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We present a study of the optical properties of quasi-freestanding epitaxial monolayer graphene grown on the
Si face of 6H-SiC (0001) in a broad spectral range from midinfrared to ultraviolet. After growth, the sample was
intercalated by hydrogen in order to ensure that no dangling bonds between the substrate and graphene layer
remain. Spectral dependence of the dielectric function of graphene was parametrized based on spectroscopic
ellipsometry fits. We show that, from the viewpoint of optical properties, the investigated sample is very close to
exfoliated graphene. We provide information about the spectral dependence of the complex dielectric function

of quasi-freestanding graphene in a broad spectral range.

DOLI: 10.1103/PhysRevMaterials.7.044201

I. INTRODUCTION

As the current electronics industry is approaching its limits
in terms of speed, size, and bandwidth, graphene stands as a
solid candidate for the basis of next-generation devices. Its
most alluring properties are a high electron mobility surpass-
ing 10000 cm? V~!s~! (or even tenfold higher in suspended
graphene devices or graphene placed on h-BN) [1-3], carrier
density tuning by an external electric field [1,4], pico- and
femtosecond timescales of carrier heating and cooling [5], etc.
Graphene can be used as a transparent electrode enhancing
the effectiveness of transparent conductors for future flexible
devices [6,7] or power conversion efficiency for solar cells [8].

Exfoliation delivers the highest-quality samples [9-12] but
only small footprints of material can be produced in this way.
Chemical vapor deposition (CVD) allows growing graphene
multilayers on various surfaces [13—15] but sometimes re-
quires additional steps to transfer graphene from the growth
substrate to the application substrate. In this regard, graphi-
tization of the top layers of silicon carbide by annealing is
an easy and cheap shortcut to help pass these limitations
for the mass production of multi- and especially monolay-
ers. The lowest graphitized layer is covalently bonded to the
substrate surface. The bonding reduces the electron mobility
and does not allow linear dispersion to develop. Furthermore,
the chemical potential strongly depends on temperature, most
probably due to strong substrate-graphene phonon coupling
[16]. Intercalation by hydrogen is an already proven method
to suppress these bonds and produce the so-called quasi-
freestanding monolayers having all of the graphene properties
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[17]. In order to utilize graphene in the industrial mass pro-
duction of multilayered devices as transparent electrodes, it
is convenient to know its optical properties in the broadest
spectral range possible.

Graphitization is faster on the C face but it also makes
it difficult to ensure the growth of a single layer as usually
multilayers are grown. Graphitization is slower and easier to
control on the Si face [18]. To the best of our knowledge,
previous spectroscopic ellipsometry studies on graphene were
focused on 3C-SiC and 4H-SiC allotropes [19-22]. There are
only a few reports presenting optical properties of graphene
grown on 6H-SiC in a limited spectral range [21,23]. 6H-SiC
is widely used in commercial device fabrication and could
serve as the basis for graphene-based circuits and optoelec-
tronic devices. Hence we report on an optical examination
of a quasi-freestanding monolayer graphene obtained by the
intercalation of Si-face 6H-SiC. Yet we show that its optical
properties compete with those of the best-quality exfoliated
graphene, namely in terms of the sharpness of the exciton peak
and the overall infrared (IR) response.

II. EXPERIMENT DETAILS

The investigated epitaxial quasi-freestanding monolayer
graphene sample was prepared by annealing of 0.5-nm-thick
Si-face 6H-SiC at a graphitization temperature of 1450 °C and
argon atmosphere. The quasi-freestanding graphene layer was
obtained by hydrogen intercalation of a single layer of 6H-Si
(0001). The surface quality and morphology were measured
by atomic force microscopy (AFM). Optical properties were
investigated using a combination of Woollam’s spectroscopic
ellipsometers RC2 and V-VASE in order to cover a broad
spectral range. The RC2 ellipsometer allowed us to measure

©2023 American Physical Society
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FIG. 1. False color two-dimensional (2D) AFM scan maps and
selected profiles of the (a) intercalated reference SiC sample and
(b) substrate+graphene sample. Only single profiles along the direc-
tions of the white arrows are shown for brevity. In (b), horizontal
lines correspond to measurement artifacts. This complicated the
baseline correction, distorting vertical distances in the subset on the
right. To evaluate the precise average terrace height, raw uncorrected
data at multiple spots were analyzed.

the Mueller matrix ellipsometry and unpolarized transmission
data in the range from 0.7 to 5.5 eV. The transmission data
served as an additional input allowing us to account for the
features near the SiC band gap such as the absorption edge,
absorption tail, etc. The V-VASE ellipsometer allowed us to
acquire experimental data in the IR region down to 0.150 eV.
All measurements were performed at room temperature under
several angles of incidence ranging from 45° to 75°. The
light beam diameter was approximately 3 mm, yielding the
average optical response from such an area. Woollam’s COM-
PLETEEASE software was used for advanced data processing.
Obtained optical properties were compared to CVD-grown
graphene on silicon using a standard approach.

III. SiC AND GRAPHITIZED SiC SURFACE
MORPHOLOGY MEASUREMENTS

According to AFM measurements, the average width and
height of SiC terraces of both the sample and reference right
after cleaving and an initial hydrogen etching is 1.243 ym and
0.75 nm [half unit cell; Fig. 1(a)]. This is caused by surface
orientation not matching the nominally on-axis oriented SiC
wafers. Typical step heights are 1 or 0.5 of a 6H unit cell
[24]. It indicates a miscut angle of 0.03°-0.04°. Graphitiza-
tion at temperatures above 1200 °C promotes an additional
microscopic surface restructuring, forming more steps. These
steps tend to bunch together, and terraces become wider and
higher on average. The final terrace morphology thus changes.

Step bunching is a well-known phenomenon [21,24,25]. The
sample surface area was about 5 x5 mm, and in order to ensure
statistically reliable surface morphology data of the graphi-
tized hydrogen-intercalated sample, we have performed AFM
measurements on five different places on the sample, each
20x20 um: one in the center and the other four at every corner.
The height of the terraces was estimated along the horizontal
scanning direction so that any possible sample drift artifacts
would be eliminated. According to the data, terraces became
1.4 nm high and 1.8 um wide on average after bunching
[Fig. 1(b)]. The terrace height was used as one of the input
parameters for the ellipsometric data processing.

IV. SPECTROSCOPIC ELLIPSOMETRY DATA ANALYSIS

A reference bare SiC substrate and a graphitized sample,
both prepared under the same conditions, were investigated.
Prior to the graphitized sample, the optical properties of the
bare substrate were characterized. Its optical response was
then used as an input when fitting the data set obtained on
the graphitized sample. This decreased the set of parameters
to be fit at once.

The reference SiC substrate was modeled as a bulk bire-
fringent material. Its ordinary and extraordinary axes were
modeled independently. Its permittivity was described by a
sum of oscillators fulfilling the Kramers-Kronig relations. All
substrate oscillators were chosen to be of Cody-Lorentz type
as it allows modeling a broad Lorentzian line shape with
zero absorption below a defined absorption edge energy E,.
Several independent oscillators were required for each optical
axis. The optical absorption edge energy parameter E, was
shared among all of them. The fitting procedure used all of
the experimental data (ellipsometric quantities ¥ and A at
multiple angles of incidence and IR optical transmission) si-
multaneously, resulting in the best set of oscillator parameters
(amplitudes, energies, and broadenings). The resulting per-
mittivity follows the spectral trends reported in other studies
on 6H-SiC [26-31], and the absorption edge energy fitted to
2.93eV.

Because the SiC substrate was polished from both sides
and is transparent in almost the entire measured spectral
range, backreflections from the back side of the substrate
were observed, thus complicating data processing. The com-
bination of the uniaxial anisotropy and reflections from the
backside of the SiC substrate is responsible for the interfer-
ence pattern below the SiC band gap. This is also visible in
the graphene sample—see Figs. 2(a) and 2(b).

The thicknesses of the surface terrace steps in all investi-
gated samples estimated by the AFM measurement were in the
order of several nm, much lower than the wavelength of the
probing radiation. Light is thus unable to distinguish the exact
structure of layers so thin. The terraces are hence treated as a
separate surface roughness layer on top of the sample. It uses
the Bruggemann effective medium approximation (EMA) to
describe the mixing of the optical response of the surrounding
materials. It was composed of 50% air and 50% underlying
SiC. Its initial thickness was set to the step height as measured
by the AFM. A reasonable fit was achieved and the interfer-
ence pattern in the spectra of ellipsometeric parameters was
reproduced well (not shown here).
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FIG. 2. Comparison of experimental data and modeled spectra
of the SiC substrate and graphene at 55° of incidence. The main
ellipsometric angles (a) A and (b) W are provided. They exhibit
oscillations induced by backside reflections. (c) Transmission data
of SiC substrate and SiC substrate-+graphene sample.

Several model structures have been proposed to describe
the graphene sample. The thickness of monolayer graphene
is taken as an interlayer spacing in graphite, e.g., 0.35 nm.
In this case, it is much smaller than the height of the ter-
race steps (1.4 nm). We have evaluated various approaches
to model the sample structure and to best fit the experimental
data. The simplest models treated the structure as stratified
layers of substrate and graphene with a potential additional
surface roughness component. These approaches failed to de-
liver physically meaningful optical properties or did not fit
to realistic layer thicknesses. Similar results and numerically
unstable fits were obtained for more complicated model struc-
tures consisting of substrate, void layer, and graphene, which
are supposed to reflect the terrace structure of the top layers.

Due to the atomic thickness of graphene and low terrace
height, the light experiences an averaged refractive index of
all involved materials at the surface. To maximally reflect the
graphene layer structure with thin terrace steps, we have cho-
sen a model structure consisting of the SiC substrate covered
with a Bruggemann EMA layer composed of three materials,
the underlying SiC, graphene, and air, as depicted in Fig. 3.
The inclusion of air reflects the surface roughness. The optical
properties of this layer are adjusted via the volume ratios of
its components. The volume ratios of graphene, Vgraphene, and
interpenetrating air/substrate, v, and vgypsirate, range from 0%
to 100% and are coupled. For low terrace angles they can be
related to the total thickness #, (in nm) of the top layer in

tgraphene

Graphene trotal

trotal

SiC substrate SiC substrate

FIG. 3. Schematic sketch of the chosen model structure used for
the parametrization of the optical properties of the graphene layer.

the following way:

Ugraphene 1 Vair 1 Usubstrate = 100%. (D

The air and substrate filling factors/ratios in the EMA model
are the same according to a simple geometric argument,

Vair = Usubstrate » (2)

estimated as

toal — 0.35) 1
(o =039 11506z (3)

Vair/substrate =
Tiotal

The initial thickness f, of the top EMA layer was set to
the step height measured by AFM. Both its thickness and
compositional parameters were varied in the fitting procedure
to account for the variation in the step height or intercalated
graphene coverage inhomogeneity throughout the sample.

In this paper we aim to provide a reliable model dielectric
function (MDF) of graphene over the entire investigated spec-
tral range. The obtained dispersion can be used to calculate the
optical response of graphene-based optoelectronic devices.
The proposed MDF is composed of several Kramers-Kronig
consistent oscillator terms,

€ = €x T €11 + €6 + €12, 4

where € = € + i€,. L stands for Lorentz and G for Gaussian
oscillators. Adapted variants of these were used in this work.
The Lorentz oscillator is defined as

A)/E()

0 5
E2—E*—iEy ©)

€Lorentz(E) =

while the Gaussian oscillator as

ez
+iA:exp[<EaE°)]
—exp[—(E—;Eo) ” ©

oy
WO

Here, A stands for the amplitude, y is the broadening pa-
rameter, and E is the central energy. The I' function is a
convergence series that produces a Kramers-Kronig consis-
tent line shape for €;. The term L, qualitatively describes
the permittivity in the lowest-energy range that is affected
by interference oscillations. We thus do not assign a deep

E
EGaussian(E) =A|T

with
7
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FIG. 4. (a) Real and (b) imaginary parts of the epitaxial graphene
dielectric function compared to the literature spectra.

physical interpretation to the fitted parameters of these oscil-
lators. They serve purely to provide the spectral dependence
of the MDF. Information about electronic parameters such as
relaxation time, etc., could be obtained by other more suitable
experimental techniques, e.g., electronic transport measure-
ments or Landau level spectroscopy.

The parameters of these dispersion terms were fit simulta-
neously with the #; and volume ratios to the ellipsometric
experimental data and optical transmission (see Fig. 2). The
fit with a mean square error of 14.9 was achieved and the final
step height was fitted to be 1.68 nm, close to the initial value of
1.4 nm. Experimental and model spectra of the ellipsometric
angles A and W are shown in Fig. 2(a), and transmittance in
Fig. 2(b). Best-fit MDF parameters are summarized in Table 1.
The resulting spectral dependence of the dielectric function of
monolayer graphene compared to several spectra taken from
the literature is shown in Fig. 4. Included in the comparison is
the CVD graphene grown on a Si substrate. Its dielectric func-
tion was determined similarly by spectroscopic ellipsometry.
The explicit tabulated values of the best-fit graphene dielectric
function are available in the Supplemental Material [32].

TABLE 1. Fitted parameters of spectral dispersion of optical
properties of quasi-freestanding graphene monolayer on 6H-SiC.

Oscillator type Amplitude (arb. units) y (eV) Ey (eV)
€ 2.259

Lorentz, 16588.6 3.1482 0.001
Gaussian 4.8 4.6778 4.121
Lorentz, 11.7 0.7369 4.581

The fitted spectral dependence of monolayer graphene per-
mittivity (shown in Fig. 4) clearly exhibits a narrow peak
located at 4.56 eV. This energy corresponds to the critical
point associated with the van Hove singularity in the joint den-
sity of states. It is related to the interband transitions between
m-m* hybridized orbitals in the vicinity of the M point of the
graphene Brillouin zone. Several reports have shown that in
multilayer graphene systems, the position and appearance of
multiple van Hove singularities can be tailored by twisting
individual graphene layers, dramatically increasing the light-
matter interaction [33-35].

The main peak of the investigated sample is comparably
as narrow as in exfoliated graphene, yet blueshifted as in
CVD graphene. When comparing the optical properties of
the investigated sample with exfoliated graphene, one can see
that the transition energy near the M point in the investigated
sample is slightly increased, which might be a consequence
of the changes induced in the lattice during graphitization and
step bunching. However, carbon covalent sp bonds are known
to be very strong and robust, rendering this option unlikely.
In the single-particle picture, the maximum of the absorption
is theoretically expected around 5.1-5.2 eV [36]. Depend-
ing on the substrate and doping, the Coulomb interaction in
graphene may remain, to a great extent, unscreened. This
allows the charge interaction to take place. When excitonic
effects and the electron-electron interaction are taken into
account [11,34-36], they suppress and redshift the peak which
is observable in pristine exfoliated and CVD graphene sam-
ples. In a freestanding graphene, the shift has a well-defined
value of ~600 meV, down to 4.5-4.6 eV [11,36-38]. For
bilayer graphene, the redshift is even stronger, ~800 meV in
Ref. [39]. The peak shifts further with an increasing number
of layers, eventually reaching the known graphite value of
4.5 eV. Apparently, the peak position also depends on the
polymorph of the SiC substrate, as was indicated in a report
examining epitaxial graphene grown on Si-face 3C and Si-/C-
face 4H. There is a clear indication showing that the peak in
€, tends to shift below 4.5 eV in the C-face and to higher
energy in the Si-face case [Fig. 5(a) [19]]. Besides that, there
is an inverse dependence between the substrate annealing
temperature and the peak position, as was shown by examin-
ing graphene produced on the C-face 4H substrate [Fig. 5(b)
[22]]. In this regard, our findings would be consistent with
the reports, in particular concerning the Si face on which the
graphene was grown. On the other hand, intercalation should
suppress bonding with the substrate. The blueshift might be
related to the effect of intercalation itself. As a matter of
fact, the charge carriers present in the substrate may lead to
screening between graphene and the substrate material. The
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FIG. 5. The imaginary part of the dielectric function in the region
of the 4.5 eV peak for several polymorphs of SiC (a) and for the
C-face 4H-SiC annealed at various temperatures complemented by
the spectra of annealed graphene obtained in this work (b).

distinction is evident when comparing insulating and conduct-
ing substrates such as silicon/quartz versus copper. In samples
with metallic substrates, the shift of the peak, as compared
to the single-particle prediction, is weaker, yielding a peak
energy of 4.8-4.9 eV. Screening also affects the peak shape:
Without any, the peak is asymmetric with a higher value below
the critical point; with a high degree of screening, the peak
becomes more symmetric [14,40]. The sharpness of the peak
thus confirms the good quality of our sample. Even though
intercalation reduces bonding between the layers, hydrogen
atoms close to graphene might induce electrostatic interac-
tions and doping of graphene layer, resulting in the blueshift.

To make a better comparison with the literature in terms
of optical conductivity, we calculated the real part of sheet

7 T T T T T T
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CVD, Kravets et al. [11]

CVD, this work

Annealed graphene, this work

w »~ o
T T T

Optical conductivity [e%/2h]
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FIG. 6. Real part of the optical conductivity of epitaxial graphene
and its comparison with other types of graphene.

optical conductivity. It reveals an additional fundamental fea-
ture of graphene. Namely, it should exhibit a universal value
of conductivity oy = e?/2h at IR energies [41,42]. In Fig. 6,
we compare the resulting optical conductivity with two cases
from the literature, exfoliated [12] and CVD graphene [13],
as well as the CVD sample. Apart from higher conductivity
values at UV energies arising from interband transitions, the
conductivity of the investigated sample approaches unity and
closely resembles exfoliated graphene at energies below 3 eV.

V. CONCLUSION

We have characterized the dielectric function of interca-
lated epitaxial monolayer graphene grown on 6H-SiC. The
overall spectral dependence of the dielectric function from
infrared to visible energies, narrowness and the magnitude
of the main peak, and approaching the universal value of
optical conductivity at IR energies allows us to conclude that
annealing and intercalation of the (0001) surface of 6H-SiC
allows us to produce large-area excellent quality graphene
monolayers. The investigated sample is very close to those
prepared by exfoliation from the optical point of view. The
spectral dependence of optical constants can be utilized in
the theoretical design of nano-optoelectronic devices with
graphene working in a broad spectral range.
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