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1. Introduction

In 2004 Novoselov et al.1 discovered a very strong ambipolar electric �eld ef-
fect (EFE) in few layer graphene (FLG) �akes (graphene is one atomic layer of
graphite). The EFE that they observed was orders of magnitude stronger than
what was previously reported for thin graphite crystals of ∼20 nm.2 Novoselov
et al.1 could tune the conductivity of graphene (see Fig. 1.0.1) from metal-like val-
ues (with holes as charge carriers) to a minimum, and back to metal-like values
(with electrons as charge carriers), by changing the gate voltage.
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Figure 1.0.1 – Electric �eld e�ect measured in FLG at 300 K. (Adapted from Novoselov
et al. 1) Conductivity (σ ) dependence on gate voltage (Vg). A linear �t in the ranges [-100 V,
-25V] and [50V, 120V] yields a hole and electron mobility of µh ≈ 4.5 × 103 cm2V−1s−1 and
µe ≈ 2.9×103 cm2V−1s−1 respectively, with the conductivity given as σ = nµe and the carrier
density as n = ε0εVg/(te ), where t is the thickness of SiO2 (300 nm), ε0 and ε permittivity of
vacuum and SiO2 respectively (εSiO2 = 3.9).

From the EFE measurements at room temperature they derived very higha

charge carrier mobilities of up to µ ≈ 104 cm2V-1s-1. Moreover µ remained high
even at highest electric-�eld-induced concentrations, which translated into bal-
listic transport with submicron mean free paths at room temperature.4 The bal-
listic transport was even more spectacular considering that the graphene could
be observed without the need of an ultra-high vacuum and that it had been ex-
posed to resist residue and adsorbates from the ambient.2 This exceptional bal-
listic transport sparked the interest in graphene worldwide.

The seminal work by Novoselov et al.1 in 2004 also presented three other im-
portant observations. First, they showed that they could isolate FLG �akes from
bulk graphite by a simple method of mechanical exfoliation with Scotch® tape.

aThe intrinsic electron mobility in graphene is very high, mainly due to the suppression of electron
back-scattering (based on pseudo-spin conservation for chiral carriers). 3
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In addition, they showed how they could easily identify FLG under an optical
microscope. Furthermore, their atomic force microscopy (AFM) measurements
revealed the presence of a piece of single layer graphene (SLG) protruding from
an FLG �ake.

The possibility to detect FLG under an optical microscope was found by ac-
cident as the oxidized Si wafer that they used for their EFE measurements had
an unexpected added bene�t: it provided enough optical contrast with FLG for
it to be detected under a microscope in visible light. This could be explained by
the serendipitous choice of the thickness of the SiO2 layer, i.e. 300 nm, which
caused signi�cantly di�erent interference colors between FLG and the substrate.
They found that this method only worked for three graphene layers or more.
Therefore they needed to perform AFM measurements to identify the piece of
SLG. However, to �nd completely isolated SLG �akes with an AFM would be like
looking for a needle in a haystack. Fortunately they discovered in 2005 that also
SLG provided enough contrast to be distinguished from the substrate and FLG
�akes.5 This allowed to perform the very �rst EFE measurements on SLG, which
resulted in similarly high charge carrier mobilities as FLG, and later allowed to
measure graphene’s other unique electronic properties. They noted that the op-
tical contrast was critical in �nding SLG amongst FLG �akes,5 and later stressed
how critical: “If not for this simple yet e�ective way [i.e. by means of the optical
contrast – Ed.] to scan substrates in search of graphene crystallites, they would
probably remain undiscovered today.”4

The easy production and identi�cation method for SLG made graphene re-
search very accessible to many research groups in the world. The research on
graphene could therefore expand rapidly and by 2009 most of its record prop-
erties were discovered; to name a few: a) it is the thinnest imaginable material,
b) the strongest material ever measured (200 times stronger than steel), c) it is
stretchable up to 20%, more than any other crystal, d) it has record thermal con-
ductivity, e) it can sustain a record high current density (106 times that of Cu), f)
it is impermeable to any gas (even He), and g) only absorbs 2.3% of visible light.6,7

Graphene’s unique properties attracted many researchers, creating a very ac-
tive research �eld that led to an explosive growth of the number of publications
since its discovery. Since 2004 the number of publications has been increasing
exponentially at a yearly rate of 53% (see Fig. 1.0.2). Graphene became even
more known, both in the scienti�c community and to the public, after Geim and
Novoselov won the Nobel Prize in Physics 2010 “for groundbreaking experiments

3
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Figure 1.0.2 – Number of records between 2004 and 2013 with topic “graphene” in Web of
Science™

regarding the two-dimensional material graphene”8 only six years after their �rst
publication on graphene.

Based on graphene’s unique (combination of) properties a very wide range
of future applications was envisaged, e.g.: composite plastics, conductive inks,
interconnects in integrated circuits, barriers for e.g. OLEDs or food packaging,
high-frequency RF transistors, sensors (DNA, environmental), and energy stor-
age (hydrogen, super capacitors, light weight batteries). Especially in the �eld
of photonics and optoelectronics breakthroughs are envisioned.9 An example of
an application that uses a combination of several properties and that is close to
realization, is the use of graphene as transparent electrodes in touchscreens for
smartphones and wearable/�exible electronics.10 These applications make use of
the high transparency combined with the conductivity, �exibility and strength of
graphene.

Graphene is so rich in its physics and possible applications that the European
Union decided in 2012 to grant 1 billion euros for a 10-year research program:
“The Graphene Flagship is the EU’s biggest research initiative ever, and, accord-
ing to the European Commission, ‘history’s greatest distinction for excellent re-
search’.”11

One of the most frequently mentioned potential applications for graphene is
its use as a replacement for Si in high frequency transistors in digital logic de-
vices. Due to its high charge carrier mobility this application looks very promis-
ing. However, graphene is a semiconductor with a zero bandgap. This causes an
on-o� ratio for �eld-e�ect transistors in the order of only 10, whereas a ratio of

4



Ion/Io� ≈ 104 − 107 is required for excellent switching capabilities.12 The low on-
o� ratio makes graphene unsuitable for digital logic applications.12,13 Therefore
a bandgap should be opened in graphene without compromising its high charge
carrier mobility, which is a topic of active research.9 There are several ways of
opening a bandgap, such as creating nanoribbons in graphene in which the elec-
trons are spatially con�ned and cause a band gap that depends on the width of
the ribbon.14 A bandgap could also be induced in bilayer graphene by tuning
the electric �eld in a dual-gate �eld-e�ect transistor.15 A third way of creating
a bandgap is by hydrogenation of graphene by a hydrogen plasma. Chemisorp-
tion of atomic hydrogen by sp3-hybridization reduces the number of conducting
delocalized sp2-electrons, thereby opening a bandgap.16

For future applications graphene also needs to be grown at a larger scale than
what is achieved by mechanically exfoliating graphene (order of 10-100 µm). To
this end di�erent production methods were developed, of which the most fre-
quently reported are wet chemical exfoliation of graphene �akes,17 the epitaxial
growth of graphene on silicon carbide (SiC)18 and the growth of graphene via
chemical vapour deposition (CVD) on metals with hydrocarbon precursors.19,20

The choice for one of these methods is based on price, quality and size, which
is dependent on the foreseen application.7,9 For instance, chemically exfoliated
graphene �akes do not form a closed homogeneous SLG �lm but have su�cient
quality to be used in e.g. composites or conductive inks. Graphene that is epitax-
ially grown on SiC(0001) can have a very high structural and electronic quality,
which makes this growth method potentially suitable for high-end electronics.21

Moreover, the processing of SiC wafers is compatible with current Si-wafer tech-
nology. Drawbacks for this production method are the cost of the SiC wafers and
their smaller size (usually no larger than 4”) compared to Si wafers.9 Another
disadvantage is that for applications in which graphene requires a di�erent sub-
strate than SiC, graphene needs to be transferred from the SiC and this is either
shown to be accompanied with a loss of quality22 or shown to be complicated.23

For most future applications, e.g. the earlier mentioned touchscreens, the pro-
duction method by CVD of graphene on metals is currently considered the most
promising due to its scalability, relative low price and high quality. In partic-
ular the growth method reported by Li et al.20 has gained enormous interest
ever since it was reported in 2009. They grew centimeter-scale (polycrystalline)
graphene on Cu-foil by using a mixture of methane and hydrogen at low pres-
sures and at temperatures of T =1000 ◦C. The Cu acts as a catalyst to dissoci-
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1. Introduction

ate/dehydrogenate the methane, leaving carbon atoms at the surface. The car-
bon atoms di�use and nucleate at irregularities in the Cu-surface to grow out to
larger domains while new carbon attach at the edge. Due to the very low carbon
solubility of Cu the catalytic reactions are surface-limited. As graphene closes
the catalytic Cu-surface it stops further growth, making the growth practically
self-limiting.

Li et al.20 transferred the graphene from the Cu-foil to a substrate as follows.
They spin-coated the graphene with a thin polymer �lm to support it during the
wet-etching of the Cu. Next, they scooped the polymer/graphene �lm onto the
substrate, dried it and dissolved the polymer. With this “stamping-method” they
yielded a monolayer coverage of over 95% with a charge carrier mobility of 4050
cm2V-1s-1. This production method showed to be very robust as many groups
could reproduce this method in a large growth parameter space in di�erent ex-
perimental setups. For instance, only a year after the work of Li et al.20 it was
reported that polycrystalline graphene could be grown up to 30 inch in diameter
and transferred to polyethylene terephthalate foil.24

Nevertheless, there are still many challenges and open issues concerning
mainly the transfer of CVD grown graphene, especially for high-end applications
in electronics in which high charge carrier mobilities are required. The transfer
introduces contamination from the etchant and the polymer support. One of the
challenges that we focus on in this work, is to develop clean transfer methods
and/or methods to remove the polymer residue from the graphene after transfer.

The current methods to monitor the electronic quality and cleanliness of
graphene and the process of hydrogenation are time-consuming and invasive.
Transmission electron microscopy is typically used to check for the cleanliness
of graphene and Hall-bar devices are commonly employed to measure charge
carrier density and mobility. In this thesis, we introduce an optical toolset com-
bining Raman spectroscopy, spectroscopic ellipsometry (SE) and Fourier trans-
form infrared spectroscopy (FTIR). These diagnostics can easily be used in situ
during graphene processing (e.g. cleaning and hydrogenation) and therefore al-
low to monitor and control the quality of graphene in-line without the need of
going through the process of devices fabrication.
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Objectives and outline of this thesis

The objective of this work is to monitor real time in situ the processing of
graphene (e.g. during plasma cleaning or hydrogenation) by spectroscopic el-
lipsometry (SE) and ex situ by Fourier transform IR spectroscopy (FTIR). The
objective can be split into two main goals for this thesis:

1. to produce clean large area graphene that can be used as a starting point for
optical studies on the functionalization of graphene by e.g. hydrogen.

2. to develop a robust set of optical analysis methods to monitor the qual-
ity during cleaning and functionalization (e.g. hydrogenation) of chemical
vapour deposited (CVD) graphene.

In Chapter 2 and 3 we discuss the optical characterization by SE of an exfoli-
ated graphene �ake in the visible, and the mid to near IR respectively. We used
an intense synchrotron IR source to create a small enough spot size with suf-
�cient signal to noise ratio to measure the small (in the order of 100 microme-
ter) graphene �ake. To study graphene in our own lab with a benchtop SE and
FTIR, with millimeter spot sizes, we needed large area graphene. To this end, we
built the �rst setup at the TU/e to grow CVD graphene on Cu-foil at low pres-
sure. The most important growth parameters for CVD graphene on Cu-foil are
reviewed in Chapter 4, and the growth procedure for our CVD setup are de-
scribed in Chapter 5. Since the Cu-foil blocks the FTIR transmittance and com-
plicates SE measurements, the graphene needs to be transferred from the Cu-foil
to substrates suitable for the optical studies. Therefore we also describe di�er-
ent transfer methods in Chapter 5. In Chapter 6 we design an optical toolset
of SE, FTIR, and Raman spectroscopy with which we can study the quality (de-
fects, cleanliness, carrier mobility and density) of graphene. To determine the
carrier mobility and density from FTIR transmittance we developed a thin �lm
approximation in Chapter 7. The optical studies in chapter 6 and 7 showed
that the transfer leaves a residual polymer behind. This residue interferes with
the optical characterization (SE) of graphene during hydrogenation. Therefore
Chapter 8 discusses various cleaning methods to obtain residue-free graphene.
To conclude, we present the �rst real time in situ SE measurements during hydro-
genation of graphene in Chapter 9. Furthermore in this chapter we characterize
the hydrogenated graphene ex situ with FTIR.
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2
Optical constants of graphene measured by spectroscopic

ellipsometry

A mechanically exfoliated graphene �ake (≈ 150 µm × 380 µm) on a silicon
wafer with 98 nm silicon dioxide on top was scanned with a spectroscopic el-
lipsometer with a focused spot (≈ 100 µm × 55 µm) at an angle of 55°. The spec-
troscopic ellipsometric data were analyzed with an optical model in which the
optical constants were parameterized by B-splines. This parameterization is the
key for the simultaneous accurate determination of the optical constants in the
wavelength range 210–1000 nm and the thickness of graphene, which was found
to be 3.4 Å .

This chapter has been based on:
J.W. Weber, V.E. Calado, and M.C.M. van de Sanden, Appl. Phys. Lett. 97, 091904 (2010).

http://dx.doi.org/10.1063/1.3475393


2. Optical constants of graphene measured by spectroscopic ellipsometry

2.1. Introduction

In 2004 it was discovered that a free-standing single atomic layer can be isolated
from its environment by means of micromechanical cleavage.1 Of the di�erent
reported two-dimensional crystals, the single atomic layer of graphite, graphene,
has gained most interest due to its remarkable electronic properties.2 The vast
majority of the studies focuses therefore on its electronic properties. Its optical
properties, however, were less explored. There are e.g. several studies on its visi-
bility on oxidized silicon wafers3–6 but only few that discuss the optical constants
of graphene as found from experiments.7–9

Gray et al.7 studied the optical properties of graphene by near-normal inci-
dence re�ectance measurements in the range 190–1000 nm. They acquired re-
�ectance data of graphite �akes of di�erent thicknesses, down to graphene, de-
posited on a silicon wafer with 300 nm silicon dioxide (SiO2) on top. They as-
sumed the optical constants to be independent of thickness and that they could
be parameterized with �ve Forouhi-Bloomer oscillators. The parameters of these
oscillators and each thickness were �tted simultaneously to all the re�ectance
data. The thickness was �tted as 3.8 Å . This work was extended by adding spec-
troscopic ellipsometry and s-polarized re�ectance (both at 70°, 380–1000 nm) to
the near-normal incidence re�ectance in their data analysis.8 This time, however,
the optical constants were not assumed to be independent of thickness and were
parameterized by a proprietary dispersion model. The dispersion parameters,
however, were not reported. They found the thickness of graphene was 3.7 Å .
Very recently Kravets et al.10 also used spectroscopic ellipsometry on graphene
on an oxidized silicon wafer (300 nm SiO2), and on amorphous quartz. They re-
port optical constants extracted from the variable angle (45° to 70°) ellipsometry
data by numerical inversion in the range 240–750 nm for the amorphous quartz
wafer (240–1000 nm for the oxidized wafer), assuming a thickness of 3.35 Å .

In this chapter we show the optical constants and report dispersion parame-
ters of graphene as found from spectroscopic ellipsometry in the range 210–1000
nm. We show that, without assuming any physical oscillator parameterization
beforehand, B-splines allow an uncorrelated, accurate, and simultaneous deter-
mination of the optical constants and thickness of graphene. The thickness is
in perfect agreement with the thickness as expected from the interlayer spac-
ing in graphite: 3.4 Å . Based on the found optical constants we have simulated
transmittance for graphene. We show that this simulation is in better agreement
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2.2. Theory

Erp

∆

ψ Ers

ErEi

Eip

Eis sample

θ

Figure 2.2.1 – Principle of ellipsometry: linearly polarized light re�ects from a sample and
becomes elliptically polarized with ellipsometric angles Ψ and ∆ (adapted from Fujiwara et
al. 13).

with measured transmittance11 than the transmittance that we simulated based
on optical constants from other work.7,9

2.2. Theory

Ellipsometry can measure the change in polarization of polarized light after re-
�ection from a sample.12 This change is measured as the ratio, ρ, of the Fresnel
re�ection coe�cients of the re�ected and incident light for the orthogonal p and s
component, and can be used to determine the optical properties and thickness of
a thin �lm on a substrate as follows. The complex Fresnel re�ection coe�cients
for the p and s component of light are de�ned as:

rp ≡
Ẽrp

Ẽip
=

Erpeiδrp

Eipeiδip
, rs ≡

Ẽrs

Ẽis
=

Erseiδrs

Eiseiδis
(2.2.1)

where Erp (or Ers), δrp (or δrs) and Eip (or Eis ), δip (or δis) are the amplitude and
phase of the p (or s) component of the re�ected and incident light respectively
(as depicted in Fig. 2.2.1).

The Fresnel re�ection coe�cients at the interface between medium j and k for
both p and s polarization are given by:

rjk,p =
Nk cosθ j − Nj cosθk
Nk cosθ j + Nj cosθk

(2.2.2)

rjk,s =
Nj cosθ j − Nk cosθk
Nj cosθ j + Nk cosθk

(2.2.3)

11



2. Optical constants of graphene measured by spectroscopic ellipsometry
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d

Figure 2.2.2 – Interference of light in an optical layer structure of air/thin �lm/substrate.

For an air/thin �lm/semi-in�nite substrate optical system (see Fig. 2.2.2), the total
Fresnel re�ection coe�cients yield:

r012,p =
r01,p + r12,pe−2iβ

1 + r01,pr12,pe−2iβ , r012,s =
r01,s + r12,se−2iβ

1 + r01,sr12,se−2iβ (2.2.4)

with β given by:

β =
2π
λ

cosθ1N1d (2.2.5)

whereN1 is the complex refractive index of the thin �lm and given by: N1 = n−ik ,
with n the refractive index and k the extinction coe�cient of the thin �lm.
ρ can be written as:

ρ ≡
rp

rs
=

Erp

Eip

Eis
Ers

ei(δrp−δip+δis−δr s ) ≡ tanΨei∆ (2.2.6)

with Ψ and ∆ the ellipsometric angles that determine the shape of the projected
ellipse (see Fig. 2.2.1). If the incident light is linearly polarized, i.e. Eip = Eis
and δip = δis, then ∆ = δrp − δr s and tanΨ =

Erp
Ers

. The ellipsometric angles can
be determined by measuring three Stokes parameters, given by: S1 = − cos 2Ψ,
S2 = sin 2Ψ cos∆, S3 = − sin 2Ψ sin∆. The Stokes parameters are the actual
quantities that are measured by an ellipsometer. They can be shown to relate to
the Fourier components of the measured intensity signal, which varies due to the
rotating compensator.13

We used an automated angle M-2000F rotating compensator ellipsometer
(schematically depicted in Fig. 2.2.3) with a 300 mm X-Y mapping stage and focus-
ing probes, and the accompanying software CompleteEASE 4.27 from J.A. Wool-

12
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Sample

θ

Light source

Polarizer

Compensator

Analyzer

Detector

Figure 2.2.3 – Schematic of the rotating compensator ellipsometer used in this work.

lam Co., Inc. A rotating compensator ellipsometer can measure all of the four
Stokes parameters, S0 to S3, in a single measurement.13 The degree of depolar-
ization, de�ned as p = (S2

1 + S2
2 + S2

3 )
1/2/S0, for the measurements on graphene is

on average 1.3%. The ellipsometric data were acquired in the wavelength range
λ = 210-1000 nm with a resolution of ∆λ ' 1.6 nm at an angle of incidence
θ = 55◦. At this angle the spot size is small enough to acquire several scans from
the graphene �ake. The acquisition time per measurement is one minute, result-
ing in a very high signal-to-noise ratio. Our single layer graphene was prepared
by mechanical cleavage of natural graphite (NGS Naturgraphit GmbH).2 Raman
measurements at 514 nm con�rmed that it is a monolayer: the intense 2D-peak
at ∼ 2690 cm−1 and the intense G-peak at ∼ 1580 cm−1 correspond to the peaks
for graphene.14

In order to extract optical constants and thickness of a sample from ellipsomet-
ric data, an optical model is required that describes the sample’s optical response.
It consists of the thickness and (parameterizations for) the optical constants of
every layer in the sample. The ’goodness-of-�t’ of the model to the experimental
data is determined by the reduced chi-squared unbiased estimator, χ 2

red, for the
three Stokes parameters S1 to S3:

χ 2
red =

1
3n −m

n∑
j=1

3∑
i=1



S

exp
i,j − S

mod
i,j

σ
exp
Si,j




2

(2.2.7)

where n is the number of wavelengths, m is the number of �t parameters and
σS is the error in the determined Stokes parameter. This error is assumed to be
equal for all three parameters: σ exp

S1,2,3,j
= 0.001.15 While �tting, χ 2

red is minimized
by the Levenberg-Marquardt non-linear regression algorithm.
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2. Optical constants of graphene measured by spectroscopic ellipsometry

2.3. Experimental

We study a three layer structure consisting of a single side polished crystalline
silicon (c-Si) substrate, an SiO2 layer and graphene. In order to determine the
optical constants and thickness of graphene as accurately as possible, it is crucial
that the optical response of the underlying layers is well known. We therefore ac-
quire data of four spots next to the graphene �ake. Since the optical constants of
c-Si are well known from literature16 and the substrate can be considered to have
a semi-in�nite thickness, it is only necessary to �nd the SiO2 thickness and opti-
cal constants, which we �rst parameterize with a Sellmeier dispersion relation.15

For the four measurements simultaneously, the three Sellmeier parameters and
thickness are �tted together with an o�set for the angle of incidence. A unique
solution is then found, with χred ' 3.61. To match the experimental data and
the model the closest possible, the thickness and angle o�set found are �xed and
Ψ and ∆ are then numerically inverted13 to n and k with χred ' 0.827. These
optical constants together with the thickness and angle o�set from the Sellmeier
dispersion �t, are used to characterize the SiO2 layer.

The SiO2 layer serves to increase the contrast due to interference enhance-
ment. In this study the thickness of the SiO2 layer is 98 nm. For this SiO2 thick-
ness the contrast window is broader than the commonly7,17 used 300 nm SiO2
and allows the graphene �ake to be detected easily under visible light.3 Due to
the broader contrast also the sensitivity for the �tted optical constants increases
and hence their accuracy. Figure 2.3.1a shows an optical microscope image of the
graphene �ake exposed to visible light.

Once the optical response of the underlying layers is characterized very accu-
rately, the third layer for graphene is added for the analysis of the measurements
on graphene. Since we want to determine the optical constants and thickness of
graphene independently, we do not use numerical inversion, assuming a thick-
ness. Instead, we use a parameterization for the optical constants. Since we do
not want to assume any physical oscillator parameterization beforehand, we use
a B-spline function, which is de�ned as a linear sum of B-splines:

S (x ) =
n∑
i=1

ciB
k
i (x ) (2.3.1)

in which ci are the B-spline coe�cients. B-splines are a special set of piecewise
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de�ned polynomials and can be given by the following recursive formula:

B0
i (x ) =




1 ti ≤ x ≤ ti+1

0 otherwise
(2.3.2)

Bki (x ) =

(
x − ti
ti+k − ti

)
Bk−1
i (x ) +

(
ti+k+1 − x

ti+k+1 − ti+1

)
Bk−1
i+1 (x ) (2.3.3)

in which t are the abscissa of the knots, which are the points where the polynomi-
als connect, and k is the B-spline degree.18 For n knots there are n-k-1 coe�cients:
no coe�cients exist for t1,...tk−1 and tn−k+2,...tn .19 The B-spline coe�cients are
the �t parameters whereas the knots are chosen. Since a Kramers-Kronig (KK)
transformation exists for a B-spline function,18 we can enforce KK-consistency
on our optical constants during �tting. This not only ensures a physical solution
but also reduces the number of �tting parameters by two, since now only n needs
to be found and k can be found from the KK transformation (or vice versa). Our
analysis software can only report coe�cients for the imaginary part of the di-
electric function, ε2, as a function of energy: ε2 (E) =

∑n
i=1 ciB

k
i (E) (the real part

of the dielectric function, ε1, is found from the KK-transformation). We therefore
report ti in eV and ci for ε2. Since a B-spline function has ultimate shape control
it can follow all the features in the optical function, depending on the amount of
knots, while still being KK-consistent.

In order to determine the thickness and optical constants of graphene, only
these data should be analyzed that are acquired from the graphene �ake and
not also partially from the SiO2. To determine whether the spot size is smaller
than the size of the graphene �ake (∼150×380 µm), we used a technique that is
similar to the knife-edge technique.20,21 We scanned a bare silicon wafer along
the x-direction over its straight edge to the non-re�ecting sample holder while
recording the re�ected intensity. This intensity was �tted with an error function,
assuming a Gaussian intensity pro�le for the beam. The full-width-at-half maxi-
mum of this Gaussian is chosen as the long-axis, l, of the elliptical spot, which is
l '100 µm. If the beam cross-section is circular, the short-axis, s, of the elliptical
spot can be calculated from the angle of incidence, θ = 55◦, and the long-axis:
s = l cosθ '57 µm. This is in good agreement with the short-axis found from
the intensity scan along the y-direction: s '54 µm. The spot size of 100 x 55 µm
together with an X-Y scan step size of 50 µm imply that several measurements
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Figure 2.3.1 – a) (Color online) An optical microscope image of graphene exposed to visible
light. The darker part is multilayer graphene. b) A spectroscopic ellipsometric scan of the �ake
showing a map of ∆ at 590 nm. The white dots indicate the positions from which the spectra
can be attributed to originate from the graphene only. The shape that encloses the white spots
is similar to that of the �ake.

should contain only data of the graphene �ake. This is veri�ed by plotting these
Ψ and ∆ spectra that are suspected to be only from the graphene �ake and by
checking whether these spectra overlap. We identi�ed eight spots of which the
spectra overlapped. These eight spots are shown as the white dots in Fig. 2.3.1b.
The shape that encloses the white spots is similar to that of the picture of Fig.
2.3.1a.

2.4. Results

The optical model is �tted to these eight spectra simultaneously. The B-spline
parameterization has a degree k = 3. We chose ten knots, with a spacing of 0.5
eV in the measured range, and three knots outside the measured range. One of
these three knots is necessary for absorption in the infrared and the other two
for absorption in the ultraviolet range. The outer four knots ensure that ε2 goes
smoothly to zero. A total of thirteen coe�cients is �tted.

This number of coe�cients proved to be su�cient to achieve both a very good
�t and still be small enough to avoid correlation between all the �t parameters.
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2.4. Results

Table 2.1 – B-spline knots, ti , and ε2-coe�cients, ci .

ti ci ti ci ti ci
-0.4 n/a 2.788 6.1277 5.880 -0.0922
-0.2 n/a 3.303 6.1478 6.380 3.6559

0 28.9227 3.818 5.6179 6.880 12.1830
1.241 11.0713 4.334 21.3483 7.880 n/a
1.757 7.9615 4.849 4.2674 9.880 n/a
2.272 6.4513 5.365 2.8995

Figure 2.4.1 – Optical constants of graphene n (solid line) and k (dashed line). Inset: χred as a
function of the thickness �t parameter; a unique minimum is found for 3.4 Å.

Together with �tting the thickness a χred = 2.454 is obtained, which means a
very good �t considering that eight spectra are �tted simultaneously.

The thickness was �tted as 3.4 Å±0.04 Å. To test its uniqueness, the thickness
is changed over a range of values. At each value, the thickness �t parameter
is �xed while all other �t parameters are varied to �nd the lowest χred. The
uniqueness of the �tted thickness is shown in the inset of Fig. 2.4.1: a minimum
for χred is at 3.4 Å. In Table 2.1 the B-spline knots and coe�cients are shown. In
Fig. 2.4.1 the optical constants, n and k, of graphene are shown as a function of
wavelength. An intense peak in k is observed at 270 nm (4.6 eV). This peak can
be attributed to the e�ect of strong resonant excitons.22 Compared to Kravets et
al.10, the optical constants in Fig. 2.4.1 are smooth and Kramers-Kronig consistent
and the peak at 270 nm is even more intense.
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2. Optical constants of graphene measured by spectroscopic ellipsometry

Figure 2.4.2 – Transmittance of graphene as measured by Nair et al. 11, and as modeled from
the optical constants as found by Bruna et al. 9, Gray et al. 7, and of this work.

Based on these optical constants we simulated the transmittance for freestand-
ing graphene and compared it to the transmittance as measured by Nair et al.11,
and as modeled from the optical constants found by Gray et al 7, and Bruna et
al.9 The latter used the measured transmittance by Nair et al.11 and modeled the
optical constants of graphene in the visible wavelength range by a constant re-
fractive index and a linear dispersion for the extinction coe�cient: n = 3 and
k = C1

n λ, with C1 =5.446 µm-1.
The comparison in Fig. 2.4.2 shows that the transmittance as modelled from

the optical constants in this work agrees better with the measured transmittance
than the transmittance as modelled from the optical constants by Gray et al.7

It also agrees better than the modeled transmittance of Bruna et al.9, especially
towards higher energies where there is the onset of the absorption peak at 4.6
eV.

2.5. Conclusion

In summary, spectroscopic ellipsometry in combination with a B-spline param-
eterization, allowed an accurate determination of the thickness of graphene and
its Kramers-Kronig consistent optical constants for the range 210-1000 nm. The

18



2.5. Conclusion

thickness was �tted as 3.4Å, which is in perfect agreement with the interlayer
spacing in graphite. Based on the optical constants we simulated transmittance
for freestanding graphene in the visible range and found good agreement with
measured transmittance.
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3
Microfocus infrared ellipsometry characterization of

air-exposed graphene flakes

Graphene and ultrathin graphite �akes prepared by exfoliation were charac-
terized by microfocus synchrotron infrared mapping ellipsometry. The dielectric
function of graphene in a dry-air atmosphere is determined and compared to that
of ultrathin graphite, bulk graphite, and gold. The imaginary part of graphene
is revealed to be about an order of magnitude higher than that of graphite and
comparable to that of gold. Comparing the conductivity to an optical model con-
sidering intraband transitions, we discuss the critical e�ects of environmental
exposure, relevant for real world applications.

This chapter has been published as: J. W. Weber, K. Hinrichs, M. Gensch, M. C. M. van de Sanden,
and T. W. H. Oates, Appl. Phys. Lett., 99, 061909 (2011)
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3. Microfocus infrared ellipsometry characterization of air-exposed graphene �akes

3.1. Introduction

The two-dimensional (2D) material graphene exhibits unusual infrared (IR) char-
acteristics that make it the focus of intense technical and scienti�c interest.1 In
the near infrared (NIR), pristine graphene exhibits an optical conductance pro-
portional to the �ne structure constant due to the massless Dirac electrons.2 Ap-
plying a gate voltage opens a bandgap, observable as a pronounced thermally
broadened interband absorption edge at an energy of twice the Fermi level (EF)
and an increase in the Drude intraband contribution. Gate voltage levels around
100 V bring the interband edge to the NIR.3 In few-layer graphene (FLG: up
to 10 monolayers), IR-active phonon modes are dependent on the number of
layers,4 providing fertile ground for optical and electronic device engineering.
High-quality exfoliated graphene �akes tend to be restricted to dimensions of a
few hundred micrometers, while chemically-deposited graphene, which can be
fabricated in extended sheets, su�ers from large numbers of defects and purity
issues. Recently, several groups have presented ellipsometric measurements of
graphene �akes in the visible region using microfocus5,6 and imaging7 ellipsom-
etry. Measuring the ellipsometric angles of small graphene �akes in the IR region
is beyond the capabilities of standard table top equipment since focusing causes
a large spread of the incidence angle, resulting in an unacceptable level of de-
polarization. However, using a high brilliance synchrotron source, ellipsometric
measurements with de�ned optical conditions (incidence angle) of ultrathin �lms
are readily feasible with sub-millimeter lateral resolution.8 In this chapter, we use
a unique microfocus-mapping ellipsometer9 to measure the polarized re�ection
properties of single layer graphene and ultrathin graphite. We demonstrate the
ability to locate and characterize individual �akes with lateral dimensions of ca.
150 × 380 µm2 and measure the ellipsometric parameters from which we de-
termine the complex dielectric functions without resorting to Kramers-Kronig
analysis.

3.2. Experimental details

An exfoliated graphene �ake exposed to laboratory atmosphere was studied. The
�ake was visible to the eye on a Si wafer with a thermal oxide of 98 nm thick-
ness. The sample was demonstrated by Raman spectroscopy to be of monolayer
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3.3. Results and discussion

Figure 3.3.1 – (Color online) Map of tanΨ at 2992 cm-1 showing the two graphite �akes and
the spot size (80/20 knife edge) and locations of the scans A and B. The inset shows a digital
photograph of the graphite �akes (middle and bottom) and the graphene �ake (white outline)
which is visible by eye. Scale bar approximately 200 µm.

thickness and previously measured in the ultraviolet- visible (UV-Vis) (Ref. 6)
using spectroscopic ellipsometry (SE). Using the IR-SE setup at the Berlin Syn-
chrotron (BESSY II), we performed an ellipsometric 2-D map of the area near the
graphene �ake to measure the ellipsometric angles tanΨ and cos∆ from the s-
and p-polarized re�ection coe�cients, rp/rs = tanΨei∆. The spot size is an ellipse
with axes 175× 245 µm2 (80/20 knife edge technique containing 60% of intensity).
The experiment was performed in a dry-air environment. The �ake was located
close to two ultrathin graphite �akes, thickness ∼ 12 nm, as determined using
UV-Vis SE.6

3.3. Results and discussion

The tanΨ values at a wavenumber of 2992 cm-1 are shown in Fig. 3.3.1, with a
digital photograph of the graphite and graphene �akes shown in the inset. The
graphene is located in the top left of the image, while the graphite �akes are
located in the middle and bottom right. The ultrathin graphite �akes are clearly
seen in the scan; however, the graphene is indiscernible from the background
spectrum. We performed extended ellipsometric scans at the positions A and B
in Fig. 3.3.1, corresponding to the position of the graphene �ake and the position
of the large graphite �ake, respectively. Using a four layer model (with the Si
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3. Microfocus infrared ellipsometry characterization of air-exposed graphene �akes

Figure 3.3.2 – (Color online) Real (top) and imaginary (bottom) parts of the dielectric functions
of the graphene (thick solid black lines) and graphite (thin solid red lines) �akes measured at
positions A and B, respectively. Also shown are the measured curves for gold (green line). The
inset shows a zoomed region comparing the thin graphite and bulk HOPG (dashed blue line)
curves. The boxed area denotes a region of values that are in�uenced by a substrate phonon
feature.

layer �t from a measurement of the substrate), we performed a mathematical
inversion of the ellipsometric angles to obtain the real and imaginary parts of
the dielectric function of the graphite/graphene layers. To do this, we assumed a
thickness of the layers so that the number of unknowns reduces to the number
of measured parameters. The thickness of the graphene was �xed at 0.335 nm
in accordance with the interlayer spacing of graphite, while the thickness of the
graphite layer was �xed at 12 nm.

Figure 3.3.2 shows the real and imaginary parts of the dielectric functions of
the multilayer-graphite (red line) and graphene (black line) �akes. The uncer-
tainty in the measurements is represented by the noise level, which is signi�-
cantly lower in the graphite measurements due to the strong contrast between
the �ake and the substrate measurements. A drastic di�erence between the di-
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3.3. Results and discussion

Figure 3.3.3 – (Color online) Real part of the optical conductivity r for the graphene (smoothed)
and the graphite �akes (thick black and thin red lines, respectively). The graphene data is �t
with a Drude-Lorentz model (thick dashed blue line), which are decomposed into the individual
Drude and Lorentz components (thin dashed blue lines).

electric functions of the graphene monolayer and thin graphite is revealed. ε2 of
the graphene �ake is about a magnitude higher than for the graphite. The data
are compared with the dielectric functions of highly-oriented pyrolytic graphite
(HOPG) and gold, both measured using an IR-SE with a glow-bar source and com-
paratively large spot diameter. It is interesting to observe the similarity between
ε2 of gold (green line) and the graphene �ake, suggesting that the conductivity
of our atmosphere exposed graphene �ake is no better than that of gold. The
graphite �ake and HOPG data agree well both showing a characteristic Drude
response re�ecting the high in-plane conductivity. The large dip close to 0.1 eV
is an artefact due to an optical phonon in the SiO2 layer of the substrate,10 and
the region enclosed in the box, therefore, does not accurately re�ect the dielec-
tric properties of graphene. The carbon ring in-plane optical phonon mode is
visible in the HOPG data at 0.2 eV. The graphene dielectric function is markedly
di�erent from graphite although the Drude characteristics are still evident. The
imaginary part shows a signi�cantly larger amplitude with evidence of a broad
absorption peak between 0.2 and 0.3 eV. This peak is more easily observed in a
plot of the real part of the optical sheet conductivity σ1 = ωε0ε2/d , where d is the
�lm thickness.

The optical sheet conductivity determined from the graphene data (smoothed
by 100 pt Savitzky-Golay) is shown in Fig. 3.3.3 in units of πG0/4d , where
G0 = 2e2/h is the quantum of conductance. In the NIR-Visible region, the con-
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3. Microfocus infrared ellipsometry characterization of air-exposed graphene �akes

ductivity of graphene has been reported to be unity.11 The values for the graphite
�ake (0.81 ± 0.12 πG0/4d) are close to unity as reported in the literature.12 The
graphene conductivity is around a factor of 10 higher than graphite and displays
de�ned features. At lower energies, the conductivity may be approximated by a
sum of the interband and intraband contributions which depend on the Fermi en-
ergy, the temperature, and the broadening of the Drude tail Γ.13 Our simulations
suggest that the interband transitions were outside of the measurement range
(meaning that the Fermi level must be well outside the measurement range, i.e.,
greater than 1 eV), and hence, the real part of the conductivity can be approx-
imated by the Drude contribution. It is clear that there is an additional broad
peak in the conductivity at around 0.22 eV. We speculate that this may arise from
a section of FLG which is visible as a dark patch at the left edge of the monolayer
graphene �ake. Mak et al. showed that FLG displays a strong splitting of the
valence and conduction bands with 4 and 7 layer graphene, exhibiting a strong
absorption peak at around 0.25 eV,4 with recent theory showing that the position
of the peak is dependent on the stacking sequence.14

The optical sheet conductivity was �t using a Drude model, plus a Lorentzian
to account for the peak near 0.22 eV, as shown in Fig. 3.3.3. The Drude amplitude
was 27 eV and the broadening Γ = 0.26 eV. Assuming the Fermi level (due to dop-
ing or charging) is greater than 1 eV, this corresponds to a 2D electron density of
around 1 × 1014 cm−2 in a 0.335 nm sheet15 which is high for pristine graphite.
However, this value is not unreasonable for doped graphene, and we cannot rule
out the possibility of additional charge carriers due to bias caused by static charge
accumulation.16 Note that the graphene �ake had been exposed to atmosphere
for some period which may contribute to chemical doping.17 For instance, a wa-
ter layer quickly forms on hydrophilic surfaces under ambient conditions.18 We
tried to minimize the e�ect of water in our experiment by measuring in a dry-air
environment, however, the presence of an adsorbed water layer cannot be ruled
out. We have simulated the e�ect of a water layer on the graphene surface using
measured optical data of water. We �nd that there is no signi�cant contribution
to the optical properties of the graphene layer with the additional water layer.
However, the Fermi energy of the graphene is expected to be a�ected by the pres-
ence of a water layer or other surface contaminants. This is an important point
to consider for real world applications of graphene.
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3.4. Conclusions

3.4. Conclusions

In conclusion, we demonstrated a method to measure the ellipsometric angles of
micro-scale �akes of graphite and graphene using a synchrotron-source micro-
focus ellipsometer. The dielectric functions were determined by �xing the layer
thickness and inverting the ellipsometric data. The graphite data shows good
agreement with measurements of large area HOPG. The graphene data is com-
parable to bulk gold. By assuming a model of the intraband transitions, we show
that the Fermi energy must be greater than 1 eV which we attribute to chemical
doping and accumulated charge caused by atmospheric exposure. The exten-
sion of this technique to perform measurements under cryogenic conditions is
planned.

Acknowledgments

This work was �nancially supported by the EU FP7 project NIMNIL. Thanks to
Arnulf Röseler for assistance and Victor Calado for preparing the graphene and
thin graphite �akes.

27



1 F. Bonaccorso, Z. Sun, T. Hasan, and A. C. Ferrari, Nat. Phot. 4, 611 (2010).
2 A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim, Rev.

Mod. Phys. 81, 109 (2009).
3 Z. Q. Li, E. A. Henriksen, Z. Jiang, Z. Hao, M. C. Martin, P. Kim, H. L. Stormer, and

D. N. Basov, Nat. Phys. 4, 532 (2008).
4 K. F. Mak, M. Y. Sfeir, J. A. Misewich, and T. F. Heinz, Proc. Natl. Acad. Sci. U. S. A.
107, 14999 (2010).

5 V. G. Kravets, A. N. Grigorenko, R. R. Nair, P. Blake, S. Anissimova, K. S. Novoselov,
and A. K. Geim, Phys. Rev. B 81, 155413 (2010).

6 J. W. Weber, V. E. Calado, and M. C. M. van de Sanden, Appl. Phys. Lett. 97, 091904
(2010).

7 U. Wurstbauer, C. Röling, U. Wurstbauer, W. Wegscheider, M. Vaupel, P. H. Thiesen,
and D. Weiss, Appl. Phys. Lett. 97, 231901 (2010).

8 M. Gensch, K. Hinrichs, A. Röseler, E. Korte, and U. Schade, Anal. Bioanal. Chem. 376,
626 (2003).

9 K. Roodenko, Y. Mikhaylova, L. Ionov, M. Gensch, M. Stamm, S. Minko, U. Schade, K.-J.
Eichhorn, N. Esser, and K. Hinrichs, Appl. Phys. Lett. 92, 103102 (2008).

10 D. W. Berreman, Phys. Rev. 130, 2193 (1963).
11 K. F. Mak, M. Y. Sfeir, Y. Wu, C. H. Lui, J. A. Misewich, and T. F. Heinz, Phys. Rev. Lett.

101, 196405 (2008).
12 A. B. Kuzmenko, E. van Heumen, F. Carbone, and D. van der Marel, Phys. Rev. Lett.

100, 117401 (2008).
13 G. W. Hanson, J. Appl. Phys. 103, 064302 (2008).
14 J.-A. Yan, W. Y. Ruan, and M. Y. Chou, Phys. Rev. B 83, 245418 (2011).
15 T. Fang, A. Konar, H. Xing, and D. Jena, Appl. Phys. Lett. 91, 092109 (2007).
16 C. Lee, J. Y. Kim, S. Bae, K. S. Kim, B. H. Hong, and E. J. Choi, Appl. Phys. Lett. 98,

071905 (2011).
17 S. Ryu, L. Liu, S. Berciaud, Y.-J. Yu, H. Liu, P. Kim, G. W. Flynn, and L. E. Brus, Nano

Lett. 10, 4944 (2010).
18 K. Xu, P. Cao, and J. R. Heath, Science 329, 1188 (2010)

28

http://dx.doi.org/10.1038/nphoton.2010.186
http://link.aps.org/doi/10.1103/RevModPhys.81.109
http://link.aps.org/doi/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1038/nphys989
http://dx.doi.org/10.1073/pnas.1004595107
http://dx.doi.org/10.1073/pnas.1004595107
http://link.aps.org/doi/10.1103/PhysRevB.81.155413
http://dx.doi.org/10.1063/1.3475393
http://dx.doi.org/10.1063/1.3475393
http://dx.doi.org/10.1063/1.3524226
http://dx.doi.org/ 10.1007/s00216-003-1985-z
http://dx.doi.org/ 10.1007/s00216-003-1985-z
http://dx.doi.org/10.1063/1.2892132
http://link.aps.org/doi/10.1103/PhysRev.130.2193
http://link.aps.org/doi/10.1103/PhysRevLett.101.196405
http://link.aps.org/doi/10.1103/PhysRevLett.101.196405
http://link.aps.org/doi/10.1103/PhysRevLett.100.117401
http://link.aps.org/doi/10.1103/PhysRevLett.100.117401
http://dx.doi.org/10.1063/1.2891452
http://dx.doi.org/10.1103/PhysRevB.83.245418
http://dx.doi.org/ 10.1063/1.2776887
http://dx.doi.org/10.1063/1.3555425
http://dx.doi.org/10.1063/1.3555425
http://dx.doi.org/10.1021/nl1029607
http://dx.doi.org/10.1021/nl1029607
http://dx.doi.org/10.1126/science.1192907


4
Review on growth parameters of graphene by chemical

vapour deposition on Cu-foil



4. Review on growth parameters of graphene by chemical vapour deposition on Cu-foil

4.1. Introduction

The �rst method to produce isolated single layer graphene was reported by the
Nobel Prize winners Geim and Novoselov in 2005. They mechanically exfoliated
graphite by Scotch® tape onto an oxidized wafer and discovered single layer
graphene �akes amongst �akes of few layer graphene and graphite.1 Mechan-
ically exfoliated graphene �akes have a size typically of the order of 100 µm,
which is large enough for most fundamental studies. However, for graphene to
be used in applications, such as transparent electrodes in touch screens,2 large
area graphene is needed. The most common production methods of large area
graphene are: a) the reduction of graphene oxide to graphene,3 b) the epitax-
ial growth of graphene by annealing single crystalline silicon carbide at high
temperatures,4 and c) the catalytic growth of graphene from hydrocarbon pre-
cursors on metal substrates followed by the transfer of graphene to any desired
substrate.5 In this chapter we will focus on the latter method since it allows to
study homogeneous monolayer graphene on the substrates required for our op-
tical studies. Graphene from reduced graphene oxide does not yield a homoge-
neous layer and is therefore not suitable for our optical studies. Graphene from
epitaxial growth on SiC is di�cult to study with our optical diagnostics (i.e. SE
and FTIR) since graphene is coupled to the SiC substrate. Attempts to uncouple
it by a hydrogenated bu�er layer underneath the graphene further complicate
the optical data analysis due to the di�culty in characterizing the reference sub-
strate. Furthermore, FTIR measurements are negatively in�uenced by the band
of mid-IR absorptions in the SiC, which makes data in this range unusable for
our analysis.

Growth of graphene on a metal catalyst dates back to the 1970s6 but it was only
in 2008 that Yu et al.7 reported for the �rst time on the isolation of (multilayer)
graphene from a metal, Ni in this case, by transferring it to another substrate. The
growth and transfer method was later improved by Reina et al.8 Their transfer
method was used by Li et al.5 who reported growth of large area monolayer
graphene on Cu-foil for the �rst time. Other metal substrates were studied as
well, e.g. Ru,9 Ir,10 Pt,11 Co,12 and Pd.13 Due to the low cost of Cu-foil and high
percentage of monolayer coverage the growth of graphene on Cu has drawn the
most attention. The growth process on Cu proved to be very reproducible in
various setups in di�erent research groups and showed quite reliable growth of
monolayer. The work by Li et al.5 propelled a large research �eld on the growth
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4.2. Growth mechanism

of graphene on Cu and transfer to various substrates, and formed the basis of our
experimental work on CVD growth and transfer of graphene.

In this chapter we discuss the CVD growth of graphene on Cu-foil and focus
on the most important parameters that in�uence the properties of graphene such
as: the number of graphene layers, nucleation density, domain size, morphology,
or charge carrier mobility. We review recent developments in CVD graphene
growth recipes and attempt to identify an optimal growth procedure. Our fo-
cus is mostly on the growth of graphene from methane and hydrogen at low
pressure conditions. Furthermore we will address the state-of-the-art growth of
large single graphene crystals and compare the charge carrier mobility of single
crystals to polycrystalline graphene. Since the charge carrier mobility is consid-
ered as the key parameter to qualify graphene, we also discuss issues related to
the interpretation of charge carrier mobility measurements of CVD graphene in
literature.

4.2. Growth mechanism

Surface limited The CVD growth of graphene on Cu from hydrocarbon pre-
cursors is limited to the surface due the low solubility of carbon in Cu (≈ 10-2 –
10-3 %).14 This is in contrast to other transition metals such as Ni for which the
carbon solubility is >0.1%.15 On Ni carbon di�uses into the Ni bulk at high tem-
peratures, causing it to segregate/precipitate to the surface upon cooling. a The
growth by surface segregation causes Ni to be more prone to multilayer growth
and requires a more delicate tuning of the growth parameters, mostly cooling
rate.17 In contrast, the growth process of graphene on Cu is much more forgiv-
ing for changes in the growth parameters, which allows a wider parameter space
for successful monolayer growth. This is the reason why CVD growth on Cu has
attracted much attention.

Self-limiting The growth of graphene on Cu via CVD of hydrocarbon precur-
sors occurs in several steps.18–20 The hydrocarbon adsorbs at the copper surface,
and decomposes and/or dehydrogenates. The dissociated carbon atoms nucle-
ate at places such as impurities or defect sites. At these sites the active carbon
is initially supersaturated and therefore fosters crystallization.21 Newly arriving

aRecently it was found that even also for Cu carbon precipitation can take place, 14 in contrast to
what was always assumed and reported. 16
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carbon atoms attach at the edge of the nucleus to grow out to a larger crystal.
The catalytic reactions of the hydrocarbon precursor, such as dissociation and
dehydrogenation, can only occur if there are catalytic Cu sites available since
graphene is not catalytically active towards the decomposition of methane.22

Thus the growth stops as soon as graphene covers the Cu surface, e�ectively
passivating the surface and limiting growth to a monolayer.

However, it was found that the self-limiting growth character can be broken
if the growth occurs instead of low pressure at ambient pressure. For ambient
pressure CVD (APCVD) other growth mechanisms were found to play a role.15

Monolayer graphene growth for APCVD is still possible but requires a more del-
icate tuning of the growth parameters, e.g. the carbon concentration.15,23,24 Also
for low pressure CVD (LPCVD) regimes were found in which the growth is not
completely self-limiting anymore, causing adlayers to grow underneath the �rst
layer.21,25,26 Li et al.25 found that this can occur for slow growth rates, which
causes the domains to not merge quickly enough to form a closed �lm. There-
fore there is enough time for the hydrocarbon precursor to nucleate a second
layer underneath the isolated grains.

Growth rate-limiting step and surface oxygen The studies on the rate-
limiting step vary. Celebi et al.21 argue that it is catalytic dissociative dehydro-
genation that limits growth. Vlassiouk et al.27 ascribe it to the di�usion of the
carbon atoms, while Kim et al.20 show that the edge-attachment of the carbon
atoms is growth limiting. Very recently Hao et al.18 discovered that the amount
of oxygen on the Cu surface determines whether edge-attachment or di�usion is
the limiting growth step. For oxygen-free Cu they found compact, hexagonally
shaped crystals, which can be explained by edge-attachment limited growth (Fig.
4.2.1A). Oxygen-rich Cu, on the other hand, showed dendritic graphene crys-
tals, which is characteristic of di�usion-limited growth (Fig. 4.2.1B). Furthermore
they demonstrated that dosing oxygen-free copper with oxygen yields similar
results as as-received oxygen-rich Cu foil. By controlling the amount of surface
oxygen they can shift the growth mechanism from edge-attachment limited to
di�usion-limited. They argue that oxygen, whether segregating from the bulk
or adsorbed, can passivate sites such as defects, impurities, step edges etc. that
otherwise would be nucleation centers for graphene. The oxygen was found
to help reducing the edge attachment barrier, facilitating carbon incorporation
and accelerating graphene growth. By controlling the nucleation they achieved
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4.2. Growth mechanism

Figure 4.2.1 – A) Oxygen-free copper, showing compact hexagonal graphene: edge-
attachment limited growth B) Oxygen-free copper dosed with oxygen, showing dendritic
graphene crystals: di�usion-limited growth. (Figure reprinted from Hao et al. 18)

centimeter-scale growth of a single graphene crystal.
Three other recent studies also recognized the importance of oxygen for the

growth of graphene, albeit in di�erent ways. Two of them found that oxygen
chemisorbed at the surface,28 or as copper oxide29 reduced the nucleation density
and explained this by the catalytic inactivity of the copper oxide. Another study
found that the copper oxide actually induced nucleation by forming copper oxide
nano particles that acted as nucleation centers.30 In two of these studies growth
of millimeter-sized crystals was demonstrated.29,30

Morphology and phase-�eld method A closed CVD graphene �lm is poly-
crystalline and graphene domains can exist in many di�erent shapes. Hexago-
nal and close-to-hexagonal domains are always single crystals, so are most other
six-fold symmetrical shapes. However, it was shown that non-symmetrical multi-
lobed �owers and four-fold symmetrical shapes can have multiple orientations
within one island, i.e. these islands consist of multiple domains.16,31–33 System-
atic studies on the growth parameter space were performed to examine the transi-
tion from round to purely hexagonal to six-fold symmetrical dendritic shapes34,35

but also from round to square36/rectangular to (dendritical) four-fold symmetri-
cal or non-symmetrical dendritical shapes.35 These shapes were also observed by
Meca et al.37 but in addition they reported the butter�y-shaped domain. Meca
et al.37 found that all these shapes together can be very successfully explained
by a so called phase �eld method.38 The deposition �ux of carbon adatoms and
the di�usion (an)isotropy are the parameters in this method that have the largest
in�uence on the shape of the graphene crystal. The deposition �ux and di�usion
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anisotropy represent the methane to hydrogen ratio and the Cu orientation re-
spectively. A phase �eld method was also successfully applied by Hao et al.18 to
explain the transition of hexagonal to slightly more, six-fold symmetrically, den-
dritic domains. Here, they also used a �ux parameter but instead of the di�usion
anisotropy as the second most important parameter, they use a time parameter
that represents the edge-attachment barrier.

Graphene domain imaging The polycrystallinity of a closed graphene �lm
can be visualized by DF-LEEM39 or, more commonly, DF-TEM.2,40–43b Another
way of imaging domain boundaries is by ’highlighting’ them by oxidizing the
Cu-substrate. The domains are selectively highlighted since only they allow
oxidation whereas the domain itself is impermeable to gas.44 Oxidation was
achieved by either UV exposure in a moisture-rich ambient,45 or by treatment
with H2O2.22 Cu oxidation, either just by annealing in air or also by H2O2, was
also used to make individual domains visible for a non-closed �lm.46

Other techniques that can probe the individual graphene domains in a closed
graphene �lm are plasmon interferometry47 or by relating the ratio of the inten-
sities of the Raman D and G peak, I (D)/I (G ), to the defect length.48 Domain sizes
in a closed graphene �lm are typically of the order of hundreds of nanometers42

to micrometers.2,39–41,43,45,47,48

4.3. Parameters that in�uence the growth and
quality of CVD graphene on Cu-foil

4.3.1 Cu crystallographic orientation

Cu has an FCC crystal lattice structure with the most common orientations being
<111>, <110> and <100>. The <111> orientation has the lowest surface energy49

and the smallest mismatch with the graphene lattice, only 4%.50 The results of
studies on the in�uence of the Cu orientation on the morphology of graphene
vary. Some works show a dependence of the graphene morphology on the Cu
substrate.35,37,49,51–58 In general it is found that hexagonal graphene crystals are
found on the Cu<111> orientation and four-fold symmetrically shaped graphene
on Cu<100>. Some works show that high-quality graphene, i.e. a low defect

bKim et al. 41 remarked that DF-TEM is only sensitive to tilted domain boundaries.
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density, is grown on Cu<111>,31,49,51–53,58 mainly due to the smallest lattice mis-
match,49 and lower quality graphene on Cu<100>.52

Other works report that graphene morphology is independent of the Cu orien-
tation.18,59–65 This could for instance be evidenced by graphene crystals that were
found to grow undisturbed across Cu domain boundaries, which suggests a weak
binding between the graphene and the copper.18,60,61,64,65 A theoretical study con-
�rmed that graphene growth is insensitive to the Cu orientation.66 In this study
the model showed that the larger the carbon cluster becomes, the more ’blind’ it
gets to the copper underneath, proving the weak binding between graphene and
copper. Altogether this showed that single-crystal Cu substrates are unnecessary
to grow large single-crystal graphene �lms.18

Besides morphology, the Cu-orientation can have an in�uence on the nucle-
ation density, although its in�uence was found to disappear either above 900 ◦C49

or 1000 ◦C.27 The Cu-orientation can also a�ect the charge carrier mobility:53,58

Shin et al.58 �nd that a relatively higher charge carrier mobility is found in
graphene grown on Cu <111> than on Cu <220> or <200>. Furthermore the
Cu-orientation can in�uence the crystallographic orientation of graphene.35,51,53

4.3.2 Purity of the Cu-foil

The in�uence of the Cu purity on the morphology of graphene was debated in
literature. There are works that report no dependence,16,51 and works that show
that the Cu purity in�uences the morphology,54 nucleation density,61 number of
layers,67,68 mobility,42 or domain size.18 Fan et al.54 reported much more regular
graphene domains for their high purity foil (99.9995%) compared to their lower
purity foil (99.98%). They explained this by the di�erence in crystallographic ori-
entations of the Cu that they observed after annealing for both foils: Cu <311>
for the high and Cu <100> for the low purity foil. Another study showed that the
nucleation density can depend on the purity.61 For the low purity foil a higher
nucleation density was found, which was ascribed to impurities, surface rough-
ness and morphology. The purity was also found to determine the number of
graphene layers for both LPCVD67,68 and APCVD.69 Luo et al.68 showed that Cu
foil of 99.95% purity enabled growth of continuous graphene layers at tempera-
tures as low as 800 ◦C while at this temperature no complete graphene coverage
was observed for high purity foil of 99.999%. This di�erence in coverage could
be explained by the larger number of impurities for the less pure foil since the
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impurities were likely to form nucleation centers.18 Huang et al.42 measured a
signi�cant increase in charge carrier mobility for high purity compared to low
purity foil. The study by Hao et al.18 on the role oxygen (discussed in section 4.2)
showed that a lower purity Cu-foil enabled the growth of millimeter-sized single
graphene crystals due to a higher oxygen content.

4.3.3 Cu-foil pretreatments and morphology

Cu-foil, as received from the supplier, is often cold-rolled, which leaves rolling
marks37,50,51,61,67,70–72 with a typical roughness of the order of 100 nm69,73,74 It
was shown that graphene tends to grow along these rolling marks,20,57,67,70,71

as the nucleation density is higher there45,61,70,74,75 due to a higher carbon ab-
sorption in the grooves.70 The rolling marks are often decorated with multilayer
graphene,71,75 which is likely induced by the higher nucleation density.

Cold-rolling also leaves a thin layer of grease, which causes nucleation of de-
fective amorphous carbon sites or (multilayer) graphene before the actual growth
of graphene by the gaseous hydrocarbon precursors.76 Therefore the Cu-foil is
often precleaned with e.g. acetone, IPA, and/or methanol to remove the grease.
Other contaminants are impurity particles, e.g. the white speckles that are often
seen on the Cu-foil with SEM,77 which can also act as nucleation centers. These
impurities were found to be particles of e.g. Si, Ca, Pt, Ru, or Ce, and to be present
on the Cu-foil already before growth.78

Annealing Various pretreatments were used in literature to reduce the rough-
ness and the contamination level of the Cu-foil. The most common pretreatment
is annealing in hydrogen, typically at 1000 – 1050 ◦C for ∼ 0.5 − 1 hr, which
smoothens the surface.c Annealing the Cu foil to temperatures above the melting
temperature of 1083 ◦C was also reported. Wu et al.80 and Mohsin et al.74 melted
or resolidi�ed copper on a tungsten or molybdenum substrate, which avoided
the need of another pretreatment.

(Electro)chemical polishing Next to annealing, there are many studies that
use some kind of polishing, i.e. electrochemical polishing20,27,37,64,65,70,73,74 or
chemical (mechanical) polishing,18,30,75,78 to achieve a cleaner, and �atter cop-

cA smooth Cu foil can also be achieved without pretreatment: Wu et al. 79 avoided the rolling
marks by making very smooth Cu-foil by electroplating copper onto a silicon wafer.
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per surface. Electrochemical polishing is mostly performed in phosphoric
acid,20,37,64,65,69,70,73,74 and should be done with care to avoid pitting of the Cu-
surface, resulting in large defects in the graphene �lm.20 Electropolishing can
reduce the surface roughness by a factor of 4 – 5.69,73

Chemical polishing is performed with di�erent chemicals such as nitric
acid,69,78 acetic acid,18,46,69 or iron nitrate69 and should be done with care to
avoid overetching, causing a rougher surface, and thereby inducing new nucle-
ation sites. However, the results of the e�ectiveness of nitric acid and acetic acid
vary. Kim et al.78 showed that a short etch in nitric acid yielded the best graphene
in terms of continuous monolayer coverage, charge carrier mobility and clean-
liness, compared to untreated foil and other etchants (such as acetic acid and
hydrochloric acid). They proposed this pretreatment to make the growth pro-
cess more reproducible, independent of the supplier or a certain batch from one
supplier.d Acetic acid was successfully used by Jia et al.,46 who showed a reduc-
tion in the nucleation density by an order of magnitude, and by Hao et al.18, who
�nd acetic acid as e�ective as electrochemical polishing. Vlassiouk et al.69 found
no signi�cant improvement in graphene growth quality after a nitric acid treat-
ment compared to the untreated foil. They also reported that acetic acid was not
su�cient to clean all surface contaminants. Instead they found electrochemical
polishing the most e�ective cleaning method.

4.3.4 Growth temperature

The original recipe reports a temperature of 1000 ◦C. However, at present most
studies use a temperature between 1050 ◦C and 1080 ◦C. In case of a methane pre-
cursor higher temperatures reduce the nucleation density, enabling the growth
of larger crystals,18,27,46,64,81 by reducing the number of contaminants and de-
fects of the Cu surface,46 and by �attening the surface due to intense surface
reconstruction at these high temperatures.69 An explanation for the reduction in
nucleation density at these high temperatures could be the sublimation rate of
copper, which is signi�cant for LPCVD (already 4 µm/h at only 1000 ◦C). It was
shown that this sublimation causes surface carbon to desorb, thereby hindering
further growth of new nuclei.21,27 At such high temperatures graphene grows

dFor instance, certain batches of the most commonly used foil (Alfa Aesar 13382) were shown to
have a protective chromium oxide anti-oxidation layer, which caused a di�erent growth of graphene
than uncoated foil. 65,73
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irrespective of the Cu surface orientation, whether it is at low or ambient pres-
sure.27 This can be explained by the high copper adatom and island mobility,32

which is consistent with the facet-insensitive growth theory.66 A high tempera-
ture is important when using high purity Cu foil since its melting point is higher
than that of low purity foil as mentioned above. Some works heat even above the
melting point to grow perfect hexagonal graphene crystals of the order of tens
of micrometers on liquid copper.34,80,82 Mohsin et al.74 also heat above the melt-
ing point, but resolidify the copper before growth of millimeter-sized hexagonal
crystals, achieving a very smooth copper surface with only 8 nm roughness.

For industrial processes it would be cheaper and easier to grow at lower tem-
peratures.2 However, for the standard process it is known that reducing the tem-
perature yields more defective graphene. Already from temperatures below 900
– 950 ◦C amorphous carbon starts to grow instead of graphene.71,83

4.3.5 Growth time

Typical growth times for LPCVD are in the order of minutes to grow a closed �lm,
and longer exposure to methane will not change anything if the growth occurs
in the self-limiting regime. For APCVD the growth time depends mostly on the
precursor concentration. The concentration should be low to prevent multilayer
growth, or equivalently: given a certain concentration the exposure should not
be too long.84 Bhaviripudi et al.15 grow a closed �lm with few multilayer with
APCVD in 30 minutes (concentrations between 0.2% methane, by volume, and
100 ppm). However, APCVD growth of ultralarge hexagonal crystals can take
up to many hours27,29 due to a low hydrocarbon precursor concentration (8-18
ppm27). Instead of continuous growth, Han et al.26 show that, with LPCVD, they
can suppress multilayer patches in the graphene �lm by using pulsed growth,
where the methane is injected at e.g. intervals of 50 s for a duration of 10 s.

4.3.6 Heating/cooling rate

For LPCVD the average size of the graphene islands does not depend on the
cooling rate.35,85 The fast cooling might be bene�cial even because of the on-
going etching of the hydrogen during cooling.61 Lu et al.86 found that the cool-
ing rate in�uences the Cu-orientation. Fast cooling shows a <100> orientation
whereas slow cooling yields a <111> orientation. They argue that the presence
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of graphene is able to kinetically promote the growth of <100> upon fast cooling.
There is one study that claimed that large area bilayer graphene can be grown
for LPCVD at slow cooling rates (18 ◦C/min).87

For APCVD the cooling rate has an in�uence on the number of layers,15 al-
though the results vary. One work reports that large (order mm) high quality
monolayer graphene crystals can only be obtained with low cooling rates,36

while another group claims that they can grow large hexagonal graphene crys-
tals by cooling fast to room temperature in 30 min.30 Yu et al. also �nds fast
cooling rates bene�cial but grows smaller hexagonal crystals (order 10 µm).60

4.3.7 Cu enclosure

In 2011 Li et al.62 improved their original growth recipe of 2009 and found that
much larger graphene domains could be grown, with signi�cantly less adlay-
ers, by folding the Cu-foil and crimping it at three edges into a kind of enve-
lope. The large domain growth could be ascribed to the much lower partial pres-
sure of methane inside the enclosure along with a lower pressure of unwanted
species.21,27,62 The enclosure causes an equilibrium between the Cu vapour and
the foil.62,65 This Cu vapour pressure is higher than for non-enclosed Cu, and
thereby reduces the roughening of the surface50, which leaves a smoother surface
after annealing.65,74 Furthermore, an enclosure was found to avoid the possible
deposition of SiO2 particles, coming from the quartz tube, onto the Cu-foil.35

The Cu-enclosure method was successfully applied by others, either by folding
the Cu-foil in a ’pita-pocket’ shape18,40,43,84,88,89 or by rolling it into a small tube.65

Instead of using the Cu-foil itself as a con�nement, also a tantalum boat90, a
small quartz tube,63 or a sandwich of two quartz plates were used.65 All these
methods showed that larger graphene domains were grown than without using
an enclosure.

4.3.8 Precursor, and (partial) pressure of gas mixture

Growth precursors The most common hydrocarbon precursor is CH4, but
other gaseous precursors are also used, such as C6H6,57 ethylene,91 ethane, and
propane.92 Graphene can also grow from solid carbon sources. Successful growth
was achieved even with a piece of chocolate cookie on Cu-foil,93 but also spin
cast poly (methyl methacrylate) (PMMA) and polystyrene62,94 or a sputtered a-
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C �lm95 led to growth of good quality graphene. Liquid precursors have also
been used: ethanol,84,96 methanol,76,96 benzene,76 propanol,96 hexane,97,98 or
pentane.99

The role of hydrogen during growth, together with methane, is often described
as being the cocatalyst for methane and as an etchant for graphene.61, although
the etchant e�ect was debated by Choubak et al.100 who showed that ultrapure
hydrogen does not etch graphene. They conclude that it is the oxygen impurities
in the hydrogen in many setups that cause the etching. At the same time, as men-
tioned in section 4.3.2, the oxygen can be bene�cial by reducing the nucleation
density. Hydrogen (i.e. pure) can also reduce any stray oxygen (or other) impuri-
ties in non-UHV conditions.61 Graphene even grows equally well from methane,
without the supply of a hydrogen �ow, further putting the role of hydrogen under
debate.2,83

Low pressure CVD LPCVD graphene growth is self-limiting in a wide range
of H2/CH4 partial pressure ratios, ranging from order 1 to 1000.18,26,29,35,57,62,63

However, it was shown that a minimum methane partial pressure is needed for
complete graphene coverage.57,67,81 Below a certain methane partial pressure no
complete coverage is achieved, even after continuous exposure to methane. For
instance, Li et al.81 report a minimum partial pressure of 500 mTorr for which a
fully closed graphene �lm is grown in 2 to 3 min. They therefore improved their
original recipe by using a two stage growth. They started with a lower methane
partial pressure to start a less dense nucleation, and go to a higher partial pressure
after the nucleation to obtain a closed �lm.

The self-limiting character of LPCVD could be broken when instead of
methane other precursors were used. Wassei et al.92 used ethane and propane
and grow a larger amount of bi -and multilayer, which they explained by the
higher carbon concentration in the precursor. Ethane was found to be selective
for mono -and bilayer growth by changing the growth pressure.

Vlassiouk et al.69 argued that in LPCVD the precursor concentration through-
out the tube should be the same due to fast di�usion. However, there were also
studies that reported a dependence of the number of layers,101 or of the mono-
layer coverage46 on the position of the Cu foil in the furnace tube. Li et al.101

explained the position dependence by gas-phase reactions of methane, which
caused a higher concentrations of cracked methane downstream. Jia et al.46 ob-
served a lower monolayer graphene coverage downstream (with a constant nu-
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cleation density), which they ascribed to a depletion of the methane along the
Cu-foil.

Atmospheric pressure CVD For APCVD the self-limiting regime is smaller
than for LPCVD: a too high methane concentration can lead to multilayer
graphene.15,57,61,102,103 Therefore the range of H2/CH4 partial pressure ratios is
narrower. In general it is found that a higher ratio corresponds to a higher
fraction of monolayer and to a more hexagonal shape of the graphene crys-
tal. For hexagonal graphene many studies show this ratio to be of the order
of 1000.15,23,27,30,35,60,61,74,97,103.

Although monolayer growth is less easily achieved with APCVD, it has the
bene�t that the CVD-setups are more easily scaled for industrial development
since it needs less complicated vacuum equipment than LPCVD growth sys-
tems.27,50 Also, the Cu sublimation on the wall is much less for APCVD, which
requires less cleaning.27,57

4.4. Large single crystal graphene growth

The graphene growth process parameters have been continuously optimized to-
wards the growth of ever larger single graphene crystals, with the goal of produc-
ing wafer-scale single crystalline graphene with charge carrier mobilities com-
parable to exfoliated graphene. Recent studies have shown that single graphene
crystals can be grown in the order of millimeters, mostly by APCVD,27,29,30,36

(or near APCVD64), but also LPCVD.18 These studies have in common that they
succeeded in a strong reduction of the nucleation density, which is required for
large crystal growth. They achieved this by a combination of precleaning of the
Cu-foil and certain growth conditions.e The Cu-foil was precleaned either by
(electro)chemical polishing and/or by a speci�c pre-anneal of the foil. All studies
used a high growth temperature, i.e. ranging from 1035 ◦C to 1080 ◦C. For some
studies the high growth temperature alone was enough to reduce the nucleation
density27,64, others used also oxygen (adsorbed at the surface or as copper oxide)
to suppress the nucleation by passivating the catalytic Cu.18,29,30

eYu et al. 60 reported an alternative to control the number of nucleation sites by using seeded
growth. They achieved this by using e-beam lithography to pattern seeds in multilayer graphene on
Cu-foil and by letting these seeds regrow after reinsertion in the CVD furnace.
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In general the large size of the single crystals is at the expense of the process
time. For APCVD this ranges from 3 hours for a 0.6 mm crystal to 48 hours for a
5.9 mm crystal,27,29,30,36,64 and for LPCVD a centimeter sized crystal was grown
in 12 hours.18

4.5. Charge carrier mobility: in�uence of domain
boundaries and issues with measurements

The main motivation to grow large single crystalline graphene crystals is that
they have no domain boundaries that could degrade the electrical performance
of graphene devices, most notably the charge carrier mobility. Domain bound-
aries were found to be scattering centers for charge carriers.60,91 The results of
the studies on the in�uence of domain boundaries on the charge carrier mobility
and sheet resistance, however, vary. Some works showed that domain bound-
aries negatively in�uence the charge carrier mobility29,60,81,104 and/or the sheet
resistance,29,45 while other works found that domain boundaries are weakly or
not correlated with the charge carrier mobility of graphene42,89 or its sheet re-
sistance.2 Next, we will compare the results of some of these studies (shown in
Table 4.1) to study to what extent the domain boundaries in�uence the charge
carrier mobility, and to assess whether the slow growth of large single crystalline
graphene is justi�ed by its electrical performance.

Li et al.81 reported the �rst study on the in�uence of the graphene domain size
in polycrystalline graphene on its charge carrier mobility. They improved their
original recipe to grow larger domains. They measured two sets of ∼ 20 back-
gated �eld-e�ect transistor (FET) Hall-bar devices, one for a �lm with an average
domain size of 6 µm and one for a �lm with averaged domain size of 20 µm. The
maximum measured charge carrier mobility of the �lm with 20 µm domains was
16 000 cm2 V−1 s−1 and the maximum charge carrier mobility of the �lm with
6 µm domains 7000 cm2 V−1 s−1. They used this more than twofold increase as
a proof of the reduction of interdomain defects by larger domains. However,
the average charge carrier mobility (omitting the extreme values) of their mea-
surementsf shows a more moderate increase: from 2945 ± 1456 cm2 V−1 s−1 to
4494 ± 3035 cm2 V−1 s−1, which gives a more balanced view on the impact of
the domain boundaries. Interestingly, they measured the same minimum value

fPrivate communication with R.S. Ruo� and L. Colombo
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Table 4.1 – Overview of charge carrier mobilities (µ ) of �eld-e�ect transistors at room temper-
ature for polycrystalline closed graphene �lms with varying domain sizes together with device
(L ×W ) and domain size (D) number of devices measured (#), and number of terminals (type)
of the FET device.

µ (cm-2V-1s-1) L×W (µm) D # type

Li et al. 81 2945 ± 1456 (2 – 100)×(1 – 15) 6 µm 12 6

Li et al. 81 4494 ± 3035 (2 – 100)×(1 – 15) 20 µm 16 6

Zhou et al. 29 3601 ± 1941 10 × 7 50 µm 55 2

Huang et al. 42 1000 ± 750 30 × 10 250 ± 11 nm 10 4

Huang et al. 42 7300 ± 1100 30 × 10 470 ± 36 nm 24 4

Huang et al. 42 5300 ± 2300 30 × 10 1.7 ± 0.15 µm 11 4

Tsen et al. 89 16464 ± 4828 5 × 5 1 µm 28 4

Li et al. 62 4000 n/a 0.5 mm n/a n/a

for the charge carrier mobility of µ = 800 cm2 V−1 s−1 for both domain sizes.
They explained this by the fact that defects introduced during transfer, such as
wrinkles,g were a larger limiting factor for the charge carrier mobility than the
domain boundaries for these samples. Li et al.81 did not report the correlation
between device size and mobility. It is possible that the maximum values for the
mobility were measured for the smallest devices. Small devices are more likely
to measure just one grain, while the largest devices probably span across many
domain boundaries. It is therefore, in general, important to consider the device
size when comparing mobilities.

The device size in the work by Huang et al.42 is 30 × 10 µm, which is larger
than each of the three domain sizes of 250 nm, 470 nm, and 1.7 µm that they study.
Their measurements therefore cannot contain a measurement of the charge car-
rier mobility of a single grain. The highest charge carrier mobility that they
measured, i.e. 7300 ± 1100 cm2 V−1 s−1, was not that of the largest domain sized
�lm but for the 470 nm domain �lm. Therefore Huang et al.42 conclude that there
is no correlation between the domain size and charge carrier mobility.

Li et al.62 improved their original recipe to grow crystals of up to 0.5 mm in
size, by the use of a Cu-enclosure. However, �lms of such domains showed the
same charge carrier mobility of 4000 cm2 V−1 s−1 as their original work,5 which

gWrinkles appear after cooling the graphene/copper due to the di�erent thermal expansion coef-
�cients for graphene and Cu. 50
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could be due to bad stitching of the large domains as will be discussed next.
Tsen et al.89 found that �lms with domains of 50 µm were more resistive than
�lms with domains of only 1 µm. They observed that the larger domains did not
merge as seamlessly as the smaller domains. The small voids that were left in
the �lms with larger domains were found to cause the higher resistance. They
therefore argued that well-stitched domain boundaries are not the dominant scat-
tering mechanism a�ecting large-scale transport. This was con�rmed by theoret-
ical work that showed that substrate-related disorder e�ects and defects caused
by the transfer limit the charge carrier mobility more than the domain bound-
aries.105 Tsen et al.89 showed that they could already achieve the electrical perfor-
mance of single crystalline graphene in, fast grown, large-scale polycrystalline
devices with small domains. To this end, they fabricated 28 equally sized FET
devices (5 × 5 µm) on the graphene �lm with 1 µm domains. They measured
µ = 16464 ± 4828 cm2 V−1 s−1,h reaching a maximum of µ =25 000 cm2 V−1 s−1,
which is of the same order as typical mobilities of exfoliated graphene on SiO2/Si
at room temperature.106 They noted that a combination of well-stitched larger
domains could lead to further improved mobilities. The question now arises to
what limit the carrier charge carrier mobility of CVD graphene can be improved.
This limit is determined by graphene without any domain stitching, i.e. a large
single graphene crystal.

Such a crystal was recently studied by Zhou et al.29 They measured the charge
carrier mobility of a 1 mm single graphene crystal (see Table 4.2) and compared
this to the mobilities measured for a �lm with domains of 50 µm. On each sample
they fabricated 55 di�erent FET devices and measured 6391±843 cm2 V−1 s−1 and
3601 ± 1941 cm2 V−1 s−1 for the single crystal and 50 µm domain sample respec-
tively. Not only is the average charge carrier mobility of the single crystal higher,
the charge carrier mobility is also more uniform. The maximum measured charge
carrier mobility for both samples is almost the same: ∼ 8000 cm2 V−1 s−1. They
explained this by the size of the FET device, 10 × 7 µm, which is smaller than
the 50 µm domain. Therefore the highest mobilities are most likely measured
within a single domain. To avoid that they measure within a domain they also
performed a large scale measurement of a continuous �lm of 1 × 1 cm of either
50 µm or 2 mm domains. However, they did not measure the charge carrier mo-
bility of this �lm to compare with the �lm with smaller domains. Instead, they

hPrivate communication with A. W. Tsen.
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measured the sheet resistance and found a fourfold decrease in the sheet resis-
tance for the 2 mm domain sample compared to the 50 µm sample. Altogether
Zhou et al.29 showed that domain boundaries do have a signi�cant negative e�ect
on the charge carrier mobility and the resistance.

Surprisingly, almost all of the mobilities measured by Tsen et al.89 for a poly-
crystalline �lm, with domains of only 1 µm, are higher than the maximum charge
carrier mobility of the single domain as measured by of Zhou et al.29 However,
the charge carrier mobility of a polycrystalline �lm can only be equal or less than
the charge carrier mobility of a single domain. Apparently the charge carrier mo-
bility is not only in�uenced by domain boundaries. There are mainly two reasons
for this discrepancy.

First, as noted above by Li et al.81, the transfer introduces defects, such as
wrinkles. It could be that Tsen et al.89 transferred their polycrystalline �lm such
that less defects or dopants were introduced than for the transfer by Zhou et
al.29 Second, there are di�erent methods to measure the charge carrier mobil-
ity, and di�erent methods to extract the charge carrier mobility from the mea-
surement.107 For example, Zhou et al.29 used a two terminal FET device for the
measurements described above but also used a four terminal Hall-bar FET de-
vice to measure the charge carrier mobility of a very large single crystal, of 5
mm. For this very large crystal they �nd a (charge carrier-density-independent)
mobility of 16 000 cm2 V−1 s−1. This is signi�cantly higher than what they mea-
sured for the 1 mm crystal. This di�erence is not likely to be due to the di�erent
crystal sizes as the FET devices are orders of magnitude smaller than the crystal.
The di�erence could be due to di�erences in transfer although we expect this to
be minimal as the transfer was done in the same research group with the same
process steps. Therefore the di�erent measurement methods are more likely the
cause of the di�erent mobilities measured for the two crystals.

Zhou et al.29 noted that “the carrier mobility values derived from two ter-
minal FET devices are generally lower than those of the four-terminal Hall-
bar devices, because the contribution of the contact resistance was not com-
pletely excluded here.” This could also (partly) explain the higher mobili-
ties measured by Tsen et al.89 as they measured with a (top-gated) four ter-
minal Hall-bar FET device. Moreover, there is a di�erence in extraction
of the charge carrier mobility from the measurements for the Hall-bar FET
devices. Either a model of a carrier-density dependent mobility or mod-
els of a carrier-independent mobility are used in literature.107 These meth-
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Table 4.2 – Overview of charge carrier mobilities (µ ) measured for back-gated �eld-e�ect tran-
sistors of single graphene crystals on SiO2/Si at room temperature, together with the size of
the device (L ×W ) and the graphene domain size (D), the number of devices measured (#), and
the number of terminals of the FET device (type).

µ (cm2V-1s-1) L×W (µm) D # type

Wu et al. 34 800 – 2000 (20 − 50) × 10 ≤30 µm 30 2

Geng et al. 82 1000 – 2500 20 × 5 ∼120 µm 22 2

Chen et al. 65 2000 – 5200 18.1 × 4.2 ≤ 2 mm n/a 2

Yan et al. 64 7900 – 11000 19.2 × 5.4 ≤ 2.3 mm 10 4

Zhou et al. 29 16000 10 × 7 5 mm 1 4

Zhou et al. 29 6391 ± 843 10 × 7 1 mm 55 2

Hao et al. 18 8400 13 × 1 ≤1 cm 1 8

ods can result in quite di�erent mobilities. For instance, Zhou et al.29 ex-
tracted a carrier-independent mobility of 16 000 cm2 V−1 s−1 whereas they found
11 000 cm2 V−1 s−1 and 14 000 cm2 V−1 s−1 at carrier densities of 2× 1012 cm-2 and
5 × 1011 cm-2 for the carrier-dependent model.

Other important things that in�uence the measurement of the charge carrier
mobility are the quality of the contacts of the device and whether the device
has been baked before the measurement to remove adsorbed water. Removing
adsorbed water can cause a signi�cant increase in the charge carrier mobility,
albeit temporary, as we will show in Chapter 7.

The di�erences in transfer and measurement methods most likely also cause
the wide range of mobilities measured for single graphene crystals in literature
(see Table 4.2). Interestingly, even measurements within a single crystal showed
variation, as demonstrated by Zhou et al.29 They showed that the charge car-
rier mobility is not uniform throughout the 1 mm crystal (although more uni-
form than in a polycrystalline �lm, as was discussed above). This could mean
that the graphene itself is not uniform due to e.g. local di�erences in the sub-
strate/graphene interface, due to local wrinkles, or due to non-uniform coverage
of contamination introduced by the transfer. It could also mean that the non-
uniformity in the charge carrier mobility re�ects the di�erence in device quality
amongst the 55 FET devices, mostly the electrical contacts. It is therefore ques-
tionable whether the single Hall-bar measurement of the charge carrier mobility
of Zhou et al.29 for the 5 mm crystal, and Hao et al.18 are representative for
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the whole crystal. In that respect the Hall-bar measurements of Yan et al.64 on
ten di�erent crystals are somewhat more reliable, although the statistics are still
poor.

Altogether, it is not straightforward to compare mobilities of di�erent studies
reliably as there is no standard measurement method nor FET device speci�-
cation. This is one of the motivations for us to develop an optical method to
measure the charge carrier mobility, which is device-structure-independent, and
will be presented in Chapter 6. Nevertheless, if we consider only the studies that
performed multiple measurements, and if we compare only the highest mobili-
ties of both the single crystals and continuous graphene �lms of small crystals,
then it shows that these mobilities are roughly in the same range. We therefore
�nd that the slow growth of large single crystals is not justi�ed by its electrical
performance.

4.6. Conclusions

In this review we discussed the most important process parameters for the CVD
growth of graphene on Cu-foil. We highlighted various improvements and adap-
tations to the original growth recipe of Li et al.5, and discussed the current under-
standing of the in�uence of the process parameters. We showed how studies are
divided on the in�uence of certain process parameters and on the e�ectiveness
of certain improvements. Due to these varying results it is not possible to rec-
ommend a speci�c optimal growth recipe. However, in general we can conclude
that a high growth temperature, i.e. 1050 ◦C–1080 ◦C, a Cu-enclosure, and pre-
cleaning of the Cu-foil are e�ective improvements of the original growth recipe.

Furthermore, we compared studies on the growth of large single graphene
crystals and discussed issues in comparing the charge carrier mobility of
graphene from di�erent studies. We found that the long growth times of large
single graphene crystals are not justi�ed by their high mobilities since compa-
rable mobilities can be obtained for polycrystalline graphene �lms with small
domains. Currently the charge carrier mobility of CVD graphene is not yet as
high as is typical of exfoliated graphene, mostly due to transfer induced defects
and contamination, which limit the charge carrier mobility more than domain
boundaries. We therefore developed a transfer procedure that minimizes these
detrimental e�ects and present this procedure in the next chapter.
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5. Methods: growth and transfer of large area CVD graphene

5.1. Growth and quality of CVD graphene

We started our �rst growth experiments based on the recipe by Li et al.1 and im-
proved the growth process, partly based on our �ndings of the previous chapter,
to produce more graphene samples in the same time and to achieve better qual-
ity graphene. The charge carrier mobility is the most widely used key parame-
ter to assess the quality of graphene. However, since our goal was not to grow
graphene with a high mobility, we focused on the following criteria for good qual-
ity graphene: a high monolayer coverage and a low defect density. Both criteria
we could quickly inspect with the aid of a Raman microscope. Using the di�er-
ence in optical contrast between substrate, monolayer and multilayer graphene,
we could identify possible multilayer graphene spots under the microscope, and
used the defect peak in the acquired Raman spectrum (see Section 5.2.9) to assess
the defect density in our graphene.

5.1.1 CVD setup

The CVD setup in which we grow our large area graphene on Cu-foil consists
of a tube furnace (l = 55 cm), with a quartz tube (d = 50 mm, l = 60 cm), con-
nected to a two stage rotary vane pump (Adixen/Alcatel/Pfei�er Pascal 2010SD)
that evacuates to a typical base pressure of 10-3 mbar in 15 min. The tube furnace
(Carbolite TZF 12/65/550, Eurotherm 3216P1 controller) has three zones, which
can heat a zone of 390 mm uniformly to 1000 ◦C at the fastest in 45 min. The
main furnace temperature control is connected to the middle zone, and the two
outer zones adjust accordingly.aThe furnace is controlled via its own thermocou-
ple inside the wall. To read out the temperature as closely to the copper foil as
possible, a thermocouple is wound around a small inner tube up to the middle
of the tube (see Fig. 5.1.2). The copper foil is placed in the tube with a quartz
scoop of such length that the foil is in the middle of the furnace, right where the
thermocouple measures. Mass �ow controllers control the �ow of hydrogen up
to 10 sccm and the �ow of methane up to 50 sccm.

In our initial setup the time to cool down to room temperature was approx-
imately eight hours. This was because the furnace could not be split open nor
could it be moved away as the gas line connections on the one end, and the

aThe temperature of the outer zones is typically 80 ◦C lower at the moment that the middle zone
reached T =1050 ◦C, and it takes 30 min for the outer zones to adjust.

54



5.1. Growth and quality of CVD graphene

Figure 5.1.1 – The CVD growth setup is placed on a cart on rails, which allows the furnace to
be moved away from the tube to cool down faster.

pump connection on the other end �xed the furnace in place. The setup was
therefore redesigned, which allowed to cool down more quickly. Instead of two
open ends the quartz tube was sealed on one end. At the other end the pump and
gas lines were connected. To avoid that the gases were pumped away directly
after injection, the gases were injected via a quartz inner tube of 5 mm diameter
to the sealed side of the outer tube. In this new con�guration the furnace could
be moved away from the tube. To do this quickly the furnace was placed on a
cart on a rails (see Fig. 5.1.1). Not only could the sample be rapidly annealed and
cooled in this way, but also the vacuum improved due to the reduction in gas line
connections. The new setup enabled an increased throughput since the furnace
could now stay at a high temperature while unloading and reloading new copper
foil.

A typical measurement of the temperature of both the furnace and sample for
a single growth run is shown in Fig. 5.1.3. The sample was rapidly heated from
room temperature to 1050 ◦C in about 10 min. The furnace temperature was set
to 1105 ◦C to reach a �nal sample temperature of 1065 ◦C. The temperature drops
by about 70 – 80 ◦C when the furnace is slid over the cold tube. This drop was
compensated by initially setting the furnace to 1170 ◦C. The temperature was
lowered to 1105 ◦C again after the furnace was placed over the tube. For this
single growth run the furnace was quickly moved away after growth and the
furnace was switched o�.

The furnace temperature in Fig. 5.1.3 also represents the sample temperature
of the old con�guration in which these temperatures were the same, and shows
the very long cooling time. For the old con�guration the whole process, from
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1065 Carbolite

TZF 12/65/550
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CuThermocouple

Figure 5.1.2 – Schematic of the improved setup for higher troughput: the furnace can be
moved away from the tube while maintaining its temperature. The tube is closed on one end
and has an inner smaller tube through which the methane and hydrogen �ow. A thermocouple
is wound around this inner smalller tube to measure the temperature as close to the copper foil
as possible. The copper is placed in a quartz scoop.
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Figure 5.1.3 – Measured temperature pro�les of the furnace and sample thermocouples.
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heating to cooling, took about 10 hours, after which only then a new sample
could be loaded. In the upgraded setup, however, 7 depositions can be done in
the same time. For such a multiple growth run the sample temperature pro�le
of Fig. 5.1.3 is a repeated copy of itself, whereas the furnace temperature would
nearly remain constant after the �rst run (only changing between T =1105 ◦C
and 1170 ◦C while moving the furnace).

5.1.2 Growth conditions

Li et al.1 reported the �rst recipe to grow graphene on Cu-foil in 2009. The recipe
describes the following steps. Cu-foil (Alfa Aesar 13382, 25 µm, 99.8%) was an-
nealed in hydrogen with a �ow of 2 sccm (pH2 = 0.053 mbar) while the fur-
nace was heated from room temperature to 1000 ◦C in 60 min. The hydrogen
�ows throughout the annealing, growth, and cooling. After reaching 1000 ◦C
a methane �ow of 35 sccm was started (pH2+CH4 = 0.667 mbar) to initiate the
growth. After 30 min of growth the foil is cooled to room temperature in about
60 minutes, while the methane keeps �owing at the same rate. With this recipe
Li et al.2 obtained a monolayer coverage of 95%.

We started our �rst growth experiments using the same growth temperature,
growth time, gas �ows, and gas �ow durations as the original recipe by Li et al.1

However, our recipe di�ered in the cooling time (8 hours), the partial pressures,
i.e. pCH4 ≈ 0.545 mbar and p2 sccm H2 ≈ 0.031 mbar (due to a di�erent pumping
speed), and the Cu-foil (Goodfellow: 40 µm, 99.9%, half-hard, prod. no. Cu000465,
or 25 µm, 99.9%, annealed, prod. no. Cu000358). Our �rst recipe already yielded
graphene with a low defect density but the monolayer coverage could be im-
proved. Next, we will describe the several growth parameters that we gradually
changed during our research compared to our original recipe, as summarized in
Table 5.1. These changes we implemented not only to improve the monolayer
coverage but also to accelerate the growth process.

We increased the growth temperature, Tgrowth, and annealing time, tanneal, ini-
tially with the motivation to increase the Cu-grain size to decrease the graphene
defects due to Cu grain boundaries. However, as described in the previous chap-
ter, literature later showed that an increased Cu-grain size is not required as
graphene can grow over the Cu-grain boundaries, especially at high growth
temperatures. Nevertheless literature also showed that an increased Tgrowth and
tanneal are still bene�cial for the graphene growth as annealing reduces the nu-
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Table 5.1 – Growth conditions for the original and the �nal growth recipe. theat is the time
it takes for the sample to heat from Troom to T = 1000 ◦C. tanneal is duration of annealing at
T ≥1050 ◦C. “Enclosure” means that the Cu-foil is folded into the shape of a lid. “Preclean” is
the preclean of the Cu-foil in acetone and methanol.

Original Final

ΦCH4 (sccm) 35 35

ΦH2 ,growth(sccm) 2 2

tgrowth(min) 30 2

Tgrowth(◦C) 1000 1065

theat(min) 70 5

tcool(hr) 8 0.5

enclosure no yes

preclean no yes

tanneal(min) 0 30

ΦH2 ,anneal(sccm) 0 10

cleation density, allowing larger graphene domains to grow.3

A copper enclosure was found to be another way of increasing the graphene
domain size.4 We adopted this improvement in our recipe and folded the foil in
the shape of small lid. Although we could not systematically check the e�ect of
the enclosure on the domain size, we did observe that the monolayer coverage
increased, and that the inside of the Cu-lid was more polished and had larger
Cu-grains compared to the original recipe.

We implemented the precleaning step to avoid that graphene already nucleates
from residual hydrocarbons, such as grease, from the Cu-foil production process.
We tried di�erent pretreatments of the Cu-foil by cleaning with di�erent solvents
and/or acid. The most extensive cleaning was done by �rst immersing in a dilute
HCl (1 M) solution (to remove the native copper oxide), followed by rinsing in DI
three times, and cleaning in acetone, methanol, and isopropylalcohol (IPA). We
eventually found that cleaning in acetone and methanol alone was su�cient and
that neither HCl nor IPA improved the graphene quality.

We reduced the growth time from 30 min to eventually 2 min not only to accel-
erate the growth process but also to minimize the chance of multilayer growth.
This short growth time showed to be already su�cient to grow a closed �lm,
which also demonstrated the self-limiting regime in which we worked. Next to
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Figure 5.1.4 – The Cu-foil is folded into a shallow box and placed upside down, as a lid, in the
quartz scoop to form a Cu enclosure

the Cu-foils of Goodfellow we also used Cu-foils of Alfa Aesar as they were the
most frequently reported Cu-foils in literature (prod. nr. 13382, 25 µm, 99.8%,
annealed, coated, or prod. nr. 10950, 25 µm, 99.999%). We did not observe a dif-
ference in the graphene quality between the di�erent Cu-foils of the di�erent
suppliers.

With the upgrade of the setup the �ow pattern of the gases, due to the closed
end of the outer tube and the presence of the inner tube, and the heating and
cooling rate changed. However, neither the di�erent �ow pattern, nor the rapid
heating and cooling had any negative e�ect on the quality of graphene. Consid-
ering the large number of growth parameters that we changed, some of which in
a large range, it is remarkable how robust the growth process is of graphene on
Cu at low pressure.

A typical growth work�ow is as follows. The furnace is set to heat to 1170 ◦C.
The copper foil is cut to a size of 25×50 mm. At each corner a square of 3 mm is
cut out. Along each side a 3 mm wide strip is folded 90 degrees to form a lid of
19×46×3 mm (see Fig. 5.1.4). The lid is cleaned in acetone and methanol and dry
blown with N2 and placed in the quartz scoop, which is put into the tube such
that the copper foil is in the middle of the tube. After evacuating for about 15
minutes to a base pressure of 10-3 mbar, a hydrogen �ow of 10 sccm (p = 0.143
mbar) is started, with which we �ush the tube for 15 min before we rapidly heat
the sample. Next, the furnace is slid over the tube and the temperature is set
to 1105 ◦C. From the moment that the sample temperature is 1050 ◦C, the copper
foil is annealed for another 30 min while the temperature slowly increases further
to a maximum of 1065 ◦C. This temperature increase is mainly due to the outer
zones that are heating to compensate for the lagging, as described in the previous
section. After 30 min the hydrogen �ow is reduced from 10 to 2 sccm. After this
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Figure 5.2.1 – Schematic of the transfer process: spin coating the PMMA, removing the back-
side graphene, etching the Cu, scooping onto substrate, removing the PMMA.

�ow has stabilized (in about a minute) a methane �ow of 35 sccm is started for
2 min (including the stabilization). After the 2 min methane �ow, the furnace is
moved away and a metal lid is placed in front of the opening of the furnace to
let the tube cool down even faster. The sample is cooled from 1065 ◦C to 50 ◦C in
30 min. While cooling, both methane and hydrogen are still �owing at the same
rates.

5.2. Transfer

After graphene was grown on the copper foil we transferred it from the foil to
the target substrate, following the method described by Reina et al.5 A typical
work�ow of the transfer is depicted in Fig. 5.2.1 and consists of the following
steps: 1) PMMA is spin-coated on graphene, 2) graphene on the backside of the
foil is removed, 3) the Cu is etched, 4) the PMMA/graphene �lm is rinsed and
scooped onto the substrate, and 6) the PMMA is removed.
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5.2.1 The PMMA support

The most commonly used mechanical support is a thin �lm of PMMA, a
common photoresist for lithography purposes, that is spin-coated on the
graphene/copper-foil. Besides PMMA also other supports were reported in liter-
ature, e.g. PDMS1,6, MMA7, Cytop®8 and thermal release tape.9 With the latter
Bae et al.9 transferred graphene to PET foils up to 30 inch in diameter.

The solvent, concentration, and spin speed determine the thickness of the
PMMA layer. The PMMA for graphene transfer in literature is used as a solu-
tion in either chlorobenzene or, more commonly, in a less toxic solvent: anisole.
Anisole yields thinner �lms as a solvent at a given spin speed and PMMA concen-
tration. PMMA exists in a variety of molecular weights, but most commonly 495
kg/mol or 950 kg/mol is used. We mostly used PMMA with a molecular weight
of 950 kg/mol of 4% in anisole by weight, A4 for short.

We �rst followed the recipe by Bhaviripudi et al.10 They spin-coated at 2500
rpm for 60 s and cured it at 130 ◦C for 5 min. Subsequently they added another
such layer and again cured. However, we changed to using only one layer as we
found that it is su�ciently strong to transfer. A single PMMA layer was measured
with SE to be ∼240 nm. We changed from curing the PMMA to drying the PMMA
for 30 min in air. This improves the adhesion to the substrate as the PMMA has
not become sturdy. After also trying other PMMA concentrations (e.g. A2 or A11)
we found that PMMA A4 is a good compromise between strength and adhesion,
since too thin layers break more easily during transfer whereas too thick PMMA
layers are more prone to delamination.

Before spin coating we place the Cu-lid with the inside up on a glass carrier
wafer and fold the edges of the lid down. We the Cu-foil to the wafer with heat-
resistant polyimide Kapton® tape on the edges of the lid. We thereby avoid that
PMMA covers the backside and ensure that the foil stays �at during spin-coating.
We �rst covered the foil with PMMA before we ramp up in 9 seconds to spin-coat
at 2500 rpm for 60 s. After spin-coating we cut the Cu foil loose from the carrier
wafer along the Cu foil edges and cut away the tape, including the copper strip
that it covers. The PMMA/graphene/Cu foil is then ready to be etched.

5.2.2 Graphene on the backside of the foil

Graphene grows on both sides of the Cu-foil. The graphene that is on the back
of the foil (facing the etchant) needs to be removed prior to the complete etching
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Figure 5.2.2 – Cu-foil glued to a glass carrier wafer with Kapton®tape for spin-coating with
PMMA (left) and cut loose afterwards (right).

of the Cu-foil. If we did not remove this backside graphene we found that the
Cu-foil is etched away between the two graphene layers, causing large parts of
the backside graphene to stick to the front side graphene.

We found that the fastest and most reliable method to remove the backside
graphene, is by shortly etching the backside in the Cu etchant and then use a
gentle jet of DI water to rinse o� the graphene. The same method was later re-
ported by Zhang et al.11 We typically let the sample �oat on the etchant with
a 1M concentration for about 5 min. The etchant could reach the Cu through
the graphene grain boundaries, etched the copper, weakened the graphene cop-
per interaction and �nally broke the graphene. During spraying with DI water
the graphene �lm completely disintegrated and scrolled to the sides as a sort
of soot. After rinsing we could see graphene scrolls �oating, con�rming that
the backside graphene was removed. We repeated this etch-and-rinse step three
times to ensure that all the graphene is removed. After rinsing the third time,
the PMMA/graphene/Cu stack is placed in a fresh etchant solution to fully re-
move the copper foil. Before we arrived at this method to remove the backside
graphene we tried several other methods that are described in the Appendix.

5.2.3 Etchants

In literature several Cu etchants are reported. Iron nitrate was the etchant used
in the original recipe,1 but also iron chloride,12 ammonium persulfate,9 and ni-
tric acid13 were used. We tried all of these etchants but mostly used iron chlo-
ride (FeCl3.6H2O, VWR) and ammonium persulfate (APS) ((NH4)2S2O8, Merck
(VWR)), which are also the most reported etchants in literature. The overall netto
redox reaction of solid copper with iron ions in water can be written in short as:
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2Fe3+ + Cu(s) → 2Fe2+ + Cu2+. For ammonium persulfate (APS) the netto reac-
tion with copper is: S2O2−

8 + Cu(s) → Cu2+ + 2 SO2−
4 . Both etchants have their

advantages and disadvantages.
FeCl3 contains small amounts of insoluble iron hydroxide. After transfer and

drying, the iron hydroxide together with various reduced iron salts (such as iron
chloride), leave nanosized particles that contaminate the graphene,10,14–16 and
can weaken it.17 We therefore need to clean these iron compounds by rinsing
with diluted hydrochloric acid or nitric acid. This extra rinsing increases the
chance of damaging the PMMA/graphene, mainly during scooping.

Etching with APS does not introduce iron ions that have to be cleaned by an
extra rinse in hydrochloric or nitric acid. However, APS forms small gas bubbles
under the Cu-foil during the reaction, which hinders further etching. The bubble
formation depends on the concentration and we �nd that for 0.1 M bubbles hardly
appear. However, for this concentration the etching time is in the order of hours.
We heated the etchant to 60 ◦C to accelerate the etching.18 Another reason to use
a low concentration is that APS can otherwise dope the graphene.19

FeCl3 forms no bubbles, even at high concentrations. We etched with FeCl3
mostly at 1 M and the etch time was signi�cantly shorter than for APS, i.e. about
∼30 min for foil of 1 × 1 cm. However, altogether we preferred the use of APS,
since it yielded cleaner graphene and did not need extra rinsing compared to
etching in FeCl3.

For either APS or FeCl3 we etched for 5 min in a 1 M solution and rinsed to
remove the backside graphene, repeating these two steps three times. We then
placed the foil in a fresh etchant solution to the foil further etch. For APS we
etched the backside graphene in 1 M and etched the rest of the Cu-foil in 0.1 M.
The backside graphene etching is di�erent for APS and FeCl3, i.e. only for FeCl3
the graphene showed scrolls, which fell o� the foil during rinsing (if not disturbed
too heavily during pickup up from the etchant). For APS the 1 M solution reacted
to produce gas bubbles that burst. Upon bursting of these bubbles the graphene
broke and �oated away from under the foil, already before rinsing.

Alternativemethods in literature to remove and reuse the copper Gorantla
et al.20 use a mixture of NH4OH/H2O2 in water to release the PMMA/graphene
from the Cu foil. The mixture reacts with Cu and produces oxygen bub-
bles intercalating between the graphene and copper, thereby releasing the
PMMA/graphene from the copper. The bene�t is that the copper can be reused.
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Gao et al.21 also made use of bubbles but instead that these bubble cause the
PMMA/graphene to release, the bubbles form capillary bridges that hold the
PMMA/graphene close to the substrate while the copper thin �lm is etched out.
Lu et al.22 also developed a method where the Cu-foil can be reused. After growth
they expose the sample to a high humidity environment, creating a 10 nm Cu2O
layer which decouples the graphene from the foil.

5.2.4 Rinsing and scooping

The PMMA/graphene �lm needs to be rinsed after etching to clean it from the
etchant. The �rst method we used to rinse is by using a syringe. This method
was later also reported.23,24 We pumped away the etchant residue until the
PMMA/graphene �lm was almost at the bottom of the petri dish and injected
DI water with another syringe. We repeated this three times and at the last time
we placed the substrate in the petri dish and pumped down while aligning the
PMMA/graphene �lm with the substrate, ensuring that the PMMA/graphene �lm
’landed’ on the substrate. This procedure was time consuming. We therefore
tried scooping the PMMA/graphene out of the etchant with a spoon but a con-
siderable volume of etchant is scooped along, requiring more rinsing steps to
achieve the same level of cleaning.

We changed to scooping with a glass microscope slide, which was faster and
left less etchant residue behind. The scooping with a slide was as follows. We held
the 2.5 × 2.5 cm slide with tweezers and put it at angle of about 45 degrees with
the surface (see left in Fig. 5.2.3). With other tweezers we very gently pushed
the �oating PMMA/graphene towards the slide that was partially sticking out.
We tried not hitting the PMMA/graphene directly with the tweezers but pushed
by making small waves in the etchant. Once the edge of the PMMA/graphene
hit the slide, we ensured that the capillary force made it stick to the slide. Only
then we pulled out the slide with the PMMA/graphene (see right in Fig. 5.2.3).
The PMMA/graphene is not in direct contact with the slide due to a small liq-
uid �lm of etchant in between. The slide with the PMMA/graphene was gently
submerged under an angle into a new petri dish with DI water. Immediately the
PMMA/graphene released by the intercalating water. We let it �oat in DI water
for 5 min to let the etchant residue di�use. We repeated this three times and in
case of using iron nitrate/chloride we further rinsed in HCl and again three times
in DI water. After the last rinsing step the substrate itself was used to pull the
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Figure 5.2.3 – Scooping the PMMA/graphene to rinse: a microscope slide is used to scoop
the �oating PMMA/graphene membrane out of the FeCl3 etchant. The PMMA/graphene mem-
brane is clearly visible while �oating (left) and faintly visible (light grey) once held on a micro-
cope slide (right).

PMMA/graphene out of the DI water onto the substrate.

5.2.5 Substrate adhesion

After the PMMA/graphene is scooped onto the substrate, the water between the
PMMA/graphene and substrate must be removed before the PMMA can be dis-
solved in acetone. If this is not done properly then the graphene breaks and
scrolls and is washed o� the substrate with the PMMA due to the thin wa-
ter �lm that hinders the PMMA/graphene to adhere to the substrate. In our
�rst experiments we dried the PMMA/graphene in air but this took hours. We
therefore accelerated the drying process by using a nitrogen gun to press the
PMMA/graphene to the substrate, thereby pressing out the interfacial water. The
interference color of the PMMA/graphene/water/substrate changed until the wa-
ter was removed.

After the color change stopped, the PMMA can be removed without wash-
ing o� all of the graphene. However, still cracks and tears were found in the
graphene after removing the PMMA with acetone, which was found to be due to
two reasons.25 First, the PMMA replicates the morphology of the Cu-foil, as does
the graphene itself. After etching and transfer this structure leaves air pockets
on the substrate. Second, there is water that is trapped in tiny bubbles under the
PMMA/graphene. When these water pockets dry, these pockets collapse, leaving
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wrinkles or folds that form gaps where the graphene does not adhere to the sub-
strate. At those sites where the graphene does not adhere to the substrate, the
graphene is washed o� together with the PMMA during PMMA removal with
acetone, which creates the holes and tears in the graphene.

Di�erent methods were reported to improve the adhesion. One method is by
partially dissolving the PMMA by applying a drop of PMMA or acetone. This
relaxes the PMMA which causes a better adhesion.26,27 The other solution is by
baking the PMMA/graphene to reduce the cracks and tears.25 We found the lat-
ter method to be the most successful. After dry blowing we therefore bake the
PMMA/graphene/substrate at 220 ◦C for 5-10 min, following Pirkle et al.28 This
temperature is above the glass temperature of PMMA of ∼125 ◦C. PMMA at this
temperature softens, which causes it to re�ow and settle, thereby improving the
adhesion of graphene to the substrate.23

5.2.6 Removing the mechanical support

After baking the PMMA/graphene (and cooling), the PMMA/graphene/substrate
is commonly submerged in acetone to remove the PMMA mechanical support.
For our �rst experiments we placed the sample in hot acetone of about 80 ◦C
for one hour.12 We covered the beaker, containing the acetone and sample, with
a round-bottom �ask (�lled with cold water) to reduce evaporation of acetone
and let the vapor condense, e�ectively re�uxing the acetone. However, we did
not observe any di�erence in the cleanliness of the graphene between hot or cold
acetone. We therefore changed to using cold acetone. After dissolving the PMMA
in acetone (ACS grade, Merck), we always rinsed in methanol (Merck) as a last
step to clean possible acetone residue.

5.2.7 Thermal release tape support for IPA rinsing and dry
transfer

In one of our �rst transfers we rinsed the PMMA/graphene not only in DI water
but also in isopropylalcohol (IPA) to remove the water, and the possible residual
metal ions that the water contains, from the graphene surface. However, as soon
as we replaced the water by IPA with a syringe, the surface tension decreased
and the PMMA/graphene folded. We could straigthen it again, both in the IPA
as on the substrate, without breaking it due to the relatively thick PMMA layer
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Figure 5.2.4 – Frame of thermal release tape (1 × 1 cm) on PMMA/graphene/Cu.

of about 400 – 500 nm, and succeeded to transfer it. However, due to the higher
risk of damaging the graphene we stopped rinsing with IPA for further samples.
Jacobsen et al.29 found that the exposure of exfoliated graphene to IPA leads to
an increase in doping concentration and an asymmetry between electron and
hole transport. However, Chan et al.30 later found that rinsing in IPA of CVD-
graphene increased the carrier mobility by a factor of �ve due to a reduction
of water trapped between graphene and the substrate. Based on their work we
implemented the IPA-rinse step again.

To prevent the PMMA/graphene to fold in IPA, we used thermal release tape
(TRT) (Nitto Denko, prod. no. 3195MS) as an extra mechanical support, and
applied it in three ways. We applied TRT directly on the graphene, on the PMMA
on graphene, or as a thin frame covering only the sides of the PMMA on graphene
(see Fig. 5.2.4).

Besides IPA rinsing, the TRT support also allowed the PMMA/graphene to be
picked up with tweezers from the etchant and DI water baths during rinsing. This
made the DI water rinsing easier and avoided damage from scooping. There was
also less etchant that was introduced in the next rinsing step compared to scoop-
ing the PMMA/graphene. Furthermore, the easy handling allowed to remove any
bubbles, which might remain after the Cu is etched in APS (see Fig. 5.2.5), by tak-
ing the TRT/(PMMA)/graphene out and putting it back in the etchant. Moreover,
it was possible to dry the graphene before transfer, which was found to enhance
the mobility due to a reduction in contamination.31

The success of a TRT-assisted transfer depends on how easy, and therefore
how cleanly, the TRT releases. Our TRT had a release temperature of 120 ◦C. If
the temperature was slightly lower, the tape did not fully release, thereby dam-
aging the graphene. If the temperature was too high, the release became actually
more di�cult and more adhesive residue was left. This narrow temperature win-
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Figure 5.2.5 – Frame of thermal release tape on PMMA/graphene/Cu, �oating in 0.2 M APS
Cu-etchant, showing bubble formation.

dow therefore required a good temperature control. Since the TRT was relatively
sturdy compared to graphene, it could impede the graphene to adhere closely to
the substrate surface. Therefore a better release was achieved when some pres-
sure was exerted on the TRT during release.

We tried to transfer graphene with TRT directly applied on the graphene but
we never succeeded to transfer the graphene without breaking pieces o� the
graphene upon removal. Bae et al.,9 however, applied TRT directly onto graphene
in a roll-to-roll process and produced graphene sheets on a polyethylene tereph-
thalate (PET) substrate of up to 30 inch in diameter. They recently optimized their
growth and transfer process, in which the TRT was applied with a laminator that
accurately controlled temperature and pressure.32,33

We then applied TRT on the PMMA on graphene34,35 and found that this could
result in a complete transfer but with a low yield. Therefore, instead of fully cov-
ering the graphene or PMMA/graphene, we stuck a frame of TRT on the PMMA
(see Fig. 5.2.4), similar to how Suk et al.23 use a frame of PDMS for their dry trans-
fer. It was important that the copper foil was �at when applying the TRT-frame.
Otherwise the PMMA �lm was under too much tension and tore or the PMMA
could skew the frame, making the release on the substrate di�cult. In case the
copper foil was not �at enough we pressed it between two microscope slides.

The TRT-frame minimized the problem of damage upon release and the prob-
lem of adhesion: even when the frame itself did not release well after transfer,
then at least the larger inner part was successfully transferred. When the TRT
did not release well then the PMMA under the frame was removed together with
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Figure 5.2.6 – Frame with free standing PMMA/graphene membrane.

the TRT. Pressing gently with tweezers on the tape at the release temperature
increased the chance of a successful release of the frame. We found that a 400
– 500 nm PMMA layer is a good compromise between strength and adhesion.
We therefore either used two subsequent cured PMMA A4 layers (2500 rpm, 60
s, cured at 130 ◦C for 5 min) or one layer of cured PMMA A7. The PMMA of this
thickness can be spanned in a frame up to 1 × 1 cm (2 mm edges), otherwise the
PMMA breaks too easily during rinsing. Rinsing in IPA was done only shortly
because the IPA softens the PMMA and weakens the adhesion between the TRT
and the PMMA.

In our �rst TRT-frame transfers we placed the TRT/PMMA/graphene on the
substrate while still soaked in IPA. Petrone et al.31 later reported the same trans-
fer recipe except that they dried the frame/PMMA/graphene before placing it on
a substrate. This way they transferred single CVD crystals and found mobilities
comparable to those of exfoliated graphene (at 1.6 K), ascribing that to the reduc-
tion in contamination by IPA rinsing and drying. We therefore implemented the
dry step in our recipe as well. Figure 5.2.6 shows a free standing PMMA/graphene
membrane spanned by the TRT-frame. The membrane was slightly damaged
during transfer. However, this accidentally helps in showing contrast. After dry
blowing TRT/PMMA/graphene, we placed it on the substrate and subsequently
placed the TRT/PMMA/graphene/substrate on a pre-heated hot plate of 120 ◦C to
remove the TRT-frame. We then heated further to 220 ◦C for 10 min to re�ow the
PMMA for a better adhesion. Similar transfer recipes were later reported.36,37

5.2.8 Comparison of transfer methods

We used the standard scooping transfer method or the TRT-frame transfer
method, depending on the requirements for applications or depending on mea-
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surement conditions. We will shortly address their advantages and disadvan-
tages.

The advantages of the TRT-frame transfer method are the following. In com-
bination with etching in APS and IPA, it results in a cleaner substrate graphene
interface than the standard transfer process since it reduces contamination by
the etchant residue. Another advantage is that it can be used in cases where
the substrate cannot be exposed to water. It also allows graphene transfer when
scooping with the substrate is not possible, which was e.g. the case for our FTIR
studies (see Chapter 6).

The disadvantages of the TRT-frame transfer method are that this method only
allows samples up to ∼ 1 × 1 cm, whereas the standard method has no size limit.
Furthermore, we found that the fragile PMMA/graphene membrane is sensitive
to tearing during IPA rinsing and drying. Therefore the yield with this method
is lower than for the standard method.

5.2.9 Characteristics of our CVD graphene

Graphene morphology and domain size

In Fig. 5.2.7 scanning electron microscopy (SEM) images show the growth of
graphene on Cu-foil for our process for 5, 7, and 10 seconds. The graphene islands
mostly have a multi-lobed �ower-like shape, with a size of ≈10 µm. In section 4.2
of Chapter 4 it was mentioned that multi-lobed �ower-like islands can contain
di�erent graphene domains with each a di�erent orientation. If this is also the
case for our islands then the domain size is of the order of 1 µm.

Another indication for the domain size could be given by Fig. 5.2.8, which
shows a (non-typical) optical microscope image of graphene that is broken in
pieces after transfer to 90 nm SiO2. The broken pieces are single crystals if break-
ing of graphene can only occur along the grain boundaries, as shown previously
in literature.15,17 However, there is also a study that found that graphene can
tear across grain boundaries, and has a preference to tear in an armchair or zigzag
pattern.38 Nevertheless, if we assume the broken pieces to be single crystals then
they match well with the shapes of graphene domains studied with TEM,17,33,39

which also have a size of ≈10 µm. Altogether this implies that the domain size
can be of the order of 1 µm to 10 µm.

A typical example of our large area transferred graphene is shown in Fig. 5.2.9.
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Figure 5.2.7 – SEM images of the di�erent growth stages of our process: for 5, 7, and 10
seconds.
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Figure 5.2.8 – Graphene islands. CVD graphene broken in pieces after transfer to 90 nm
SiO2. Bright spot in the middle is the Raman laser spot. Note the optical contrast between
graphene and the substrate: the darker purple color is graphene.

Figure 5.2.9 – Typical example (actual size) of our large area graphene transferred to 90 nm
SiO2 on Si.

Raman spectroscopy of graphene

The most frequently reported diagnostic for the characterization of graphene is
Raman spectroscopy. This non-invasive optical technique uses the principle of
inelastic Raman scattering of photons to probe phonons in the graphene lattice.
The photon energy loss due to the inelastic scattering with phonons is measured
as the Raman shift. Due to the interaction of phonons with electrons, Raman
is also sensitive to electrons. Figure 5.2.10 shows a typical Raman spectrum of
graphene transferred to 90 nm SiO2 on Si, measured at an excitation wavelength
of 514 nm.

The most important peaks to characterize graphene are the D peak at ∼1350
cm-1 (hardly visible here), the G peak at ∼1580 cm-1 and the 2D peak at ∼2690
cm-1. The D-peak represents the so-called breathing mode of a ring of six carbon
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Figure 5.2.10 – Typical Raman spectrum of our CVD graphene transferred to 90 nm SiO2 on
Si.

atoms. In a perfect graphene lattice this peak will not appear since the D peak
requires a second-order process to occur while the breathing mode only involves
one phonon. However, through the combination of a phonon and a defect, i.e.
when the ring is adjacent to an edge or lattice defect, the peak is activated due to
opposite wave vectors of the phonon and defect respectively, thereby conserving
the total momentum. TheG-peak appears due to a �rst-order Raman process and
represents the C-C stretch mode everywhere in the lattice and is always present.
The 2D-peak in graphene is an overtone of the D-peak and always arises. This
peak is strongly enhanced, stronger even than the G-peak, due to the resonance
of two phonons (with opposite momentum) and due to strong electron phonon
coupling.40–42 The small D+D”-peak at ∼ 2455 cm-1 is also a peak that, similar
to the 2D-peak, always arises.b

Raman spectroscopy is used for CVD graphene mostly to determine the num-
ber of layers and the defect density. The intensity of the D-peak can be used as
a measure for the defect density.40 Our graphene shows hardly any D-peak and
has therefore a very low defect density. For the determination of the number of
layers there are a number of features in the Raman spectrum that are commonly
used in literature: the shape of the 2D peak, the ratio of the intensities of the 2D

bIt was only recently assigned to a combination of a D phonon and a D” phonon (originating from
the longitudinal acoustic branch). 41
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and G peak: I(2D)/I(G), and the full width at half maximum (FWHM) of the 2D
peak.

The shape of the 2D peak of exfoliated graphene was shown to be sensitive
to the number of graphene layers.40 The single 2D peak for one layer changes
to a peak of four components for bilayer and more layers. The contribution of
these components is unique for every number of layers. However, this unique
shape is only distinguishable up to 5 layers after which all Raman spectra become
similar to graphite. However, for CVD graphene transferred to 90 nm SiO2 on
Si we always �nd a single 2D peak regardless of the number of layers (as found
from di�erence in optical contrast). Lenski et al.18 observed the same and ascribe
the single 2D peak behaviour to electronically uncoupled graphene layers due
to misoriented stacking or turbostratic graphite. The shape of the 2D peak is
therefore not conclusive in determining the number of graphene layers in CVD
graphene.

Instead of the shape of the 2D peak, the ratio of the intensities of the 2D and
G peak (I(2D)/I(G)) is therefore commonly used to determine the number of lay-
ers.5 For exfoliated graphene this ratio is typically larger than three. Our CVD
graphene often meets this condition (see Fig. 5.2.10). However, it was found that
(uncoupled) bilayer or few-layer graphene can show a similar ratio.5,18,43 More-
over, the intensity of the G-peak is sensitive to doping.18,44 With strong doping
the ratio could be less than three45 and wrongly suggest the presence of bi- or
fewlayer graphene.46 Therefore the criteria of I(2D)/I(G)≥ 3 was found not to be
conclusive to determine the number of layers.

The full width at half maximum (FWHM) of the 2D peak has also often been
used, in conjunction with the I(2D)/I(G) ratio, to verify monolayer presence in
CVD graphene. The FWHM(2D) for exfoliated graphene is typically ∼20 cm-1.
For CVD graphene, however, the FWHM(2D) is often larger but commonly the
criteria is used that the FWHM(2D) should not exceed ∼30-35 cm-1. For most
of our CVD graphene we indeed �nd a FWHM(2D) between 30 cm-1 and 35
cm-1. However, we also measured several times a FWHM(2D) of between 40
cm-1 and 50 cm-1, while I(2D)/I(G)≥ 3. We �rst discarded samples with such
FWHM(2D) values, despite I(2D)/I(G)> 3. However, later we could establish that
the graphene was monolayer and that the FWHM(2D) can be explained by strain
in the graphene due to its interaction with the substrate.47 Strain can also ex-
plain why we often measured values of FWHM(2D) close to those of exfoliated
graphene for islands of CVD graphene with dimensions of the order of 10 µm;
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less strain is built up in these islands compared to large area graphene. In gen-
eral, although the combined criteria of FWHM(2D)≤ 35 cm-1 and I(2D)/I(G)≥ 3
is not conclusive in verifying the presence of monolayer graphene, it can be used
as a strong indication.

Determining the number of layers for graphene on Cu-foil, before transfer, is
even more di�cult since Raman shows an even larger spread of the I(2D)/I(G)
ratio and FWHM(2D). The spread in the FWHM(2D) can be explained by the in-
�uence of the Cu crystallographic orientation on the strain between graphene
and Cu, although the studies are divided.47–49 Due to this spread a Raman spec-
trum of graphene on Cu can be mistaken for bilayer or few-layer whereas after
transfer the graphene shows to be largely monolayer.22

Verifying large area monolayer graphene growth

Conclusive evidence of the presence of monolayer graphene can be given by
TEM50 or by measurements of the half-integer quantum Hall e�ect, which is
unique to monolayer graphene.51,52 Both techniques are invasive and time con-
suming. Therefore non-invasive optical transmittance is also used since it was
shown that graphene absorbs 2.3% of visible light per layer of graphene53 and
can therefore be used to distinguish between one or more layers. In literature
the transmittance at a wavelength of 550 nm is commonly used, complementary
to the Raman features of above,24 to verify monolayer presence.

We split a graphene/Cu sample and transferred one half to quartz and one half
to 90 nm SiO2 on Si. We measured the absorptance of the graphene on quartz
and found ∼ 2.3%, con�rming monolayer growth. The optical contrast of the
graphene on SiO2 can now be used, complementary to Raman, as a benchmark
to verify monolayer growth for other samples since it can be distinguished from
bilayer or more layers. In the next chapter we will show how we also use SE to
con�rm monolayer growth.

Charge carrier mobility of our CVD graphene

The most important measure for the electronic quality of graphene is the charge
carrier mobility. The charge carrier mobility and density were measured by
both FTIR transmittance (see Chapter 6) and by the van der Pauw method. Our
graphene after transfer typically has a charge carrier mobility in the order of
1000 cm2 V−1 s−1 and a charge carrier density of 5 × 1012 – 1 × 1013 cm-2. These
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values are comparable to those reported in literature for CVD graphene on SiO2
on Si.

5.3. Appendix

Alternative methods to remove the backside graphene

“Self-release” The removal of the backside graphene was not speci�cally men-
tioned in the �rst reports that appeared since Li et al.1, which suggested that
the backside graphene would be removed together with the Cu during etching.
We therefore simply let the Cu-foil etch completely during our �rst experiments
and indeed observed that the backside graphene was removed. It released dur-
ing etching and formed a large scroll at the side of the �oating PMMA/graphene
�lm. This scroll could be easily removed with tweezers, leaving only the front
side graphene attached to the PMMA. This method would be not only the easiest
but also the least interfering as the foil does not need to be removed several times
from the etchant compared to the etch-and-rinse method. Only the next two sam-
ples showed this self-release behaviour of the backside graphene, while other
samples showed backside graphene attached to the front side. The self-release
of the backside graphene could later be explained by the di�erence in shelf-time
of the �rst graphene/Cu samples compared to later samples, i.e. 3 months com-
pared to several days. Although graphene was known to form an anti-corrosion
layer for copper,54 it was only recently found that at large time scales graphene
can actually accelerate oxidation of copper.55 The copper oxide was found to de-
couple the graphene from the copper,22 and this could subsequently explain that
graphene released during etching.

Oxygen plasma The �rst method reported to remove the backside graphene
layer was by an oxygen plasma.10,14 We also experimented with removing the
backside graphene with an oxygen plasma and used either an expanding thermal,
RF, or inductively coupled plasma (ICP). Figure 5.3.1 shows a Raman spectrum
of the graphene on the backside of the Cu-foil before and after three 5 sec pulses
of a 100 W ICP. The 2-D peak disappeared after the oxygen plasma treatment,
which suggested that the backside graphene was removed.

However, by accident we etched the backside in iron nitrate and unexpectedly
we still saw small scrolls coming o�. Figure 5.3.2 shows the Raman spectrum
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Figure 5.3.1 – Raman spectra of graphene on Cu, before and after (red) oxygen plasma, show-
ing the disappearance of the 2D peak at around 2700 cm-1.
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Figure 5.3.2 – Raman spectra of the sample of Fig. 5.3.1 after etching it in FeNO3.

of the wet etched backside. Apparently the disappearance of the 2-D peak is no
conclusive evidence for the removal of the backside graphene.

Later we realized that the ’bump’ around 1580 cm-1 in Fig. 5.3.1 could be related
to graphene oxide that had formed during the plasma treatment. Hence, the
etched o� scrolls were graphene oxide. A longer plasma treatment seemed to
be required to completely remove the backside graphene. However, the whole
process of loading, pumping, plasma, and venting is time consuming.

Graphene on Cu thin �lms The removal of the backside graphene can be
avoided completely by growing graphene on one side of a thin Cu-�lm on a sub-
strate. Studies reported graphene grown on Cu-�lms that were either evaporated
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Figure 5.3.3 – Left: SEM sideview of sputtered Cu �lm of 2 x 500 nm on fused silica. Right:
SEM topview of 500 nm evaporated Cu on 400 nm SiO2on Si after rapid thermal annealing,
showing voids due to dewetting.

by an e-beam,56–60 or sputtered.21,34 We tried to grow graphene on various Cu
thin �lms, either sputtered or by evaporation. We sputtered two subsequent lay-
ers of 500 nm copper on fused silica but found from SEM images that the �lm
was very porous and rough (see left picture in Fig. 5.3.3).

We expected that the annealing, before growth, would restructure the porous
and rough copper and densify and smoothen it. However, the copper �lm com-
pletely dewetted, leaving small patches of few-layer graphene, similar to Ismach
et al.59 Since the fused silica substrate was relative rough compared to e.g. a sili-
con substrate, we evaporated a copper �lm of about 500 nm directly on Si from a
resistively heated tungsten boat. However, a grey layer of copper silicide formed
after growth. We therefore repeated the evaporation, this time on 400 nm SiO2
on Si. These �lms were much smoother (order 10 nm) and denser than the sput-
tered �lm. We rapidly annealed the copper �lm to 700 ◦C in 10 min to increase
the copper crystal size. However, the �lm partially dewetted, leaving small voids
in the �lm61 (see right SEM picture in Fig. 5.3.3).

We evaporated 400 – 500 nm copper �lms on 90 nm ALD Al2O3 with a 20 nm
Ni adhesion layer to reduce the dewetting during growth. Although the dewet-
ting was reduced the �lm was rough after growth62 (see left picture in Fig. 5.3.4),
and Raman measurements showed the presence of few layer graphene with de-
fects. We therefore did not transfer this graphene. Instead we etched the copper
layer and surprisingly found that a inhomogeneous few-layer graphene �lm re-
mained on the substrate (see right picture in Fig. 5.3.4). The few-layer growth can
be explained by the presence of the Ni adhesion layer because Ni is known for
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Figure 5.3.4 – Left: optical microscope image of surface of copper thin �lm after graphene
growth. Right: optical microscope image of graphene after etching the copper �lm.

inducing multilayer growth. The presence of the graphene remaining after wet
etching could later be explained by the work of Su et al.63 They argued that the
carbon precursor can di�use through the copper grain boundaries to reach the
interface between the copper and substrate and start growth of graphene there.

We did not pursue the growth on thin �lms further since the copper crystal
size is limited and the �lms are rough after annealing. Tao et al.57 later, however,
showed that they can succesfully grow and transfer good quality graphene from
(hydrogen enriched) copper (111) �lms on a wafer. They did not use an adhesion
layer but instead used a thicker �lm, i.e. 1 – 1.5 µm. They also used a quartz cap
above the �lm during growth to work e�ectively as the ’pita pocket’ method as
described earlier

Alternativemethods for backside graphene removal Another method to re-
move the backside graphene is by mechanical polishing.26,64 We also tried this
method and polished the backside of the copper foil with a tissue and IPA. How-
ever, we found this method unreliable as it did not show consistently full re-
moval of the backside graphene. Ren et al.65 report that they remove the backside
graphene layer by etching for 2 min in 10% nitric acid before it is further etched
in iron nitrate. Gadipelli et al.24 avoid having to remove the backside graphene
by coating the backside with CeO2. Very recently Ryu et al.33 report a roll-to-
roll production of graphene where they do not take speci�c care of removing the
backside graphene. They mention that the backside graphene is removed with
the 35 µm thick foil that is dissolved.
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6
An improved thin film approximation to accurately determine

the optical conductivity of graphene from infrared
transmittance

This work presents an improved thin �lm approximation to extract the optical
conductivity from infrared transmittance in a simple yet accurate way. This ap-
proximation takes into account the incoherent re�ections from the backside of
the substrate. These re�ections are shown to have a signi�cant e�ect on the ex-
tracted optical conductivity and hence on derived parameters as carrier mobility
and density. By excluding the backside re�ections the error for these parameters
for typical chemical vapor deposited (CVD) graphene on a silicon substrate can be
as high as 17% and 45% for the carrier mobility -and density respectively. For the
mid -and near infrared the approximation can be simpli�ed such that the real part
of the optical conductivity is extracted without the need for a parameterization
of the optical conductivity. This direct extraction is shown for Fourier transform
infrared (FTIR) transmittance measurements of CVD graphene on silicon in the
photon energy range 370-7000 cm-1. From the real part of the optical conductiv-
ity the carrier density, mobility, and number of graphene layers are determined
but also residue, originating from the graphene transfer, is detected. FTIR trans-
mittance analyzed with the improved thin �lm approximation is shown to be a
non-invasive, easy and accurate measurement and analysis method for assessing
the quality of graphene and can be used for other 2-D materials.

This chapter has been based on:
J.W. Weber, A.A. Bol, and M.C.M. van de Sanden, Appl. Phys. Lett. 105, 013105 (2014).

http://dx.doi.org/10.1063/1.4889852


6. An improved thin �lm approximation to accurately determine the optical conductivity of
graphene from infrared transmittance

6.1. Introduction

The infrared optical conductivity of graphene has recently gained interest be-
cause it proves to be an interesting property for photonic applications such as
plasmonics and THz sources, detectors, and modulators, beam splitters, switches,
�lters, and tunable lasers.1–6 Theoretical studies on the real part of the infrared
optical conductivity, σ1 , show that it has three general characteristics for roughly
three energy ranges.7–12 In the near-infrared (NIR) (for non-zero temperatures) it
has the universal value of σ0 = e2/ (4~d ) ≈ 1.82 · 105 S/m, (d = 3.35 Å, the thick-
ness of graphene). In the mid-infrared (MIR) it has a non-zero conductivity below
the energy of Pauli blocking at 2EF, and in the far infrared (FIR) it has a Drude
free carrier response. These signatures have been observed experimentally in
a broad variety of IR-spectroscopy studies.6,13–25 Some of these studies showed
how the Drude response and/or EF depend on e.g. gating16,20,23, doping25, bu�er
layers6,17, and annealing23 or used them to extract the mobility and/or carrier
density.16,19,22,25 Since the mobility is a key parameter for the quality of graphene,
IR-spectroscopy can be a very useful technique for assessing the quality of large
area graphene (i.e. CVD and epitaxial graphene on SiC).25 Moreover, IR spec-
troscopy is fast and non-invasive compared to making Hall-bar devices, or �eld
e�ect transistors or using the van der Pauw method to measure the carrier mo-
bility.

In this work it is shown how the carrier mobility, density and number of lay-
ers of CVD graphene can be found from transmittance data of a benchtop FTIR
spectrometer with a common photon energy range of 370-7000 cm-1. Since in
this range silicon is almost fully transparent, it is chosen as the substrate mate-
rial. The carrier mobility, density and number of layers are determined from the
real part of the optical conductivity, σ1, which is extracted from the transmittance
data in a thin �lm approximation. This allows σ1 to be shown in such detail that
residue can be detected from the graphene transfer process to the silicon sub-
strate. This is an important side result since the residue has a negative e�ect
on graphene’s electronic properties and hinders further processing of graphene,
such as hydrogenation or growth of adlayers. Although there are earlier exper-
imental studies of the optical conductivity of CVD graphene6,16,17,19,22–24, those
that use thin �lm approximations, ignore backside re�ections. It is shown that
these re�ections should be taken into account for an accurate determination of
the optical conductivity. Therefore a thin �lm approximation is derived for the
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transmittance that includes incoherent backside re�ection and is valid through-
out the whole IR.

6.2. Theory

Transmittance data of a multilayer system of graphene, possible interlayer(s),
and a substrate should in principle be analyzed with the Fresnel equations to
determine the optical conductivity. However, since the thickness of graphene is
much smaller than the wavelength in the infrared, i.e. d/λ � 1, approximations
can be used instead. These approximations are mostly reported for the substrate-
normalized transmittance. This is the normal incidence transmittance of a two-
layer system of a transparent substrate and a �lm, Tsf , divided by that of the
bare substrate, Ts . The bene�t of normalizing to the substrate’s transmittance
is that the substrate thickness and common systematic measurement errors are
cancelled out.26 The substrate’s in�uence is, however, not completely divided out
since there is still its refractive index, ns , involved, as is shown in the following
approximation commonly used in literature19,21–23,25:

Tsf

Ts
≈ 1 − 2

1 + ns
Z0σ1d (6.2.1)

where Z0 = 1/ (ε0c ) is the vacuum impedance (≈ 377 Ω). Equation 6.2.1 can
be found from the linear expansion in d/λ of the substrate-normalized transmit-
tance whereTsf is expressed by the exact closed formula for the normal incidence
transmittance of a thin �lm on a semi-in�nite transparent substrate.27 Ts simply
follows from this closed formula by setting the �lm thickness to zero. The closed
formula for Tsf is expressed in the refractive index, n, and extinction coe�cient,
k of the thin �lm. The linear expansion therefore yields in principle a term in
n and k : 4πnkd/λ which, however, can be rewritten to Z0σ1d , yielding Eq. 6.2.1.
The fact that d/λ becomes ever smaller than one at longer wavelengths suggests
that Eq. 6.2.1 becomes a better approximation going further in the FIR. However,
while d/λ itself decreases for longer wavelengths, there are higher order terms in
d/λ that increase such that they contribute signi�cantly to Tsf /Ts . These higher
order terms can again be rewritten in higher order terms of not only the product
Z0σ1d but also Z0σ2d (with σ2 the imaginary part of the complex optical conduc-
tivity: σ = σ1 − iσ2). For graphene in the MIR and NIR, however, both Z0σ1d � 1
and Z0σ2d � 1 and therefore Eq. 6.2.1 can be used in this range. Note that in
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a part of the NIR/visible Z0σ1d = Z0σ0d = πα ≈ 0.023, with σ0 = e2/ (4~d ) the
universal optical conductivity and α the �ne structure constant.

In the FIR range for graphene, where it does not hold that Z0σ1d � 1 and
Z0σ2d � 1, the following approximation28,29 is commonly used6,13,15,24,25,30:

Tsf

Ts
≈ |1 + Z0σd/ (1 + ns ) |

−2 (6.2.2)

This approximation also assumes d/λ � 1 and a semi-in�nite substrate but is
derived in a di�erent way (see the Appendix 6.7 for the derivation): the approx-
imation is done in terms of σ and not expressed in n and k . Due to this, Eq. 6.2.2
is valid in the whole IR range. Above it was found that Eq. 6.2.1 only holds if
Z0σ1d � 1 and Z0σ2d � 1. Eq. 6.2.1 can therefore also be found from Eq. 6.2.2
by taking its �rst order in both Z0σ1d and Z0σ2d .

Equations 6.2.1 and 6.2.2 are derived for a thin �lm on a semi-in�nite substrate,
which means that the re�ections of the backside of the substrate are not taken
into account. However, in general double side polished substrates are used, which
have two plane parallel faces to ensure the maximum possible intensity of the
transmitted light by avoiding light scattering. Light therefore also re�ects from
the backside. The coherence length of the light can be such that these re�ections
cause interference fringes which can appear in the FTIR-spectrum, depending on
the measurement resolution. This dependency can be illustrated when, for sim-
plicity, the transmittance is considered of a bare substrate with coherent backside
re�ections:

T =
8n2

s

−
(
n2
s − 1

)2
cos (4πnsds ν̃ ) + n4

s + 6n2
s + 1

(6.2.3)

with ν̃ the photon energy in cm-1 and ds the substrate thickness. Equation 6.2.3
shows that the period of the fringes goes as 1/ (2nsds ) and that their ampli-
tude decreases with decreasing ns . Given a typical thickness of the substrate
as 300 µm, the period for e.g. silicon becomes ≈ 5 cm−1, with ns ≈ 3.44 (aver-
aged over the whole IR). If the light is completely coherent then the measurement
resolution should be half of this period or smaller (by Nyquist’s theorem) for the
interference fringes to appear as described by Eq. 6.2.3. In other words, as long as
the resolution is chosen larger than half the period (assuming anti-aliasing �lters
are used), the IR-spectrum is not obscured by these fringes due to undersampling.
In this work it is assumed that the backside re�ections are incoherent, i.e. that
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the resolution is chosen such that it is not high enough to resolve these fringes.
It will be shown that for low refractive index materials, such as quartz in the

NIR/MIR, Eq. 6.2.1 is a fair approximation. However, for higher refractive index
materials such as quartz in the FIR (ns ≈ 2.14), silicon carbide (SiC) (ns ≈ 2.55,
except in the range of multi-phonon absorptions: 700-1600 cm-1), and Si (ns ≈
3.44), it will be shown that backside re�ections should be taken into account.
Therefore Eq. 6.2.2 is extended in this work by including incoherent backside
re�ections (see the Appendix 6.7 for the derivation):

Tsf

Ts
≈

(
1 + ρ (Z0 |σ | d )

2 + (ρ + 1/2) Z0σ1d
)
−1 (6.2.4)

with ρ = 1
2(n2

s+1)
. In the NIR/MIR the following approximation31 can be used:

Tsf

Ts
≈ 1 − (ρ + 1/2) Z0σ1d (6.2.5)

Equation 6.2.5 is found in a similar way as Eq. 6.2.2, except that Tsf is now
expressed by the closed formula for the transmittance for a thin �lm on a �nite
transparent substrate (i.e. including incoherent backside re�ections).32 Again Ts
follows simply from this closed formula by setting the �lm thickness to zero. Eq.
6.2.5 can also be found from Eq. 6.2.4 if its �rst order in both Z0σ1d and Z0σ2d

is taken, similar to how Eq. 6.2.1 followed from Eq. 6.2.2. Backside re�ections
are equally important for the substrate-normalized re�ectance. An equation is
derived for it for the NIR/MIR range, which can be found in the Appendix 6.7.

The bene�t of Eqs. 6.2.1 and 6.2.5 is that they allow a direct extraction of σ1
from Tsf /Ts , whereas the Fresnel equations require σ to be parameterized. Not
only is the direct extraction of σ1 faster, it also shows σ1 without imposing a
certain parameterized spectral shape.

6.3. Simulation results

The signi�cance of the e�ect of the backside re�ections in the MIR/NIR can be
determined by the relative di�erence between σ1 from Eq. 6.2.1 and σ1 from Eq.
6.2.5. This is equivalent to the relative di�erence between the prefactors of the
term Z0σ1d in Eqs. 6.2.5 and 6.2.1, which yields (ns − 1)3 /4

(
n2
s + 1

)
. For quartz

this di�erence is on average only 1%, however, for SiC this becomes 12%, and
for Si 28%. Both Mou et al.22 and Lee et al.19 use Eq. 6.2.1 for graphene on Si
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(in the MIR), and Yan et al.25 use Eq. 6.2.1 for graphene on SiC (in the NIR/MIR).
These works therefore underestimate the in�uence of the backside re�ections,
which results in an incorrect σ1 and as a consequence also in incorrect derived
parameters such as carrier density and mobility, as will be shown below. The un-
derestimation also a�ects the number of graphene layers: single layer graphene
on e.g. Si would yield approximately 1.3 graphene layers using Eq. 6.2.1.

Equations 6.2.2 and 6.2.4, in contrast to Eqs. 6.2.1 and 6.2.5, need a parame-
terization for σ to extract it. As a common parameterization for the intraband
optical conductivity (i.e. mostly in the FIR), the Drude response6,16,17,19,20,25 is
used or Drude-like responses.13,15,21,23 The Drude response can be written as:

σ (ω) =
iD

πd (ω + iΓ)
(6.3.1)

where D is the Drude weight, ω the frequency, and Γ the scattering rate. The
Drude weight is expressed as D =

(
e2/~2

)
EF with EF = ~νF

√
π |n | where vF is

the Fermi velocity, and n the carrier density. The Fermi velocity is depending on
the carrier concentration33 but is almost constant in the n = 1012 cm−2 range,
which is the typical range for CVD graphene. For the value of the Fermi velocity
the commonly used value ofvF ≈ 1.0·106 m/s is assumed. The carrier density and
mobility µ are related to the DC-conductivity as σDC = neµ/d . Since σDC = σ (0),
σ (0) = D/ (πdΓ) = neµ/d . Combining all these identities allows σ1 (units of S/m)
to be expressed in n and µ:

σ1 (ν̃ ) =
neµ/d

1 + nµ2πγ 2ν̃2 (6.3.2)

where γ = hc/ (evF). Other than with Eq. 6.3.2 the carrier density can also be
determined from the energy 2EF at which the Pauli blocking occurs. This energy
can be found from the minimum in the imaginary part of the optical conductivity,
σ2.20 The Drude weight calculated from this carrier density was �rst reported
to disagree with the weight as found from the Drude �t16,25, but later shown
to agree.6,34 In this work it is assumed that the Drude weights, and hence n,
for both methods agree and therefore Eq. 6.3.2 is used. Equation 6.3.2 applies
only to the Drude response part of our measured spectrum (i.e. approximately
370-1000 cm-1). For the interband conductivity, in roughly the range 1000-7000
cm-1 , two Lorentz curves20 are used just for curve-�tting. Since the Lorentz and
Drude curves are Kramers-Kronig consistent, it allows σ2 to be determined from
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σ1 (except its o�set, coming from a constant of integration).
The signi�cance of the backside re�ections in the FIR cannot be determined

in the same way as was done for Eqs. 6.2.1 and 6.2.5 in the MIR/NIR. For the FIR
the di�erence between Eqs. 6.2.2 and 6.2.4 depends on σ , and therefore needs
values for n and µ. As an example n and µ are therefore extracted from the FIR
transmittance measurements of typical CVD graphene on quartz from Yan et al.6

by �tting the full Fresnel equations, in combination with Eq. 6.3.1, to their data.
For the carrier density and mobility the following values are found: nYan ≈ 1.1 ·
1013 cm−2 and µYan ≈ 1.5 · 103 cm2V−1s−1. These values for nYan and µYan are
then compared with n and µ found from �tting the combination of Eqs. 6.2.4 and
6.3.2. This is not only done for the case of graphene on a quartz substrate but
also for a Si and a SiC substrate. Since for the latter two cases no realTsf /Ts data
exist, they are simulated using full Fresnel equations and using Eq. 6.3.1 withnYan
and µYan. For all three substrates the n and µ, �tted with Eq. 6.2.4, show nearly
identical results compared to nYan and µYan. However, when Eq. 6.2.2 is used, it is
found that the mobility is underestimated compared to µYan by 3.6%, 7.4%, 17% for
quartz, SiC, and Si respectively. The carrier density is found to be overestimated
by Eq. 6.2.2 by 7.6%, 17%, 45% for quartz, SiC, and Si respectively. This shows
that backside re�ections make also a signi�cant di�erence in the FIR. Therefore
Eq. 6.2.4 should be used to determine the optical conductivity and subsequently
extracted Drude parameters from FIR substrate-normalized transmittance.
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Figure 6.5.1 – The real part of the optical conductivity of graphene on Si as found from Eq.
6.2.5, and as found from Eq. 6.2.1 (blue), and the Drude-Lorentz �t (red) of Eq. 6.3.2 as a function
of photon energy. The inset shows the �t residual in the range 1000-3000 cm-1 which shows a
band of absorption peaks of PMMA residue from the transfer process, most notably the C=O
stretching mode at 1730 cm-1.

6.4. Experimental setup

In this work the transmittance is measured of CVD graphene on silicon, and of
the bare silicon substrate in the range 370-7000 cm-1 with a 16 cm-1 resolution (to
avoid resolving substrate interference fringes) and averaged over 1000 scans. A
common benchtop FTIR spectrometer (Bruker Tensor 27) is used with a KBr beam
splitter and DTGS detector. The aperture is set to 3 mm and the chamber is purged
with nitrogen. The large-area CVD graphene (1 × 1 cm) is grown and transferred
to the substrate, in a similar way as reported by Li et al.35 The silicon substrate
is double side polished with a thickness of 300 µm (FZ, n-type, ρ = 1 − 5 Ω · cm).
Silicon is used as a substrate because it is transparent throughout the whole IR
except for some small phonon absorptions around ν̃ = 600 cm−1.36 This is in
contrast to SiC and quartz that have a band of such large absorptions in the MIR
that Eq. 6.2.5 cannot be used where the absorptions occur.
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6.5. Experimental results and discussion

In Fig. 6.5.1 the real part of the optical conductivity, as found from our trans-
mittance measurements and Eq. 6.2.5, is shown in units of the universal optical
conductivity and as a function of the photon energy. The three characteristics
described above can be recognized: 1) near ν̃ ' 7000 cm−1 σ1 equals σ0, indi-
cating monolayer graphene, 2) between ν̃ ' 370 − 1000 cm−1 there is the tail of
the Drude response, 3) σ1 decreases due to Pauli blocking from approximately
ν̃ ' 6000 cm−1 to a non-zero minimum at ν̃ ' 2000 cm−1. Besides these features,
two others can be observed: 1) at ν̃ ' 610 cm−1 σ1 shows a very small peak that
can be attributed to the strongest of silicon’s phonon peaks, showing the negligi-
ble in�uence of the substrate, and 2) the inset in Fig. 6.5.1 is the �t residual in the
range 1000-3000 cm-1 and is shown to accentuate a band of absorption peaks that
can be assigned to the presence of a residual layer of PMMA from the graphene
transfer process. The most notable peaks are those at ν̃ ' 1730 cm−1 for the C=O
stretching mode, at ν̃ ' 1150 cm−1 for the CH2 bending mode, and the peaks
around ν̃ ' 3000 cm−1 for the C-H stretching modes. The directly extracted σ1 of
Fig. 6.5.1 is subsequently �tted with Eq. 6.3.2 to extract the carrier mobility and
density. This �t is shown in red (color online). The blue curve (color online) is σ1
as extracted from Eq. 6.2.1, i.e., if backside re�ections are ignored. Comparing the
blue and black curve shows the signi�cant in�uence of the backside re�ections.

Since the FTIR used in this work does not acquire data further in the IR than
370 cm-1, only the tail of the Drude response can be measured. The size of this
tail determines how uniquely Eq. 6.3.2 can be �tted to the data, i.e. how sensitive
the �t is to n and µ. The sensitivity for n at a certain energy depends on whether
nµ2πγ 2ν̃2 � 1 because then Eq. 6.3.2 reduces to σ1 (ν̃ ) ≈ e/µdπγ 2ν̃2 and the
dependence on (and therefore also the sensitivity to) n has become negligible.
The sensitivity to µ, however, remains high regardless of the size ofn, and stresses
the need to haveσ1 extracted correctly since otherwise the �tted mobility is easily
over or underestimated.

The mobility for the transmittance data of Fig. 6.5.1 can be uniquely �tted
as µ ≈ 2.9 · 103 cm2V−1s−1. However, n is not uniquely �tted. Therefore n is
calculated from 2EF, i.e. the minimum of σ2, and found to be n ≈ 4.5 · 1012 cm−2,
see Fig. 6.5.2. It is, however, not possible to determine whether the graphene
is electron or hole doped. The fact that n cannot be �tted uniquely is due to
the relatively high value of the mobility. This causes the value for nµ2πγ 2ν̃2 to
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Figure 6.5.2 – The imaginary part of the optical conductivity, σ2, of graphene on Si as a func-
tion of photon energy. The inset shows the minimum at around 4000 cm-1from which the
carrier density is calculated.

be already 25 at the lowest photon energy at 370 cm-1 and to be even larger at
higher energies. From n and µ the sheet resistance can be found: Rs ≈ 480 ·
102Ω/�. If n and µ are expressed in the Drude weight and scattering rate, then
D ≈ 1.3 · 104 e2/h cm−1and Γ ≈ 74 cm−1.

In the data analysis above Eq. 6.2.5 is used, which is derived for a two-layer
system of a transparent substrate and a thin �lm. In practice, however, the sil-
icon substrate has small phonon absorptions36 and has a native oxide layer of
about 2 nm on both sides. Also, the graphene is covered with a thin layer of
PMMA residue after dissolving the PMMA in acetone after the transfer, and this
residue is typically about 3 nm.37 The in�uence of these three non-idealities
in the optical model on the extracted is determined as follows. First σ1 is ex-
tracted from Eq. 6.2.5 by taking for Tsf the simulated transmittance of the stack
PMMA/graphene/native-oxide/Si(with absorptions)/native-oxide and taking for
Ts the stack native-oxide/Si(with absorptions)/native-oxide. Then again σ1 is ex-
tracted but this time by taking the stack graphene/Si(without absorptions) asTsf
and Si(without absorptions) as Ts . In the simulation of the transmittance the
optical constants of native-oxide are assumed to be equal to those of SiO2. For
the optical constants of silicon without absorptions the extinction coe�cient is
set to zero. However, its refractive index is still assumed dispersive.36 The opti-
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cal constants of PMMA were determined separately from transmittance of a 90
nm spin-coated PMMA �lm on silicon. For graphene the optical conductivity,
as found above, is taken as an example in the simulation. The comparison be-
tween the two extracted σ1 spectra shows the following. The e�ects of both the
Si phonon absorptions and native oxide are found to be negligible (at most 0.1% at
ν̃ ' 610 cm−1 where the strongest Si phonon peak is). For the 3 nm PMMA layer
it is found that it does not perturb the overall Drude-Lorentz shape of graphene.
In fact, σ1 in Fig. 6.5.1 can be regarded as a linear super-position of σ1 of PMMA
and σ1 of bare graphene. This is due to the low refractive index of of PMMA
(n ≈ 1.5). Since also its absorptions are small compared to the overall Drude-
Lorentz shape of graphene, the PMMA layer does not alter the �t of Eq. 6.3.2
signi�cantly. Altogether this means that despite not having a two-layer system
in practice, Eq. 6.2.5 can still be used to accurately extract σ1 of graphene, and
to detect PMMA residue, and that Eq. 6.3.2 can still be applied to subsequently
extract carrier mobility and density.

The accuracy of the approximations of Eqs. 6.2.4 and 6.2.5 is determined by
comparing σ1 as extracted from these equations with σ1 as found from the full
Fresnel equations. The simulations forTsf andTs are done for the idealized two-
layer system of graphene and Si (with dispersion for the refractive index but
without absorptions). Silicon is chosen, instead of quartz or SiC, since its high
refractive index causes the backside re�ections to be most prominent. It there-
fore yields an upper limit for the deviation between the full Fresnel equations and
Eqs. 6.2.4 and 6.2.5. Values for σ1 are required for the comparison. Therefore for
the FIR, in the range 1-300 cm-1, the above example is used, and for the MIR/NIR
in the range 370-7000 cm-1 our own measurements are used. For Eq. 6.2.5 the de-
viation reaches a maximum at 2% at ν̃ = 370 cm−1, and only 1% at ν̃ = 7000 cm−1.
This translates to a maximum deviation in only µ, of 2%, and none in n. For Eq.
6.2.4 the maximum deviation, using ns ≈ 3.42, is at 300 cm-1 and is only 0.01%,
which results in negligible deviations in n and µ.
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6.6. Conclusions

In summary, an accurate compact approximation is presented for the Fresnel
equations of the normal incidence substrate-normalized infrared transmittance
of a thin �lm on a transparent substrate, including incoherent backside re�ections
and expressed in terms of the optical conductivity. It is shown that the backside
re�ections of the substrate can have a signi�cant e�ect on the extracted optical
conductivity and subsequent derived parameters, depending on the refractive
index of the substrate. For the mid -and near infrared the approximation is fur-
ther simpli�ed, which allows extracting the real part of the optical conductivity
directly without parameterizing it �rst. This simpli�ed approximation is used
for transmittance measurements of CVD graphene on silicon performed with a
common bench top FTIR spectrometer in the mid -and near infrared. From the
extracted optical conductivity both carrier density and mobility, layer number,
and PMMA residue are determined. It is shown that, despite not having an ideal
two-layer system in practice, the approximations can still be used to accurately
extract σ1, and derived parameters, of graphene. Altogether a simple yet accu-
rate measurement and analysis method is demonstrated, which allows assessing
the quality of large area graphene in a non-invasive way, and could be applied to
other 2-D materials as well.
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6.7. Appendix

Derivation of equation 6.2.4

A 4-layer system is considered of air/graphene/Si/air, graphene being labeled as
medium 2, silicon 3, air 1 and 4. The transmittance T of a thin �lm on a sub-
strate with coherent re�ections in the thin �lm and incoherent re�ections in the
substrate is given by the following equations38:

T = T34T13/ (1 − R31R34) P = e−iβ

T34 = |t34 |
2 β = 2πdN2/λ

T13 =
���t12t23P/

(
1 − P2r21r23

) ���
2

Ni = ni − iki
R31 =

���r32 + P2t32t23r21/
(
1 − P2r21r23

) ���
2

ε = ε1 − iε2

R34 = |r34 |
2 σ = σ1 − iσ2

n1 = n4 = 1
k1 = k3 = k4 = 0

for j = i ± 1 N2 =
√
ε

ti j = 2Ni/
(
Ni + Nj

)
ε = 1 − iσ/ (ωε0)

ri j =
(
Ni − Nj

)
/
(
Ni + Nj

)
c = 1/ (Z0ε0)

The transmittance of the substrate and �lm can be simpli�ed to:

T =
64 |N2 |

2 n2
3

��(n3 + 1) ((N2 − 1) (N2 − n3) P2 − (N2 + 1) (N2 + n3))��2 ...

− ��(n3 − 1) ((N2 − 1) (N2 + n3) P2 + (N2 + 1) (n3 − N2))��2

First it is shown that β is so small that P can be linearly approximated. While
d/λ decreases at longer wavelengths, N2 increases. Therefore β should be ex-
pressed in terms of σ , which has a �nite value at zero energy. N2 can be approx-
imated as follows:

N 2
2 = ε = 1 − iσ

ε0ω
= 1 − iλZσ

2π = 1 − iλZ
2π (σ1 − iσ2)

= 1 − λZ

2π σ2 −
iλZ
2π σ1 ≈ −

λZ

2π σ2 −
iλZ
2π σ1 = −

iλZ
2π σ

because for graphene λZ
2π σ2 � 1 with σ2 of the order of 105 S/m, λ of the order
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10−6 m and higher in the IR, and Z ≈ 377Ω.

N2 ≈

√
λZ

2π
√
−σ2 − iσ1

√
−σ2 − iσ1 =

1
√

2

√
|σ | − σ2 + i 1

√
2

√
|σ | + σ2

β ≈

√
πZd2

λ

(√
|σ | − σ2 + i

√
|σ | + σ2

)
=

√
πZ |σ | d

d

λ
− πZσ2d

d

λ
+ i

√
πZ |σ | d

d

λ
+ πZσ2d

d

λ

Withd = 3.35 ·10−10 m,Z |σ | d d
λ andZσ2d

d
λ are of the order of about 10−6, which

makes the real and imaginary part of β of the order of 10−3. P can therefore be
approximated to �rst order with P ≈ 1 − iβ which yields for T :

T ≈
64 |N2 |

2 n2
3

��(n3 + 1) ((−N2 − 1) (N2 + n3) + (N2 − 1) (N2 − n3) (1 − 2iβ ))��2 ...

− ��(n3 − 1) ((N2 + 1) (n3 − N2) + (N2 − 1) (N2 + n3) (1 − 2iβ ))��2

=
16 |N2 | n

2
3

�����
N2 (n3 + 1)

(
2iπd (N2 − 1) (N2 − n3)

λ
+ n3 + 1

) �����

2
...

−
�����
N2 (n3 − 1)

(
−

2iπd (N2 − 1) (N2 + n3)

λ
+ n3 − 1

) �����

2

The following parts of the denominator can be approximated by keeping only
the term with the second order in N2 since N2 becomes negligible compared to
N 2

2 at larger wavelengths: N2/N
2
2 = 2π i/Zσλ and therefore this yields:

2iπd (N2 − 1) (N2 − n3)

λ
=

2iπdN 2
2

λ
−

2iπd ((N2 − 1)n3 + N2)

λ

≈ Zσd −
2iπd ((N2 − 1)n3 + N2)

λ
≈ Zσd
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and similarly

−
2iπd (N2 − 1) (N2 + n3)

λ
= −

2iπdN 2
2

λ
−

2iπd ((N2 − 1)n3 − N2)

λ

≈ −Zσd −
2iπd ((N2 − 1)n3 − N2)

λ
≈ −Zσd

T can then be expressed as follows:

T ≈
16n2

3

|(n3 + 1) (n3 + 1 + Zσd ) |2 − |(n3 − 1) (n3 − 1 − Zσd ) |2

=
4n3

2
(
n2

3 + 1
)

+ (Z |σ | d )2 +
(
n2

3 + 3
)
Zσ1d

The transmittance of the bare substrate is:

Ts =
2n3

n2
3 + 1

The substrate-normalized transmittance results in:

T

Ts
≈


1 + (Z |σ | d )2

2
(
1 + n2

3
) +

3 + n2
3

2(1 + n2
3)
Zσ1d




−1

=
(
1 + ρ (Z |σ | d )2 + (ρ + 1/2) Zσ1d

)−1

with ρ = 1/
(
n2

3 + 1
)
. Certain cases can now be veri�ed:

• No �lm, i.e. d = 0 nm, the substrate-normalized transmittance equals 1.

• A free-standing �lm, i.e. n3 = 1, the substrate-normalized transmittance
becomes the known expression:

T

Ts
≈

(
1 + (Z |σ | d/2)2 + Zσ1d

)−1
=

(
|1 + Zσd/2|2

)−1

• If Zσ1d � 1 and Zσ2d � 1 then the substrate-normalized transmittance
reduces to:

T

Ts
≈ 1 − (ρ + 1/2) Zσ1d
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Derivation of equation 6.2.2

The transmittance T of a thin �lm on a semi-in�nite substrate with coherent
re�ections in the thin �lm can be derived similarly as above, except that now
medium 4 is not air but equals medium 3, i.e. n4 = n3. The transmittance can be
simpli�ed to:

T = 16n3
�����

N2P

(N2 − 1) (N2 − n3)P2 − (N2 + 1) (N2 + n3)

�����

2

By the same arguments as above the following approximation can be used P ≈

1 − iβ , yielding:

T ≈ 16n3
�����

N2 (1 − iβ )
(N2 − 1) (N2 − n3) (1 − 2iβ ) − (N2 + 1) (N2 + n3)

�����

2

= n3
�����

2dπN2 + iλ
2d (N2 − 1) (N2 − n3) π − i (n3 + 1) λ

�����

2

Dividing nominator and denominator by iλ and using the same approximation
as above: N 2

2 ≈ −
iλZσ
2π gives:

T ≈
4n3

|Zσd + n3 + 1|2

because, similarly as above, only terms of second order in N2 are kept. The trans-
mittance of the semi-in�nite substrate is:

Ts =
4n3

(n3 + 1)2

The substrate-normalized transmittance becomes the “Tinkham formula” of Eq.
6.2.1 of the main article and can be rewritten in an analogous form as Eq. 6.2.4 of
the main article:

T

Ts
≈

1
|1 + Zσd/ (n3 + 1) |2

=


1 + 2

1 + n3
Zσ1d +

(
1

1 + n3

)2 (
(Zσ1d )

2 + (Zσ2d )
2)


−1

=
(
1 + (ξZ |σ | d )2 + 2ξZσ1d

)−1
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with:
ξ =

1
1 + n3

Thin �lm approximation for di�erential re�ectance in the
MIR and NIR

A thin �lm approximation also exists for the normal incidence (di�erential) re-
�ectance26 and was used by Mak et al.21 to extract the optical conductivity of
graphene on SiO2 in the MIR/NIR:

Rsf − Rs

Rs
≈

4
n2
s − 1

Zσ1d

It assumes a transparent semi-in�nite substrate, i.e. no backside re�ections, and
Zσ1d � 1 and Zσ2d � 1. It is the re�ectance equivalent of Eq. 6.2.2. Mak et
al.21 extracted a value for σ1 in the NIR that equals σ0, con�rming monolayer
graphene, which implies that they ensured that no backside re�ections were col-
lected in their re�ectance measurement. This can be achieved by using e.g. a
wedge shaped substrate or by roughening the backside of the substrate. How-
ever, for re�ectance measurements of graphene on double polished substrates
with parallel interfaces, backside re�ections should be taken into account. For
this case a formula is derived for the di�erential re�ectance that includes inco-
herent backside re�ections:

Rsf − Rs

Rs
≈

4 − ns (ns − 1)2

n4
s − 1

Zσ1d

It is the linear expansion in d/λ of the substrate-normalized di�erential re-
�ectance where Rsf is expressed by the formula for the re�ectance of a thin �lm
on a �nite substrate with incoherent backside re�ections.39 Rs simply follows
from this closed formula by setting the �lm thickness to zero.
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7.1. Introduction

Chemical vapour deposition of graphene on copper has proven to be a reliable
growth method for graphene of large area, which is needed for applications such
as transparent electrodes, or terahertz detectors.1 One of the drawbacks of this
growth method, however, is that the graphene needs to be transferred from the
copper to a substrate for these applications to work. During etching of the copper
the graphene needs a mechanical support to avoid disintegrating (see Chapter
5). The support is given by a thin polymer layer of typically 90-250 nm and
the most commonly used polymer is PMMA, which is spin-coated on top of the
graphene/copper layer. The PMMA is usually dissolved in acetone after transfer.
However, this does not completely remove PMMA from graphene, leaving a very
thin residual layer behind.2–25 This residual layer has a negative e�ect on its
electronic properties3,26 and hinders further processing.27 It is therefore very
important to study the cleanliness of CVD graphene.

PMMA residue on CVD graphene has been observed with atomic force mi-
croscopy (AFM)3,7,10,13,19,23,24,28, X-ray photon spectroscopy (XPS)2,3,18,20–22,29,
transmission electron microscopy (TEM)5,6,8,11,12,18, Raman microscopy11,30, and
Fourier transform infrared (FTIR) spectroscopy.18 The majority of these works
discuss the removal of PMMA residue by annealing or by alternative transfer
methods, and then often rely on AFM and/or XPS to prove that the graphene has
become cleaner.

The AFM studies showed that PMMA residue covers graphene as islands and
showed the removal of these islands after annealing, leaving a smoother surface.
This, however, does not necessarily imply that the surface is residue free since it
could be that residual layer itself has been smoothened by annealing. Therefore
AFM is not conclusive in determining whether graphene is residue free or not.
Moreover, AFM is a time consuming technique.

XPS can detect PMMA through its functional groups that give rise to shoul-
ders in the sp2 C-C peak in the C1s-spectrum.3 The contribution of this shoulder
is then found by deconvolution. However, for decreasing amounts of residue
during annealing, the sensitivity to this contribution becomes so low that decon-
volution is di�cult. Furthermore, a decrease of the shoulder in the C1s peak does
not necessarily indicate a decrease of the residue.18 This was found through the
intensity of the carbon peak, which was higher after annealing than expected for
clean graphene. This increase of carbon was found to originate from the PMMA
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residue. Altogether, XPS cannot conclusively determine that the graphene is
residue free.

Raman microscopy can detect PMMA residue for an excitation wavelength
of 633 nm.11,30 However, for the wavelength that we use, 514 nm, Raman mi-
croscopy does not show enough sensitivity for the PMMA residue despite that
bulk PMMA has a strong Raman signal. Raman spectroscopy can also indirectly
measure the presence of PMMA when the PMMA residue (or bulk) is annealed.
After annealing the PMMA residue transforms into amorphous carbon, to which
Raman is very sensitive.18,31,32

FTIR was shown in Chapter 6 to be able to uniquely identify PMMA residue
through its speci�c absorption. This, however, requires graphene to be trans-
ferred to a substrate that is transparent for IR light. Another very recent FTIR
study also observed PMMA residue and shows possible dehydrogenation path-
ways for PMMA residue during annealing.18

TEM studies revealed that regardless of annealing, residue remains on the sur-
face of graphene: in case of unannealed residue as a closed �lm11,18 or island-
like,8 and in case of annealed residue as a discontinuous layer.5,6,8,11,12 Although
TEM yields conclusive evidence of the cleanliness of graphene, it is an invasive
and time consuming technique.

In this chapter spectroscopic ellipsometry (SE) is introduced as an alternative
diagnostic to those described above. SE is relatively fast and has sub-monolayer
sensitivity and is therefore very suitable to detect small trace amounts of residue.
Moreover, it can easily be mounted for in situ experiments in vacuum. In this
work SE is combined with Fourier transform infrared (FTIR) spectroscopy, and
Raman microscopy to form a powerful non-invasive toolset to quantify and iden-
tify the nature of the polymer residue, and to determine the carrier mobility and
density, and defects of CVD graphene.

The sensitivity of the optical toolset to the thickness and nature of the residue
and to the quality of CVD graphene will be demonstrated for the following ex-
amples: a) graphene after the standard PMMA transfer, b) graphene after anneal-
ing in nitrogen, hydrogen or air, and c) graphene during and after argon plasma
cleaning. Based on the SE measurements the color of pristine graphene, and of
graphene with residue (before and after anneal), on 90 nm SiO2 are calculated.
This shows a color di�erence that is visible to the eye, which makes the eye in
fact an additional optical tool to detect PMMA residue.
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7.2. Methods

7.2.1 Sample preparation and treatments

The CVD graphene is grown and transferred as described in Chapter 5. For the
SE measurements the graphene has been transferred to 90 nm thermal silicon
oxide on single side polished silicon. For the FTIR measurements the graphene
was transferred with the TRT-frame method to a double side polished silicon
substrate.

The pressure of nitrogen or hydrogen during annealing was 100 mbar and 0.15
mbar respectively. The Ar-plasma is inductively coupled with a power of 5W and
a pressure of 2 Pa. These are the same plasma conditions as discussed in Chapter
8.

7.2.2 Spectroscopic ellipsometry

In this work a rotating compensator ellipsometer is used (J.A. Woollam Co., Inc,
M-2000U NIR) that can measure the complete polarization state, which is ex-
pressed in the ellipsometric angles Ψ and ∆, and the polarization degree, P, here
used in the percentage of depolarization, de�ned as ρ = (1 − P2) × 100%. The ex
situ and in situ measurements are taken at an angle of incidence (AOI) of 75º and
70◦ respectively in the wavelength range of 250-750 nm. The circular spot has a 3
mm diameter, i.e. upon projection on the substrate the spot size becomes 3 mm

cos(AOI)
(∼ 3 × 12 mm and ∼ 3 × 9 mm for ex situ and in situ respectively). The depolar-
ization for the SE measurements is on average not larger than ρ ≈ −1%, i.e. the
light is hardly depolarized after re�ection and hence it su�ces to report only Ψ

and ∆. The �t error between model and experiments is given by the reduced-chi
square value, de�ned as:

χ 2
red =

1
3n −m

n∑
j=1

3∑
i=1



S

exp
i,j − S

mod
i,j

σ
exp
Si,j




2

(7.2.1)

where S1 to S3 are the Stokes parameters, de�ned as: S1 = − cos 2Ψ, S2 =

sin 2Ψ cos∆, S3 = − sin 2Ψ sin∆, n is the number of wavelengths, m is the num-
ber of �t parameters and σS is the error in the determined Stokes parameter,
assumed to be equal for all three: σ exp

S1,2,3,j
= 0.001. The best �t is found by min-

imizing χ 2
red with the Levenberg-Marquardt non-linear regression algorithm in
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the optical modelling software CompleteEASE version 4.86 from J.A. Woollam
Co., Inc.

7.2.3 Fourier transform infrared spectroscopy

The FTIR measurements are performed on a Bruker Tensor 27 with 3 mm aper-
ture and an average over 1000 scans with a resolution of 16 cm-1 . The transmit-
tance was measured of the bare wafer,Ts , and that of the graphene on Si,Tsf. The
substrate-normalized transmittance was then used to extract the real part of the
optical conductivity, σ1 (in S/m), by using the following thin-�lm approximation
(see Chapter 6):

σ1 ≈
2
(
n2
s + 1

)
Z0d

(
n2
s + 3

) (
1 −

Tsf

Ts

)
(7.2.2)

where ns is the real part of the refractive index of the substrate, Z0 ≈ 377 Ω is the
vacuum impedance, and d = 3.35Å the thickness of graphene. For the refractive
index of silicon its dispersion is used as in ref. 33. A Drude parameterization,
with two Lorentzians, is �tted to σ1 to extract the carrier mobility and density.
The Drude parameterization is given by:

σ1 (ν̃ ) =
neµ/d

1 + nµ2πγ 2ν̃2 (7.2.3)

7.2.4 Transmission electron microscopy and Raman spec-
troscopy

TEM studies were performed using a JEOL ARM200F operated at 80kV. The Ra-
man measurements are performed on a Renishaw Invia Raman microscope with
a laser wavelength of 514 nm. Due to lack of interference for graphene on Si
compared to graphene on SiO2/Si the Raman signal on Si is much weaker than
on SiO2 (approximately two orders lower) and therefore it is di�cult to observe
clear changes in the D-peak on Si. Raman measurements on graphene on Si are
therefore not shown.
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Figure 7.3.1 – Raman spectrum of the CVD graphene after standard removal by acetone, show-
ing good quality graphene in terms of a very low D-peak at around 1350 cm-1.

7.3. Results and discussion

The optical toolset is demonstrated for graphene in three conditions in the fol-
lowing order: as-transferred, annealed, and plasma cleaned. Not all three diag-
nostics could be used on the same sample due to the di�erent substrate require-
ments. SE and Raman measurements are performed on 90 nm SiO2/Si, and FTIR
measurements on bare Si. For the discussions of the three conditions �rst the
Raman and SE measurements and then the FTIR measurements are presented.
Furthermore, it is shown how residue can be detected by eye.

7.3.1 Optical toolset for graphene after the standard trans-
fer process

For graphene after the standard transfer process the optimization of the SE mod-
elling is �rst discussed. Next, it is shown how FTIR can detect PMMA residue
and can yield a good estimate for the residue thickness.

Raman spectroscopy shows (see Fig. 7.3.1) that the CVD graphene after trans-
fer to 90 nm SiO2 on Si has a low intensity D-Peak at 1350 cm-1, which indicates
that the graphene has a low defect density.
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Figure 7.3.2 – Ψ and ∆ measured of graphene after standard transfer (solid red (Ψ) and green
(∆)), as simulated for pristine graphene (grey solid), and as modelled for the bare substrate
(dashed red (Ψ) and green (∆)).

Spectroscopic ellipsometry

Substrate characterization In Fig. 7.3.2 Ψ and ∆ are shown as measured by SE
for the substrate (90 nm thermal SiO2 on Si, dashed colored lines), and the CVD
graphene (solid colored lines). The substrate is measured right next to where the
graphene is transferred to the substrate. The substrate is modelled by �tting a
Lorentz oscillator for the thermal silicon oxide, which is �tted as 88.46 nm. After
�tting, all �t parameters are �xed and a point-by-point inversion of Ψ and ∆ is
performed. This modelled substrate is now used for the rest of the modelling.
We �rst tried a three layer optical model of graphene/SiO2/Si, assuming clean
graphene. This model is shown in the optical model on the left of �gure 7.3.3

Three-layer optical model We used the three-layer optical model in two ways
to �t the CVD graphene data. First, we �tted the thickness and its optical con-
stants by a B-spline parameterization (see Chapter 2). This resulted in a very good
�t with χ 2

red ≈ 3.86 and a thickness of dgraphene = 1.78 nm. However, neither the
thickness nor the optical constants (not shown here) correspond to graphene,
whereas Raman measurements indicate the presence of graphene. This is there-
fore clearly not the right model. Second, we assumed the optical constants of
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Figure 7.3.3 – Left: three layer optical model of graphene/SiO2/Si, right: four layer optical
model of PMMA/graphene/SiO2/Si

graphene from ref. 34 and �tted only the thickness of the graphene layer.a This
resulted in a thickness for graphene of dgraphene = 0.53 nm and a very large �t
error of χ 2

red ≈ 2953, i.e. also this optical model could not �t the data.

Four-layer optical model with two �t parameters Since the three layer op-
tical model yields either a good but unrealistic �t or a very bad �t, we modi�ed
it by adding an extra layer to the optical model (right in Fig. 7.3.3). We assumed
this layer to be PMMA residue, modelled with bulk PMMA optical constants (de-
termined separately for a 90 nm spin coated �lm on silicon). This model has
only two �t parameters: dPMMA and dgraphene, assuming the optical constants
for graphene from ref. 34. After �tting the �t error drastically reduced from
χ 2

red ≈ 2953 to χ 2
red ≈ 6.05. Most strikingly the thickness of graphene was �t-

ted as dgraphene = 0.35 nm, which is very close to its expected value of 0.34 nm.
The thickness of PMMA is �tted as dPMMA = 2.23 nm, which agrees with the
thickness of 2.4 nm that Lin et al.11 found from Raman measurements. This sim-
ple modi�cation of the optical model shows to be su�cient to describe the SE
data well. Not only does it result in a low value for the �t error but also in very
reasonable values for the thickness of graphene and PMMA respectively. It is
noteworthy that optical constants of graphene exfoliated onto fused silica34 can
be used to achieve such a good �t for a di�erent ’type’ of graphene on a di�erent
substrate, i.e. CVD graphene on 90 nm SiO2 on Si.

Both Fig. 7.3.4 and Fig. 7.3.5 show how unique the �tted values for the thick-
nesses are, demonstrating the sensitivity of SE for both layers. Together with the
low value for χ 2

red this indicates that the model describes the sample well. The
model is not plotted in �gure 7.3.2 as it would be invisible since it overlaps with
the data.

aWe also used the optical constants of graphene that we determined in Chapter 2. However, we
found that the optical constant from ref. 34 yielded slightly better �ts to our data.
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Figure 7.3.4 – Uniqueness plot of thickness of PMMA residue for the four layer optical model
for standard PMMA-transferred graphene, with minimum χ 2

red ≈ 6.05 at dPMMA = 2.23 nm.
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Figure 7.3.5 – Uniqueness plot of thickness of graphene for the four layer optical model for
standard PMMA-transferred graphene, with minimum χ 2

red ≈ 6.05 at dgraphene = 0.35 nm.
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Figure 7.3.6 – Uniqueness plot of the thickness of graphene for the four-layer optical
model with a Lorentz oscillator parameterization for PMMA, for standard PMMA-transferred
graphene, with a minimum in χ 2

red for a thickness of 0.34 nm.

The sensitivity of SE for graphene and for residue on graphene can also be
shown by the raw SE data. Figure 7.3.2 presents the raw data together with the
simulated data for pristine graphene of 0.34 nm on the substrate that we modelled
earlier. It clearly shows that the raw Ψ and ∆ data, from graphene as well as
from the substrate, di�ers signi�cantly from simulated data for pristine graphene.
Hence, SE is sensitive not only for graphene but also for the residue on graphene.

Four-layer optical model with Lorentz oscillator parameterization for
PMMA We tried to further improve the �t of the model to the data by allowing
the optical constants of the PMMA layer to be �tted. Instead of the �xed bulk
PMMA optical constants we replaced them by a Lorentz oscillator parameteri-
zation with center energy, broadening and amplitude as �t parameters. This re-
sulted in the following values for the thickness of the PMMA and graphene layer
and the �t error: dPMMA = 1.98 nm, dgraphene = 0.34 nm with χ 2

red ≈ 2.76. The
thickness of the PMMA layer slightly decreased, and the thickness of graphene
became the expected value based on literature. The �t error decreased signi�-
cantly and the values for the thickness of graphene and PMMA were still unique.
The uniqueness is, however, not as sharply de�ned as before (see �gs. 7.3.6 and
7.3.7). Nevertheless, we found that the �t parameters of the Lorentz oscillator are
not correlated.

Figure 7.3.8 shows the refractive index n and extinction coe�cient k of the
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Figure 7.3.7 – Uniqueness plot of the thickness of PMMA for the four layer optical model with
a Lorentz oscillator parameterization for PMMA, for standard PMMA-transferred graphene.

�tted Lorentz oscillator and of the bulk optical constants of PMMA that we used
in the four-layer model with two �t parameters. The n and k of the Lorentz os-
cillator only shifted slightly to higher values after �tting. The higher refractive
index and extinction coe�cient could be due to densi�cation of the PMMA af-
ter reacting with acetone. Nevertheless, the optical constants are qualitatively
comparable to the bulk PMMA optical constants, showing the capability of SE to
detect the nature of the residue.

FTIR

The adlayer is further studied by FTIR to determine its nature more precisely.
Figure 3.3.3 shows σ1 as found from Eq. 7.2.2, using the substrate normalized
transmittance data of CVD graphene on double polished silicon. σ1 is plotted
as a function of photon energy ν̃ in cm-1, and in units of the universal optical
conductivity σ0 = e2/ (4~d ). Using the Drude-Lorentz parameterization of Eq.
7.2.3 we �t the carrier mobility as µ ≈ 1.6 · 103 cm2V−1s−1 (the �t is shown
in magenta). From the minimum in the Kramers-Kronig related σ2, at 2EF, the
carrier density is determined as n ≈ 8.5 · 1012 cm−2. The values for the carrier
mobility and density are typical values for CVD graphene. Besides the general
Drude-Lorentz shape of σ1, several absorption peaks can be noticed, as shown
enlarged in the inset (black line). The most prominent peaks are those at 1730
cm-1 for the C=O stretching mode, at 1150 cm-1 for the CH2 bending mode and
around 3000 cm-1 for the C-H stretching modes.35 These peaks together are an

113



7. An optical toolset to measure the cleanliness and quality of CVD graphene

200 300 400 500 600 700 800

1.50

1.55

1.60

1.65
 n PMMA residue
 n PMMA
 k PMMA residue
 k PMMA

 (nm)

n

0.000

0.005

0.010

0.015

0.020

k

Figure 7.3.8 – Refractive index, n, and extinction coe�cient, k, of bulk (dashed) and residual
PMMA (solid).

IR “�ngerprint” of PMMA35, showing that PMMA residue is present.
We simulated substrate normalized transmittance data of di�erent PMMA

thicknesses on graphene to study the sensitivity of FTIR to the thickness of
PMMA. SE measurements for the sample discussed above showed a residue thick-
ness of ∼ 2.2 nm, which is in the range of 2-3 nm that we �nd in general for
similarly transferred samples. We therefore chose to simulate transmittance data
for 0, 3, 6 and 9 nm of PMMA on graphene on silicon, respectively. For these
simulations the optical constants of graphene are used as found from the Drude-
Lorentz �t of above. The optical constants of PMMA were determined from a 90
nm spin coated PMMA �lm on silicon.

Figure 3.3.3 shows the measured and simulated data: 0 nm (magenta), which
is the Drude-Lorentz �t, 3 nm (red), 6 nm (green), and 9 nm PMMA (blue). The
inset in Fig. 7.3.9 shows the data in more detail in the range 1000-3000 cm-1. The
simulated data show a qualitative agreement with the measured data for most
of the absorption peaks. The agreement implies that it is justi�ed to use bulk
optical constants of PMMA. Apparently, the speci�c IR �ngerprint of PMMA is
preserved even for this ultrathin residual layer. This result unambiguously shows
the presence of PMMA.

The simulations also show that the thickness scales approximately linearly
with the intensity of the absorption peaks, e.g. the peak at 1730 cm-1. This peak
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Figure 7.3.9 – Real part of the optical conductivity, σ1, in units of the universal optical con-
ductivity, σ0, and as a function of photon energy as measured for standard PMMA-transferred
graphene, together with the Drude-Lorentz �t (magenta) and simulations for 3 nm (red), 6 nm
(green), and 9 nm (blue) PMMA residue. The inset shows an enlargement of the spectrum for
2000-3000 cm-1.

can therefore be used as a measure for the PMMA thickness. The peak intensities
of the simulated data for 3 nm PMMA show the closest agreement, which is a
typical residue thickness that we �nd with SE.

Furthermore, these simulations show that σ1 can be considered as a super posi-
tion of σ1 of graphene and PMMA respectively. The σ1 of PMMA hardly perturbs
the σ1 of graphene, even for the thickest �lm, which is due to the low refractive
index and extinction coe�cient of PMMA. Only towards higher photon energies
there is a deviation between the simulated and measured data for the thickest
PMMA �lms. This is simply due to the requirement for the thin �lm approxima-
tion that we use, d/λ � 1 , which is satis�ed to a lesser extent for the thicker
than for the thinner �lms.

Another FTIR study also discusses the residue and shows di�erential ab-
sorbance spectra of the CH2 stretching modes of PMMA in the range of 2820-
2950 cm-1 and of the C=C bond at around 1600 cm-1 of before and after annealing
at di�erent temperatures.18 Here we not only show the CH2 stretching modes
of PMMA, as absolute absorption (vs. di�erential spectra), but also observe the
strong C=O peak at 1730 cm-1.
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Figure 7.3.10 – Transmission electron microscopy images of CVD graphene of standard
PMMA-transferred graphene, showing the amorphous residual PMMA layer (left), and of
PMMA-free transferred graphene (right), showing the clean hexagonal lattice. The inset on
the left shows that the di�raction pattern of graphene is obscured by the amorphous PMMA
residue, while the inset on the right shows a clear hexagonal di�raction pattern.

TEM

Transmission electron microscopy (TEM) measurements were performed to fur-
ther corroborate the presence of residue on the PMMA-assisted transferred CVD
graphene. The left and right image in Fig. 7.3.10 show the surface of graphene
transferred with and without PMMA respectively. The right image shows an al-
most entirely clean graphene surface, and the inset shows the clear hexagonal
di�raction pattern of graphene. The left image shows an amorphous structure
covering the whole surface, and the di�raction pattern in the inset is barely show-
ing the hexagonal pattern of graphene. The amorphous structure originates from
the PMMA and obscures the di�raction pattern of graphene. These images un-
ambiguously show the presence of the residual layer that is left behind after a
standard PMMA-assisted transfer of graphene.

7.3.2 High quality CVD

In the previous section the sensitivity of the FTIR method was demonstrated for
a standard sample with a value for the mobility that is typical for CVD graphene.
For a mobility in the range of µ = 1 ·103−2 ·103 cm2V−1s−1 the Drude tail is rela-
tively large, which allows an easy �t to extract the mobility. However, for higher
mobilities the Drude tail moves to higher energies, causing a smaller part of the
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Figure 7.3.11 – Real part of the optical conductivity, σ1, as a function of photon energy of a
high quality sample together with the Drude-Lorentz �t, which yields a charge carrier density
and mobility of: n ≈ 5.9 · 1012 cm−2, µ ≈ 5.5 · 103 cm2V−1s−1.

Drude to be measured and �tted. Yet, as explained in Chapter 6, Eq. 7.2.3 remains
sensitive to the mobility. Figure 7.3.11 demonstrates that it is possible to �t the
mobility of a high quality graphene sample despite the short Drude tail. We �nd
for the carrier density and mobility: n ≈ 5.9 · 1012 cm−2, µ ≈ 5.5 · 103 cm2V−1s−1.
This also shows that despite the presence of PMMA residue graphene can have
high mobilities.

7.3.3 Optical toolset for graphene after annealing

Now that the presence of residue is established by our optical toolset, the sensi-
tivity of the optical toolset towards cleaning by annealing is investigated in this
section. The Raman and SE measurements were performed on graphene that is
annealed in nitrogen. The FTIR measurements were performed for graphene in
hydrogen and air respectively.

Raman spectroscopy and SE

The sample that was studied in section 7.3.1, is now annealed in nitrogen (p≈100
mbar) for 5 min at 550 ◦C to try to remove the residual layer. In �gure 7.3.12 the SE
data are shown for the sample after anneal, and for comparison also the SE data
of before anneal and of modelled pristine graphene are shown. Comparing the
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Figure 7.3.12 – Ψ and ∆ measured of graphene after annealing in N2 5 min at 550 ◦C (solid
red (Ψ) and green (∆)), as simulated for pristine graphene (grey solid), and as modelled for
graphene before annealing, i.e. after standard transfer (dashed red (Ψ) and green (∆)).
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Figure 7.3.13 – The optical model of before and after anneal, where the PMMA residue
changed to a layer representing the amorphous carbon.

raw data with the modelled pristine graphene, it is evident that the graphene is
still not clean after annealing in N2. Apparently there is still an adlayer left. This
adlayer is now modelled by a B-spline parameterization, replacing the Lorentz
oscillator of section 7.3.1, to �nd the optical constants of this layer. We replaced
the optical model from above by the model that is depicted on the right in Fig.
7.3.13. Figure 7.3.14 shows the adlayer’s dielectric function, which has qualita-
tive similarities to amorphous carbon. Figure 7.3.15 shows the comparison of n
and k before and after anneal. A clear change is visible in the optical constants:
from the transparent glassy material to the more absorbing amorphous carbon.
The thickness of the residual layer is �tted as da-C = 0.41 nm. Considering this
very small thickness, it is remarkable that it is possible to �t both the thickness
of graphene, and the thickness and dielectric function of the a-C layer without
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Figure 7.3.14 – The dielectric function of the top layer after annealing the PMMA residue,
shows the presence of amorphous carbon after annealing a standard transferred graphene sam-
ple in N2 5 min at 550 ◦C

correlation, as is shown in the uniqueness plot in Fig. 7.3.16.
Figure 7.3.17 shows the Raman spectra of the sample of before and after anneal.

The Raman spectra are both o�set to zero and normalized to the 2-D peak, located
at around 2700 cm-1. The spectrum of after annealing shows a drastic change
and especially in the range of 1300-1800 cm-1 where the G-peak seems to have
increased signi�cantly, which is commonly attributed to doping. However, the
SE analysis of above indicated that the top layer changed into an amorphous
carbon layer and this is also what explains the high G-peak: the Raman signal is
actually a superposition of the Raman spectra for both graphene and a-C, where
the G-peak lies on top of a broad band of a-C around 1580 cm-1.11,18,31,32 This
shows that Raman measurements are very sensitive to ultrathin layers of a-C
and that the Raman measurements support our SE analysis of a-C.

FTIR

In �gure 7.3.18 σ1 is shown for a similar CVD graphene sample on silicon for
both before and after anneal. This sample was annealed in hydrogen instead of
nitrogen. Before anneal the carrier density is found to be n ≈ 8.3 · 1012 cm−2

and the mobility µ ≈ 1.4 · 103 cm2V−1s−1. After anneal these have changed to
n ≈ 2.1 · 1012 cm−2 , µ ≈ 2.2 · 103 cm2V−1s−1. The decrease in carrier density
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Figure 7.3.15 – Comparison between optical constants of PMMA residue and after annealing
the PMMA residue a standard transferred graphene sample in N2 5 min at 550 ◦C. Refractive
index, n, and extinction coe�cient, k, of the PMMA residue (solid) and of the amorphous carbon
layer (dashed).
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Figure 7.3.16 – Uniqueness plot of the thickness of graphene (solid) and of a-C (dotted) as
found from the optical model in Fig. 7.3.13. From this plot it follows dgraphene = 0.36 nm and
dPMMA = 0.41 nm. The a-C has formed after annealing a standard transferred graphene sample
in N2 for 5 min at 550 ◦C .
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Figure 7.3.17 – Raman spectra of before and after 5 min. N2-anneal at 550 ◦C.

can be explained by the desorption of water and oxygen that cause doping in
graphene.36 The lower carrier density causes less charged impurity scattering
and therefore the mobility increases.37,38

The carrier density can also be found from the onset of 2EF,39 which corre-
sponds to the in�ection point of σ1 (e.g. for Fig. 7.3.18 this is at ν̃ ≈ 5200 cm−1).
The carrier density (in cm-2) is related to the energy of the in�ection point energy,
ν̃i (in cm-1), asn = π (cν̃i/vF)

2, with c the speed of light, andvF the Fermi velocity
(1.0× 106 m/s). Using this method the density before anneal is n ≈ 7.7 ·1012 cm−2

and after anneal n ≈ 1.7 · 1012 cm−2. Although this method yields a less accurate
value for the carrier density, it can be found from σ1 without a Kramers-Kronig
conversion. When the in�ection point moves to lower energies it indicates a de-
crease in carrier density. Another qualitative indication can be found from σ1
for the carrier mobility. If the tail of the Drude, i.e. σ1 between 370 − 1000 cm-1,
moves to lower energies it indicates an increase in the carrier mobility.

These two changes can be both observed in Fig. 7.3.18. Hence, the carrier mo-
bility has increased, and the carrier density has decreased after anneal. There
are also other features that changed: a) the C=O peak at 1730 cm-1, which is for
this sample already not large before annealing, has disappeared after annealing.
This indicates that the PMMA decomposed, which supports the Raman and SE
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Figure 7.3.18 – Real part of the optical conductivity, σ1, as a function of photon energy of
together with the Drude-Lorentz �t of before (solid, red) and after (dashed, green) annealing in
H2 (3 hr, 500 ◦C. The carrier density and charge carrier mobility of before is: n ≈ 8.3 ·1012 cm−2,
µ ≈ 1.4 · 103 cm2V−1s−1 , and of after: n ≈ 2.1 · 1012 cm−2 , µ ≈ 2.2 · 103 cm2V−1s−1.

measurement that show a-C formation. b) The value of σ1 in the NIR/VIS should
equal σ0 for monolayer graphene, which is true for σ1 before anneal but σ1 has
decreased slightly after anneal. This could be due to a slight misalignment of the
sample in the FTIR. c) The negative peak around 1000 cm-1. This could be the
removal of SiO2 due to the H2-anneal. d) The minimum value of σ1 has increased
after anneal, which could be due to an increase of disorder.40 This example shows
that FTIR is sensitive to the change in carrier density and mobility upon anneal-
ing, which was later also shown by Ren et al.41

Another example of the sensitivity of FTIR to the carrier density and mobility
is given by a sample that is annealed in air. In Fig. 7.3.19 σ1 is shown for CVD
graphene on silicon that was annealed in air at 250 ◦C for 15 min. The in�ection
point moved outwards, indicating that the density increased, which also follows
from �tting: before and after anneal the carrier density is n ≈ 8.6 · 1012 cm−2 and
n ≈ 1 · 1013 cm−2 respectively. The Drude tail moved inwards as well, indicating
a decrease of the mobility: before and after anneal the charge carrier mobility is
�tted as µ ≈ 1.7 · 103 cm2V−1s−1 and µ ≈ 1.1 · 103 cm2V−1s−1 respectively. The
higher carrier density can be explained by the doping by the trapped charges in
the SiO2.42 These trapped charges are more easily transferred to graphene after
annealing since annealing brings the graphene in closer contact with the SiO2.15
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Figure 7.3.19 – Real part of the optical conductivity, σ1, as a function of photon energy of
together with the Drude-Lorentz �t of before (solid, red) and after (dashed, green) annealing
in air (15 min, 250 ◦C). The carrier density and charge carrier mobility of before annealing
in air is: n ≈ 8.6 · 1012 cm−2, µ ≈ 1.7 · 103 cm2V−1s−1, and after: n ≈ 1 · 1013 cm−2 ,
µ ≈ 1.1 · 103 cm2V−1s−1.

The increase in carrier density causes an increase in scattering and therefore the
mobility decreases.37,38 The small peak around 1000 cm-1 is at the same position
as the negative peak in Fig. 7.3.18. The fact that the peak is now positive suggests
that the SiO2 grew somewhat due to the air anneal.

7.3.4 Optical toolset for graphene after Ar-plasma cleaning

Raman spectroscopy and SE

The sensitivity of SE to changes in the residue after annealing was illustrated
in the previous sections. Here the advantage of SE to monitor the cleaning of
graphene in situ in real time is demonstrated. Earlier work claims that the residue
can be cleaned by an argon plasma.43 We exposed a CVD graphene sample to a
similar argon plasma for 15 min while measuring with SE with a time resolution
of 4 s. We followed the same modelling procedure as described for the sample
in section 7.3.1 and used the four-layer optical model. Since it is not possible to
�t both the thickness and optical constants of a transparent material, we need to
�x the bulk PMMA optical constants for all the measurements. Also, we assume
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Figure 7.3.20 – Thickness of PMMA as determined from real time in situ SE measurements
during Ar-plasma cleaning.
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Figure 7.3.21 – Left: thickness of graphene as determined from real time in situ SE measure-
ments during Ar-plasma cleaning. Right: Fit error, χ 2

red, as a function of time for the optical
model used for the SE measurements during Ar-plasma cleaning.

here that the optical constants of graphene are not in�uenced by the plasma
treatment, i.e. there are only two �t parameters in total: dPMMA and dgraphene. In
�gure 7.3.20 the thickness of the PMMA residue, dPMMA, is shown as a function
of time. The sudden drop in thickness after the �rst measurements is when the
shutter in front of the plasma is removed. The thickness of graphene as a function
of time is shown in Fig. 7.3.21 (left) and shows a relatively constant value close
to the expected thickness of graphene of 0.34 nm. The reduced chi-squared value
(Fig. 7.3.21, right) remains nearly constant over time: 50.5±2.2. This implies that
it is justi�ed to assume �xed optical constants for both PMMA and graphene in
this case. In Fig. 7.3.22 Ψ and ∆ of before and after 10 min Ar-plasma cleaning
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Figure 7.3.22 – Ψ (red) and ∆ (solid) of before (solid) and after (dashed) 15 min Ar-cleaning.

are shown. A clear contrast is visible, implying that the surface of graphene
changed. Although the sample was exposed to the plasma for 15 min, we could
only measure the �rst 10 min with SE due to an unexpected failure in the SE data
acquisition program. However, extrapolating the thickness to t = 15 min with
the etch rate at t = 10 min (0.054 nm/min), there would still be 1.74 nm residue.

The Raman signal of the sample after exposure to 15 min Ar-plasma is shown
in Fig. 7.3.23. A very large D-peak appeared, indicating a large increase in the
number of defects (the Raman data were o�set and normalized similar to Fig.
7.3.17). The nature of the defects can be assigned through the ratio of the D and
the D’-peak at around 1625 cm-1, which is ID

ID ′
≈ 9 and is indicative of defects by

vacancies.44 The Raman spectrum also shows no background signal of a-C. This
supports the assumption to use (bulk) optical constants of PMMA throughout the
�tting. Since the reduced-chi-squared value stays nearly constant during �tting,
it suggests that also the optical constants for graphene hardly change during
�tting, despite the defects that are created by the argon plasma. Apparently the
defect density is not such that it signi�cantly in�uences the optical constants of
graphene in the SE measurement range.
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Figure 7.3.23 – Raman of before and after 15 min Ar-plasma treatment.

FTIR

For a similar sample and plasma, but only 3 minutes exposure time, we per-
formed FTIR measurements to study the e�ect of the plasma on carrier density
and mobility. We found that before exposure the carrier density and mobility
are: n ≈ 9.1 · 1012 cm−2, µ ≈ 1.3 · 103 cm2V−1s−1 and after: n ≈ 7.6 · 1012 cm−2,
µ ≈ 1.2·103 cm2V−1s−1. Although the carrier density decreased, the mobility also
decreased, in contrast to what we saw for annealing. This time it is the defects
in the graphene, which were created by the plasma, that probably caused the
decrease in mobility. Although this sample was only exposed to the Ar plasma
for 3 min, this apparently already damaged the graphene enough to in�uence the
mobility. For this sample the intensity of the C=O peak at 1730 cm-1 is low before
exposure. The peak disappeared which can be explained by the breaking of the
C=O bonds by the Ar ions in the plasma.

7.3.5 Residue detection by eye

We observed that the optical interference color of transferred graphene on 90 nm
SiO2 was di�erent after annealing, changing from blue-like to more purple-like.
We know from the previous sections that these colors should arise from PMMA
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Figure 7.3.24 – Real part of the optical conductivity as a function of photon energy together
with the Drude-Lorentz �t of before (solid, red) and after (dashed, green) exposure to 3 min
Ar-plasma. The carrier density and charge carrier mobility of before plasma exposure is: n ≈
9.1 ·1012 cm−2,µ ≈ 1.3 ·103 cm2V−1s−1, and after: n ≈ 7.6 ·1012 cm−2,µ ≈ 1.2 ·103 cm2V−1s−1.

and a-C on graphene respectively. If it is possible to see by eye the transition from
PMMA to a-C, it is interesting to see whether it is also possible to see the di�er-
ence between a-C on graphene and clean graphene. This depends on whether
the color of pristine graphene provides enough visible contrast. Therefore we
calculated the color of graphene with 3 nm PMMA (transferred graphene), pris-
tine graphene, and graphene with 4.1Å (annealed graphene) on 90 nm SiO2 on
Si (see the appendix for the calculation). For this calculation we simulated re-
�ectance data in the wavelength range of 250-750 nm, which are based on the
optical model of �gs. 7.3.3 and 7.3.13. This calculation is done for the illumina-
tion of a white LED and the reproduction on a “D65-calibrated” computer screen.
The optical constants of PMMA were determined from a 90 nm PMMA �lm on
Si. For the annealed graphene we used the optical constants of a-C as found in
Fig. 7.3.14.

Figure 7.3.25 shows the three colors of transferred, pristine and annealed
graphene on the substrate of 90 nm SiO on Si. The three colors are su�ciently
di�erent to be discerned by eye. This means that Fig. 7.3.25 can be used as a color
scheme to identify the presence of residue.
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Figure 7.3.25 – Calculated color scheme for transferred, pristine, and annealed graphene on
90 nm SiO2. Left: color of 3 nm PMMA on graphene, middle: pristine graphene, right: annealed
graphene.

7.4. Conclusions

In this chapter an optical toolset for the characterization of CVD graphene is
presented, based on spectroscopic ellipsometry, Fourier transform infrared spec-
troscopy and Raman spectroscopy. We have illustrated the capabilities of the
toolset using the following case studies:

• as-transferred graphene, after the standard transfer process.

• CVD graphene annealed in nitrogen, hydrogen and air to remove resist
residue.

• CVD graphene exposed to an argon plasma to remove resist residue. Only
for this example also real time in situ SE is used.

We have shown that the toolset allows the following to be determined for CVD
graphene:

• the presence of residue

• the thickness of the residue

• the nature of the residue

• the real time in situ monitoring of residue removal

• the quality of the graphene in terms of carrier density and mobility before
during and after annealing and cleaning

• number of graphene layers
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Table 7.1 – Overview of the sensitivity of each diagnostic to either defects, PMMA residue,
a-C residue, or the carrier density and mobility of transferred or annealed graphene.

Raman (514 nm) SE FTIR

Defects + - -

PMMA - + +

a-C + + -

n, µ - - +

We showed how the di�erent diagnostics complement each other e�ectively. Ra-
man can give information about defects, whereas FTIR and SE cannot. Raman
and SE can identify the presence of a-C, whereas FTIR cannot. SE and FTIR can
identify the presence of PMMA and can determine its thickness, whereas Raman
cannot (at 514 nm). FTIR is the only diagnostic with which the charge carrier
mobility and density can be determined, although also Raman was shown to be
sensitive to the carrier density45,46 but the accuracy to which the carrier den-
sity can be determined is limited. Table 7.1 shows an overview of whether a
diagnostic is sensitive to defects, residue (PMMA or a-C), and the charge carrier
density/mobility.

Lastly, we showed that in fact the ’naked eye’ can be considered as an addi-
tional tool, since the presented color scheme allows to detect the presence of
residue.
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Figure 7.5.1 – Absolute re�ectance of 3 nm PMMA/graphene/90 nm SiO2/Si
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Figure 7.5.2 – CIE tristimulus values at 10◦

7.5. Appendix

Calculation of optical interference colors of
graphene

The calculation of the optical interference colors (i.e. the RGB-color code) of
transferred, pristine, and annealed graphene is based on the following spectra:
the re�ectance of the graphene sample (Fig. 7.5.1), the tristimulus values of the
human eye for red, green and blue (Fig. 7.5.2), and the spectral power density
function of the illumination source (Fig. 7.5.3).

130



7.5. Appendix

400 600 800

0.000

0.002

0.004

0.006

0.008

0.010

0.012

 

 

SP
D

 (nm)

Figure 7.5.3 – Normalized spectral power density function (SPD) of a white LED.

The calculation of the RGB-color code follows the procedure as described in
ref. 47. The basic idea is that the re�ectance spectrum of the sample is convoluted
with the spectral power density function of the illumination source to �nd the X,
Y, and Z tristimulus values. These values can be converted to an RGB-color code,
which can be used by a computer to generate the color. However, the so-called
white point of the light source that reproduces the color, i.e. the computer screen,
has a di�erent white point than the illumination source, i.e. the LED. Therefore
the color space of the LED has to be transformed to that of the computer screen
(destination source). This way the computer can reproduce the color of the sam-
ple that results when illuminated by the LED, which is the color that we observe
for our samples under the Raman microscope.

We reproduce from ref. 47 only those formulas necessary to calculate the RGB-
color code:

Calculation of the X,Y,Z values:

X =
´
SPD (λ)R (λ)x̄ (λ)dλ´
SPD (λ)ȳ (λ)dλ

Y =
´
SPD (λ)R (λ)ȳ (λ)dλ´
SPD (λ)y (λ)dλ

Z =
´
SPD (λ)R (λ)z̄ (λ)dλ´
SPD (λ)ȳ (λ)dλ

(7.5.1)

Calculation of the white point:
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XW =

´
SPD (λ)x̄ (λ)dλ´
SPD (λ)ȳ (λ)dλ

YW =
´
SPD (λ)ȳ (λ)dλ´
SPD (λ)ȳ (λ)dλ = 1

ZW =
´
SPD (λ)z̄ (λ)dλ´
SPD (λ)ȳ (λ)dλ

(7.5.2)

Chromatic adaptation:



XD

YD
ZD


= [M]



XS

YS
ZS


(7.5.3)

where [M] is:

[M] = [MA]−1



ρD/ρS 0 0
0 γD/γS 0
0 0 βD/βS


[MA] (7.5.4)



ρS
γS
βS


= [MA]



XWS

YWS

ZWS


(7.5.5)



ρD
γD
βD


= [MA]



XWD

YWD

ZWD


(7.5.6)

where [MA] is the so-called Bradford transform:

[MA] =


0.8951 0.2664 −0.1614
−0.7502 1.7135 0.0367
0.0389 −0.0685 1.0296


(7.5.7)

Calculation of the white point of the white LED XWS,YWS,ZWS:



XWS

YWS

ZWS


=



0.92585
1

1.05117


(7.5.8)

The destination white, i.e. the D65-calibrated computer screen, has the follow-
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ing white points:


XWD

YWD

ZWD


=



0.95047
1

1.08883


(7.5.9)

[M] becomes:

[M] =


1.01369 0.00820 0.00357
0.01303 0.98751 0.00041
0.00178 −0.00366 1.03774


(7.5.10)

Converting X,Y,Z values to R,G,B :



X

Y

Z


= [N ]



R

G

B


(7.5.11)

where [N ] is:

[N ] =


SrXr SдXд SbXb

SrYr SдYд SbYb
SrZr SдZд SbZb


(7.5.12)

where Sr ,Sд ,Sb is:



Sr
Sд
Sb


=



Xr Xд Xb

Yr Yд Yb
Zr Zд Zb



−1 

XW

YW
ZW


(7.5.13)

where Xi =
xi
yi

, Yi = 1, and Zi = 1 − (xi − yi ) /yi for i = r ,д,b, where xi and
yi are the so-called RGB-primaries or chromaticity co-ordinates, and are for D65
as given in Table 7.2.

With this [N ] becomes:

[N ] =


0.4124564 0.3575761 0.1804375
0.2126729 0.7151522 0.072175
0.0193339 0.119192 0.9503041


(7.5.14)
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Table 7.2 – RGB primaries for D65.

i xi yi

r 0.64 0.33

д 0.3 0.6

b 0.15 0.06

[N ]−1 =



3.24045 −1.53714 −0.49853
−0.96927 1.87601 0.04156
0.05564 −0.20403 1.05723


(7.5.15)

The R,G,B values become:



R

G

B


= [N ]−1



X

Y

Z


(7.5.16)

If R,G,B ≤ 0.0031308 then:



R

G

B


= 12.92



R

G

B


(7.5.17)

If R,G,B > 0.0031308 then:



R

G

B


= 1.055



R1/2.4 − 0.055
G1/2.4 − 0.055
B1/2.4 − 0.055


(7.5.18)
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8. Towards clean CVD graphene

8.1. Introduction

After transferring CVD graphene to the target substrate, polymer residue re-
mains on the surface of graphene, as was shown in the previous chapter. This
residue can in�uence the electronic properties of graphene, e.g. residue can dope
graphene.1–3 Furthermore, it can in�uence the growth of adlayers4 and function-
alization of graphene, e.g. hydrogenation, or hinder to make good contact to the
graphene. Therefore it is important to clean graphene from residue after transfer.

The �rst method to clean polymer residue from graphene was proposed by
Ishigami et al.5 in 2007. They annealed exfoliated graphene in Ar/H2 for one
hour at 400 ◦C to remove photoresist residue, which they found to be always
present after standard lift-o� (by dissolving in e.g. acetone) in an e-beam lithog-
raphy process. They used scanning tunneling microscopy (on a 10× 10 nm scale)
to show that annealing completely cleaned the graphene from this polymeric
residue, allowing atomic-resolution imaging.

Annealing was also used for CVD graphene to remove polymer residue.2,4,6–10

However, the cleaning conditions varied in a broad range: T = 200 ◦C – 700 ◦C,
t = 10 min – 24 hours, ultra-high vacuum (10-10 mbar), Ar/H2, or air. Moreover,
either the cleanliness was not studied or the cleaning results varied. In this chap-
ter we study the e�ectiveness of annealing and several other cleaning methods.
Moreover, we discuss the feasibility of alternative transfer methods that could be
promising for the production of clean large area graphene.

8.2. Experimental

In the previous chapter SE measurements showed that PMMA residue can trans-
form into an ultrathin amorphous carbon (a-C) layer after annealing. The pres-
ence of a-C explained the origin of the speci�c background signal in the corre-
sponding Raman spectrum. This result allows only using Raman spectroscopy,
i.e. without the need of SE, to identify the presence of a-C, next to measuring
the defect density. We therefore mainly used Raman spectroscopy to study the
e�ectiveness of annealing to clean graphene. We used SE mostly to study residue
that was not annealed. The Raman spectra were �rst o�set to zero after which
the spectrum was normalized to the 2-D peak.
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Figure 8.3.1 – Raman spectrum of before and after vacuum anneal of PMMA residue (350 ◦C,
1hr).

8.3. Results

8.3.1 Annealing

8.3.1.1 Residue cleaning in the tube furnace

Figures 8.3.1, 8.3.2 and 8.3.3 show typical Raman spectra of before annealing
(i.e. after dissolving PMMA in acetone) and of after annealing (red curves) in
respectively vacuum (of the tube furnace, i.e. p ≈ 10−3 mbar), H2 (10 sccm,
p ≈ 0.145 mbar) and N2 (p ≈ 100 mbar). Despite the di�erent annealing environ-
ments and temperatures, all these �gures show a broad absorption band between
1300 – 1700 cm-1, and in the region of the 2-D peak at 2680 cm-1. These bands can
be attributed to the presence of a-C into which PMMA has transformed during
annealing. a-C can exist in many forms with each their own Raman spectrum.11

Figure 8.3.4 shows an example of a Raman spectrum of a-C that we measured of a
dense diamond-like hydrogenated a-C �lm (DLC). DLC also has a D and G-peak
around 1350 cm-1 and 1580 cm-1 and overtones between 2500 cm-1 and 3200 cm-1

but broader than graphene. These broad D and G peaks and overtones cause the
increase in the background of the graphene spectrum after annealing, as the a-C
spectrum is super positioned on the spectrum of graphene. Figure 8.3.3 shows
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Figure 8.3.2 – Raman spectrum of before and after H2-anneal of PMMA residue (400 ◦C, 3.5
hr).
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Figure 8.3.3 – Raman spectrum of before and after N2-anneal of PMMA residue (550 ◦C, 5
min).
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Figure 8.3.4 – Raman spectrum of a dense diamond-like hydrogenated a-C �lm as an example
of a type of a-C, showing the contribution of the broadened D and G-peak of a-C to the Raman
spectrum of graphene after annealing.

that the intensity of the G-peak, I (G ), is higher for annealing in nitrogen than
in hydrogen. This can be explained by doping of the graphene which is known
to increase I (G ). The doping can occur due to the charge transfer from the SiO2
substrate, which contains trapped charges.5 The charge transfer is enhanced due
to the stronger coupling to the SiO2 substrate by annealing.12 The di�erence in
a-C backgrounds of �gs. 8.3.1 – 8.3.3 could be due to di�erent types of a-C that
were formed in the di�erent annealing environments. Another explanation could
be that a thicker a-C layer formed, but this is contradicted by SE measurements
that show that the residue thickness is comparable for both the nitrogen and
hydrogen anneal, i.e. around 0.4 nm (see Appendix for details on SE modelling).

In general we found that annealing of PMMA always leaves a-C residue be-
hind. To remove the a-C residue we investigated the possibility of cleaning the
a-C residue by annealing in air. Figure 8.3.5 shows the Raman spectra of a sam-
ple that was annealed in nitrogen for 5 min at 550 ◦C, and subsequently annealed
in air (red). We annealed in air in situ in a heating stage of the Raman micro-
scope. This allowed following in real time the e�ect of annealing. The air-anneal
was done in several stages. We �rst annealed at 350 ◦C (30 min) to avoid possi-
ble damage to the graphene due to oxidation. We increased the temperature to
400 ◦C for 1 hour, and subsequently to 450 ◦C for 15 min since we did not observe
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Figure 8.3.5 – Raman spectra of residue annealed in N2 for 5 min at 550 ◦C and subsequently
annealed in air (30 min 350 ◦C, 1 hr 400 ◦C, 15 min 450 ◦C).

a signi�cant reduction of the a-C background. After the air-anneal the a-C back-
ground reduced but is not completely cleaned. Interestingly, the graphene was
not damaged during annealing in air at these temperatures, which were shown
to cause oxidation and defects at these temperatures.13,14

Altogether we can conclude that PMMA residue is not removed by any of the
annealing methods. The best result is achieved by annealing in H2 (Fig. 8.3.2),
which has the lowest a-C background in the Raman spectrum.

8.3.1.2 Bulk-PMMA annealing in the tube furnace

Besides using annealing to remove the residue, annealing can also be used to
remove the whole PMMA layer, i.e. without �rst dissolving the PMMA in ace-
tone.15–17 This is particularly useful in combination with our dry transfer method
for cases where the substrate cannot be exposed to wet chemicals.

We investigated the e�ectiveness of direct removal of the bulk-PMMA layer by
annealing in air, N2 , or H2. For the air-anneal we used a temperature of 350 ◦C,
as reported by Huang et al.16, but instead of 3 – 4 hr we annealed only for 1
hour as we found that there was no further reduction in the a-C background
for longer anneal times. For the N2-anneal we used a temperature of 550 ◦C, as
reported by Zan et al.10. They used this temperature in UHV for 24 hrs to achieve
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a signi�cant reduction of the residue. Since the vacuum in our tube furnace is
much lower, we instead �ushed with N2 to reduce levels of water and oxygen
and other contaminants. We found that 5 min of annealing is already su�cient
to reduce the a-C background to the same level as that of longer anneal times.
For the H2-anneal we used a temperature of 400 ◦C (after Ishigami et al.5) and
studied a larger variety of other annealing conditions: we changed the (10 sccm)
hydrogen �ushing time (i.e. before heating), the time to heat to 400 ◦C, and anneal
time. Next to di�erent anneal conditions, we studied the e�ect of di�erent growth
and transfer conditions on the e�ectiveness of the annealing. Due to the large
parameter space of the growth, transfer and cleaning conditions, and the limited
number of samples we could not perform a systematic parameter scan.

Figures 8.3.6 and 8.3.7 show typical Raman spectra of before and after anneal-
ing in air and N2 respectively. Figures 8.3.8 and 8.3.9 show the Raman spectra of
before and after annealing in H2 for di�erent growth, transfer and cleaning con-
ditions. The Raman spectra for the air and N2-anneal and for the H2-anneals of
Fig. 8.3.8 all show a prominent a-C background signal: the G-peak of graphene is
clearly super positioned on the broader G-peak of a-C. The total a-C background
(i.e. including D-peak and overtones of a-C) is, however, higher and broader than
that of the annealed residue in the previous section. This is likely due to a di�er-
ent type of a-C that formed after the complete removal of PMMA by annealing.
The Raman spectra of the H2-anneal in Fig. 8.3.8 shows a smaller increase of the
G-peak and resembles the residue anneal more closely.

Figure 8.3.9 shows Raman spectra of H2-anneal of the bulk-PMMA layer for
three di�erent samples with again di�erent transfer and annealing conditions.
Surprisingly, these spectra have a much lower a-C background than those of
Fig. 8.3.8. In fact, these spectra are three of the cleanest CVD graphene samples
achieved in this work. Although we varied the growth, transfer and cleaning
conditions broadly, we could not systematically scan the in�uence of each pa-
rameter. Therefore it was not possible to conclusively identify what the critical
parameters were that caused the clean graphene after H2-anneal compared to the
spectra of the H2-anneal of Fig. 8.3.8. However, we can in general conclude that
it is possible to reduce the a-C background signi�cantly and that annealing in H2
yields the cleanest graphene compared to air and N2.

The cleanliness was also corroborated with SE (see Appendix for details of the
modelling). Raman spectra with a comparable low a-C background contribution
in general correlate to a residual layer of between 0.3 and 1 nm in SE modelling.
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Figure 8.3.6 – Raman spectrum of bulk-PMMA removal by annealing in air (350 ◦C, 1hr).
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Figure 8.3.7 – Raman spectrum of bulk-PMMA removal by annealing in N2 (550 ◦C, 5 min).
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Figure 8.3.8 – Raman spectra of bulk-PMMA removal by annealing in H2 at 400 ◦C (heat-
rate 250 ◦C min−1) for two di�erent transfer and anneal conditions. Sample A was grown on
AA10950 Cu-foil, spin coated with PMMA A4 (not cured) and etched in HNO3. The H2-�ush
time was 3.5 hours, and the anneal time was 90 min. Sample B (red) was grown on AA13382
Cu-foil, spin coated with PMMA A7, cured at 130 ◦C for 5 min, and etched with FeCl3. The
H2-�ush time was 30 min, and the anneal time was 15 min.

This is signi�cantly less than the 2 – 4 nm residue that we �nd for samples where
PMMA is dissolved in acetone.

8.3.1.3 Residue annealing in UHV

The annealing experiments of the previous sections were all performed for
PMMA-transferred graphene. We also annealed pieces of graphene transferred
without PMMA in the tube furnace (PMMA-free transfer will be discussed in
section 8.3.5) to verify that PMMA is the only source of the a-C background.
However, after annealing such a PMMA-free graphene piece (550 ◦C, 30 min,
vacuum) we measured a Raman spectrum that showed an a-C background (red
curve, Fig. 8.3.10). This was unexpected as the graphene never came into con-
tact with PMMA. It could be, however, that we deposit a-C from hydrocarbons
present in the tube. These hydrocarbons could either originate from the wall,
or are already present due to the relatively low vacuum. We annealed another
piece of PMMA-free graphene in UHV (p = 10−8 mbar, 690 ◦C, 30 min) to verify
that the contaminated tube or low vacuum caused the deposition of a-C. Again
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Figure 8.3.9 – Raman spectra of the cleanest CVD graphene achieved. Raman spectra of
bulk-PMMA removal by annealing in H2 at 400 ◦C. Sample C, D and E grown on AA13382 Cu-
foil, spin-coated with PMMA A7 and cured, Cu etched in APS. Transfer and cleaning conditions
for the three samples di�er. Sample C: transferred without frame, H2 �ush-time was 15 min,
heat-rate 250 ◦C min−1, 15 min anneal time. Sample D: same conditions as sample B in Fig.
8.3.8 except that sample E was dry transferred with a frame. Sample E: dry transferred with
frame, H2 �ush-time was 85 min, heat-rate 19 ◦C min−1, 30 min anneal time.
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Figure 8.3.10 – Annealing in low and ultra-high vacuum of PMMA-free graphene. Ra-
man spectra of two di�erent PMMA-free graphene samples, one annealed in the tube furnace
(red) and one annealed in UHV (blue). Only one Raman spectrum of before annealing is shown
as the spectra of both samples before annealing are the same.
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Figure 8.3.11 – Raman spectra of PMMA-transferred graphene before and after anneal (red)
in UHV (690 ◦C, 30 min).

we measured an a-C background in the Raman spectrum (blue curve, Fig. 8.3.10).
We therefore concluded that it must be hydrocarbons from the ambient that were
already present on the graphene before annealing, which was later also observed
by Li et al.18

For comparison we also annealed a PMMA-transferred sample in UHV (690 ◦C,
30 min) and measured the a-C background signal as expected (see Fig. 8.3.11).
Comparing �gs. 8.3.10 and 8.3.11 shows very similar spectra. It is therefore not
possible to distinguish between PMMA or the adsorbed hydrocarbons as the ori-
gin of the a-C background after vacuum annealing.

8.3.2 Plasma cleaning

Lim et al.19 showed to reduce residue from few layer graphene (FLG) with a low-
density inductively coupled plasma (ICP) of argon, without creating defects in the
FLG. Based on this work we also used plasma-cleaning for our CVD graphene,
and employed a remote argon-ICP with a pressure of 2 Pa, a power of 5 W, and an
ion �ux of 1.8 × 1014 cm−2s−1. This plasma is comparable in power, pressure and
ion density (∼ 1 × 109 cm−3) as the plasma of Lim et al.19 Figure 8.3.12 shows the
ion energy distribution function (IEDF) of this plasma as measured by a retarding
�eld energy analyzer.
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Figure 8.3.12 – Ion energy distribution function (IEDF) of the remote inductively coupled
Ar plasma measured by a retarding �eld energy analyzer. The plasma has a power of 5 W, a
pressure of 2 Pa, and an ion �ux of 1.8 × 1014 cm−2s−1.

We used this plasma to further clean sample E of Fig. 8.3.9. For this sample the
bulk PMMA was annealed o� at once and left only a very weak a-C background
contribution, indicating an almost clean sample. After a plasma treatment of 3
min the Raman spectrum (see Fig. 8.3.13) showed a very large increase in the
D-peak, indicating damage.

The IEDF in Fig. 8.3.12 shows that the ions in this plasma have less energy than
22 eV, which is the energy to displace a carbon atom from the graphene lattice.20

The damage can therefore not be explained by the ions. A possible explanation
could be water or oxygen that is adsorbed on the graphene surface, which is split
by the Ar plasma to produce oxygen radicals that create defects, especially at the
grain boundaries.

Instead of an already relatively clean sample we also used the plasma to clean a
sample for which the PMMA residue was already annealed in hydrogen at 500 ◦C
for 3 hrs (blue curve in Fig. 8.3.14), and that has a larger a-C background signal.
We exposed this sample to the Ar-plasma for 8 min instead of 3 min. In this
case the a-C background reduced (see Fig. 8.3.14) and despite the longer plasma
treatment, the plasma did not damage the graphene, in contrast to the above
mentioned sample of Fig. 8.3.9. An explanation could be that a denser a-C layer
has formed that can better protect the sample from plasma damage.

Altogether, we observed that plasma-cleaning is possible and that damage in
the graphene critically depends on the earlier cleaning treatments of the sample.
An even milder plasma would be required to further clean an already relative

148



8.3. Results

1000 1500 2000 2500 3000
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
 before
 after Ar-plasma

 

 

C
ou

nt
s (

a.
u.

)

 Raman shift (cm-1)

Figure 8.3.13 – Raman spectra of before and after (red) Ar-plasma cleaning. The spectrum of
before Ar-plasma cleaning is that of sample E in Fig. 8.3.9, which showed the result of removing
the bulk-PMMA layer by hydrogen annealing.
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Figure 8.3.14 – Raman spectra of before and after subsequent cleaning by annealing in hydro-
gen and by Ar-plasma(red).
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clean sample similar to that of Fig. 8.3.9. However, for our plasma source this
pressure and power was already at the minimum at which the plasma could be
ignited.

8.3.3 Mechanical support

Instead of the commonly used PMMA, PDMS or thermal release tape as a me-
chanical support, also other supports were studied in literature, e.g. �uoropoly-
mer21 or polycarbonate.7 The polycarbonate left a relatively clean surface, as
observed in TEM. The �uoropolymer, however, left a 3 nm residual layer, similar
as PMMA.

Instead of using only one layer there are also studies that used two di�erent
layers. Chen et al.22 used a PET/silicone support in which the silicon acted as the
so-called release layer. Due to the low surface tension of the silicone it weakly
physisorbs to the graphene and more easily releases the graphene onto the target
substrate than e.g. PDMS or PMMA. With this method they claimed to transfer
graphene in a cleaner way than traditional PMMA.

A thin evaporated gold layer was also used as an interfacial layer.23–26 The gold
layer is covered with a stronger PMMA support and prevents the PMMA from
adhering to the graphene. However, the removal of the Au layer can introduce
new contaminants and/or defects.23

Polystyrene (PS) is another “self-release” layer, studied by Song et al.27 They
used PS in between a PDMS stamp and graphene and claimed to leave graphene
molecularly clean on the target substrate. This claim was based on SE measure-
ments: they spin-coated PS on bulk graphite and dissolved it again in toluene
and found with SE that the surface was clean. However, they did not perform an
SE measurement of transferred graphene to check for contamination.

We carried out an SE measurement of graphene transferred with PS only, i.e.
we did not incorporate the extra PDMS support. We used a solution of 1 g PS
(Sigma-Aldrich prod. no. 81406, MW=10000 g/mol) dissolved in 20 ml toluene
(Sigma-Aldrich, prod. no. 34866, HPLC grade) and spin coated (60 s 2000 rpm) a
260 nm thin �lm on graphene and cured at 80 ◦C for 5 min. Although the PS �lm
was brittle, causing a piece to break o�, we achieved a transfer of a graphene
large enough to take SE measurements. After dissolving the PS in toluene we
modelled a 2.3 nm residue on the graphene, in contrast to what Song et al.27

claimed.
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8.3.4 PMMA removal by wet chemicals

PMMA is most commonly removed by acetone but leaves residue, even after a
soaking time of 3 days.21 We also tried other solvents that were reported in liter-
ature, such as N -methyl-2-pyrrolidone5, dichloromethane,28 and chloroform.12

For the �rst two solvents we found a similar residue thickness with SE as for
PMMA, viz. approximately 2 – 3 nm. Interestingly, for chloroform we measured
a residue thickness of only 0.3 nm. Although very promising, we were not able
to reproduce this result due to delamination of the PMMA/graphene during dis-
solving in chloroform.

8.3.5 PMMA-free transfer

Transferring graphene without PMMA prevents having to clean the PMMA
residue altogether. However, graphene without a support easily tears and
scrolls during transfer steps such as etching and rinsing. PMMA-free transfer of
graphene from Cu-foil was only brie�y mentioned in two early reports, in which
it was not shown whether the graphene sheet stayed intact after transfer.23,29

Only recently studies appeared that reported successful PMMA-free transfer.30–32

We will discuss several methods of these studies and our own methods.

Scooping from below Without the protection of PMMA graphene will be dam-
aged during removal of the backside graphene by the oxygen plasma or by etch-
ing/rinsing. To protect the front side we suspended the Cu-foil with graphene by
clamping it in a square sample holder, sealing all the edges. After the removal of
the backside graphene we stuck a frame (2× 2 cm with 2 mm edges) on the foil to
give extra support and protection during etching and rinsing. We used a frame of
Kapton® tape, of TRT or of drop coated PMMA. However, in all cases we found
that the graphene tore loose from the frame during etching. This is probably
due to the tension in the graphene, caused by the frame and/or the clamping in
the sample holder. We therefore tried to remove the backside graphene without
the sample holder and successfully removed the backside graphene by etching
and rinsing without damaging the front side. We subsequently placed the Cu-
foil without any frame support in the etchant and made sure that the Cu-foil
was �attened before growth to further reduce tension after etching. We used a
low etchant concentration to slowly etch and avoid inhomogeneous etching, pre-
venting relatively big Cu pieces to tear the graphene. However, even without any
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disturbance of the etchant’s surface the free �oating graphene broke into smaller
pieces, despite all the aforementioned precautions.

Only in two occasions we observed that the free �oating graphene stayed in-
tact and retained its original shape (i.e. without retracting). However, we later
found that this was due to the backside graphene that supported the front side
graphene. The backside graphene was not removed or not removed properly for
these samples. Free �oating graphene was observed other studies but only for
few layer graphene, grown from CVD on Ni.33,34

One of the reasons of the breaking of the graphene could be due to the surface
tension of the water/etchant, as found by Lin et al.31 To lower the surface ten-
sion they added isopropylalcohol (IPA) to the ammoniumpersulfate(APS)-etchant
(1:10 IPA:APS) and reported centimeter sized PMMA-free graphene transfer. We
tried to reproduce their method but we found that the solution of IPA and APS
hardly etched the foil.

Li�ing from above Another method was described where large free �oating
graphene was transferred by lifting it out of the etchant, coming with a substrate
from above.30 We tried this method and stuck the back of the substrate to a small
holder and �shed out the graphene from above, sticking it onto the substrate.
The graphene required to be approached as perpendicular as possible: as soon
as the substrate hit the etchant’s surface the resulting small waves ruptured the
graphene. Although we could not reproduce the transfer of large size graphene,
we succeeded in transferring larger graphene pieces than by scooping from be-
low.

Direct transfer Instead of scooping the graphene from the etchant onto the
substrate, methods were reported that directly adhere the graphene/Cu-foil to
the substrate before etching. Regan et al.35 demonstrate a transfer method where
they press a TEM grid directly onto the graphene/copper. They apply a drop of
IPA on the grid, which evaporates and thereby creates a close contact between the
graphene and TEM grid. Wang et al.32 electrostatically charged the substrate and
thereby attached it to the graphene/Cu-foil. Martins et al.36 directly laminated
the graphene/foil to a �exible substrate, e.g. PC or PVC. Instead of laminating
a solid polymer as a substrate, the polymer can also be spin-coated as (part of)
the substrate, which simultaneously functioned as a mechanical support during
transfer.37,38
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We tried to reproduce the method by Wang et al.32 and charged both a glass
and a SiO2 substrate with a Corona charger. Although we succeeded in adhering
the foil to the substrate, the foil always came o� as soon as we put it in the
etchant, except for one sample. However, for this sample the foil still released
during etching due to etchant that seeped in between the substrate and the foil,
similar to what Martins et al.36 observed for certain substrates.

8.4. Discussion

We will discuss recent literature on the origin of the a-C formation after anneal-
ing and on the question why PMMA is so di�cult to remove.

Our results showed that it is impossible to fully remove PMMA or a-C residue
from graphene by annealing, regardless of temperature, environment or dura-
tion. Until recently only the works of Lin et al.39,40 supported our results. Simi-
lar to our work they found that graphene could not be completely cleaned from
the residue, and showed that PMMA transforms into a-C after anneal through its
broad signal in the Raman signal.

Furthermore Lin et al.9 observed with TEM a di�erence between PMMA that is
directly attached to the graphene (PMMA-G) and PMMA that is on top, facing the
air (PMMA-A). The latter was found to be more easily removed than the former,
requiring a higher decomposition temperature. Annealing in an Ar/H2 atmo-
sphere at 250 ◦C for 2 hours reduced mostly the PMMA-G but left the PMMA-A
undisturbed. However, even annealing at temperatures as high as 700 ◦C did not
yield a residue-free graphene surface. A two-step anneal process of air and Ar/H2
(200 ◦C, 2 hrs) was proven to be more e�ective in cleaning residue, mainly due to
the oxygen of the air. However, the oxygen also damaged the graphene.

Lin et al.9 explained the di�culty of removing the PMMA residue by the forma-
tion of macroradicals. These can be produced during thermally activated scission
reactions and can covalently bond to defect sites in the graphene in a sp3 hy-
bridization. These bonded radicals, on their turn, can interact with other PMMA
fragments, which make the PMMA stick even more to the surface.

Despite the work by Lin et al.7,9 in 2011 many studies either did not anneal
graphene after transfer or claimed to completely clean graphene by annealing
without showing Raman spectra, or showed Raman spectra but without any
background contribution of a-C. Only recently studies appeared in literature that
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reported Raman spectra with the broad background after annealing.17,41–44 Sev-
eral studies also found a-C as the origin of the broad band in the Raman sig-
nal, and attributed the source for a-C to the PMMA residue,41–43 or airborne
hydrocarbon contaminants.42 The broad signal was also attributed to the func-
tionalization of graphene with hydrogen or contaminants forming sp3 sites upon
annealing.41

Gong et al.43 ascribe the broadening of the a-C Raman signal to the di�er-
ent environments of sp2-carbons and the varying polymer lengths that arise due
to depolymerization above annealing temperatures of 200 ◦C. Furthermore, they
identi�ed two new Raman peaks forT >150 ◦C at 1133 cm-1 and 1523 cm-1, which
they ascribed to a polyenic chain from the PMMA. The appearance and broad-
ening of these peaks was explained as the transformation of sp3 to sp2- carbons.

These studies used di�erent annealing conditions but all show that the residue
cannot be completely removed. The extent to which the a-C background was re-
duced varied. Gong et al.43 annealed in N2, Ar/H2, CO2, or UHV (p = 10−9 Torr)
at 500 ◦C for 30 min. For N2, Ar/H2, and UHV they measured the same a-C Raman
signal. Only for CO2 they found that annealing helped in signi�cantly reducing
the a-C band and explained that CO2 owed its e�ectiveness mostly to its capabil-
ity to attack the C=C sites in the dehydrogenated PMMA. Hong et al.42 annealed
in Ar, H2/N2, and vacuum (p = 2 × 10−3, 3 × 10−5 or 1 × 10−7 Torr) for di�erent
times and temperatures. They showed that vacuum annealing at 400 ◦C, even
already for p = 2 × 10−3 Torr, for 30 hours helped in reducing the a-C signal.
This result agrees with a TEM study on residue cleaning in which annealing in
UHV at 500 ◦C for 24 hours led to an increase in clean graphene patches from a
few nm2 to several hundreds of nm2.10

Besides the issue of a-C formation after annealing and its removal, also studies
recently appeared on the un-annealed PMMA residue and why its removal is so
di�cult. One study explained the di�culty of PMMA removal by solvents, such
as acetone, by the reaction of the Cu-etchant iron chloride with PMMA, which
resulted in the formation of intractable residue.27 Another study found that for
the higher concentrations of PMMA the polymer chains interact more strongly
due to the higher degree of overlap between them. This causes the chains to be
more entangled and are therefore less easily removed by e.g. acetone.3

PMMA was found to be more easily removed when it was irradiated with
UV light under atmospheric conditions. This caused mostly the C=O and C-O
stretching modes to reduce in concentration. This subsequently caused a reduc-

154



8.5. Conclusions

tion in the interaction between PMMA and graphene, which allowed removing
more PMMA residue.45

8.5. Conclusions

By using Raman spectroscopy and SE we studied the e�ectiveness of several
methods to produce clean CVD graphene. For PMMA-transferred graphene we
used annealing in vacuum, air, nitrogen and hydrogen to either remove the
PMMA or a-C residue, or the bulk-PMMA layer. We also studied the e�ective-
ness of residue cleaning by an argon plasma, and the transfer of graphene without
PMMA.

• We found that annealing reduces the PMMA-residue but cannot completely
remove PMMA or a-C residue or the bulk-PMMA layer from PMMA-
transferred CVD graphene. However, annealing can strongly reduce the
amount of residue. The cleanest graphene was achieved by annealing the
bulk-PMMA layer in hydrogen at 400 ◦C, which resulted in a residual layer
of typically 0.5 nm.

• We also showed that transferring large area graphene without PMMA as
a mechanical support is very challenging. Our PMMA-free transfer only
allowed transferring small pieces of graphene.

• Furthermore, we found that Ar-plasma cleaning can reduce residue but not
clean it, and that it can easily create defects in graphene despite the very
low-density of the plasma.

• Annealing of PMMA-free transferred graphene in UHV showed that a-C
forms despite the absence of PMMA-residue. From this it followed that
ambient hydrocarbons adsorbed on the graphene surface are an additional
source for a-C.

8.6. Outlook: direct growth on dielectrics

The Holy Grail of growing large area graphene, is the direct growth on any de-
sired substrate, i.e. without transfer, preferably at low temperatures. There are
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several studies on direct growth of graphene on substrates, other than metal or
SiC, i.e. mostly dielectrics/insulators.46–56

For instance, graphene has been shown to grow at the interface between the
substrate and a deposited Cu or Ni thin �lm, which was explained by the dif-
fusion of the hydrocarbon precursor through grain boundaries. This resulted in
bilayer57,58 with mobilities up to 670 cm2 V−1 s−1 57. Recently this method was
optimized and showed a very promising result of 92% monolayer growth.59

Another way of direct growth was achieved by using copper vapour to catalyze
the formation of hydrocarbon radicals that can form graphene on the dielectric
surface.52,54,56 Mobilities for this method were reported in the range of 100 – 1100
cm2 V−1 s−1.

Even without copper as a catalyst graphene can grow on dielectrics. Metal
catalyst-free direct growth has been reported on dielectrics, e.g. sapphire,47,50,55

mica,48 Si3N4,51 and SiO2 (thermal oxide or quartz).49,53,55,60 Graphene growth
via CVD at high temperatures, from 1150 ◦C to 1700 ◦C, shows mobilities in a
range of 1500 – 3000 cm2 V−1 s−1,47,50,51 which are values comparable to those of
transferred graphene.

The high growth temperature limits the number of types of substrate to grow
on. Alternatively, plasma assisted CVD enables growth at lower temperatures,
400 – 600 ◦C, while maintaining mobilities in the order of 100 cm2 V−1 s−1.55,61

For example, Kim et al.61 very recently demonstrated successfully the plasma-
assisted growth of few-layer graphene (FLG) on GaN, in which the FLG served
as transparent conducting electrodes in light emitting diodes.

In general, however, the graphene directly grown on insulators is not a ho-
mogenous monolayer, shows more defects, and has smaller grain size than trans-
ferred Cu-grown CVD graphene. Nevertheless, these type of direct-growth tech-
niques are topic of intense research and improvements in the quality of graphene
are soon expected.

Appendix

The SE modelling was done as follows. We used a similar model as described in
Chapter 7. However, instead of determining the optical constants of the top layer,
we used the optical constants of the a-C layer that we found there, and only �tted
the thickness. We also �tted the thickness of graphene, hence two �t parameters
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in total. Assuming that the top layer can only be PMMA or a-C we veri�ed the
presence of a-C after annealing by comparing the model �t with either PMMA
or a-C as the top layer. In general the �t error with PMMA is higher and/or the
graphene thickness is �tted at a too high value compared to �tting with a-C as
the top layer. For instance, the SE modeling for the data of the sample of Fig.
8.3.2 shows the following. Fitting with PMMA yields a PMMA thickness of 0.69
nm and a graphene thickness of 0.39 nm with a χ 2

red ≈ 18, whereas �tting with
a-C the residue thickness is 0.39 nm and the graphene thickness is 0.34 nm with
χ 2

red ≈ 12. Fitting only the thickness of graphene, without any top layer in the
optical model, illustrates the sensitivity of SE to the residue. This model yields
a �t with a χ 2

red ≈ 290 and a thickness of graphene of 0.44 nm, clearly showing
that this model does not �t the data.
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9.1. Introduction

One of graphene’s most outstanding properties is its charge carrier mobility,
which for CVD graphene on SiO2/Si can be in the order of µ =104 cm2 V−1 s−1 at
room temperature.1 This is one to two orders higher than the electron and hole
mobility in intrinsic Si (µe ≈ 1430 cm2 V−1 s−1, µh ≈ 480 cm2 V−1 s−1).2 There-
fore graphene has often been considered as the future material for the post-Si
era, enabling faster computer chips. However, graphene is a gapless semicon-
ductor. This causes an on-o� ratio for �eld-e�ect transistors of only Ion/Io� ≈ 10,
whereas a ratio of Ion/Io� ≈ 104 − 107 is required for excellent switching capa-
bilities.3 This low on-o� ratio makes graphene unsuitable for digital logic ap-
plications, and a bandgap should be opened to achieve higher on-o� ratios.3,4

Several ways of opening a bandgap were studied, such as creating nanoribbons
in graphene in which the electrons are spatially con�ned and cause a band gap
that depends on the width of the ribbon.5 A bandgap could also be induced in
bilayer graphene by tuning the electric �eld in a dual-gate �eld-e�ect transistor,
as was observed by infrared spectroscopy.6

Another way of opening a bandgap in graphene is by chemical functionaliza-
tion. Chemisorption of foreign atoms by sp3-hybridization reduces the number
of conducting delocalized sp2-electrons, thereby opening a bandgap. This was
�rst studied for hydrogen,7 and later also for e.g. oxygen8 and �uorine.9 In this
chapter we focus on the bandgap opening of graphene by functionalization with
hydrogen by means of a hydrogen plasma.

For hydrogenated graphene the bandgap energy depends on the con�gura-
tion of hydrogen atoms on graphene. Graphene can be covered by hydrogen on
one or two sides. For coverage on both sides the graphene derivative is called
graphane.10 One side 100% hydrogenated graphene is called single-sided hydro-
genated graphene (SSHG).11 If the triangular carbon sublattice of graphene is
fully hydrogenated, i.e. 50% hydrogen coverage on one side, then the con�gura-
tion is referred to as graphone.12 Stable con�gurations for graphane are those for
which hydrogen is attached alternatingly above and below the graphene-plane.13

The most stable con�gurations for graphane are the chair and boat con�guration,
as depicted in Fig. 9.1.1

The chair con�guration has a theoretical bandgap of between 3.5 and 6 eV,
and the boat con�guration between 3.6 and 4.9 eV, depending on the approxima-
tion used.10,15,16 Other calculations show that graphane’s bandgap can be tuned
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Figure 9.1.1 – Chair and boat con�guration for graphane (reprinted from Schäfer et al. 14).

between 0 and 4.66 eV by varying the hydrogen coverage.17 For one side hydro-
genated the theoretical calculations for the bandgap vary between 0.46 and 3.93
eV, depending on the coverage, con�guration, and approximation.11,12,18–20

The �rst experimental evidence of hydrogenation of graphene was given by
Elias et al.7 They exposed exfoliated graphene on SiO2/Si to a low-pressure
Ar/H2-plasma for 2 hours, and estimated a lower bound of the energy band gap
of ∼ 0.5 eV. The evidence for hydrogenation was given by the appearance of
the D and D’ peak at 1350 and 1625 cm-1 in the Raman measurements and their
disappearance upon annealing at 450 ◦C, implying dehydrogenation.

Angle resolved photoemission spectroscopy (ARPES) of graphene grown on
Ir and hydrogenated by atomic hydrogen showed the opening of a bandgap of
at least 0.45 eV.21 ARPES was also used to study the (reversible) hydrogenation
of quasi-freestanding graphene on Au/Ni by atomic hydrogen. In this study the
optical bandgap could be tuned up to a maximum of ∼ 1 eV, depending on the hy-
drogen coverage.22 Optical absorption spectroscopy revealed an absorption edge
at 0.6 eV, indicating a bandgap opening of the same energy, for CVD graphene
on quartz exposed to an RF hydrogen plasma.23

Since the bandgap is dependent on the hydrogen coverage, and since the hy-
drogen coverage is dependent on the plasma dosing (exposure time and power),
the latter can be used to tune the bandgap. To modulate the bandgap in a con-
trolled way, it would be desirable to measure the bandgap real time in situ and
non-invasively during hydrogen plasma exposure of graphene.
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In this chapter we study the feasibility of SE and FTIR to monitor the opening
of a bandgap and other e�ects upon hydrogenation in situ and non-invasively.
We show preliminary results of the �rst real time in situ SE measurements and
ex situ FTIR measurements of CVD graphene during hydrogen plasma exposure.
Furthermore we use Raman spectroscopy to study the degree of hydrogenation
and the density of defects in graphene after hydrogen plasma exposure.

9.2. Methods

The optical toolset of Raman, FTIR, and SE as described in Chapter 7 was used
to study hydrogenation. The CVD graphene was grown as described in Chap-
ter 5. The transfer of CVD graphene to 90 nm SiO2/Si for the SE measure-
ments was done by the standard method. The transfer of the sample for the
FTIR measurements was done as follows. The backside graphene was etched in
3.2 M HNO3 and then the Cu was further etched in 0.1 M HNO3 at 50 ◦C. The
PMMA/Graphene was rinsed in DI water by scooping with a microscope slide. Fi-
nally the PMMA/graphene is scooped onto the double polished silicon substrate
that is clamped in its substrate holder. It is blow dried in N2 and slowly heated
to 220 ◦C for 5 min. After the sample was cooled, the PMMA was dissolved in
acetone and subsequently rinsed in methanol.

For the hydrogenation a remote inductively coupled hydrogen plasma source
is used. For the real time in situ SE measurements we used a hydrogen plasma of
0.01 mbar in the home built ALD-I reactor.24 For the FTIR measurements and the
Raman measurements of sections 9.3.4 and 9.3.7 we used a hydrogen plasma with
a higher pressure of 0.2 mbar in a commercial ALD reactor (OpAL from Oxford
Instruments). We will refer to the latter plasma as a ’mild’ plasma. The power of
both plasmas was 100 W.

9.3. Results and discussion

9.3.1 Spectroscopic ellipsometry

SE is used to monitor real time in situ the optical response of graphene upon hy-
drogen plasma exposure in the photon energy range of 0.75 - 5 eV at an angle of
incidence of 69°, with a time resolution of 30 s, during 13 min. The sample is trans-
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ferred with the standard method, which leaves PMMA residue on the graphene.
Therefore the optical model of PMMA residue on graphene is used, as described
in Chapter 7. In principle the thickness and optical constants of both PMMA and
graphene should be �tted since we do not know how they will change during
hydrogen exposure. However, this involves so many �t parameters that they get
correlated. We therefore need to assume the thickness or the optical constants of
one layer �xed. We chose to �t the data with the following two methods: 1) the
optical constants of graphene, and the thickness of PMMA are �tted (using �xed
bulk PMMA optical constants), and 2) only the thickness of graphene and the
thickness of PMMA are �tted, while leaving the optical constants of both layers
�xed. Below the results of these two methods are discussed.

9.3.2 Model with optical constants of graphene and PMMA
thickness as �t parameters

For the �rst �tting method the thickness of the graphene layer is �xed to 0.34
nm, while the PMMA layer thickness is used as a �t parameter. For the optical
constants of the graphene layer a Kramers-Kronig B-spline parameterization is
used (see Chapter 2) with a node spacing of 0.5 eV. The total number of �t pa-
rameters is 15, which are found to be uncorrelated throughout the whole time
range.

Figure 9.3.1 shows the time evolution of the imaginary part of the dielectric
function, ε2, as a function of photon energy during 13 min of hydrogenation. For
the �rst seven minutes (i.e. 14 measurements) of hydrogenation ε2 hardly changes
but after that ε2 is decreasing over the whole range. At t = 7.5 min ε2 = 0 at an
energy of 0.75 eV, which could indicate the opening of a bandgap of 0.75 eV. This
possible bandgap opens further to 1.24 eV at t = 13 min. The PMMA was etched to
about 50% of its initial thickness during hydrogen exposure (see left �gure in Fig.
9.3.2). These results could be tentatively explained if we assume that the PMMA
residue acts as a temporary protective layer against the hydrogen plasma up to t
= 7 min. From that moment the PMMA residue starts to break up in islands and
allows the plasma to reach much more of the graphene surface, thereby suddenly
hydrogenating faster after t = 7 min. This transition is also visible in the raw data.
Figure 9.3.3 shows that Ψ and ∆ suddenly increase after 7 min.

After the sample was exposed to the hydrogen plasma for 13 min it was mea-
sured by Raman (see �gure 9.3.4). A very large D-peak appeared, the 2D-peak al-
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Figure 9.3.1 – The time evolution of the imaginary part of dielectric function, ε2, of the
graphene layer during hydrogen plasma exposure of 13 min of a PMMA-transferred graphene
sample. A sudden decrease in ε2 is visible after t = 7 min.
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Figure 9.3.2 – Etching of the PMMA residue and the �t quality during 13min hydrogen
plasma exposure. Left: the thickness of the PMMA residue as �tted from the optical model:
PMMA/graphene/SiO2/Si. The thickness of graphene and the optical constants of PMMA are
�xed. Right: the corresponding �t error shows that the optical model yields a relatively con-
stant and good �t quality.
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Figure 9.3.3 – Raw SE data. ∆ (left) and Ψ(right) data at 550 nm as measured during the
hydrogen plasma exposure for 13 min of a PMMA-transferred graphene sample.

most disappeared and the signal shows much more noise, which indicates that the
graphene was damaged. We therefore also study a model to account for graphene
that is etched, which will be discussed in the next section.

9.3.3 Model with graphene and PMMA thickness as �t pa-
rameters

The second �tting method consists of only two �t parameters, the thickness of
graphene and of PMMA, while their optical constants are �xed. Figure 9.3.5
shows the thickness of graphene, dgraphene (left), and PMMA, dPMMA (right), as
a function of time. The thickness of graphene and the �t error (Fig. 9.3.6) hardly
change during the �rst 7 min. In other words, the graphene is hardly changing,
which agrees with the result of the previous model. However, after t = 7 min the
increase in ∆ is now accounted for by a decrease in the graphene thickness, and
shows that the graphene is almost fully etched at the end of the plasma exposure.
During the rapid decrease in dgraphene after 6 min, the �t error also increases (see
Fig. 9.3.6). Thus the model cannot �t with a similar constant quality as the model
in the previous section. This model, however, yields a reasonable �t considering
that only two �t parameters are used.

The two models and the raw data show a sudden transition after t = 7 min. Both
models show that PMMA is etched and that the optical constants or thickness of
graphene is hardly changing during the �rst 7 min hydrogen plasma exposure.
Altogether, this suggests that the PMMA residue forms a protective layer up to t =
7 min during hydrogen plasma exposure, whether from etching or hydrogenation
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Figure 9.3.4 – Raman spectra of PMMA-transferred graphene before and after 13 min hydrogen
plasma exposure.
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Figure 9.3.5 – Thickness of graphene (left) and PMMA residue (right) during 13 min hy-
drogen exposure of a PMMA-tranferred graphene sample, and �tted from the optical model
PMMA/graphene/SiO2/Si in which the optical constants of PMMA and graphene are not �tted.
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Figure 9.3.6 – Fit error χ 2
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or a combination of both.

9.3.4 Raman spectroscopy

Raman spectroscopy is a very sensitive diagnostic to measure hydrogenation and
shows the appearance of the D-peak at ∼1350 cm-1 and that of a new disorder
peak, the D’-peak at∼1625 cm-1 upon hydrogenation.7 The D’-peak occurs via an
intravalley double-resonance process in the presence of defects.7 The overtone
of these peaks, the D+D’-peak at 2975 cm-1, also appears. These peaks also arise
when defects are created in the graphene lattice.

One way of distinguishing between hydrogenation and defects is by annealing.
For moderate hydrogenation the D and D’ peak will disappear upon annealing
whereas those for defects will not. A more convenient non-invasive way is by
determining the I (D)/I (D ′) ratio.25 This ratio is di�erent for sp3 hybridization,
defects by vacancies, or defects by boundaries. A ratio of I (D)/I (D ′) ∼ 13 is
indicative for sp3 hybridization, I (D)/I (D ′) ∼ 7 for defects by vacancies, and
I (D)/I (D ′) ∼ 3.5 for defects from boundaries.

Next we will show the results of the study on the e�ect of the PMMA residue
on the hydrogenation of graphene. To this end we hydrogenate graphene �akes
that were transferred without PMMA, standard PMMA-transferred graphene,
and graphene for which the residue PMMA was annealed.
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Figure 9.3.7 – Raman spectra of PMMA-free graphene exposed to mild hydrogen plasma for
5, 10, 15 and 20 min, with I (D )/I (D ′) ratios of 11.5, 12.2, 9.9, and 8.3 respectively. The D, D’
and D+D’ peak at 1350, 1625, and 2975 cm-1 respectively are indicated.

9.3.5 Hydrogenation of PMMA-free graphene

Figure 9.3.7 shows the hydrogenation of a CVD graphene �ake that was trans-
ferred without PMMA. It was hydrogenated in four steps of 5 min and a Raman
spectrum was measured ex situ after every hydrogenation step. The duration of
the hydrogen plasma exposure is chosen such that the intensity of the D and
D’-peak clearly changed per hydrogenation step. For 5, 10, 15 and 20 min hydro-
genation the I (D)/I (D ′) ratios are 11.5, 12.2, 9.9, and 8.3 respectively. For 5 and
10 min the I (D)/I (D ′) ratio is indicative of hydrogenation whereas for 15 and 20
min hydrogenation the I (D)/I (D ′) ratio is decreasing towards a value of 7, which
is indicative of defects by vacancies.25

Another indication of damage to the graphene is that the D and D’ peak do
not decrease after annealing: �gure 9.3.8 shows that annealing at 400 ◦C for 45
min does not restore the intensities of the D’ and D peak to its initial values.
Luo et al.26 explained irreversible defects after hydrogenation by the etching of
carbon due to CH2 formation after graphene is saturated with hydrogen. They
found that the I (D)/I (G ) ratio goes through a maximum during hydrogenation
and that this maximum is the threshold below which hydrogenation is reversible.
For further experiments we therefore hydrogenated up to 10 min to stay in the
reversible regime.
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Figure 9.3.8 – Raman spectrum of PMMA-free graphene exposed to mild hydrogen plasma for
20 min, with I (D )/I (D ′) ∼ 8.3, indicating defects. After hydrogen exposure it is annealed in
vacuum for 45 min at 400 ◦C (red) to check that I (D )/I (D ′) shows defects. The D-peak shows
that annealing does not dehydrogenate the graphene as the D-peak shows, and con�rms that
graphene is damaged

Figure 9.3.9 shows the Raman spectrum of PMMA-free graphene that was hy-
drogenated for 5 min (red curve). We annealed the sample in vacuum at 400 ◦C
for 24 hours7 to corroborate the Raman measurements that show hydrogena-
tion by the I (D)/I (D ′) ratio. However, after annealing we observe a background
signal of amorphous carbon and a slight decrease in the D-peak. As explained
in Chapter 8 it is hydrocarbons from the ambient that can form a-C upon an-
nealing. Since the intensity of the D-peak of a-C is very similar to that of after
5 min hydrogenation, it is di�cult to determine whether dehydrogenation oc-
curred. Another experiment would have to be performed with a sample that was
hydrogenated for 10 min to separate hydrogenation from a-C because then the
D-peak intensity would be signi�cantly higher than what is typical for a-C. The
a-C background after dehydrogenation by annealing was also observed by Elias
et al.7 but they assign it to a “residual structural disorder”. They also show a high
D-peak intensity almost equal to the 2D-peak intensity, which was also observed
by Luo et al.26
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Figure 9.3.9 – Raman spectra of PMMA-free transferred graphene, before and after 5 min mild
hydrogen plasma exposure (red), with a I (D )/I (D ′) ∼ 12.6, indicating hydrogenation, and
after 24 hour vacuum annealing at 400 ◦C (blue). Instead of a decrease in I (D ) as proof of
dehydrogenation, the blue spectrum shows an a-C background after annealing.

9.3.6 Hydrogenation of graphene transferred with PMMA

Chapters 7 and 8 showed that graphene that is transferred with PMMA is covered
by a residual PMMA layer of 2 –3 nm. Although we initially assumed that this
layer would prevent hydrogenation, we exposed such a sample to the same mild
plasma as in the previous section. We surprisingly found that graphene can be
hydrogenated despite the residue, as shown in Fig. 9.3.10, and even to a similar
extent as for the PMMA-free graphene. A similar observation was also made
by Lee et al.27 who found that PMMA residue did not obstruct �uorination of
graphene by �uorine radicals. This shows that the PMMA residue is su�ciently
porous for the hydrogen atoms and ions to reach the graphene to hydrogenate
it.

We hydrogenated for 5 and 10 min, and found I (D)/I (D ′) ratios of 13.2 and
12.6 respectively, clearly indicating hydrogenation and not defects. Interestingly,
I (D) for t = 10 min is higher for graphene covered with residue than for t = 10
min of the PMMA-free graphene. We subsequently also hydrogenated a sample
which showed an a-C background in the Raman spectrum. For this sample the
bulk-PMMA layer was annealed o�, i.e. without �rst dissolving in acetone, at
400 ◦C for 15 min. Figure 9.3.11 shows the Raman spectra of the sample after
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Figure 9.3.10 – Raman spectra of PMMA-transferred graphene, before and after exposure to
mild hydrogen plasma for 5 (red) and 10 min (blue) with I (D )/I (D ′) ratios of 13.2, and 12.6.

anneal, and after 5 and 10 min hydrogen plasma exposure. From this it followed
that also a-C residue is su�ciently porous to allow hydrogenation, although the
D’-peak is not discernible as it is superimposed on the broad G-peak of the a-C.

9.3.7 FTIR

With FTIR the substrate normalized transmittance, Tsf
Ts

, can be measured from
which the real part of the IR optical conductivity, σ1, can be extracted as described
in Chapter 6. The infrared optical conductivity of hydrogenated graphene was
so far studied only theoretically.20,28 Here we show the �rst experimental results
on the infrared optical conductivity during hydrogenation.

Before we exposed the sample to the hydrogen plasma, we annealed it in hy-
drogen at 450 ◦C for 15 min in the CVD setup to clean the graphene as much
as possible and to increase the charge carrier mobility and to decrease the car-
rier density. Figure 9.3.12 shows σ1 of graphene before annealing, right after
annealing (red), and one week after annealing (green). From σ1 we �tted charge
carrier mobilities and densities of µ ≈ 1.9 × 103 cm2V−1s−1 and 5.7 × 1012 cm-2,
µ ≈ 7.9 × 103 cm2V−1s−1 and 1.4 × 1012 cm-2, µ ≈ 2.5 × 103 cm2V−1s−1 and
5.6 × 1012 cm-2 respectively. Although the charge carrier mobility of the sample
increased and the density decreased after a week after annealing, the large di�er-
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Figure 9.3.11 – Raman spectra of annealed PMMA-transferred graphene (whole PMMA an-
nealed o�, i.e. no acetone), and of before and after exposure to mild hydrogen plasma for 5
(red) and 10 min (blue).

ences for the mobility and density that we observed directly after annealing were
only temporary, which can be explained as follows. During annealing water and
oxygen desorb, but reabsorb after exposure to the ambient. Water and oxygen
dope the graphene,29 and the increase in charged impurity scattering causes the
charge carrier mobility to decrease.30 All the measurements were performed ex
situ and the sample is exposed to the ambient for several minutes while we move
it from the furnace to the FTIR spectrometer. Apparently the sample’s largely
improved mobility remains after the short exposure to the ambient. This gives
a feel for the timescale in which the sample properties degrade due to adsorbed
water and oxygen from the ambient.

From the Raman measurements of the previous section we found a plasma
exposure duration that allows the intensity of the D and D’-peak to change sig-
ni�cantly per hydrogenation step. We changed to hydrogenation steps of 2 min
to study the e�ects of hydrogenation in more detail. Figure 9.3.13 shows σ1 be-
fore hydrogenation (i.e. the same data as the green curve in Fig. 9.3.12) and of the
subsequent hydrogenation of 2 min (red), 4 min (green), 6 min (blue), and 10 min
(orange). From σ1 we derived that the carrier density decreased from 5.6 × 1012

cm-2 to 2.5 × 1012 cm-2 after 2 min and decreases further to 1.8 × 1012 cm-2 after
6 min hydrogen plasma exposure. This can be explained by the removal of ad-
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Figure 9.3.12 – Real part of the optical conductivity of PMMA-transferred graphene, before
and after (red) anneal in hydrogen at 450 ◦C for 15 min, and one week exposure to the ambient
after anneal (green).

sorbed water and oxygen by the hydrogen plasma. Interestingly, the reduction in
carrier density after hydrogenation is comparable to after annealing. However,
in contrast to what we observed for annealing, the reduction in doping does not
lead to a mobility improvement. Instead, the Drude tail moves slightly to higher
energies, which indicates a slight decrease in charge carrier mobility. This is in
qualitative agreement with studies that used electrical measurements to show
that the mobility decreased due to the hydrogenation.7,31,32

Furthermore Fig. 9.3.13 shows that for the 2, 4 and 6 min plasma exposure
the minimum in σ1 increases. This is in qualitative agreement with the theoret-
ical work of Yuan et al.28 on the in�uence of disorder in graphene on its optical
conductivity. They calculated a similar trend in the optical conductivity for con-
centrations of random hydrogen adatoms on graphene of 0.125%, 0.25%, and 0.5%.

Since the e�ect of 2, 4 and 6 min hydrogen plasma exposure was minimal, we
changed from a 2 min to a 4 min exposure time step. Instead of a gradual change
that we aimed to observe, the orange curve in Fig. 9.3.13 shows a sudden transi-
tion to an almost �at curve of ≈ 0.22 σ1 over the entire photon energy after 10
min plasma exposure.a This sudden decrease could mark the a bandgap open-

aBetween 370-500 cm-1 σ1 goes to zero and becomes even slightly negative at 370 cm-1. This
unphysical result could be due to the decreased optical conductivity, which is proportional to the
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Figure 9.3.13 – Real part of the optical conductivity of PMMA-transferred graphene, annealed
in hydrogen at 450 ◦C for 15 min and exposed to the ambient for a week, and after 2, 4, 6, and
10 min of mild hydrogen plasma exposure.

ing as graphene clearly changed from a conducting to a more insulating state. It
would need further study with a better time resolution to observe whether the
transition is as abrupt as these results suggest.

After measuring the sample with FTIR we also performed a Raman measure-
ment at each hydrogen exposure step to verify that hydrogenation occurred.
Figure 9.3.14 shows for every hydrogenation step the Raman spectrum. The D-
peak intensity increased upon increasing hydrogen plasma exposure times as
expected. Since the D’-peak at 1625 cm-1 cannot be discerned for the 2, 4 and 6
min, the I (D)/I (D ′) ratio could not be determined to distinguish between defects
and hydrogenation. We therefore qualitatively compared the relative intensities
of the D, G, and 2D peak of the spectra of Fig. 9.3.14 with those peaks of the Ra-
man spectra of �gs. 9.3.7, 9.3.10, and 9.3.11. From this it followed that the 2, 4,
and 6 min spectra can be attributed to (reversible) hydrogenation. The 10 min
spectrum, however, shows a much higher I (D) than the I (D) for 10 min expo-
sure duration in �gs. 9.3.7, 9.3.10, and 9.3.11. This implies that this spectrum
shows defects in the graphene. To corroborate this with the I (D)/I (D ′) ratio is
not possible as the D’-peak contains too much noise.

absorption. The lower absorption in combination with the lower intensity of the IR light source
in this range causes larger errors in the calculation of the substrate normalized transmittance and
therefore in the optical conductivity.
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Figure 9.3.14 – Raman spectra of PMMA-transferred graphene on Si, annealed in hydrogen
at 450 ◦C for 15 min and exposed to the ambient for a week, and after 2, 4, 6, and 10 min of
mild hydrogen plasma exposure. The spectra were baseline-corrected by subtraction of the
spectrum of the bare Si substrate, and normalized to the 2D peak. Due to the low S/N the
spectra were smoothed with the Savitzky-Golay method of a 25 point window. All the spectra
consist of a single measurement except for the 10 min-spectrum, which was acquired for 25
accumulations to increase the S/N.
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The di�erence between the I (D) of Fig. 9.3.14 and I (D) of �gs. 9.3.7, 9.3.10,
and 9.3.11 shows that the total hydrogen plasma exposure time is not the only
in�uence on I (D). The di�erence can be explained by the number of times that
the sample was loaded and unloaded from the plasma reactor. For Fig. 9.3.14 the
sample was exposed to the hydrogen plasma for 10 min in total by loading and
unloading four times (instead of twice). The loading and unloading introduces
water and oxygen on the surface, which in�uences the hydrogenation. Further-
more, the plasma needs some time to stabilize, during which the hydrogen dosing
can be di�erent.

Since the Raman spectrum of the 10 min mild plasma exposure in Fig. 9.3.14
shows already damage, it is not useful to further expose the sample to the hy-
drogen plasma to observe a possible further bandgap opening. This implies that,
given this plasma, a bandgap cannot be opened before the graphene gets dam-
aged. If already this mild plasma can damage graphene, then the harsher plasma,
which was used for the SE experiments in section 9.3.1, most likely damaged the
graphene, if not more. The SE measurements therefore probably show the e�ect
of the etching of graphene instead of the opening of a bandgap.

Our results are in contrast with the works mentioned in the Introduction, as
these reported band gaps between 0.45 and 1 eV.7,21–23 We will compare our work
with the works of Elias et al.7 and Luo et al.23 as they also used a dielectric sub-
strate and a hydrogen plasma as the hydrogen source. Moreover, the works of
Elias et al.7 and Luo et al.23 are the only of these works that report Raman spec-
tra to compare with. The Raman spectra can be used to determine the I (D)/I (G )

ratio, which can be used as a measure for the hydrogen coverage.26 The Raman
spectrum of Elias et al.7 for graphene after 2 hours of hydrogenation showed
I (D)/I (G ) ≈ 1. Already for this modest increase in I (D) they found a bandgap of
(at least) 0.5 eV. For our plasma we reached the same I (D)/I (G ) ratio already for
2-5 min of exposing graphene to our mild plasma (see e.g. �gs. 9.3.7 and 9.3.14).
Luo et al.23 reached I (D)/I (G ) ≈ 1 after only 1 min hydrogenation, which is com-
parable to our exposure time. These di�erent time scales show that Elias et al.7

used a plasma that is milder than that of Luo et al.23 and our work. Assuming
that the I (D)/I (G ) ratio gives an independent measure for the hydrogen cover-
age, only the di�erence in plasma type could explain why we and Luo et al.23 did
not observe a bandgap for I (D)/I (G ) ≈ 1. For further experiments we therefore
suggest to use an even milder plasma or atomic hydrogen.

178



9.4. Conclusions

9.4. Conclusions

We have presented preliminary results of our optical study on the e�ects of hy-
drogen plasma exposure on CVD graphene, which were monitored by the toolset
of FTIR, SE, and Raman spectroscopy. We combined real time in situ SE and ex
situ FTIR to follow the process of hydrogenation in a large photon energy range,
and to study whether the e�ect of a band gap opening can be detected. Further-
more we used ex situ Raman spectroscopy to study the degree of hydrogenation
or defects. From these preliminary results we found the following.

The real time in situ SE measurements probably did not show a bandgap open-
ing in graphene but etching of graphene instead. The PMMA residue was found
to temporarily ’shield’ the graphene from being damaged. Since the low pressure
plasma used for the SE measurements could damage the graphene we changed
to using a milder, higher pressure, plasma. Raman spectroscopy showed that
graphene could be hydrogenated with this milder plasma in a controlled way,
despite the presence of PMMA residue.

From FTIR we determined the optical conductivity, σ1, and this showed to be
very sensitive to hydrogen plasma exposure. The hydrogen plasma caused a sig-
ni�cant decrease in the charge carrier density and mobility already after the �rst
2 min of exposure. After a hydrogen plasma dosing of 10 min we found that σ1
suddenly drastically decreased over the whole measurement range, marking a
transition between a conducting and insulating state, which could be the onset
of a bandgap opening. Corresponding Raman measurements, however, indicate
that simultaneously the number of defects in graphene increased. Due to the cre-
ation of defects we cannot ascribe the change observed in σ1 exclusively to hy-
drogenation, given our hydrogen source. We therefore suggest to use atomic hy-
drogen, which is less damaging, to hydrogenate graphene for future experiments
to better separate the e�ect of hydrogenation and defects. Furthermore, when it
is possible in the future to transfer graphene without leaving PMMA residue or
grow graphene on large scale on the SiO2/Si substrate, then this graphene can be
used. The major bene�t of PMMA-free transferred graphene would be that the
SE data would allow to �t both the thickness and optical constants of graphene
simultaneously.

Although we cannot exclusively ascribe the sudden transition in σ1 from FTIR
to a bandgap opening, this result is very promising as it shows the feasibility for
FTIR to detect a possible metal-to-insulator transition. Moreover, the e�ect is
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observed beyond 6000 cm-1, which is the lower end of the measurement range
of our SE. The decrease in σ1 by more than 75% could easily be detected by SE,
showing the potential for SE to monitor the bandgap for future experiments.
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Summary

Graphene

an optical diagnostic study

Graphene is one atomic layer of graphite and has exceptional electronic, and
mechanical properties, most notably the high room temperature charge carrier
mobility. The unique (combination of) properties of graphene could be exploited
for a broad variety of future applications such as high frequency electronics,
touchscreens, gas sensors, and composite plastics.

Large scale graphene can be grown on copper foil using chemical vapour de-
position with a hydrocarbon precursor, after which the graphene is transferred
to the target substrate with a polymer stamp. This production method of large
scale graphene is currently the most widely used. However, there are still issues
with the transfer of the graphene to the target substrate. The wet-etching of the
Cu-foil, the polymer support on graphene and the handling introduce contami-
nation and defects, which reduce the charge carrier mobility, µ, and can hinder
further processing of graphene, e.g. the deposition of adlayers. At present, the
cleanliness and µ are commonly measured by invasive and time consuming tech-
niques.

The main objective of this work is to non-invasively monitor the quality (e.g.
cleanliness and µ) of graphene during processing such as cleaning and function-
alization (e.g. hydrogenation) by spectroscopic ellipsometry (SE) and Fourier
transform IR (FTIR) spectroscopy. This objective is divided into two parts: 1)
to develop optical data-analysis methods to accurately characterize graphene
and extract the required parameters of interest. 2) to produce clean large area
graphene.

Part 1 The optical constants (210 – 1000 nm) and thickness of clean graphene
were determined of an exfoliated �ake by using a special parameterization of the
optical constants. These were used in an optical model for SE data analysis of
CVD graphene. It was discovered that a thin (2-3 nm) residual polymer layer
remained on the graphene after dissolving the polymer.

On the same graphene �ake a method was demonstrated to perform infrared
SE measurements, using a micrometer focused spot generated by an intense IR
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synchrotron source. For CVD graphene a method was developed to extract the IR
optical conductivity (1430 – 27000 nm) from transmittance data using a benchtop
FTIR. This method is based on a thin �lm approximation (TFA) that was derived,
which takes into account the signi�cant contribution of the backside re�ections
of the silicon substrate. This TFA can be generally applied to various thin �lms,
and will be especially useful for other 2-D materials. The FTIR measurements
corroborated the presence of the polymer residue and its thickness. Moreover,
the charge carrier mobility and density, and number of graphene layers could be
extracted from the IR optical conductivity.

Part 2 A low pressure CVD-setup was built and a growth process was estab-
lished that yields high quality graphene in terms of µ, high monolayer coverage
and low defect density. Various transfer methods were explored and an opti-
mized method was developed that also allows to transfer graphene to substrates
that are not allowed to come into contact with water.

Various cleaning methods were investigated to remove the residue. Real time
in situ SE measurements of argon plasma cleaning of graphene were demon-
strated. Ex situ SE measurements showed that after cleaning by annealing the
polymer transforms into amorphous carbon (a-C). This a-C residue explained
the broad background in the Raman spectrum of graphene after annealing and
enabled to use Raman not only to determine the defect density but also to quickly
inspect the cleanliness after annealing. However, it was found that none of the
all the studied cleaning methods yielded completely residue-free graphene.

Finally, real time in situ monitoring of graphene during hydrogen plasma ex-
posure by SE was demonstrated, and ex situ FTIR measurements of hydrogenated
graphene. The preliminary results show the potential for these diagnostics to be
used for in-line process control.

In conclusion, this thesis shows how spectroscopic ellipsometry (SE) and
Fourier transform infrared spectroscopy (FTIR) are able to determine the clean-
liness, charge carrier mobility but also the charge carrier density and thickness
of graphene. Together with Raman spectroscopy to determine the defect density,
these optical diagnostics are demonstrated to form a powerful complementary
non-invasive optical toolset to monitor the processing of graphene such as clean-
ing and hydrogenation. This thesis further discusses the design of a low pressure
CVD-setup that was built and the growth, transfer and cleaning processes that
were developed.
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