethylformamide (DMF), Dimethyl sulfoxide (DMSO), and Tetrahydrofuran (THF) with
simple ultrasonication, because the oxidized product of r-glutathione could play an impor-
tant role as a capping agent in the stabilization of r-GO. As this chemical reduction process of
GO could produce r-GO in a bulk quantity in a relatively short time and mild experimental
conditions without any environmentally hazardous chemicals, it offers excellent flexibility
for various potential applications not only in electronic devices but also in biocompatible
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materials. Chen et al. prepared r-GO through the reduction of GO employing L-cysteine as
the reductant under a mild reaction condition [15]. During this chemical reduction process,
the thiol group of L-cysteine released protons, commonly owning high-binding affinity to the
oxygen-containing groups of GO, such as hydroxyl and epoxide groups, to form water mol-
ecules, which was similar to L-glutathione. Furthermore, the electrical conductivity of r-GO
produced in this way increased by about 10° times in comparison to that of GO.

Jiang et al. reported an ammonia-assisted hydrothermal method to obtain N-doped r-GO
by simultaneous N-doping and reduction of GO [16]. The effects of hydrothermal tempera-
ture on the surface chemistry and the structure of N-doped rGO were investigated. Their
results showed that N doping was accompanied by the reduction of GO with a decrease in
oxygen levels from 34.8% in GO down to 8.5% in N-doped r-GO. Meanwhile, electrochemi-
cal measurements demonstrated that the N-doped product showed a higher capacitive
performance than that of pure graphene, and a maximum specific capacitance of 144.6 F/g
could be obtained by the pseudocapacitive effect from the N-doping. Li et al. obtained
bulk quantities of N-doped r-GO through thermal annealing of GO in ammonia [17]. X-ray
photoelectron spectroscopy (XPS) study of GO annealed at various reaction temperatures
revealed that N-doping occurred at a temperature as low as 300°C while the highest dop-
ing level of about 5% N was achieved at 500°C. Oxygen groups in GO were found respon-
sible for reactions with NH, and C-N bond formation, and r-GO obtained by the annealing
of GO in NH, exhibited higher electrical conductivity than that of r-GO by the annealing
GOin H,.

R-GO obtained by the chemical reduction method showed good electrical conductivity, high
specific capacitance value, and excellent dispersibility in different organic solvents. However,
the totally removal of oxygen functionalities from the surface of GO nanosheets is impossible
by using chemical reducing agents. Therefore, other reduction methods of GO for the large-
scale production of high-quality r-GO have been proposed.

2.2. Thermal reduction of GO

Thermal reduction of GO is one of the most well-known methods for the removal of oxygen-
containing functional groups [18]. In this type of reduction process, most of oxygen func-
tionalities were transformed into water, carbon dioxide, and carbon monoxide. Usually, the
GO sample is placed in a specific furnace filled with inert gas environment and then heated
to a relatively high temperature. During the reduction process, reductive gases are generated
to reduce GO and to expand their layers at the same time.

Schniepp et al. obtained r-GO by annealing GO nanosheets in a closed quartz tube at 1050°C
under the protection of argon atmosphere for 10 min, and the carbon content in the final
r-GO product increased with the rise of the annealing temperature [19]. They fabricated poly-
mer nanocomposites with stacks of these r-GO nanosheets as the filler, and the as-fabricated
polymer showed outstanding thermal, mechanical, and electrical properties. Such function-
alized r-GO nanosheets can provide even further benefits, not only for structural property
enhancements at lower filler contents, but also for the development of new materials such as
electrically conducting polymers, conductive inks, and supercapacitors. Vallés et al. reported
a considerable recovery of the sp? network structure of r-GO by a relatively simple thermal
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treatment at 700°C under argon or hydrogen atmosphere [20]. The as-fabricated r-GO paper
exhibited an excellent electrical conductivity as high as 8100 S/m, which was five orders of
magnitude higher than that of initial GO paper, and also much higher than that of r-GO paper
by a chemical reduction method. Moreover, this gentle and direct thermal reduction method
allowed r-GO paper to remain the good structural integrity and mechanical flexibility of the
initial GO paper, overcoming problems of brittleness typically encountered in the anneal-
ing process. Mattevi et al. reported that the effect of annealing GO at 700°C or above was
equivalent to the chemical reduction of GO via hydrazine monohydrate at 80°C followed by
heating at 200°C [21]. For fully reduced GO nanosheets, they found the oxygen content was
about 8% with the ratio of C to O equaling to 12.5:1 and the sp? concentration being 80%, and
they demonstrated that the presence of residual oxygen with only 8% content significantly
hampered the carrier transport among the graphitic domains.

The thermal reduction of GO is a direct, cost-effective, and environmentally friendly route for
the fabrication of high-quality r-GO. However, it usually needs a high temperature to obtain
r-GO with a high electrical conductivity, and the experimental set-up is very complicated, all
of which have hindered its further application.

2.3. Electrochemical reduction of GO

The routine of electrochemical reduction of GO nanosheets was newly proposed for the fabri-
cation of high-quality r-GO whose defect concentration is almost negligible. Electrochemically
reduced GO (Er-GO) nanosheets are contaminant-free and of high electrical conductivity, which
makes them suitable for applications in the areas of supercapacitor devices, touch screens, and
flexible electronics.

Li et al. firstly reported a fiber-shaped solid electrochemical capacitor based on Er-GO [22].
The typical fiber-shaped electrode can be prepared by electrochemically reducing GO on an
Au wire with a diameter of 100 mm in 3-mg/mL GO aqueous suspension containing 0.1-M
lithium perchlorate (LiCIO,) at an applied potential of about 1.2 V (vs. saturated calomel
electrode, SCE) for 10 s, and it exhibited high specific capacitance and rate capability, long
cycling life, and also attractive mechanical flexibility. Yang et al. demonstrated the applica-
tion of Er-GO as supercapacitor electrodes by reducing GO in a convenient, cost-effective, and
eco-friendly electrochemical way [23]. During the electrochemical reduction process, p-conju-
gated structure in graphene was almost completely repaired by removing electrochemically
unstable oxygen groups, yielding improved electron transfer kinetics and capacitive proper-
ties of Er-GO. At the same time, residual oxygen groups on Er-GO nanosheets were very
stable and reversible in capacitive performance providing additional faradic pseudocapaci-
tance without damaging their electronic properties. As a result, the Er-GO exhibited a specific
capacitance of as high as 223.6 F/g at 5 mV/s, showing a promising potential as an electrode
material for supercapacitors.

Chen et al. reported a general method for the fabrication of three-dimensional (3D) porous
Er-GO-based composite materials [24]. First, 3D porous Er-GO was prepared electrochemi-
cally by reducing a concentrated GO aqueous solution containing 0.15-M LiClO, as shown in
Figure 1a. The cyclic voltammogram of a copper foil electrode in the GO and LiClO, electrolyte
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at the scan rate of 50 mV/s was shown in Figure 1b, and the redox peak appeared at about
-1.15 V. The X-Ray diffraction (XRD) pattern of Er-GO film obtained by reducing 3-mg/mL
GO solution at a potential of 1.15 V for 300 s, confirmed that most of electrochemically unsta-
ble oxygen groups were removed from initial GO film. The as-fabricated Er-GO-based paper
electrode, prepared by electrochemically reducing 3-mg/mL GO at a potential of 1.15 V for
600 s, was shown in Figure 1d, and the Er-GO-based paper electrode exhibited a 3D porous
structure, which was good for ion and electron transportation during the charge/discharge
process. Furthermore, by the growth of polyaniline layer on 3D Er-GO paper electrodes,
a high specific capacitance of 716 F/g at 0.47 A/g was achieved. Sheng et al. reported an elec-
trochemical double-layer capacitor based on 3D interpenetrating r-GO electrodes fabricated
by the electrochemical reduction of GO [25]. At 120 Hz, the Er-GO-based MSCs exhibited a
phase angle of -84°, a specific capacitance of 283 mF/cm? and a resistor-capacitor (RC) time
constant of 1.35 ms, making it capable of replacing activated carbon-based MSCs for AC-line
filtering.

The electrochemical reduction of GO process is very fast and avoids the use of any harm-
ful chemical reducing agents, which means that there is no need for further purification of
Er-GO [26].

2.4. Laser reduction of GO

Laser reduction of GO routine uses laser as the major energy source to obtain porous
r-GO nanosheets without the need for any additional chemical agents; and it leaves abun-
dant defects in r-GO nanosheets, which can highly improve the electrochemical charac-
teristic of r-GO [27-29]. Except from the reduction function, laser with a higher energy
level can selectively remove GO/r-GO nanosheets without any damage to substrates due
to the instant heating and cooling feature, which can make it possible for graphical elec-
trodes [27, 30].
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Figure 1.(a) Schematic illustration of the preparation method for Er-GO-based composite materials, (b) cyclic
voltammogram of a copper foil electrode in 3-mg/mL GO aqueous solution containing 0.15-M LiClO, at a scanning rate
of 50 mV/s, (c) XRD patterns of GO film and as-prepared wet Er-GO porous material by reducing 3-mg/mL GO solution
at a potential of 1.15 V for 300 s, (d) optical image of Er-GO paper electrode prepared by electrochemically reducing
3 mg/mL GO at a potential of 1.15 V for 600 s. (e) SEM image of lyophilized Er-GO paper (Reproduced with permission
from Ref. [24]).
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Abdelsayed et al. reported a facile laser reduction method for the preparation of r-GO from
GO [31]. They obtained few-layer r-GO nanosheets in water under ambient conditions without
the use of any chemical reducing agent indicated by changes in the color of GO solutions, as
shown in Figure 2a. Furthermore, XRD results of the products after different irradiation time
confirmed that only 10-min irradiation of the 532-nm laser could totally reduce GO into r-GO.
By this mild reduction treatment in water, the few-layer character of GO nanosheets was per-
fectly preserved in the final products with a thickness of 0.99 nm as shown in Figure 2b and c.

Sokolov et al. obtained r-GO via continuous-wave (532 nm) and pulsed (532 and 355 nm) laser
irradiation of GO [32]. They investigated the graphene degree of r-GO with different laser
power and background gas and fabricated microsized defects in r-GO film using laser with
a higher energy, indicating laser could be an effective technique for reducing r-GO with high
spatial resolution and patterning feature. Many attentions have been paid to the mechanisms
of laser reduction and ablation of GO, and most of them focused on the interaction among
electron, photo, exciton, and ions [32-34]. When GO nanosheets are exposed to a laser beam,
deoxygenation reaction is triggered instantaneously via both photochemical and photothermal
reduction pathways. Though electron-lattice temperature equilibration occurs on the picosec-
ond time scale, strain associated with the oxygen in GO nanosheets can lead to exciton self-trap-
ping, hole localization, and subsequent material removal, as indicated by the release of CO, CO,,

(a) 1 5 10min (b)
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Figure 2. (a) Digital photographs displaying the changes in the color of the original GO solution (0 min) after irradiated
with the 532-nm laser for 1, 5, and 10 min and the corresponding XRD results, (b) TEM images of r-GO nanosheets
prepared by the 532-nm laser irradiation to the aqueous GO solution for 10 min, (c) AFM image and cross-sectional
analysis of the r-GO nanosheets (Reproduced with permission from Ref. [31]).
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and H,0 from GO nanosheets by laser irradiation [33]. During the ablation process of GO/r-GO
nanosheets by laser, the release of high mass carbon cluster ions had been observed during pho-
ton- and low-energy electron-stimulated desorption, which can be deposited on the surface of
r-GO nanosheets and served as seeds for growth of larger graphene particles or nanosheets [31].

Gao et al. demonstrated the scalable fabrication of an all-carbon monolithic supercapacitor by
laser reduction and patterning of GO films [35]. They patterned both in-plane and sandwiched
structured electrodes consisting of r-GO nanosheets with micrometer resolution, between which
GO served as a solid-state electrolyte. The substantial amounts of trapped water in GO nanosheets
made them simultaneously an excellent ionic conductor and an electrical insulator, allowing
them to serve as both an electrolyte and an electrode separator with the ionic transport character-
istics. The resulting microsupercapacitor devices showed an excellent cyclic stability and energy
storage capacities as compared to the existing thin-film supercapacitors. El-Kady et al. used a
standard LightScribe DVD optical drive to directly reduce GO films into r-GO by laser, and the as-
fabricated r-GO-based films were mechanically robust and showed high electrical conductivity
(1738 S/cm) and specific surface area (1520 m*/g) [36]. The r-GO-based supercapacitor exhibited a
high energy density of as high as 1.36 mWh/cm?®, which was approximately two times higher than
that of the commercial activated carbon-based electrochemical capacitors (AC-EC). Moreover, a
power density of about 20 W/cm?® can be achieved, which was 20 times higher than that of the
AC-EC and three orders of magnitude higher than that of the 500-mAh thin-film lithium battery.

Though laser reduction of GO cannot achieve mass production of r-GO, combined with film
technology, r-GO fabricated via laser-reducing GO nanosheets is a promising electrode material
for flexible, ultrathin, and binder-free microsupercapacitors and other electronic devices, such
as sensors, displays, and batteries.

3. Recent progress of r-GO-based miniaturized microsupercapacitors

Rapid developments in semiconductor devices, low-power integrated circuits, and packaging
technology are accelerating the reduction in the size and volume of current electronic devices,
especially portable mobile communication equipment, implantable medical devices, and
active radio frequency identification (RFID) tags. It makes rechargeable high-performance
miniaturized energy storage devices become an urgent need [37]. R-GO-based miniaturized
MSCs exhibit excellent rate capability, high power density, long lifetime, and good 3D micro-
integration capability with other components, showing a promising perspective for the use as
miniaturized energy storage devices. Here, some of recent representative works in the area of
r-GO-based miniaturized MSCs are progressively introduced.

El-Kady et al. demonstrated scalable fabrication of high-power graphene microsupercapaci-
tors for on-chip energy storage by direct laser writing on graphite oxide films using a standard
LightScribe DVD burner [38]. Figure 3a shows the features of r-GO-based MSCs on a chip,
and Figure 3b shows the morphological change of GO films after direct laser irradiation. The as-
fabricated r-GO-based MSCs showed an excellent electrochemical performance and good flex-
ibility on a flexible polymer substrate. Furthermore, the adaptability of r-GO-based MSCs for
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serial/parallel combinations was demonstrated by connecting four devices together both in series
and in parallel configurations, as shown in Figure 3c and d. The tandem MSCs exhibited a very
good control over the operating voltage window and capacity, thus enabling them to be consid-
ered for practical applications. Figure 3e shows a Ragone plot comparing the performance char-
acteristics of r-GO-based MSCs with different energy-storage devices designed for high power
microelectronics. Remarkably, compared with activated carbon-based MSCs, r-GO-based MSCs
exhibited three times higher energy and about 200 times higher power density. Furthermore,
r-GO-based MSCs demonstrated power densities comparable to those of the aluminum elec-
trolytic capacitor while providing more than three orders of magnitude higher energy density.
This superior energy and power performances of the r-GO-based MSCs should enable them to
compete with microbatteries and electrolytic capacitors in a variety of applications.

Xie et al. developed device-level tailorable gel-based MSCs with symmetric electrodes pre-
pared by electrochemically reducing and depositing GO on a nickel nanocone array (NCA)
current collector using a unique packaging method [39]. Figure 4a shows the fabrication pro-
cess of the tailorable Er-GO-based MSCs, which connected in series can be used to drive small
gadgets, such as a light-emitting diode (LED) and a mini-motor propeller. Figure 4b and c dis-
plays the morphology and structure of the Er-GO electrode, which exhibited a high areal spe-
cific capacitance (57.1 mF/cm?) and an outstanding cycle stability (20,000 cycles with only 3.5%
capacitance loss). Compared with conventional chemical reduction, the porous Er-GO layer
can be homogeneously deposited on a conductive substrate and be used as the electrode mate-
rial without any binder; besides, the production process of Er-GO can be conveniently scaled
up, all of which made the electrochemical reduction routine more promising. CV curves of
the MSC under different scan rates from 50 to 5000 mV/s in Figure 4d demonstrated the excel-
lent rate capability of Er-GO-based MSCs, which can be attributed to the excellent electrical
conductivity and porous structure of Er-GO itself. Furthermore, Er-GO-based MSCs exhibited
excellent mechanical reliability, indicated by the little capacitance loss under pressure or bend-
ing, showing great potential in flexible, bendable, wearable, and even tailorable electronics.
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Figure 3. (a) Schematic illustration of r-GO-based MSCs on a chip, (b) SEM image showing the direct reduction and
expansion of the GO film after exposure to the laser beam (scale bar is 10 mm), galvanostatic charge/discharge curves for
four tandem microsupercapacitors connected (c) in series, and (d) in parallel, (e) energy and power densities of r-GO-
based MSCs compared with commercially available energy-storage systems (Reproduced with permission from Ref. [38]).
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Figure 4. (a) Schematic illustration of the shape-tailorable r-GO-based ultra-high-rate supercapacitor (Regular nickel
nanocone arrays (NCAs) deposited on a Ti substrate were used as current collector, and perpendicularly stencil-printed
EVA glue was used as cofferdams, and Er-GO electrochemically deposited onto the NCAs was electrode material, and
Na,SO,/PVA gel was used as electrolyte), (b, ) SEM and TEM images of NCAs and Er-GO, (d) CV curves of the MSC
under different scan rates from 50 to 5000 mV/s, (e) capacitance retention performance of the MSC under different
compression strength, (f) CV curves of the MSC tested at 100 mV/s with and without bending (curvature radius: 1.7 cm)
(Reproduced with permission from Ref. [39]).

Xie et al. in the same group also carried out a benchmark study of the state-of-the-art well-
packaged ultrathin microsupercapacitor compared with commercial microsupercapaci-
tor and aluminum electrolyte capacitor [40]. Figure 5a shows the fabrication process of the
ultrathin and flexible MSCs using laser to complete the reduction and ablation of GO film to
obtain patterned r-GO-based electrodes. Figure 5b gives the optical image of as-fabricated
r-GO-based MSCs arrays, and Figure 5¢ demonstrates the porous structure of laser-processed
r-GO film with a thickness of about 4 pm, providing more surface area and being beneficial to
a high mobility of ions, both of which helped deliver high energy and power densities. The as-
fabricated r-GO-based MSCs demonstrated great flexibility and bendability indicated by the
almost same CV curves under different bending angles around a cylinder with a diameter of
about 3 cm in Figure 5d. The Ragone plot in Figure 5e suggests that the energy density of this
r-GO-based MSC with LiCI-PVA gel electrolyte achieved 0.98 mWh/cm? at the power den-
sity of 300 mW/cm?®, which was almost three orders of magnitude higher than that of a com-
mercial activated carbon supercapacitor. With the power density raised from 300 mW/cm? to
2000 mW/cm?, the energy density of this r-GO-based MSC had no significant degradation in
capacitance, showing excellent rate performance. Furthermore, using the ionic liquid electro-
lyte, r-GO-based MSCs with a thickness of 18 pm can be fabricated with a maximum energy
density up to 5.7 mWh/cm? at 830 mW/cm? which can be comparable with lithium thin-
film battery but with more than two orders of magnitude higher power density. However,
their energy density was still not large enough for high-performance MSCs compared with
those of Refs. [1, 38, 41]. The ultrathin thickness and foldability of as fabricated r-GO-based
MSCs made it possible for them to be folded to fit in restricted spaces integrated with other
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Figure 5. (a) Schematic illustration of ultrathin laser-processed r-GO-based MSCs (the PET substrate with a thickness
of 6 um sputtered with Ni layer (500 nm) was homogenously deposited with GO nanosheets by electrostatic spray
deposition technique, and the reduction and ablation of GO film were completed by different power of laser treatment.
Then, electrolyte was added and a thin PET film printed with cross-linkable PU cofferdams was used as the cover layer.),
(b) photographic image of r-GO-based MSCs arrays (Inset is a single unit), (c) cross-view SEM image of laser processed
r-GO with a height of about 4 um, (d) CV curves of r-GO-based MSCs observed in different bending state, (e) Ragone
plot of r-GO-based MSCs and some reported supercapacitors (Reproduced with permission from Ref. [40]).

components. Similarly, Meng et al. reported an integrated, flexible, and all-solid-state MSC
technology with 3D microintegration capability [37]. They firstly embedded the entire electri-
cal routing path and contact pads within the effective device area, utilizing the novel fabrica-
tion of through-via bottom electrodes. The entire device was successfully packaged with a
solid-state electrolyte at the microscale (720 um x 720 um x 50 um) and has surface-mounted
integration capability.

Wu et al. demonstrated r-GO-based in-plane interdigital MSCs with high power and energy
densities on arbitrary substrates [1]. Figure 6a shows the fabrication process of the device.
The resulting r-GO film had an electrical conductivity of 297 S/cm, and the as-fabricated
r-GO-based MSCs showed the features of large-area uniformity, good transparency, and
mechanical flexibility. The plot of the discharge current as a function of scan rate in Figure 6b
demonstrated an enhanced electrochemical performance. A linear increase of discharge cur-
rent can be observed up to 200 V/s, suggesting the ultrahigh power ability of r-GO-based
MSCs. The as-fabricated r-GO-based MSCs can be operated at an ultrahigh rate up to 1000 V/s
and showed an excellent capacitance. For example, an areal capacitance of 78.9 mF/cm?* and
a volumetric capacitance of 17.5 F/cm?® were obtained for the device at 10 mV/s in Figure 6¢.
The Ragone plot in Figure 5e suggests that the r-GO-based MSCs delivered a volumetric
energy density of 2.5 mWh/cm?, which was an order of magnitude higher than that of the
typical supercapacitors of activated carbon (<1 mWh/cm?®) and well comparable to that of lith-
ium thin film batteries (10°-102 Wh/cm?®). Furthermore, the r-GO-based MSC manifested an
ultrahigh power density of 495 W/cm?® which was 50 times higher than that of conventional
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Figure 6. (a) Schematic illustration of the fabrication of flexible r-GO-based flexible MSCs (The fabrication process
included a sequence of spin-coating of GO solution on Cu foil, CH, plasma reduction of GO film, transfer of r-GO
film from the Cu foil to PET substrate, masking pattern and deposition of gold current collector, oxidative etching,
drop casting of H,SO,/PVA gel electrolyte and solidification of gel electrolyte.), (b) a plot of the discharge current as
a function of the scan rate (red star line) (linear dependence (magenta dot line) was observed up to at least 200 V/s
(green dash dot line), suggesting the ultrahigh power ability of r-GO-based MSCs.), (c) areal capacitance and stack
capacitance of r-GO-based MSCs, (d) the comparison of energy and power density of as fabricated MSGs with
commercially applied electrolytic capacitors, lithium thin-film batteries, Panasonic Li-ion battery, and conventional
supercapacitors (indicated by the pink region), demonstrating that the as-fabricated MSCs exhibited exceptional
electrochemical energy storage with simultaneous ultrahigh energy density and power density (Reproduced with
permission from Ref. [1]).

supercapacitors (even at a high energy density of 0.14 mWh/cm?®) when discharged within an
extremely short time (1 ms) and much higher than those in Refs. [38-40].

Wau et al. in the same group also described the development of large-area, highly uniform,
ultrathin nitrogen and boron co-doped graphene (BNG) films for high-performance MSCs
[41]. The BNG film was prepared using a layer-by-layer (LBL) assembly technique of anionic
GO nanosheets and cationic poly-L-Lysine (PLL) as a nitrogen-containing precursor, followed
by intercalation of H,BO, within the layers and annealing treatment. Remarkably, BNG-MSCs
allowed for operation at an ultrahigh scan rate of up to 2000 V/s, which was three orders of
magnitude higher than that of conventional supercapacitors and represented superior value
for high-power MSCs. The volumetric capacitance of BNG film for MSCs recorded at 10 mV/s
was ~488 F/cm®, which can be attributed to the co-doping with dual heteroatoms. On one
hand, the co-doping strategy created new electrochemically active moieties (e.g., B-N-C) with
a synergistic effect that provides additional pseudocapacitance contribution, and on the other
hand, the new binding environment of neighboring B and N atoms directly incorporated into
the graphene lattice was favorable for improving the interface wettability of the electrode
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with the electrolyte, resulting in a thickened electrochemical double layer. Furthermore,
based on the volumetric capacitance and working voltage (1.0 V), the energy density and
power density were calculated to be about 16.9 mWh/cm?® and 910 W/ecm?®, which was among
best performances of the-state-of-art carbon-based MSCs.

Even significant progress has been achieved in the field of carbon-based MSCs in recent years,
their application as energy storage devices is still limited due to their low energy density,
which results in a high cost per kilowatt-hour, i.e., around 20,000$/kWh, significantly higher
than those of well-established storage technologies (such as batteries) [42]. One direct way
to lower their cost is to find suitable electrode materials with high energy storage capability
without any damage to their power handling ability, for example, the MSCs based on gra-
phene and MnO, hybrid materials demonstrated a two times higher energy density than that
of initial pure graphene due to the Faradaic pseudocapacitance effect of MnO, [43]. Another
way is to use fabrication methods compatible with efficient large-scale production throughout
the fabrication process of MSCs, including preparation of electrode materials, fabrication of
electrodes, and assembly of electrodes, electrolyte, and/or separator as well as their packaging
process, for instance, combining with low-cost printing technology during electrode fabrica-
tion process can greatly lower the total cost [44].

4. Conclusions

In summary, this chapter reviews the recent research advances of r-GO as a promising
electrode material for miniaturized MSCs. R-GO exhibited many advantages such as
excellent rate capability, high power density, long lifetime, facile production in large scale
and low costs. However, further enhancement in performance characteristics and func-
tionality of r-GO-based miniaturized MSCs need more attentions before this promising
technology may be adopted by industry. Combined with novel film-fabrication, pattern-
ing, and packaging techniques, miniaturized r-GO-based MSCs with superior capabil-
ity to be integrated with other components on chip and system levels can be developed
due to their ultrathin thickness, flexibility, bendability, foldability, and even tailorabil-
ity. The examples given in this chapter also discussed about their merits and limitations,
we expect that they may give elicitations for developing advanced techniques for the fab-
rication of high-performance and multifunction miniaturized r-GO-based MSCs in the
near future.
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Abstract

When adsorbates are introduced in graphene, the electric conductivity is highly modified.
This chapter discusses how to estimate the electrical conductivity of graphene sheets with
adsorbates, using electronic structure calculations and some theoretical approaches. Also,
we discussed how the clustering of adsorbates attached to the graphene can impact electri-
cal conductivity. We will focus in using metallic clusters as adsorbates (M,; M = Ag, Au, P,
and Pd; n=1, 2, 3, and 4). The electrical conductivity is found using theoretical approaches,
which are summarized in this chapter. We compare these approaches between each other
to determine which is the most appropriate for each system.

Keywords: graphene, metallic clusters adsorption, conductivity

1. Introduction

It is well known that the experimental measurements of electrical conductivity are not so
complicated; this is done with a four-point method to measure the sheet resistivity or conductiv-
ity [1, 2]. However, making a theoretical estimate of the electrical conductivity requires compli-
cated mathematical elements, e.g., Lippmann-Schwinger equation [3, 4]. But there are some
analytical methods based on Green’s function to estimate the theoretical conductivity of pure
graphene [5-8]. These methods can be extrapolated to estimate the conductivity of graphene
with adsorbates or vacancies. The main advantage of these methods consists in that the conduc-
tivity can be calculated with structural parameters (deformation radius and heights). We propose
to use these approximations to estimate the conductivity of graphene with the adsorption of
metallic clusters (transition metal clusters).

By studying the way in which adsorption occurs, we can obtain strong elements to predict the
behavior of the electrons into the graphene, wherein the scattering centers will be modeled as
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potential steps in a two-dimensional waveguide. We consider that, when introducing the adsorbate
in the graphene, the size of the scattering centers increases. If there is physisorption, the
scattering centers are small, i.e., the potential step is small, and a good number of electrons
can pass without scattering. If there is chemisorption, the scattering centers grow, so the
potential step in the waveguide will increase in size and hinder the passage of electrons,
causing more electrons to be scattered. This phenomenon of the creation of scattering centers
is directly seen in the deformation of the graphene sheet, since the adsorption sites break the
two-dimensionality of the graphene sheet, creating obstacles for the electrons and near
the adsorption zone the sp, hybridization is broken, creating a clearly deformation of the
graphene network.

The novelty of this work is to propose a direct methodology to estimate the electrical conduc-
tivity directly from calculations of electronic structure, in particular, optimized geometries.
This methodology will allow a significant simplification of the theoretical calculations of
conductivity. Recently, it has been reported that pure graphene has theoretical conductance
and conductivity, but so far it has done anything on systems with dopants, and even more, on
systems doped with metal clusters. Also, it consists of having direct applications in the field of
nanoelectronic devices, catalytic materials, molecular electronics, developed sensors, and solar
cells.

1.1. Review overview

Since the experimental production of graphene in 2004 by Novoselov et al. [9], graphene has
been much studied by the scientific community. From the first moment, graphene presented an
outstanding electronic behavior, since its electrons behave like Dirac Fermions with an effec-
tive speed around 10° m/s [10], reaching the regimes of electronic ballistic transport. Graphene
has a minimum conductivity with a theoretical value of e*/th (per valley per spin) [11], but
the minimum conductivity measured experimentally is e*/h (per valley per spin); this is known
as the missed-m-problem. In 2007, Miao et al. [12] solved the problem by measuring the conduc-
tivity of small pieces of graphene as a function of an applied voltage, and to these pieces of
graphene were changed the length and depth. They concluded that the theory is true, but only
for small sheets. In addition to this, it is known that the mobility of graphene depends slightly
on temperature and has a characteristic V-behavior [13]. The fact that electronic mobility
depends slightly on temperature caused the theoretical conductivity of graphene to be investi-
gated. In 2010, Barbier et al. [14] published a review where they calculated the theoretical
conductivity of graphene in the limit of 6-function barriers. Recently, Kolasinski et al. calcu-
lated the conductivity with the Lippmann-Schwinger equation [15], and Garcia et al. published
a theoretical approximation of graphene conductivity using the Kubo-Bastin approach [16]. In
2015, Kirczenow [17] calculated the scattering state wave functions of electrons on graphene
nanostructures with the Lippmann-Schwinger equation, and he observed that when the Fermi
energy is around the Dirac point (tunneling regimen), there is an inversion symmetry breaking
to take into account. There is an alternative picture to describe the conductivity of graphene,
Green function formalism with a different type of potential. In 2006, Ando [18] described
graphene as a two-dimensional waveguide, where the impurities are treated as Coulomb
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centers. The main advantage of treating impurities as centers of Coulomb is that it allows to
propose in the equations a potential with long-range terms. However, this description was not
enough, and there are other more sophisticated descriptions, e.g., graphene is developed as
different regions of interest, connecting with self-energy terms in the Green function [19]; or
three-terminal equilibrium Green'’s functions are used to determine the transmission phenom-
enon [20], using the structural parameters and boundary condition of graphene. In this chap-
ter, will address three alternative approaches mention before, based on structural parameters
and a Green function with a long-range potential. The three approximations present a behav-
ior very similar to experiments being able to describe numerically the behavior at several
temperatures.

However, for electronic devices, it is important to find the materials with good electrical
conductivity and with an energy gap. When doping occurs to graphene, it is introduced as an
energy gap and in some cases, continues to maintain a high electrical conductivity [21]. Mainly,
the doping by the adsorption of atoms or clusters has been a well-supported way, since by
means of the adsorbates the electronic and structural properties of the graphene can be
modified. For example, introducing nitrogen atoms to the graphene surface induces a N-type
doping, while by introducing oxygen atoms to the graphene, the Fermi energy remains at the
point of Dirac (i.e. undoped) [22]. Depending on the adsorbate on the graphene, will be the
type of interaction present in the system. Graphene with Cu, Ag atoms are adsorbed weakly
on the surface of the graphene [23-25], whereas graphene with Pd are strongly adsorbed
[25, 26]. It is of interest, to see that when doping the graphene with different adsorbate, we
modify the electronic transport in the system, in particular, the conductivity [27]. In 2015, Liu
et al. [28] distributed randomly weighted atoms on a sheet of graphene, this in order to modify
the electronic transport, and they estimated the conductivity with the Kubo-Bastin formula.
On the other hand, the studies made with graphene and adsorbates have been extrapolated to
surface of high-quality boron and nitrogen co-doped graphene on silicon carbide substrate
[29], indicating that these studies are important for the field of electronic devices.

2. Some theoretical conductivity approaches

In this chapter, we estimate conductivity with three approaches: frozen ripples approach (FRA),
charged impurities scattering approach (CISA), and resonant scattering approach (RSA).

2.1. Frozen ripples approach (FRA)

In the frozen ripples approach (FRA), the main idea consists in using the deformation as a
scattering center and then calculated the conductivity. Katsnelson and Geim [5] probed that in
pure graphene, the scattering of the electrons behaves like as a controlled ripple introduced
into the graphene surface (microscopic corrugations of a graphene sheet). They used the fact
that certain types of ripples create a long-range scattering potential, as if they were Coulomb
scatters, and provide charge-carriers almost independent of carrier concentration. Specifically,
electrons are dispersed by a potential proportional to the square of the local curvature of
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graphene. If electrons are scattered, then the resistivity increases, diminishing the ballistic
behavior. Katsnelson and Geim approximated the excess of conductivity as follows:

6(7'"’72:—4 (1)

where z and R are the characteristic height and radius of ripples, respectively. In graphene with
adsorbates, the scattering centers would be defined in the function of the adsorption properties
(see Section 4).

2.2. Charged impurities scattering approach (CISA)

Once again, Katsnelson with Guinea and Geim analyzed how electrons in graphene, behaving
like Dirac fermions, are scattered by clusters of charged impurity clusters [6]. Likewise, they
showed that for graphene with a very low doping level, in some cases, the disorder increase
the conductivity [6], and for the graphene with impurities, the disorder occurs in the form of
large circular clusters, losing the scattering cross section, in comparison with isolated single
atoms [7], and conductivity could be in ballistic regimen. The experimental manifestation of
this phenomenon is observed as an increasing in the mobility [9-11, 13] at different tempera-
tures. In these theories, there are two regimes:

*  krR << 1 (the cluster is small compared to the Fermi wavelength), thus weakly perturbing
the electronic wave function, and the adiabatic approximation can be used to obtain a

2
constant value for oo kp R ( — ‘%4> ,
"

* kpR >> 1in this point is the cross section that is a function of the incident angle 6 and the
total cross section. The resonances are associated with the quasibound states inside the
cluster. The conductivity (o) is a function of Fermi wavelength (kg), the potential (V), the
Fermi velocity (vg), the cluster concentration density (1), and the distortion radius (R) to
the fourth power.
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2.3. Resonant scattering approach (RSA)

Wehling et al. [8] used the semiclassical Boltzmann theory to calculate conductivity with a
linear dependence of the carrier density. The principal scattering mechanism used is the
midgap states [30] in the scattering mechanism. This mechanism is designed to describe the
material defects as boundaries, cracks, adsorbates, or vacancies because these materials’
defects induced a high potential difference with respect to the graphene sheet. Therefore, the
phase shift tends to zero for wave vectors near to the Dirac point. If we considered a short-
range contact potential, the behavior of the phase shift is logarithmic. In some instances, when
the Fermi energy of the graphene-adsorbates is close to the Dirac point, it appears as a
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resonance [31]. It is possible to compute the conductivity, using Boltzmann equation and the T

matrix o= ( )(271111

parameter. In the limit of resonant impurities, conductivity is,

4e >
o= (nh) In

n, = Et /1 is the number of charge carriers per carbon atom. The deformation radius is D = hog/R;

T(EF)

) , with D = +/v/3nt, and t is the nearest-neighbor hopping

Er

5 G)

the R parameter is seen directly to the geometry optimization; and vr = /2Er/m,. For pure
graphene, in a ballistic regimen, the Boltzmann approach becomes questionable because the
quantum correction is predominant. However, small clusters has been proved to be sufficient to
estimate conductivity of the graphene sheets with the adsorption of the metallic clusters [25].

3. Principal aspects of adsorption of metallic clusters on graphene

In this section, we examine the adsorption process of metallic clusters on graphene. We give
some general trends, utilizing some specific systems to exemplify the adsorption phenomenon.
The main features that will be studied in this section are ground-state properties, adsorption
sites, adsorption energies, and density of states.

3.1. Ground states, adsorption sites, and adsorption energies

The first characteristic to study is the adsorption energy, which indicates if physisorption or
chemisorption is occurring. In the next step, the adsorption site and how the deformation occurs
in terms of the adsorption sites are observed. It is important to see under what conditions the
deformation occurs, and the study of the adsorption sites gives us the radius and height of the
scattering centers. The radius and heights are introduced into the three approaches to estimate the
electrical conductivity. For physisorbed systems, the deformation is very low (small radius and
height). For chemisorption systems, the deformation increases because the graphene feels strongly
the metallic clusters.

To find the ground-state structures, adsorption sites, and adsorption energies, we opti-
mized all our systems using a graphene sheet as a 6 x 6 supercell with a periodic condition
in z-axis of 30 A. All initial positions of the graphene systems with the clusters are listed
below:

1. For one metal atom, the atom was placed in a top-site, right in the middle of the graphene
sheet, over a distance of 3 A (Figure 1).

2. For the dimer case, there are two possible positions: two metallic atoms at the same height
forming a horizontal line and two metallic atoms aligned over a carbon atom forming a
vertical line (Figure 2).
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3. For the trimer case, there exists four possible positions: three metallic atoms at the same
height conforming a horizontal line; three metallic atoms aligned over a carbon atom
conforming a vertical line; three metallic atoms are at the same height, outlining a hori-
zontal triangle over the graphene sheet; and three metallic atoms modeling a vertical
triangle, and the two metallic atoms are at the same height of two adjacent carbon atoms
(Figure 3).

4. For the tetramer case, there are eight initial configurations: four metallic atoms at the same
height in a horizontal line; four metallic atoms aligned with one carbon atom of the graphene
sheet forming a vertical line; four metallic atoms at the same height forming a thombohedral
shape or a diamond-shape in a horizontal plane; four metallic atoms aligned at one carbon
atom of the graphene sheet forming a thombohedral shape or a diamond-shape in a vertical
plane; four metallic atoms at the same height forming a planar triangle plus 1 shape or a Y-
shape in a horizontal plane; four metallic atoms aligned at one carbon atom of the graphene
sheet forming a planar triangle plus 1 shape or a Y-shape in a vertical plane; four metallic atoms
aligned at two carbon atoms of the graphene sheet forming a planar triangle plus 1 shape or a
Y-shape in a vertical plane; and a tetrahedral isomer (the base of the tetrahedron is close to the
graphene sheet) (Figure 4).

Figure 1. Initial position for one metal atom over a graphene sheet.
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Figure 2. Initial position for a metallic dimer over a graphene sheet.
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Figure 3. Initial position for a metallic trimer over a graphene sheet.

The computational calculations were performed with QUANTUM ESPRESSO computational
package [32], and specifically performed DFT calculations using a plane wave basis set and
pseudopotentials. The exchange and correlation interactions were carried out with the Perdew-
Burke-Ernzerhof parameterization (GGA-PBE) [33]. The kinetic energy cutoff was taken as 40 Ry
with a convergence criterion of 10~® Ry. The Brillouin-zone integrations have been achieved with
Methfessel-Paxton smearing special-point technique [34] centering de I' point witha 4 x 4 x 1
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k-point mesh. The pseudopotentials of Ag and Pd were a Krlike core; meanwhile, the
pseudopotential of Au and Pt were Xe-like core. All the metals were approximate with smooth
pseudopotentials generated with the Rappe-Rabe-Kaxiras-Joannopoulos (RRK]) [35]. The
adsorption energies have been computed with E; = Egqpnene + Mn — (Egraphene + Entn)- The adsorp-
tion energies, the bond length from carbon to metallic atoms, and metallic atom to metallic atoms
are presented in Table 1 [25]. In this table, we indicate, in bold, the ground states. These ground
states are taken to calculate the conductivity.

The ground-state system is shown in Figure 5. The systems with Ag and Au present that the
Ag-Ag and Au-Au interactions are stronger than Ag-C and Au-C, the clusters almost do not
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Figure 4. Initial position for a metallic tetramer over a graphene sheet.

Graphene-Ag, Graphene-Au, Graphene-Pt, Graphene-Pd,

Structure n dagc dagag Ea davc  dawau Ea dpec  dpert Ea dpa.c  dpara Ea
Single 1 3.26 —-0.03 2.61 —0.31 2.09 —-1.20 2.15 -1.20
atom
Horizontal 2 Horizontal line convert  Horizontal line convert 3.87, 2.38 -0.14 2.13 2.70 -1.35
line in vertical line in vertical line 3.98
Vertical 2 2.63 2.58 —-0.13 232 2.53 —0.64 2.23 2.41 —-0.94 2.21 2.54 —0.65
line
Horizontal 3 Horizontal line convert ~ Horizontal line convert 3.94(2) 2.37(2) —0.34 Horizontal line convert
line in vertical line in vertical line 4.07 in horizontal triangle
Vertical 3 291 2.66(2) —0.08 2.35 2.58, —0.49 2.18 2.40, —0.94 Vertical line convert in
line 2.56 2.42 vertical triangle
Horizontal 3 3.34 2.72(3) -0.13 4.01 2.69(3) —0.34 3.89, 251(3) -0.54 390. 251(33) -1.80
triangle 3.33(2) 4.00(2) 3.92, 3.93.
3.97 4.08

Vertical 3 249 278, —036 234, 265 075 217, 253(2), -1.82 213, 2.46, ~1.98
triangle 2.52 2.70, 2.35 ), 2.23, 259 425,  2.55(2)

2.66 2.75 4.55 4.32
Vertical 4 263 2.62(2), —0.053 2.36 2.54 —0.51 3.2 2.3(4) —0.78 Vertical line convert in
line 2.72 ), tetrahedral isomer

2.60
Diamond 4 347, 2.75(2), —0.02 4.06, 2.66 —0.17 3.98, 2.53, —0.13 D-shape horizontal
shape 3.67,  2.76(2), 4.07 2.69(4) 4.1(2), 2.54(4) convert in tetrahedral
horizontal 3.63, 2.64 ), 2.67 3.98 isomer
3.62 4.11
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Graphene-Ag, Graphene-Au, Graphene-Pt, Graphene-Pd,,
Structure n dagc dagag Ea dawc  dawauw Ea dpec  dprpe  Eg dpac  dpara  Ea
Diamond 4 5.1(2), 2.66, —-0.002 2.72, 2.67, -0.14 222, 2.52 —0.89 D-shape vertical convert
shape 2.74, 2.72, 5.00 2.69 4.27, (2),2.55 in tetrahedral isomer
vertical 3.64 2.74(2), (), 2.70(3) 431, (2)2.58
2.76 7.34 6.17
Diamond 4 256, 270(2), -0.240 233, 2.63 —0.44 249(2) 2.23, —0.86 D-shape vertical convert
Shape 4.07,  2,81(Q2), 4.00, 265 2.61(2) 3.79(2) in tetrahedral isomer
Vertical 1 4252 265 420, (2), 2.53 47
4.97 2.78(2)
Y-shape 4 3.59, 2.62, —-0.05 3.89, 2.62, —2.47 4.08 2.37, —0.25 Y-shape horizontal
horizontal 344, 263, 3.92(3) 2.69(2) 3), 247, convert in tetrahedral
375, 276, 2.54 413 2.52(2) isomer
3.87 2.62
Y-shape 4 333 2.63(2), —0.05 Y-shape vertical 2.22 2.52(2) —0.84 Y-shape vertical convert
vertical 2), 2.75, convert in Y-shape 2), 2.58, in tetrahedral isomer
583, 277 vertical 1. 450, 241
8.45 6.90
Y-shape 4 248, 2.61, —-0.30 232, 2.55, —0.66 2.25, 2.37, —1.14 Y-shape vertical convert
vertical 1 4.27 2.63, 4.18, 2.61, 3.93, 247, in tetrahedral isomer
(), 2.76(2) 457,  2.67, 410, 251,
5.03 4.93 2.70 4.72 2.58
Tetrahedral 4 Tetrahedral isomer Tetrahedral isomer 217, 2.53, —-1.27 2.19, 2.55, —0.61
convert in D-shape convert in D-shape 220, 2.65(2) 3.83, 257(2)
horizontal horizontal 3.80, 2.66(3) 4.44, 2.62,
4.64 4.77 2.66(2)

All the distances are in A, the adsorption energies (E,) are in eV, and n is the number of atoms of the clusters. The ground
states are presented in bold letter.

Table 1. Optimized geometries and adsorption energies of Ag, Au, Pt, and Pd clusters are supported on graphene.

distort the graphene surface. Meanwhile, the systems with Pd and Pt show that the interac-
tions Pt-C and Pd-C is stronger than Pt-Pt and Pd-Pd, the clusters distorts very much the
graphene sheet, and they settle into a valley created by them.

From the adsorption energies, adsorption sites, and the bond lengths, the most stable system is
the trimer metallic cluster. The stability depends, mostly, in the covalent atomic radius. When the
covalent atomic radius is smaller, the metallic atom can be accommodated between a carbon-
carbon bond, distorting the graphene network. It is energetically favorable that the metallic
atoms stick together and form clusters than to be separate between them onto the surface.

3.2. Electronic structure

The density of states (DOS) indicates how the adsorbates modified the type of doping in the
systems. There are two charge transfer mechanisms observed in the density of states and in the
population analysis [36], and these mechanisms are given in terms of the highest occupied
orbital (HOMO) and the lowest unoccupied orbital (LUMO) of the adsorbates:



Adsorption of Metal Clusters on Graphene and Their Effect on the Electrical Conductivity
http://dx.doi.org/10.5772/67476

L L O N
:::l.i ] : ] ' i "‘4..'_
. ¥ " i ' vy . a_a
i b iy e o - "Flf.-r" 1 o . e
- i " 1
T 1 L L A Ay v rtad i o R 0 i e e
i B 0 e s 2 I i e L & i
n=1 ryre1 1] L b N L
F e = |
gy v byt & 4 4 ad LT ¥ L
L | e N | 1
L L e LA AL L .
T e = . o — T s
s A _a_&_a L
s o A AR s A Ll S L . m a
i b & a_h A a1 ] ' ¥irty e a
S . i g 1] o 1 ol
b A A d LLT Ty e Y Tty
- w + a4 & iy
vty e T 1 kel bt B A s 4
n=2 e | o 3 ittty LTy
e i a b kA L L rortety
T e a4 4 f 1 FRRTr Y Y ool a_d
oy - . L .‘l i -ll.ll ''''
» . wh iyt tale
T L
B i & o —
g R e ——— —
[ ™ e N i,
& T il & 1 I g
i i :' LA o S R
. L i 1 1 h_d
4. - & &
ITEFTT L LRI | boa b a i a
n=3 o X A 1] O e . v ety
o i Ty il i & & a =i & a A i 4 4
G o4 S ity el A
L e ik i
L S 1 ¥ oW W . Lty
. . LS v L
" .
L
. - bt
S ST L i = il -
O T
- ¥ ¥ w l'll L &
a_i . A
B . L | L i |
L1 L gk bk rF Y rYTWy LA & & _& _&
e | et il i LI R
T e &4 a A 5 1 ¥ o oWy b s bk &
homd A 4 ! oy i IeTq 1] gty A A
l‘l='i S N N L T S ¥ oYY Y ey i.aiq‘_; 2 A
o R e, " b gl A s LS} & & o i
w1 T s \ LI I
Yorow iy L S A g ¥Ry
F | 1 w w w a &
L S - gyt Ak
. »
- " -
v
- ——
——e—— m T e———— et ————

Figure 5. Ground-state structures of graphene-M,, (M = Ag, Au, Pt, and Pd; n =1, 2, 3, and 4) [25].

¢  When the HOMO exceeds the Dirac point, the Fermi level of pure graphene occurs that the
charge transfer goes from the cluster to the graphene. When the LUMO is below the Dirac
point, the charge will transfer from the graphene to the cluster.

* When the charge transfer occurs between the cluster and the graphene sheet, this charge
transfer is partially determined by the mixing of HOMO and LUMO orbitals (due to the
hybridization).

The density of states (DOS) indicates how the charge transfer occurs and gives us a good
supposition of how many free states are available to contribute to the conductivity. Also,
indicates to us how the structure has been modified in terms of electronic behavior. For other
side, the DOS is not conclusive to determine the conductivity, and we need other mechanism to
complete the description.

The DOS of pure graphene has two basic properties: the DOS has a linear dependence of the
energy around the Dirac point; and there are two Van Hove singularities around the I' point, in
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the Brillouin zone. When we introduced adsorbates, the Van Hove singularities displace away
from the I' point, and the DOS is modified and the Fermi level is shifted away from the Dirac
point. The graphene-Ag, (Figure 6) and graphene-Pt, (Figure 8) are P-type doping, in which
the charge is transferred from the graphene to the metallic clusters. Meanwhile, the graphene-
Au,, (Figure 7) and graphene-Pd,, (Figure 9) are N-type doping, and the charge is transferred
from the metallic cluster to the graphene surface.

D08, Frapline - Ag,

Figure 6. DOS of graphene-Ag, systems. Pure graphene is presented in a black line. The Dirac point is presented in —1.79
eV. It is presented the contributions of the MOs of Ag; are indicated with dotted lines [25], (a) the HOMO of Ag; and (b)
the LUMO of Ag;.

With the density of states, we can see the metallic cluster orbitals that distort the density of
states of pure graphene. By distorting the density of states, the electronic transport properties
are modified. For graphene-Ag,, systems, the silver cluster has that its 5s states are very close to
the Fermi energy, contributing directly to the electronic transport. In the particular case of a
single silver atom on the surface of graphene (Graphene-Ag), the 6s state of the silver enters
directly into the Fermi energy, which causes states to fill up and improves electronic transport.
For graphene-Pt,, systems, the 6s states of platinum enter the border orbitals, mostly in the
LUMO, whereas the 5d orbitals enter the HOMO orbital. Both graphene-Ag,, and graphene-Pt,
present P-type doping and their orbital p is not present in the transport of charge. For systems
with N-type doping, it is seen that the orbitals involved in the transfer of charge remain the
orbital s and d of metallic clusters. Although in these cases, the contribution of the p orbitals of
the metallic clusters in the virtual orbitals of the final structure is already perceived. To see
more detail, we recommend the article [25]
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Ef*1=%) 7066

Figure 7. DOS of graphene-Au2 systems. Pure graphene is presented in a black line. The Dirac point is presented in —1.79
eV. It is presented the contributions of the MOs of Auj are indicated with dotted lines [25], (a) the HOMO of Au, and (b)
the LUMO of Aus,.
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Figure 8. DOS of graphene-Pt, systems. Pure graphene is presented in a black line. The Dirac point is presented in —1.79
eV. Itis presented the contributions of the MOs of Pt are indicated with dotted lines [25], (a) the HOMO of Pt; and (b) the
LUMO of Pt,.
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Figure 9. DOS of graphene-Pd, systems. Pure graphene is presented in a black line. The Dirac point is presented in —1.79
eV. It is presented the contributions of the MOs of Pd; are indicated with dotted lines [25], (a) the HOMO of Pd, and (b)
the LUMO of Pd;.

4. Conductivity

We used the approaches from Section 2 to estimate the conductivity of the graphene with
metallic adsorbates. To calculate the conductivity or conductance of the graphene with adsor-
bates, it is necessary to follow the next steps:

1.

Optimized the geometry. When we optimized the geometry, in most computational pack-
age, we obtained the Fermi Energy Er and the deformation. With the Fermi energy; it is
possible to estimate vr (vp = \/2Ep/m,, m, is the electron mass). The deformation is directly
obtained with the coordinates of the final structure. Specifically, the deformation is obtained
with the adsorption radius and height of the sheet of graphene produced by the adsorption,
ie., the graphene surface is placed in the z = 0 plane, the metallic cluster will pull to the
surface, this distance is to what we call height. The deformation radius takes us to the
distance between the minimum height and the maximum height around the adsorbate.
Other method to obtain the deformation is with the charge density surface (CDS); the CDS
displays the scattering section due to the adsorption of the metal cluster on the graphene
sheet. With the CDS, it is possible to obtain the deformation radius (see Figure 10) [37].

Determine which approach will be used:

a. Evaluate the gap between the Dirac point and the Fermi Energy of the graphene-M,,
systems |e¢ — Erl (see Table 2). If Er of the adsorbed system is closed to Dirac point
le — EFl =0, the more convenient approach to used is RSA.
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Figure 10. Optimized geometry of graphene-Au,,. It shows the deformation produced by the adsorption of the golden

cluster with the coordinates and with the charge density surface (CDS) [25, 37].

135



136  Graphene Materials - Advanced Applications

b. If we are going to use CISA, it is important to determine which is the regimen that we
are going to use. This is done by calculating the kR parameter. For our systems, we
have kzR = (1.6 — 3.05) x 10~ ' « 1 for 1.4A <R <2.7A.

Obtain the adsorption energy, which can be used as of the V potential in CISA (suppose the
graphene sheet as a two-dimensional wave guide with a step potential as the scattering center).

For RSA, it is imperative to determine the cluster concentration n.. We calculate n, with
the unit's supercell parameters (see Figure 10), for our systems, we have 1, =2.9 x 10" cm?
for cluster. Likewise, it is necessary to calculate the parameter D, which is calculated in
terms of vy and the deformation radius (R), as D = hvg/R,

Following these steps, it is possible to estimate the conductivity with one of the three
available approaches (FRA, CISA, or RSA), see Table 3. It is important to notice, that in
some cases, the deformation would be created in an ellipse center and not a circle center.
In this case, the radius of deformation was taken as the average of the major and minor
radii. The ellipse center is previously considered in bilayer graphene [38, 39].

le — Epl(eV) 1 2 3 4

Ag
Au
Pt

Pd

0.0785 0.0987 0.7409 0.5436
0.2434 0.2383 0.2830 0.0060
0.0413 0.2355 0.0171 0.2760
0.0798 0.0191 0.0457 0.2811

Table 2. Gap between the Dirac point (¢) and the Fermi Energy of the graphene-M,, systems |e — Epl.

FRA CISA RSA
System ErleVl RIAl z[Al gl[S/em] vglm/s] VI[eV]l glS/cm] D(R)[eV] n./C-atom gI[S/cm]
Graphene-Ag  —1.72 143 0025 14878 7.77 x 10° 003 12853  1.89 0.82 153.27
Graphene-Ag, —170 246 003 23.34 773x10° 013  60.73 2.06 0.67 47.94
Graphene-Ags —1.06 266 0.163 6.03 6.09 x 10° 036  3.60 151 0.49 14.18
Graphene-Ag, —125 336 0073 124 6.64 x 10° 0.3 2.49 1.30 0.93 21.32
Graphene-Au  —2.04 143 0020 34.11 847 x 10° 031  40.77 3.90 0.27 33.24
Graphene-Au, —2.04 142 012 1216 846 x 10° 0.64  27.05 3.92 0.27 15.63
Graphene-Au; —151 213 025 0.36 730 x 10° 075  2.89 2.25 045 8.83
Graphene-Au; —1.80 265 0.061 1.63 796 x 10° 0.66  1.86 1.98 0.83 13.00
Graphene-Pt  —1.84 194 033 0.15 8.04 x 10° 1.2 1.99 273 045 6.09
Graphene-Pt, —2.03 198 012 6.78 845 x 10° 094  3.32 2.81 0.52 9.67
Graphene-Pt;  —178 239 021 127 791 x10° 1.82 037 2.18 0.67 3.23
Graphene-Pt;  —1.52 2.65 0.33  0.19 731 x 10° 1.27 0.42 1.82 0.70 4.32
Graphene-Pd -1.72 1.94 0.25 1.04 7.77 x 10° 1.2 1.86 2.64 0.42 5.54

Graphene-Pd, -153 252 012 9.93 7.35 x 10> 1.35 4.62 1.92 0.64 4.01
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FRA CISA RSA

System ErleVl RIAl z[Al glS/em] vglm/s] VI[eV]l glS/em] D(R)[eV] n./C-atom g [S/cm]
Graphene-Pd; —176 227 021 127 785 x 10° 198  3.75 2.28 0.59 2.79
Graphene-Pd, -152 266 0145 3.21 7.30 x 10° 0.61 1.88 1.81 0.70 1.55

The conductivity is present in bold letter [25].

Table 3. Parameters used to obtain the conductivity in the three approximations (FRA, CISA, and RSA).

We compare our results with some other experiments previously reported. For graphene-Ag
system, the experimental conductivity value is of 155 Sem ™" [40], whereas our theoretical value
is 148.78 Sem ™" with FRA, 123.53 Scm™ ' with CISA, and 153.27 Sem ™' with RSA. The best
approach for this system is RSA, consistently with a gap between the Dirac point and the
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Number of Au Atoms vs Conductivity
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Figure 11. Conductivity of the graphene-Mn (M = Ag, Au, Pt, and Pd; n=1, 2, 3, and 4) as a function of the number atoms.
The conductivity is calculated with the FRA, CISA, and RSA approach [25]© The European Physical Journal.
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Fermi Energy of 0.078 eV. In Figure 11, it is possible to observe the conductivity value for each
system. We present the conductivity in the function of a number of atoms. It is evident that the
conductivity decreases as the number increases for graphene-Ag,, and graphene-Au,, systems.
Till the graphene-Pt, systems have an even-odd behavior, i.e., for an even number of metallic
atoms in the cluster, the conductivity increases. For the graphene-Pd,, systems, the behavior of
the conductivity depends on the approach. It is important to notice that the graphene-Pd,
system, graphene-Pd,, and graphene-Pd; meet the condition of |e¢ — E¢l = 0, making the RSA
approach more convenient than the others. Also for graphene-Pd,, the RSA approach is the
only approach with a linear curve giving us a little more confidence since it coincides with the
behavior of the other metals.

In general terms, the FRA approximation is not exact but allows to estimate the conductivity in
orders of magnitude, only with the ground-state geometry. The CISA is a good approach; it is
designed for graphene with charged impurities, which would be our case. The main advantage
is that it uses few parameters obtained from an optimization of the geometry. But nevertheless,
do not consider midgap states. The RSA approach needs some little extra calculations, in
addition to geometry optimization, but it seems to be the one that most closely approximates
the experimental results.

5. Future trends and conclusions

It has been proposed that a simple method to make a qualitative estimation of the conductivity of
graphene surfaces with dopants, leaving the conductivity as a function of the structural defor-
mation of the graphene surface. The proposed method is based on three theoretical approaches
(FRA, CISA, and RSA). The main advantage of this method is that the calculation of the conduc-
tivity is made from the optimized geometry and three approaches are used to calculate it.

From our calculations of conductivity, it is observed that the phenomenon of adsorption affects
much the conductivity. The weak adsorption slightly affects the conductivity, whereas the
strong adsorption causes the conductivity to decrease drastically. For weak adsorption, involv-
ing pure van der Waals forces, the FRA, CISA, and RSA approximations are quite acceptable
since they predict conductivity in the same order of magnitude. However, for the strong
adsorption, the situation changes, since these approximations are designed for graphene and
when the chemisorption breaks the two-dimensionality of the graphene. The approximations
are based on the fact that graphene is a two-dimensional waveguide, where the scattering
centers are potential steps. These potential steps are of small value so that most of the electrons
pass without being dispersed, and the ballistic conductivity is preserved. As the adsorbate
enter the system, the size of dispersing centers increases. This phenomenon is presented in the
method when we take the energy of adsorption as the value of potential step. It is
recommended to be careful when applying approaches because if the Fermi energy is very
close to the Dirac point, the only valid approach is RSA.

With respect to the adsorption of metallic clusters on graphene surfaces, it was observed that
there are metallic clusters adsorbed in graphene that induces a band gap in the Fermi energies
and conserved the high conductivity (graphene-Ag).
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It is observed that the physisorbed systems on the surface of graphene have a lower deforma-
tion of the network and they have a high conductivity, as is the case of graphene-Ag,,, whereas
the chemisorbed systems have a high deformation of the network and drastically reduced the
conductivity, such as the graphene-Pt,, system. It was observed that it is important to consider
the midgap states, since if they occur in our systems, we cannot use the simplest approxima-
tions to estimate the conductivity and we need to use RSA, which is the approximation that
does consider these states (observe the case of graphene-Pd,,). It is also observed that there is
no correlation between the type of doping and the conductivity of the material. The partial
state density of the systems gives us the orbital of the metallic cluster that interact with the
graphene and that directly modify the energy gap, necessary for the creation of transistors.

For future research, we propose conducting the conductivity measurement with more direct
methods, such as conductivity measurement with Landauer-Biittiker. And compare it with our
calculations presented here. It will also serve to understand, as fully as possible, the behavior of
electronic transport. This can be done by looking at the energy bands and the transport coeffi-
cient, calculated with Landauer-Biittiker. It is also proposed that these results would be com-
pared with experimental conductivity measurements. To carry out this, it is essential to know the
process of production of the graphene samples, to understand what the type of doping would be
and then to model the graphene sheet computationally to estimate the conductivity.

In an article made by Wehling et al., it was proposed to expand the RSA approximation into
defective Graphene/h-BN hetero-structures [41]. Since in these structures, it is observed that
there are states of midgap and band gap modification. We believe that these studies can be
extrapolated to any two-dimensional surface in which impurities are joined by Van der Waals
forces. This assumption will have to be verified posteriori.

Author details
Roxana M. Del Castillo* and Luis E. Sansores Cuevas
*Address all correspondence to: roxanadelcastillo@ciencias.unam.mx

Materials Research Institute, National Autonomous University of Mexico, Circuito Exterior,
Campus Universitario, Mexico City, Mexico

References

[1] Lotz M.R., Boll M., Osterberg F.W., Hansen O., Petersen D.H. Mesoscopic current trans-
port in two-dimensional materials with grain boundaries: Four-point probe resistance
and Hall effect. Journal of Applied Physics. 2016;120(12), 134303:10.1063. DOI: http://dx.
doi.org/10.1063/1.4963719

[2] WangL., Mericl,, Huang PY., Gao Q., Gao Y., Tran H., Taniguchi T., Watanabe K., Campos L.
M., Muller D.A., GuoJ., Kim P,, HoneJ., Shepard K.L., Dean C.R. One-dimensional electrical

139



140 Graphene Materials - Advanced Applications

(3]

(4]

(5]

6]

[7]

(8]

9]

(10]

(11]

(12]

[13]

[14]

[15]

contact to a two-dimensional material. Science. 2013,;342(6158):614-617. DOI: 10.1126/sci-
ence.1244358

Francois Fillion-Gourdeau F., MacLean S. Time-dependent pair creation and the
Schwinger mechanism in graphene. Physical Review B. 2015;92:035401. DOI: https://doi.
org/10.1103/PhysRevB.92.035401

Schneider M., Faria D., Viola Kusminskiy S., Sandler N. Local sublattice symmetry break-
ing for graphene with a centrosymmetric deformation. Physical Review B. 2015;91:161407
(R). DO https://doi.org/10.1103/PhysRevB.91.161407

Katsnelson M.I, Geim A.K. Electron scattering on microscopic corrugations in graphene.
Philosophical Transactions of the Royal Society A. 2008;366(1863). DOI: 10.1098/rsta.2007.2157

Katsnelson ML, Guinea F, and Geim AK. Scattering of electrons in graphene by clusters of
impurities. Physical Review B. 2009;79:195426. DOI: https://doi.org/10.1103/PhysRevB.79.195426

Guinea F. Models of electron transport in single layer graphene. Journal of Low Temper-
ature Physics. 2008;153(5):359-373. DOI: 10.1007/s10909-008-9835-1

Wehling T., Yuan S., Lichtenstein AL, Geim A K., Katsnelson M.I. Resonant scattering by
realistic impurities in graphene. Physical Review Letters. 2010;105(5):056802. DOI:
https://doi.org/10.1103/PhysRevLett.105.056802

Novoselov K.S., Geim A K., Morozov S.V,, Jiang D., Zhang Y., Dubonos S.V., Grigorieva L.
V., Firsov A.A. Electric field effect in atomically thin carbon films. Science. 2004;306
(5696):609-666. DOI: 10.1126/science.1102896

Partoens B. and Peeters F.M. From graphene to graphite: Electronic structure around the K
point. Physical Review B. 2006;74:075404. DOI: https://doi.org/10.1103/PhysRevB.74.075404

Katsnelson M.I,, Novoselov K.S. Graphene: New bridge between condensed matter
physics and quantum electrodynamics. Solid State Communications. 2007;143(1-2):3-13.
DOQI: http://dx.doi.org/10.1016/j.ssc.2007.02.043

Miao F.,, Wijeratne S., Zhang Y., Coskun U.C., Bao W., Lau C.N. Phase-coherent transport
in graphene quantum billiards. Science. 2007;317(1530):1530-1535. DOI: DOI: 10.1126/
science.1144359

Morozov S.V., Novoselov K.S., Katsnelson M.I., Schedin F., Elias D.C., Jaszczak J.A., and
Gei A K. Giant intrinsic carrier mobilities in graphene and its bilayer. Physical Review
Letters. 2008;100:016602. DOI: https://doi.org/10.1103/PhysRevLett.100.016602

Barbier M., Vasilopoulos P, Peeters F.M. Single-layer and bilayer graphene superlattices.
Philosophical Transactions of the Royal Society A. 2010;368:5499-5524. DOI: doi:10.1098/
rsta.2010.0218

Kolasinski K., Mrenca-Kolasifiska A., and Szafran B. Theory of ballistic quantum trans-
port in the presence of localized defects. Physical Review B. 2016,94:115406. DOI: https://
doi.org/10.1103/PhysRevB.94.115406



[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

Adsorption of Metal Clusters on Graphene and Their Effect on the Electrical Conductivity
http://dx.doi.org/10.5772/67476

Garcia ].H, Rappoport T.G. Kubo-Bastin approach for the spin Hall conductivity of
decorated graphene. 2D Materials. 2016;3(2). DOI: http://dx.doi.org/10.1088/2053-1583/3/
2/024007

Kirczenow G. Valley currents and nonlocal resistances of graphene nanostructures with
broken inversion symmetry from the perspective of scattering theory. Physical Review B.
2015;95:125425. DOI: https://doi.org/10.1103/PhysRevB.92.125425

Ando T. Screening effect and impurity scattering in monolayer graphene. Journal of
Physical Society of Japan. 2006;75:074716. DOI: http://dx.doi.org/10.1143/JPS].75.074716

Settnes M., Power S.R., Lin J., Petersen D.H., Jauho A. Patched Green’s function techniques
for two-dimensional systems: Electronic behavior of bubbles and perforations in graphene.
Physical Review B. 2015;91:125408. DOI: https://doi.org/10.1103/PhysRevB.91.125408

Jacobsena K.W.,, Falkenberga ]J.T., Papiora N., Beggilda P,, Jauhoa A.P., Mads Brandbyge
M. All-graphene edge contacts: Electrical resistance of graphene T-junctions. Carbon.
2016;101:101-106. DOI: http://dx.doi.org/10.1016/j.carbon.2016.01.084

McCreary KM.,, Pi K., Swartz A.G., Han W,, Bao W,, Lau C.N., Guinea E., Katsnelson M.
I, Kawakami R.K. Effect of cluster formation on graphene mobility. Physical Review B.
2010;81:115453. DOI: https://doi.org/10.1103/PhysRevB.81.115453

Marsden A.J., Brommer P, Mudd ].J., Dyson M.A., Cook R., Asensio M. Effect of oxygen
and nitrogen functionalization on the physical and electronic structure of graphene.
Nano Research. 2015;8(8):2620-2635. DOI: 10.1007/s12274-015-0768-0

Vanin M., Mortensen ].J., Kelkkanen AK. Garcia-Lastra J.M., Thygesen K.S. and
Jacobsen K.W. Graphene on metals: A van der Waals density functional study. Physical
Review B. 2010;81:081408(R). DOI: https://doi.org/10.1103/PhysRevB.81.081408

Amft M., Lebegue S., Eriksson O. and Skorodumova N.V. Adsorption of Cu, Ag, and Au
atoms on graphene including van der Waals interactions. Journal of Physics: Condensed
Matter. 2011;23(39). DOI: http://dx.doi.org/10.1088/0953-8984/23/39/395001

Del Castillo R.M., Sansores L.E. Study of the electronic structure of Ag, Au, Pt and Pd
clusters adsorption on graphene and their effect on conductivity. European Physical
Journal B. 2015;88(248 ). DOL: http://dx.doi.org/10.1140/epjb/e2015-60001-2

Lopez M.]., Cabria I., Alonso J.A. Palladium clusters anchored on graphene vacancies and
their effect on the reversible adsorption of hydrogen. Journal of Physical Chemistry C
2014;118(10):5081-5090. DOI: 10.1021/jp410262t

Hofmann M., Hsieh Y.P,, Chang K.W.,, Tsai H.G, Chen T.T. Dopant morphology as the
factor limiting graphene conductivity. Scientific Reports. 2015;5:17393. DOI: 10.1038/
srep17393

LiuZ., Zhu M., and Zheng Y. Quantum transport properties of graphene in the presence of
randomly distributed. Physical Review B 2015;92:245438. DOI: 10.1103/PhysRevB.92.
245438

141



142 Graphene Materials - Advanced Applications

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Telychko M., Mutombo P., Merino P, Hapala P., Ondracek M., Bocquet F.C, et al. Elec-
tronic and chemical properties of donor, acceptor centers in graphene. ACS Nano. 2015;9
(9):9180-9187. DOI: 10.1021/acsnano.5b03690

Stauber T., Peres N.M.R., and Guinea F. Electronic transport in graphene: A semiclassical
approach including midgap states. Physical Review B. 2007;76:205423. DOI: https://doi.
org/10.1103/PhysRevB.76.205423

Guinea F.,, Katsnelson M.I. Many-body renormalization of the minimal conductivity in
graphene. Physical Review Letters. 2014;112:116604. DOI: https://doi.org/10.1103/Phys
RevLett.112.116604

Giannozzi P, Baroni S., Bonini N., Calandra M., Car R., Cavazzoni C., et al. QUANTUM
ESPRESSO: A modular and open-source software project for quantum simulations of
materials. Journal of Physics: Condensed Matter. 2009;21(39). DOI: http://dx.doi.org/
10.1088/0953-8984/21/39/395502

Perdew ].P, Burke K., and Ernzerhof M. Generalized gradient approximation made sim-
ple. Physical Review Letters. 1996,77:3865. DOI: https://doi.org/10.1103/PhysRevLett.77.
3865

Methfessel M. and Paxton A.T. High-precision sampling for Brillouin-zone integration in
metals. Physical Review B. 1989;40(3616)DOI: https://doi.org/10.1103/PhysRevB.40.3616

Rappe A.M., Rabe K.M.,, Kaxiras E., and Joannopoulos ].D. Optimized pseudopotentials.
Physical Review B. 1991;41:1227. DOI: https://doi.org/10.1103/PhysRevB.41.1227

Masir, M.R.,, Leenaerts, O., Partoens, B., and Peeters, M. Theory of the Structural,
Electronic and Transport Properties of Graphene. In: Houssa M., Dimoulas A., Molle A.,
editors. 2D Materials for Nanoelectronics. Boca Raton, FL, CRC Press; 2016. pp. 3-36.
DOI: 10.1201/b19623

Del Castillo R.M. Ballistic Conductivity in Graphene [thesis]. Mexico: UNAM; 2016. 134
p. Available from: http://132.248.9.195/ptd2016/enero/099083380/Index.html

Katsnelson M.I., Scattering of charge carriers by point defects in bilayer graphene. Phys-
ical Review B. 2007;76:073411. DOI: https://doi.org/10.1103/PhysRevB.76.073411

Lotfi E., Rezania H., Arghavaninia B., Yarmohammadi M. Impurity effects on electrical
conductivity of doped bilayer graphene. Chinese Physics B. 2016;25(7):076102. DOI:
10.1088/1674-1056/25/7/076102

Pasricha R., Gupta S., and Srivastava A.S. A facile and novel synthesis of Ag-graphene-
based. Small. 2009;5(20):2253-2259. DOI: 10.1002/smll.200900726

Sachs B., Wehling T.O., Katsnelson M.L, and Lichtenstein A.l. Midgap states and band
gap modification in defective graphene/h-BN heterostructures. Physical Review B.
2016;94:224105. DOI: https://doi.org/10.1103/PhysRevB.94.224105



Chapter 8

Graphene-Enhanced Optical Signal Processing

Jian Wang and Xiao Hu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67491

Abstract

Graphene has emerged as an attractive material for a myriad of optoelectronic applica-
tions due to its variety of remarkable optical, electronic, thermal and mechanical proper-
ties. So far, the main focus has been on graphene based photonics and optoelectronics
devices. Due to the linear band structure allowing interband optical transitions at all
photon energies, graphene has remarkably large third-order optical susceptibility x©,
which is only weakly dependent on the wavelength in the near-infrared frequency range.
Graphene possesses the properties of the enhancement four-wave mixing (FWM) of con-
version efficiency. So, we believe that the potential applications of graphene also lies in
nonlinear optical signal processing, where the combination of its unique large x® nonlin-
earities and dispersionless over the wavelength can be fully exploited. In this chapter, we
give a brief overview of our recent progress in graphene-assisted nonlinear optical device
which is graphene-coated optical fiber and graphene-silicon microring resonator and
their applications, including degenerate FWM based tunable wavelength conversion of
quadrature phase-shift keying (QPSK) signal, two-input optical computing, three-input
high-base optical computing, graphene-silicon microring resonator enhanced nonlinear
optical device for on-chip optical signal processing, and nonlinearity enhanced graphene-
silicon microring for selective conversion of flexible grid multi-channel multi-level signal.

Keywords: graphene, optical nonlinearities, four-wave mixing (FWM), wavelength
conversion, quadrature phase-shift keying (QPSK), optical computing, silicon microring
resonators, graphene-silicon microring resonator (GSMR), all optical signal processing,
on-chip all optical signal processing
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1. Introduction

Graphene, a monolayer of carbon atoms arranged in a two-dimensional honeycomb lattice, is
a basic building block for graphitic materials of all other dimensionalities. In 2004, a research
team based in Manchester successfully isolated graphene by mechanical exfoliation [1]. Since
then, many extraordinary properties have been reported, such as extremely high mobil-
ity of charge carrier 200,000 cm?V-'s™'. Graphene possesses linear, massless band structure
E (p) =+VIpl, where the upper (lower) sign corresponds to the electron (hole) band, p is the
quasi-momentum, and V = 10° m/s is the Fermi velocity. The high mobility of charge carri-
ers and zero bandgap of graphene can be employed as an ideal medium for high-frequency
applications, such as radio-frequency switches [2].

The photonic properties of graphene are equally remarkable. On the one hand, many
breakthroughs in research on graphene, including ultrafast photodetectors [3], broadband
polarizers [4], and modulators [5], benefit from its unique band structure. The graphene
electro-absorption modulator [5] is based on interband transitions, which can be tuned by
applying drive voltage, correspondingly changing the Fermi energy (E,) of graphene. Here,
it has to emphasize that at the short wavelength range (that is, infrared and visible), the gra-
phene optical absorptions are determined by interband transitions, whereas at the long wave-
length range (that is, terahertz), they are dominated by intraband transitions. In the mid- to
far-infrared and THz ranges, graphene exhibits a strong plasmonic response. Doped and pat-
terned graphene can support localized plasmonic resonances, which significantly enhance
the absorption [6]. On the other hand, the interband optical absorption in zero-gap graphene
could be saturated readily from the visible region to the near-infrared region under strong
excitation due to Pauli blocking [7]. Graphene could behave as a fast saturable absorber over
a wide spectral range for the mode locking of fiber lasers. Since 2009, a wide variety of laser
configurations and operational wavelengths [7-11] is based on graphene mode-locked lasers.
Graphene has been suggested as a material that might have large x® nonlinearities, which
is also due to its linear band structure allowing interband optical transitions at all photon
energies. It has been indicated [12] that the nonlinear response of graphene is essentially
dispersionless over the wavelength and much stronger compared to bulk semiconductors.
It has been experimentally demonstrated that the nonlinear refractive index of graphene is
as n, =107 cm’W [13] using the Z-scan technique. After that, optical bistability, self-induced
regenerative oscillations, and four-wave mixing (FWM) have been consecutively observed
in graphene-silicon hybrid optoelectronic devices [14]. FWM has also been demonstrated in
graphene in various configurations, e.g., slow-light graphene-silicon photonic crystal wave-
guide [15], graphene optically deposited onto fiber ferrules [16], and graphene-coated micro-
fiber [17, 18]. Moreover, FWM-based wavelength conversion of a 10-Gb/s non-return-to-zero
(NRZ) signal with mechanically exfoliated graphene was first reported in Ref. [19]. Advanced
optical modulation formats play an important role in enabling high-capacity optical transport
networks [20] where wavelength conversion function is highly desired.

All-optical wavelength conversions have been studied by many previous works using
semiconductor optical amplifiers (SOAs), highly nonlinear fibers (HNLFs), and periodically
poled lithium niobates (PPLNs). Silicon-on-insulator (SOI) waveguides feature low cost,
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ultra-compact footprint and are compatible with standard metal-oxide-semiconductor (CMOS)
technology, comparing to SOAs, HNLFs, and PPLNS. The nonlinear interaction will also be
strongly enhanced in silicon waveguide due to its tight light confinement. To further enhance
the nonlinear interaction in silicon waveguide devices, resonator structures such as microrings,
microdisks, and photonic crystal nanocavities can be introduced. Among these integrated res-
onant structures, microring resonator has been attractive to researcher in the past several years
mainly because of its small size and potential for telecom and datacom applications. Microring
resonators have accelerated the demonstration of very low power continuous-wave (CW) non-
linear optics, and similar benefits are expected for its operation in processing high bandwidth
optical signal. For applications to optical data signal processing, the main challenge is that the
bandwidth of the microring must be large enough to contain all the spectral components of the
optical signals. Additionally, all-optical wavelength conversions of advanced optical modula-
tion formats have not been realized in integrated microring structures.

In this chapter, we go over our recent progress in graphene-assisted nonlinear optical device and
their applications, including degenerate FWM-based tunable wavelength conversion of QPSK sig-
nal [21], two-input optical high-base hybrid doubling and subtraction functions [22], three-input
high-base optical computing [23], graphene-silicon microring resonator-enhanced nonlinear opti-
cal device for on-chip optical signal processing [24], and nonlinearity enhanced graphene-silicon
microring for selective conversion of flexible grid multi-channel multi-level signal.

2. Optical properties of graphene

The primary mechanism of optical absorption in graphene involves two processes: carrier
intraband transitions and interband transitions [25-27]. For short wavelengths (that is, infra-
red and visible range), the graphene optical absorption is determined by interband transi-
tions, whereas for long wavelengths (that is, terahertz range), it is dominated by intraband
transitions. Figure 1 pictorially depicts the basic mechanisms. Interband transitions refer to an
exchange of charge carriers between the conduction and valence bands, the energy of a pho-
ton 7w should be satisfying the relationship hw > 2 E, as shown in Figure 1(a). For n-doped
graphene, the optical photon (h w,) with energy less than 2 E, cannot be absorbed which is
because of the electron states in resonance occupied the conduction band. For p-doped gra-
phene, the optical photon (h w,) with energy less than 2 E_ cannot be absorbed which is due
to the unavailable electrons for the interband transition. For the low frequency THz range
(hw < 2E,), the intraband absorption mechanism is shown in Figure 1(b). And graphene
behaves like a conductive film and its optical conductivity closely follows its electrical con-
ductivity, which can be described by a simple Drude model.

Due to the linear band structure of graphene allowing interband optical transitions at all pho-
ton energies, graphene is considered to be a material that might have large x® nonlinearities.
In Ref. [12], the principle of graphene-based degenerate FWM is proposed. Two continuous-
wave (CW) pumps with frequencies w, and w, are combined together graphene-based device
with high third-order nonlinearity (x®) and mix together to generate a new coherent beam
with frequency w_ (converted idler), as depicted in Figure 2.
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Figure 1. (a) Interband and (b) intraband absorption mechanisms in graphene.
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Figure 2. (a) Diagram of energy conservation in the degenerate FWM process. (b) Band structure of graphene with the
three resonant photon energies (arrows) involved in degenerate FWM.

3. Fabrication and characterization of graphene-assisted nonlinear optical
devices

There is a wide choice in terms of size, quality, and price for any particular graphene-based
application: (1) for the liquid phase and thermal exfoliation method, the produced graphene
or reduced graphene oxide flakes are suited for composite materials, conductive paints, and
so on; (2) for the method of synthesis on SiC, the ultrahigh quality graphene with crystallites
approaching hundreds of micrometers in size can be used for high-performance electronic
devices; and (3) for chemical vapor deposition (CVD) method, the fabricated large-area uni-
form polycrystalline graphene films are ready for use in lower-performance active and nonac-
tive devices. Here, considering the quality, size, and price of graphene, we choose the CVD
method to grow graphene. Then, the prepared graphene was connected with single mode
fiber and silicon microring resonator.
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3.1. Graphene-coated optical fiber device

Monolayer graphene was grown by the chemical vapor deposition (CVD) method [28].
Graphene was primarily grown on Cu foils (25-pum thick with a purity of >99.99 wt% obtained
from Alfa Aesar) in a hot wall furnace. The growth process can be briefly summarized as fol-
lows: (1) load the fused silica tube with the Cu foil, evacuate, back fill with hydrogen, heat to
1050°C and maintain a H,(g) pressure of 42 mTorr under a 2.5 sccm flow; (2) stabilize the Cu
film at the desired temperature, up to 1050°C, and introduce 40 sccm of CH,(g) for a desired
period of time at a total pressure of 450 mTorr; (3) after exposure to CH,, cool the furnace to
room temperature. Then, poly(methyl methacrylate) (PMMA) film was spin coated on the
surface of the graphene-deposited Cu foil. Then the Cu foil was etched away with 1 M FeCl,
solution. The resultant PMMA /graphene film (5 mm x 5 mm) was washed in deionized water
several times and transferred to the Si/SiO, substrate or deionized water solution for next step.
To fabricate the graphene-coated optical fiber device, the floating PMMA/graphene sheet
was mechanically transferred onto the fiber pigtail cross-section and dried in a cabinet. After
drying at room temperature for about 24 hours, the carbon atoms could be self-assembled
onto the fiber end-facet, thanks to the strong viscosity of graphene. The PMMA layer can be
removed by boiling acetone. By connecting this graphene-on-fiber component with another
clean and dry FC/PC fiber connector, as shown in Figure 3, the nonlinear optical device was
finally constructed and used to FWM-based wavelength conversion applications.

3.2. Graphene-silicon microring resonator (GSMR)

The fabrication process of the nonlinearity enhanced GSMR is shown in Figure 4. We fabricate
the nonlinearity enhanced GSMR on a commercial SOI wafer with a 340-nm-thick silicon slab

e I
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Graphﬂn

-~
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Figure 3. Fabrication process of the graphene-assisted nonlinear optical device.
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Figure 4. Fabrication process of the GSMR.

on the top of a 3-pm silica buffer layer. First, the device pattern is transferred to photoresist
by E-beam lithography (EBL). The upper silicon layer is etched downward for 200 nm to
form a ridge waveguide through induced coupled plasma (ICP) etching. After removing the
photoresist, a silicon microring resonator was fabricated. Second, monolayer graphene was
grown on a Cu foil (25-um thick with a purity of >99.99 wt% obtained from Alfa Aesar) by
the chemical vapor deposition method [28]. Poly(methyl methacrylate) (PMMA) film was next
spin coated on the surface of the graphene-deposited Cu foil, and the Cu foil was etched away
with 1 M FeCl, solution. The resultant PMMA/graphene film was then washed with deionized
water several times. Finally, the floating PMMA/graphene sheet was mechanically transferred
onto the top of silicon microring resonator.

Figure 5(a) illustrates the Raman spectrum of the transferred graphene on the silicon
microring resonator. Compared to pristine graphene, the blue shifts of the positions of the
G and 2D peaks are consistent to the nature of the p-doped graphene [29]. Additionally,
the intensity ratio of the 2D to the G peak is about 1.8, significantly smaller than that of the
pristine graphene (4-5), which is another evidence of the p-doped graphene [38]. The heav-
ily p-doped graphene is particularly fabricated to achieve optical transparency in the infra-
red with negligible linear losses, which can be explained as follows: due to the p-doping of
graphene, the Fermi level (E,) is lower than half the photon energy (-vh/2, blue dashed line)
and there are no electrons available for the interband transition [5] (Figure 5(b)) and intra-
band graphene absorption is near-absent in the infrared [30]. The device consists of a silicon
microring resonator coupled to a straight waveguide with a gap of 150 nm. The waveguide
is bidirectional tapered up to a width of 20 um over a length of 600 um to connect dual TE-
polarized grating couplers. A scanning electron micrograph (SEM) of the fabricated GSMR
resonator with partial part of the straight waveguide is shown in Figure 5(c). It is fabricated
by standard complementary metal-oxide-semiconductor (CMOS) processes on an SOI sub-
strate with a 3 pum-thick buried oxide layer. The width and height of the ridge waveguide in



Graphene-Enhanced Optical Signal Processing
http://dx.doi.org/10.5772/67491

(a) 800+

Intensity (a.u.)

1200 1500 1800 2100 2400 2700 3000
Raman shift fcm"}

Figure 5. (a) Raman spectrum of the single-layer graphene sample. (b) The doped principle: the Fermi level (E,) less than
half the photon energy (-vh/2, blue dashed line), therefore, there are no electrons available for the interband transition.
(c) SEM image of the GSGM resonator. The inset shows the detailed view of the coupling region. Red-dashed lines show
the outline of the silicon waveguides.

the structure are 450 and 200 nm, respectively. The total insertion loss is about 10 dB at input
wavelength of 1550 nm. Here, the input power is defined as the power in the straight wave-
guide coupled into the silicon microring resonator. We use standard polymer-based transfer
method to cover a graphene sample on the top of the silicon waveguide and the detailed
picture of the straight waveguide coupled with an arc region of the microring resonator is
shown in the inset of Figure 5(c). Due to the deposition of polymer on the GSMR, the gap
is covered and the silicon waveguides before transfer are marked with red-dashed lines.

4. Graphene-enhanced nonlinear optical device for optical transport
networks signal processing

It is well known that advanced optical modulation formats have become of great impor-
tance to enable high-capacity optical transport networks [20] where wavelength conversion
function is highly desired. The nonlinear response of graphene is very high and essentially
dispersionless over the wavelength. Such nonlinearity of graphene can be utilized to realize
various nonlinear functional devices for telecommunication networks, such as, wavelength
converters.

4.1. Degenerate FWM-based tunable wavelength conversion of QPSK signal

Figure 6 shows the experimental set-up for degenerate FWM-based wavelength conversion
using a single-layer graphene grown by the CVD method [21]. The CW output from an exter-
nal cavity laser (ECL1) serves as the signal light for the degenerate FWM and is modulated
with QPSK signal at 10 Gbaud by a single-polarization optical 1/Q modulator. An arbitrary
waveform generator (AWG) running at a 10 GS/s sampling rate is used to produce the elec-
trical signal. The modulated 10 Gbaud QPSK signal is then amplified by an erbium-doped
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Figure 6. Experimental set-up for degenerate FWM-based wavelength conversion in graphene. Inset: “sandwiched
structure” graphene sample used as a nonlinear optical device. ECL: external cavity laser; AWG: arbitrary waveform
generator; TF: tunable filter; OC: optical coupler; PC: polarization controller; OSA: optical spectrum analyzer; and VOA,
variable optical attenuator.

optical fiber amplifier (EDFA) followed by a thin film filter to suppress the amplified sponta-
neous emission (ASE) noise. Afterwards, the 10 Gbaud QPSK signal is combined with another
CW light from ECL2, which serves as the pump light through a 3-dB coupler, amplified using
a high-power EDFA (HP-EDFA), and launched into the single-layer graphene sample. The
polarization states of the CW pump and QPSK signal are adjusted to achieve optimized con-
version efficiency of degenerate FWM in graphene. The amplified CW pump and QPSK signal
take part in the degenerate FWM process when passing through the single-layer graphene
sample and a newly converted idler is generated. After the FWM wavelength conversion,
the converted idler is selected using two tunable filters (TF1, TF2) for coherent detection.
First, the converted idler is selected using TF1. Since the power level of the converted idler is
relatively low, the selected converted idler is amplified by EDFA2. Second, in order to sup-
press the amplified spontaneous emission (ASE) noise originated from EDFA2, another TF2
is employed. Hence, the TF1 is used to select the converted idler, and TF2 is used to suppress
the ASE noise. The CW output from ECL3 serves as a reference light for coherent detection. A
variable optical attenuator (VOA) and a low noise EDFA (EDFA3) are employed to adjust the
received signal-to-noise ratio (OSNR) for bit-error rate (BER) measurements.

To characterize the performance of QPSK wavelength conversion, we further measure the BER
curve as a function of the received OSNR for back-to-back (B-to-B) signal and converted idler.
Figure 7 plots measured BER performance for tunable QPSK wavelength conversion with the
converted idler generated at 1546.88, 1539.92, and 1557.90 nm, respectively. The power of HP-
EDFA is estimated to be 31 dBm. The measured conversion efficiencies for converted idlers
at 1546.88, 1539.92, and 1557.90 nm are —36.2, —48.2, and -39.8 dB, respectively. As shown in
Figure 7, the observed OSNR penalty is around 1 dB at a BER of 1 x 10~ (7% forward error cor-
rection (FEC) threshold) for QPSK wavelength conversion with the converted idler at 1546.88
nm. The received OSNR penalties of ~2.2 dB at a BER of 1 x 10~ are observed for converted idlers
at 1539.92 and 1557.90 nm. The increased OSNR penalty is mainly due to the reduced conver-
sion efficiency for converted idlers at 1539.92 and 1557.90 nm. The right insets of Figure 7 depict
corresponding constellations of the B-to-B signals and converted idlers. The OSNR penalty is
believed to be originated from the relatively low conversion efficiency (<-35 dB), which can be
ascribed to the very limited interaction between the single-layer graphene and the propagating
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Figure 7. Measured BER versus received OSNR for wavelength conversion of QPSK signal. Insets show constellations
of QPSK.

light only at the end face of optical fiber. With further improvement, one might enhance the con-
version efficiency by mechanically transferring graphene sample grown by the CVD method
onto the D-shaped fiber or microfiber to ensure more direct graphene-light interaction.

4.2. Two-input optical high-base hybrid doubling and subtraction functions

Figure 8 illustrates the concept and principle of two-input hybrid quaternary arithmetic func-
tions [22]. From the constellation in the complex plane (Figure 8(a)), it is clear that one can use
four-phase levels (1t/4, 3t/4, 5m/4, 7rt/4) of (D)QPSK to represent quaternary base numbers
(0, 1, 2, 3). To implement two-input hybrid quaternary arithmetic functions, the aforemen-
tioned graphene-assisted nonlinear optical device is employed. Two-input quaternary num-
bers (A, B) are coupled into the nonlinear device, then two converted idlers (idler 1, idler 2)
are simultaneously generated by two degenerate FWM processes. Figure 13(b) illustrates the
degenerate FWM process. We derive the electrical field (E) and optical phase (¢) relationships
of two degenerate FWM processes under the pump nondepletion approximation expressed as

Qa rr Phase level (n/f4, 3n/f4, 5n/fa, Tn/f4) " Degenerate FWM
1 "“ {:J Quaternary base numbers(0,1,2,3)

Signal A Signal B

Idlerl Idler2
Graphene-assisted 2A-B 28-A
nonlinear optical device -
e —r—
28-A [D}QPSK [D)aPsK Wavelength
(a) (b}

Figure 8. (a) Concept and (b) principle of hybrid quaternary arithmetic functions (2A-B, 2B-A) using degenerate FWM
and (D)QPSK signals.
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where the subscripts A, B, i1, i2 denote input signal A, signal B, converted idler 1, idler 2,
respectively. Owing to the phase wrap characteristic with a periodicity of 2, it is implied
from the linear phase relationships in Egs. (1) and (2) that idler 1 and idler 2 carry out modulo

4 operations of hybrid quaternary arithmetic functions of doubling and subtraction (2A-B,
2B-A).

The measured typical spectrum obtained after the CVD single-layer graphene-coated fiber
device is depicted in Figure 9. Two 10-Gbaud NRZ-(D)QPSK signals at 1550.10 (A) and
1553.60 nm (B) are employed as two inputs. The power of two input signals (A, B) is set to
about 32 dBm. The conversion efficiency is -36 dB. One can clearly see that two converted
idlers are obtained by two degenerate FWM processes with idler 1 at 1546.60 nm (2A-B) and
idler 2 at 1557.20 nm (2B-A). The resolution of the measured spectrum is set to 0.02 nm. The
steps in the measured spectrum are actually the modulation sidebands of two NRZ-(D)QPSK
carrying signals. As shown in Figure 10, in order to verify the hybrid quaternary arithmetic
functions, we measure the phase of symbol sequence for two input signals and two converted
idlers. By carefully comparing the quaternary base numbers for two input signals and two
converted idlers, one can confirm the successful implementation of two-input hybrid quater-
nary arithmetic functions of 2A-B and 2B-A.

4.3. Three-input high-base optical computing

We also propose an approach to performing three-input optical addition and subtraction of
quaternary base numbers using multiple nondegenerate FWM processes based on graphene-
coated fiber device [23]. The concept and principle of three-input high-base optical computing
are similar to Figure 8. In the experiment, the wavelengths of three-input signals A, B, and C
are fixed at 1548.52, 1550.12, and 1552.52 nm, respectively. Figure 11 depicts the measured
typical optical spectrum obtained after the single-layer graphene-coated fiber device. One can
clearly see that three converted idlers are generated by three nondegenerate FWM processes
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Figure 9. Measured spectrum for 10-Gbaud two-input hybrid quaternary arithmetic functions.
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with idler 1 at 1546.13 nm (A + B - C), idler 2 at 1550.92 nm (A + C - B), and idler 3 at 1554.13
nm (B + C - A), respectively. The power of HP-EDFA is estimated to be 31 dBm. The conver-
sion efficiencies of three nondegenerate FWM processes are measured to be larger than 34 dB.

To characterize the performance of the proposed graphene-assisted modulo 4 functions of
three-input high-base optical computing, we further measure the BER curves as a function
of the received OSNR for back to back (B-to-B) signals and three converted idlers. Figure 12
depicts the measured BER curves for 10-Gbaud modulo 4 operations of three-input quaternary
hybrid addition and subtraction of A+ B - C, A+ C-B, and B+ C - A. As shown in Figure 12,
the observed OSNR penalties for modulo 4 operations of three-input quaternary hybrid addi-
tion and subtraction are accessed to be less than 7 dB at a BER of 2 x 10~ (7% enhanced forward
error correction (EFEC) threshold). The increased OSNR penalties might be mainly due to the
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Figure 11. Measured spectrum for 10-Gbaud three-input quaternary hybrid addition and subtraction.
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subtraction of A +B - C, A-C-B, and B + C - A. Insets show constellations of (D)QPSK signals.

relatively low conversion efficiency for converted idlers and accumulated distortions trans-
ferred from three-input signals (A, B, and C). The insets in Figure 12 depict the corresponding
constellations of the B-to-B signals and converted idlers. The BER curves and constellations
of three output signals (A, B, and C) after graphene are also shown in Figure 12 for reference.

For the graphene-assisted modulo 4 functions of three-input high-base optical computing, we
also study the performance tolerance to the relative time offset between three input signals.
Figure 13 depicts the BER performance as a function of the relative time offset between three
signals (signal offset) under an OSNR of ~17 dB. It is found that the BER is kept below EFEC
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Figure 13. Measured BER performance versus signal offset.
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threshold when the signal offset is within 15 ps. The obtained results shown in Figure 13 indi-
cate a favorable performance tolerance to the signal offset.

5. GSMR-enhanced nonlinear optical device for on-chip optical signal
processing

Microring resonators have accelerated the demonstration of very low power continuous-wave
(CW) nonlinear optics, and similar benefits are expected for its operation in processing high
bandwidth optical signal. Actually, it is only very recently that the first demonstration of optical
signal processing based a resonant cavity has been reported. Wavelength conversion at 2.5 Gb/s
in a single microring [31] and 10 Gb/s in a silicon-cascaded microring resonator [32] have been
demonstrated. On the other hand, it is well known that advanced optical modulation formats
have become of great importance to enable high-capacity optically routed transport networks
and design of modern wavelength-division multiplexed (WDM) fiber systems [20]. However,
all-optical wavelength conversions of advanced optical modulation formats have not been real-
ized in integrated ring structures.

5.1. GSMR-enhanced all-optical up and down wavelength conversion

Figure 14 shows the experimental set-up for degenerate FWM based up and down wave-
length conversion using a GSMR [24].

In the experiment, the radius of the silicon microring resonator is 10 um, and the corresponding
free spectral range is around 10 nm. The grating coupler exhibits a 50-nm coupling range with
3-dB coupling loss and the central wavelength of the grating is 1550 nm. Based on the charac-
terization of the fabricated GSMR, two neighboring resonant wavelengths of 1548 and 1558 nm
are chosen as the pump and signal light for up wavelength conversion, and the converted idler
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Figure 14. Experimental set-up for degenerate FWM-based up and down wavelength conversion in GSMR. ECL: external
cavity laser; AWG: arbitrary waveform generator; EDFA: erbium-doped optical fiber amplifier; TF: tunable filter; OC:
optical coupler; PC: polarization controller; OSA: optical spectrum analyzer; and VOA: variable optical attenuator.
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wavelength is around 1538 nm. Similarly, for down wavelength conversion, the signal and pump
light wavelengths are chosen as 1538 and 1548 nm, and the converted idler wavelength is around
1558 nm. Figure 15(a) and (b) shows the typical output degenerate FWM spectra obtained after
the GSMR for up and down wavelength conversions of QPSK signal.

We define the conversion efficiency as the power ratio of converted idler to signal. Figure 16(a)
and (b) plots the experimentally measured and fitted conversion efficiency as a function of input
pump power for up and down wavelength conversion, respectively. The nonlinear Kerr coef-
ficient increment caused by graphene is responsible for the enhanced FWM in the GSMR [33].
One can clearly see that the conversion efficiency increases with the pump power. The saturation
of the conversion efficiency at relatively high pump power level results from the two-photon
absorption and free carrier absorption in silicon. The device can be tuned by the thermo-optic
effect. The resonant wavelength of GSMR as a function of temperature is depicted in Figure 17.
When the temperature changes from 20 to 40°C, the resonant wavelength can be linearly tuned
from 1556.80 to 1559.11 nm. With future improvement, the tuning range of the device can be also
remarkably increased by using microheater structures for temperature tuning [34, 35].

To further characterize the performance of QPSK wavelength conversion, we measure the BER
curves as a function of the received OSNR for back-to-back signals and up/down converted
idler. Figure 18 plots measured BER performance for QPSK wavelength conversion with the
converted idlers generated at 1538.64 nm (up conversion) and 1558.15 nm (down conversion),
respectively. The output powers of EDFA1 and EDFA2 are set to be around 25.1 and 25.3 dBm,
respectively. The measured conversion efficiencies for converted idlers at 1538.64 nm (up con-
version) and 1558.15 nm (down conversion) are -38.34 and —40.2 dB, respectively. The observed
OSNR penalties for QPSK up and down wavelength conversion are less than 1.4 dB at a BER
of 1 x 103 [7% forward error correction (FEC) threshold]. The insets of Figure 18 depict the
corresponding constellations of the back-to-back signals and converted idlers. We also evalu-
ate the BER performance for up wavelength converted idler when the pump power increases
from 9.3 to 15.3 dBm. As shown in Figure 19, the minimum penalty is less than 0.8 dB when
the pump power is 13.3 dBm. The OSNR penalty is around 2 dB with a pump power 9.3 dBm.

Power (dBm)
Power (dBm)

1535 1540 1545 1550 1555 1560 1535 1540 1545 1550 1555 1560
Wavelength A (nm) Wavelength 2 (nm)

Figure 15. Measured degenerate FWM spectra for (a) up and (b) down wavelength conversion.
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Figure 19. Measured BER versus received OSNR for up wavelength conversion of QPSK signal when pump power
increases from 9.3 to 13.3 dBm.

The obtained results shown in Figures 15-19 imply favorable performance achieved for up and
down wavelength conversion of QPSK signal using the fabricated GSMR.

5.2. Nonlinearity enhanced graphene-silicon microring for selective conversion of flexible
grid multi-channel multi-level signal

Figure 20 illustrates the concept and operation principle of the GSMR-enhanced FWM for
selective conversion of flexible grid multichannel multilevel signal. As shown in Figure 20(a),
introducing a resonator structure and graphene to the silicon waveguide can enable enhanced
nonlinearity together with channel-selective operation. As shown in Figure 20(b), one contin-
uous-wave (CW) pump and a four-channel flexible grid data-carrying signal are fed into the
GSMR. When propagating along the silicon waveguide, pump photons are annihilated to create
signal photons and newly converted idler photons by the FWM process. At the output of the sili-
con waveguide, the data information carried by the input signal is converted to the idlers. Since
the resonant dip of the nonlinearity enhanced GSMR is aligned to one of the signals, only the
data information of the selected signal light can be converted to the idler. Moreover, the selective
conversion operation is transparent to the channel spacing of the multichannel multilevel signal,
thus it is compatible with flexible grid optical network. As shown in Figure 20(c), by tuning the
pump wavelength and thermal tuning the resonant wavelength of the nonlinearity enhanced
GSMR, the desired channel of the flexible grid multichannel multilevel signal can be selected.

We evaluate the system performance of the selective conversion of flexible grid multichannel
16-QAM signal using the nonlinearity enhanced GSMR. Figure 21(a)-(d) plot measured the
BER performance when the channel spacing is 200, 100, 50, and 20 GHz, respectively. The
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optical signal-to-noise ratio (OSNR) penalties are all below 1 dB for 200, 100, and 50 GHz
channel spacing. The OSNR penalties for 25-GHz channel spacing are about 1.2 dB. The insets
of Figure 21(a)—(d) depict the corresponding constellations of the B-to-B signal and converted
idlers. The clear constellations of converted idlers indicate favorable performance achieved for

selective conversion of flexible grid multichannel multilevel signal in a nonlinearity enhanced
GSMR.

6. Discussions and conclusions

Looking back on the previous works of graphene-assisted nonlinear optical signal process-
ing, Hendry and co-workers experimentally demonstrated the graphene-based FWM for the
first time [12]. They also indicated that graphene might have large x® nonlinearity due to its
linear band structure allowing interband optical transitions at all photon energies. After that
FWM was also observed in graphene-silicon hybrid optoelectronic devices [14] and graphene-
coated microfiber [17, 18]. Moreover, FWM-based wavelength conversion of a 10-Gb/s NRZ
signal with mechanically exfoliated graphene was first reported in Ref. [19].

In this chapter, we have reviewed our recent progress in graphene-assisted nonlinear optical
device and their applications, including degenerate FWM-based tunable wavelength conver-
sion of quadrature phase-shift keying (QPSK) signal, two-input optical high-base hybrid dou-
bling and subtraction functions, three-input high-base optical computing, graphene-silicon
microring resonator enhanced nonlinear optical device for on-chip optical signal processing,
and nonlinearity enhanced graphene-silicon microring for selective conversion of flexible
grid multichannel multilevel signal.

For FWM-based tunable wavelength conversion of QPSK signal, the total effective nonlinear
Kerr coefficient of the graphene-assisted nonlinear optical device is actually the combined
contributions from the graphene and the device material (e.g. silica in graphene-coated fiber).
It has to emphasize that spectrally efficient advanced modulation formats have been widely
used in optical fiber transmission systems. The advanced optical modulation formats play an
important role in enabling high-capacity optical transport networks where wavelength con-
version function is highly desired. Therefore, exploring wavelength conversion of advanced
modulation formats based on FWM in graphene is very interesting and meaningful.

For graphene-assisted optical computing (two-input and three input), the innovative schemes
to achieve hybrid quaternary arithmetic functions of doubling and subtraction using optical
nonlinearities in graphene and (D)QPSK signals are presented. We experimentally demon-
strate 10-Gbaud quaternary arithmetic functions of 2A-B and 2B-A by exploiting degenerate
FWM in graphene. The power penalties of converted idlers at a BER of 2 x 10® are measured
to be about 7.4 dB for 2A-B and 7.0 dB for 2B-A. With future improvement, graphene-assisted
nonlinear optical devices might be employed to facilitate more optical signal processing
applications.

For, three-input high-base optical computing, an innovative scheme to perform graphene-
assisted modulo 4 functions of three-input high-base optical computing is presented. By
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exploiting multiple nondegenerate FWM processes in a single-layer graphene-coated fiber
device and adopting (D)QPSK signals, we experimentally demonstrate 10-Gbaud modulo 4
operations of three-input quaternary hybrid addition and subtraction of A+ B-C, A+ C-B,
and B + C - A, respectively. Additionally, in order to verify the enhancement of graphene-
coated fiber device, we measure the output spectrum without graphene for reference under
the same experimental conditions. Moreover, we repeat the experiment by adding extra 2
and 5 m single-mode fibers in the set-up and get almost the same experimental results. The
nondegenerate FWM processes in graphene-assisted nonlinear optical devices (e.g., graphene
coated fiber device) are enhanced by comparing the conversion efficiency between the two
cases with and without graphene.

For, GSMR-enhanced all-optical up and down wavelength conversion, using the graphene-
assisted nonlinear optical device, we experimentally demonstrate up and down wavelength
conversion of a 10-Gbaud quadrature phase-shift keying (QPSK) signal by exploiting degen-
erate four-wave mixing (FWM) progress in the fabricated GSMR. To enhance the nonlinear
interactions in silicon waveguide devices, resonator structures such as microring resonators
can be introduced. Graphene can be also utilized to enhance the nonlinear interactions in sili-
con waveguide devices. So, in order to further enhance the nonlinearity of silicon microring
resonator, the GSMR is fabricated. It is expected that the GSMR might find more interesting
on-chip optical signal-processing applications.

Actually, there are different platforms for nonlinear optical signal processing, e.g., silica in
fiber, silicon, and graphene. Table 1 summarizes a brief comparison among silica in fiber,
silicon, and graphene. The Kerr coefficients of silica in fiber, silicon, and graphene are ~107%,
~10"%, and ~10" m*W, respectively. Nonlinear optical signal processing based on silica in
fiber has lower power loss. Although silica in fiber is compatible with optical fiber transmis-
sion systems, its third-order nonlinearity is lower and the desired fiber is longer (i.e., larger
footprint). Silicon has higher x® nonlinearity and the compactness of silicon photonic device
is suitable for chip-scale optical signal processing functions. However, silicon photonic device
is not compatible with optical fiber transmission systems. In contrast, graphene has even
larger x® nonlinearity and the fabricated graphene-assisted nonlinear optical fiber device
with the graphene placed within the connector of two fibers is fully compatible with existing
optical fiber transmission systems. The x® nonlinearity of graphene is several orders of mag-
nitude larger than silica in fiber and silicon, which is due to the unique linear band structure
of m-electrons [12, 36, 37]. The graphene-assisted nonlinear optical fiber device is compact.
The combined effective nonlinearity of graphene-assisted nonlinear optical fiber device is
increased and the graphene enhances the FWM process. However, the measured conversion
efficiency of graphene-assisted nonlinear optical fiber device in the experiment is ~33 dB,
which is lower than highly nonlinear fiber. It is noted that practically fabricated graphene
is not perfect and any imperfections during the fabrication of graphene can break the band
structure and degrades the dispersionless and x® nonlinearity properties. Additionally, the
FWM conversion efficiency is also dependent on the number of graphene layers. Previous
work demonstrated that the nonlinear response of graphene was sensitive to the number of
graphene layers [12]. It is expected that for a few graphene layers the nonlinearity increases
in proportion to the number of layers, suggesting the tremendous potential of graphene as a
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Platforms Kerr coefficient Loss Compactness Compatibility*
Silica in fiber [38] ~10% m¥W Low Large footprint Fully compatible
Silicon [39] ~10" m*W High Compact Incompatible
Graphene-coated fiber [13] ~10™" m¥W Low Compact Fully compatible

‘Compatibility of silica in fiber, silicon photonic device, and graphene-assisted nonlinear optical fiber devices with
existing optical fiber transmission systems.

Table 1. Comparison among silica, silicon, and graphene.

platform for efficient nonlinear optical signal processing. In this scenario, it is possible to fur-
ther enhance the FWM response by appropriately increasing the number of graphene layers
employed in the experiment.

As mentioned above, a silicon photonic device is not compatible with optical fiber transmis-
sion systems. However, silicon has higher x® nonlinearity and the compactness of the sili-
con photonic device is suitable for chip-scale optical signal processing functions. Recently,
silicon waveguides used as wavelength converters have shown some superior performance
compared with SOA, HNLFs, and PPLN. The advantages of silicon waveguide-based wave-
length converters are as follows: (1) in silicon waveguides, high-contrast index leads to tight
light confinement and the nonlinear effects are greatly enhanced; (2) silicon waveguides also
feature broad bandwidth, high speed, low cost, low power consumption, and complemen-
tary metal-oxide-semiconductor (CMOS) compatibility. However, the conversion efficiency
of FWM in the silicon waveguides is fundamentally hampered by the large nonlinear losses
of silicon, which is caused by two-photon absorption (TPA) and free carrier absorption (FCA)
in silicon [40]. Therefore, the saturation of the conversion efficiency is consequence of the
nonlinear absorption increment when the intensity of the input light reaches a certain level
at the near-infrared region. The incorporation of reverse biased p-i-n junctions in the silicon
waveguides can remove the free carrier and fasten the lifetime of the free carrier. In such a
way, the conversion efficiency of FWM is increased [41]. However, the external electric modu-
lation gives rise to the power consumption which is not available for large-scale photonic
integration. Graphene has a third-order nonlinear susceptibility which is several orders of
magnitude larger than that of silicon. When the monolayer graphene is transferred on the sili-
con waveguides, the nonlinear optical performances of the device are enhanced owing to the
evanescently coupling between the silicon waveguide and graphene over a distance of hun-
dreds of micrometers [14, 15]. Therefore, combination of the giant nonlinearity of graphene
and the strong electromagnetic field confinement of silicon waveguides may be an interesting
way for all optical signal processing.
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Abstract

Two-dimensional materials represent the basis of technological development to produce
applications with high added value for nanoelectronics, photonics, and optoelectronics.
In first decades of this century, these materials are impelling this development through
materials based on carbon, silicon, germanium, tin, phosphorus, arsenic, antimony, and
boron. 2D materials for photonic applications used until now are graphene, silicene, ger-
manene, stanene, phosphorene, arsenene, antimonene, and borophene. In this work, the
main strategies to modify optical properties of 2D materials are studied for achieving
photodetection, transportation, and emitting of light. Optical properties analyzed here
are refractive index, extinction coefficient, relative permittivity, absorption coefficient,
chromatic dispersion, group index, and transmittance. The transmittance spectra of vari-
ous two-dimensional materials are presented here with the aim of classifying them from
photonic point-of-view. A performance comparison between graphene and other two-
dimensional materials is done to help the designer choose the best design material for
photonic applications. In next three decades, a lot of scientific research will be realized
to completely exploit the use of 2D materials either as single monolayers or as stacked
multilayers in several fields of knowledge with a special emphasis in the optoelectronics
and photonic industry in benefit of the industry and ultimately to our society.

Keywords: graphene, 2D materials, photonic devices, optical properties, nanophotonics,
optoelectronics
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1. Introduction

The urgent need for photonic materials with useful and fascinating properties is leading
researchers around the world to exploit technologically Van der Waals materials.Two-dimen-
sional (2D) materials due to their unique optical and electronic properties have an enormous
potential in photonics and optoelectronics. These two-dimensional materials are stable, sim-
ple, and consisting of layers of few-atom-thick. Particularly, materials such as graphene and
its derivatives, two-dimensional materials based on silicon, germanium, tin, phosphorus,
arsenic, antimony, bismuth, and boron, as well as transition metal dichalcogenides are being
synthesized for the development of innovative applications in the ultraviolet, visible, and
infrared and terahertz frequency ranges.

Optoelectronic devices can be defined as electronic devices capable of generating, detecting,
interacting with, or controlling light [1, 2]. Main applications of flexible electronics that can be
impelled using two-dimensional materials are large arrays of solar cells, wearable electronics,
and transparent displays. The presence of a direct band gap in two-dimensional monolayer
materials makes them completely attractive for optoelectronic applications. Physical proper-
ties of two-dimensional materials that are attractive for the development of photonic applica-
tions are mechanical flexibility, electrical conductivity, and optical transparency. Solid-state
properties such as morphology and crystallinity directly influence the optical properties of
two-dimensional materials. 2D materials have the potential to impact technologies of modu-
lation, transmission, and detection of photonic signals [3-5]. These materials are attractive
for photonics and optoelectronic devices, such as displays, touch screens, photodetectors,
light-emitting diodes (LEDs), and solar cells. Two-dimensional transition metal dichalcogen-
ides (TMDCs) provide higher optical efficiency than their bulk counterparts due to that these
nanomaterials present a direct band gap, which is not found in the volumetric versions [6].
Heterostructures based on TDMCs and other materials such as graphene, h-BN, and phos-
phorene present a band gap that can cover a wide spectral range from visible to mid-IR.
Integrated photonic systems based on 2D materials can improve network performance while
reducing costs.

Despite all the progress made by researchers so far in the development of two-dimensional
materials, it has not been possible to understand all conditions that can be used to tune the
optical properties, which influence the development of photonic devices and systems. This
work has as aim studying the optical properties of two-dimensional materials for the develop-
ment of applications in photonics and optoelectronics. The transmittance spectra of various
two-dimensional materials are presented here with the aim of classifying these in the differ-
ent types from photonic point-of-view. A performance comparison between graphene and
other two-dimensional materials is done to help to the designer to choose the best design
material for photonic applications. This document can be considered as a technical resource
for academics, researchers, and engineers working in the photonics and optoelectronics and
developing novel technologies based on emerging materials. Additionally, the document pro-
vides an overview of the state-of-the-art of the photonic applications based on graphene and
other two-dimensional materials. A direct comparison of the performance and qualities that
different types of two-dimensional nanomaterials have in the photonic applications is made
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with the aim of determining the advantages and disadvantages that the designer can exploit
technologically in each of these materials. This chapter has been divided as follows: Section 2
introduces basic concepts about the optical properties that can be found in two-dimensional
materials and a comparison of optical performance between graphene and other materials is
performed. Main applications of two-dimensional materials in optoelectronics and photonics
are described in Section 3. Finally, conclusions about of the work are given in Section 4.

2. Optical properties of two-dimensional materials

Light is an electromagnetic radiation within a certain portion or a set of wavelengths of the
electromagnetic spectrum. All types of light are emitted, transported, and absorbed in tiny
packets called photons and exhibit properties of both wave and particle. The study of light
and the interaction of light and matter are known as optics, and it continues being an impor-
tant research area in modern physics. With the introduction of two-dimensional materials
and the control of their optical properties was possible to extend the development of photonic
applications to new and novel technological applications of high added value [2].

Main optical properties that allow describing the performance of an engineering material
are the following: (1) refractive index, (2) extinction coefficient, (3) relative permittivity, (4)
absorption coefficient, (5) chromatic dispersion, and (6) group index. To understand what role
each of these optical properties has in the performance of optical materials, the subsequent
paragraphs will describe each of them.

Reflection is the change in direction of the beam of light at an interface (boundary between
different substances) between two different media so that the wave returns into the medium
from which it was generated. This effect can be either specular (mirror-like) or diffuse (retain-
ing the energy, but losing the image) depending on the nature of the interface, as visualized
in Figure 1. Incident light (illustrated in red) travels in the medium 1 and strikes against a
surface, a fraction of the light is reflected in the same medium (shown in blue), and other

‘Refracted
Light

Figure 1. Basic optical phenomena between a pair of physical media.
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fraction of the light is transmitted into or refracted into medium 2 (depicted in brown). When
light reflects off a material denser than the external medium, it undergoes a polarity inversion
(change of direction). In contrast, a less dense, lower refractive index material will refract or
transmit the incident light that was applied to it.

Light propagation in absorbing materials is described using a complex-valued refractive index.
The imaginary part is related with the attenuation, while the real part accounts for refraction.
The refractive index or index of refraction # of a material can be defined as a dimensionless
number that describes how light propagates through that medium. This property represents
the rate to which the speed of light in vacuum travels through a specific medium. In other
words, it determines how much light is refracted when it enters a material. The refraction is
presented by the change in direction of propagation of an electromagnetic wave, oscillation of
electrical and magnetic fields with varying or fixed wavelength, due to a change in its trans-
mission medium. The wavelength (A) is the spatial period of a wave, that is, the distance over
which the wave's shape repeats, and thus the inverse of the spatial frequency. A transmission
medium is a solid material that can propagate light either infrared, visible and/or ultraviolet.
In addition, refractive index varies with respect to the wavelength and/or photon energy of
the light applied to the material. Visible light is usually defined as that having wavelengths
in the range of 400-700 nm (430-750 THz), and it is between the infrared (with longer wave-
lengths) and the ultraviolet (with shorter wavelengths). Infrared light is an invisible radiant
energy with wavelengths between 700 nm (430 THz) and 1,000,000 nm (300 GHz). And, ultra-
violet light is an electromagnetic radiation with a wavelength from 10 nm (30 PHz) to 400 nm
(750 THz). The electromagnetic spectrum of light is shown in Figure 2.

Optical properties determine the response of materials to incident electromagnetic radiation.
The optical properties of a material are influenced by the nature of its surface and its electronic
structure. The most known properties are reflection, refraction, transmission, and absorption.
For each material, the incident radiation is partially transmitted, partially reflected, and par-
tially absorbed.

& Increasing Frequency (v)

10 10" 10 v (Hz)

I
ult
I I
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Figure 2. The electromagnetic spectrum of light.
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When light passes through a medium, some part of it will always be attenuated. This can be
conveniently considered by defining a complex refractive index n_=n + ji, where the real part
(n) is the refractive index and indicates the phase velocity, whereas the imaginary part (k) is
called the extinction coefficient or mass attenuation coefficient and it indicates the amount of
attenuation when the electromagnetic wave propagates through the material.

The electric permittivity ¢ and magnetic permeability u of a medium determine the phase
velocity v = ¢/n of electromagnetic radiation through that medium. These are related by means
of the relationship eu=1/v?, where c is the speed of light in vacuum and 7 is the refractive
index of the optical medium. The response of materials to alternating electric fields is charac-
terized by a complex permittivity defined as e = ¢’ + je”, where ¢’ is the real part of the permit-
tivity, which is related to the stored energy within the medium; and ¢” is the imaginary part
of the permittivity, which is related to the dissipation (or loss) of energy within the medium.
In addition, complex permittivity ¢ must have poles only for positive imaginary parts, and
therefore satisfies the Kramers-Kronig relations. The imaginary part of ¢ leads to absorption
loss if it is positive and absorption gain if it is negative.

Absorption coefficient, attenuation coefficient, or narrow beam attenuation coefficient of a
material characterizes how easily it can be penetrated by a beam of light. A large attenuation
coefficient means that the beam is quickly “attenuated” (weakened) as it passes through the
medium, and a small attenuation coefficient means that the medium is relatively transpar-
ent to the beam. The SI unit of attenuation coefficient is the reciprocal meter (m™). A small
attenuation coefficient suggests that the material is relatively transparent, while a larger value
suggests greater degrees of opacity. The attenuation coefficient depends upon the type of
material and the energy of the radiation. In addition, for electromagnetic radiation, the higher
the energy of the incident light and the lower dense the material to be characterized, the lower
the corresponding attenuation coefficient will be.

The chromatic dispersion of an optical medium is the phenomenon where the phase velocity
and group velocity of light propagating in a transparent medium depend on the optical fre-
quency. It is defined as dn/dA. A related quantitative measure is the group velocity dispersion.
The group index or group velocity refractive index (n,) is defined as n,_ = c/v, where v_is the
group velocity. When the dispersion is small, the group velocity can be linked to the phase
velocity by the relationship v, =v — A(dv/dA), where A is the wavelength in the medium. In this
case, the group index can be written in terms of the wavelength dependence of the refractive
index as n, = n/(1+ (A/n)(dn/dA)).

A summary of the optical properties of the two-dimensional materials is provided in Table 1.
These properties cannot be used individually to evaluate the optical performance of a mate-
rial. The relative permittivity of the material can predict, for example, whether the material
can be transparent or not by the sign and value of the real and imaginary parts, but it is not the
only argument to conclude about this quality of the material. Relative permittivity of different
two-dimensional materials used in nanophotonics and optoelectronics are shown in Figure 3.

The refractive index of photonic materials such as two-dimensional materials varies by the
photon energy and/or wavelength of the light applied. Using the refractiveindex.info database,
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Material Refractive Extinction Relative Absorption Chromatic Group
index (1) coefficient (k) permittivity () coefficient dispersion index (1)
() (em™) (dn/dA) (um™)

Graphene 1.0575 2.2962 e'=-4.1541 1.1621E06 25.520 -5.2791
e” =4.8564

Borophene 2.3465 1.5154 &'=3.2098 1.0521E06 4.1925 1.5877
£”=7.1119

Indiene 0.7000 4.7000 &'=-21.600 1.0739E06 1.9000 -0.3450
£"”=6.5800

Stanene 2.1600 6.3500 ¢'=-35.657 1.0931E06 3.1429 -0.13429
e"=27.432

Bismuthene 4.0890 4.0890 &'=-2.8729 0.0525E06 5.2612 -1.4879
" =36.199

InAs 3.7973 0.49254 &'=14.177 0.0848E06 -0.94298 4.4857
e"=3.7407

MoO, 2.0576 0.59358 ¢'=3.8813 0.3004E06 -0.5988 2.2063
e” =2.4427

Mos, 2.3156 2.6594 ¢'=-1.7101 1.3459E06 18.621 -2.3079
e”=12.316

MoSe, 1.9136 2.3809 &'=-2.0069 1.2050E06 9.7345 -0.50345
€”=9.1125

MoTe, 1.8903 2.3354 ¢'=-1.8809 1.1819E06 18.017 -2.5834
e”=8.8292

Table 1. Optical properties for a small set of two-dimensional materials.
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Figure 3. Relative permittivity of different two-dimensional materials.
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a pair of graphs has been obtained to know the performance of two-dimensional materials
(see Figures 4 and 5). Materials with very high or very low refractive index do not have the
greatest transparency necessarily, as visualized through the set of graphs obtained. A wide
range of optical properties can be obtained through two-dimensional materials.
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Figure 4. Refractive index versus photon energy for different two-dimensional materials.
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Figure 5. Refractive index versus wavelength for different two-dimensional materials.

Transmittance of the surface of a material is its effectiveness in transmitting radiant energy. It
can be defined as the fraction of incident electromagnetic power that is transmitted through
a material. Internal transmittance refers to energy loss by absorption, whereas total transmit-
tance is due to absorption, scattering, reflection, etc. A set of transmittance graphs have been
obtained through the refractiveindex.info database. These graphs are based on a spectral line
or wavelength laser with value 0.2483 um (KrF) for different two-dimensional materials, and
the results are outlined in Figures 6-15. The graphs contain the transmittance behavior for
different thicknesses of two-dimensional materials ranging from 0.1 to 10 nm. Indiene and
stanene present low transmittance and other two-dimensional materials have high transmit-
tance in all optical spectra, as shown in Figures 6-15. The value of the transmittance varies
widely throughout the optical range, so the designer should check in which wavelength range
his device or system must operate to properly choose the two-dimensional material will be
used in its photonic or optoelectronic design.
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Figure 6. Total transmittance versus wavelength in graphene for different thicknesses.
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Figure 7. Total transmittance versus wavelength in tungsten(VI) oxide for different thicknesses.

After reviewing the different graphs obtained, it is possible to affirm that the two-dimensional
materials can allow the development of emitting materials, waveguides, and light detectors
throughout the optical spectrum.
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Figure 8. Total transmittance versus wavelength in molybdenum disulfide for different thicknesses.
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Figure 9. Total transmittance versus wavelength in molybdenum diselenide for different thicknesses.
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Figure 10. Total transmittance versus wavelength in molybdenum telluride for different thicknesses.
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Figure 11. Total transmittance versus wavelength in borophene for different thicknesses.
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Figure 13. Total transmittance versus wavelength in indiene for different thicknesses.
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3. Applications of the two-dimensional materials in photonics
and optoelectronics

Two-dimensional materials due to their semiconductor behavior with direct band gap allow
the development of numerous optoelectronic applications thanks to the access to spin and
valley degrees of freedom. Among the main photonic applications that can be developed
using two-dimensional materials are light-emitting diodes, laser diodes, photoluminescent
materials, photodetectors, waveguides, optical modulators, and in valleytronics.

3.1. Light-emitting diodes

A light-emitting diode can be defined as a two-terminal semiconductor light source, which is
based in a p-n junction diode that emits light when it is activated by means of an electric field
[2]. When an electrical voltage is applied to the terminals, electrons can recombine with holes
within the device, releasing light in the form of photons. This effect is called electrolumines-
cence, and the color of the light (visible wavelength) is determined by the energy band gap of
the semiconductor material used in the manufacture of the emitter. In addition, these emitters
are available for ultraviolet, visible, and infrared wavelengths.

The typical two-dimensional semiconductors, such as MoS,, MoSe,, WS,, WSe,, and phospho-
rene, have band gaps that are smaller than 2.0 eV reducing their photoresponse in the blue
and UV range [7, 8]. Arsenene and antimonene present wide band gaps and high stability
since they have an indirect bandgap as two-dimensional monolayers, and these under small
biaxial strain can transform their electronic behavior from indirect into direct bang gap semi-
conductors. The values of refractive index are 2.3 (a-Sb) and 1.5 (8-Sb) at the zero energy limit
and scale up to 3.6 in the ultraviolet region [8].

The electroluminescence has been observed in two-dimensional monolayer field-effect tran-
sistors or p-n light-emitting diodes made of MoS, [9, 10], WSe, [11], and WS, [12]. Single layer
molybdenum disulfide (MoS)) field-effect transistors can emit electroluminescence (visible
light) at 1.8 eV thanks to its direct band gap [9]. Electrostatic gating must be used to improve
control and efficiency of light emission. A light-emitting diode based on a two-dimensional
monolayer MoS, deposited on a heavily p-type doped silicon substrate [10]. This device emits
a high energy exciton peak in 2.255 eV through of a direct-exciton transition at room tempera-
ture which opened the possibility of controlling valley and spin excitation. The optimization
of lighting, displays, optical interconnects, and optical sensors depends on the development
of light-emitting diodes with high efficiency, well-defined spectral properties, compactness,
and integrability [11]. The use of a thin boron nitride (h-BN) support as a dielectric layer in a
p-n light-emitting diode (LED) with a monolayer WSe -induced electrostatically yields bright
electroluminescence with 1000 times smaller injection current and 10 times smaller linewidth
than in MoS, monolayers. This quality can be obtained thanks to the control of the voltage
applied to the LED. Ambipolar ionic liquid gated field-effect transistors based on WS, mono-
and bilayers have electroluminescence at 2.14 and 1.82 eV, respectively [12]. It was observed
that a much broader range of carrier density is achieved.
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3.2. Laser diodes

A laser diode can be defined as an electrically pumped semiconductor laser where active laser
medium is formed by a p-n junction of a semiconductor diode [2]. These devices regularly
operate as directional lighting sources. These devices emit coherent light and they are sup-
plied either by a forward electrical bias or an optical pumping. Optically pumped semicon-
ductor lasers use a semiconductor material as the gain medium, or other laser (often another
diode laser) as the pump source. This type allows a better wavelength selection and does not
present interference from internal electrode structures.

A continuous-wave nanolaser can operate in the visible regime using a monolayer based on a
two-dimensional material as a gain medium with the aim of confining the direct band excitons
within one nanometer of the surface of a photonic crystal cavity (PCC) [13]. An optical pump-
ing threshold, as low as 27 nW at 130 K, must be used to stimulate the spontaneous emission of
photons. The use of surface-gain geometry allows an unprecedented accessibility, and thus the
ability to tailor gain properties by means of external controls such as electrostatic gating and
current injection, and therefore it can be operated using an electrical pumping. This topology
is scalable and compatible with integrated photonics for on-chip communication technologies.

Advances in two-dimensional materials have allowed the implementation of a two-dimensional
excitonic laser, by embedding a WS, monolayer in a microdisk resonator, with a high-quality
factor and optical confinement presenting a bright light at visible wavelengths [14]. This laser
device has high quantum yield, small footprint, and low power consumption. This device allows
the development of two-dimensional on-chip optoelectronics for high-performance optical com-
munication and computing applications.

3.3. Photoluminescence

Photoluminescence can be defined as light emission from any form of matter after the absorp-
tion of photons [2]. The quality of tuning the optical properties of a material is important for
the development of good photonic devices [1]. Two-dimensional materials present photolumi-
nescence, which is defined as the light emission from any form of matter after the absorption of
photons. Two-dimensional materials, such as graphene [15, 16], MoS, [17-19], MoTe, [20, 21],
WS, [22], MoS,-WS, [23], MoSe, [24, 25], and phosphorene [26], have been researched as pho-
toluminescent materials. Luminescence can be achieved thanks to the reduction of thickness of
materials, since it produces a transition from indirect band gap to a direct band gap. The dop-
ing or defects as well as strain associated with the presence of the boundaries in two-dimen-
sional materials lead to strong photoluminescence quenching or enhancement [1]. Therefore,
photoluminescence properties of two-dimensional materials can be tuned through chemical
doping when dopants cover its surface [27]. Pressure produces a shift in the band gap energy
of the material and therefore widens its spectrum although it reduces the photoluminescence
intensity [28]. Uniaxial tensile strain increases the photoluminescence peak intensity in a two-
dimensional material, due to that it guarantees the direct band gap [29]. Electrical gating of
two-dimensional materials increases photoluminescence intensity, whereas the photolumines-
cence wavelength remains nearly constant [30]. The photoluminescence of a two-dimensional
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material is strongly affected by the type of substrate where it is deposited [31]. Piezoelectric
substrates such as SrTiO, have a higher emission intensity than dielectric substrates such as
SiO, which reduces the emission intensity. In addition, the photoluminescence intensity from
transition metal dichalcogenide alloys is drastically increased for monolayer samples com-
posed of MoS,-MoSe, and MoS,-WS, with respect to multilayer samples [32].

Monolayer phosphorene operates as an exciton and trion emitter whose performance is com-
parable with other 2D transition metal dichalcogenide (TMD) semiconductors such as MoS,,
although semiconductors such as WSe, and MoSe, present higher carrier lifetimes as shown
in Figure 16 [33]. An exciton is the main mechanism for light emission in semiconductors at
low temperature. The existence of exciton states may be inferred from the absorption of light
associated with their excitation. Typically, excitons are observed just below the band gap. A
trion is a localized exciton which consists of three charged quasiparticles. A negative trion
consists of two electrons and one hole and a positive trion consists of two holes and one elec-
tron. Trion states were predicted theoretically and then observed experimentally in various
optically excited semiconductors, especially in quantum dots and quantum well structures.
The strong anisotropic atomic structure of single-layer black phosphorus makes that optical
response be sensitive to the magnitude and the orientation of the applied strain to the material
[34]. Biaxial strain can tune the optical band gap of phosphorene from 0.38 eV (at -8% strain)
to 2.07 eV (at 5.5%).

3.4. Photodetectors

A photodetector or photosensor is an electronic device that converts the photons of light into
electrical current [2]. The operating principle of a photodetector can be basically described as
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Figure 16. Carrier lifetimes in different two-dimensional materials.
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follows. When the photons of light incident on a semiconductor material have energy greater
than the forbidden band of this material, they create electron-hole pairs (excitons) or free car-
riers depend on the exciton binding energy in the material. Bound excitons separated by an
applied or built-in electric field can generate a photocurrent. Photodetectors based on semi-
conductor materials can be classified into two large groups: photodiodes and phototransis-
tors. The former has a much faster response and the latter have better sensitivities.

A graphene photodetector working in the photoconductor mode and based on photothermo-
electric effect and bolometric effect (zero and nonzero biased operations, respectively) was
integrated on silicon nitride (Si,N,) waveguide [35]. This combination of materials facilitates
unprecedented nonlinear and optoelectronic applications. The graphene has a behavior as a
highly p-doped semiconductor that produces a photocurrent generation.

The ultrashort lifetime of photocarriers, caused by the fast recombination of graphene, results
in the weak response of light and limits its application in photodetection [36]. With the aim of
improving the performance of the graphene in photodetection, it must be coupled with pho-
tonic structures or building vertical heterostructures by stacking graphene with other layered
materials and increasing the doping level considering the band slop and the absorption at
certain wavelengths.

Monolayer WSe, and MoS, heterostructures present strong photoluminescence intensity,
which suggest that there is a strong interlayer coupling of the charge carriers [5].

3.5. Solar cells

A solar cell or photovoltaic cell can be defined as an electrical device that converts the energy
of light directly into electricity by the photovoltaic effect, that is, a physical and chemical
phenomenon where light is absorbed causing excitation of an electron or other charge carrier
to a higher energy state [2]. Electrical properties, such as current, voltage, or resistance, vary
when solar cells are exposed to light.

Thanks to their semiconducting character, graphene and monolayer transition metal dichalco-
genides can be considered as potential sunlight absorbers in thicknesses less than 1 nm, which
represents a value with 1 order of magnitude higher than for GaAs and Si [37]. Two stacked
monolayers have been proposed: (1) a Schottky barrier solar cell between MoS, and graphene
and (2) an excitonic solar cell based on a MoS,/WS, bilayer. These structures can reach power
conversion efficiencies of up to ~1%, corresponding to values of approximately 1 to 3 orders of
magnitude higher than to power densities of the best existing ultrathin solar cells.

The ultrathin transition metal dichalcogenide films and their Van der Waals heterostructures
have been used to develop photovoltaic devices with the aim of offering superior performance,
extreme flexibility, and long lifetime due to suitable band gap and excellent light absorption
capability [38]. A p-S5i/MoS, heterojunction-based solar cell produces an enormous quantity of
photogenerated carriers and increases the photocurrent generated by them. The semiconductor
heterostructures and superlattices represent a solar cell design platform without the limitation
of lattice matching present in other materials [5].
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3.6. Waveguides

An optical waveguide can be defined as a physical structure that guides or transports electro-
magnetic waves in the optical spectrum [2]. The most common types of optical waveguides are
optical fibers and rectangular waveguides. These are commonly used as components in inte-
grated optical circuits or as a transmission medium in optical communication systems. In addi-
tion, waveguides can be classified by their geometry (planar, strips, fiber waveguides), mode
structure (single-mode, multiple-mode), refractive index distribution (step index, gradient
index), and material (glass, polymer, semiconductor material).

The ultrashort optical pulses can be propagated through graphene-based nanoribbon wave-
guides in telecommunications [39]. The pulses can experiment attenuation, high-order disper-
sive effects and nonlinear effects when they pass through graphene. Fortunately, these effects
can be controlled with the input signal power and the chemical potential of the graphene.
These waveguides can be applied to other nanophotonic devices such as filters, modulators,
antennas, switches, and other devices.

3.7. Optical modulators

An optical modulator can be defined as a device used to modulate a beam of light, which is
carried over free space or propagated through an optical waveguide [2]. These devices can be
classified by the parameter of a light beam that is manipulated into amplitude modulators,
phase modulators, polarization modulators, etc. The easiest way to perform the modulation
of light intensity is to modulate the electric current that drives the light source, as in a laser
diode. In addition, optical modulators can be classified by the properties of the materials used
to modulate the light beam into two groups: absorptive modulators and refractive modula-
tors. In absorptive modulators, the absorption coefficient of the material is changed; and in
refractive modulators, the refractive index of the material is changed.

Two-dimensional materials can realize various functions at once due to their diverse physical
properties as it is the case of the multifunctional optical modulators where optical modulators
and photodetectors or optical modulators and plasmon waveguides can be implemented with
the same semiconductor material [40]. Main advantages that these materials have on optical
modulators are a broad operation bandwidth from the visible to terahertz range, small foot-
print, low cost, easy integration, and large flexibility. This quality facilitates the integration
of diverse electronic and optical components with an “all-in-one” solution. However, before
of reaching the commercial success of the two-dimensional materials, a trade-off between
performance and cost must be considered.

3.8. Valleytronics

Particularly, transition metal dichalcogenide monolayers present a strong spin-orbit cou-
pling, which leads to a spin-orbit splitting of hundreds meV in the valence band and a few
meV in the conduction band [1, 41]. This quality allows the control of the electron spin by
tuning the excitation laser photon energy that is applied to the material. This quality allows
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controlling the electrical charge or spin degree of free carriers, and therefore, novel devices
can be proposed. Among these devices, a WSe,-based electrically switchable chiral light-
emitting transistor has been designed [42]. This device operates as a spin LED that shows
circularly polarized electroluminescence, but depends on the application of an external mag-
netic field to operate. Circular polarized light can be used on three-dimensional displays or
as spin sources for spintronics and as information carriers in quantum computation.

4. Conclusions

A lot of promising applications in nanophotonics will be developed in the coming decades.
The main challenge for large-scale applications of two-dimensional materials is the ability to
control the synthesis processes in order to optimize the physical and chemical properties and
to extend its use in a wide variety of novel photonic applications. Most applications in nano-
photonics of two-dimensional materials are still in the research phase or stage of technological
development. However, the progress reported in this work indicates that the practical imple-
mentation of devices and systems will be based on simple and heterogeneous structures. The
main applications are focused on the development of photodetectors based on the principle
of photoconductivity, transparent electrodes, waveguides, and solar cells based on the photo-
electric effect. The large variety of available two-dimensional materials, their heterostructures
and hybrid systems that are being researched will continue introducing novel properties to
outperform competing technologies applied in electronics and photonics. Designers can make
use of an innumerable amount of two-dimensional materials based on the different chemical
elements that have been synthesized or designed in computer. Fortunately, graphene and its
derivatives are no longer alone and several material choices, such as MoS,, MoSe,, WS, WSe,,
phosphorene, borophene, arsenene, antimonene, bismuthene, indiene, and stanene, can be
exploited through the optical range.
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Abstract

In this chapter, morphology variation and electronic structure in a surface-modified gra-
phene are demonstrated by both calculation and experimental results. The results indi-
cate that the band structure and morphology of modified graphene sheets are altered
because of changing in the type of hybridization of carbon atoms in the graphene sheet.
Accordingly, the band gap of graphene can be tuned by surface modification using
organic molecules. Then, modified graphene is used for fabrication of infrared detec-
tors. The properties of unmodified graphene photodetectors were also measured so as
to compare with modified graphene photodetectors. The results demonstrate that modi-
fication of graphene using organic ligands improved the detection parameters such as
fast response time, electrical stability and low dark current. Moreover, the sensitivity of
photodetectors based on modified graphene was significantly improved.

Keywords: fabrication, photodetector, organic ligand, modified, unmodified, IR,
graphene

1. Introduction

Graphene is a two-dimensional sp?>-bonded carbon atom on a honeycomb lattice [1]. The par-
ticular arrangement of carbon atoms in graphene leads to a novel energy dispersion relation,
mean root of the appealing electronic characteristic, which corresponds to massless fermions
[2-4]. In spite of the fact that graphene has much favourable properties, which have revolution-
ized the miscellaneous aspects of science and technology, it could not be an applicable mate-
rial for special purposes because of its shortcomings that have to be overcome [5]. Although,
in the last decade, the unique properties of graphene, namely electronic, mechanical, opti-
cal and chemical properties, and its possible applications have been widely investigated, the
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absence of a gapped semiconductor with properties like that of graphene is strongly felt, espe-
cially in the graphene-based photodetectors which do not enjoy fast response time stemming
from zero band gap of graphene [6-18]. In addition, another salient weakness of graphene’s
application appears in the designing of transistor-based digital circuits [19]. Transistor made
by graphene, in the off-state, has a current due to minimum conductivity of graphene [19].
Accordingly, the power consumption of fabricated circuits is considerable. The engineering
of band structure of graphene sheet has been extensively studied. Band gap about 0.5 eV can
be formed in nanoribbons with the width about 10 nm [20-22]. In this method, controling the
value of band gap which is strongly affected by the structure of nano ribbons edges is difficult.
Moreover, bilayer graphene can be used for this purpose, which is synthesized with difficulty
[23, 24]. One can manipulate electrical and magnetic properties of graphene by introducing
different defect state in graphene [25, 26]. Because all atoms are placed on the surface of gra-
phene, density of electrons is high on it, so active is the graphene sheet that it can easily react
with the gases in the surrounding atmosphere. Therefore, the chemical instability of graphene
leads to use vacuum condition in order to obtain repetitive results.

Some ideas have been investigated so as to overcome the mentioned weaknesses. By study-
ing the electron transport properties of graphene-like two-dimensional materials, one can
reach to this result that using heterostructures of graphene and other two-dimensional mate-
rials have significant impact on the application of graphene [5, 27-32]. Instead of two-dimen-
sional materials, zero- and one-dimensional organic or inorganic materials can be used in the
above-mentioned heterostructures [33-36]. A focal point in this research is modification of
the surface of the graphene sheet via zero-dimensional organic ligands. In order to realize the
process of modification of graphene sheet, it is important to know that by adding hydrogen
to the surface of graphene sheet, which is highly conducting, it could be converted into a
novel material known as graphane, two-dimensional hydrocarbon, which is an insulator with
direct band gap of 3.7 eV [37]. The alteration in the percentage of hydrogenation of graphene
can lead to the creation of various band gap. In other words, the engineering of band gap
synthesized can be possible by hydrogenation from zero in the graphene to 3.7 eV in the fully
hydrogenated graphene [37]. This achievement should broaden the spectrum of photonics
application of graphene.

To modify surface of graphene sheet, we introduce trap states and a band gap in graphene by
means of organic ligands, which interact with graphene for fabricating sensitive infrared detec-
tor operated at 3-5 um [38—40]. To achieve this, our focus is oriented to the analysis of altered
structural arrangement of the organic ligands/graphene with strong interaction between them.
Our analysis show that the geometry of synthesized material is affected by the adsorption of
organic ligands on graphene layer, for the carbon atoms of graphene strongly interact with the
hydrogen atoms of organic ligands. Not only was the structural analysis of the synthesized
materials operated, but calculation of the band structure and electron density difference were
also calculated to confirm the claim made about modified form of graphene layer.

X-ray diffraction (XRD), atomic force microscope (AFM), scanning electron microscope (SEM),
transmission electron microscope (TEM) and electrical resistivity analysis are used to
investigate the structure and morphology of the graphene sheets, which were modified by
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different concentration of various organic ligands. Finally, we used the synthesized materials
as an active layer of metal-graphene-metal (MGM) photodetectors. The experimental inves-
tigations show that the detection parameter of fabricated photodetectors improved signifi-
cantly, for example, temporal time of fabricated photodetectors in our reported work is up to
1000 times faster than the photodetector reported by Yu and co-workers [41].

2. Experimental

2.1. Synthesis and modification

In existance of all fabrication methods of graphene oxide, we prefer to use the following method
because the synthesis route plays an important role on the chemical, optical and electrical
properties of graphene oxide [42]. Graphite oxide (GO) was synthesized by natural graphite
by Hummers” method [43]. A colloidal suspension of synthesized graphene oxide in purified
water was prepared by sonication of GO in water (3 mg/mL) for 3 h. Hydrazine monohydrate
(1 mL for 3 mg of GO, 98%, Aldrich) was subsequently added to the suspension, in order to
remove oxygen components by the hydrazine reduction [38-40]. Additional stirring in an oil
bath held at 80°C for 12 h yielded a black precipitation of reduced graphene oxide powder. The
obtained materials were centrifuged by water for several times. The synthesized material was
dried at 100°C and used for further characterizations and treatment. Organic ligands—thios-
emicarbazide, thiophene-2-arbaldehyde, thiophene-2-carboxylic acid and pyridine-4-carbox-
ylic acid —were utilized to modify graphene surface. To prepare modifying organic ligands,
0.5 mg of thiophene-2-arbaldehyde, thiophene-2-carboxylic acid and pyridine-4-carboxylic
acid was separately solved in 50 mL water. Moreover, 5 and 10 mg of thiosemicarbazide were
independently solved in 7 mL ethanol. Each of the prepared suspension solely was added to
a suspension, which consisted of 27 mg of obtained graphene and 30 mL of deionized water.
All of the obtained suspensions were stirred for 24 h at room temperature. After purification,
the obtained materials were individually added to 30 mL deionized water and dispersed until
a thin sheet was formed on top of the colloidal suspension [38—40].

2.2. Fabrication of photodetector

The sheet was transferred on the interdigitated Copper (Cu) contact, which is deposited on a
fibre-glass substrate having fingers with a length of 0.5 cm, a width of 150 um and a pitch of
150 pm. The thickness of the Cu layer was 500 nm [38-40].

2.3. Characterization

In this chapter, all structural characterization and measurement were performed by the
following devices:

The crystal structure of modified and unmodified graphene was characterized by powder
X-ray diffraction (PXRD) on a Siemens D500 using Cu-ka radiation (A =1.541 A). Ultrasound
radiation was performed using UP400s Germany (0.3 cm diameter Ti horn, 200 W, 24 kHz).
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The surface morphology of synthesized materials was obtained on a Dual-scope C26 scanning
probe and microscope DME atomic force microscope (AFM). The morphology of products
was studied via a Tescan model MIRAS3 field-emission scanning electron microscope with an
accelerating voltage of 10 kV. TEM images were obtained on a Zeiss-EM10C-80KV transmis-
sion electron microscope with an accelerating voltage of 80 kV [38—40].

2.4. Computational details

Both the electronic band structure and density of states (DOS) of graphene were calculated by
DFT. Calculations were carried out with the CASTEP code using local density approximation
(LDA) and the non-local gradient-corrected exchange-correlation functional as parameterized
by the Perdew-Zunger scheme (CA-PZ), which uses a plane wave basis set for the valance
electrons and ultra-soft pseudo potential for the core electrons. The number of plane waves
included in the basis was determined by cut-off energy (Ec) of 300.0 eV. The summation over
the Brillouin zone was operated with a k-point sampling using a Monkhorst-Pack grid with
parameters of 3 x 3 x 1 [40].

3. Results

3.1. Sensitivity

Achilles heel of the current generation of graphene-based photodetectors is their very poor sen-
sitivity. This issue is addressed by adding organic ligands, which introduce band gap. Adjusting
the created band gap leads to reduce the dark current, a parameter which plays an absolutely
important role in determining sensitivity. The effect of almost all of the organic ligands, which
are used to modify graphene sheet, is clear in the improvement of the sensitivity of fabricated
photodetectors. A schematic of fabricated photodetector is represented in Figure 1.

As shown in Table 1, the measured sensitivity, which is calculated by (R ,— R)/R, where R, and
R are electrical resistance under dark and infrared light illumination condition, for graphene-
based photodetector is 0.5 [38]. Whereas, the sensitivity of photodetectors based on graphene
fabricated by Hwang and co-workers, in the highest applied voltage (0.1 V), is 0.5, which is
in good agreement with the sensitivity of our fabricated unmodified graphene-based detector
[17, 40]. The sensitivity has been boosted by using of back gate. Because of that the applied
voltage excites the surface plasmon polariton. Therefore, one outcome of this excitation is
enhancement of the sensitivity up to two orders of magnitude [40, 44]. This means the sensitiv-
ity can reach to 1. In this case, the sensitivity of the detector is three times less than our modi-
fied detector (this can be adjusted by kind of applied organic ligands). In addition, another
method to improve sensitivity has been introduced as graphene/silicon-heterostructure [29].
In this condition, the highest sensitivity cannot reach to 1. Using quantum dots is the other way
to achieve this goal. Quantum dots (which decorate the graphene sheet) as a zero-dimensional
materials significantly affect the sensitivity. This factor can be changed with regard to the types
of quantum dots [35]. That nanorods as one-dimensional materials have significant effect on
improving the sensitivity of fabricated detectors is an undeniable effect [33].
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Figure 1. Scheme of fabricated photodetector [40].

Modification of graphene surface by organic ligands such as hydrazine, thiophene-2-carboxylic
acid and low-dose thiosemicarbazide increases the sensitivity up to about 1. The sensitivity for
photodetector modified by pyridine-4-carboxylic acid is 1.5, which is three times better. Finally,
the best ligand in order to improve the sensitivity is high-dose thiosemicarbazide, which causes
500% improvement in the sensitivity compared with unmodified graphene [38—40].

Absorption spectrum of thiophene-2-caboxylic acid, thiophene-2-carbaldehyde and pyridine-
4-carboxylic acid has been reported in reference [39]. One possible justification for the

Organic ligand Sensitivity Responsivity (A/W) Rise time (ms)
Unmodified graphene 0.5 10 50
Hydrazine 0.9 14 35
Thiophene-2-carbaldehyde  0.092 0.1 40
Thiophene-2-carboxylic 0.9 20 -
acid

Pyridine-4-carboxylicacid =~ 1.5 25 38
High-dose 3 9 18
thiosemicarbazide

Low-dose 1 10 40
thiosemicarbazide

Table 1. Sensitivity, responsivity and rise time of fabricated detectors.
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considerable value of photoresponsivity of fabricated photodetector, which was modified
with thiophene-2-carboxylic acid is that mentioned ligand has strong absorption in 3-5 pm
(2000-3300 cm™) range [39]. Not only does graphene sheet absorb the IR light, tiophene-
2-carboxylic acid ligand absorbs the IR light as well. Consequently, the responsivity of
considered detector modified with thiophene-2-carboxylic acid is higher than other fabri-
cated photodetectors [40]. Besides, the devices discussed were stable at room temperature
for many days and represented some characteristics during repeated measurement [45].

3.2. I-V characteristic

Figure 2 shows the bias dependence of the I-V characteristic of modified and unmodified
graphene-based fabricated photodetectors, which were recorded between 0 and 4 V with
voltage steps of 0.1 V. As shown in Figure 2, the photo-responsivity ascends with increasing
the bias voltage. As stated in Table 1, the photo-responsivity value of 10 A/W is observed
for detector fabricated by unmodified graphene [39]. Thiosemicarbazide organic ligands do
not have remarkable effect on photo-responsivity [40]. The responsivity of fabricated detec-
tor is augemented 40% (14A/W) by using hydrazine ligands [38]. By applying thiophene-
2-carboxylic acid ligand, one can significantly raise the parameter of photodetector up to
20 A/W [39]. On the other hand, some organic ligands can decrease the mentioned param-
eter up to 0.1 A/W [39].
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Figure 2. Current-voltage characteristics of fabricated detector based on (a) unmodified grapheme, (b) modified by
hydrazine, (c) modified by mercapto acetic acid, (d) modified by low dose thiosemicarbazide, (e) modified by high-dose
thiosemicarbazide, (f) modified by thiophene-2-carbaldehyde and (g) modified by thiophene-2-carboxylic acid under
illumination of 3-5 pm infrared light [38—40].
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3.3. Response time

Figure 3 shows the response time of photodetectors under illumination of IR lamp. The rise
time of photodetector based on unmodified graphene is 50 ms [39]. Except fabricated detector
based on graphene modified with thiophene-2-carboxylic acid which was too slow to record
rise time, all suggested photodetectors based on modified graphene have similar rise time in
comparison with photodetectors based on unmodified graphene [38—40]. Among all mentioned
photodetectors, photodetector fabricated by graphene which was modified by high-dose thi-
osemicarbazide is the fastest with the rise time of 18 ms [40]. Figure 3 shows the response time
of investigated photodetectors. All measurements were performed under the illumination of
IR lamp with power of 0.1 W in the wavelength range 3-5 pm at room temperature [38-40].

off
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Figure 3.The response time of fabricated detector based on (a) unmodified graphene, (b) modified by low-dose
thiosemicarbazide, (c) modified by high-dose thiosemicarbazide, (d) modified by thiophene-2-carbaldehyde, () modified
by pyridine-4-carboxylic acid and (f) modified by hydrazine [38-40].

3.4. SEM

Figure 4 shows the SEM images of unmodified and modified graphene sheets. It is obvious,
from the Figure 4, that the graphene sheets are bended in the course of modification pro-
cess [40]. This phenomenon is in accordance with the calculated result [40]. We attribute the
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bending process of the graphene sheets to breaking of the translational symmetry of C-C sp?
bond after the formation of C-H sp® bonds [45]. As shown in Figure 5, when hydrogen atoms
attach to graphene, carbon atoms move out of plane. Therefore, the graphene sheets bend [45].
One can control the rate of bending of sheets not only by type but also by applying different
dose of the organic ligands. As illustrated in Figure 4, the synthesized unmodified graphene
exhibits almost long and uniform layer. The graphene modified by pyridine-4-carboxylic acid
consists of nanosheets with their sizes in about micrometres. However, modification of the
graphene using thiophene-2-carboxylic acid leads rolling of micro-sized sheets and forms
the flake-like nanorods. One salient example of controlling of bending process via changing
the dose of organic ligands is applying different dose of thiosemicarbazide so as to modify
graphene sheet [40]. It is obvious that when the dose of thiosemicarbazide is low, sheets will
be bended and nanobelts were synthesized. Sheets will be rolled completely, whenever high
dose of thiosemicarbazide is applied [40].

Figure4. SEMimages of (a) graphene and graphene modified by (b) pyridine-4-carboxylicacid, (c) thiophene-2-carbaldehyde,
(d) thiophene-2-carboxylic acid, (e) hydrazine, (f) low-dose thiosemicarbazide, (g) high-dose thiosemicarbazide and (h)
mercapto acetic acid [38-40].
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Figure 5. Scheme of out-of-plan distortion of graphene by hydrogenation process [45].

3.5. TEM

TEM images, which are shown in Figure 6, confirm this claim that the process of modifica-
tion of graphene bended and finally rolled the sheets by revealing the detailed sub-structured
information of the synthesized materials. Figure 6(a) shows unmodified graphene, which is
almost uniform with some wrinkles. The TEM images of the graphene sheet modified low-
dose thiosemicarbazide shown in Figure 6 (b), which represent more wrinkles and bending
in the sheet. Figure 6(c) is the TEM images of the high-dose-modified graphene sheet with
thiosemicarbazide. It is obvious that thiosemicarbazide ligand completely rolled the sheet,
and nanotubes with the diameter about 20 nm are achieved [40].

Figure 6. TEM image of (a) unmodified graphene, (b) modified by low-dose thiosemicarbazide and (c) modified by high-
dose thiosemicarbazide [40].
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3.6. AFM

Figure 7 shows the atomic force microscopy (AFM) topology images of the samples that
confirm SEM and TEM results. The AFM images indicate that the organic ligands have well
attached to the graphene sheet. With comparing of unmodified and modified graphene, one
can conclude that the surface morphology of the graphene sheet become more and more
uneven by applying organic ligands and using high concentration of them. Comparison of
unmodified graphene with the reduced graphene oxide using high-dose hydrazine shows
the height of wrinkles decreases [38]. This attributes to the removing of moisture trapped in
the wrinkles in the course of chemical reduction of graphene oxide [40]. The surface of the
nanorods, the result of modification of graphene with tiophene-2-carboxylic acid, which was
seen in SEM images (see Figure 4), was also shown in AFM images [39].

a) '

s e |

Figure 7. AFM image of (a) graphene (b) modified by low-dose thiosemicarbazide, (c) modified by high-dose thio semi
carbazide, (d) modified by pyridine-4-carboxylic acid, (e) thiophene-2-carboxylic acid and (f) thiophene-2-carbaldehyde
[38-40].

3.7.XRD

The powder X-ray diffraction (PXRD) patterns of the graphene oxide, unmodified and mod-
ified graphene are demonstrated in Figure 8. As illustrated in this figure, graphene oxide
exhibits a strong and partly broad peak at 20 = 12.02° with an interlayer distance of 0.77 nm.
Graphite flakes exhibit a strong and sharp peak at about 26 = 26°, which indicate a higher
order structure with an interlayer distance of 0.34 nm along the (002) orientation [46]. The
comparison of XRD pattern of graphite with the graphene oxide reveals that the interlayer
spacing of GO, which is about 0.77 nm, is higher than the interlayer space of the graphene
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Figure 8. XRD patterns of (a) graphene oxide, (b) graphene and (c) graphene modified by thiosemicarbazide [38-40].

flakes because of the existence of oxygenated functional groups and intercalated water mol-
ecules in graphene oxide which are the result of chemical oxidation. In other words, graphene
oxide is the graphene densely covered with hydroxyl and other groups [45]. By removing
these groups from the surface of graphene sheet, graphene oxide XRD peak at 260 = 12° is
diminished. This disappearance confirms the formation of graphene. The short range order
in stacked stacks of graphene leads to the broadening of the characteristic diffraction peak of
graphite. The XRD peak of graphene occurred at 20 = 24°, which corresponds to an interlayer
distance of 0.37 nm, is slightly shifted to the lower angles. The reason for this movement in
XRD pattern stems from the remaining of trivial amount of residual oxygenated functional
group or other structural defects [47, 48].

The XRD pattern of the modified graphene with thiosemicarbazide (see Figure 8) not only
does show the slight shift to the left, but also indicates the new peaks appeared at lower
angles. One possible rationale for this change is the creation of the new local thiosemicarba-
zide-graphene phase, which in turn could be an evidence for a structural chemical reaction
between the free electrons of graphene and electrons of thiosemicarbazide to form a chemical
bond, which results in the formation of new crystalline phase [40].

4, Simulation

Modifying surface of synthesized graphene with organic ligands dramatically increases the
photosensitivity and significantly decreases the response time. In addition, shallow defects,
an outgrowth of modification process, in electronic structure of graphene cause the improve-
ment in responsivity compared to reported results [41]. Modification of graphene sheet with
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ligands is occurred when the surface atoms of graphene interact with hydrogen atoms of
organic ligands [40]. The formation of the defect electron trapping centres is the outcome of
the surface modification (see Figures 9-12), which leads to band gap opening in electronic
surface of hybrid material.

Figure 9. Scheme of graphane, fully hydrogenated graphene [37].

Figure 10. Schematic of rolling of graphene [40].

(a) (b) (c)

Figure 11. Schematic representation of band gap opening (a) unmodified graphene, (b) modified by low-dose thios-
emicarbazide and (c) modified by high-dose thiosemicarbazide [41].
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Figure 12. Schematic representation of band gap opening in the modified graphene [40].

DFT computations are executed to optimize the configuration of thiosemicarbazide adsorbed
on graphene sheet [40]. The out-of-plane dislocation of graphene sheet, which is bonded to a
thiosemicarbazide, is shown in Figure 12. As shown in this figure, the atomic dislocation of
the graphene sheet is to be upward to hydrogen atoms of the organic ligand. The thiosemi-
carbazide is adhered to the graphene sheet via N-H aromatic 7 electron hydrogen bonding in
which the thiosemicarbazide is a polar molecule [40].

DFT calculations indicate that the organic ligand can remarkably change the electronic
state of graphene. Band length is changed due to the fact that hybridization of graphene
change from sp?® to sp® by attaching the hydrogen atoms to graphene sheet, which in turn
leads to form the band gap. Figure 13 shows the synthesized material behaves as a semi-
conductor with the band gap of 0.19 eV [40]. The significant part of the enhancement of
the photo-sensitivity of graphene-based photodetector is a band gap creation in the band
diagram of it.
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4 (a) 4

Figure 13. Calculated band structure and density of states for (a) graphene and (b) graphene modified by thiosemicarbazide
[40].

5. Conclusion

In this work, graphene was efficiently prepared. The synthesized graphene was modified
using different organic ligands. The chemical and structural properties of synthesized mate-
rials were investigated. Moreover, metal-graphene-metal (MGM) mid-IR photodetectors, in
which the synthesized, modified and modified graphene used as an active layer, were fabri-
cated and analysed at room temperature. The organic ligand used to modify graphene sheet
can create and tune the band gap. Opening of the band gap overcomes the main weakness of
graphene-based photodetectors such as high dark current, low sensitivity, repeatability and
the effect of surrounding gases. Also, fast response time of fabricated photodetector reported
that graphene-based photodetectors are the other benefits of our proposed structure.

Acronyms

SEM  Scanning electron microscope

AFM  Atomic force microscope
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PXRD Powder X-ray diffraction

TEM  Transmission electron microscope
MGM  Metal-graphene-metal

IR Infrared

DOS  Density of states

LDA  Local density approximation

Ec Cut-off energy

GO Graphite oxide
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Abstract

Future electronics technology is expected to develop from rigid to flexible devices. This
process requires breakthroughs in material properties, especially flexibility, in combina-
tion with desirable electrical insulating, semiconducting, or metallic properties.
Graphene, being one of the recently developed two-dimensional (2D) materials, pre-
sents great promise as an active layer in a wide spectrum of electronics devices and, first
of all, in field-effect transistors (FET). The development of optimized dielectrics for the
graphene active layer is critical for graphene applications. The carrier transport in
graphene films takes place at interfaces with dielectric or semiconductor substrates;
therefore, the quality of such interface and the interaction of graphene films with nearby
dielectric layers (charge carrier scattering) determine the device performance. Generally,
the development of dielectric materials aiming at high performance device operation,
proper mechanical properties, and low-temperature fabrication is not progressing well
since the graphene thin film is very sensitive to surface conditions of dielectric layers.
Solving the problem with dielectric layers in the case of nonorganic printed and flexible
electronics is especially acute. As it is demonstrated in the present chapter, dielectric
layers fabricated from fluorinated graphene suspension or in its combination with
graphene oxide are the most promising for graphene-based flexible, printed, and trans-
parent electronics.

Keywords: flexible electronics, fluorinated graphene, suspension, dielectric films, leak-
age current, charges, resistive switching, quantum dots, negative differential resistance

1. Introduction

Future technologies evolve toward flexible electronics (bendable, rollable, stretchable, or trans-
parent) developed for a wide spectrum of bio- and medical applications, sensors and gadget
displays, textile or clothing electronics, and so on [1-4]. Printing processes have attracted great
attention, due to their compatibility with flexible substrates and materials, excellent prospects for
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applications, technical feasibility for scaling to large-area manufacturing and low cost. The two-
dimensional (2D) printing technologies are at present used for creating intelligent components
and smart systems of printed electronics, such as memories, displays, electronics, batteries,
micromechanical systems, sensors, thin-film transistors, and other devices of modern electronics
[1-4]. Flexible device technology does not support high temperatures, required for such mate-
rials as SiO, or high-k ALO;, HfO,, and ZrO, [5]. So, alternative 2D dielectric materials are
highly demanded. Recent developments in technologies of liquid-phase graphene exfoliation
lead to a significant progress in methods for creating 2D materials, including graphene, graphene
oxide (GO), and other related materials (MoS,, WSe,, and so on) [6-10].

Graphene presents great promise as an active layer in a wide spectrum of devices of flexible
electronics and, first of all, in field-effect transistors. Recent reports demonstrate successful
realization of graphene FETs on flexible or even on stretchable substrates [8-13]. To make such
applications possible, the development of optimized dielectrics for the active graphene layer is
critical (gate and interlayer dielectrics, or/and supported layer for graphene). Nowadays, tradi-
tional high-k materials, such as ALO5;, HfO,, and ZrO, are widely used for FETs. Nevertheless,
the development of dielectric materials allows achieving high performance of the devices with
excellent mechanical properties and low fabrication temperature that is in great demand.

Recently, graphene oxide (GO), one of the most well known graphene derivatives, has been
exploited as a gate dielectric for graphene-based FETs [7, 8, 12, 13]. With its good mechanical and
optical properties, this material offers a unique advantage for high performance flexible and
transparent electronic devices since it can be formed on a graphene channel by solution-based or
direct oxidation at room temperatures. Generally, GO has combined an excellent flexibility, a
relatively large leakage current, and a strong limitation on enhanced temperature (even under the
current flow). This limitation on enhanced temperature is connected with reducing GO: for
instance, annealing at 100 °C typically leads to a decrease in GO layer resistivity by 4-5 orders of
magnitude [5].

The most stable graphene derivative with dielectric properties is fluorinated graphene (FG),
which is a low-k material with k = 1.2 and band gap of 3-8 eV [14-16]. Graphene can be
fluorinated by a low-damaged CF, plasma treatment [16] or by exposing the graphene to XeF,
gas to convert it to insulating fluorographene (C4F) [17]. A new simple approach for graphene
fluorination (treatment in aqueous solution of hydrofluoric acid) was recently suggested in Refs.
[18, 19]. In the case of graphene suspension, such treatment leads not only to fluorination of
flakes but also to additional flake fragmentation and exfoliation [19, 20]. As a result, a consider-
able decrease in thickness and lateral sizes of graphene flakes is accompanied by simultaneous
transition of the flakes from conducting to insulating state. Smooth and uniform insulating films
with low roughness can be created from the suspension on different substrates. The films from
the fluorinated suspension are cheap, practically feasible, and easy to produce. The electrical and
structural properties of the films from such fluorinated suspension with variable fluorination
degree are discussed in the present chapter. Excellent characteristics of the dielectric film created
from high fluorinated FG may be compared only with well developed SiO, layers. In addition to
excellent dielectric properties, reversible resistive switching effect and negative differential resis-
tance (NDR) were detected in the films, created from the suspension with relatively low fluori-
nation degree. Possible applications of these films are also considered.



Fluorinated Graphene Dielectric and Functional Layers for Electronic Applications
http://dx.doi.org/10.5772/67451

2. Fluorination of graphene suspensions

The starting material was a graphene suspension that can be obtained using any of available
approaches. It may be suspensions created by mechanical crushing of natural graphite,
dimethylformamide (DMF) intercalation, ultrasonic treatment intended for splitting the inter-
calated particles, and centrifugation aiming at removal of nonsplit graphite particles [20]. At
the stage of intercalation, other organic solvents may be used, for instance, N-methyl-2-7
pyrrolidone (NMP) [21, 22]. Suspensions may be also created by electrochemical exfoliation
[23, 24], liquid-phase exfoliation in water or water-based solution [25], or shear mixer [26, 27].
During suspension preparation, the natural graphite typically turned into flakes with charac-
teristic size from 1 to several micrometers and thickness from 0.4 (monolayer) up to tens of
nanometres. Parameters of flakes strongly depend on the technology used. After obtaining the
suspension, it was subjected to a fluorination procedure [20, 28]. To this end, equal volumes of
the suspension and a 5-10 % solution of hydrofluoric acid (HF) in water were mixed together.
Fluorination time strongly increased with an increase in size and thickness of pristine
graphene flakes and could be accelerated by enhancing temperature [20]. Below, we demon-
strate the fluorination process in the time scale when pristine graphene flakes have lateral sizes
of 1-2 mm and thickness of 3-20 nm, without temperature acceleration. So, we are considering
the admittedly inferior option which took sufficiently long time to clarify fluorination stages
and all accompanying processes.

Let us consider here the reason for graphene fluorination during treatment in the aqueous
solution of hydrofluoric acid (HF treatment). It is very important to note that practical difficul-
ties associated with F reactions in two-dimensional (2D) carbon nanostructures are avoided if
working with curved carbon nanosheets. An example of F reactions with corannulene mole-
cules having a curved surface representing 1/3 of the structure of Cq4 fullerene was realized by
dos Santos [29]. Corannulene is a polycyclic aromatic hydrocarbon with chemical formula
CyoHjp. Density functional theory (DFT) calculations of the HOMO—-LUMO were used to
demonstrate that gap variation for fluorinated corannulene, used as a prototype of C-based
nanostructures, yields in values of band gap of 0.13-3.46 eV due to fluorination. Our experi-
ments on the fluorination of CVD grown or mechanically exfoliated graphene in the aqueous
solution of hydrofluoric acid also show corrugation of these materials during fluorination. In
other words, the corrugation of domain boundaries is an initial driving force for subsequent F
reaction with carbon atoms in 2D plain and subsequent corrugation [19, 30-32]. This type of
reactions stimulated by deformations is also realized for the graphene suspension, and only
thin (few layer) flakes are suitable for fluorination during HF treatment.

Liu et al. [33] have employed the first-principles method within the density functional theory
to study the structural, electronic, and magnetic properties of the fluorinated graphene with
different coverage of fluorine. The authors have found a strong variation of the graphene
properties already at the early stage of fluorination (lower than CF »5). Duan [34] has demon-
strated that when fluorine bonds to a carbon atom, the latter one is pulled slightly above the
graphene plane, creating what is referred to as a CF defect. These CF defects cause the
graphene surface buckling. This corrugation was experimentally observed under fluorination
in the aqueous solution of the hydrofluoric acid [33]. Duan further showed that the addition of
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fluorine to graphene in some cases leads to the formation of an energy band gap near the Fermi
level of 0.37-0.24 eV [34]. Generally, it was demonstrated that the adsorption of fluorine on
graphene surfaces is a promising approach to modify the properties of graphene, which may
lead to more flexible electrooptical applications of graphene in the future.

To investigate the properties of FG suspension, some portions of the suspension were period-
ically used for the study and preparation of films. The substrates for films were silicon (Si)
wafers. In depositing the films, the native oxide was removed from the surface of silicon by the
hydrofluoric acid available in the solution. The deposited films were dried and rinsed with
deionized water for removing the residual hydrofluoric acid and the organic component of the
suspension, and then subjected to a second drying treatment for water removal. In other cases
(especially for 2D printing), the solution in suspension was substituted for water. Due to
hydrophilicity of FG flakes, the water-based suspension was stable.

3. The evolution of graphene suspension structure during fluorination

Fluorination of the DMF-based graphene suspension with a solution of hydrofluoric acid in
water is considered in the present part. It has been found that, as a result of the interaction, the
suspension particles undergo an additional splitting and size reduction by one-two orders of
magnitude. Figure 1(a)—(d) shows the surface image of films created of Si substrate from the
suspension after different times of fluorinated treatment. A schematic pattern for the action of
the HF-containing solution on suspension particles resulting in additional exfoliation of
graphene sheets, and formation of thinner and finer fluorinated graphene flakes has been
proposed (Figure 1(e)). The driving force of these structural changes is found to be mechanical
stresses, due to a difference in lattice constants and wettability of fluorographene [20, 28]. The
similar fragmentation and exfoliation of graphene flakes are found for different kinds of

graphene suspensions during the fluorination process.
R Ee
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Figure 1. Scanning electron microscopy (SEM) images of the surface for films with different fluorination degree: (a) —pristine
(nonfluorinated) film; (b), (c), and (d)—films fluorinated respectively during 2, 10, and 40 days. The inset in (d) shows an
image of an edge of the film taken at the angle of 45° to the surface; the film thickness indicated in the figure was evaluated
with allowance for measurement geometry. (e) A sketch illustrating initial flakes splitting and their fractionation in finer
flakes that occurred during fluorination process (1—initial particle, 2—split of partially fluorinated flakes, 3—intercalated
DMEF layer). Reprinted with permission from Ref. [20].
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Figure 2. Dependence of the lateral size and thickness of multilayered graphene flakes in suspension with optimum
composition of 0.16 mg/ml on fluorination time. Reprinted with permission from Ref. [28].

Dependences of FG flake size on time of HF treatment are given in Figure 2. It is seen that the
process of flakes fragmentation may be divided into several stages—up to 20 days, from 20 to
80 days, and over 80 days. These intervals correlate with changes in electrical properties of the
films obtained from suspensions. About 20-day treatment was required for the film transition
from conducting to insulating state. During fluorination for 20 to 80 days, the insulating proper-
ties of the films improved, and the current through the films and the charge density in the films
decreased. As it will be demonstrated below, the most optimal property for the majority of
applications is the fluorination within 60-80 days. The observed stages well agree with the
behavior of leakage current through the FG film, which are also given below (Figure 4(a)).

Evidences proving the fluorination of suspension particles during the suspension treatment in
a solution of HF in water were obtained by means of analysis techniques such as X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR) spectroscopy, and Raman
scattering spectroscopy (RSS) (Figure 3(a) and (b)) [17]. Strong IR bands with maxima 1107,
1166, and 1230 cm ™" are clearly seen in the FTIR spectra. The observed modes supposedly
correspond to the fluorine atoms, connected with sp>-hybridized carbon atoms. The studies of
FTIR spectra with an increasing fluorination time have revealed that an adsorption band at
1112 cm ™! gradually changes into 1211 cm ™. The modes observed for the studied films are
supposed to correspond to C-F bond and change depending on fluorination time. The gradual
emergence of fluorinated graphene properties was traced in measured Raman spectra (Figure 3
(b)) for the films, which was obtained from suspensions with different fluorination times. It is
seen that an increased duration of the treatment results in a decreased intensity of peaks in
Raman spectra. This effect is typical for fluorination of graphene and connected with band gap
opening. The images of pristine graphene suspension and FG suspension also clarify the
fluorination process. XPS spectra show a signal from fluorine F1s and carbon Cls, detected in
the energy region of 687.7 and 284-286 eV, respectively (Figure 3(d)). The energy position and
shape of the peaks are indicative of partial fluorination of suspension particles. Decomposition
of Cls demonstrates peaks C-F with position at 288.3 eV and a peak C-CF at 286.5 eV. These
XPS spectra correspond to fluorination degree ~ C4F and are typical for the case when suspen-
sion becomes transparent and transfers to a nonconductive state (see details in Section 6). In a
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Figure 3. (a, b) Evolution of IR and Raman spectra of pristine fluorinated films with time of HF treatment. (c) Images of
pristine graphene suspension and FG suspension after 50 days of HF treatment. (d) XPS study of the fluorinated graphene
film: the spectrum near the peak of Cls with decomposition into component lines, an insert shows a part of the spectrum
with F1s peak. Fluorination time was 50 days. Reprinted with permission from Ref. [20].

longer HF treatment, it is possible to obtain higher fluorination degrees limited to the value ~
C,F. Due to this fact, we have a partially fluorinated suspension in all cases, and namely this
FG suspension demonstrates many properties that are attractive for applications.

4. Insulating properties of hardly fluorinated graphene suspension

As it has been shown earlier, a considerable decrease in thickness and lateral sizes of graphene
flakes (up to 1-5 monolayers in thickness and 20-30 nm in diameter) during fluorination is
found to accompany the transition of the grapheme flakes from conducting to insulating state.
The change in leakage current through the FG films as a function of the fluorinated time is
given in Figure 4(a). One can compare these currents with leakage current of 17 mA/cm? for
100 nm thick GO films [12] and ~20 A/cm? for 4 nm GO films [8]. So, the electrical and
structural properties of the films suggest their use as insulating elements in thin-film nano-
and microelectronics devices/structures. We have performed an analysis of the capacitance-
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Figure 4. (a) The electric current density across the vertical Me/FG film/Si structures biased with voltage U = + 0.1 V
versus the duration of the suspension fluorination procedure. (b) Film fluorination degree versus the duration of fluori-
nation treatment in the solution of HF in water. The inset in (b) shows the value of dielectric constant ¢ versus the
fluorination treatment duration. (b) is reprinted with permission from Ref. [20].

voltage characteristics of metal (Ag, Au)/insulator (FG)/semiconductor (Si) (MIS) structures on
different substrates. Dependence of relative dielectric constant ¢ on fluorinated time is shown
in Figure 4(b). The dielectric constant of the films is determined to range from 1.1 to 3.2,
depending on the fluorination degree of the material. It is important to mention that value of
€ = 1.2 known for fluorographene [16, 20], appears in our films for relatively low fluorinated
degree (between C,F and C;F).

The density of the fixed charge in the film Q extracted from the flat band voltage of the
capacitance-voltage characteristics and the density of interface states at the interface with silicon
D;; are given in Table 1. Recall that the fluorinated graphene film was applied onto a silicon
surface free of native oxide. The densities Q¢ and D;; proved to range from 6 x 10" em ™2 to
(0.3-0.5) x 10" em 2. With increasing duration of fluorination treatment, the densities Qf and D
were found to decrease in value. The quality of obtained dielectric films was improved by
increasing the treatment duration. On the whole, the obtained values proved to be much lower
than the values of Qf and Dy, typical of many traditional dielectric coatings used in nano- and
microelectronics such as AlL,O;, HfO,, and ZrO, [5]. The typical values of built-in or interface
charge density in the widely used AL,Oj films range within 10'*~10"* cm 2 [35]; in HfO,, they
vary within 10"'-10'* em ™2 [36, 37], and in the Si/SiO,graphene/ZrO, structures, they range
within (1-15) x 10" ecm 2 eV~ [38].

Substrate Time of HF treatment 20 days 40 days 60 days 80 days 150 days
Si Qg cm 2 (5-6) x 10" 1 x 10M 5 x 10" (2-6) x 10"° (5-7) x 10"°
Si D;, cm 2 (3-5) x 10" 5 x 10 (1-3) x 10% 2 x 10 (3-5) x 10™

Table 1. Specific values of fixed charge density Qy, calculated on the flat band voltage, determined from the capacitance-
voltage characteristics, and the state density D;, at the interface with silicon, obtained from the difference between the
middle-gap and flat band voltages.
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5. Relation between structural and electronic properties of FG films

Figure 5 shows SEM and AFM images of partially fluorinated films, created from the graphene
suspension, treated in an aqueous solution of HF for 7 days (~CF 10) and 20 days (CFy3) [31].
In both cases, the continuous films consisting of separate flakes may be observed in Figure 5.
The bright corrugated areas of the film correspond to fluorinated regions, and the dark round
regions correspond to nonfluorinated or weakly fluorinated graphene islands. The estimated
flake sizes in suspension are 100-300 nm with a thickness of 0.5-5 nm for less fluorinated films
(see Figure 2(a) and (b)), and 20-100 nm with a thickness of 0.5-2 nm for more fluorinated
ones. The film thickness varies from 20 to 150 nm depending on the drop volume. Figure 5(a)
and (b) presents the AFM image and the current map, measured with the probe for the same
part of the weakly fluorinated FG film. Conductivity was found for graphene islands (dark
areas), and bright areas (fluorinated part) were characterized by insulating properties. A
comparison of AFM images clearly demonstrates that an increase in the HF treatment time
leads to a decrease in the size of graphene islands and an increase in the size of the fluorinated
areas between the graphene islands. So, generally, the films contain graphene islands and their
properties were examined for pertinence to quantum dots (QDs).

The charge deep level transient spectroscopy (Q-DLTS) and transport measurements were used to
characterize partially fluorinated films [31]. It has been found that at the temperature range from
330 to 250 K, the current is described by equation I = I, exp(—E/kT), where E = 0.48 eV is the
activation energy of the current flow through the film, and k is the Boltzmann constant. At lower
temperatures, the current is close to be constant. The activationless current flow through the film
is, most likely, associated with carrier migration (tunneling) through the traps in the FG band gap
or graphene inclusions. Temperature dependence of the current is given in Figure 7, curve 1.
Q-DLTS measurements demonstrate that only one type of activated process with energy 0.50 eV
and density of localized states of ~ 10" was observed. This activated process most likely corre-
sponds to carriers passing over 0.5 eV potential barriers between graphene islands and fluorinated
part of the film. It means that QDs with quantized electronic properties are not seen in these films.
It may be connected with varying sizes of graphene islands and existing edge-related defects
which provide the possibility of activationless transport in the films. It is worth mentioning that
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Figure 5. (a) AFM image of the FG film created by drops from a partially fluorinated suspension (7 days, CFy 1) and (b)
current map for the same place on the film. The bright regions in both images correspond to fluorinated graphene. (c)
SEM image of the films created from a graphene suspension and treated in an aqueous solution of HF for 20 days (CF ,3),
respectively. Reprinted with permission from Ref. [31].
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the arrays of QDs formed after similar fluorination of graphene or few layer graphene demon-
strate the size quantization levels in Q-DLTS and transport measurements [31, 39—-41]

6. Resistance switching effects in fluorinated films

Currently, the resistive memory approach is considered the most promising, as it allows
obtaining a significantly lower time of memory operation (data overwriting). The most impor-
tant parameters for the memory devices are a low overwriting voltage (lower than 3 V) and a
high number of rewriting cycles and stability [42, 43]. The main problems of traditional metal
oxide materials in the case of flexible electronics are relatively high fabrication temperature
and very high cost. So, recent interest in the graphene-based materials results from its possible
use for flexible resistive memory elements. Recently, some efforts have been made to create the
resistive memory from graphene oxide (GO) or MoS,/graphene oxide composite [5, 10]. We
have investigated fluorographene that is much more stable than GO graphene derivatives. The
resistive switching effect for partially fluorinated graphene films (a two-phase system of
graphene islands embedded in FG matrix) was observed for the first time [32].

The reversible resistive switching effect was found for the films, created from the suspension of
partially fluorinated graphene for fluorination level of about ~ C4F (fluorination time of 40-60
days). Figure 6(a) and (b) shows current-voltage (I-V) characteristics for vertical Au/FG/Si/InGa
structures and lateral Au/FG/Au structures, measured at two voltage sweeps. It is seen that the
transition to the lower resistance of the layer occurs at voltage of about —1.5 V in vertical
configuration and at about —4 V in lateral configuration. The reverse transition occurs by
changing the polarity of the applied voltage. Repeated measurements prove the repeatability of
such switching. The variation of temperature measurements from 80 to 350 K shows that these
transitions may be observed in the entire studied temperature range. Daylight illumination is
very important for carrier transport in fluorinated films (compare Figure 6(b) and (c)). The reset
loops observed in dark conditions degrade under daylight illumination. The reason for this effect
is connected with a strong decrease in the time of nonequilibrium carrier relaxation, directly
observed in similar structures [34].
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Figure 6. Current-voltage characteristics measured at daylight conditions of (a) vertical Au/FG/Si/InGa structures and (b)
lateral Au/FG/Au structures (contact size was 0.5 mm, and period between contacts was 1.5 mm) measured several times
at two voltage sweeps at the temperature of 300 K. (c) vertical Au/FG/Si/InGa structures measured in daylight (1) and
dark (2) conditions. Fluorinated graphene film had thickness of 80 nm. Reprinted with permission from Ref. [32].
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For a lower fluorination degree, the relation of resistances decreased, and for a higher fluori-
nation degree, films became insulated.

One of the most important parameters of the material for resistive memory is the time of
switching from high to low resistance states [5, 42, 43]. Q-DLTS measurements allow direct
determination of the time of carrier emission (relaxation of nonequilibrium charge) from the
specified traps [32]. Time is one of the switching process parameters. The emission (relaxation)
time of nonequilibrium carriers is determined from the position of the corresponding peak on
Q-DLTS spectrum. It was found that after applying relatively high voltage (~4 V) we can fix the
low resistive state of films for Q-DLTS measurements, and after 160°C annealing, the high
resistive state can be restored.
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Figure 7. (a) Q-DLTS spectra for FG/p-Si structure in low resistance state, associated with the holes, which are consistent
with the activation energy of the holes 0.34 eV in FG/p-Si structures. (b) Temperature dependences of the current through
the fluorinated graphene film on p-Si substrate in the high (curve 1) and low (curve 2) resistance states, measured in
vertical configuration. Lines correspond to the activation energy 0.48 eV (1) and 0.09 eV (2). (c—e) Expected band diagram
of (c) Au/FG/p-Si structures at no voltage, (d) for the filling pulse AVj, (e) during the carriers emission from the traps for
holes at constant voltage, applied to the sample AV,. Only one trap is considered in this diagram for simplicity. Reprinted
with permission from Ref. [32].
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The charge spectroscopy Q-DLIS and transport measurements were used to study traps in the
films from partially fluorinated suspension in the states of both low and high resistance. The
activation energy of traps Ey (0.50 eV), obtained from Q-DLTS method for the films in high
resistive states, as mentioned above, may be interpreted as a potential barrier between graphene
and fluorinated graphene areas, or between FG film and valence bands of silicon substrate.
Transport and nonequilibrium recharging processes in the high resistance state were found to occur
above all, due to carrier tunnelling through potential barriers in the films. Several types of traps for
electrons and holes (one trap is demonstrated in Figure 7) with the density of 10'°~10"* cm ™2 were
formed in the low resistive state of FG films. Among them are electron traps with activation
energies of 0.15, 0.12, and 0.08 eV, and hole traps with energy of 0.34 eV. The minimum relaxation
time of nonequilibrium carriers from different traps was found to be about 700 ns. The energy level
position of corresponding traps from the conduction band of a silicon substrate equals 0.08 eV. The
origin of the observed traps is supposed to correspond to traces of organic components, which are
used during graphene suspension creation.

Figure 7(b) demonstrates temperature dependences of the current through the films, with
thickness of 50 nm and 100 nm, at two electric field intensities. For the low resistance state
(curve 2), the activation energy E for both films with different thickness is 0.09 eV, at the
temperature range from 330 to 150-170 K [32]. At lower temperatures, the current again is
close to constant. The activationless current flow through the film is, most likely, associated
with carrier tunneling on the traps in the FG band gap and graphene inclusions. Comparison
of transport and Q-DLTS data demonstrates that the carrier transport in the low-resistance
state is determined by the same traps (traps with activation energy 0.08 — 0.09 eV), and they
form conductive channels in the films.

7. Films with negative differential resistance

Negative differential resistance (NDR) devices with nonohmic current-voltage characteristics
are used in a wide range of applications, including frequency multipliers, memories, fast
switches, high-frequency oscillators operating up to the THz range, etc., [44-46]. Currently,
the theoretical predictions of NDR pertaining to graphene appear to prevail [47-49], and only a
few experimental observations of NDR are presented in the literature (in fact, NDR is experi-
mentally observed in lateral structures only in Ref. [50]). In the case of a two-barrier structure,
it is possible to observe different regimes, from oscillation behavior in conductivity to only
positive differential conductance [47]. It is this situation that was observed in our experiments
for FG films with a relatively low fluorination degree (F/C ratio) [30].

In our case for films created from suspensions, NDR was observed for relatively weakly
fluorinated layers CF, with fluorination degree ranged from 0.10 < x < 0.23 (Figure 8(a) and
(b)) [30]. Two types of the film with slightly different flake size demonstrate similar I-V curves,
but with different numbers of peaks. These films demonstrate one or few peaks in I-V curves,
depending on the flake sizes, and that is explained by formation of barrier or multi-barrier
systems. The current steps also seen in I-V curves are most likely connected with the presence
of electrically active traps considered above. It's worth noting that the obtained films were
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multibarrier systems due to the presence of a fluorinated network and non-fluorinated
graphene islands. An increase in the fluorination degree first results in the increased number
of the FG barriers. The origin of NDR for I-V curves shown in Figure 8(a) and (b) is mostly
likely associated with the theoretically predicted gap in the transmission coefficient for carriers
in the barrier between fluorinated graphene and graphene areas. It is caused by the competi-
tion of hole-to-electron transport and Klein tunnelling with resonant tunnelling in structures
with potential barrier(s) [48].

The origin of the NDR was demonstrated to vary with an increase in the F/C ratio. Thick FG
films (150 nm) with F/G ratio CF »3 showed two peaks in the I-V curves, observed for voltages
swept from negative to positive values (Figure 8(c) and (d)). The peaks were observed for the
vertical configuration of measurements. A reverse voltage sweep produced I-V curves without
any peaks (inset of Figure 8(d)). It is suggested that electrochemical oxidation-reduction
reactions involving organic contaminants (traces of DMF, used to produce the graphene
suspension) are located near defects, fluorinated carbons, or other special areas in our films.
The temperature dependence of the conductivity at peaks exhibited activation behavior o = gy
exp(—Ei/kT), where E; is the activation energy, k is the Boltzmann constant, and T is the
temperature. E; takes values 0.04 and 0.09 for peak 1, and 0.16 for peak 2.
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Figure 8. (a) and (b) I-V characteristics measured in lateral configurations for FG films ~CF 1, for films created from
suspension with smaller flake size in the case (b). Different curves correspond to repeated measurements on the same
structures. (c, d) I-V characteristics measured in vertical configuration for FG film (CF »3) over the temperature range of
80-300 K. Peak 1 (c) and peak 2 (d) were observed in thick 150 nm FG film. Reprinted with permission from Ref. [30].
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The effect of NDR in fluorinated films widens the range of application including active device
layers fabricated using 2D printed technologies on rigid and flexible substrates.

8. FG suspension for 2D inkjet printing technologies

The discovered control of the size of flakes in the graphene suspension during its fluorination
serves to create inks for 2D inkjet printing [28, 51-53]. Suspensions of fluorinated graphene
with nanometer size flakes are of interest for the development of 2D inkjet printing technolo-
gies, and production of thermally and chemically stable dielectric films for nanoelectronics
[28]. The printed fluorinated graphene films on silicon and flexible substrates have been
demonstrated first time, and the charges in MIS structures have been estimated as ultra low
values of (0.5-2) x 10" ecm 2.

The properties of the graphene oxide films may be greatly improved by adding the FG top
layer. The thin FG and GO films are printed on silicon and flexible polyethylene terephthalate
(PET) substrates (Figure 9 (a) and (b)). FG flakes have lateral sizes ranging within 20-100 nm
and thickness of 0.4-1.5.nm. Figure 9 (a) contains the photo of printed graphene oxide lines
with different number of layers. Layers in the left part of the substrate are coated by a layer of
printed FG. The boundary between areas with and without FG is marked with arrows. The FG
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Figure 9. (a) FG printed 10-layer films on the PET substrate. (b) Images of graphene oxide printed 4, 6, 10, and 16-layer
films with an additional FG 8-layered coating printed on top of the left half of the wafer. The boundary of the FG layer is
slightly seen in the image, and for better visualization, it is marked with arrows. (c) An AFM image and height profile (d)
near the edge of the FG film from (b). FG layer thickness can be estimated at ~17 nm. (e) Comparison of the current values
through the GO, FG, and FG/GO films deposited by droplets. (f) Dependence of the current through the two-layer FG/GO
and GO films on the isochronous (20 min) annealing temperature; the considered films were obtained by printing and
applying droplets. Annealings were carried out in an inert atmosphere (Ar with addition of 10% H,). Reprinted with
permission from Ref. [28].
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layers on the PET substrate are presented in Figure 9 (b). An AFM image of the FG layer on
PET and the profile near the edge of FG film are demonstrated in Figure 9 (c) and (d).

The properties of two-layer films of FG on GO were the most extensively studied due to their
revealed stability. Figure 9 (e) shows the current-voltage characteristics of the two-layer films
of FG/GO, created by printing and dropping, measured in lateral configuration. It has been
found out that the magnitude of the current through the two-layer structure is significantly
lower than that through the separate films of GO or FG. The increase in the two-layer film
thickness was shown to be not that significant, compared with the effect of reducing the
current through the film by several orders of magnitude, especially in the case of printed
layers. Applying the FG layer causes primarily the "healing” of structural defects in the GO
film. The origin of this effect lies in good affinity between GO and FG, and in the electrostatic
interaction between GO structural defects and FG flakes. Surface roughness of different films
on rigid substrates was extracted from AFM images: the surface roughness for GO film was
8.1 nm, for FG/GO film, it was 5.7 nm, and for FG film, it was 1.5 nm. This effect is supposed to
result from blocking of graphene oxide conductivity with small FG flakes. Significant decrease
in FG/GO film roughness suggests formation of FG few layers on structural defects of GO films
(local insulating island with thickness exceeding the average FG film thickness).

Assessment of thermal stability of different structures required investigation and comparison
of the conductivity of GO and FG/GO films, obtained by applying drops and printing. Figure 9
(f) presents dependences of film resistance on temperature of isochronous annealing. The
graphs show that the resistance of the two-layer structures, both printed and created by drops,
changes not more than by 1-1.5 orders, while the change in the resistance of the graphene
oxide films in both cases is 3-5 orders of magnitude. Therefore, the two-layer FG/GO films are
much more stable than the GO films, since the application of the second layer greatly sup-
presses the GO recovery during heating.

9. Outlook and conclusion remarks

Creation of the fluorinated graphene suspension and inks are shown to extend the range of
graphene-based materials from conductive to insulating and functional layers (Figure 10). The
suggested approach for graphene or graphene suspension fluorination in the aqueous solution
of hydrofluoric acid allows obtaining the partially fluorinated graphene with fluorine content
lower than in CFys. This approach is cheap, practically feasible, and easy to produce. More-
over, films obtained from the partially fluorinated graphene may be conducting or insulating,
depending on the suspension fluorination degree.

Fluorinated graphene cannot be structured using traditional technological approaches such as
plasma treatment. This problem of the fluorinated graphene nanostructuring is successfully
overcome by means of spin-coating or printed technologies. As a result, the use of FG suspen-
sion is the most convenient approach for a wide spectrum of applications, especially for
flexible technologies.
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Figure 10. Schematic illustration of possible applications for partially fluorinated graphene films created from suspensions.

The fluorination process in the case of graphene suspension causes additional flakes splitting and
fragmentation. The small size of the fluorinated flakes makes them an excellent base for graphene-
based inks. Dropped and printed films, obtained from the inks both on rigid and flexible sub-
strates, demonstrate a great potential for a wide spectrum of electronic devices, especially for
flexible electronics. Partial fluorination provides for FG films such effects as NDR and resistive
switching that are promising for applications. The development of optimized dielectrics for the
graphene active layer (active layer gate and interlayer dielectrics or/and substrate for graphene)
has been described. Dielectric layers fabricated from fluorinated graphene or in combination with
graphene oxide are the most promising graphene-based flexible and transparent electronics.
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