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ABSTRACT

In this report, we demonstrate a method for the enhancement of Raman active modes of hydrogen-intercalated quasi-free-standing epitaxial
chemical vapor deposition graphene and the underlying semi-insulating 6H–SiC(0001) substrate through constructive signal interference
within atomic-layer-deposited amorphous Al2O3 passivation. We find that an optimum Al2O3 thickness of 85 nm for the graphene 2D mode
and one of 82 nm for the SiC longitudinal optical A1 mode at 964 cm–1 enable a 60% increase in their spectra intensities. We demonstrate the
method’s efficiency in Raman-based determination of the dielectric thickness and high-resolution topographic imaging of a graphene
surface.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0082694

Although intensively researched since the 2004 original work of
Novoselov,1 graphene remains an attractive two-dimensional (2D)
material for Raman study. However, due to its one-atom-thick struc-
ture, it transmits much of the incident light,2 generating only a small
portion of scattered radiation.3 Moreover, the reduced intensity of gra-
phene spectra hinders the determination of its subtle characteristics,
including vacancies, edge structure, doping type and level, attached
functional groups, and crumpling.3,4

Enhancement of the Raman signal intensity is currently among
the most researched directions in developing Raman-based characteri-
zation techniques of all 2D materials as it elevates detection limits of
their fine structural properties. The interest in Raman signal intensifi-
cation is also triggered by the wide range of applications it can benefit.
These include biochemistry and biosensing,5–7 polymer and materials
science,8–11 catalysis,12,13 electrochemistry,7,14 the study of high-
temperature processes,15 and detection of hazardous gases.7,16

Traditionally, the Raman signal is intensified by either surface-
enhancement17 (SERS) or interference-enhancement (IERS). The first
technique takes advantage of plasmonic effects occurring on the surface
of nanostructured metallic particles placed onto the studied material.18

The latter method was first described by Connell in 1980.9 It assumes
that the effective reflection of a coherent signal from a stack of dielectric
layers is limited by wave interference, which leads to the signal’s ampli-
fication or extinction. In a system of a beam traveling through the
air and reaching the surface of a stack of two dielectric layers, of which
the top one is described by a refractive index n1 and the bottom one
by n2, the condition for wave enhancement assumes that the optical
thickness of the top layer d1n1, d1 being the top layer’s physical
thickness, is given by

2d1n1 ¼ mþ 1
2

� �
k; m ¼ 0; 1; 2;…; (1)

where m is a natural number, 12 describes phase shift by p for n2 > n1,
and k is the signal’s wavelength.

The material under study may be placed on top of a two-layer
system comprising a phase-shifting dielectric on a light-reflecting sub-
strate.3,10,19 It has been found by Gao et al. that graphene modes are
significantly amplified when it rests on a 70-nm-thick Al2O3 layer on a
silicon substrate.3 In addition to aluminum oxide, SiO2,

11 TiO2,
20 or

one-dimensional photonic crystals21 can be used as phase-shifting
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layers. What remains essential for IERS is the number of the graphene
layers as it was proven by Wang et al. that in a stack of ten or more of
them on SiO2, the Raman signal is intensified by light multi reflections
from the individual sheets.11

This research presents an interesting approach to the
interference-enhancement of graphene-related and substrate-related
Raman active modes in a system comprising graphene sandwiched
between two dielectric layers. The top-most layer is atomic-layer-
deposited (ALD) amorphous Al2O3, and the bottom one is semi-
insulating monocrystalline SiC(0001), as it is the primary structure
suggested for the environmentally protected high-temperature Hall
effect sensors.22,23

We exploit a model proposed by Vanco et al.,24 which describes
Raman signal amplification through an enhancement factor (EF). The
model is adapted for the Al2O3/graphene/SiC system and a reference
one of Al2O3 on silicon. With the Al2O3 layer thickness spanning the
range between 0 and 180nm, we plot theoretical lines of the EF deter-
mined for the SiC longitudinal optical (LO) A1 mode at 964 cm–1 and
the Si-related mode at 520 cm–1 and confront them with the EF’s
experimental values to find significant correspondence. The experi-
mental verification is further enriched with graphene G and 2D modes
that prove most pronounced at a specific passivation thickness.

Finally, upon the analysis of the theoretical and experimental EF
related to the Al2O3 thickness and supported by spectroscopic ellips-
ometry, we consider two practical applications of passivation-
enhanced Raman spectroscopy—improved topographic imaging of
the graphene surface and Raman-based assessment of the dielectric
thickness.

Quasi-free-standing (QFS) graphene25,26 was grown on a semi-
insulating vanadium-compensated on-axis 20� 20mm2 6H–SiC(0001)
substrate (II-VI, Inc.) through epitaxial chemical vapor deposition
(CVD) followed by in situ hydrogen-intercalation27 in the hot-wall
Epigress VP508 reactor.28 Propane was used as a carbon source.
Then the substrate was diced into several 5� 5mm2 individual
samples to guarantee possibly high uniformity of graphene and the
substrate properties.

Amorphous Al2O3 was applied onto the 5� 5mm2 QFS gra-
phene on SiC samples by atomic layer deposition (ALD) in a 4-in
Picosun R200 advanced at 300 �C. Trimethylaluminum (TMA) and
de-ionized water (DI) were used as the source of aluminum and
oxygen, respectively. A reference silicon sample (with the native oxide
pre-removed with water-diluted hydrofluoric acid) was added to each
process. The deposition procedure consisted of an annealing step at
300 �C followed by 250–1250 cycles (500–2500 half-cycles of DI and
TMA) at the same temperature. Following the threshold of 40 cycles
suggested by Schilir�o et al. for non-intercalated n-type graphene,29,30

the minimum number of 250 cycles was expected to guarantee full
and homogeneous coverage, even though the p-type conductance only
limited the already hindered nucleation of Al2O3.

The reference silicon samples present in the ALD processes were
used to verify the physical thickness of the deposited Al2O3 layers
using the EP4SE Accurion spectral imaging ellipsometer. It was
assumed that the graphene on SiC samples shared identical passivation
thickness and, therefore, was not verified. The measurements were car-
ried out in a nulling regime for the spectral range of 300–500 nm with
a step of 5 nm and an angle of incidence (AOI) equals 50�. A
Nanochromat NC2 UV-VIS-NIR microscope objective with a field of

view (FOV) of 0.78mm was used for the measurement. The physical
thickness of the Al2O3 layers was derived from an Accurion pre-
defined model for amorphous aluminum oxide.

Single Raman spectra of graphene, the underlying silicon car-
bide,31 and the reference silicon substrates were obtained in a back-
scattering geometry of the Renishaw inVia confocal microscope using
the 532-nm (2.33 eV) line of a continuous-wave Nd:YAG laser and the
Andor Newton CCD detector. A 5� objective with a numerical aper-
ture (NA) of 0.25 was chosen for the Si-related mode 520 cm–1 in full
accordance with the Vanco et al. publication. In the case of the
faint signal of epitaxial graphene on SiC, we were forced to use a
100� objective with NA¼ 0.95 to be able to extract meaningful data.
Following this restriction, we used the same conditions (100� objec-
tive) to visualize the SiC-related longitudinal optical (LO) A1 mode at
964 cm–1 only to be able to directly compare both images. The laser
power was kept at 100% (13.5 mW) throughout the experiment. The
signals of the SiC-related and the Si-related modes were recorded in
the near-surface region and averaged five times to improve their
readability.

A 4624-point 20� 20lm2 map imaging graphene on SiC was
measured with a lateral step of 0.3lm in both the X and Y directions.
It spanned the spectra from 1300 to 2830 cm–1 and was repeated 4lm
below the SiC(0001) surface to provide reference for the graphene
modes fitted with a mixture of Gaussian and Lorentzian line shapes.

In order to plot the theoretical EF curves as a function of the
Al2O3 thickness ranging from 0 to 180nm based on the model
adapted from Vanco et al., it was assumed that graphene has a negligi-
ble volumetric contribution to the dielectric stack, and therefore, its
optical properties may be ignored in the theoretical model. What was
accounted for were the wavelengths of the incident laser line (532 nm)
and the back-scattered signals bearing in mind that the Si-related
Raman mode at 520 cm–1 corresponds to a Stokes line of 547nm, the
SiC-related Raman mode at 964 cm–1 to a Stokes line of 561nm, and
the graphene 2D mode at 2708 cm–1 to 621nm.

Refractive indices necessary to calculate the amplitude reflection
coefficients rij ¼ ni�nj

niþnj, where n is the refractive index and i, j label the

different materials,24 were copied from models for crystalline silicon
carbide and crystal silicon delivered by the EP4SE Accurion library
and summarized in Table I.

Schematics of the two considered systems: Al2O3-passivated QFS
graphene on 6H–SiC(0001) and the reference Al2O3-passivated silicon
are shown in Fig. 1.

TABLE I. Refractive indices and amplitude reflection coefficients used to calculate
theoretical EFs at wavelengths of the incident light and the scattered Stokes lines.

Laser 532 nm Si 547 nm SiC 561 nm GR 621 nm

n1 (Air) 1.000 1.000 1.000 1.000
n2 (Al2O3) 1.664 1.663 1.662 1.659
n3 (SiC) 2.713 � 2.699 2.678
n3 (Si) 4.152 4.096 � �
r12 �0.249 25 �0.248 97 �0.248 69 �0.247 84
r23 (SiC) �0.239 66 � �0.237 79 �0.234 96
r23 (Si) �0.427 79 �0.422 47 � �
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The comparison of the theoretical EF with the experimentally
found values for the two considered systems from Fig. 1 is presented
in Fig. 2. It is evident that the EF measured for the SiC LO A1 mode at
964 cm–1 (marked in beige), the Si mode at 520 cm–1 (marked in gray),
and the graphene 2D mode at 621 cm–1 (marked in black) correlate
with the theoretical predictions.

The enhancement factor for the SiC mode at 964 cm–1 reaches its
highest value EF¼ 1.60 for the Al2O3 thickness d¼ 82nm. In the case
of the Si mode at 520 cm–1, the highest value of EF¼ 2.33 occurs at
d¼ 81nm. Since the wavelength of the scattered signal associated with
the graphene 2D band is slightly longer, the corresponding EF equals
1.59 at d¼ 85nm. In all cases, the optimum passivation thickness is

consistent with the quarter-wavelength of the incident 532-nm laser
line in amorphous aluminum oxide.

As the wavelength of the scattered light associated with the gra-
phene G band at 1590 cm–1 is 40 nm shorter than the one of the 2D
band, the theoretical EF curve for the former is expected to lie between
the one for the SiC LO and the graphene 2D. The effect of signal
enhancement on the individual Raman spectra of QFS graphene on
SiC is illustrated in Fig. 3.

Spectroscopic ellipsometry is a valuable method for determining
the thickness of a dielectric and its refractive index. However, fitting
experimental data points to spectroscopic models may prove demand-
ing in complex multi-layer structures. Here, we propose an alternative

FIG. 1. Schematic of the two considered
systems. (a) Amorphous atomic-layer-
deposited Al2O3 on hydrogen-intercalated
QFS epitaxial CVD graphene on semi-
insulating vanadium-compensated on-
axis 6H–SiC(0001). (b) Amorphous
atomic-layer-deposited Al2O3 on refer-
ence monocrystalline silicon.

FIG. 2. Theoretical (dashed lines) and experimental (square symbols) enhance-
ment factor (EF) for the SiC LO A1 mode at 964 cm–1 (marked in beige), the Si
mode at 520 cm–1 (marked in gray), and the QFS graphene 2D mode at 2708 cm–1

(marked in black), all as a function of the Al2O3 physical thickness. The error bars
come as standard deviations (1r) of the measured EFs.

FIG. 3. Individual Raman spectra of hydrogen-intercalated QFS epitaxial CVD gra-
phene on semi-insulating vanadium-compensated on-axis 6H–SiC(0001) as intensi-
fied by the varying thickness of the atomic-layer-deposited Al2O3 in the range
between 45 and 154 nm. The figure corresponds to Fig. 2. The colors of the individ-
ual spectra reflect gradual change in the signal intensity.
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method for calculating the passivation thickness. The method draws
from the above-described changes of the EF of the substrate-related
Raman active modes and the theoretical curves serving as a calibration
standard.

If one treated the dashed gray line from Fig. 2 as a calibration
curve for Al2O3 layers on silicon then knowing the experimental EF of
the substrate-related mode at 520 cm–1, they could assess the dielectric
thickness. A good comparison of Raman-based and ellipsometric veri-
fication of the Al2O3/Si samples as a function of the number of the
ALD cycles is presented in Fig. 4. The comparative ellipsometric
assessment was provided through the Accurion model for amorphous
aluminum oxide.

It can be concluded that within a measurement error of 5% or
less, it is possible to determine the Al2O3 thickness. There is an inher-
ent disadvantage of the technique resulting from the theoretical EF
curve’s cyclic character that ascribes multiple values of the dielectric
thickness to a single EF, hence the two possible datasets for the

Raman-derived thickness [green squares in Fig. 4(c)]. With little addi-
tional knowledge of the material under study, one may deduce the cor-
rect value from two possibilities. In this experiment, the correct dataset
in Fig. 4(c) is the ascending one (surrounded by an ellipse). Still, bear-
ing in mind the micro-Raman setup’s potential for high-resolution
mapping in X and Y directions, the Raman-based verification offers
the possibility for precise thickness mapping.

Another possible use of signal interference amplification is the
improvement of micro-Raman topographic imaging. As previously
evidenced in Fig. 2, a 69-nm Al2O3 passivation provides a 44% higher
intensity of the graphene modes. Therefore, one should expect
improvement in the quality of intensity-dependent topographic imag-
ing based on the SiC substrate response31 over imaging that is inten-
sity-independent, which holds for the 2D band’s FWHM (full width at
half-maximum). Figure 5 illustrates the 4624-point 20� 20lm2

Raman map of a QFS graphene on the SiC sample passivated with a
69-nm layer of Al2O3. The map exposes five terraces and four-step

FIG. 4. Comparison of Raman-based (green squares) and ellipsometric (red stars) verification of the thickness of atomic-layer-deposited (ALD) Al2O3 on silicon. (a)
Experimental enhancement factor (EF) for the Si mode at 520 cm–1 as a function of the number of the ALD cycles. (b) Physical Al2O3 thickness as a function of the EF. (c)
Physical Al2O3 thickness derived from (a) and (b). (d) Physical Al2O3 thickness derived from spectroscopic ellipsometry. The slopes refer to the regression lines best fitting the
data points.
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edges covered with additional elongated graphene domains, imaged in
two alternative ways.

In this particular sample, the terraces appear to be decorated with
a QFS monolayerplus—a QFS monolayer with some statistical share of
a QFS bilayer, and the step edges appear to be decorated with a QFS
bilayermixed—a QFS bilayer with some statistical share of a QFS mono-
layer and some statistical share of a QFS trilayer, following the original
methodology published in Ref. 31. However, since in this experiment,
no mesa-like structure was fabricated, and therefore, no reference
graphene-free region was available to serve as a normalization factor
for the 964 cm–1 mode intensity, the protocol of Ref. 31 could not be
fully exploited.

Also, the I2D/IG-based verification of the number of the graphene
layers could not be directly applied as the Stokes lines associated with
these modes differ in their wavelength. The 2D mode at 2708 cm�1

corresponds 621nm while the G mode at 1590 cm–1 to 582nm; there-
fore, for a given Al2O3 thickness, they experience different enhance-
ment factors.

The remaining approach judges the number of layers by the 2D
band FWHM. As illustrated in Fig. 5(a) within the terraces, the 2D
band FWHM is �48–53 cm–1 (an expected value of 50.6 cm–1) and
broadens to �48–58 cm–1 (an expected value of 53.2 cm–1) at the step
edges. By common definition, the terraces would be categorized as
containing both a QFS monolayer and a QFS bilayer and the step
edges as a likely QFS trilayer.

Regardless of the structural quality of graphene, it is apparent
that the intensity-dependent SiC LO mode intensity map is of higher
resolution and contains more topographic details than the map of the
intensity-independent 2D bandwidth.

In this report, we have shown that it is possible to enhance Raman
signals of both hydrogen-intercalated QFS graphene and the underlying
semi-insulating vanadium-compensated on-axis 6H–SiC(0001) sub-
strate through constructive signal interference within the applied dielec-
tric passivation, in this case, atomic-layer-deposited amorphous Al2O3.

It was found that an optimum passivation thickness that enables
the highest enhancement factor is a quarter-wavelength of the incident
laser line in Al2O3, only slightly enlarged due to Raman shift of the
back-scattered light. As a result, it is 81 nm for the Si mode at
520 cm–1, 82 nm for the SiC mode at 964 cm–1, and 85nm for the gra-
phene 2D mode.

Two practical applications of passivation-enhanced Raman spec-
troscopy were demonstrated: first, as a tool for the thickness determi-
nation of the deposited Al2O3, fully compliant with ellipsometric
verification, and second, as a resolution intensifier applicable to the
technique of graphene topographic imaging through Raman response
of the substrate.
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