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MATERIALS

Combined reflectometry-ellipsometry
technique to measure graphite
down to monolayer thickness

EXECUTIVE OVERVIEW Graphene, the single layer of graphite,

has been the focus of many researchers internationally because of its
unique electronic properties. The characterization of graphene films
deposited on various substrates other than SiO, has been a challenging
task thus far. This article discusses a rapid, sensitive, and non-destructive
method for characterization of graphene on various substrates, including
silicon, based on combined reflectometry and ellipsometry techniques.
The optical properties deduced from the multi-angle, polarized light mea-
surements in the range of 190-1000nm suggest that multi-layer graphite
is a birefringent material with thickness-dependent optical properties.

raphene, a one-atom-thick planar sheet of SP2-bonded
carbon atoms densely packed
in a honeycomb crystal lattice,
has attracted interest since
the first reports of experiments on
the stand-alone, single-layer crystal in
2004 [1,2]. Graphene is the basic struc-
tural element of all graphitic materials
including graphite, fullerenes, and
carbon nanotubes (CNTs). Free-
standing graphene sheets have exhibited 0
remarkably high carrier mobility at
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Recently, FET-type devices based on armchair
GNR have been studied experimentally [5] and
theoretically [6]. Quantum dot (QD) devices can
also be made entirely from graphene, including
central islands (Cls), quantum barriers, source/
drain contacts, and side-gate electrodes [7]. Due to
the high transparency of graphene, it has been used
asa conductive electrode for LCD displays and solar
cells [8]. Finally, graphene sheet exhibits a spring
constant on the order of 1-5N/m with a Young’s
modulus of ~0.5TPa. These remarkable mechanical
properties make graphene a candidate for use in

such MEMS applications as pressure sensors and resonators [9].

3.7A 251A

room temperature, which makes it 5y
promising for applications in ultra- i
high-frequency signal processing and
for chemical or bio-chemical sensing.
Intrinsic graphene sheet is a semi- 1qg
metal or zero-gap semiconductor. In
its nanoribbon (GNR) form, however,
with a width on the order of nanometers,
graphene exhibits a bandgap due to 0

quantum confinement effects. The

b) d)

bandgap depends on the nanoribbon
orientation relative to the graphene
crystal structure; both semiconducting
and metallic properties can be achieved
by armchair GNR and zigzag GNR [3,4]
structures, respectively.
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Figure 1. The multi-angle reflectance and ellipsometric data and analysis obtained for
different graphite flake thicknesses on a 300nm Si0, film grown on a silicon substrate.
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A monolayer of graphene with 0.34nm thickness is invisible  potential for multiple solutions. This approach allows the user to

to optical microscopes unless it is deposited on a well-chosen =~ model complex multilayer structures with reflection and ellipso-

300nm-thick layer of SiO, grown on a Si substrate. This allows — metric data. Several common analytical expressions for n(A) and

multi-layer light interference to provide enough

. I
contrast to observe a single graphene layer flake g__ :
relative to the surrounding oxide. Even for such a

251

case, the graphite thickness cannot be determined
by simple examination under the optical micro- 2.0
scope. Atomic force microscopy is an option for
quantitative measurements, though it has low
throughput and could damage the crystal lattice.
It has been reported that a broadband, near-normal
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incidence reflectometry technique can quantitatively
measure graphene and graphite thickness deposited
on a layer of ~300nm of SiO, grown on a Si substrate
[10]. A single complex index of refraction as a function
of wavelength was sufficient for measuring all graphite thicknesses
down to monolayer graphene. A corresponding simulation also
suggested that the technique can be applied to other substrates, such
as epitaxial growth on SiC and catalytic surfaces as Nior Pt [10]. When
graphene is deposited directly on silicon (Si), reflectometry cannot
provide enough sensitivity for adequate film characterization.

Here, the study is extended with a combination of multiple-angle
reflectometry and grazing angle spectroscopic ellipsometry. This
combination characterizes graphene on essentially any substrate
material. The thin graphite films (i.e., multi-layer graphene) were
found to exhibit optical birefringence. Birefringent materials are
widely used in optical devices, such as LCDs, light modulators,
color filters, wave plates, optical axis gratings, and optical pickup
[11]. Birefringence also plays impacts second harmonic generation
and other nonlinear processes.

Theory and method
Reflectometry and ellipsometry measure the thickness and optical
constants (refractive index n and extinction coefficient k) of thin
films. Both are based on detecting changes in reflected or trans-
mitted light from a sample to deduce its properties: reflectometry
relies on intensity changes in the reflected light; ellipsometry relies
on polarization changes. In ellipsometry, the component waves of
the incident light, which are linearly polarized with the electric
field vibrating parallel (p or TM) or perpendicular (s or TE) to
the plane of incidence, experience different amplitude attenua-
tions and absolute phase shifts upon reflection. The ellipsometry
measurement is often expressed as the complex ratio of polarization
states p % = 0:= tan ¥ ¢ asanamplitude tany and a phase A.
Ellipsometry derives its sensitivity from the fact that the polar-
ization-altering properties of the reflecting boundary are modified
significantly even when ultra-thin films are present. Given either
intensities or polarization states for the incident and reflected beams,
the film properties can be calculated using appropriate models and
dispersion equations to match the measured optical response.
Using a general dispersion model that covers the entire wavelength
range of the measurement, the number of variables or parameters
required to model optical response is reduced, eliminating the
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Figure 2. n&k variation with wavelength for TE (thickness independent) and TM (thickness dependent) polarizations.

k(M) are commonly used, such as the Sellmeier or Cauchy dispersion
relations; however, the more robust choices of index dispersion are
obtained by ensuring that n(X) and k() obey Kramers-Kronig
(KK) relation. The KK relation, derived from a causality principle of
electromagnetic wave propagation, specifies that if the imaginary part
of the index is known over all energies, the real part is uniquely deter-
mined through Ek(€) J where Pis the Cauchy
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. Combined reflectometry-ellipsometry technique continued from page 19

principal value of the integral [12]. Asa ¥ g kS deuterium light source and fixed-grating CCD-array
special case of the KK relation, one can 4r 12 spectrometers. The ellipsometer is a rotating compen-
show that the popular Cauchy index . =600nm T g sator design [15] that results in a high signal-to-noise
dispersion satisfies it, but only in the 3.5 /«’/ " ratio, particularly important for thin film detection.
region far enough from energies where /// 146 Absolute reflection spectra are obtained by collecting
absorption occurs in the material. B — reflection spectra from the sample of interest in ratio

A KK-consistent dispersion 41.4 toreflection spectra from a known sample (i.e., bare Si).
relation is produced by modeling the 25| Reflection and ellipsometric spectra can be measured
absorption in the material from funda- ™ — KTE) — n(TE) <12 fromdeep-UV to near-IR, with acquisition time taking
mental physical principles and then “=-KTM) - n(TM) afew seconds. Various optical configurations allow for
deriving an expression for the real part 20 260 4(']0 6(I)0 8(;0 100:) a 3.5mm-40pum measurement spot size.

of the index from the equation above.
A KK-consistent dispersion relation,
the Tauc-Lorentz (TL) expression, was
successfully used in modeling exper-
imentally measured optical constants of amorphous dielectrics,
polymers, and semiconductor materials. This expression convolves

graphite thickness at 600nm.

Lorentz absorption of isolated oscillators with the Tauc joint density
of states [13]. The TL model approximates k near the band gap as a
quadratic function of energy; however, k is forced to 0 for photon
energies less than the band gap.

Another KK-consistent dispersion relation, the Scientific

Graphite thickness (nm)

Figure 3. The variation of nand k (T polarization) with

Special software simultaneously solves for refractive
index n(\), extinction coefficient k(\), and thicknesses of
multilayer film structures. A self-consistent solution is
obtained using the SCI generalized dispersion formula
to model fitted values of the dielectric function &(\) to the measured
reflection and ellipsometry data. Global-optimization methods
help obtain the best solution while avoiding local minima and
minimizing sensitivity to the user’s initial guess of fitted parameters.
The software optimizes the reflection, ellipsometric, and the power-
density-spectrum (fast-Fourier-transform) data simultaneously. This
enables accurate thickness determination from 0 to 350pm.

Computing International (SCI) model [14], is based ¢+ Change in A (°) ¢ Change in % reflectance
on Lorentz absorption of isolated oscillators and an ¢ 3.4 A graphene
improvement over the TL model. SCI's dispersion % ir 6,8 A graphite
. . At )
formula treats k near the band gap with a high order 6.8 A graphite 2}
polynomial approximation that is significantly closer -2 \/\\ 0
to the physical solution. As with the Tauc-Lorentz 5|
model, k is forced to 0 when the photon energy is less 10.2 A graphite 2F
than the band gap. However, the extinction coeflicient Ar 41
isallowed to be non-zero for photon energies muchless - ) ! ! ! : '
300 400 500 600 700 800 900 1000 0 200 400 600 800 1000

than the band gap energy, which allows for modeling
materials with absorption in the NIR.

Simultaneous reflection measurements at normal to
the surface (0°) and oblique (70°) angles, along with the
phase (A) and amplitude ratio (V) values obtained from grazing angle
ellipsometric measurements assures an unambiguous and accurate
determination of thin film properties on most substrates.

Characterization of <20A films on bulk substrates using conven-
tional reflectometry techniques is a challenging task as, with
decreasing thickness, the optical response of the film is dimin-
ished and the small signal change often gets buried in the noise
[10]. Researchers have circumvented the problem by sandwiching
an oxide layer of ~300nm of SiO, between the substrate and the
thin film to take advantage of the effect of multiple internal reflec-
tions. However, in practice, many thin-film devices require their own
substrate materials. We collected multiple-angle, polarized reflection
measurements of the graphite flakes deposited on 300nm of SiO, on
Si, which provides the detailed optical properties of the graphene in
addition to film thickness. Once the graphene optical properties are
accurately determined, detection of graphene monolayer films can
be made with confidence on almost any substrate.

The FilmTek 4000EM-DUV used to measure and analyze the
graphene flakes is a fiber-optics-based system with a tungsten/
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Figure 4. Simulated graphs showing the sensitivity of A and % reflectance vs. wavelength for 1, 2, and 3 monolay-
ers of graphene on a Si substrate.

Measurement results

A sample with numerous flakes of graphite having different thickness

on 300nm of SiO, on a Si substrate was prepared by Graphene Indus-
tries Limited (Manchester, UK). The sample investigated in the present

work is the same as that used in previous reflectometry studies [10].
The coordinate was given for a flake of 75 x 50um? graphene. Figure

1a shows the optical image containing a graphene flake that is not

clearly visible; multi-layer flakes, however, are optically visible as

shown in Figs. 1b-1d for a few selected flakes.

Multiple-angle, polarized reflectance measurements were
performed using a FilmTek 4000EM-DUV. The experimental and
simulated values of multi-angle reflectance, A and ¥, are shown in
these figures. The incident beam diameters are overlapped within
a 40 x 40pm spot. The normal incidence broadband reflectance
spectrum was collected in the 190-1000nm wavelength range, and
the 70° reflectance and ellipsometric spectra were collected in the
380-1000nm range. Both the normal incidence and grazing angle
reflectance data were collected for TE polarization. All spectra were
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analyzed using SCI'’s proprietary dispersion relations and global
optimization methods to simultaneously determine the graphene
flake thickness and optical constants. Literature values for the optical
properties of Si and SiO, [16] were used in the data analysis.

The complex index of refraction of graphite has been reported in
the literature using optical, photoemission, and EELS methods [17-21].
In fact, the graphene index of refraction for TE polarization obtained
from the multi-angle polarized reflection data is in agreement
with previous TE index values for graphite [17]. Additionally, the
anisotropy of the graphene film can be determined by including the
spectroscopic ellipsometric data in the analysis. Although previous
measurements indicated that graphite is birefringent, the reported
values for the TM index of refraction have varied greatly.

The resultant real index of refraction (1) and extinction coefficient
(k) as functions of wavelength are shown in Fig. 2. The TE index of
refraction appears to be independent of graphite thickness down to
one monolayer. However, n and k vary with graphite thickness for
TM polarization, suggesting that graphene birefringence changes
with thickness. The variation of n and k for TM polarization is appre-
ciable with graphite thickness at a wavelength of 600nm (Fig. 3).

Although optical microscopy provides sufficient contrast and
reflectometry to measure graphite thickness down to a monolayer
on SiO,, using an oxide layer of certain thickness limits the appli-
cability of both techniques. Graphene measurementon different
substrates demands a more reliable approach. Combined multi-
angle reflectometry and ellipsometry can conveniently perform
graphene measurements on a variety of substrates.

The ellipsometric data suits measuring very thin layers of graphene.
In the simulated results for graphene on Si (Fig. 4), changes in A
for 1, 2, and 3 monolayers of graphene on a Si substrate are plotted
versus wavelength. The simulation was performed to demonstrate
that such films can be measured once the samples are obtained. The
change in A is about 1.5° at 425nm for each additional graphene
layer, well over an order of magnitude higher than the sensitivity
limit of the tool (~0.02°). Contrast this with the change in reflection,
which is quite small, considering the average noise in the reflectance
measurements is about ~0.1%, only a factor of 4 lower than the change
in reflection due to the graphene layers. Combined data collection
ensures unambiguous detection of graphene on Si.

Conclusion

The accurate optical properties for graphene and graphite were
determined in the 190-1000nm wavelength range using multi-layer
graphite flakes on a substrate comprising bulk Si and a 300nm SiO,
film. These optical properties are derived as a function of thickness
of graphite for TE and TM polarizations of light. The results suggest
the complex index of refraction for TE is independent of thickness
down to one monolayer (i.e., graphene). However, the index varies
appreciably for TM polarization with thickness, suggesting the
graphite birefringence is dependent on film thickness. It is also
concluded that the integrated broadband, multi-angle reflecto-
metry-ellipsometry technique has the capability to detect graphene
on essentially any substrate. |
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