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ABSTRACT: The understanding and control of complex optical
conductivity of graphene is the central endeavor in design and
optimization of graphene-based optical modulators and photo-
detectors. Here, we study the complex optical conductivities as a
function of the thickness and stacking order in triple-layer
graphene through spectroscopic ellipsometry and first-principles
calculations. The increase in thickness allows for continuous
shifting of the position of the zero-cross point in the imaginary part
of the complex optical conductivity and leads to the tunable optical
response of plasma in graphene. Two feature peaks are observed in
the optical conductivity spectra of graphene, whose center energies
are accurately determined and found to exhibit “V” shape evolutions versus the thickness. The first-principles results show that the
excitonic strength decreases with the increasing layer, and the ABA stacking order in triple-layer graphene has a more localized and
stronger exciton charge distributions and larger exciton strength than the ABC stacking order. The different excitonic strengths in
two main stacking orders (i.e., ABA and ABC) of the triple-layer graphene are the key reason for different layer-dependent evolution
trends of the center energies of feature peaks. By comparing the experimental and theoretical results, the triple-layer polycrystalline
graphene in our experiment should mainly be the ABC stacking order.
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■ INTRODUCTION

Graphene, the first reported two-dimensional (2D) material, is
a hexagonal crystal carbon sheet with a thickness of a single
atomic layer, first exfoliated by A. K. Geim and his associates in
2004.1 Over the past 2 decades, graphene-related research
studies have attracted a lot of attention and many unique
properties of graphene and its derivatives have been observed
and reported.2−4 As a truly 2D system and a semimetal in
which the low-energy dispersion is described by the massless
Dirac fermions, graphene exhibits various extraordinary
electronic characteristics, such as the high carrier mobility,
ballistic electron transport, chiral quantum hall effects,
quantization of the conductivity, and weak localization.3,5

These intriguing electronic properties make graphene ideal for
applications in field-effect transistors, plasma displays, field
emitters, solid-state gas sensors, and low-power spintronics.3,6,7

Except for the electronic properties, graphene-based
materials also exhibit a lot of unique and intriguing optical
properties, such as the diverse photoluminescence spectrum of
graphene and graphene oxide, gate-dependent optical
absorption, and the universal optical conductivity πe2/2h for
monolayer graphene in the infrared (IR) regime.8−10 The
graphene films, modulated with defects, doping, and thickness,
have successfully given rise to more intriguing optical

properties in experiments.11,12 In this respect, the triple layer
is an ideal research subject. Different from monolayer and
bilayer graphene, triple-layer graphene has two common
stacking orders: ABA (Bernal) stacking order with mirror
symmetry or ABC (rhombohedral) stacking order with
inversion symmetry.13−15 Owing to different crystal symme-
tries and distinct interlayer interaction strength, it has been
indicated that the physical properties of ABA stacking
graphene are significantly different from ABC stacking
graphene.16,17 In order to design new graphene-based materials
and extend more applications in optical modulators and
photodetectors, revealing the origins of the optical/electronic
properties of various graphene structures is one of the major
goals of the experimental and theoretical investigations.
Among various optical and electronic properties of

graphene, the complex optical conductivity, which is caused
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by the diffusion current, plays a pivotal role in developing
optoelectronic devices, including optical modulator, photo-
detectors, ultrafast laser, and so forth.18−20 Therefore, the
complex optical conductivities of graphene films have been
widely studied by different kinds of approaches, such as
numeric calculation, reflection spectrometry, UV−visible
ellipsometry, and the first-principles calculations.21−25 Stauber
et al. computed the real part of the optical conductivity
spectrum of graphene based on the general noninteracting
tight-binding model in the visible range and showed that the
corrections of Dirac-cone approximation were relatively
small.21 Mak et al. measured the real optical conductivity of
graphene in a broad spectral range with the help of reflection
spectrometry and provided that the excitonic effects have a
dramatic effect on the optical response of graphene.22 Chang et
al. showed a simple and robust technique based on
spectroscopic ellipsometry (SE) that can extract the complex
optical conductivity of monolayer and bilayer graphene from
ultraviolet to mid-IR wavelengths.23 Lui et al. observed direct
IR conductivity signatures caused by a tunable band gap of
approximately 120 meV in ABC triple-layer graphene by
applying perpendicular electric fields.24 With the help of first-
principles calculations, Havener et al. reported a systematic
research on the real optical conductivity of twisted bilayer
graphene over a large energy and angle range.25 However, the
intensive research on the layer-dependent evolution of
graphene films’ complex optical conductivity is still lacking
and the impact of triple-layer graphene’s stacking orders on the
optical conductivity remains to be discovered, which can shed
important light on the physic mechanisms in optical
conductivity and provide guidance to control the optical
response of graphene films.
In this work, we systematically investigate the complex

optical conductivities of monolayer, bilayer, and triple-layer

graphene over an ultrawide energy range of 0.73−6.43 eV by
combining SE with the first-principles calculations. Our studies
reveal that as the thickness of the graphene film gradually
increases, the zero-cross point (Ezc) in the imaginary complex
optical conductivity (σi) spectra presents a red-shift trend and
the negative range (σi < 0) is getting wider, indicating that the
optical response of plasma in graphene can be adjusted and
tuned by the thickness. By applying differential spectrum
analysis, the center energies of feature peaks in the complex
optical conductivity can be accurately determined and they
exhibit “V” shape evolutions versus the thickness. First-
principles results present that the exciton charge distributions
of the ABA stacking order are more localized and stronger than
that of the ABC stacking order, and the excitonic effects are
larger in the ABA stacking order, resulting in the different
evolution trends of the center energies of feature peaks with
the increasing thickness. These findings can provide practical
guidance to accurately model and design graphene-based
optical modulators and photodetectors.

■ RESULTS AND DISCUSSION
Monolayer graphene, as an isolated layer of graphite, has a two-
dimensional (2D) hexagonal crystal structure, and the unit cell
of the crystal structure consists of two carbon atoms that are
related to each other by mirror symmetry, and the bond length
is 1.42 Å.6 The bilayer graphene uniquely presents an AB
(Bernal) stacking order, while the triple-layer graphene has two
typical stacking orders, that is, ABA (Bernal) and ABC
(rhombohedral), as shown in Figure 1a. Ideal distance between
adjacent graphene layers is 0.334 nm, and the van der Waals
forces dominate the bonding between graphene layers.26 The
optical microscopy (OM) image of the monolayer graphene
shown in Figure 1b presents a flat and smooth surface,
indicating that the chemical vapor deposition (CVD)-grown

Figure 1. (a) Schematic diagram of ABA and ABC stacking order triple-layer graphene films. (b) OM image of monolayer graphene; four test
points are marked with crosses numbered as 1−4. (c,d) Surface roughness and thickness of monolayer graphene determined by AFM. (e) Raman
spectra of 2D modes of two test points in triple-layer graphene; the black lines are experimental data and the red fitted lines are fitted by 6
Lorentzian peaks with FHWM of 25 cm−1. (f) Raman spectra of monolayer, bilayer, and triple-layer graphene films.
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monolayer graphene has good uniformity. Four randomly
selected points are marked on the surface of the monolayer
graphene and measured by Raman spectroscopy. The
measured Raman spectra of these four points are shown in
Figure S1a, and results show that the monolayer graphene has
two characteristic peaks (G, 2D) around 1595.5 and 2681.7
cm−1, respectively, and the G/2D intensity ratio is less than
0.7. The peak position of the G peak is slightly larger than that
of intrinsic graphene (1584 cm−1), which can be attributed to
the attenuated Kohn anomaly effect caused by doping.27−29

Ref 30 shows that the 2D Raman peak is around 2685 cm−1 for
intrinsic monolayer graphene, and the 2D Raman peak
position decreases with electron concentration, but increases
with hole concentration in doped graphene. Therefore, the 2D
peak of 2681.7 cm−1 in our present graphene indicates that our
samples have the n-type characteristics. Figure S1b illustrates
the full width at half maxima (FWHM) of these four test
points at characteristic peaks G and 2D in Raman spectra, and
the FWHM of the peak 2D at these four points is between 28
and 35. The Raman results shown in Figure S1 indicate that
our monolayer graphene film should be one layer thick and
have high crystallinity. Furthermore, the thickness and the
surface condition of the monolayer graphene film are detected
by atomic force microscopy (AFM), as shown in Figure 1c,d.
The AFM images clearly reveal that the roughness value (Rq)
and the thickness of the monolayer graphene film are 0.92 and
1.12 nm, respectively. The thickness of our monolayer
graphene agrees with the previous reported values (from 0.4
to 1.7 nm).31,32 The larger thickness obtained by AFM is due
to the measurement error caused by the tip−surface
interactions, image feedback settings, and surface absorption
of carbon.32 Figure 1e shows the Raman spectra of 2D modes
of two test points in triple-layer graphene, demonstrating that

the ABC stacking order has more asymmetric and broader lines
than the ABC stacking order, consistent with previous
studies.33−35 Based on Raman and IR absorption experiments
shown in Figures 1e and S5, we can infer that our
polycrystalline graphene should mainly be the ABC stacking
order. Other characterization results can be found in the
Supporting Information. Figure 1f shows the comparison of the
Raman results of monolayer, bilayer, and triple-layer graphene
films and shows that as the number of layers increases, the
FWHM and the G/2D intensity ratio gradually increase, and
the position of the 2D peak shows a slight blue-shift tendency,
consistent with the previous reports.36,37 The abovementioned
characterizations illustrate that the graphene films in our
experiments are high-quality, uniform, and relatively flat, which
will be beneficial to the subsequent ellipsometric investiga-
tions.
The ellipsometric spectra of the monolayer, bilayer, and

triple-layer graphene are measured by a commercial dual
rotating-compensator spectroscopic ellipsometer, and the
complex refractive indices and the thicknesses of these
graphene films have been determined by analyzing the
ellipsometric spectra. In the ellipsometric analysis process, an
optical model and a dielectric model are used to determine the
optical properties of graphene films. The optical model used in
our experiment is a three-layer stacking model, including the
ambient air, the graphene layers, and the sapphire substrate, as
shown in Figure S6. The dispersive dielectric function of
graphene films is described by a parameterized model,
consisting of one Tauc−Lorentz, one Lorentz, one Drude,
and two Gaussian oscillators.38,39 Detailed ellipsometric
analysis procedures are shown in the Supporting Information
(Ellipsometric Analysis section).

Figure 2. Complex refractive index spectra and complex optical conductivity spectra of graphene films. (a) Refractive index n. (b) Extinction
coefficient k. (c) Real part of complex optical conductivity σr. The dotted lines are theoretical IR extensions of the real conductivity curves, and the
arrow shows the evolution of the energy position of feature peak I. (d) Imaginary part of complex optical conductivity σi; the negative zone is
covered by the light blue color. The zero-cross points (Ezc) of σi are marked out with black dots. Two feature peaks in these spectra are labeled with
I and II.
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Figure 2a,b illustrates the complex refractive indices (Nc = n
− ik) of the graphene films with different layers extracted from
the ellipsometric analysis. Two feature peaks (I, II) can be
observed in the complex refractive index spectra. As the layer
number (thickness) of graphene increases, the refractive index
(n) and extinction coefficient (k) evolve along different trends.
Figure 2a shows that the magnitudes of n remain nearly
unchanged with the layer number in the whole measured
energy range. Figure 2b shows that with the layer number
increasing, the magnitudes of k first gradually decrease in the
energy range of 0 to 2.4 eV and then gradually increase when
the photon energy is greater than 2.4 eV. Besides, the energy
positions of the absorption peaks I−II present red shift first
and then blue shift with the increasing thickness. Based on the
results of complex refractive indices shown in Figure 2a,b, the
complex optical conductivities (σ = σr + iσi) of graphene films
can be derived with the help of the classical slab model. During
this analysis, the graphene film is considered as a classical slab
with a finite thickness (d), and the complex optical
conductivity can be evaluated by40

σ σ σ ε ω= + = −i id N( 1)r i 0 c
2

(1)

where d and Nc are the thickness and the complex refractive
index of the graphene film determined by the ellipsometric
analysis as presented in Table S1 and Figure 2a,b, respectively,
and ε0 and ω refer to the free-space permittivity and the
angular frequency of light, respectively.
Figure 2c,d shows the complex optical conductivities of

graphene films with different layers, which have been
normalized by πe2/2h (e and h represent the electronic charge
and Planck constant, respectively). Compared to previous
publications,22−25 our study covers a much broader energy
range (0.73−6.43 eV) and contains variable thickness from
monolayer to triple-layer, which is very beneficial for us to
comprehensively investigate the optical conductivity of
graphene and its layer-dependent evolution. Like the complex
refractive index, two feature peaks (I, II) are also found in the
complex optical conductivity spectra. Figure 2c presents the
real part of complex optical conductivity (σr), which
monotonically increases as the thickness of graphene gradually
increases. When the photon energy is below 1 eV, σr of
monolayer, bilayer, and triple-layer graphene start to approach
πe2/2h, πe2/h, and 3πe2/2h, respectively. The increment value
of σr per graphene layer tends to πe2/2h, which is independent
of the interlayer hopping and described by an independent-
particle model.41 In the imaginary part of complex optical
conductivity (σi) shown in Figure 2d, the absolute value of σi
also shows an increase trend with the increasing thickness.
These increase trends in the real and imaginary parts of
complex optical conductivity can be attributed to the gradually
enhanced light absorption and propagation effects when the
thickness of graphene increases. In addition, it can be observed
that there exists a negative region for σi shown in Figure 2d,
which is mainly caused by the plasma resonance.42 The zero-
cross point (Ezc) of σi could be regarded as a reference for the
plasma resonance zone. As the thickness of graphene gradually
increases, Ezc shows a red-shift trend and the negative region
for σi gradually becomes wider, indicating that the plasma
resonance zone is getting larger. Therefore, the optical
response of plasma in graphene is tunable by adjusting the
thickness, so the graphene-based plasmonic nanoscale devices
can be designed and applied according to this feature. Because
the surface plasmon resonance may occur within the negative

σi region, different kinds of optical modulators, photodetectors,
and biosensors are expected to be developed based on
graphene films.
As illustrated in Figure 2c,d, except for the fact that the

intensities of the complex optical conductivity spectra show
layer-dependent variations, the center energies of the feature
peaks (I−II) also exhibit layer-dependent shifts. Previous
experimental and theoretical studies23,43,44 show that the
doping in graphene has negligible influence on the feature peak
position in optical conductivity, so we ignore the doping effect
on the center energies of the feature peaks (I−II) in our study.
In order to precisely obtain the center energies of the feature
peaks and further reveal their underlying physical essence, the
first-order and the second-order differential spectra of the
complex optical conductivities of graphene films are calculated,
as presented in Figure S8. The detailed center energy analysis
procedures are presented in the Supporting Information.
Therefore, the center energies of all feature peaks in σr and σi
spectra are precisely acquired and listed in Table 1.

In general, σr presents the energy loss constituent of the
light-induced conducting current, and σi demonstrates the
energy storage ability related to the characteristics of the light-
induced displacement current.40 Because σr signifies the loss
and absorption of light, we focus on the layer-dependent
evolutions of the center energies of feature peaks I−II in the σr
spectra, as shown in Figure 4a. In order to ensure the
universality of results shown in Figure 4a, we investigated the
layer-dependent evolutions of other three test points on the
graphene samples, as shown in Figure S9. These results show
that, as the thickness of graphene films increases, the center
energies of both I and II first go down and then go up. Feature
peaks I−II in σr correspond to different optical transitions in
the band structure and partial density of states (PDOS) of
graphene. Combined with the first-principles calculation
results,23,45 positions of the optical transitions at peaks I−II
can be marked in the band structure and PDOS of monolayer
graphene, as shown in Figure 3a,b. In the monolayer graphene,
the feature peak I at 4.531 eV can be attributed to interband
transitions from different π states at the M point of the
Brillouin zone, while the feature peak II at 6.109 eV
corresponds to the interband transitions from different σ
states at the Γ point of the Brillouin zone. The PDOS in Figure
3b shows that these optical transitions at feature peaks I−II are
mainly attributed to the C-2p character. Besides, the local-
density approximation (LDA)-level optical conductivity
spectra of different graphene structures are shown in Figure
3c,d. When the thickness of graphene increases and stacking
order of triple-layer graphene change, the shift of the center
energy of feature peaks in LDA-level optical conductivity
spectra is negligible, indicating that the interband transition
positions corresponding to the two peaks remain nearly

Table 1. Center Energies of the Feature Peaks in Complex
Optical Conductivities of Graphene Films

layer number I II

real part center energy (eV) 1L 4.531 6.109
2L 4.372 5.772
3L 4.412 6.292

imaginary part center energy (eV) 1L 5.021 6.330
2L 4.929 5.882
3L 5.152 6.378
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unchanged with the thickness. Thus, it can be concluded that
the layer-dependent evolutions shown in Figure 4a should not
be caused by the shift of the interband transition positions with
the increasing thickness.
In fact, the excitonic effects, which means the electron−hole

(e−h) interactions, have a remarkable impact on the optical
conductivity of graphene and graphene-based materials, such

as carbon nanotubes.26,46,47 In graphene, the e−h interactions
are mainly on the intralayer, and they gradually decrease with
increasing thickness.22,26 In single-wall carbon nanotubes,
excitonic effects in semiconducting tubes are much larger
than metallic tubes.47 As for double-, triple-, and multiwalled
carbon nanotubes, the intrawall e−h interactions are sup-
pressed by interwall screening effects and gradually decrease

Figure 3. (a) Band structure of monolayer graphene. (b) PDOS of monolayer graphene; transition positions are tagged with light blue arrows. (c,d)
LDA-level optical conductivity spectra of different graphene films.

Figure 4. (a) Evolution of the center energies of feature peaks I−II in the real optical conductivity (σr) spectra versus the thickness of graphene. (b)
σr spectra of different graphene films from G0W0-BSE calculations. (c) Comparison of the experimental evolution trend of feature peak I with the
theoretical calculated results by the G0W0-BSE and G0W0. The error bars show the experimental error level of the ellipsometric measurement and
analysis. (d−g) Top and side views of exciton spatial distribution in ABA and ABC stacking order for the exciton at feature peak I, respectively. The
hole is fixed at the red spot.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c03496
ACS Appl. Nano Mater. 2022, 5, 1864−1872

1868

https://pubs.acs.org/doi/10.1021/acsanm.1c03496?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03496?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03496?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03496?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03496?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03496?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03496?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03496?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c03496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with the increase of the wall number.48 This suppression is
sensitive to semiconducting or metallic nanotube type and also
to the distance between the inner and outer walls.48,49 In order
to consider the excitonic effect, G0W0-BSE approximation is
applied. The G0W0 approximation mainly considers the
electron−electron (e−e) interactions, and the excitonic effect
is involved in BSE approximation. In the following theoretical
calculations and discussion, both ABA and ABC stacking
orders for the triple-layer graphene are considered, and we
mainly focus on the highest feature peak I. First, the real
optical conductivity (σr) spectra of different graphene
structures in G0W0-level are calculated, as shown in Figure
S10. We can clearly find that the center energy of peak I
gradually decreases from 4.85 to 4.64 eV with the increase of
the layer number, whether in ABA or ABC stacking orders, as
illustrated in Figure 4c. Then, the σr spectra of different
graphene structures in G0W0-BSE level are calculated, as
presented in Figure 4b. It can be seen that the center energy of
peak I in the ABA stacking order (4.18 eV) is obviously smaller
than that of the ABC stacking order (4.26 eV). Based on the
G0W0 and G0W0-BSE results, we can obtain the excitonic
binding energy of different graphene layers, as shown in Table
2. With the increasing thickness, the excitonic binding energy

gradually decreases from 620 to 380 meV, and the excitonic
binding energy of ABC stacking order (380 meV) becomes
smaller than that of ABA stacking order (500 meV). The
excitonic binding energy of monolayer graphene (620 meV) is
larger than 1L WS2 (≈320 meV),50 1L MoS2 (≈455 meV),51,52

and 2D Ruddlesden−Popper (RP) phase halide perovskites
(≈400 meV),53 indicating that the excitonic strength of
graphene is stronger than these 2D materials. Meanwhile, due
to the enhanced dielectric shielding, excitonic binding energies
of graphene and these 2D materials gradually decrease with
increasing thickness.26,50−53

Because of the different excitonic binding energies in triple-
layer graphene, the center energy of peak I gradually decreases
for the ABA stacking order, while for the ABC stacking order,
the center energy of peak I first decreases and then increases,
as shown in the G0W0-BSE results in Figure 4c. Besides, we get
the real space charge distributions in ABA and ABC stacking
order as shown in Figure 4d−g; a hole is fixed in the middle
layer of ABA and ABC triple-layer graphene. In ABA stacking
order, the charge distributions are similar to compact envelope
function, and it decays rapidly away from the hole position. In
ABC stacking order, the charge distributions are largely spread
and show an oscillation of the electron distribution, in
concordance with the small binding energy. For both the
ABA and ABC stacking order, the electronic charge spreads
mainly over the layer where the hole is fixed, indicating that
most of the excitons formed in the triple layer should be
intralayer excitons. Moreover, the charge density distribution
of ABA stacking order is more localized and stronger than that
of ABC stacking order, demonstrating the larger excitonic

effects in ABA stacking order. These results demonstrate that
the ABA and ABC stacking orders have nearly the same e−e
interaction strength, but different excitonic effect strengths.
The excitonic effects in the ABA stacking order are stronger
than those in the ABC stacking order, which results in the
lower energy position of feature peak I in the ABA stacking
order and different evolution trends in G0W0-BSE level σr
spectra for ABA and ABC stacking orders with the increasing
thickness. Finally, we compare the experimental evolution
trend of peak I with the G0W0-BSE calculated results, as
presented in Figure 4c. The “V” shape evolution trend in the
experiment is similar to the evolution trend of the ABC
stacking order in the G0W0-BSE level σr spectra, and combined
with previous characterization results, we infer that our triple-
layer polycrystalline graphene film should mainly be ABC
stacking order.

■ CONCLUSIONS

In summary, based on the classical slab mode, we precisely
determined the complex optical conductivity spectra of 1−3L
graphene films by SE over an ultrawide energy range of 0.73−
6.43 eV. Besides, different first-principles methods, including
the LDA, G0W0, and G0W0-BSE, were applied to calculate the
theoretical complex optical conductivity spectra of different
graphene structures. Experimental results show that as the
thickness of graphene increases, the zero-cross point (Ezc) of
the imaginary complex optical conductivity (σi) spectra
presents a red shift and the negative σi region becomes
wider, indicating that the plasma resonance zone is getting
larger and the optical response of plasma in graphene is
tunable by adjusting the thickness. By using differential
analysis, the center energies of feature peaks I and II in the
complex optical conductivity spectra were accurately deter-
mined, and they exhibit “V” shape evolution trends with the
thickness. Theoretical results present that the exciton charge
distributions of the ABA stacking order are more localized and
stronger than that of the ABC stacking order, and the excitonic
effects are stronger in the ABA stacking order, resulting in the
different evolution trends of the center energies of feature
peaks with the increasing thickness. These different evolution
trends may shed significant insights into identifying the
stacking order of triple-layer graphene. Combining exper-
imental and first-principles results, we speculate that our triple-
layer polycrystalline graphene is mainly in the ABC stacking
order. The presented results and discussion can help to better
understand and control the optical response of graphene and
provide some practical guidance to accurately model and
design graphene-based optical modulators and photodetectors.

■ METHODS
Graphene Film Preparation. In this paper, large area (10 mm ×

10 mm) polycrystalline graphene films on the sapphire (Al2O3)
substrate were provided by Shen Zhen Six Carbon Technology Co.,
Ltd. The graphene films were prepared by the CVD process. First,
monolayer graphene films were synthesized on the copper foils by
using methane as the carbon source in a CVD container at 1000 °C.
Next, polymethyl methacrylate (PMMA) used as the support layer
was spin-coated onto the graphene films, and the copper foils were
dissolved. Finally, monolayer graphene was transferred onto the
sapphire substrate layer by layer to form multilayer graphene films,
and PMMA was removed by acetone. In this process, a high-
temperature annealing was performed to remove the unintentional
interlayer water molecules and PMMA residual on the surface.

Table 2. Calculated Excitonic Bind Energy at Feature Peak I
of Different Graphene Structures

layer number
1L
(eV)

2L
(eV)

3L(ABA)
(eV)

3L(ABC)
(eV)

Epeak (G0W0) 4.85 4.75 4.68 4.64
Epeak (G0W0 + BSE) 4.23 4.22 4.18 4.26
binding energy 0.62 0.53 0.50 0.38
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Characterization of Graphene Films. Micro-Raman spectrom-
etry and atomic force microscopy (AFM) were applied to
comprehensively check the qualities of our graphene films. In order
to better detect the Raman spectrum of different zones in the
graphene film, the OM integrated on the micro-Raman spectrometer
(LabRAM HR800) was adopted to locate different test positions. The
Raman spectra of graphene films were acquired in the spectral range
of 1000−3000 cm−1, and 15 times magnification was conducted in the
OM measurements. The laser wavelength was 532 nm, and the spot
size was about 1 μm. The IR measurements were carried out by a
Fourier transform IR spectrometer (Nicolet iS50R). Besides, the
thicknesses and surface roughness of graphene films were tested by an
AFM system (Bruker Dimension Icon).
Ellipsometry Measurements. Optical measurements were

performed by a dual rotating-compensator spectroscopic ellipsometer
(ME-L Muller matrix ellipsometer, Wuhan Eoptics Technology Co.,
Wuhan, China) at room temperature and low humidity.54 Mueller
matrix spectra of graphene films were obtained over an ultrawide
energy range of 0.73−6.42 eV. The sample stage can be rotated from
0 to 360°, which makes it possible for us to measure the anisotropic
optical properties of complex samples.40 However, in our study, only
the in-plane optical properties were taken into consideration and the
sample stage was kept stationary because the graphene is in-plane
isotropic. A pair of focusing probes was applied in the ellipsometric
measurements, and the diameter of the probing spot is nearly 200 μm
at the measuring surface. The incident angles for measurements were
set at 65° for each graphene samples.
First-Principles Calculation. All calculations were performed

with the QUANTUM ESPRESSO and the YAMBO codes.55,56 We
employed the LDA functional based on optimized norm-conserving
Vanderbilt pseudopotential (ONCVPSP).57,58 LDA was chosen as the
starting point because LDA gives rise to reasonable distances between
graphene layers, and the graphene structures were relaxed with the
vdW-DF correlation.59−61 Periodic images of monolayers and
multilayers were separated by 18 Å of vacuum to eliminate the
interaction between replicas. The criterion for the convergence of
forces and total energy in optimization were set to 10−3 eV/Å and
10−5 eV, respectively. A 60 Ry kinetic energy cut-off was used, and an
appropriate Monkhorst−Pack k-point grid of 14 × 14 × 1 was
sufficient to get the converged band structures. For PDOS
calculations, a denser k-point grid of 18 × 18 × 1 was used.
The optical properties of graphene were calculated by the LDA and

G0W0-Bethe−Salpeter equation (G0W0-BSE) approaches
62,63 with the

YAMBO code. The LDA optical calculations were carried out using
the independent-particle approximation, with nonrelativistic calcu-
lation. A 60 Ry kinetic energy cut-off and 22 × 22 × 1 Γ-centered k-
point mesh were used. In order to involve the excitonic effects, the
G0W0-BSE approach was applied. The converged LDA eigenvalues
and wave functions (using a 40 × 40 × 1 k-mesh and a 60 Ry kinetic
energy cut-off) were used as the start points for the G0W0 calculation.
In the G0W0 approximation, a plasmon-pole model was adopted for
the dielectric function calculation. 60 and 6 Ry kinetic energy cut-offs
were adopted for the exchange and correlation part of the self-energy.
Based on quasiparticle states from the G0W0 approximation, the
optical spectrum and exciton spatial distribution were determined by
solving the Bethe−Salpeter equation as implemented in the YAMBO
package. An efficient method was used to truncate the Coulomb
interaction in the direction perpendicular to the sheet to avoid
spurious interactions with the image system, and a random integration
method was used to improve the numerical stability.55
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Characterization results

The detained characterization results of optical microscope (OM), Raman spectra, (Atomic Force 

Microscope) AFM and infrared (IR) absorption are shown in Figure S1–Figure S5.

Figure S1. (a) The Raman spectra of the four selected points of monolayer graphene; (b) FWHM of the 
four test points in monolayer Raman spectra, the error bars show the error caused by Lorentzian fitting 
process in experiment.

Figure S2. (a) OM image of bilayer graphene film, four test points are marked; (b) The Raman Spectra 
of the four selected points; (c) FWHM of the four test points in bilayer Raman spectra, the error bars 
show the error caused by Lorentzian fitting process in experiment.
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Figure S3. (a) OM image of triple-layer graphene film, four test points are marked; (b) The Raman 
Spectra of the four selected points; (c) FWHM of the four test points in triple-layer Raman spectra, the 
error bars show the error caused by Lorentzian fitting process in experiment.

Figure S4. (a) AFM image of bilayer graphene film; (b) AFM image of triple-layer graphene film. 
Surface roughness is displayed by the Rq value.
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Figure S5. (a) Raman Spectra of G mode for two test points in the triple-layer graphene; (b) Raman 
Spectra of 2D mode for two test points in the triple-layer graphene, black solid shows the experimental 
data and red dotted line shows the one Lorentzian fitting curve; (c) IR spectra of three test points in the 
triple-layer graphene; (d) the low energy range of real optical conductivity spectra of ABA and ABC 
stacking mode graphene calculated by G0W0-BSE.
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Ellipsometric analysis

In the ellipsometric fitting process, a three-layer model (ambient/graphene film/substrate) was 

constructed to describe the optical structure of the graphene films on sapphire substrate, as shown in 

Figure S6. With the constructed optical model, the theoretical ellipsometric spectra (Ψ(E), Δ(E)) of 

graphene films can be calculated by the transfer matrix method.1-4 Next, the dielectric functions and 

thickness of graphene films can be obtained by fitting the experimental data with theoretically calculated 

ones. The ellipsometric fitting results for the graphene films have been shown in Figure S7. It is obvious 

that the theoretical fitting results highly agreement with the measured ones for all graphene samples, 

demonstrating the accuracy of our ellipsometric fitting analysis.

Figure S6. The optical model of graphene film on sapphire substrate in ellipsometric analysis process.

Figure S7. Measured and fitted Psi (Ψ) and Delta (Δ) for the 1–3 L graphene thin films on sapphire 
substrate for incident angle of 65 degrees.
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Table S1. A summary of the nominal thickness and ellipsometric analysis results of graphene films

Layer number 1 L 2 L 3 L
Ideal thickness 0.334 nm 0.668 nm 1.002 nm

Thickness 0.340 nm 0760 nm 1.100 nm
SE 

MSE 1.191 1.373 6.686

Feature peaks analysis

The feature peaks in real part of complex optical conductivity (r) spectra include two types, namely the 

extreme peaks and the shoulder peaks, but feature peaks in imaginary part of complex optical 

conductivity (i) spectra only contain extreme peaks. The center energies of extreme peaks can be 

identified by the zero-cross points of the first-order differential spectra, while the center energies of 

shoulder peaks are identical to the local minimums of the second-order differential spectra. Figure S8(a–c) 

shows the first-order differential spectra of the complex optical conductivities of graphene films with 

different layers. The center energies of the extreme peak Ⅰ in r spectra and extreme peaks Ⅰ and Ⅱ in 

i spectra are accurately determined by the zero-cross points in first-order differential spectra, as 

presented by the solid dots in Figure S8(a–c). In addition, the feature peak Ⅱ in r spectra is a shoulder 

peak and can be identified by the local minimum in the second-order differential spectra of r, marked 

out with the solid dots as shown in Figure S8(d–f).
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Figure S8. Differential spectra of the complex optical conductivities of graphene films. (a–c) The first-
order differential spectra over the energy region of 0.5–6.5 eV. (d–f) The second-order differential 
spectra over the energy region of 0.5–6.5 eV. Two feature peaks are tagged with Ⅰ-Ⅱ.

We further obtained the complex optical conductivities of other three randomly selected test points on 

the graphene samples. Figure S9 shows the evolutions of the center energies of feature peaks Ⅰ-Ⅱ in 

the r spectra at these three points P1–P3.

Figure S9. The evolution of the center energies of feature peaks Ⅰ-Ⅱ in the real optical conductivity 
(r) spectra versus the thickness of graphene films at P1–P3. The error bars show the error caused by 
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ellipsometric fitting process in experiment.

First-principle calculation results

Previous calculations5,6 show that the exciton binding energy decreases when the graphene is doped. 

Firstly, the doping of graphene leads to the increase of carrier density, which further enhances the 

Coulomb screening effects. Then, this enhanced screening effects reduce the self-energy corrections and 

electron–hole interactions (exciton binding energy). Finally, the reduced self-energy correlation and 

excitonic effects nearly cancel each other and the final position of the prominent peak near 4.6 eV is 

almost fixed. So, the doping effects were not considered in the calculation of this study. 

The center energy of the prominent peak (feature peak Ⅰ) of real complex optical conductivity (r) 

spectra based on G0W0 calculation decrease with thickness increasing, as shown in Figure S10. 

Figure S10. The G0W0-level real part of optical conductivity (r) spectra of different graphene films.

Extra graphene samples purchased from Low-Dimension Materials Company

We have tested other polycrystalline large-area CVD samples from Low-Dimension Materials Company. 

Figure S11(a) shows the symmetric line shapes of the 2D peak of Raman Spectra in this triple-layer 

graphene, and the values of full width at half maxima (FWHM) are from 55.1 to 60.5, illustrating that 
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this graphene sample should be ABA stacking order. Figure S11(b) shows the real part of complex optical 

conductivity (r) from monolayer to triple-layer, and the evolution trend is presented at Figure S11(c). 

Results in Figure S11(c) show that the center energy of feature peak decreases with thickness increasing 

in the case of ABA stacking order. This evolution trend is consistent with our G0W0-BSE calculated 

results.

Figure S11. (a) Raman Spectra of 2D mode for three test points in this triple-layer graphene; (b) Real 
part of complex optical conductivity r; (c) The evolution of the center energies of the highest feature 
peak in the real optical conductivity (r) spectra versus the thickness of graphene.
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