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A B S T R A C T

Incorporating graphene into relevant technologies requires its integration with commercially suitable substrates.
Understanding the interactions between graphene and these substrates is crucial, as graphene serves as an ideal
model system for investigating electronic phenomena. In this work, we report the optical properties of multilayer
graphene on nickel substrates using spectroscopic ellipsometry. We provide information on the spectral
dependence of optical properties of multilayer graphene, such as the complex dielectric constant, refractive
index, and optical conductivity in the energy range of 1.6–5.0 eV. The optical conductivity profile obtained from
SE analysis showed a symmetrical peak at 4.38 eV, suggesting an interband transition from the π to π* orbital at
the M point. The graphene/Ni interaction generated changes in the number of available states below the Fermi
level, leading to significant changes in electron density. Our result provides the information essential for un-
derstanding relevant research and developing graphene-based optoelectronic applications.

1. Introduction

Graphene, which consists of six carbon atoms in a single-layer hex-
agonal lattice, has attracted significant interest in materials science
following its 2004 discovery because of its outstanding mechanical,
electronic, and optical properties [1,2]. At the K point of the Brillouin
zone, where electrons and holes are present, graphene exhibits a
distinctive linear dispersion band structure, as described by the 2D Dirac
equation [1–4]. The size, speed, and bandwidth limitations in the
semiconductor and optoelectronic industries open up opportunities for
graphene to be a promising candidate for developing next-generation
devices. Among its outstanding features are the extreme electron
mobility that exceeds 10000 cm2 V− 1 s− 1 [5,6], the ability to adjust
carrier density through an external electric field [7], and the cooling and
heating of carriers on pico- and femtosecond timescales [8]. Graphene is
used as a transparent conducting electrode (TCE), increasing the effi-
ciency of photovoltaics [9–11] and TCE for future flexible devices
[12–14]. Exploring the potential of graphene as a protective coating, it

has an sp2 carbon allotrope surface that forms an inherent diffusion and
a physical barrier between the reactive component and the protected
metal [15].

Graphene displays outstanding chemical and thermal stability,
remaining steady at exceedingly high temperatures surpassing 1500 ◦C
in an inert environment [16,17]. Additionally, it offers many advan-
tages, including a high optical transparency (approximately 2.3 % ab-
sorption) in the visible spectrum, as well as enhanced electrical and
thermal conductivity [18–20]. However, experimental samples typically
involve doped graphene due to impurities, defects, substrates, and
similar factors, deviating from the ideal intrinsic graphene structure [21,
22]. Incorporating graphene into relevant technologies requires its
integration onto commercially suitable substrates. Understanding the
interactions between graphene and substrates is crucial, as graphene
serves as a model system ideal for investigating electronic phenomena,
including the electron-electron (e-e) and electron-hole (e-h) interaction
[23,24].

Several theoretical and experimental studies have been conducted to
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investigate the attractive properties of graphene on various substrates.
For instance, density functional theory calculations have explored gra-
phene adsorption on nickel (Ni) surfaces [25], the modified electronic
band structure of monolayer graphite/Ni [26], magnetic and electronic
properties of quasi-freestanding graphene on Ni [27], and investigating
alterations in the electronic structure of a graphene/Ni [28]. Sutter et al.
outlined the electronic structure of few-layer epitaxial graphene on Ru
[29], whereas Moritz et al. identified the matching phase structure of
graphene on Ru [30]. Wintterlin and Bocquet showcased the electronic
structure of metal-graphene systems, where the π band experiences a
notable energy downshift compared to free-standing graphene [31].
Pletikosić et al. provided an extensive description of the electronic band
structures of graphene on Ir(111) [32]. Walter et al. reported on the
electronic band structure of graphene on Cu single-crystal [33].
Consequently, investigating the effects of specific substrates on the
superimposed graphene is essential.

The variations in the interfaces between graphene and various metals
principally arise from differences in lattice alignment and the interac-
tion between graphene and metal. Regarding lattice alignment, the Ni
(111) surface exhibits a high level of similarity with graphene when
compared to other transition metals. The similar lattice matching be-
tween graphene and Ni allows the formation of a 1 × 1 graphene
structure on Ni upon growth at room temperature and standard vacuum
conditions. The π bands of graphene exhibit strong hybridization with Ni
(111) surface [28]. At the same time, the negligible bonding distance of
the initial graphene layer and the lack of distinctive vibrational and
electronic signatures of graphene suggest a similar behavior on Ru
(0001) [29,30]. In metals demonstrating a relatively robust interaction,
the low-index orientations of graphene are often aligned with that of the
metal substrate, as shown in chemical vapor deposition (CVD) growth
[34,35]. The CVD is the current deposition technique capable of pro-
ducing graphene in large areas and very high quality. Its compatibility
with chip fabrication is crucial for practically implementing
graphene-based devices.

Numerous investigations have delved into graphene coated with Ni,
examining the evolution of carbon structure and growth kinetics on the
Ni(111) surface at various temperatures [36]. Comparative studies have
explored direct CVD graphene growth on Ni(111) and polycrystalline Ni
films [37]. In addition, a low-temperature CVD was used to create
single-layer graphene on Ni(111) with epitaxial growth, all done under
ultra-high vacuum conditions [38]. The CVD process has successfully
enabled the production of single-layer graphene on nickel droplets [39].
However, it is essential to note that all these studies primarily optimize
graphene-coated Ni. Understanding the optical characteristics of gra-
phene on a Ni substrate is crucial for fully harnessing its potential across
diverse applications, from optoelectronics to photonics. The interaction
between graphene and Ni is crucial in shaping the optical properties of
the graphene layer. As researchers continue to unveil the intricate dy-
namics between graphene and Ni at the optical level, the insights
gleaned from this exploration offer substantial potential for advancing
the creation of novel devices and technologies. Whether employed in
transparent conductive films, sensors, or energy-efficient optoelectronic
devices, an enhanced understanding of the optical properties of gra-
phene on Ni presents fresh opportunities for innovation and progress in
materials science and engineering.

An in-depth understanding of the optical properties of graphene is
essential, especially in designing graphene-based optoelectronic devices
and improving their performance. Meanwhile, transmittance and
reflectance measurements have determined absorbance and optical
conductivity [40,41]. Essential parameters like the dielectric function or
optical constants are being extracted from these spectra, which present
significant challenges. Several spectroscopic ellipsometry (SE) studies
have dedicated considerable efforts to determining the optical proper-
ties of graphene [42–49]. SE is one of the most well-established,
non-destructive, highly sensitive, and accurate methods of character-
izing the optical properties of materials [50,51]. It measures the change

in polarization when light is reflected or transmitted through a material.
The shift in polarization is represented as the ratio of amplitude (ψ) and
phase difference (Δ). In addition, these values can precisely derive
essential optical parameters such as complex refractive index (N ≡ n −
ik), complex dielectric constant (ε = ε1 − iε2), optical absorption (α),
and optical conductivity (σ). Previous optical evaluations often involved
monolayer graphene, which are generally small in size and requires
intricate experimental procedures [42–49].

Theoretical investigations into the optical properties of graphene
using the GW + Bethe Salpeter Equation (BSE) approach have observed
resonant excitonic phenomena in graphene [52,53]. Experimentally,
resonant excitons have been observed at 4.6 eV and ascribed to
electron-hole interactions inside the optical transition from π to π* orbits
at M-points [41–43,45–47,54–58]. The optical properties of graphene
on standard substrates, such as Si/SiO2 and quartz, were extensively
investigated by SE [42–49,59–62]. Notably, no reports detail the optical
properties of CVD graphene grown on Ni substrates. In this work, we
present an SE analysis of the optical properties of multilayer CVD gra-
phene on Ni within the energy range of 1.6–5.0 eV. Furthermore, we
provide a method for in-depth analysis of the spectroscopic ellipsometry
parameters and optical behavior of graphene. This method has the po-
tential to be readily applied to other two-dimensional materials. Our
findings reveal the emergence of anomalous optical properties observed
in multilayer graphene positioned above a thick Ni substrate.

2. Material and methods

Multilayer CVD graphene on a 10 mm × 10 mm Ni substrate was
acquired from Graphene Laboratories Inc, Graphene Supermarket, US
(https://www.graphene-supermarket.com/products). They typically
consisted of 1–7 layers, with an average thickness of approximately four
monolayers. Graphene on Ni was utilized for the study. Raman spectra of
the multilayer CVD graphene were captured using a 532 nm laser
excitation wavelength, employing a Homemade Raman Spectrometer
equipped with a QE Pro High-Performance Spectrometer from Ocean
Insight and a Raman probe from Thunder Optics. Morphological and
chemical composition analyses, including quantitative analysis of con-
stituent elements, were conducted utilizing a scanning electron micro-
scope with energy-dispersive X-ray spectroscopy (SEM-EDX) on a JEOL
JSM-6510LA instrument. The measurements were conducted in the
range of 0–20 keV with a voltage of 15 kV and a pixel resolution of 1024
× 768. The probe current emitted electrons and determined secondary
or backscattered electrons with an emission of 1 nA.

A rotating-analyzer ellipsometer (RAE) with a spectrometer using a
Red Tide USB-650-UV from Ocean Optics was used to investigate optical
properties. The measurements were carried out at incident angles of 70◦

and 75◦, respectively, at room temperature, spanning the energy range
from 1.6 to 5 eV. The experimental setup for spectroscopic ellipsometry
(SE) is schematically depicted in Fig. 1(a), as described in detail in our
earlier research [63–66]. SE allows for the accurate determination of ψ
and Δ parameters, which are defined by the equation: tan(ψ)exp(iΔ) =

rp/rs, where rp and rs denote the complex reflection amplitudes corre-
sponding to p- and s-polarized light [50]. In this context, ψ represents the
amplitude ratio and Δ indicates the phase difference between p- and
s-polarized reflected light.

The optical constants are obtained by modeling the system using
Fresnel coefficients specifically designed for multi-layered systems, as
depicted in Fig. 1(b). The model includes a Ni bulk layer (layer 4),
multilayer CVD graphene (layer 2), and air (layer 0). Given that the
multilayer graphene exhibits the step morphology of Ni, we propose the
incorporation of extra layers (layer 1 and layer 3) to effectively
accommodate the surface roughness of the graphene layer and the
interface between the graphene and Ni. The Fresnel equation for re-
flected light (p- and s-polarization) at an interface between two layers
may be expressed as follows [50,51]:
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To calculate the optical constant of the multilayer CVD graphene, the
software program IGOR Pro 7 was used to construct a proper isotropic
model to fit the ellipsometry data (ψ and Δ). It is generally well known
that an ideal thin film with a homogeneous and perfectly flat surface is
rare. Thus, many studies mainly involve non-ideal thin films with sur-
face roughness at the top, thickness variations, and optical constants
that varied from top to bottom [51,67]. The thickness of Ni substrate is 1
mm, and the optical constants for Ni were obtained from the database:
https://refractiveindex.info/. The graphene coverage of this product is
about 95 %, with 1–7 layers with an average of 4 monolayer thickness.
The thickness of graphene was difficult to see because it was very thin
and transparent. We utilized a self-consistent iteration analysis to
extract the complex dielectric function and the thickness of films, as in
the previous report [65,68]. As long as the iteration is convergent, the
initial assumption of these parameters should have little effect on the
final acquired values.

First, the dielectric function of multilayer CVD graphene (εMLG) was
fitted into the experimental ψ and Δ data was measured at θ = 70◦,
where the initial value for thickness (d1) was estimated and set at 2.5
nm. In the next step, the resulting εMLG was applied to fit the analysis at
θ = 75◦. The εMLG was fixed and (d1) was subsequently adjusted into the
experimental ψ and Δ data measured at θ = 75◦. The above procedure
was repeated by returning to the data measured at θ = 70◦ and repeating
through the incidence angles, adjusting just one variable at a time while
holding the other constant [69]. From the analysis, it is found that the
thickness of the multilayer graphene is 2.6 nm, close to the sample
specification (average 4 monolayer thickness). If we perform ellipsom-
etry analysis using a data set obtained from different incidence angles or
thin film thicknesses, more reliable ellipsometry results can be obtained
[50]. To account for the surface (EMA 1) and interface (EMA 2)
roughnesses, a Bruggeman effective medium approximation is used, in
which the medium is composed of 50 %: 50 %, which is given by

fa
εa − ε
εa + ε+(1 − fa)

εb − ε
εb + ε=0, (2)

where fa, fb, εa and εb are the fraction of air, the fraction of thin film, the
complex dielectric constant of air and the complex dielectric constant of
the thin film, respectively. From the fitting procedure, the roughness of
our multilayer graphene sample is 0.01 nm. To obtain these dielectric
constants, we utilize oscillators characterized by the Drude-Lorentz
model [50,51]:

ε(ω)= ε∞ +
∑

k

ω2
p,k

ω2
0,k − ω2 − iγkω (3)

The symbol ε∞ refers to the dielectric function at high energy, encom-
passing the contribution from all oscillators at significantly higher en-
ergies than those within the observed energy ranges. The parameters
ω0,k,ωp,k and γk represent the eigen (transverse) energy, plasma energy,
and line-width associated with the k-th Lorentz oscillator, respectively.
The correlation between the optical conductivity σ1(ω) and the ab-
sorption or imaginary part of the dielectric constant, ε2(ω) may be
expressed by the following equation:

σ1(ω)=
ωε2(ω)

4π (4)

By measuring ψ and Δ, the optical constants of the samples can be
calculated. However, this is not a simplistic procedure since the sample
must be modelled, and the data produced by the model should be
compared to the experimental result while adjusting the parameters,
such as optical constants and film thickness. The value that closely
matches the experimental data is determined during this iteration pro-
cedure by reducing the mean square error (χ2) [50]:

χ2 = χ2psi + χ2del (5.a)

χ2= 1
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)
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(
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)

]2)
}

(5.b)

whereM and P are the number of data and parameters, respectively;ψexp
and ψcal are the ψ from the experiment and calculation, respectively;
Δexp and Δcal are the Δ from the experiment and calculation at a specific
frequency ωj, respectively; and (δψ, δΔ) denotes measurement errors in
(ψ,Δ). The mean squared error (MSE or χ2) of the fit at incident angles of
70◦ and 75◦, the MSE values are 0.075 and 0.039, respectively, which is
less than 1, indicating a good fitting result.

3. Results and discussion

We evaluated the structural characteristics of multilayer CVD gra-
phene samples on Ni substrates to verify their quality before optical
measurements. Multilayer graphene on Ni has a Raman spectrum with
distinctive G and 2D peaks at 1575 cm− 1 and 2693 cm− 1, respectively,
and a weak peak at 1345 cm− 1 linked to defects (D band). The Raman
spectrum indicates a multilayer structure with a G to 2D peak intensity
ratio greater than two [70,71], as depicted in Fig. 2(a). Our samples’
surface morphology and elemental composition results are presented in
Fig. 2(b) using SEM-EDX. In Fig. 2(b), a SEM image of the multilayer
CVD graphene surface is shown at a magnification of 5000 × . The
image reveals a consistently uniform surface, indicating the high quality
of the multilayer CVD graphene, with minimal residue and enhanced
brightness observed in regions with wrinkles. The carbon atom con-
centration is approximately 29.66 %, while nickel constitutes 70.34 %,
distributed uniformly across the sample area.

We performed SE measurements at various angles of incidence to
examine the dielectric function of multilayer graphene on Ni. Since SE
measurements give the real and imaginary components of the dielectric
function directly, they are usually favoured. On the other hand, other
methods, such as direct reflectivity, need a Kramers-Kronig trans-
formation. Fig. 3(a) and (b) display the experimental data for ψ and Δ
corresponding to graphene on Ni, obtained from SE measurements at
incident angles of 70◦ and 75◦. Initially, we analyzed these ψ and Δ data
by fitting the experimental data to the dielectric model. The black
dashed lines represent the best-fit model results, closely matching the
experimental data. The optical constants of an optical multilayer system
are employed by using the Fresnel coefficients, as shown in Fig. 1(b)

Fig. 1. (a) Schematic illustration of a spectroscopic ellipsometry (SE) setup and
(b) Optical model of multilayer CVD graphene on Ni.

H. Maulina et al. Optical Materials 157 (2024) 116300 

3 

https://refractiveindex.info/


Fig. 4 illustrates the spectral variation of the optical characteristics of
multilayer graphene on Ni. In Fig. 4(a), both the real part (ε1) and the
imaginary part (ε2) of multilayer graphene on Ni are depicted. The
dispersion response of ε1 showed a positive trend, extending up to 4.2
eV, followed by a transition of a negative trend around 4.5 eV. Notably,

ε2 exhibited optical transitions with a distinctive narrow peak at 4.38
eV. The energy involved corresponds to the critical point linked to the
van Hove singularity in the joint density of states, which is related to the
interband transitions among π→π* orbitals around the M point of the
graphene Brillouin zone [2,7,41,72]. Trevisanutto et al. reported the
occurrence of the π→π* transition around 5 eV [53]. However, Yang
et al. proposed the π→π* transition occurring at 4.5 eV using GW + BSE,
a method that considers both e-e and e-h interaction [52]. In Fig. 4(b),
the obtained trends for refractive indices (n) and extinction coefficients
(k) of multilayer graphene on Ni are illustrated, focusing mainly on the
van Hove singularity region (4–5 eV). Beyond 1.6 eV, as photon energy
rises, the extinction coefficient (k) initially decreases, followed by an
increase, reaching its peak at approximately 4.8 eV. Concurrently, the
refractive index (n) experiences a decline around this energy level.

The optical conductivity (σ1) is linked to the imaginary part of the
dielectric constant (ε2). Fig. 5 illustrates the optical conductivity (σ1) of
multilayer graphene on Ni, showing a symmetrical peak at 4.38 eV. With
the prediction calculation using the local density approximation method
that only considers band-to-band transitions, the optical transition peak
at 4.1 eV is obtained. Nevertheless, the projected optical transition peak
shifts to 5.2 eV by integrating electron-electron interactions via the GW
approach. Additionally, introducing electron-hole interactions foresees
a 600 meV redshift in the optical transition peak, moving it from 5.2 eV
to 4.6 eV [52]. The peak position of σ1 for multilayer graphene on Ni, it
occurs at 4.38 eV. By using Fano parameters (q = − 1.29, Γ = 0.89 eV,
and Eres = 4.68 eV), we can explain the phenomenon of the redshift seen
in the peak, which initially occurred at 5.3 eV. However, the proposed
model cannot match the notably symmetric shape of our data, as illus-
trated in Fig. 5. As a result, this suggests the minimal impact of the
excitonic contribution to this observed redshift [23].

Fig. 6 illustrates the simplified energy band and optical transition
states to clarify the measured optical conductivity and possibilities

Fig. 2. (a) Raman shift and (b) SEM-EDX elemental mapping image of multilayer CVD graphene on Ni: (i) morphology, (ii) total (insert table for the atomic and mass
percentage of various elements), (iii) C, and (iv) Ni.

Fig. 3. The SE measurement data (ψ and Δ) of multilayer CVD graphene on Ni
at the angle of incident:(a) 70◦ and (b) 75◦.

Fig. 4. (a) Complex dielectric constant and (b) Complex refractive index of
multilayer CVD graphene on Ni.

Fig. 5. The real part (σ1) of optical conductivity (green lines) of multilayer CVD
graphene on Ni with Fano line-shape analysis (black dashed lines). The σcont(ω)

represents the unperturbed band-to-band transition, depicted by the red lines.
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transition in graphene/Ni based on projections obtained from DFT.
These scenarios encompass two distinct processes: (i) significant charge
transfer from the Ni to graphene, leading to electron doping [73], and
(ii) the subsequent influence of this electron doping on the optical
conductivity of graphene [72]. In theory, substantial shifts occur in the
Fermi level upon deposition of graphene onto a metal substrate like Cu
or Ni. These shifts are influenced by factors such as the interface be-
tween graphene/Ni and the work function of Ni [73]. Electron doping
effectively shields e-h interactions while amplifying the impact of e-e
interactions. As shown in Fig. 6(a), the red arrows indicate the potential
transitions, which denote states that are higher than the Fermi level.
Unreachable states are those above the Dirac point and below the Fermi
level (shown by a crossed red arrow). When graphene interacts with a Ni
substrate, it offers a shift in the Fermi level above the Dirac point. This
result resembles the Fermi shift of 0.5 eV when graphene interacts with
Cu substrates [73].

Fig. 6(b) presents an energy state diagram illustrating the peak po-
sitions within the optical transitions observed in graphene. The dashed
lines and arrows in the graph correspond to electron-doped graphene
based on theoretical predictions [72]. The purple dashed line at 4.11 eV
corresponds to the results generated by the local density approximation
principle, which explicitly considers band-to-band transitions. The light
blue dashed line around 4.73 eV shows the prediction obtained from the
GW model, which has a many-body e-e interaction. The light green
dashed line at 4.53 eV represents the energy level based on the predic-
tion with the GW + BSE approach by including the e-h interaction [72].
Our experimental findings demonstrate a 4.38 eV symmetric peak po-
sition in σ1, demonstrated by the thick green line. However, due to the
charge transfer and lattice mismatch between graphene and the Ni
substrate in our case, the optical transition peak changes to 4.38 eV. The
interaction between graphene/Ni substrate alters the number of avail-
able states below the Fermi level, leading to significant changes in
electron density and the work function.

4. Conclusion

In conclusion, we have characterized the optical properties of
multilayer graphene on nickel (Ni) substrates using spectroscopic
ellipsometry. The general optical spectral behavior of the refractive
index and dielectric function from infrared to visible energy ranges,
along with the sharpness and intensity of the main peak, and the
convergence toward the universal value of optical conductivity at

infrared energies. We observe an optical transition through the optical
conductivity peak around 4.38 eV. This peak is related to the interband
transition from π to π* orbitals at the M-point. This peak shifts from 4.6
eV (for free-standing graphene) to 4.38 eV, which is related to the charge
transfer and work function of the Ni substrate and causes a change in the
number of states below the Fermi level in graphene. An understanding of
the optical properties of graphene on Ni is essential to fully utilizing its
potential in various applications, particularly graphene-based opto-
electronic devices.
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[25] S.M. Kozlov, F. Viñes, A. Görling, Bonding mechanisms of graphene on metal
surfaces, J. Phys. Chem. C 116 (2012) 7360–7366, https://doi.org/10.1021/
jp210667f.

[26] A. Nagashima, N. Tejima, C. Oshima, Electronic states of the pristine and alkali-
metal-intercalated monolayer graphite/Ni(111) systems, Phys. Rev. B 50 (1994)
17487–17495, https://doi.org/10.1103/PhysRevB.50.17487.

[27] A. Varykhalov, J. Sánchez-Barriga, A.M. Shikin, C. Biswas, E. Vescovo, A. Rybkin,
D. Marchenko, O. Rader, Electronic and magnetic properties of quasifreestanding
graphene on Ni, Phys. Rev. Lett. 101 (2008), https://doi.org/10.1103/
PhysRevLett.101.157601.

[28] A. Grüneis, D.V. Vyalikh, Tunable hybridization between electronic states of
graphene and a metal surface, Phys. Rev. B Condens. Matter 77 (2008), https://doi.
org/10.1103/PhysRevB.77.193401.

[29] P. Sutter, M.S. Hybertsen, J.T. Sadowski, E. Sutter, Electronic structure of few-layer
epitaxial graphene on Ru(0001), Nano Lett. 9 (2009) 2654–2660, https://doi.org/
10.1021/nl901040v.

[30] W. Moritz, B. Wang, M.L. Bocquet, T. Brugger, T. Greber, J. Wintterlin, S. Günther,
Structure determination of the coincidence phase of graphene on Ru(0001), Phys.
Rev. Lett. 104 (2010), https://doi.org/10.1103/PhysRevLett.104.136102.

[31] J. Wintterlin, M.L. Bocquet, Graphene on metal surfaces, Surf. Sci. 603 (2009)
1841–1852, https://doi.org/10.1016/j.susc.2008.08.037.
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