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ABSTRACT
[Synthesis and Terahertz Applications of Large-Area Monolayer
Graphene]
by

Minjie Wang
Monolayer graphene, successfully isolated in 2004 for the first time, is the
first member of the class of materials called two-dimensional (2D) materials. It
consists of a 2D honeycomb lattice of sp2-bonded carbon atoms, possessing
extraordinary mechanical, chemical, and physical properties. The unique band
structure and gate tunability of graphene are expected to result in novel highfrequency (THz) and optical phenomena.
In this thesis work, we used two different ways to grow graphene on a
copper foil via chemical vapor deposition (CVD). One method synthesized
continuous, large-size monolayer graphene, while the other method created signalcrystal graphene with no domain boundaries.
We transferred grown graphene from copper foil to SiO2/Si substrates by the
wet-etch method with four types of copper etchants that are commonly used by
researcher: HNO3, FeCl3, (NH4)2S2O8, and a commercial copper etchant. Further tests
and analysis showed that the commercial copper etchant is the best for transfer
purposes from the perspective of structural integrity, amount of residues, and
doping carrier concentration.

We conducted strain-dependent THz transmission measurements of
graphene on a polyimide substrate (Kapton) using a strain-controllable mechanicaloptical testing system. Experimental results showed that THz transmittance of
graphene changes significantly with strain up to ~30%, but no reversible change of
THz transmittance was observed.
On the other hand, by using a recently proposed total internal reflection
(TIR) geometry, we demonstrated significant enhancement of THz-wave absorption
in monolayer graphene. Our scheme allowed the incident THz beam to be reflected
by graphene four times at varying incidence angles, both below and above the
critical angle for TIR. We observed extremely large THz absorption, especially for spolarized radiation. The experimental results are quantitatively consistent with our
calculations, incorporating realistic values of carrier scattering time and Fermi
energy.
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Chapter 1

Introduction

1.1. The Terahertz Frequency Range
The terahertz (THz) frequency range contains frequencies from 0.1 THz to 20
THz (or, equivalently, from 3 cm-1 to 600 cm-1, from 0.41 meV to 82 meV, or from 3
mm to 0.02 mm). This frequency range is sandwiched between two well-defined
frequency regimes – the photonic regime on the higher-frequency (or shorterwavelength) side and the electronic regime on the lower-frequency (or longerwavelength) side. This special location implies that one can use either optical or
electronic, or even better, both optical and electronic means, to generate, detect, or
manipulate electromagnetic waves.
The THz frequency range is rich scientifically, harboring a host of low-energy
elementary and collective excitations in condensed matter (phonons, plasmons,
magnons, spin resonances, superconducting gap excitation, … etc.) (1-7). Dynamical
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phenomena in solids, such as carrier scattering (8), recombination (9, 10), and
tunneling (11-13), typically occur on a time scale of picoseconds, which corresponds
to frequencies in the THz range. The characteristic energy of 4 meV (1 THz)
corresponds to a temperature of 46 K, which means that to explore THz phenomena
in condensed matter one needs to do measurements at liquid helium temperatures.
However, technologically speaking, the THz frequency range is poorly
developed. No mature solid state technology exists for the generation, detection, and
manipulation of THz electromagnetic waves, although some recent notable
breakthroughs exist, such 3D numerical simulations of THz generation by two-color
laser filaments (14), nonlinear generation of THz plasmons in graphene and
topological insulators (15), 28.3 THz nano-rectenna with a rectifier (rectenna) for
harvesting infrared energy (16), and THz modulation of the Hubbard U in an organic
Mott insulator (17-19). Figure 1.1 shows output frequency and power for exiting
THz lasers.
Hence, this frequency range is usually referred to as “the last frontier in the
electromagnetic spectrum to be exploited” or the “THz technology gap.”
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Figure 1.1: Output frequency and power for THz lasers.(20)

1.2. Graphene for Terahertz Science and Technology
Graphene, a one-atom-thick sheet of sp2-bonded carbon atoms arranged in a
honeycomb lattice, has attracted much attention since its first successful isolation in
2004 (21), due to its unique band structure and ultrahigh carrier mobilities, which
are promising for THz science and technology. Recent research shows that graphene
channel transistors and graphene photodetectors are expected to operate in the THz
range (22-27). Graphene plasmonic oscillators for THz generation have also been
proposed (28-30).
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Optically or electrically pumped graphene is predicted to exhibit population
inversion near the Dirac point due to ultrafast carrier relaxation and relatively slow
recombination lifetimes (29), which leads to a negative dynamic conductivity (that
is, a positive gain) in a wide THz spectral range (31). Furthermore, an optically
pumped THz laser has been proposed and substantiated with a Fabri–Perot
resonant cavity design (32). There have been many studies in recent years for the
development for graphene-based devices and toward microscopic in understanding
of unique carrier dynamics in graphene for THz applications (24).
Besides the promising perspective to make graphene THz lasers provided by
the special qualities of graphene, another potentially important area of THz
applications for graphene is THz modulation. Graphene THz modulators based on
intraband absorption have been proposed and achieved (33-36). Various research
groups have found different ways to modify the electronic properties of graphene by
tuning the Fermi level and changing the charge type. Both an electrically and
chemically tunable Fermi level of graphene has been used to modulate THz
waveforms (33), and the modulation depth has very recently been demonstrated to
be enhanced by extraordinary transmission through ring apertures (37).
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1.3. Scope of the Thesis
In Chapter 2, we describe the growth methods for two different types of
graphene – continuous, large-size single-layer graphene and signal crystal graphene
– using chemical vapor deposition (CVD). We also describe how to characterize the
morphology and quality of as-grown graphene samples using scanning electron
microscopy (SEM), optical microscopy, Raman scattering spectroscopy, optical
absorption spectroscopy, Fourier-transform infrared spectroscopy, and THz timedomain spectroscopy. DC electronic transport measurements on a
graphene/SiO2/p-Si field-effect transistor is also presented in Chapter 2, which can
provide information about graphene quality and can be treated as an alternative
means for optical measurements.
In Chapter 3, the effect of copper etchants in the transfer process on
graphene quality is discussed. We chose four different solutions that are commonly
used in graphene transfer to dissolve copper foils after growth and measured
electron mobility in both optical and electrical ways. Morphology of graphene
samples was also characterized by optical microscopy. It was demonstrated that a
commercial copper etchant can provide a better-quality graphene sample, i.e., a
graphene sample transferred with this etchant showed cleaner and more
continuous morphology and had higher electron mobility. We also investigated how
substrates affect the property of graphene. First, we made two types of graphene
samples – non-transfer, “free-standing” graphene and transferred graphene on
substrates such as PDMS , SiO2/p-Si, intrinsic Si, quartz and sapphire. We used the
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methods described in Chapter 2 to characterize these samples and demonstrated
that the non-transfer, “free-standing” graphene samples have better quality than
those transferred. This can be understood as a result of contamination and residues
introduced in the transfer process.
In Chapter 4, a simple method for controlling the transmission of THz
radiation through graphene transferred on a Kapton substrate by stretching is
introduced. The potential use of stretched graphene as a THz modulator is
illustrated, together with some Drude-model-based analysis and calculations about
charge carrier dynamics in graphene. This strain dependence of conductivity of
graphene is also demonstrated by DC electronic measurements.
In Chapter 5, significant enhancement of THz-wave absorption in monolayer
graphene is demonstrated. We use a total internal reflection (TIR) geometry which
allows the incident THz beam to be reflected by graphene four times at varying
incidence angles, both below and above the critical angle for TIR. Extremely large
THz absorption was observed, and for s-polarized radiation, the value is even larger
than p-polarized one. We compare the experimental results to calculations and find
out that they agree well with each other, incorporating realistic values of carrier
scattering time and Fermi energy.
Finally, in Chapter 6, we summarize this thesis work and propose some
future work on the projects.
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Chapter 2

Growth and Characterization of LargeArea Monolayer Graphene

2.1. Introduction
Graphene, which can be viewed as a one-atom thick layer of graphite and
obtained by mechanical or chemical exfoliation of graphite, is an allotrope of carbon
in the form of a two-dimensional, honeycomb lattice. Carbon atoms in graphene are
tightly sp2-bonded into hexagonal lattice, which can be regarded as two interleaving
triangular lattices and provides graphene stability.
Besides exfoliation, quite a few of approaches are also used to synthesize
graphene, such as plasma enhanced chemical vapor deposition (PECVD), thermal
decomposition, hydrothermal self-assembly (Tang-Lau Method), supersonic spray,
and un-zipping carbon nanotubes (21, 38-43).
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Many other uses for graphene have been proposed or are under development
because of its outstanding mechanical, biological, chemical and physical properties.
For example, graphene has the highest ratio of edge atoms of any allotrope, which
leads to a hundred times higher chemically reactivation than thicker sheets (44, 45).
Mechanically, it is strong, light, and an excellent conductor of heat and electricity
due to the long-range π-conjugation. Graphene, whose intrinsic tensile strength is as
high as 130 GPa and Young's modulus is 150,000,000 psi, is the strongest material
ever tested (46, 47).
Graphene is a zero-gap semiconductor. The existence of a Dirac point, where
its conduction and valence bands meet, gives it a number of interesting properties
such as tunable carrier densities (48-50) and predicted high nonlinearities
compared to traditional semiconductors (51-53). Also, graphene displays electron
mobilities as high as 15,000 cm2⋅V−1⋅s−1 at room temperature, with a theoretical
potential limit of 200,000 cm2·V−1·s−1 (limited by acoustic photon scattering).
Measured thermal conductivity of graphene is as high as 5300 W/mK (54).
In addition, graphene exhibits some exotic physical phenomena, such as the
optical nonlinear Kerr effect (it possesses a giant nonlinear Kerr coefficient of 10−7
cm2⋅W−1), an anomalous quantum Hall effect, and the Klein tunneling (38, 55).
Graphene is also a potentially interesting material for optical applications. For
example, the charge carrier density in graphene can be easily modified by electronic
gating, which can modulate the transmission of THz waves (33, 56). By further
applying an external magnetic field, a graphene transistor can also be used as a
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frequency-tunable (0.76-33 THz) detector (57). Graphene is also predicted to have
THz gain at room temperature in the presence of a degenerate electron-hole plasma
generated by optical pumping (58). Equally exciting is that graphene possesses
intrinsic plasmons that are tunable and adjustable (59). A combination of graphene
with noble-metal nanostructures also supports surface plasmon modes that are
tunable by electronic gating in the THz regime (59, 60), promising for novel
graphene-based plasmonic devices and a variety of other exciting applications for
conventional plasmonics.
In this chapter, we will discuss two different ways to grow graphene on
copper foil using chemical vapor deposition (CVD). Two different types of graphene
– continuous, large-size single-layer graphene and signal-crystal graphene – are
synthesized with different but similar methods. The morphologies and properties of
grown graphene were determined using scanning electron microscopy (SEM),
optical microscopy, Raman scattering spectroscopy, optical absorption spectroscopy,
Fourier-transform infrared spectroscopy, terahertz time-domain spectroscopy, and
DC electronic transport measurements.

2.2. Growth Methods
We used conventional chemical vapor deposition (CVD) methods for both
types of graphene growth with different designs and parameters (61). A 25-μmthick Cu foil (99.8%, Alfa-Aesar) was used as the substrate.
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Before the growth process, the Cu foil was first thoroughly cleaned by
sonication in 100-mL acetone for 30 minutes, washed by 200-mL isopropyl alcohol
(IPA) 3 times and 200-mL deionized (DI) water 3 times, and then dried in a dry-air
flow for 3 minutes.
The cleaned Cu foil was further polished using an electrochemical method
(62-64). The electrochemical polishing solution was made by mixing 100 mL of DI
water (ACS spectrophotometric grade, ≥ 99.9 %, Sigma-Aldrich), 50 mL of
orthophosphoric acid (ACS spectrophotometric grade, ≥ 99.5 %, Sigma-Aldrich), 50
mL of ethanol (ACS spectrophotometric grade, ≥ 99.5 %, Sigma-Aldrich), 10 mL of
IPA (ACS spectrophotometric grade, ≥ 99.5 %, Sigma-Aldrich), and 1 g of urea
(reagent grade, ≥ 98%, Sigma-Aldrich). We used a 1200ml beaker as the pool, a 25µm-thick 9 cm × 12 cm Cu foil (99.8%, Alfa-Aesar) as the anode, and the as-cleaned
Cu foil as the cathode. A constant 4.8 V voltage was supplied by a DC voltage source
(Kethlley 2400) for 60 seconds.
After electrochemical polishing, the Cu foil was immediately taken out from
the solution and sonicated in 100 mL acetone (ACS spectrophotometric grade, ≥
99.5 %, Sigma-Aldrich) for 60 minutes using an ultrasonic cleaner (model number).
Then the Cu foil was rinsed with 100-mL DI water 3 times, 100-mL ethanol 3 times,
100-mL IPA 3 times and further rinsed with 100-mL water 3 times, and then dried
with a dry-air flow. Electrochemical polishing can affect the quality of grown
graphene significantly.
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2.2.1. Growth of large-area, high-quality, and uniform monolayer graphene
films
As shown in Figure 2.1(a), a standard 2-inch-diameter quartz tube in a CVD
furnace was used as the reaction chamber, and a 1-inch-diameter quartz tube was
used as a “fast-cooling boat”.
The cleaned and electrochemically polished Cu foil was cut into a 3 cm × 4 cm
piece and loaded into the 1-inch quartz tube. Another piece of Cu foil with the same
size was loaded close to the opening of the tube. The second piece of Cu foil was
used to absorb any possible oxygen that might get into the growth chamber,
providing a pure growth atmosphere.
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(a)

(b)

Figure 2.1: (a) Sketch and (b) photograph of the graphene growth CVD system.

The detailed protocol used for the growth is as follows:
(1) The boat with two Cu foils is loaded in the left area of the 2-inch quartz
tube. The Cu foils stay outside the hot region.
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(2) The reaction chamber is evacuated to ~8 mTorr by a mechanical pump,
and to prevent oxidation, as a carrier and reduction gas, Ar/H2 gas mixture (15 vol%
H2 balanced by 85 vol% argon) is applied while maintaining 20 Torr pressure.
(3) The temperature of the furnace is slowly raised to 1000 °C in 20 minutes
and kept at 1000 °C afterwards. Then a magnetic rod is used to move the boat with
Cu foil into the hot region of the furnace.
(4) The Cu foil is kept there for 20 minutes to anneal the Cu substrate.
(5) The carbon source is introduced into the chamber at a rate of 3.5
scc/minute for 6 minutes 30 seconds. We use research grade CH4 (99.999% purity,
Matheson) as the carbon source, and an oxygen trap is loaded before the gas flow
goes into the reaction chamber.
(6) After growth, Cu foil is quickly removed from the hot region using a
magnetic rod again and cooled to room temperature. Methane is turned off
immediately, while the carrier gas Ar/H2 mixture is kept until everything completely
cools down.
(7) The sample is taken out of the furnace and transferred onto a desired
substrate.
2.2.2. Growth of large-size single-crystal graphene
CVD-grown large-area graphene samples are typically polycrystalline,
consisting of randomly oriented domains (or grains) separated by domain
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boundaries (65). For many applications, however, single-crystalline graphene is
desired, and it is expected that graphene without domain boundaries might have
significantly better quality, for example, a much higher electron mobility.
There have already been several reports on the growth of mm- and cm-sized
single-crystalline graphene by CVD (63, 66, 67), and we followed their steps to grow
our large-size single-crystal graphene samples.
Compared to the system we used for growing ploycrystalline samples, pure
hydrogen without argon, which is commonly used for large-size single-crystal
graphene growth (63, 67), was used as the carrier and reduction gas instead of
Ar/H2 gas mixture.
By controlling the flow rate of argon and hydrogen separately, we were able
to easily change the composition of the Ar/H2 gas mixture to further improve the
quality of graphene. A bypass made by a vacuum valve and a metering valve after
the growth chamber was also introduced into this system to control the chamber
pressure.
Figure 2.2 shows a sketch and a photograph of the large-size single-crystal
graphene growth CVD system.
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（a）

（b）

Gas In

Gas Out

Figure 2.2: (a) Sketch and (b) photograph of the large-size single-crystal
graphene growth CVD system.

A standard 1-inch quartz tube in a conventional CVD furnace was used as the
reaction chamber, and a 1-inch quartz tube cut into 1/3 in the axial direction was
used as the “fast-cooling boat”.
The detailed growth protocol used is as follows:
(1) The cleaned and electrochemically-polished Cu foil is cut into 2 cm × 3 cm
pieces and loaded on the boat. The boat is loaded in the left area of the growth
chamber, and the Cu foil stays outside the hot region of the furnace.
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(2) The reaction chamber is evacuated to ~ 3 mTorr. And then, to prevent
oxidation and evaporation, as a carrier and reduction gas, 4 scc/m of H2 is applied.
(3) Increase the chamber until it reaches ~ 500 Torr and then stabilized. This
is achieved by controlling the bypass.
(4) The temperature of the furnace is raised to 950-1050 °C in 10-30 minutes
before the Cu foil is moved into the hot region of the furnace by a magnetic rod.
Then the temperature is kept at 950-1050 °C for 20 minutes to 4 hours to anneal the
Cu substrate.
(5) The carbon source is introduced to the reactor at 0.01-0.15 scc/minute
for 8 minutes to 2 hours. Research grade CH4 is used as the carbon source.
(6) After the growth process, CH4 flow is turned off, and the Cu foil is quickly
removed from the hot region using a magnetic rod and cooled to room temperature.
The H2 gas flow is kept until the Cu foil completely cools down.
(7) Single-crystalline graphene of grain size ~ 40 μm is obtained by this
method. Larger grain sizes are hopefully achieved after further optimization of
growth parameters.

2.3. Characterization of CVD-Grown Graphene
A series of characterization methods, i.e., scanning electron microscopy
(SEM), optical microscopy, Raman scattering spectroscopy, optical absorption
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spectroscopy, Fourier-transform infrared spectroscopy, terahertz time-domain
spectroscopy, and DC electronic transport, were used to determine the morphology
and quality of graphene grown by the above-described methods.
2.3.1 SEM characterization
Figure 2.3 shows SEM images of typical continuous large-size monolayer
graphene on a Cu foil obtained by the method described in Section 2.2.1 with
different magnifications.
Figure 2.4 shows SEM images of two typical single-crystal graphene samples
on a Cu foil obtained by the method described in Section 2.2.2 with different
parameters. The domain size is as large as ~40 μm, and it shows a hexangular shape,
suggesting the single crystalline nature of the sample. The change of shape of each
domain is achieved by controlling the gas flow rate and pressure.
Stacked multilayer graphene samples on Cu foil were also obtained by
changing some of the growth parameters (data not shown here). On a continuous
monolayer graphene sample, stack-layered areas were formed randomly. More than
five layers were usually observed, and the number of layers was up to 8-10 with
certain growth parameters. The domain size of the second layer was ~30 μm, and
upper layers were progressively smaller, as shown in Figure 2.5(a). Figure 2.5(b)
shows a quadrilateral shape of single-crystal graphene obtained by increasing the
proportion of CH4 in the environmental gas.

31

(a)

200 µm

(b)

5 µm

Figure 2.1: SEM images of typical continuous large-size single-layer graphene
on Cu foil.
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(a)

(b)

Figure 2.2: SEM images of typical single-crystal graphene on Cu foil.

(a)

30 µm

(b)

200 µm

Figure 2.3: SEM images of typical graphene on Cu foil grown with different
parameters
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2.3.2 Raman characterization
Raman spectroscopy was used to assess the quality of, and determined the
number of layers of, the graphene samples grown by the methods described in
Section 2.2. To get a stronger Raman signal, graphene was transferred onto a SiO2/Si.
The transfer method is described in Section 3.2.1.
Raman spectroscopy is useful for characterizing graphene in terms of doping,
defect density, strain, and the number of layers (68, 69). The number of layers can
be estimated from the G’(2D)/G peak intensity ratio as well as the peak position and
line shape of the G’ peak. For monolayer graphene, the G’/G peak ratio is ~3 or
larger (and increases as graphene quality is improved), and the G’ peak position is
2692.5 cm−1 with a symmetric Lorentzian shape with FWHM ~30 cm−1. In addition,
the G/D ratio is a good measure of the density of defects (68, 69).
Figure 2.6 shows Raman spectra for typical continuous large-size (multidomain) monolayer graphene and single-domain graphene on a SiO2/Si substrate. It
is apparent that the single-domain graphene sample has better quality, since it
shows a stronger G’ peak and larger G/D ratio. After normalizing the data by the G’
peak intensity, as seen in Figure 2.6(b), it can be seen that the single-domain
graphene sample has a larger G'/G ratio as well as a larger G/D ratio, which means
that it has a single layer and better quality. Although they do have some differences,
these two types of samples actually have very similar Raman spectra and both have
good quality and are monolayered.
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Figure 2.6: (a) Raw Raman spectra and (b) Raman spectra normalized to the
G’-peak intensity of typical multidomain large-size monolayer graphene and
single-domain graphene on SiO2/Si substrate.
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2.3.3 Optical absorption spectroscopy in the ultraviolet, visible, and
near-infrared ranges
We measured optical transmission spectra for continuous large-size
(multidomain) monolayer graphene samples in the ultraviolet, visible, and nearinfrared ranges. The samples were grown by the method we described in Section
2.2.1 and then transferred onto a 1-mm thick sapphire substrate, which is
transparent in the visible range. The transfer method is further described in Section
3.2.1. The samples had a typical area of ~1 x 1 cm-2. We used a commercial UV-VisNIR Scanning Spectrophotometer (UV-3101PC) to carry the measurements.
Figure 2.7 shows optical transmission spectra in arbitrary units for a
sapphire substrate and a graphene-on-sapphire sample from ~240 nm to ~3200 nm.
From these two spectra, the transmittance of graphene was calculated and is shown
in Figure 2.8 in the same spectral range. A nearly flat spectrum with an attenuation
of 1.8~2.0% is seen, which is expected for monolayer graphene as shown in Figure
2.8. The noisy parts around 800 nm, 1400nm, 1800 nm and 2700 nm are artifacts,
due to change of gratings during the measurement.
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Figure 2.7: Optical transmission spectra of a sapphire substrate and a
graphene-on-sapphire sample compared to the air.
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Figure 2.8: A typical optical transmittace spectrum of monolayer, large-area
graphene sample on a sapphire substrate.

2.3.4 Fourier-transform infrared spectroscopy
For Fourier-transform infrared spectroscopy, we used a 440-μm-thick lightly
doped p-type silicon wafer (5−10 Ω-cm) capped with a 300-nm-thick SiO2 layer as
the substrate instead of sapphire.
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We used a commercial FTIR system (JASCO FT/IR-660 Plus) to carry out
transmission measurements in three infrared ranges by combining different types
of beam splitters and detectors: 100-600 cm-1, 400-7000 cm-1 and 7000-10000cm-1.
Figure 2.9 shows typical spectra for air, a SiO2/p-Si substrate, and a
graphene/SiO2/p-Si sample in the 400-7000 cm-1 range. The transmittance of
graphene in the whole inferred range is shown in Figure 2.10. We will provide
further discussion on the FTIR results in the next section, together with THz
transmission measurement results.
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Figure 2.9: Typical Mid-IR spectrum of Air, SiO2/p-Si substrate and
Graphene/SiO2/p-Si sample.
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Figure 2.10: Typical IR transmittace spectrum of a monolayer, large-area
graphene sample on SiO2/p-Si substrate.

2.3.5 Terahertz time-domain spectroscopy
We utilized a commercial terahertz time-domain spectroscopy system
(Advantest, TAS7500TS) to measure the optical conductivity of the large-area
graphene samples (the same samples as those used in Section 2.3.4). It is a terahertz
analysis system, consisting of an optical fiber laser module, a data acquisition
module, THz source modules (TAS1110), and a detector module (TAS1230).
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Figure 2.11(a) shows amplitude spectra of THz radiation transmitted
through air and the SiO2/p-Si substrate with and without graphene obtained
directly from this THz system in the range of 0.1-1.5 THz. The calculated
transmittance spectrum of graphene was calculated by simply dividing the THz
amplitude spectrum of the sample by that of the substrate and then combined with
the FTIR result at higher frequencies, as shown in Figure 2.11(b).
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Figure 2.11: (a) Typical amplitude transmisison spectra of air, a SiO2/p-Si
substrate, and a graphene/SiO2/p-Si sample in the THz frequency range. (b)
Transmittace of a monolayer, large-area graphene sample on SiO2/p-Si
substrate in the THz and IR ranges.
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The real part of the optical conductivity, σ ′ ( ω ), was obtained from the
transmittance T(ω) through the following equation:





'
    

T    1 
 1  nsub e 2 


2h 


-2

(2.1)

where α is the fine structure constant (= 1/137), nsub is the refractive index of the
substrate, e is the electronic charge, and h is the Planck constant. Then the
experimental data can be fit with the Drude model:

σ   
~

σ0
1  iτ

(2.2)

where σ0 is the DC conductivity and τ is the carrier scattering time.
A typical Drude model fitting result for the real part of the complex
conductivity for the p-doped silicon sample at room temperature is shown in Figure
2.12. As we can see from the figure, the agreement between experiments and the
Drude theory is quite acceptable. The obtained DC conductivity value is σ0 = 2.87 ×
10-3 S/m, and the obtained carrier scattering time value is τ = 73 fs.
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Figure 2.12: Typical Drude model fitting for the optical conductivity for the
graphene/SiO2/p-Si sample. Open circles are the experimental data and the
solid line is the Drude fitting curve.

We can obtain further information on carriers in graphene using the
following equations:

 e 
σ 0  en  en   (2.3)
m 

(2.4)

√

√

(2.5)
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where n is the carrier density,

is the Fermi velocity for electrons in

graphene, and  is the carrier mobility. Then we obtained n = 8 × 1012 cm-2, µ = 2140
cm2/(V·s), and Ef = 300 meV.
2.3.6 DC electronic transport
As we mentioned in Chapter 1, graphene has extremely high room
temperature mobility, which makes it a potential candidate for next-generation
micro/nano-electronic devices (70-73).

Additionally, one of graphene’s special

properties is the great tunability of charge carrier type and concentrations, which
can be utilized in a variety of devices, including THz modulators (74).
For the purpose of electrical transport measurements, eight electrodes were
defined at the corners and sides of a square-shaped graphene layer by electronbeam deposition of 3-nm Ti and 80-nm Au through a laser-cut shadow mask. Each of
the electrodes had 200 x 200 μm2 lateral dimensions, as shown in Figure 2.13. In
each measurement, two of the electrodes were used as the source and drain
electrodes. Another electrode was put on the back-side of the Si substrate as the
gate electrode. Raman spectra taken from several points of each of the samples
showed high-quality monolayer graphene (data not shown).
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Figure 2.13: Sketch of the gated large-area graphene device fabricated.

The DC resistance of the graphene sample was measured as a function of gate
voltage, as plotted in Figure 2.14. A maximum resistance was observed when the
gate voltage was ~20 V, and at all other voltages above and below 20 V, the
resistance decreased monotonically with the voltage change, indicating that the
Fermi energy at 20 V is closest to the Dirac point.

46

2500

SD Resistance (Ohms)

2000

1500

p

n

1000

500

-100

-50

0

50

100

Gate Voltage (V)

Figure 2.4. DC resistance at 0 μA source-drain current as a function of gate
voltage for a monolayer graphene sample.

From a simple capacitor model, when Vg = 20 V, we have n = Vg/ed ≈ 7 × 1014
m-2V-1·Vg ≈ 1.4 × 1016 m-2, where e is the electronic charge and d is the distance
between the two surfaces of the insulating layer, which is 300 nm, i.e., the thickness
of the SiO2 layer, in our experiments. The Fermi energy can then be calculated
through EF = ±ħvF(π|n|)1/2, where vF ≈ 106 m/s. Since Vg = 20 V corresponds to the
Diract point, the obtained EF value at Vg = 20 V is ~150 meV.
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2.4. Conclusions
Using an existing CVD process and optimizing growth parameters, we are
now able to grow continuous, large-size monolayer graphene sheets and singlecrystal graphene with grain sizes of several tens of μm.
The grown continuous large-size monolayer graphene samples were
transferred onto different substrates for further applications and investigations,
such as electron microscopy, optical microscopy, Raman scattering spectroscopy,
optical absorption spectroscopy, Fourier-transform infrared spectroscopy, terahertz
time-domain spectroscopy, and DC electronic transport measurement. All of these
characterization experiments indicate that our graphene samples’ quality is high.
They are continuous (large-size graphene) or well-shaped (single-crystal graphene),
clean, monolayered, and have a reasonable doping level.
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Chapter 3

Effects of Transfer Etchants and
Substrates on Graphene Quality

3.1. Introduction
Graphene is usually grown on a Cu foil, as we described in Section 2.2.
However, for characterization experiments and device applications, it is usually
necessary to transfer the grown graphene sheet onto a substrate.
Many convenient transfer ways have been developed, and the wet-etch
method [cite] is one of the most popular and efficient. However, damages to the
graphene sample can sometimes happen in this process since graphene is fragile
and delicate being a one-atomic-layer object. In addition, regardless of the transfer
method, the graphene sheets can get contaminated by residual metals (copper, iron)
with a large concentration (e.g., exceeding 1013 atoms/cm2 .(75)
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Here, we investigate graphene layers grown on Cu foils by chemical vapor
deposition and transferred onto SiO2/Si substrates by the wet-etch method with
four different types of copper etchants that are commonly used by researchers. We
studied which etchant is the best for the transfer purpose.
It has been reported that substrates also have influence on graphene quality.
For example, it has been demonstrated that graphene devices on single-crystal
hexagonal boron nitride (hBN) substrates show an enhanced mobility and carrier
homogeneity, as well as reduced roughness, intrinsic doping and chemical reactivity,
compared with traditional SiO2 substrates (76). If and how other commonly used
substrates would affect graphene quality become our concern, and we investigated
this issue here in this chapter as well.

3.2. Sample Preparation
We performed wet-etch transfer on as-grown graphene samples onto a 440μm-thick lightly doped p-type silicon wafer (5−10 Ω-cm) capped with a 300-nmthick SiO2 layer. The detailed graphene transfer protocol we used is as follows:
(1)

300 µL PMMA (4% in anisole) solution is put on top of the Cu foil with

graphene, cut into a 1 cm x 1 cm size, and then spin-coated at 3000 rpm for 60
seconds.
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(2)

The Cu foil is carefully put on the surface of the etchant and left over

until Cu foil is completely dissolved by the etchant, leaving the PMMA/graphene film
floating on the surface of the solution.
(3)

A glass slide is submerged into the solution to pick up the floating film.

The film is kept near the surface of DI water for 10 minutes to wash away remaining
solutions. This washing process is repeated for 3 times.
(4)

A desired substrate is dipped into the water to pick up the floating

film carefully, resulting in a PMMA/graphene film being attached smoothly on the
surface of the substrate.
(5)

The PMMA/graphene/substrate is left in air for 10 hours and then

vacuum dried at 70°C for 2 hours.
(6)

The sample is rinsed with acetone for 60 seconds for 3 times and

further rinsed with IPA for 3 times to dissolve the PMMA layer, leaving
graphene/substrate.
(7)

The sample is dried using a dry air flow.

We used four different types of copper etchants here to dissolve copper foil
in step (2) – HNO3, FeCl3, (NH4)2S2O8 and commercial copper etchant (1001875130,
Sigma-Aldrich).
NO2 bubbles were produced in the transfer process when HNO3 was used as
the etchant, and sometimes they can break from the graphene/PMMA film when the
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reaction was too strong. So we chose 1:8 diluted HNO3 solutions. It is a safe
concentration, and it takes 4-6 hours to completely remove Cu foil from the
graphene/PMMA film. The etching mechanism for HNO3 is described by
Cu + HNO3 → Cu(NO3)2 + NO2
FeCl3 is a safer choice than HNO3 since no gas is produced in the reaction. We
used 10% FeCl3 solution and found that it is an efficient etchant — the etching time
could be made as short as 10 minutes and the etching process did not cause
damages to the graphene sample. The etching mechanism for FeCl3 is described by
FeCl3 + Cu → FeCl2 + CuCl
FeCl3 + CuCl → FeCl2 + CuCl2
CuCl2 + Cu → CuCl
(NH4)2S2O8 is another type of etchant, with which it takes 1-2 hours to
dissolve the Cu foil at a concentration of 0.1 M. The etching mechanism for
(NH4)2S2O8 is described by
Cu + (NH4)2S2O8 → CuSO4 + (NH4)2SO4
(NH4)2S2O8 + H2O → H2SO4 + (NH4)2SO4 + (O)
Cu + (O) + H2SO4 → CuSO4 + H2O
Additionally, we used a commercial copper etchant (1001875130, SigmaAldrich) for removing Cu foil quickly and gently. It is a FeCl3-based solution, with
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some other chemicals included, but the full compositions are not disclosed by the
company.

3.3. Characterization
Not only the presence of impurities but also structural integrity is our
concern in graphene transfer because we are interested in finding an etchant that
contaminates graphene least and does not break the sample.
We first used optical microscopy to characterize the morphology of graphene
after transfer. We then performed DC transport measurements, in combination with
Raman spectroscopy, THz time-domain spectroscopy (TDS), and Fourier transform
infrared (FTIR) spectroscopy, to determine the carrier density and mobility.
3.3.1. Optical microscopy
Figure 3.1 shows optical microscopy images of graphene transferred onto
SiO2/Si substrates using (a) HNO3, (b) FeCl3, (c) (NH4)2S2O8, and (d) the Cu Etchant.
(NH4)2S2O8 and the Cu Etchant led to clean surfaces having less residues
observed through optical microscopy. FeCl3 and the Cu Etchant, two etchants that
both have Fe3+ as the active ingredient, led to more continuous morphologies of
graphene with lower amounts of cracks and holes. Graphene transferred with HNO3
had the largest number of holes due to NO2 bubbles produced in etching, as we
mentioned before.
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So, as far as morphology is concerned, we may say that the commercial Cu
Etchant is the best one that can provide clean and undamaged graphene samples
after transfer.

Figure 3.1: Optical microscopy images of graphene transferred onto SiO2/Si
substrates with (a) HNO3, (b) FeCl3, (c) (NH4)2S2O8 and (d) the Cu Etchant.

3.3.2. Raman spectroscopy
We performed Raman measurements for monitoring the doping level of
graphene (77). The frequencies of the G and 2D peaks shift as a function of doping.
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In addition, the G and 2D peaks have different doping dependence, and thus, the
2D/G intensity ratio changes significantly with doping, making it a sensitive
parameter to monitor the doping level.
Figure 3.2 plots Raman spectra in the G (left) and 2D (right) regions for
different graphene samples transferred onto SiO2/Si substrates with the four
etchants mentioned before. The black, red, green, and blue lines correspond to
HNO3, FeCl3, (NH4)2S2O8, and the commercial Cu Etchant, respectively.
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Figure 3.2: Raman spectra for graphene samples transferred onto SiO2/Si
substrates with HNO3, FeCl3, (NH4)2S2O8, and the Cu Etchant.

Table 3.1 lists the frequencies of the G and 2D peaks and their corresponding
electron densities calculated from the reported peak frequency-doping relationship.
The Fermi energy, EF, of graphene can be calculated through EF = ±ħvF(π|n|)1/2,
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where vF ≈ 106 m/s and n is the charge density. We used the average charge density
calculated from the G peak and 2D peak. The corresponding values of EF were then
obtained and are shown in Table 3.1 as well.

G Peak

n

2D Peak

n

EF

(cm–1)

(1012 cm-2)

(cm–1)

(1012 cm-2)

(meV)

HNO3

1595

10

2697

18

406

FeCl3

1588

5

2695

12

287

(NH4)2S2O8

1593

8

2697

18

363

Cu Etchant

1585

3

2689

4

203

Etchant

Table 3.1: Raman peak positions and the corresponding doping densities for
graphene transferred with different etchants.

The exact position of each peak slightly varied from sample to sample, and so
in order to estimate the statistical errors of the values, we studied a large number of
samples. Figure 3.3 shows the positions of the G and 2D peaks obtained from ~30
different graphene samples that were grown and transferred onto SiO2/Si
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substrates at the same time. It is clear that the data points are grouped by the
etchant solution used.

-1

2D peak position (cm )

2685

2680

2675

2670

HNO3
Cu Etchant
2665

1585

1590

1595

-1

G peak position(cm )

Figure 3.3: Statistics of Raman peak positions of graphene transferred with
HNO3 and Cu Etchant on SiO2/Si substrates.

From the position of both peaks, it can be seen that FeCl3 and the Cu Etchant,
the two etchants that have Fe3+ as the active ingredient, provide lower charge
densities than the other two etchants, indicating a lower doping capability of irons.
The commercial Cu Etchant led to the smallest value, while HNO3 led to the largest
value of charge density. Interestingly, although FeCl3 caused more residues, as
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observed under an optical microscope, than (NH4)2S2O8, graphene transferred with
it actually had a lower doping level.
The Fermi levels for all the samples obtained here are on the order of several
hundreds of meV. These values agree with the previously reported values for CVDgrown graphene (33).
3.3.3. DC transport measurements
In combination with Raman spectroscopy measurements, we also performed
DC electronic transport measurements on a graphene/SiO2/p-Si FET. To determine
the doping level and electron mobility of the sample, transferred graphene was
made in a Hall bar structure using photolithography.
The detailed protocol used for photolithography is as follows:
(1)

Graphene is transferred to a 440-μm-thick lightly doped p-type silicon

wafer (5−10 Ω-cm) capped with a 300-nm-thick SiO2 layer using the method
described in Section 3.2.
(2)

Photoresist

S1813

is

directly

coated

on

the

as-prepared

graphene/SiO2/p-Si FET sample and subsequently baked at 110 ℃ for 60 s.
(3)

After prebaking, the sample with photoresist is exposed to a pattern

of light using a previously made mask with a mask aligner (EVG 620).

59

(4)

Develop structures in MF-321 for approximately 60 seconds and then

washed in DI water. Inspect under an optical microscope.
(5)

The rest part of graphene is etched using a reactive ion etching system

(Oxford Plasmalab System 100/ICP 180) and plasma etching using O2 and Ar.
(6)

The sample is rinsed with acetone for 60 seconds for 3 times and

further rinsed with IPA for 3 times to dissolve the photoresist, and then is dried by
N2 flow.
Figure 3.3 shows an optical image of a Hall bar structure with a length of 150
µm and a width of 50 µm made from graphene transferred with the Cu Etchant.
The DC resistance of the sample as a function of gate voltage is shown in
Figure 3.4. Maximum resistance is observed when the gate voltage is ~76 V, that is,
at all other voltages above and below 76 V, resistance decreases monotonically with
the voltage change. This suggests that the Fermi energy at 76 V is closest to the
Dirac point. The value is higher than what we showed in Section 2.3.6, likely due to
the photoresist residues and contaminations caused by the photolithography
process.
The trend among the four types of etchants is still clear, and the calculated
carrier densities and electron mobilities are listed in Table 3.2.
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Figure 3.4: Optical microscope images of graphene/SiO2/p-Si Hall-Bar sample.
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Figure 3.5: DC resistance at 0 μA source-drain current as a function of gate
voltage for a graphene/SiO2/p-Si Hall bar sample.

The Fermi levels for all the samples obtained here are in the range of 200400 meV, which are close to the values we obtained from Raman spectroscopy, just
as the carrier densities, which are on the order of 1012 cm-2.
Relatively speaking, FeCl3 and the Cu Etchant, the two etchants that have Fe3+
as the active ingredient, correspond to the lowest charge densities. The commercial
Cu Etchant leas to the smallest value, while HNO3 leads to the largest value of charge
density. All these agree with the results from Raman spectroscopy.
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Dirac Point

n

Fermi energy

Resistance

Mobility

(V)

(1012 cm-2)

(meV)

(k ohms)

(cm2/(V·s))

HNO3

132

9.24

390

10.7

~5000

FeCl3

98

6.86

338

9.86

~6000

(NH4)2S2O8

111

7.77

358

7.21

~8000

Cu Etchant

76

5.32

296

6.01

~9000

Etchant

Table 3.2: Dirac point, carrier density, Fermi energy, resistance and mobility
for graphene transferred with different etchants from Raman spectroscopy.

The Hall mobility µ = 1/enR (in units of cm2/(V·s)) was calculated from the
electron charge e, the carrier density n and the resistance R for each sample, and
then listed in Table 3.2. The value of mobility of graphene transferred with different
solutions increases in the order of HNO3, FeCl3, (NH4)2S2O8, and the Cu Etchant.
3.3.4. THz and FTIR spectroscopy
We also studied Fermi level changes due to etchants using terahertz (THz)
time-domain spectroscopy (TDS) and conventional Fourier transform infrared
(FTIR) spectroscopy.
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The THz-TDS system utilized to measure the optical conductivity of our
large-area single layer graphene samples is a typical system that we used in most of
the measurements. A mode-locked Ti:Sapphire laser (Coherent, Inc., MIRA 900) is
pumped by a 5-W diode-pumped solid-state Nd:YVO4 laser (Coherent, Inc., Verdi) to
provide a femtosecond pulsed laser beam at a wavelength of 800 nm. The pulse
laser beam is then split into two by the beam splitter. One is called the pump beam,
which goes through a mechanical chopper and then focused onto a <110> ZnTe
nonlinear crystal to generate THz radiation. The generated THz beam passes
through the sample and then is collected and focused onto the center gap of the
detector, a photoconductive antenna made by depositing two metal lines with a
dipole separated by 5 µm on a GaAs substrate. The other beam is called the probe
beam, which passes through the time-delay stage and is also focused onto the dipole
center gap and generates transient photocarriers. The electric field of the THz beam
drives the photocarriers to produce a photocurrent, which is proportional to the
amplitude of the THz electric field. The signal is amplified and sent to the lock-in
amplifier (SR830, Stanford Research Systems), and then recorded by the computer
(78), as shown in Figure 3.6(a). Subsequently, Fourier transformation is used to
extract a spectrum in the frequency domain from the time-domain data, as shown in
Figure 3.6(b).
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Figure 3.6: Typical THz (a) waveform in the time domain and (b) amplitude
spectrum in the frequency domain.

The FTIR system we used was a commercial spectrometer (JASCO FT/IR-660
Plus), as we described in Section 2.3.4. By combining different types of beam
splitters and detectors, we were able to obtain spectra in a frequency range from
100 cm−1 to 10000 cm−1.
The transmittance spectrum T(ω) of graphene was obtained by ratioing the
transmitted signal through the graphene/substrate sample to that obtained for an
empty reference SiO2/Si substrate with the same thickness. Figure 3.7(left) shows
transmittance spectra calculated from the THz amplitude spectrum of reference and
four samples transferred with different etchants in the range of 0.2-2.0 THz. The
transmittance is defined as T(ω) = |Ẽs(ω)/Ẽr(ω)|2, where Ẽs and Ẽr are the complex
THz signals in the frequency domain after Fourier transform from their time-
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domain data for the graphene/substrate sample and reference (SiO2/Si),
respectively.
The THz data was combined with FTIR data shown in Figures 3.7(right) at
higher frequencies, as shown in Figure 3.7.
1.1

Transmittance

1.0

0.9

HNO3
FeCl3
(NH4)2S2O8

0.8

Cu Etchant

0.7
2

4

6

8

10

12

14

16

Frequency (THz)
Figure 3.7: THz(left) and FTIR(right) transmittance of graphene transferred
onto SiO2/Si substrates with HNO3, FeCl3, (NH4)2S2O8, and the Cu Etchant.

As we demonstrated in Section 2.3.5, the real part of graphene’s 2D sheet
complex conductivity σ′(ω) was obtained from Equation (2.1), and experimental
data σ′(ω) can then be fit with the Drude model to deduce the carrier density and
mobility. The deduced values are listed in Table 3.3:
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DC conductivity

Scattering time

n

Mobility

(2πe2/h)

(ps)

(1012 cm-2)

(cm2/(V·s))

HNO3

23

15

10

406

FeCl3

28

18

5

689

(NH4)2S2O8

34

14

8

423

Cu Etchant

33

29

3

2100

Etchant

Table 3.3: DC conductivity, carrier density, Fermi energy, resistance and
mobility for graphene transferred with different etchants substracted from
THz and FTIR data.

Carrier densities, which are on the order of 1012 cm-2 for all the samples
obtained are close to the values obtained from Raman spectroscopy and DC
transport measurements, and have the same trend among the four different
etchants: The value of carrier density of graphene transferred with different
solutions increases in the order of HNO3, (NH4)2S2O8, FeCl3, and the Cu Etchant.
The mobilities we obtained from THz and FTIR measurements show smaller
values than those we obtained from DC transport measurements, but the trend is
still the same: The value of mobility of graphene transferred with different solutions
increases in the order of HNO3, FeCl3, (NH4)2S2O8, and the Cu Etchant. The difference
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between the values got from different methods can be straightforwardly understood,
since DC transport measurements are measuring local conductivity in the small
area of Hall-Bar sample, and THz and FTIR measurements are more likely to
measuring the global conductivity since beam size is quite big. Small relatively
perfect part of graphene can have higher mobility than the hole piece with defects
and contaminations, so DC transport measurements may get higher value. Some
publications go into the very same set of questions (79).

3.4. Substrate Effects
It has been demonstrated that substrates can obviously affect graphene
characteristics (76) by scattering from charged surface states and impurities,
substrate surface roughness (80-82), surface optical phonons (83, 84), and so on.
Hence, clear understanding of substrate effects is important for potential
applications of graphene. For example, suspending graphene above the substrate
can make improvement in device quality (76, 85, 86), but this geometry is hard to
achieve and has severe limitations on device architecture and functionality. Singlecrystal hexagonal boron nitride (h-BN) (76), which has been demonstrated to be one
of the best substrates for graphene, can enhance graphene mobility, reduce carrier
inhomogeneity, and reduce intrinsic doping compared to graphene transferred onto
SiO2 substrates, but the device architecture and functionality are still limited by the
size and properties of h-BN.
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To achieve these goals, as-grown graphene samples were transferred onto
different substrates, including a 2-mm-thick TOPAS (cyclic olefin/ethylene
copolymer) substrate, a 1-mm-thick intrinsic silicon wafer (resistivity = 500010000 Ω-cm) without any SiO2 layer, a 1-mm-thick intrinsic silicon wafer (resistivity
= 5000-10000 Ω-cm) with a 50-nm-thick E-beam evaporated Cr layer on top, a 440μm-thick lightly p-doped silicon wafer (resistivity 5-10 Ω-cm) capped with a 300nm-thick SiO2 layer, a 400-μm-thick moderately n-doped silicon wafer (resistivity
0.1-1 Ω-cm) capped with a 285-nm-thick SiO2 layer, and an 80-µm-thick black poly
film, by the methods we described in Section 3.2.
In addition, a special type of samples we prepared are nearly freestanding
graphene samples with easily controllable size and pattern. They can be obtained by
using the following steps:
(1)

300 µL PMMA (4% in anisole) solution is put on top of the Cu foil with

graphene and cut into 1 cm x 1 cm size, and then spin-coated at 3000 rpm for 60
seconds.
(2)

The Cu foil is then turned over, and Photoresist S1813 is deposited on

the surface. Standard photolithography techniques are used to partially remove the
S1813 layer, making Cu exposed and making a desired pattern, as shown in Figure
3.8 (a) and (b).
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Figure 3.8: Back side of Cu foil covered by S1813 with two typical types of
patterns before and after etching.

(3)

The Cu foil is turned over again and carefully put on the surface of the

etchant and left over. The part of Cu foil that is not protected by S1813 is completely
dissolved by the etchant, leaving a graphene/PMMA layer there, as shown in Figure
3.8 (c) and (d).
(4)

The floating film is picked up and kept near the surface of DI water for

10 minutes to wash away remaining solutions. This washing process is repeated for
3 times.
(5)

The film is left in air for 10 hours to dry.
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The size of this graphene/PMMA sample can be as large as several
centimeters in diameter, or as small as 50 µm in diameter, depending on the
patterned mask used in step (2), as shown in Figure 3.9. This graphene/PMMA
sample can actually be treated as nearly freestanding graphene in the THz range
since the thin layer of PMMA is nearly transparent in this range.

Figure 3.9: Pictures for graphene/PMMA sample with different sizes.

For all of these samples, the commercial Cu Etchant was used in the etching
process since it has already been proved as the best etchant earlier in this chapter.
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We then performed THz time-domain spectroscopy (TDS) and Fourier transform
infrared (FTIR) spectroscopy measurements on these films using the methods we
described in Section 3.3.4.
Transmittance of graphene on these substrates was measured, and the real
part of graphene’s 2D sheet complex conductivity σ′(ω) was obtained from Equation
(2.1). The experimental data σ′(ω) was then be fit with the Drude model to
determine the carrier density, scattering time, as shown in Figure 3.10. It is clearly
shown on the figure that dots with the same color group together, which means that
graphene samples on different substrates do have different characteristics.
We see that polymers, such as TOPAS, black polyethylene, and PMMA, tend
to lower the mobility, while inorganic substrates, such as SiO2, intrinsic silicon, and
Cr/i-Si, tend to maintain relatively high mobilities.
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Figure 3.10: Scattering time and mobility for various graphene samples on
different substrates, obtained from THz-TDS and FTIR measurements.

It is interesting that graphene samples on SiO2 on n-type silicon and p-type
silicon wafers have different characteristics. Since graphene does not have direct
contact with silicon in these cases, we speculate that it is the SiO2 layer that causes
this difference. Considering that these two wafers were provided by different
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companies and the p-doped wafer was much more pricy, we expect that the quality
of SiO2 layer is important for substrate-supported graphene.

3.5. Conclusions
As grown graphene samples on Cu foil were transferred onto various
substrates using wet etching. We found that different etchants lead to different
quality of graphene after transfer. Four types of etchants were investigated in this
chapter, HNO3, FeCl3, (NH4)2S2O8, and a commercial copper etchant, and the last was
illustrated to be the best etchant for graphene transfer since it leads to the best
structural integrity, the least residues, and the smallest doping carrier concentration
from optical microscopy, Raman spectroscopy, DC transport measurement and THzFTIR measurements.
Different substrate materials were used to investigate the substrate effects of
transferred graphene, and they were characterized through THz-TDS and FTIR
measurements. In terms of graphene carrier density, mobility, and scattering time,
we found that inorganic substrates show better performance than organic ones.
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Chapter 4

Modulation of Terahertz Waves in
Graphene through Strain Tuning

4.1. Introduction
Graphene is known as the strongest material ever measured, with a Young’s
modulus of 1 TPa and an intrinsic strength of 130 GPa (87). It is reported to be able
to sustain reversible tensile elastic strain larger than 20% (87, 88). This provides
possibilities to tune and control the properties of graphene through strain (88, 89).
For example, strain applied to graphene can modulate the principal
vibrational frequencies by changing its topological structure (90). A uniaxial strain
applied to graphene can also develop and then close a small band gap. If the uniaxial
strain is applied along a certain direction, increasing of strain would lead to quick
decreasing of Fermi velocity parallel to the strain direction until it drops to 0 (91).
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Electrical conductance of graphene also changes with strain, and this has been
reported many times (92, 93). Furthermore, characteristic Raman peaks of graphene
shift with deformation (94-97).
In this chapter, we use THz time-domain spectroscopy to investigate how the
strain dependent properties of graphene can change THz transmittance, expecting
to find out if graphene can be used to develop strain THz modulators.

4.2. Sample Preparation
Graphene was grown by the methods described in Section 2.2 and then
transferred by the method described in Section 3.2 onto a 50-µm-thick flexible
polyimide substrate, Kapton (Cole Parmer, 0827784).
Kapton is flexible, strong, and chemically resistant. Importantly, it is
transparent in the THz range just as PMMA, but it is much stronger than PMMA.
These properties make Kapton a perfect substrate for our purposes.
In our experiments, we cut graphene was cut into a 6 mm x 6 mm piece and
transferred it onto a 2 cm x 1.5 cm size Kapton substrate, as shown in Figure 4.1.
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Figure 4.1. Sketch of the graphene/Kapton sample fabricated.

4.3. Experimental Methods
We used a homemade, mechanical-optical testing system, shown in Figure 4.2.
for streching graphene/Kapton samples.
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Figure 4.2. Homemade strain-controllable mechanical-optical testing system

We clamped the sample in the sample loading area and placed it in our
commercial THz time-domain spectroscopy system (Advantest, TAS7500TS), as
shown in Figure 4.3. The THz wave was normal incident onto the sample, and the
transmitted wave was detected and recorded as a function of strain, as detailed in
Section 3.3.
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Figure 4.3. Homemade strain-controllable mechanical-optical testing system
placed in THz system

We used this system for correlating strain and THz response. The displacement
was controlled by a Picomotor with a displacement resolution of 30 nm/step. The force
capacity of the Picomotor was 22 N, and the travel range was 0.5 inch (12.7 mm). The
maxium width of the substrate was ~15 mm. The homemade mechanical-optical testing
system can either stand or lie down on a table and be also suitable for Raman
experiments.
The mechanical-optical testing system was mounted on a stage that allowed
us to provide perpendicular displacement and control the THz beam to go through
either the area with or without graphene on Kapton. For each strain, both areas
were measured, and the data were recorded as “sample” and “reference”. By doing
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this, we were able to remove the effect of strain on THz trasmission through Kapton
and thus look into effects related to graphene alone.

4.4. Experimental Results
Figure 4.4 shows a typical transmitted time-domain THz waveform of a
graphene/Kapton sample.
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Figure 4.4. Typical THz time-domain waveform through a graphene/Kapton
sample.

Corresponding frequency-domain data (now shown here) was obtained by a
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direct fast Fourier transform (FFT) of the time-domain data, and the transmittance
of Kapton was calculated by normalizing the frequency-domain data of Kapton to
that of air, and the transmittance of graphene was calculated by normalizing the
frequency-domain data of graphene to that of Kapton with the same strain.
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(a)

(b)

Figure 4.5. Transmittance of Kapton substrate and graphene under different
strains up to 8%
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Figure 4.5 shows the transmittance of the Kapton substrate and graphene
under different strains. Up to ~8% of strain is shown here; we could actually go up
to ~30% before the substrate breaks.
The strain applied to the sample was increased by adding ~1% per step. We
can see from Figure 4.5(a) that Kapton is highly transparent in the THz range, and
its transmittance stays constant under stretching.
Compared to the Kapton substrate, the transmittance of graphene is strain
sensitive, as shown in Figure 4.5(b), agreeing with our expectation since it has been
reported that graphene DC conductivity changes with strain. By stretching the
sample with our homemade strain-controllable mechanical-optical testing system,
the transmittance of graphene increases, which implies that the conductivity
decreases, as we discussed in Section 2.4.
This change is notable. The transmittance changes by ~30% at 0.2 THz with
8% strain. However, when we gradually released the sample by decreasing the
strain by 2% per step, the transmittance did not go back. This implies that even with
strains below 8%, permanent changes were still made to graphene. Possible
mechanisms include interfacial sliding between graphene and the substrate, tearing
of graphene, and opening and closing of graphene rips.
A similar measurement was then conducted on a fresh sample with a maxim
strain of 3% with 0.3% per step of increasing. As shown in Figure 4.6, the results
obtained for this sample were quite similar to those described above. That is, we
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were not able to recover the transmittance after one strain-relaxation cycle, and this
actually agrees with the DC conductivity measurements that we also conducted.

Figure 4.6: Transmittance of graphene under different strains up to 3%

Figure 4.7. Sketch of the eletrodes on graphene/Kapton sample fabricated for
investgating the effect of strain on DC resistance.
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Figure 4.8 shows how the DC resistance of the graphene/Kapton sample
changes with strain. In this experiment, two electrodes were put on the two sides of
graphene and then wired, as shown in Figure 4.7.

A DC voltage supply

(Keithley,Model 2400) was connected between the electrodes to provide a constant
voltage and measure the resistance of graphene.
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Figure 4.8: DC resistance change of graphene as a function of strain up to 18%.

Strain was applied to the graphene/Kapton sample, again using the straincontrollable mechanical-optical testing system. We increased the strain by 1% per
step and went up to 18% along curve (1). Afterwards, the sample was released by 1%
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per step until it went back to the orginal legnth along curve (2). The resistance of
graphene was measured at each step and recored (data not shown). The change of
DC resistance was calculated by dividing the resistance at a certain strain by the
resistance without strain.
From Figure 4.8, we can see that the graphene DC resistance increases with
strain almost linearly from 0% to 18%, reaching an increase of ~500% at 18%
strain. The DC resistance did not decrease when the sample was released, which
agrees with the phenomena we saw in THz measurements.
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Figure 4.9: DC resistance change and reversibility of graphene under different
strains up to 3%

Similar measurements were then conducted on a fresh sample with a
maximum strain of only 3% with 0.2% per step. As shown in Figure 4.9, this strainrelaxation process was repeated three times along curves (1) to (6). We were still
not able to completely recover the resistance after stretching by simply releasing
the sample. However, different from the former measurements, we can note three
important features of the data: First, during the initial application of strain along
curve (1), the resistance increases (for this sample, by approximately 15%). Typical
values for this initial increase in other devices ranged from 10% to 20% of the
starting resistance. Second, the resistance of the device decreases as the applied
strain is relaxed along curve (2) by 8% for this device, and typically by between 6%
and 12%. Finally, in subsequent strain-relaxation cycles over the same strain range,
the resistance changes only moderately compared to the first cycle.
Interestingly, graphene resistance increases by ~15% with 3% strain for the
initial application of strain in DC resistance measurement, which means the
conductivity decreases by ~15%. This value also agrees with the THz measurements,
which also shows ~15% of conductivity change with 3% strain.
Further measurements were performed with another fresh
graphene/Kapton sample. We increased the strain by ~0.2% per step, and went up
to only 1% strain in total, wishing to see a reversible change of THz transmittance.
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In the DC resistance measurements, the resistance changed by ~1% when graphene
was stretched by 0.2% in length, and this change were fully reversible when the
sample was released. We repeated this strain-relaxation process for more than 50
times, and the no-strain resistance was all the same. However, no significant change
of THz transmittance was observed even we stretched the sample by 1% (data not
shown).

4.5. Conclusions
THz transmittance of graphene changes significantly with strain up to ~30%,
but it is not reversible. Under the application of strain over the range up to 8%,
graphene on a Kapton substrate increased its THz transmittance by ~30% at 1.2
THz, and the relaxation of sample did not recover the original transmittance.
We decreased the strain range to 3% and got similar results. Further
decreasing the strain range to 1%, however, led to vanishingly small change in THz
transmittance.
DC resistance measurements under strain demonstrated that the graphene
resistance cannot be fully recovered after strain-relaxation cycles with 18% and 3%
of strain.
These results suggest that, although strain induced changes in THz
transmission, those changes were not reversible. Therefore, we were not able to
achieve a strain-tuned THz modulator, as we had expected. Further investigations
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are needed to increase the efficiency of strain-induced changes so that one can stay
in the reversible regime to induce and repeat THz transmission modulation.
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Chapter 5

Enhancing Terahertz-Wave Absorption
in Monolayer Graphene via Evanescent
Wave Coupling

5.1. Introduction
Graphene absorbs light at any frequency – from DC to sunlight. The strength
of absorption through the interband transition at any frequency is given by a
combination of natural constants, e2/4ħ, which corresponds to 2.3% absorption per
layer for normal incident light (98-101). For intraband free-carrier absorption, the
amount of absorption can be larger, up to ~30 times larger than interband
absorption, depending on the carrier density (33). While these numbers are
impressively large considering the atomically thin nature of graphene, they are too
small for practical purposes, limiting its application in optoelectronic devices (56),
such as photodetectors (102-104), optical antennas, and solar cells. Therefore,
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enhancing light absorption in monolayer graphene has become one of the goals in
this research field.
Some of the previous attempts utilized techniques that were complicated and
expensive, making them not that viable and accessible. For example, 100% light
absorption can take place in a single patterned sheet of doped graphene nanodisks
(105). Surface plasmon enhanced absorption and suppressed transmission are
predicted to take place in periodic arrays of graphene ribbons (106). Monolayer
graphene has been demonstrated to have total absorption in the near-infrared and
visible wavelength ranges by critical coupling with a photonic-crystal guided
resonance (107) and, by doping/gating, graphene can exhibit higher absorption in
the GHz-THz range (108-110).
Practical ways to get high optical absorption in graphene is required. Nearly
100% absorption of an electromagnetic wave in the THz frequency has been
proposed for a system consisting of two monolayers of graphene (111). Last year, it
was also proposed that the absorption of graphene in the 0.01-0.1 THz range can be
tuned from 0 to nearly 100% by varying the Fermi energy of graphene when the
angle of incidence of the electromagnetic wave is kept within a total internal
reflection geometry (112).
As an economic and practical method, although a large mobility of graphene
or a high Fermi energy is needed (EF of 1 eV), which is hard to access in experiments,
it is still very interesting to be realized experimentally. On the other hand,
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polarization and angular dependent graphene reflection in the THz range has not
been experimentally measured, although it is quite attractive.
In this chapter, we demonstrate enhancement of THz-wave absorption in
monolayer graphene in the 0.6-1.6 THz range by using a total reflection geometry
with a parallelogram shaped TOPAS substrate.

5.2. Sample Preparation
We prepared parallelogram-shaped TOPAS prisms with 45°interior angles to
guide THz waves in our experiments. As reported before, in the THz range,
refractive index n of TOPAS is ~1.525, and its absorption coefficient is almost zero,
indicating that TOPAS is a good transparent dielectric with high potential for
applications in THz photonics such as ultra-broadband polymer-based dielectric
mirrors, waveguides, and fibers (113).
By attaching two pieces of TOPAS together, we were able to realize a
geometry shown in Figure 5.1. A THz beam propagating in the x-direction is normal
incident onto the left surface of the first prism, gets reflected twice within the prism
by the lower and top internal surfaces, passes through the joint surface under
normal incidence, goes into the second prism, experiences two more internal
reflections, and then goes out of the right surface of the second prism. All of the
incident angles at the four reflections are 45°, and the THz beam is s-polarized when
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incident onto the four reflections for the geometry shown in Figure 5.1, if the THz
wave is horizontally polarized.
It can be easily found that this two-prism structure would not change the
THz beam propagation direction or introduce any beam displacement, making it act
as a waveguide.

Figure 5.1: Sketch of the graphene/TOPAS two-prism device.
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Continuous, large-size monolayer graphene grown by the method described
in Section 2.2 was then transferred onto the reflection surfaces of TOPAS by using
the method described in Section 3.2. Since four reflections take place in one pass
though this structure, we can control the number of reflections by graphene from 0
to 4 by controlling graphene’s presence on each reflection surface, as shown in the
right part of Figure 5.1.
Experimentally, we transferred four pieces of graphene with different sizes
onto different positions of the four surfaces, as shown in the left part of Figure 5.1,
and by moving the entire structure along the y-axis, we were able to control the THz
beam pass through the area with a desired number of graphene reflections. A
photograph of this graphene/TOPAS two-prism structure is shown in Figure 5.2.
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Figure 5.2: Photograph of the graphene/TOPAS two-prism structure.

As mentioned before, in this geometry, all of the incident angles at the four
reflections are 45°. We also prepared a single-prism graphene/TOPAS sample for
angular dependence measurements, as shown in Figure 3.3.
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Figure 5.3: Angular dependence measurements.

Graphene was transferred onto the top and lower surface of the TOPAS prism,
which means that we had two graphene reflections in this case. The propagation
direction of the THz beam would not change after passing though the sample, but a
minor displacement takes place, which was compensated by adjusting the location
of the off-axis parabolic mirror right after the prism in the setup. By rotating the
sample, we were able to control the incident angle of graphene reflections from 25°
to 70°.

5.3. Experimental methods
A

commercial

THz

time-domain

spectroscopy

system

(Advantest,

TAS7500TS) was utilized to perform THz transmission measurements, as described
in Section 2.3.5. A 2-mm-diameter aperture and metal blocks were used to restrict
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the THz beam size and block any THz waves that were not reflected four times in the
two-prism TOPAS structure, as shown in Figure 5.4.

Figure 5.4: Sketch of the two-prism graphene/TOPAS device, together with the
incident and transmitted THz beams with 4 graphene reflections.
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The sample was mounted on a 3D-stage, which allowed us to let the THz
beam go through the desired portions of the device with a desired number of
graphene reflections. A photograph of the experimental setup is shown in Figure 5.5.

Figure 5.5: A photograph of the experimental setup used for THz transmission
experiments on the graphene/TOPAS structure.

The THz wave was horizontally polarized in the system shown above. We
were also able to control the incident wave polarization in the four internal
reflections by turning the sample: if the two-prism device is “laid down” as shown in
Figure 5.1, the incident THz wave was s-polarized; if the two-prism device was
“standing up,” the incident THz wave was p-polarized, as shown in Figure 5.6. A 3D
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stage was used to move the device so that the THz beam could go through the
desired area of the device.

Figure 5.6: Photographs of the sample mount for s- and p-polarized
measurements.
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For angle-dependent measurements, a rotatable stage was used to tilt the
single-prism sample to desired angles, as shown in Figure 5.7.

Figure 5.7: Photographs of the setup used for angle-dependent measurements.

5.4. Experimental results
We first studied the basic THz characteristics of graphene on TOPAS. Figure
5.8(a) shows a normal-incidence THz transmittance spectrum of a typical graphene
sample on a 2-mm-thick TOPAS substrate. The real part of the corresponding optical
conductivity, calculated from the THz transmission data, is plotted in Figure 5.8(b),
using the method described in Section 2.3.5. The obtained carrier scattering time
value was τ = 29 fs and Fermi Energy Ef = 300 meV.

100

Figure 5.8: (a)Typical THz transmittance for graphene on a TOPAS substrate
and (b) Drude model fitting of the corresponding optical conductivity. Green
solid line shows the experimental data and the black dashed line is the Drude
fitting curve.
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We next used the method mentioned in the last section to investigate the 45°
reflections of graphene on TOPAS. As we mentioned before, reflective index n for
TOPAS in the THz range is around 1.525. Then, from the equation

c  arcsin

n2
n1

(5.1)

where n2 is the refractive index of air (which is 1.000), and n1 is the refractive index
of TOPAS, we can calculate the critical angle of TOPAS to be 40.976°.
Thus, since the incident angle of the THz wave is 45°at each internal surface,
we will have total internal reflections, implying that we can ignore the loss of light
by transmission. All the change of THz signal intensity after graphene reflections
compared to reflections on a bare TOPAS/air interface is caused by graphene
absorption.
The THz signal transmitted through the area with no graphene on the surface
of TOPAS was used as the reference. We use the term “transmittance” here to mean
the THz signal after passing through the two-prism device with a certain number of
graphene reflections divided by the reference. Physically, however, it is the fraction
of incident light that was not absorbed by graphene.
Figure 5.9 shows the THz transmittance for 1-4 graphene reflections for (a)
s- and (b) p-polarized incident THz waves. It clearly shows that the transmitted THz
signal gets weaker for more graphene layers. This is reasonable since each layer of
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graphene absorbs THz wave. We also notice that at 45°incident angle, graphene
absorbs more for s-polarized THz wave.
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Figure 5.9: Transmittance of the two-prism device with different numbers of
graphene reflection for (a) s- and (b) p-polarized incident THz waves.

If we calibrate each “transmittance” spectrum by extraction of square root,
cube root or the root of four, then all spectra collapse into a single spectrum, as
shown in Figure 5.10. This confirms our expectation that the same amount of light is
absorbed at each reflection by graphene. Graphene absorption is flat in the 0.6-1.6
THz range, so an average value can be used to indicate the amount of absorption.
For an s-polarized THz wave, absorptance of each graphene layer is around 0.71,
and that for a p-polarized THz wave is around 0.31 in the same range.
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Figure 5.10: Reflectance of each layer of graphene of two-prism device with
different numbers of graphene reflection for (a) s- and (b) p-polarized
incident THz waves.
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Figure 5.11 Theoretical reflectance of TOPAS for s- and p-polarized incident
light as a function of incident angle

Figure 5.11 shows the reflectance of TOPAS for s- and p-polarized incident
light as a function of incident angle, calculated using Fresnel’s law:

(5.2)

and

(5.3)

With the single-prism device, we were able to control the incident angle by
rotating the device. The incident angle on each internal surface was varied from 25°
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to 70°. The average transmittance values for different incident angles were
calculated, as we did for the two-prism device, and then plotted in Figure 5.12.

Figure 5.12: Angle-dependent transmittance through the single-prism device
with different numbers of graphene reflections for s- and p- polarized incident
THz waves.

The angle dependence of a 1-graphene-reflection sample and a 2-graphenereflection sample was measured. As predicted by Fresnel’s law, s-polarized and ppolarized incident waves show distinctly different angular dependence. If we look at
the p-polarized data, it drops to 0 around 30. As in the 45°reflection measurements,
the number of graphene reflections did not affect the absorptance of each layer of
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graphene. A dip of transmittance at around 50°is also observed for s-polarized
reflection.

5.5. Conclusions
Graphene transferred onto the surface of a parallelogram-shaped TOPAS
prism absorbs THz light significantly. Reflectance of graphene at 45°incident angle
was measured using a two-prism TOPAS structure that can have 0 to 4 graphene
reflections in the 0.6 to 1.6 THz range using a THz time-domain spectroscopy
system. At each reflection, graphene absorbs ~71% of a s-polarized THz beam
uniformly in this frequency range and absorbs ~31% of a p-polarized THz beam at
45°. The amount of absorption per reflection is constant, as expected.
Angular dependence of transmittance was also measured through a singleprism TOPAS device with up to 2 graphene reflections. By rotating the single-prism
TOPAS device, the incident angle was varied from 25°to 70°.
Future work will examine Fermi level dependent absorption of graphene
with the same experimental geometry.
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Chapter 6

Conclusions and Future Work

We have successfully obtained two different types of graphene – continuous,
large size single-layer graphene sheets and single crystal graphene with the grain
size of several tens of μm – by using chemical vapor deposition. Scanning electron
microscopy and Raman scattering spectroscopy show that these graphene samples
are single layer and have good quality.
The grown graphene is transferred onto various substrates using wet etching
with various etchants leading to different quality of graphene after transfer. After
comparing of four types of etchants, HNO3, FeCl3, (NH4)2S2O8, and a commercial
copper etchant, we found commercial copper etchant leads to the best structural
integrity, the least residues, and the smallest doping carrier concentration, which
makes it the best etchant for graphene transferring.
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We use various substrate materials to investigate how the substrate effects
the quality of transferred graphene, and by characterizing through THz-TDS and
FTIR measurements, among all the substrates we used, we found inorganic
substrates show better performance than organic ones in terms of graphene carrier
density, mobility, and scattering time.
Strain dependence of conductivity of graphene transferred on Kapton
substrate is also demonstrated through DC electronic measurements and THz-TDS
measurements by using a homemade strain-controllable mechanical-optical testing
system. Strain up to ~30% induced significant changes in THz transmission, but
those changes, which agree well with DC resistance change that cannot be fully
recovered after strain-relaxation neither, were not reversible. Decreasing of the
strain range to ~1% only led to vanishingly small changes in THz transmittance
instead of reversible changes.
Enhancement of THz-wave absorption in monolayer graphene in the 0.6-1.6
THz range is demonstrated by using a total internal reflection (TIR) geometry with a
parallelogram shaped TOPAS substrate. Extremely large THz absorption was
observed on graphene transferred onto the surface of a parallelogram-shaped
TOPAS prism. A two-prism TOPAS structure which can have 0 to 4 graphene
reflections at 45°incident angle in the 0.6 to 1.6 THz range allowed us to obtain
graphene absorption to be ~71% for a s-polarized THz beam and ~31% for a ppolarized THz beam at each reflection. The amount of absorption per reflection is
constant from 1 to 4 graphene reflections. Angular dependence of transmittance
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from 25°to 70°was also measured through a rotatable single-prism TOPAS device
with up to 2 graphene reflections.
In the further, we will increase the efficiency of strain-induced changes so
that one can stay in the reversible regime to induce and repeat THz transmission
modulation, which provides the potential use of stretched graphene as a THz
modulator. Detailed examination of Fermi level dependent absorption of graphene
with by using the same total internal reflection (TIR) geometry with a parallelogram
shaped TOPAS substrate is also needed to get more information.
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