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Monolayer epitaxial graphene (EG) is a suitable candidate for a variety of electronic applications. One
advantage of EG growth on the Si face of SiC is that it develops as a single crystal, as does the layer below,
referred to as the interfacial buffer layer (IBL), whose properties include an electronic band gap. Although much
research has been conducted to learn about the electrical properties of the IBL, not nearly as much work has
been reported on the optical properties of the IBL. In this work, we combine measurements from Mueller matrix
ellipsometry, differential reflectance contrast, atomic force microscopy, and Raman spectroscopy, as well as
calculations from Kramers-Kronig analyses and density-functional theory, to determine the dielectric function

of the IBL within the energy range of 1 eV to 8.5 eV.
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I. INTRODUCTION

Graphene has been widely demonstrated to have desirable
electrical properties [1-3]. Additionally, epitaxial graphene
(EG) growth on 4H-SiC substrate shows promise as a method
to obtain homogeneous and single-crystal material, which can
be fabricated into millimeter-sized devices, proving useful,
especially in the field of metrology [4-10]. Even with all of
its novel and exciting properties, graphene, whether obtained
by exfoliation, chemical vapor deposition, or epitaxially
from SiC, is inherently limited in its applications to the
semiconductor industry due to its lack of a band gap.

Recently, there has been interest in garnering a more
complete understanding of the interfacial buffer layer (IBL)
that forms as a graphenelike, two-dimensional honeycomb
atop and partially bound to the SiC substrate, specifically on the
silicon face [11-14]. This IBL, being a by-product of the EG
growth, exhibits a small band gap, a particularly sought-after
property. Its electrical properties have been well-characterized
by methods including scanning tunneling microscopy, low-
energy electron diffraction, and angle-resolved photoemission
spectroscopy [15-24]. A variety of theoretical studies have also
been performed on the electronic structure of the IBL in 6H-,
4H-, and 3C-SiC substrates [25-30]. While the electronic prop-
erties are relatively known, there are significantly fewer works
reported on the optical properties of the IBL, and one of those
works characterizes the Raman signature of the IBL [31-33].

In this work, we report a full experimental and theoretical
characterization of the IBL’s dielectric function within the
energy range of 1 eV to 8.5 eV, in the form ¢ = &; —iey,
as obtained from Mueller matrix ellipsometry (MME), differ-
ential reflectance contrast (DRC), atomic force microscopy,
Raman spectroscopy, Kramers-Kronig analysis, and density-
functional theory (DFT).
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II. EXPERIMENTAL METHODS
A. Sample preparation

Five IBL samples were prepared by first performing a
full EG growth on square SiC chips diced from 100-mm
4H-SiC(0001) semi-insulating wafers (CREE) whose miscut
angle was measured to be approximately 0.10°. SiC chips
were rinsed with diluted hydrofluoric acid (<10%) followed
by a deionized water bath. The chips were then oriented
with the silicon face resting on a polished pyrolytic graphite
substrate (SPI Glas 22). The observation of Newton’s rings
indicated that the chips were in close contact with the substrate,
providing a diffusion barrier for escaping Si vapor to promote
homogeneous growth conditions. The annealing process was
performed in ambient argon with a graphite-lined resistive-
element furnace (Materials Research Furnaces Inc.) [4].
Heating and cooling rates were approximately 1.5 °C/s and the
process involved: (1) substrate cleaning at 1080 °C in a forming
gas environment (96% Ar, 4% H, by volume) at 100 kPa
for 30 min for surface hydrogenation [34,35]; (2) chamber
evacuation and flush with 100 kPa Ar from a 99.999% liquid
Ar source; and (3) a final growth stage performed at 1900 °C.

After the full EG growth, a 50-nm protective layer of Au
was deposited onto the EG, followed by a protective polymer
such as polymethyl methacrylate. The metallic layer helps
prevent contamination from polymer residue. The thick layer
of graphitic carbon that was formed on the C face of the
samples was removed by reactive ion etching (RIE) with argon
gas for 2 min (more details are available in Supplemental
Material [36]). This removal restored the transparency of the
substrate, which is crucial for differential reflectance contrast.
After the carbon etch, a rectangular area of about 8 mm? on
the C-face surface was roughened by a diamond-tipped etching
tool to enable more accurate MME measurements by reducing
backside reflections from the SiC for energies below its band
gap. The full layer of EG, along with any small strips of bilayer
epitaxial graphene which may form on the terrace edges, was
then peeled away with a deposited layer of nickel [37,38],
leaving the fully formed, single-crystal IBL exposed and ready
for measurements.
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FIG. 1. (a) Optical image of a sample with complete graphene coverage was collected at 20 x magnification. (b) The same region is optically
imaged after the removal of the EG by peeling off deposited nickel. (¢) An illustration is shown indicating where Raman spectra were collected.
(d) Raman spectra were measured on the region with EG (shown as a green curve) and the region without EG (shown as a red curve) to verify
that EG has been removed. The inset shows the resulting spectrum when the red curve is subtracted from the green curve, which should be the

expected Raman curve from isolated EG.

Samples also had a portion of their surfaces etched away
with RIE because the IBL cannot be peeled with nickel due to
its strong bond to the SiC. Instead, portions of the IBL were
exposed to 10 s of RIE, which was sufficient time to destroy
most of the IBL, if we assume the carbon layer etches at a
similar rate as graphene [39]. This allowed Raman, DRC, and
MME measurement access to the SiC beneath the IBL as well
as enabled the extraction of the optical constants for the SiC
of each specific sample.

B. Differential reflectance contrast measurements

One of the two main optical techniques which was used for
data collection was DRC. In DRC measurements, the samples
were probed by a combined broadband emission from a
halogen and deuterium lamp with a spot size of approximately
10 um. The optical response of the IBL was characterized
from the DRC spectra, which is labeled as AR/R. Here,
AR/R = (RsL— Rsic)/ Rsic, where Rygy is the reflectance of
the IBL on the substrate, and Rs;c denotes the reflectance
of the bare SiC substrate. The reflected light was collected
by a Filmetrics F20 spectrometer. All measurements were
performed in air at room temperature over an energy range
of 1.13 eV to 6.22 eV with 4-meV resolution.

C. Mueller matrix ellipsometry measurements

MME measurements were performed in a chamber filled
with nitrogen gas at room temperature in a Woollam-302
vacuum-ultraviolet spectroscopic ellipsometer consisting of
xenon and deuterium lamps covering the wavelength from
about 145 to 1240 nm, with an elliptical spot size measuring ap-
proximately 2 x 4 mm. The photon energy ranged from 1 eV to
8.5eV with 0.02-eV steps. MME measures the change in phase

and polarization state of the light reflected from the sample, and
the recorded data are converted by the software from Fresnel
reflection coefficients representative of p- and s-polarized light
(R, and Ry) to the related quantities psi and delta (W and A),
where % = ¢'® tan . Psi and delta can be further converted
into optiéal constants of the probed material when a sufficient
optical model is developed. Data were acquired at multiple
angles of incidence, and because they are collected with
Mueller matrix formalism, any effects from depolarization and
minor sample inhomogeneity are accounted for and recorded
in the data (an example of a full MME measurement is in
Supplemental Material [36]). The main added advantages of
MME over DRC are threefold: (1) The absence of water vapor
and other potential unaccounted gases, which typically have
a much higher absorption outside the visible range, do not
interrupt the lamp light as it propagates to and from the sample,
(2) increased measurement accuracy, and (3) a specialized
modeling program, all of which allow for careful and rigorous
treatment of the IBL. Despite the listed advantages of MME,
DRC can still provide a reasonable estimate for the dielectric
function of the IBL, one which reduces the traditionally large
parameter space introduced by the WVASE32 modeling program
for MME measured on unknown, thin materials.

D. Raman spectroscopy

Raman spectroscopy was also used to confirm the presence
of the EG layer (before it was peeled), the IBL (postpeel),
and the SiC directly beneath the IBL (post-RIE). Raman
measurements were performed with a Renishaw InVia micro-
Raman spectrometer using a 633-nm-wavelength excitation
laser source. The spectra were measured and collected using
a backscattering configuration, 1-um spot size, 300-s acquisi-
tion time, 1.7-mW power, 50X objective, and 1200-mm!
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FIG. 2. (a) Schematic of the differential reflectance contrast measurement is shown. Generally, broadband light is directed to the IBL for
one measurement and then the bare substrate in the next measurement. (b) Optical images of the same sample after and before etching away a
submillimeter area of the IBL. (c) DRC measurements of the IBL. The five samples’ spectra are shown in the transparent lines, and the average
curve is shown in the opaque dark cyan. (d) Raman spectra averaged from maps indicated on the optical image in Fig. 1(b) taken on bare SiC
(red curve) and the IBL on SiC (dark cyan). The inset shows the difference between the Raman spectrum with and without IBL to isolate the
contribution from the IBL. The IBL response exhibits the same modes reported in Ref. [32].

grating. The Raman data clearly show that the EG was
successfully removed as shown in Fig. 1. Rectangular Raman
maps were also collected with step sizes of 20 um in a
5 x 3 raster-style grid, as shown in Figs. 1(a) and 1(b) [with a
measurement illustration shown in Fig. 1(c)]. The spectra were
averaged for Fig. 1(d) and the IBL. Raman was subtracted from
the EG spectrum in the inset, yielding the expected response
from isolated graphene. In the cases of Figs. 1(a) and 1(b),
rapid optical characterization by use of a Nikon MM 400, as
described in the literature [40,41], was used to identify homo-
geneous EG and lack thereof over the same rectangular area
of about 8 mm? whose backside was scratched away. Raman
spectra were collected for bare SiC regions that were formerly
covered by the IBL, and subtracting the spectra yielded
the expected Raman contribution of the IBL to the overall
spectrum [see Fig. 2(d), which will be explored further] [32].

III. RAMAN AND DIFFERENTIAL RELECTANCE
CONTRAST RESULTS

Once the IBL was characterized by Raman spectroscopy,
DRC and MME measurements were performed. Before data
for MME could be analyzed accurately and confidently, DRC
data corresponding to the IBL optical response were needed.

The Raman measurements made on the IBL-on-SiC as well
as the SiC-only region [depicted in Fig. 2(a)] are shown in
Fig. 2(d), along with the difference of those two curves in the
inset showing a response similar to what has been reported
as a vibrational density of states for the IBL [32]. The five
samples’ measured DRC data are presented in Fig. 2(c) while
a schematic of the DRC setup is shown in Fig. 2(a). The DRC
data were averaged and used for subsequent analysis of the

MME data. The MME schematic and an example of the IBL
ellipsometric data W and A are shown in Figs. 3(a) and 3(b),
respectively. In Fig. 3(b), it becomes clear that the presence of
the IBL lowers the measured values of W for all three incident
angles while the A takes on higher values. This change will
be analyzed and modeled in more detail.

IV. ANALYZING MME DATA

A. Kramers-Kronig analysis on DRC data

Kramers-Kronig analysis was used to extract the dielectric
function from the DRC measurements, as has been imple-
mented in the analysis of other two-dimensional materials and
their DRC spectra [43,44]. In the limit of a thin material on a
transparent substrate, an approximation, given in Eq. (1), can
be used to relate the DRC to the absorption (A) of the material.
In previous works on graphene and other two-dimensional
materials, the optical constants of the transparent substrate are
approximated as purely real and constant [45]. In the case of
SiC, it is invalid to treat the optical constants as purely real and
constant. Therefore, the optical constants (and by extension,
the dielectric function) of SiC, here denoted by ng;c and kg;c,
which incorporate both real and imaginary response behavior,
must be obtained before we can use this equation.

AR 4 A 0

R ngie+k§e — 1
The dielectric function of SiC was calculated directly
from the corresponding MME measurement for each of the
five samples. Using this dielectric function, an approximate
absorption of the IBL can be calculated from the DRC using
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FIG. 3. (a) Schematic of the Mueller matrix ellipsometer mea-
surement is shown. Broadband light is directed to the IBL at variable
incident angles, and the tool evaluates the change in polarization and
intensity as a function of the incident angle. (b) Representative set
of raw data from one of the IBL samples, showing the W in the top
half and A in the bottom half, both measured at three different angles
of incidence. The feature pronounced around 7 eV has been reported
as a critical point energy of optical transitions in the out-of-plane
dielectric function of 4H-SiC [42].

Eq. (1). The approximated absorption gives an initial estimate
of the shape of the imaginary part of the dielectric function
(&2), which then undergoes an iterative process that optimizes
the accuracy of the dielectric function extracted from DRC
measurements. The absorption range was artificially set to zero
outside the measured energy range since the Kramers-Kronig
relations assume that the optical behavior of the sample for
all energies is known. We multiplied our absorption spectrum
by the factor A?E) = %, where E is the energy and L is the
layer thickness. This factor is a ratio of &;-to-absorption seen
in other two-dimensional materials [43,44,46]. We then used
the Kramers-Kronig relation shown below:

[ eE)
81(E)—1+;[_oo o dE )

Using our initial ¢, and Eq. (2), we obtain a full dielectric
function (labeled e 75N — ieJEN to indicate that it was gen-
erated). To check that our generated dielectric is reasonable,
we compute a DRC spectrum using our generated dielectric
function and standard thin-film analysis to compare to the raw

data [47]. Many differences are observed between the first
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generated DRC curve and the original DRC data. We use an
iterative fitting procedure to generate a DRC curve that best
fits the measured DRC curve. To do so we: (1) Subtract the
generated DRC curve and the original DRC data to yield a
“DRC error curve”. (2) Convert the DRC error curve into an
absorption error curve using Eq. (1) and multiply by the factor
% to get an “e; error curve”. (3) Add the ¢, error curve onto
the previous 85; EN function to make an incrementally more
accurate e5EN 1 (4) Calculate a new ¢“E¥*! via Eq. (2).
(5) Use e7ENTL — e FENT! {0 generate another DRC curve.
(6) Compare this new curve to the original data, and repeat
the iteration (steps 1 to 6) until the standard deviation of the
difference of the curves is below 107%.

B. Extracting the dielectric function from MME data

Using Kramers-Kronig analysis, the dielectric function of
the IBL was extracted within the energy range of 1.13 eV to
6.22 eV, with 4-meV resolution, as shown in Fig. 4(a). The
DRC calculated from the final generated dielectric function is
also shown in Fig. 4(a) to demonstrate the excellent agreement
between the calculated and experimental data. The final gener-
ated dielectric function was smoothed with ten-point adjacent
averaging and converted into a file format compatible with the
WVASE32 modeling program. For each sample, both the IBL
and the SiC (from the same region, post-RIE) were measured,
and therefore each sample had a slightly different SiC layer
model. After confirming the 0.5-mm-thick SiC model, another
model was built to calculate the dielectric function of the IBL
for the range 1 eV to 8.5 eV. The model consisted of three
layers, starting from the bottom up: (1) a 0.5-mm-thick SiC
layer with optical constants based on the measured values of
that sample, (2) an IBL of thickness 0.25 nm, as documented in
the literature (Refs. [13,16]), and (3) a layer that is represented
by a Bruggeman effective medium approximation (EMA) [48].
The EMA layer, which traditionally simulates effects of sur-
face roughness, was developed with 16% IBL, 42% SiC, and
42% void (where no material is present). More details on the
use of the EMA are provided in Supplemental Material [36].

The remaining free parameters were the optical constants
(dielectric function) of the IBL and the thickness of the EMA.
Multiple models were calculated with varying EMA thickness
until the chi-squared error between the average measured DRC
and MME IBL dielectric function in the range of 2 eV to
5 eV was minimized. This energy range was selected due to
larger instrument errors at the endpoints of the spectrum. With
an EMA thickness of 1.5 nm, the real and imaginary parts
of the optimal dielectric function were extracted, smoothed
with five-point adjacent averaging, and plotted, along with its
uncertainty, in Fig. 4(b). The less-accurate dielectric function
generated by Kramers-Kronig analysis on the experimental
DRC is also included in Fig. 4(b), shown as the dotted curves.
The vertical axis of the real part is half of the range of the imagi-
nary component, and the inset of the imaginary component has
a vertical axis one-sixth of the total range. The shaded green
indicates the uncertainty provided by the modeling program.

C. Comparison with density-functional theory calculations

Calculations were carried out using DFT as implemented in
plane-wave self-consistent field (PWSCF) code [49-51], using
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FIG. 4. (a) Average DRC data in the bottom third of the graph
was decomposed into its respective dielectric function, with the real
part occupying the top third and the imaginary part occupying the
middle third. The shaded green indicates the propagated uncertainty
of the average DRC curve. In the bottom third, the dotted dark cyan
is a generated DRC curve based on the calculated dielectric function
in the top two thirds and compared to the data. (b) The final extracted
dielectric function for the IBL is shown here, with the real part in
the top half and the imaginary part in the bottom half. The function
is found via MME for the range 1 eV to 8.5 eV and is compared to
those found with the DRC data and Kramers-Kronig analysis (dotted
lines) and DFT calculations (dashed lines). The inset in the bottom
half is a vertically zoomed area for clarity. For all curves, the shaded
green indicates the uncertainty of the MME measurement.

the projector-augmented wave method within the generalized
gradient approximation [52]. For the electronic structure
calculations, an 8 x 8 x 8 k-point grid and a 13 x 13 x 1
k-point grid was used for the unit-cell and slab calculations,
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respectively. To investigate the general optical properties, a
5x5x 1 k-point grid was used. To calculate the dielectric
function of the IBL [53,54], the Liouville-Lanczos approach
was applied to linear-response time-dependent DFT and to
PWSCEFE. The result is compared with the experimental data
in Fig. 4(b), where DFT curves are represented as dashed
lines. More information on the DFT calculations is provided
in Supplemental Material [36]. The DFT calculations strongly
support the MME data in terms of the positions of various
features, notably in the imaginary portion of the dielectric
function. The several features at 3.4 eV, 5.8 eV, and 6.84 eV
and the pronounced shoulder above 7 eV are well-represented
in the DFT calculations. Furthermore, the extracted band gap
from these calculations yields approximately 0.3 eV, which is
comparable to the result found in the recent IBL work [13].

V. CONCLUSIONS

In conclusion, we performed a full experimental and theo-
retical characterization of the IBL’s dielectric function for the
energy range 1 eV to 8.5 eV from Mueller matrix ellipsometry,
differential reflectance contrast, Kramers-Kronig, and DFT
analyses. The DRC measurements provide both an initial
approximation of the dielectric function and a secondary
comparison to the MME measurements. Using the initial
dielectric function to fit the MME data, we extract a more
accurate IBL dielectric function over a larger range of energies.
The IBL is a high-mobility, narrow-band-gap semiconductor
that has the advantage of chip-scale growth. This work is a
rigorous investigation of dielectric function of the IBL, and
a step toward understanding the optical properties and band
structure of this promising 2D material.
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