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Despite intensive investigations in the UV (ultraviolet) and visible range, the research on the optical
properties of graphene in the extended near and mid infrared range by means of Spectroscopic
Ellipsometry (SE) remains limited yet. Herein, the optical properties of a Chemical Vapor
Deposition (CVD)-grown monolayer graphene, transferred from a copper substrate onto SiO»/Si,
were studied in the broad energy range (0.38-6.2 eV) using Variable Angle Spectroscopic
Ellipsometry (VASE). The morphological and the structural properties of the samples were
investigated by Micro-Raman Spectroscopy, Wavelength Dispersive X-ray (WDX) analysis,
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM). The Lorentz
oscillator model proposed for the optical response of graphene fits very well the experimental data.
An unintentional doping, revealed by Micro-Raman Spectroscopy and WDX, is reported.
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1. Introduction

The study of the unique properties of graphene has been the main goal of several studies during the
last years [1,2]. Graphene has revealed numerous unique physical and electrical properties [3,4].

In particular, its peculiar band structure and electron transport characteristics make it highly
promising for a new generation of high-performance modulators, sources, and detectors operating
across the infrared (IR) spectral region [5,6].

Several research groups have derived the complex refractive index of graphene by Spectroscopic
Ellipsometry (SE), especially in the ultraviolet (UV) and visible range [7-9]. Nevertheless, very few
works, (e.g., Chang et al [10]), concern SE characterization of chemical vapor deposited graphene
in the extended near infrared and mid infrared range, because of the standard ellipsometry
equipment limitations [11].

It is interesting to note that SE has been used to analyze the properties of graphene related materials
[12,13] and their interaction with metals [14—16]. Furthermore, advances have been reported in the
study of the transfer residue on the optical properties of chemical vapor deposited graphene
investigated through SE [17,18].

The rise of the interest in graphene optical properties is shown in many recent ellipsometry studies:
for example, graphene thin films have been studied from the point of view of depolarization effects
[19] and the optical constants of graphene thin films have been determined from the Mueller matrix
spectra [20].

The optical behavior of graphene differs significantly depending on the production technique,
whether it has been exfoliated [21] or deposited through Chemical Vapor Deposition (CVD) [22].
CVD is a method which can make high quality graphene, potentially on a large scale [23].

In addition, the use of different substrates add an extra variable to make a proper comparison of
optical graphene behavior, as reported in [24].

It has been shown that the silicon substrate covered by 300 nm of silicon oxide ensures a better
graphene visibility, with an increasing of the contrast due to interference enhancement [25,26].
With respect to graphene device designs and performance enhancement, it is thus crucial to fully
understand the optical properties of a monolayer graphene on SiO»/Si obtained by CVD synthesis.
In the present study, broadband optical properties of the CVD grown graphene were measured by
Variable Angle Spectroscopic Ellipsometry (VASE) in the photon energy range (between 0.38 and
6.2 eV).

In the range only little research has been reported, thus our work wants to fill this gap by means of

an ellipsometer which combines high accuracy and precision with a wide spectral range.



Micro-Raman spectroscopy, Wavelength Dispersive X-ray (WDX), Scanning Electron Microscopy
(SEM) and Atomic Force Microscopy (AFM) measurements were carried out on the graphene
samples. It is worth noticing that Micro-Raman spectroscopy has been extensively used for studying
carbon based materials such as carbon nanotubes and graphene [15,27-35].

Our findings open new avenues for graphene research, especially for applications in the intriguing

IR range [36].

2. Experimental

Some commercially available samples of monolayer graphene on SiO2/Si (doped P/Boron) bought
from Graphenea Co. were investigated. Graphene was grown via CVD method. Then 18 pm thick
copper foil was used as a catalyst and methane as carbon source. The graphene sheet was
transferred by a polymethyl methacrylate (PMMA) assisted WET transfer process [37].
Micro-Raman spectra were collected using a Horiba-Jobin Yvon microprobe apparatus (spectral
resolution ~2 cm™), equipped with a CCD (256x1024 pixels) detector cooled at -70 °C and with a
532 nm line of a diode laser, with an emitted power of 50 mW. A 50x Mplan Olympus objective was
used, focusing a laser spot of about 2 um of apparent diameter.

The Copper element distribution in the sample was analyzed by electron probe microanalysis (JXA-
8230, EPMA) equipped with a WDX analysis. Standards-based WDX analyses were acquired for
30 seconds at 15 kV, with a 30 nA probe current and a 4 micron defocused beam diameter.

SEM analysis was accomplished with a FEI Quanta FEG 400 ESEM microscope.

Tapping mode AFM images were collected in ambient conditions with a Multimode 8 equipped with
a Nanoscope V controller (Bruker Instruments). Images were acquired using cantilevers with a force
constant k =5 Nm ™! (model TAP150A, Bruker). The scan line speed was optimized between 1 and 3
Hz over 512 x512 pixels. Image treatment and analysis were done using the free software WSxM
[38].

The optical characterization of the sample has been performed by using VASE.

Spectra of the ellipsometric angles y and A were acquired using a V-VASE Ellipsometer (Woollam
Co.) in the [0.38 -6.2] eV photon energy range.

The ellipsometric spectra were collected at 65°,70°,75° incident angles to improve the accuracy of
layer modeling. The structural and morphological properties were estimated by using a multilayer
optical model compatible with the ellipsometric experimental results. The optical model together
with the best fitting values were calculated by WVASE32 [39] application using the nonlinear
Levenberg-Marquardt algorithm [40]



3. Results and discussion

3.1 Micro-Raman Spectroscopy and WDX measurements

Raman spectroscopy is used to characterize the quality of the transferred graphene samples.

The optical microscopy investigations show that in the samples there are zones with different colors:
dark (zone A) mostly at the center of the samples, slightly clearer (zone B) near the border of the
samples, and, finally, clear stripes distributed in the samples as defects (zone C) (Fig. 1).

The Raman investigations were performed on many points of all the zones. The results show that the
graphene is predominantly monolayer, with bilayer and multilayer patches at many of its nucleation
sites, which are evident in the “Morphological SEM and AFM section”. These few —layer graphene
patches can be attributed to the carbon segregation and are typical of CVD graphene on
polycrystalline Cu [41-43].

In Fig.1, two representative micrographs are reported: in Fig. 1(a), representing a central zone of the
sample, darker regions are labeled as A while the brighter stripe is labeled as C; in Fig. 1(b),

representing a border region of the sample, the homogeneous region is labeled as B.

Fig. 1: Region near the center of the sample, where a darker zone (A zone in the text) and a brighter
stripe (C zone in the text) are visible (a), homogeneous region near the border of the sample (B zone
in the text) (b).

Raman spectra have been collected in all cases for wavenumbers above 400 cm™! to observe both the
Si substrate Raman modes, (the first order optical phonon of Si and the other broad band around 960
cm’! due to 2TO overtone [44]), and the ones of the transferred graphene films. Only the latter,

relevant to the present study, are shown in the figures while the Si modes can be useful as standards.



In Fig. 2 representative Raman spectra collected on the zone A in the wavenumber range between

400 cm™ and 1100 cm™ (a) and between 1200 cm™ and 3400 cm™ (b) are reported.
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Fig. 2: Representative Raman spectra collected on the central zone (Fig.1 zone A) of the Graphene/Si
samples. Raman spectra between 400 cm™ and 1100 cm™ (a) and 1200 cm™! and 3400 cm™(b).

As it can be seen, the main Raman features fall at 1345, 1582, 2689 and 3248 cm™'. The small band
at 1345 cm™! is assigned to graphene D band, the band at 1582 cm™! is the G band and the bands at
2689 cm™! and 3248 cm'! are the overtones 2D and 2D' [15,28,30,33].

In Fig. 3 representative Raman spectra collected on the zone B in the wavenumber range between

400 cm™ and 1100 cm! (a) and between 1200 cm™! and 3400 cm™! (b) are reported.
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Fig.3: Representative Raman spectra collected on the border zone (Fig.1 zone B) of the Graphene/Si
samples. Raman spectra between 400 cm™ and 1100 cm™ (a) and 1200 cm™ and 3400 cm™ (b).

It is possible to see that the D (1351 cm™') band and the G (1589 cm™) band are slightly blue shifted
while the 2D (2689 cm™) band and 2D’ (3248 cm™') band fall at the same frequency of the spectra
shown in Fig. 2. In the spectrum of zone B, it is also possible to observe the presence of the band at
2454 cm’!, designed as D''+D', where D'' falls at about 1073cm™ [45].

In Fig. 4 representative Raman spectra collected on the zone C in the wavenumber range between

400 cm™ and 1100 cm™ (a) and between 1200 cm™ and 3400 cm™! (b) are reported.
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Fig. 4: Representative Raman spectra collected on defects of the layer (Fig.1 zone C) of the
Graphene/Si samples. Raman spectra between 400 cm™ and 1100 cm™ (a) and 1200 cm™ and 3400
cm! (b).

In this last case, only the G band (1595 cm™') is remarkably blue shifted while the other bands are all
down shifted: D band at 1346 cm™!, 2D band at 2681 cm™! and 2D" band at 3242 cm™!. Also in the last
spectra the band D' '+D" is detected.

The intensity ratio between the 2D band and the G band is indicative of the numbers of the graphene

layers [30,44,45]: if p/Ig value is higher than 2, then it indicates the presence of monolayer graphene;



if bp/IG value is in the range between 1 and 2, then it indicates the formation of bilayer graphene; if
Lp/Ig value is lower than 1, then it indicates the presence of three or more layers [30].
In Table I the main characteristics of the Lorentzian functions used for fitting the bands D, G and 2D

of the Raman spectra in Figs. 2,3,4 are reported.

D BAND G BAND 2D BAND In/lc L2/l
Zone Raman FWHM A Raman FWHM A Raman FWHM A
shift (cm™) shift (cm™) shift (cm™)
(cm™) (cm™) (cm™)

A 1347 22 4611 1583  20.27 20142 2690 35 21039 0.23 1.044
B 1350 23 8981 1589 14.70 39295 2688 35 66206 0.23 1.68
C 1345 20 2296 1595 11.40 17655 2681 29 46492 0.13 2.63

Table I: Raman shifts, Full Width at Half Maximum (FWHM) and intensities 4 of the D, G and 2D
bands and relative intensity ratios, obtained by using Lorentzian function in the fitting procedure for

three representative sample zones.

In the A (Fig.2) and B (Fig.3) zones of the analyzed samples the I>p/IG ratio values are 1.04 and 1.68
respectively. In the C zone (Fig.4) the Lp/lg ratio value is 2.63. It means that, even though the
graphene is predominantly monolayer, there are some areas in the central and border zones where
there are bilayer graphene patches, while monolayer graphene is found in the most bright
stripes[30,44—46]. The study of the Full Width at Half Maximum (FWHM) obtained for the G bands
in the Raman spectra of the three regions confirms such results. In fact, the FWHM of the G band of
the spectra of the zone A is 20.27 cm™ and it is quite wide and due to thicker graphene film, while
the FWHM of the G band of the spectra of the zone C is 11.4 cm™, quite sharp and ascribed to the
presence of a single graphene layer. The FWHM of the G band of the spectra in region B (14.7 cm™)
is due to a graphene multilayer deposition thinner than that of region A.

These first conclusions made on the basis of Raman band intensity ratio are clearly confirmed by the
visual inspection of the optical microscopy images, which reveal different color for different
thickness of graphene deposited layer, as observed in many previous studies of graphene on Si, for
instance Castriota et al. [28]

As previously outlined in the experimental section, these samples are first obtained on copper foils
and lately transferred on Si/SiO; substrate by a PMMA assisted wet transfer process.

The different values obtained for the G band (1583 cm™! for the A zone , 1589 cm’! for the B zone
and 1595 cm™! for the C zone) in the different zones of the sample can be explained in terms of hole

doping and compressive strain[30,47]. Therefore, it is possible to state that doping effects as well as



stress can play some role during the transfer, and such effects can change the Raman features
[30,48,49]. The small shift of the 2D band seen above can be explained taking in account the results
obtained by Iop/Ig ratio. In fact, the 2D band falls at 2689 cm™ in the case of bilayer graphene and at
2681 cm’! in the case of the monolayer graphene. Lastly, with regard to the D band, the increased
value (1351cm™) shown in the spectra collected on the border region, with those collected on the
central zone (1345 cm™) and on the defected region (1346 cm™), could be assigned to the compression
induced by the edge of the graphene layer [28,30].

By using WDX analysis traces of copper (0.015+0.001)% were detected.

3.2 Morphological SEM and AFM analysis

The CVD-grown graphene film shows some defects in terms of small holes, cracks, folding and
wrinkles.

Fig. 5(a) and related magnification Fig. 5(b) reveal the growth of fractures and domain borders.

Fig. 5: Scanning electron microscope (SEM) detector images of the graphene layer grown on copper
substrate and transferred to Si0»/Si substrate. Graphene domains and wrinkles are clearly visible (a)
and related magnification (b). Folding lines and small holes appear (c) and related magnification (d).



In particular, it is possible to see a single layer of graphene with some patches of different thickness
(domain borders). CVD-grown graphene is known to be polycrystalline [50]. During the CVD
growth, multiple nucleation events take place on the copper substrate to produce graphene patches
that finally unite together to make a continuous film [51]. Evidence of the presence of patches of
multilayer graphene was shown in the Raman measurements, reported in the previous section. The
size of each crystalline domain varies from several hundred nanometers to several microns.

The wrinkles (see Fig. 5(a) and Fig. 5(b)) are formed during the growth and transfer of graphene.
CVD growth of graphene is carried out at 1000° C on a copper substrate. At the same time as graphene
is cooled to room temperature (the last step of CVD growth), wrinkles appear in the graphene film
because of the great difference in the thermal expansion coefficients between the graphene and the
underlying substrate [51]. Moreover, the rough copper substrate contributes to the formation of
wrinkles upon the transfer of graphene to the silicon wafer [52]. In the wrinkled areas the graphene
may be folded (Fig. 5(c) and related magnification Fig. 5(d)). In Fig. 5(c) it can be seen that the
domain borders areas predominately nucleate at the wrinkles suggesting that these areas could be
nucleation sites for growth [53]. Small holes are visible in Fig. 5(d).

Fig.6 shows a 1pym x1pm AFM image of the sample.

6.00 nm

0.00 nm

Fig. 6: Atomic Force Microscopy (AFM) image of a CVD-grown single layer graphene
transferred on a silicon wafer.
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The surface of graphene is dominated by micron-sized wrinkles that are 2—6 nm in height, which
are caused by the transfer of graphene, as observed in the SEM images. The roughness analysis

from the AFM showed that the Root Mean Square (RMS) roughness is around 0.3 nm.

3.3 Variable Angle Spectroscopic Ellipsometry measurements

The system was modeled as follows (see Table II for a scheme of the optical model).

3 Graphene 0.345 nm
2 EMA interlayer 54 nm
1 SiO2 287 nm
0 Si 1 mm

Table II: Scheme of the optical model of monolayer graphene on silicon substrate.

Bottom to top, the Si substrate and the SiO; film (287 nm) were introduced, an Effective Medium
Approximation (EMA) layer (5.4 nm) was added as a spacer between graphene and the substrate to
account for the presence of some molecules of water resulting from the transfer process [24,54], and
finally the monolayer graphene (0.345 nm) was considered.

The graphene thickness was considered a constant value (reported in the specification sheet of the
sample) and thus left out of the interpolating fitting procedure.

Weber et al [11] have reported the problems of depolarization with ordinary ellipsometry equipment
in the studies of graphene thin films .In our measurements the depolarization factor was always less
than 10%.

The graphene monolayer was modeled as the sum of four Lorentz oscillators to keep consistency

with the Kramers-Kronig relations [55].The complex dielectric function is described by the relation:
(1)

where E is the energy of the incident photons, €,is the real part of the dielectric function when E —

~ . —Ak
E(hv) = & +ig; = € + Dp=q Ex’—E2—il'4E

oo, Ay is the strength expressed in eV?, Iy, is the broadening in eV end Ey is the central energy of the

k-th oscillator. Ay also indicates the percentage contribution of oscillator k to the whole system.

Table III shows the parameters obtained from the best fit with a low Mean Squared Error (MSE).
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d(nm) 0.345+0.010

Eco 3.7 +0.2
A, (eV?) 30.640.1
I, (eV) 0.8240. 01
E,(eV) 4.51+0.01
A,(eV?) 78.940.1
I, (eV) 6.6+0. 2
E,(eV) 2.82 40.01
As(eV?) 25.240.3
Ts(eV) 41+0.2
Es(eV) 2.3640.01
A, (eV?) 5.0+0.1
T,(eV) 0.08 +0.01
E,(eV) 0.5140.02

Table III: Lorentz oscillators parameters resulting from the best fit of ellipsometric experimental
data for the CVD monolayer graphene sample. Amplitude A, has unit of eV? while center energy
E} and broadening I}, have units of eV; d is the thickness of film in nm ; the high-frequency
dielectric constant dielectric constant &, is dimensionless.

In Fig. 7(a) and Fig. 7(b) the generated and experimental data of the y and A spectra are reported
for different angles of incidence in the [0.38 -6.2] eV photon energy range for the CVD monolayer
graphene.
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Fig. 7: Variable Angle Spectroscopic Ellipsometry (VASE) measurements of graphene on silicon
substrate. Experimental and model generated ¥ (a) and A (b) data fits at different angles of

incidence.

Fig. 8 shows the dispersion laws estimated by ellipsometry characterization.
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Fig.8: Estimated dispersion laws of the monolayer graphene by ellipsometry characterization. The
curves represent the index of refraction (black lines) and the extinction coefficient (blue lines).
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The position of the maximum in the extinction coefficient (4.5 eV, k=2.4) is similar to values
obtained by Nelson et al. [8].The peak is due to a van Hove singularity in the density of states,
which is close to the hopping energy ¢ [56] .

The absorption peak at 4.5 eV is, thus, due to the effects of resonant excitons on the interband
transition peak that would occur at 5.1 eV in the independent particle picture [57].Comparing our
results with those reported by other groups [24], some differences in the maximum of the extinction
coefficient may arise, taking into consideration that the excitonic response at the van Hove
singularity is dependent on the competition between electron—electron and electron—hole
interactions [58]. Therefore, the differences on the substrate characteristics could produce variations
in the position and symmetry of the UV extinction peak.

Furthermore, it must be taken into account that structural imperfections (grain boundaries, defects,
residues from transfer, bilayer and multilayer graphene patches etc.) exist in CVD grown graphene,
as we had reported in the “Micro-Raman Spectroscopy and WDX measurements” and in the
“Morphological SEM and AFM analysis” sections, which could cause some variations in the optical
constants. The oscillator at 2.36 eV can be related to the resonant excitonic effects due to the
electron —hole interaction in the 7 and r* at the M point [57], while the oscillator at ~2.8 eV can
be attributable to the hopping amplitude ¢ giving rise to the Dirac nature of low lying excitations
[59].

As it can be seen in Fig.8, the optical absorption of graphene in the visible and near-infrared
regime is constant.

The fitting ellipsometric model seems also to indicate the formation of a conducting layer with
Drude-like electrons, with a main contribution to the absorption found at 0.5 eV, as shown in Table
II1.

The optical properties of graphene arise from its unique band structure and 2D nature. Depending
on the wavelength regime, two distinct contributions need to be considered [60]. While interband
transitions define the optical response from visible down to near -infrared photon energies,
intraband processes corresponding to conduction by free carriers become important in the long-
wavelength region [61,62].

It is possible that our CVD graphene was unintentionally doped during the synthesis. Previous
studies have shown that a wide range of sources can contribute to such unintentional doping,
including residual metallic contamination [63,64], the SiO; substrate [65], H>O [26], and PMMA
[66] residues. In the sections “Micro-Raman Spectroscopy and WDX measurements” it is shown

that the CVD —grown graphene sample contains traces of copper by using WDX analysis. In

14



addition, doping effects can play some role during the wet transfer process, as revealed by Micro-
Raman Spectroscopy.

The doping concentration of our sample was estimated from the optical conductivity data, as

described in the Supplementary material. The extracted value is n ~ 7.8 x10" ¢m ™. For
unintentional residual and surface adsorbate doping, the carrier density is normally at the scale of

10'-10'2 cm2 [67]. Nevertheless, the work by Nistor et al [68] suggests that SiO, defects can act as

a reservoir for graphene’s charge carriers, contributing up to n = 9.6x10"” cm™ p-type carriers.

4. Conclusions

The broad band (0.38 eV-6.2 V) optical properties of a commercial monolayer CVD- grown
graphene were studied by means of Variable Angle Spectroscopic Ellipsometry. The graphene sheet
was grown on copper and then transferred on Si/SiO; substrate by a PMMA assisted WET transfer
process.

The morphological and the structural properties of the samples were investigated by Micro-Raman
Spectroscopy, WDX, SEM and AFM measurements.

The monolayer graphene was modeled as the sum of four Lorentz oscillators. The absorption peak
at 4.5 eV is due to the effects of resonant excitons on the interband transition peak. The oscillator at
2.36 eV can be related to the resonant excitonic effects due to the electron —hole interaction in the
and ™ at the M point, while the oscillator at ~2.8 eV can be attributable to the hopping amplitude ¢
giving rise to the Dirac nature of low lying excitations. The fitting ellipsometric model indicates
also the formation of a conducting layer with Drude-like electrons, with a main contribution to the
absorption found at 0.5 eV.

Micro—Raman characterization revealed that in our sample there are doping effects, probably due to
some impurities introduced during the transfer. In particular, traces of copper ( 0.0154+0.001)%
were revealed by using WDX analysis. The estimated carrier density from optical conductivity data
is n=78x10"cm™.

Visual inspection of optical micrograph and the related micro-Raman measurements show that in the
graphene transferred films there is the presence of monolayer regions and bilayer ones, may be even
three layers, in different zones. In addition, the CVD-grown graphene film has some defects in terms
of small holes, cracks, folding and wrinkles, as it can be seen in the SEM images. These structural

imperfections could cause some variations in the optical constants.

15



The present study will serve as a reference in the graphene optical framework and in designing

electronic and optoelectronic devices for advanced applications in a broadband optical range,

especially in the IR range.
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Supplementary material
Extraction of carrier density

The complex optical conductivity o = o, + o, is related to the complex dielectric constant

E=¢& +¢,

by the following relations [1]:

o, =we, g, and o, =we g, (1)

where @ is the angular frequency, &, is the free space dielectric constant.

The carrier density can be determined from the energy 2E , at which the Pauli blocking occurs [2].

This energy can be found from the minimum in the imaginary part of the optical conductivity o, ,

from the frequency where the derivative of o, with respect to frequency is zero [3].

Note that Er (Fermi energy) of Dirac fermions scales with the 2D carrier density as 7 :

E, =hv, x| @

where v, is the Fermi velocity and 7 is the carrier density. For the value of the Fermi velocity, the

numeric value of v, ~1.0x 10° " is assumed [2].
s

It is thus possible to obtain the carrier concentration using Equation (2):

[Ef ]2

fi

n= \"r ) 3)
r

In Fig. S1 it is reported the plot of the derivative of o, with respect to frequency.
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Fig. S1: plot of the derivative of the imaginary part o, with respect to frequency.

2F
We have found that the derivative is 0 at @ = Tf = 5007Hz .Using equation (3), the estimated

carrier density is 7 = (7.8 +0.3)x10" cm ™.

Alternatively, 2, values can be extracted from the center frequency of the 2E, threshold ino,

real part of the optical conductivity. However ,the second method has larger errors, due to the
uncertainty of defining the center of the 2E, threshold, as reported by Li et al [3].

[1]  F. Yakuphanoglu, M. Sekerci, O.F. Ozturk, The determination of the optical constants of
Cu(II) compound having 1-chloro-2,3-o-cyclohexylidinepropane thin film, Opt. Commun.
239 (2004) 275-280. doi:https://doi.org/10.1016/j.optcom.2004.05.038.

[2] J.W. Weber, A.A. Bol, M.C.M. van de Sanden, An improved thin film approximation to
accurately determine the optical conductivity of graphene from infrared transmittance, Appl.
Phys. Lett. 105 (2014) 13105. doi:10.1063/1.4889852.

[3] Z.Q.Li, E.A. Henriksen, Z. Jiang, Z. Hao, M.C. Martin, P. Kim, H.L. Stormer, D.N. Basov,
Dirac charge dynamics in graphene by infrared spectroscopy, Nat. Phys. 4 (2008) 532.
http://dx.doi.org/10.1038/nphys989.

23



