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Experimental Study of Few-Layer Graphene: Optical
Anisotropy and Pseudo-Brewster Angle Shift in Vacuum

Ultraviolet Spectral Range

Nadeem Ahmed Malik,* Piergiorgio Nicolosi, Kety Jimenez, Ahmed Gaballah,
Angelo Giglia, Marco Lazzarino, and Paola Zuppella*

The optical properties of mono- and trilayer graphene on SiO,/Si substrate are
studied at hydrogen Lyman-alpha (121.6 nm) spectral line for the first time. The
optical anisotropy of graphene at this wavelength is experimentally demonstrated
by retrieving the anisotropic “effective” optical constants. The results confirm
that the axis of symmetry is nearly perpendicular to the surface and coherently
related to the m-orbitals’ structural orientation. Furthermore, it is observed that
graphene strongly affects the performances of the substrate by inducing a
pseudo-Brewster angle downshift, which depends on the number of graphene
layers. This finding is in contrast with what occurs in the visible spectral range,
where the upshift of the pseudo-Brewster angle is experienced in similar samples.

1. Introduction

A perfect sheet of graphene is a very thin layer of sp>hybridized
carbon atoms arranged in a bidimensional hexagonal lattice with-
out surface defects.!””! This structure determines the characteris-
tics that have made it successful, including high thermal and
electrical conductivity, semimetallic behavior, and extreme robust-
ness and stiffness.>~ It should be noted that graphene also exhib-
its excellent chemical and thermal stability and the arrangement of
the carbon atoms makes it inert and impermeable to all atomic
species including helium.!® For these reasons, it is an outstanding
candidate as a protective layer to be used in the development of
optical components devoted to operate in harsh environments.!*”!

As far as optical applications are con-
cerned, hostile working conditions are
those in which the optical systems and the
samples experience debris and ion flow,
humidity, thermal and mechanical shocks,
and strong thermal load. Such a stress is
common to many application fields, includ-
ing space instrumentation, lithographic
systems, third- and fourth-generation radi-
ation sources, and pump and probe experi-
ments with intense, ultrashort pulses.

Whatever the application in optics, the
determination of the optical constants,
the optical absorption, and the polarization
effects are some of the properties that
deserve to be deeply investigated before using graphene for an
optical device.

Several theoretical and experimental studies predict the optical
response of graphene in the visible (VIS) and near-infrared (NIR)
spectral ranges.®® We know, to date, that a single layer of
graphene absorbs about 2.3% of the incident light at the VIS—
NIR wavelengths."” A significant number of scientists have
determined the VIS-NIR optical constants of graphene,*!
but the results strongly depend on the deposition and growth
method, purity, oxidation, transfer, and interactions with the
substrate.[®7]

Despite the large number of studies in the VIS-NIR, there is a
lack in the vacuum ultraviolet (VUV) and extreme ultraviolet
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(EUV) spectral region. The purpose of the present study is to fill
this gap to explore graphene’s potentiality in this spectral range.

In this scenario, we have studied the reflectance response of
few-layer graphene at hydrogen Lyman-alpha (121.6 nm) spectral
line, with the precise aim of determining its optical constants, the
effects induced on the substrate performances, and the possible
polarizing effects. We have investigated the s- and p-polarized
reflectance of the samples, shift of the pseudo-Brewster angle,
determination of the optical constants, and experimental
evidence of optical anisotropy linked to the planar structure of
graphene and spatial distribution of the z-orbitals. These kinds
of measurements have required the use of VUV-EUYV reflectom-
etryl"® and large-scale facilities as synchrotron.'*?% The physical
and chemical quality, purity, and morphology of the samples
have been also characterized to fully describe the types of
samples for which the optical properties were then determined.

As far as we know, it is the first time that these analyses are
presented for graphene at VUV wavelengths, opening a concrete
perspective to new and uncharted applications.

The first part of the article is devoted to the technical descrip-
tion of the measurements and analysis methods and the last one
to the discussion of the data, results, and outlook.

2. Experimental Section

The samples under investigation were commercial specimens
fabricated by Graphenea Inc.*!! They consisted of a bulky layer
of silicon dioxide deposited onto 10 x 10 mm? Si substrate and
capped by graphene, as shown in Figure 1. Graphene was grown
by chemical vapor deposition (CVD) on an 18 pm-thick copper
foil and then transferred to SiO, (285nm)/Si. In case of the
3LG, a multiple-transfer sequence was applied.?"*?! They were
standard samples, as the oxide thickness was optimized at
280-300 nm to guarantee the optical contrast for optical micro-
scope (OM) observations.**** The OM analysis is qualitative: it
allows to identify regions with a larger number of graphene
layers and distinguish almost “by eye” wrinkled areas deter-
mined by the transfer process and the adhesion of graphene
on the substrate.”® High-resolution microscopies, such as

Figure 1. Structure of the samples: graphene layer onto SiO; (285 nm)/Si
substrate. The thickness of graphene depends on the number of layers.
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atomic force microscopy (AFM), allow the quantitative measure-
ment of the thickness and size of discontinuous graphene
islands.**!

In detail, the samples that we measured were 1LG/SiO,
(285 nm)/Si, 3LG/SiO, (285 nm)/Si, and SiO,/Si, the last one
as reference.

The surface morphology of the samples was investigated by
AFM in no-contact mode operation (Park System XE-70).*”]
The chemical quality of the coating was tested by Raman and
X-ray photoelectron spectroscopy (XPS).

The Raman set-up available at CNR-IOM was based on three
laser beams emitting at 532 nm with beam widths of 2 MHz
(Cobolt Samba), 660 nm-1 MHz (Quantum-Laser Torus), and
785nm-50 MHz (IO Matchbox), respectively, an upright
Olympus microscope with high NA objective (up to 8.8 with max-
imum spatial resolution of 330 nm), and a 330 mm monochro-
mator equipped with an LN,-cooled charge-coupled device (CCD)
camera (Acton 330i and Princeton Instr) and a 750 mm mono-
chromator equipped with an electron multiplying charge-coupled
device (EMCCD) camera (Shamrock SR750 and Newton, Andor-
Solis). For graphene quality evaluation, we used the 532nm
excitation wavelength, which allowed a more straightforward
comparison with literature data. Raman scattering is a useful tech-
nique to determine doping, quality, and number of layers of gra-
phene.”®** Generally, there are three main peaks in the Raman
spectra of graphene: D, G, and 2D. The intensity of those and
the ratios D/G and 2D/G give information about the crystalline
quality and defects density on the graphene matrix.

The XPS measurements were carried out at BEAR beamline
(ELETTRA synchrotron-Trieste). Standard gold sample was used
for calibration, and a broad scan was conducted in the binding
energy (BE) range of 50-650eV. High-resolution Cls scan at
275-305 eV BE was measured for graphene. CasaXPS software
was used for the analysis of the XPS data.*® The peak fitting
was done after background subtraction for which we used the
technique based on the Shirley method.

The optical characterizations of the samples were conducted
at hydrogen Lyman alpha using a VUV-EUV laboratory-
based reflectometer (CNR-IFN, Padova) and synchrotron light
facilities (BEAR beamline-ELETTRA synchrotron-Trieste).!'"!
The VUV-EUV reflectometer equipment available in Padova
was a Johnson—-Onaka normal-incidence monochromator cou-
pled with a deuterium spectral lamp (Hamamatsu, L2D2), as
shown in Figure 2.

The toroidal grating mounted on the reflectometer was Pt
coated with 600 lines/mm. Monochromatic radiation was
condensed on the sample by a toroidal mirror working at 45°
incidence angle. The samples were placed in the experimental
chamber on a rotating holder to change the incidence angle.
The detector was a channel electron multiplier (CEM KBL
10RSR).’”) The angular reflectance measurements of the sam-
ples were recorded for two mutually orthogonal orientations
of the plane of incidence. From the experimental data and by
knowing the polarization degree of the incidence beam, we
retrieved the reflectance R; and R, corresponding to s- and
p-polarized light. The detailed procedure is described in the
study by Gaballah et al.*® The same apparatus was recently
implemented with a rotating polarizer for ellipsometry in
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Figure 2. Schematic view of the laboratory-based VUV-EUV reflectometer
used for the optical characterization of the samples.

VUV-EUV spectral region.!"®**) The technical data of the system
and the method are described in studies by Gaballah et al.l*#*"!

BEAR beamline (ELETTRA synchrotron-Trieste) operated in
the 2.8-1600 eV (443-0.775 nm) spectral region, delivering polar-
ized light of selectable ellipticity, from nearly linear to elliptical.
The available spectroscopic tools included specular reflectivity
and XPS equipment,'®2% which we used in this experiment.
The angular reflectance measurements of the specimens were
carried out for two mutually orthogonal orientations of the plane
of incidence, and, as in case of in-house facility, the reflectance R
and R, were retrieved by knowing the polarization degree of the
incident beam.

The experimental reflectance curves were fitted using IMD
software to estimate the optical constants of graphene.*'! IMD
is a software written in the IDL language, a powerful tool for
modeling the optical properties of multilayer stacks. The software
recursively applies the Fresnel equations to a simple multilayer
model that assumes homogeneous layers with parallel interfaces.
IMD uses the CURVEFIT procedure, an adaptation of the
Marquardt algorithm included in the IDL library, to estimate
unknown parameters values.!*"

3. Results

The surface morphology of the samples was studied by using the
Park System 70 XE-series AFM available at (CNR-IFN) Padova,
Italy. Surface morphology scans of different areas were con-
ducted for different locations of the samples in noncontact mode.
The root-mean-square (RMS) and average surface roughness (R,)
were determined using XEI data analysis software (Park Systems
Corp). Figure 3 shows a 5 x 5 pm scan area of 1LG sample. The
morphology appears quite uniform, although some wrinkles are
present in the surface. The wrinkles formation might occur dur-
ing cooling in the CVD process because of the different thermal
expansion coefficients of graphene and metal substrate or during
the transfer process because of the surface morphology
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Figure 3. Atomic force microscope image (5 x 5pm) of 1LG/SiO,/Si
recorded in noncontact mode. The 2D image shows the morphology of
the sample; the profile on the bottom corresponds to the green line.

mismatch between the growth substrate and the SiO,/Si final
transfer substrate.

The surface quality of the samples strongly depends on the
number of graphene layers because the multiple-transfer process
increases the defects and the wrinkles. These effects are espe-
cially evident in Figure 4 that shows the surface morphology
of the 3LG/Si0,/Si sample. In quantitative terms, the roughness
Ry of 1LG is 0.80 & 0.02 nm, whereas in case of 3LG, the rough-
ness Ry is 4.30 £ 0.02 nm.

The quality of 1LG is guaranteed by the manufacturer, which
reports the Raman analysis,*® whereas the quality of 3LG was
investigated by Raman spectroscopy in the laboratory (Trieste-
Basovizza-IOM). The results of the measurements are shown
in Figure 5. The sample was analyzed in four different regions
(P1, P2, P3, and P4) and the results show the characteristic peaks
(D, G, and 2D) of graphene. The intensity of G and 2D peaks
depends on the investigated region as well the ratio 2D/G, that
ranges between 1.44 and 1. These evidences confirm that the
multilayer graphene film covering the substrate is not homoge-
neous as expected and the 3LG is not guaranteed over the whole
surface. However, the small D peak intensity and the small ratio
D/G confirm that the sp® defects are negligible.

Aware that it is not easy to obtain a homogeneous 3LG coating,
we have completed the full characterization of the 3LG sample by
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Figure 4. Atomic force image (5 x 5pm) of 3LG/SiO,/Si recorded in
noncontact mode. The 2D image shows the morphology of the sample;
the profile on the bottom refers to the red line.
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Figure 5. Raman spectra of 3LG/SiO,/Si sample. The measurements have
been carried out at four different regions (P1, P2, P3, and P4) of the speci-
men. Raman scan of each region is represented with different colors.

XPS analysis. XPS spectroscopy was conducted at BEAR beam-
line. High-resolution Cls scan was recorded (280-305 eV). The
detailed measurement parameters are shown in the Table 1.
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Table 1. XPS measurement parameters.

XPS Cls scan parameters

Photon energy [eV] 400
Initial K.E [eV] 95

Final K.E [eV] 120
AE [eV] 0.038

To interpret the measured spectra in terms of quality of graphene
samples, chemical groups present, a well-known technique of
deconvolution of XPS data was used. To take into account the
inelastic photoelectron, Shirley’s background was removed from
the spectra. The well-known CasaXPS$ software was used for the
analysis of the XPS data.l*® Figure 6 shows the spectra. The spec-
trum in Figure 6 exhibits the strong prevalence of the peak (C—C)
related to characteristic sp>-hybridized carbon atoms of graphene.
The convolution and fitting of the data also reveal some
small contribution of (C—O—C) sp® structure at a higher BE
(286 eV). These results are compliant with the Raman spectra
outcomes.

Figure 7 shows the s- and p-reflectance curves of 1LG/SiO,/Si,
3LG/Si0,/Si and Si0,/Si specimens. All the samples were mea-
sured at BEAR beamline and the reflectance R and R;, retrieved
from the experimental data, as it is explained in the previous sec-
tion. The angular step was 1° for the 1LG/SiO,/Si sample (R; red
line and R, magenta line) and 0.5° in case of 3LG/Si0,/Si (Rs
black line and R, grey line). For both specimens, the uncertainty
associated with the reflectance is 10% in 5°-15° angular range
and 5% in 15.5°-85°. The associated errors were calculated by
applying the error propagation formula.*

In case of 1LG/SiO,/Si, the measurements were also carried
out at CNR-IFN with angular steps of 10° and 5° (R cyan trian-
gles and R, cyan dots) depending on the angular region. Figure 7
shows both data showing a good agreement between synchrotron
and laboratory measurements, except at grazing-incidence
angles, where the alignment of the sample and the

3500
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\ —+— Fitting
2500 —=C-C
- l
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& 2000 H
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Figure 6. X-ray photoelectron (Cls) spectra of 3LG sample measured at
BEAR beamline. The experimental data are reported with the fitting, result-
ing in the underlying contributions due to C—O—C and C—C bonds.
The background line is also shown.
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Figure 7. Reflectance measurements (s- and p-polarization) taken at
BEAR of 1LG/SiO,/Si (R red line and R, magenta line), 3LG/SiO,/Si
(Rs black line and R, grey line), and SiO,/Si (R, blue line and R, green
line) specimens. The inset shows the p-reflectance curves and shift of
the pseudo-Brewster angle in case of 1LG and 3LG on top of SiO,. R cyan
triangles and R, cyan dots refer to measurements of 1LG/SiO,/Si recorded
at IFN.

nonuniformity of the CEM affect the in-house measurements by
adding a slight displacement from the BEAR data and increasing
the uncertainty. The plot includes also the measurements of SiO,
(Rs blue line and R, green line).

We need to introduce the concept of the pseudo-Brewster
angle to explain what we have experimentally observed. In case
of absorptive materials, the Brewster angle is generalized, and we
refer to pseudo-Brewster angle. The pseudo-Brewster angle cor-
responds to the minimum of the p-reflectance. This occurs when
the angle between the reflected and transmitted beams is 90° and
the direction of the reflected beam is parallel to the axis of the
equivalent oscillating dipoles in the region below the surface
interface, where both the reflected and the transmitted waves
originate. In the VUV-EUYV spectral range, most of the materials
are absorptive and, for those, the reflected beam is never totally
extinguished, generating a pseudo-Brewster angle.

The first interesting finding that we immediately note is that
the graphene layers on top of the SiO, induce a decrease in
s-reflectance and a sort of downshift of the pseudo-Brewster
angle. We have used the synchrotron data for determining the
pseudo-Brewster angle positions and the optical constants.
The estimated downshift is 1.5° in case of 1LG and 5° in case
of 3LG, as shown in the inset of Figure 7. It means that the mini-
mum of the p-reflectance curves moves toward smaller incidence
angles as the number of layers increases.

On the contrary, the effect of graphene layer on top of SiO, is
the shift of the pseudo-Brewster angle to larger values in the vis-
ible range.[***4

We need to analyze the interaction of graphene with light to
understand the phenomenon. Graphene layer is the basic ele-
ment of hexagonal graphite. The 2D layered structure determines
the large anisotropic optical properties of graphite. The problem

Adv. Photonics Res. 2021, 2, 2000207 2000207 (5 of 10)
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was well addressed in the study by Marinopoulos,'*” where the

authors have derived the optical absorption of graphene for pho-
ton energy ranging from 0 to 30 eV. The optical absorption is
directly related to the interaction of the electromagnetic wave
with the sample and depends on the dipole oscillator moment
relative to the transition and, consequently, on the band structure
and relative density of state of the material. A strong absorption
corresponds to a large energy transfer between the beam and the
material. Figure 4 and S in the study by Marinopoulos!*”! shows
the optical absorption of graphene for oscillating fields parallel
and orthogonal to the surface of the sample. In case of the par-
allel component, the absorption shows two contributions, one in
the range 0-5 eV photon energy, peaked in the range of 10-30 eV
peaked at about 14 eV. These correspond, respectively, to z—z*
and o—o* interband transitions. For the perpendicular compo-
nent, the absorption spectrum is very weak for low-energy pho-
tons, below 5eV, and shows strong peaks in the range above
10 eV. These correspond to 7—o* and o—z* transitions according
to the selection rules.

Figure 8 shows the pseudo-Brewster angle conditions in
three cases.

1) SiO,/Si in the VUV and visible spectral range; 2) #LG/
SiO,/Si in the visible range; and 3) #LG/SiO,/Si in the VUV
range.

In the visible range, the photon energy is relatively low and the
polarization component with electric field parallel to the gra-
phene layer strongly interacts and induces a dipole component,
P'c, mostly parallel to the surface, (see “visible range” sketch of
Figure 8). This effect superimposed with the dipole component
in the SiO, substrate, Py, generates a rotated P and justifies
the relative shift of the pseudo-Brewster angle to larger values.[**

On the contrary, for relatively large-energy photons, like at
about 10eV and above, both polarizations, perpendicular and
parallel to the graphene layer surface, interact. This gives rise
to a dipole component, P, oscillating in a direction slightly
rotated, as we can observe in the VUV range sketch of
Figure 8 (red arrow). The P'c component superimposed to
the dipole Py justifies the downshift of the pseudo-Brewster
angle. It is exactly what occurs in that experiment as the corre-
sponding photon energy of the hydrogen Lyman alpha is
~10.2eV.

This study is qualitative. A quantitative analysis, which allows
to determine the offset of the photon energy to trigger the down-
shift of the Brewster angle, the conductivity of graphene, and the
functional relationship between the number of layers and the
magnitude of the effect, requires a dedicated measurements
campaign and a set of suitably grown samples that allows to
explore the response as a function of the number of layers.

Before moving on to the study of the optical constants of gra-
phene, we have to know that the materials exhibit a complex
refractive index n=n+ik in the VUV-EUV spectral range.
The terms n and k, real and imaginary parts of the refractive
index, are usually experimentally derived by applying methods
based on reflectance and transmittance measurements com-
bined with optimized algorithms for data fitting analysis.!*"!
Figure 9 and Figure 10 show s- and p- experimental reflectance
with the error bars of 1LG/SiO,/Si (R black line and R, blue
line) and 3LG/SiO,/Si (R, black line and R, blue line) samples.
The curves, retrieved from the BEAR measurements, were fit
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Figure 8. Pseudo-Brewster angle in case of uncoated bulk SiO,/Si (TOP),
graphene/ SiO,/Si structure in the visible spectral region (middle), and in
the VUV spectral region (bottom). The arrows represent the classical emit-
ting dipole components for bulk SiO,, (black), for graphene film, (red),
and the dipole component of the structure (green), resulting in the super-
position of the contributions from the SiO, bulk and the surface layers.

using IMD software to estimate the optical constants of gra-
phene.”” The IMD code takes into account parallel uniform
layers of isotropic materials. The fitting procedure is based on
the simulation of the sample structure by decomposing it into
homogeneous layers corresponding to the various elements,
materials, and compounds constituting the sample. In this case,
from the bottom up to the surface exposed to the probing radia-
tion, the layers are Si, SiO,, and G, as shown in Figure 1. At each
interface, the Fresnel coefficients for reflection and transmission
of the incident fields, according to the polarization state of the
electromagnetic (EM) wave, are recursively applied, whereas
the thickness of each layer is taken into account as a phase prop-
agation and amplitude factor. The fitting procedure can be rela-
tively straightforward in the case of multilayer structures with
thicknesses of a few nanometers. However, in case of graphene,
the nearly atomic layer thickness and the atomic orbital structure
of the film play a pivotal role for both interfaces and thickness.
We know that by modeling graphene as a uniform homogeneous
layer, we could derive only a sort of “effective refractive index”
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Figure 9. IMD-fitted curves and experimental data of s- and p-reflectance
of TLG/SiO,/Si; the inset shows the zoom of the near-normal incidence
region. Black and blue curves are the experimental R; and R, respectively,
red and green, and the corresponding IMD-fitted curves, assuming one set
of n and k constants for the whole curve in each polarization. The inset
shows large deviation of the fitted data from the experimental one in case
of p-reflectance near-normal incidence.
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Figure 10. IMD-fitted curve and experimental data of s- and p-reflectance
of 3LG/SiO,/Si; the inset shows the zoom of the near-normal incidence
region. Black and blue curves are the experimental R and R,,, respectively,
red and purple, and the corresponding IMD-fitted curves, assuming one
set of n and k constants for the whole curve in each polarization. The inset
shows large deviation of the fitted data from the experimental one in case
of p-reflectance near-normal incidence; however, from the figure it is clear
that the best fit of the R, curve is not well accomplished also for the other
angles.

and “effective optical thickness” that are strictly interrelated
and entangled. Furthermore, the roughness effects are included
on those. The “effective refractive index” and “effective optical
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constants” have been determined by fitting the experimental
data, assuming a classical multilayer model consisting of Si sub-
strate, a bulky layer (285nm) of SiO,, and a thin layer of gra-
phene. The thickness of graphene ranges within 0.34-0.5 nm
for 1LG and 1.4-1.7 nm for 3LG. The best assessment of these
values of thickness was determined as a trade-off, combining the
Raman results and indicating that the optical constants fit for s-
and p-polarization at near-normal incidence should be nearly
equal as they should not depend on the polarization state for
small incidence angles. We used the optical constants reported
in the study by Palik et al.*”! for Si and those derived in some
recent measurements of the same sample for SiO,.*”! Figure 9
and 10 show, together with the experimental curves, the fitted
curves obtained by assuming a thickness derived from the men-
tioned trade off procedure, i.e., 0.34nm for 1LG/SiO,/Si and
1.7 nm for 3LG/SiO,/Si. The reflectance data are well fitted in
the whole angle range (3°-85°) in case of s-polarization. In case
of p-polarized reflectance, the fitting procedure does not con-
verge with the unique set of optical constants in the whole angu-
lar range. Particularly near-normal incidence p-reflectance fitting
deviates significantly from the experimental data. This is shown
in the insets of Figure 9 and 10 and it is true for any graphene
thickness value within the ranges defined earlier. It is clear evi-
dence of optical anisotropic behavior of graphene. As we know in
the isotropic materials, the EM light propagation is independent
of propagation direction within the medium as the dielectric con-
stant and the refractive index are scalar quantities. However, in
anisotropic optical materials, optical response changes with ori-
entation of the sample or incidence angle of light. The dielectric
constant and refractive index depend on the direction of propa-
gation of the EM wave and the polarization direction of the wave
electric field. For example, in the case of uniaxial anisotropy, the
EM wave can be decomposed into ordinary and extraordinary
waves. The ordinary wave follows Snell’s law and the material
has constant refractive index, not dependent on direction of prop-
agation. On the contrary, for the extraordinary wave, the uniaxial
material has refractive index changing with the propagation
direction according to the index ellipsoid. This is the case we face
for graphene, where s- and p-electron bands generate a noniso-
tropic structure.l*®! These results suggest a change to approach
the problem. Accordingly, the angular range was divided into sev-
eral suitable smaller intervals, wide enough to allow reasonable
confidence in the convergence of the fitting procedure to deter-
mine one pair of n and k for each angular segment. In case of the
single-layer graphene, the angular segments identified were two;
however, in the case of the trilayer graphene, seven angular seg-
ments were identified.

Figure 11 and 12 show only the p-experimental reflectance
with the error bars and the fitted curves obtained by following
the method described earlier.

The experimental data are well fitted for both samples. Table 2
shows the data obtained in the fit procedures for n and k as a
function of light polarization and angular regions and
summarizes what is qualitatively shown in Figure 11 and 12.
The uncertainty associated with the values and shown in
Table 2 is determined by taking into account the uncertainty
of the graphene layer. Within the uncertainty, for small incidence
angles and for both samples, ng, ks, and np, k, do not depend on
the light polarization as expected.
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Figure 11. IMD-fitted curve and experimental data of p-reflectance of
1LG/SiO,/Si with the error bars. The experimental curve is shown in black
and colored curves correspond to the fitting for the n and k corresponding
to various angular segments.
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Figure 12. IMD-fitted curve and experimental data of p-reflectance of
3LG/SiO,/Si with the error bars. The experimental curve is shown in black
and colored curves correspond to the fitting for the n and k corresponding
to various angular segments.

To the best of our knowledge, this is the first time that the
experimental optical constants of few-layer graphene have been
measured at hydrogen Lyman-alpha spectral line.

The surface-differential reflectance (SDR) measurement is a
parameter often used to quantitatively estimate the effect of a
very thin layer on top of an optical surface.l*”)

To derive reliable SDR measurements, a very critical and accu-
rate sample preparation procedure has to be followed, obtaining
finally representative samples for both coated and uncoated sur-
faces. This was not the present case; however, we thought that as
the very thin graphene layer should affect mostly the sample sur-
face properties instead of acting as a classical uniform layer,
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Table 2. The real and imaginary parts (n, k) of monolayer and trilayer
graphene in case of s- and p-polarized light.

Open Access,

www.adpr-journal.com

0 10 20 30 40 50 60 70 80 90

Angular segment [°] ng ks Np kp
1LG

3-40 2.65 4 0.25 <107° 2.95 4 0.25 <107°
40-85 2.65+0.25 <107° 0.19 £ 0.05 0.62 +0.07
3LG

3-15 2.48 £0.25 <107° 2.51+£0.14 <107°
12-30 2.48 4+0.25 <107 2.3340.11 <107
25-40 2.48 +0.25 <107° 2.13 +0.09 <107
35-50 2.48 +0.25 <107° 1.83 +£0.05 <107
45-60 2.48 £0.25 <107° 0.37+£0.04 0.64 +£0.01
55-70 2.48 4+ 0.25 <107° 0.5140.06 0.78 +0.01
70-85 2.48 4+0.25 <107° 0.54 4+ 0.06 0.82 4+ 0.05

some sort of SDR qualitative measurements could be derived
from the carried out measurements.

The SDR for s- and p-polarized light can be directly derived by
the experimental reflectances using Equation (1) and (2).

AR\ Ry — R

(SDR), = (=] = 785G T sSi0; (1)
R/ Rssio,

(SDR), = ARY _ Ryc = Rpsio, 2)
P R/, Rpsio,

where, Ry, Ry are the s- and p-reflectance of the sample coated
with graphene and Rgsioz and Rpsio; are the s- and p-reflectance
of bare substrate, respectively.

The theoretical SDR for s- and p-polarized light can be esti-
mated by the relationships presented in various studies,®%>"!
respectively, that are based on the ultrathin approximation of
films and directly depend on the optical constants. We used
the retrieved optical constants values to calculate the theoretically
estimated SDR using the relationships presented in the afore-
mentioned studies.

Figure 13 and 14 show the 1L graphene experimental SDR
and SDR;, together with the calculated trends calculated using the
retrieved optical constants shown in Table 2 and the relationships
reported in various studies.?%>"

Similarly, Figure 15 and 16 show the same comparison for
3LG graphene sample. Taking into account the fact that the
samples were not properly prepared for SDR measurements
and that the derived optical constants are only “effective” as it
was not possible to unequivocally distinguish the thickness
and the refractive index within the adopted approximation, we
can conclude that the results clearly confirm how graphene
affects the optical properties of the sample surface.

4, Conclusion

Optical properties of 1LG and 3LG over dielectric substrate were
investigated experimentally at hydrogen Lyman-alpha spectral
line. The optical performance of the graphene samples over
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Figure 13. Comparison of 1LG (SDR), experimental and (SDR)s
calculated theoretically using the experimentally retrieved optical
constants. Experimental data with error bars are represented in black
and the calculated data in blue.

the dielectric substrate (SiO,) was studied in terms of reflectance,
pseudo-Brewster angle, and optical constants of graphene layers.
Optical anisotropy with the axis of symmetry nearly perpendicu-
lar to the surface and coherently related to the p-orbital structural
orientation has been demonstrated for the first time at 121.6 nm.
In contrast to the literature, a novel downshift of the pseudo-
Brewster angle due to graphene was reported and discussed
in detail. Anisotropic “effective optical constants” corresponding
to the effective thickness of both samples of graphene (1LG and
3LG) were determined for the first time to the best of our knowl-
edge. Furthermore, the retrieved optical parameters were
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Figure 14. Comparison of 1LG (SDR), experimental and (SDR), calcu-
lated using the retrieved optical constants corresponding to the defined
angular segments of the reflectance data. Experimental data with error
bars are represented in black and the calculated data for each angular seg-
ment are represented in different colors.
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Figure 15. Comparison of 3LG (SDR), experimental and (SDR)s calculated
theoretically using the retrieved optical constants. Experimental data with
error bars are represented in black and the calculated data in red.

0 10 20 30 40 50 60 70 80 90

2.0 —®— SDR;(calc)(n,k for 3-15°)

| —®— SDR;(calc)(n,k for 12-30°)
A SDR (calc)(n,k for 25-40°)

—v— SDRy (calc)(n,k for 35-50°)
<~ SDRj (calc)(n.k for 40-55°)

KJ'O‘ —»— SDR, (calc)(n.k for 55-70°) 10
8 #  SDR, (calc)(n,k for 55-85°) 1
05- —e— SDR, (calc)(n k for 70-85°) = 05
| =+~ SDR, (exp) 3LG ]
d00
05
)

incidence angle (°)

Figure 16. Comparison of 3LG (SDR), experimental and (SDR), calcu-
lated using the retrieved optical constants corresponding to the defined
angular segments of the reflectance data. Experimental data with error
bars are represented in grey and the calculated data for each angular
segment are represented in different colors.

qualitatively analyzed using surface differential reflectance anal-
ysis. This is the first experimental optical analysis of graphene at
VUV spectral region, which can open up new prospective appli-
cations and utilization of it for space instrumentation, advanced
lithography systems, etc.
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