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Si0,/Si substrate has been widely used to support two-dimensional (2-D) flakes grown by chemical vapor deposition or prepared
by micromechanical cleavage. Raman intensity of the vibration modes of 2-D flakes is used to identify layer number of 2-D flakes
on Si0,/Si substrate, however, such intensity is usually dependent on the flake quality, crystal orientation and laser polarization

Here, we used graphene flakes, a prototype system, to demonstrate how to use the intensity ratio between the Si peak from
Si0,/Si substrates underneath graphene flakes and that from bare SiO,/Si substrates for layer-number identification of graphene
flakes. This technique is robust, fast and nondestructive against sample orientation, laser excitation and presence of defects in the
graphene layers. The effect of relevant experimental parameters on the layer-number identification was discussed in detail, su

as the thickness of the SiO; layer, laser excitation wavelength and numerical aperture of the used objective. This paves the way
to use Raman signal from dielectric substrates for layer-number identification of ultrathin flakes of various 2-D materials.

Introduction

Single-layer graphene (SLG) has been regarded as a promis-
ing material for its high optical transmittance, low resistivity,
high chemical stability and mechanical strength 1>, Graphene
layers can be stacked to form multilayer graphenes (MLGs) in
a hexagonal structure, or, less commonly, in a rhombohedral
one. Graphene layers in MLGs are coupled with each other by
Van der Waals interaction. We use the notation NLG to indi-
cate MLG with N layers, and thus 10LG means MLG flakes
with 10 layers. Additionally, 1ILG means SLG. MLGs exhibit
many potential applications>* due to their highly tunable elec-
trical properties, such as carrier type or density, rich electronic
band structures and various band gaps.>~” Therefore, the iden-
tification of layer number (N) of NLG flakes is essential to
their fundamental study and practical applications. This is true
for multilayer flakes of other two-dimensional crystals. There
are several techniques to identify N of NLG flakes. Atomic
force microscopy (AFM) is a direct and powerful technique to
identify N. However, it is time-consuming and not suitable for
rapid measurement over large area. Moreover, AFM measure-
ment might be affected by the instrumental offset, substrate
roughness and cleanliness of sample surface. Optical contrast
is considered as the most powerful characterization tool for
NLG flakes, which correlates sample thickness with the con-
trast of reflection spectra®'? or color difference '3, To pre-
cisely identify N, the experimental optical contrast must be
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compared with the theoretical contrast for different N.1° G,
tical contrast technique usually can be applied up to N=10 for
a given thickness of SiO, layer (hsion). 310

Raman spectroscopy is one of the most used characteriza-
tion techniques in carbon science and technology. The Rama.,
spectrum of MLGs consists of the C, D, G and 2D modes. In 2
MLG comprising N layers, there are N-1 shear (C) modes, 14
where the experimentally-observed C peak with highest fre-
quency is usually denoted as Cy1. '3 The D mode comes from
TO phonons around the Brillouin Zone edge near K, is active
by double resonance. '® The G peak corresponds to the high-
frequency Ep, phonon at I'. The 2D peak is the D peak over-
tone. The D, G and 2D modes are always present in 1LG.!”
The peak parameters of the C, G and 2D modes can be used to
identify N of NLG flakes. '4!7-2! By probing the spectral pi
file of the 2D mode and peak position of the Cy; modes, one
can determine N of Bernal-stacked NLG flakes up to N=5. 1420
The peak intensity of the G mode, I(G), of NLG on SiO,/Si
substrate is dependent on N because of the multiple reflection
interference within the NLG/SiO,/Si multilayer. 1921 1(y)
will first increase with increasing N and then decrease once
N is larger than about 20. 18 The non-monotonicity of I(G) de-
pendent on N makes it difficult to determine N only by I(G). Ir
fact, the Raman peaks of NLG are very sensitive to its doping
level, defects and stacking orders.'® With increasing defects
and disorders in NLG, the G and 2D peaks will be weakened
in intensity and be broadened in spectral profile. For example
the 2D mode of rhombohedral-stacked 3LG is quite different
from that of Bernal-stacked 3LG in lineshape. >> All these fac-
tors will limit the identification of N by the Raman spectrum of
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NLG flakes themselves.23 Therefore, how to find a universal
method to identify N of NLG flakes with defects and different
stacking orders up to tens of layer number is still an open and
essential issue.

Here, we propose a rapid and efficient technique to iden-
tify N of intrinsic and defective NLG flakes, which is applica-
ble for both Bernal-stacked and rhombohedral-stacked NLGs.
This technique relies on the variation of Raman mode inten-
sity of the Si peak (I(Sig)) from SiO,/Si substrate with N of
overlying NLG flakes. I(Sig) decreases monotonically with
increasing N of overlying NLG flakes. This trend is depen-
dent on the SiO film thickness, laser excitation wavelength
and numerical aperture (NA) of the used objective. The op-
timized NA is suggested to be less than 0.5. This technique
is applicable for NLG over a wide N range up to (N ~ 100),
which can also be extended for N determination of other two-
dimensional materials deposited onto SiO,/Si substrate.

Experimental details

Highly oriented pyrolytic graphite was mechanically exfoli-
ated on the same Si(110) substrate covered with a 89-nm SiO,
to obtain NLG flakes.?* The thickness of NLG flakes was
pre-estimated by the AFM measurement with a tapping mode.
The NLG flakes with N < 5 were determined by Raman spec-
troscopy via the lineshape of the 2D peak?’, and those with
5 < N < 10 were confirmed by optical contrast.®!9 The in-
strumental offset (¢) of AFM measurements for 1LG is 1.4nm
based on the average of 5 data points.

Raman spectra were measured in back-scattering at room
temperature with a Jobin-Yvon HR800 micro-Raman system,
equipped with a liquid-nitrogen-cooled CCD, a x 100 objec-
tive lens (NA=0.90) and a x50 objective lens (NA=0.45). The
excitation wavelengths are 633nm from a He-Ne laser and
532nm from a diode-pumped solid-state laser. By monitoring
the G peak position?, we used a laser power of 0.5 mW to
avoid sample heating. The resolution of the Raman system is
0.54cm™~! (at 532nm) or 0.35cm ™! (at 633nm) per CCD pixel.
For the Raman measurement of each flake, we focused the
laser on the bare substrate close to the graphene flake edge to
get a maximum intensity of the Si peak by adjusting the focus
of the microscope, measured the Si peak from bare substrate,
then moved the laser spot to the graphene flake and measured
the Si peak of substrate covered by the graphene flakes and
the G peak of the graphene flakes directly. The integration
times of 80s and 200s were adopted for the Si and G peaks,
respectively, to ensure a good signal-to-noise for both the two
peaks.
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Fig. 1 (a)Optical image of a flake contained 1LG, 3LG and 4LG on
a 89-nm SiO,/Si substrate. (b) AFM image of the sample within the
square frame in (a). The height profiles along lines A and B are
provided. (c)Raman spectra at 1LG and 4LG regions by 633nm
excitation. (d) The intensity ratio between the Si and G peaks at the
4L.G region as a function of the excitation laser polarization angle in
basal plane by 532nm excitation.

Raman spectra of intrinsic and defective NLG

Fig.1(a) shows the optical image of a flake containing 1LG.
3LG and 4LG on the SiO,/Si substrate. Fig.1(b) is the AFM
image of the black rectangle highlighted in Fig.1(a). The thick-
ness measurements are carried out by two line scans and the
corresponding values are also indicated in Fig.1(b). Although
the instrumental offset between 1LG and substrate in differe -
measurements may be different, the thickness difference be-
tween two flakes stacked together are quite consistent. Raman
spectra at the 1LG and 4LG regions are depicted in Fig.1(c) ir
the spectral range of the Si, G and 2D peaks. 1LG and 4LG
can be distinguished by the 2D lineshape. The Si signal 15
from the SiO,/Si substrate beneath the 1LG and 4LG flakes
whose peak intensity is denoted as I(Sig). The Si peak inten-
sity from the bare SiO,/Si substrate is denoted as I(Sig). It is
clear that I(Sig) at 4L.G is weaker than that at 1LG, while the
G band intensity (denoted as /) of 4LG is stronger than that
of 1LG. I(G)/I(Sig) has been proposed to count N of graphene
flakes.2! However, we found that this ratio is dependent on
the laser wavelength, grating, laser polarization and the ori-
entation of SiO,/Si substrate. As an example, Fig.1(d) shows
the ratio of I(Sig)/I(G) at 4LG (shown in Fig.1(a)) on 89-nm
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Si0,/Si(110) substrate as a function of the laser polarization
angle (0) in basal plane. Although I(G) is constant for differ-
ent 8, I(Sic) o cos?(8), sensitive to 8. Thus, it is difficult to
identify N of NLG flakes on SiO,/Si substrate if the substrate
is not Si(111).
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Fig. 2 Raman spectra of intrinsic (a) and defective (b) NLG flakes
with specific N in the range of the Si, D and G peaks. N is
determined by AFM measurement. The excitation wavelength is
633nm.

I(Sip) is very strong, usually about 50 times as much as
that from bulk graphite. I(Sig) from substrate beneath NLG
flakes is weaker than I(Sip) because of the absorption of both
excitation power to substrate and Si Raman signal from the
substrate by the top of graphene flakes. Therefore, in princi-
ple, Si Raman signal beneath NLG flakes can be considered to
identify N of NLG flakes. In order to fully reveal the experi-
mental conditions for this approach, we prepared 22 intrinsic
graphene flakes with different N from 1 to 102 from the AFM
measurement. Raman spectra of some graphene flakes are de-
picted in Fig.2(a) by both objectives with NA of 0.90 and 0.45.
The absence of the D mode indicates high crystal quality of
these NLG flakes. I(Sig) decreases and I(G) first increases up
to N~18 and then decreases with increasing N. Considering
that the real NLG may be defective, after the above measure-
ment, defects were introduced intentionally for all the NLG
flakes by ion implantation. C* implantation was performed
in an LC-4 type system with the dose and kinetic energy of
2 x 10'3 /cm? and 80KeV, respectively. After the ion implan-
tation, the D peak at ~1350cm ™! appears in the Raman spec-
tra of the NLG flakes, as depicted in Fig.2(b), meaning that
the NLG flakes become defective. The trend of I(Sig) and
1(G) as a function of N for intrinsic and defective NLG flakes
is similar to each other, as shown in Fig.2.

The Si and G peaks at intrinsic and defective NLG flakes
were analyzed by the Lorentz fitting. The peak area intensity
of the G peak I(G) normalized by I(Sip) was summarized in
Fig.3(a) and the peak area intensity ratio I(Sig)/I(G) was sum-
marized in Fig.3(b). It clearly shows that I(G)/I(Sip) reaches
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Fig. 3 The experimental and theoretical I(G)/I(Sig) (a) and
I(G)/I(Sig) (b) as a function of N of NLG flakes. N is determined by
AFM measurement. The objective NA is 0.45. The excitation
wavelengths of 532nm and 633nm are used.

a maximum at 18LG for laser excitations of both 532 nm a -
633 nm. As shown in Fig.3, the experimental I(G)/I(Sip) and
I(Sig)/I(G) of defective NLG flakes significantly diverge frc__
that of intrinsic NLG flakes. Fig.3(b) shows that I(Sig)/I(G)
decrease monotonically with increasing N. Log(I(Sig)/I(G)) ..
almost linearly dependent on Log(N). However, in the Raman
measurement, we kept the crystal orientation of Si substrate
unchanged for all NLG flakes. Once the crystal orientation of
substrate is changed or the NLG flake is defected or with dis-
order, it is impossible to identify N for NLG flakes even for
N<15. New approach based on Raman spectra is necessary
for N determination of NLG flakes.

Optical interference model for Raman intensity
from multilayer structures

Before exploring new approach for N determination of NLG
flakes, we will try to fully understand the behavior of I(G)
and I(Sig)/I(G) as a function of N. Because Raman intens. -
in multilayer structure is determined by multiple reflection at
the interfaces and optical interference within the medium, we
adopted the multiple reflection interference method, which has
been widely used to quantify optical contrast®!%2% and Raman
intensities '3:1%-21.27 of ultrathin flakes of two-dimensional lay-
ered materials. When NLG flakes are deposited on SiO,/Si
substrate, the four layer structure can be established, contain-
ing air(7iy), NLG(7i1, d1), SiO1 (712, d2), Si(i13, d3), where i; anc
d; (i=0,1,2,3) are the complex refractive index and the thick-
ness of each medium, as demonstrated in Fig.4.

Similar to previous works !3:1%21.27 to calculate the inten-
sity of Raman signal from the multilayer structures, one must
treat the laser excitation and Raman scattering processes sepa-
rately. As demonstrated in the square frame in Fig.4, the laser
intensity profile does not decrease monotonically toward the
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Fig. 4 Schematic diagrams of multiple reflection and optical interference in the multilayer structures containing air, NLG, SiO», and Si for the
incident laser and out-going Raman signals (the G peak from NLG and the Si peak from Si substrate). 7ig, 7i; (dy), 7ip(d2), and 7i3(d3) are the
complex refractive indices (thickness) of air, NLG, SiO, and Si layers, respectively. The laser intensity distribution along the depth within

each medium layer is schematized in the square frame.

Si layer. So, Raman signals from the depth z; in the NLG flake
and from the depth z3 in the Si layer will be excited by the laser
excitation power at the corresponding depth. The multiple re-
flection and optical interference are also taken into account in
the transition process of Raman signal from the active layers
to air. We defined F;, and Fy as respective enhancement factors
for laser excitation and Raman signal, similar to the notation
of Yoon et al.'>?’. The Raman intensity of a given phonon
mode from the medium i can be expressed by integrating over
its thickness, d;, as following equation:

d;
o /O \Fr(2i) Fr (z) |2 dz. 1)

The transfer matrix formalism can be used to calculate F; and
Fr in the multilayer structures, which has been widely used
to calculate the Raman signal and optical contrast of NLG
flakes on Si0,/Si substrate. %2126 In order to take the nu-
merical aperture NA of the objective into account, we cal-
culate contributions from each portion of the laser beam by
integrating the incident angle 6 from 0 to arcsin(NA). The s-
polarization (transverse electric field, E, perpendicular to the
graphene c-axis) and p- polar1zat1on (transverse magnetic ﬁeld
H, associated to electric field by H = iiE) field components 20

are also treated for the transfer matrices. The beam expander
is adopted in the optical path to make that the laser beam can
be regarded as an ideal parallel beam so that the Gaussian in-
tensity distribution of the incident laser beam is ignored in the
calculation. Given that the different polarization dependence
of the Raman modes of NLG and substrates due to their dif-
ferent lattice symmetry, the Raman tensor R of each phonon
mode is also considered. Thus, the total Raman intensity of a
Raman mode from the dielectric multilayer is given by inte-

grating over the solid angle (6, ¢ for the laser beam and 6', ¢’
for the Raman signal) of microscope objective and the depth
(z;) in the dielectric layer i:

di Ohax 27 [Opax 270
S A A

)UDY |Fi(,6,0)(7f-R- 7

i= SPL,PH] 5! 7PLaP”

sin 0 cos 8dOd @ sin 8’ cos 8'd0'd ¢’ dz;,

) 2
)FR](Zia 9/3 (PI)

2

where 71& and ?L are the electric field vectors of the Ra-
man signal and laser excitation at the depth z;, respectively.
In fact, I(Sip) can be calculated directly based on the above
model once the thickness of graphene flakes is set to zero. De-
tails of calculations of I(G) and I(Sig) are described in t *
Supporting Information.

Based on Eq. (2), we calculated I(G) and I(Sig) as a func-
tion of N for NLG flakes on Si0O,/Si(110) substrate. Because
d, (thickness of SiO, layer) is a crucial factor'° in the analy-
sis of the enhancement factors for the Raman intensity, d; 1s
taken as 89 nm measured by a spectroscopic ellipsometer ir
the calculation. Complex refractive indices of graphene, SiO;
and Si are considered as the common used ones in previous
literatures, 282 which is dependent on the wavelength A. The
thickness of 1LG is taken to be 0.335 nm. I(Sip) was also cal-
culated. The ratio (1) of Raman scattering efficiency between
the carbon and silicon atoms is used as an adjustable parame-
ter to fit the experimental I(G)/I(Sip) and I(Sig)/I(G) in Fig.3.
As depicted in Fig.3, if i} is taken as 1.606 for 633nm laser and
0.219 for 532nm laser in this work, the theoretical I(G)/I(Sig)
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and I(Sig)/I(G) are in good agreement with the experimental
ones of the intrinsic NLG flakes. One must adjust 1 to make
the theoretical data to fit the experimental one of the defective
NLG flakes. It is not applicable in the real practise process for
N identification because (1) the prepared NLGs are not always
free of defects and (2) the Si substrate used for support each
NLG may be random orientation in the chip cutting and in the
Raman measurement.

Substrate Raman signal for N identification
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Fig. 5 (a) The theoretical curves and experimental data of
1(Sig)/1(Sigp) for 532-nm and 633-nm excitations and NA=0.45. The
thickness of NLG flakes measured by AFM as a function of N
identified by Raman measurement are plotted in the inset.(b)
1(Sig)/1(Sip) as a function of N by the 633-nm excitation for
different NA: experimental data (squares, NA=0.9), theoretical
curves (lines, NA=0, 0.72, 0.9).

Because the Si peak from SiO,/Si substrate is much stronger
than the G peak from NLG flakes and is hardly modified by
the defects or disorders in NLG flakes, the Si peak can be
used as a universal peak for N identification of NLG flakes.
In order to directly compare the experimental and theoreti-
cal data, we calculated I(Sig)/I(Sip) as a function of N for
two laser excitations of 532nm and 633nm for NA=0.45, as
depicted in Fig.5(a) by the solid and dashed lines, respec-
tively. Different excitation wavelengths give different trends
for N-dependent I(Sig)/I(Sip), however, for both the excita-
tion wavelengths, 1(Sig)/I(Sig) decreases monotonically with
increasing N of NLG flakes. With N increasing from 1 to
10, I(Sig)/1(Sip) decreases from ~ 0.95 to ~ 0.55, which is
enough for N determination. According to the two theoreti-
cal curves, we can determine N of each NLG flake based on
the experimental data for each excitation wavelength. We took
the round number of the average N determined by 532-nm and
633-nm excitations as the final N for each intrinsic or defective
NLG flake. Then, we summarized I(Sig)/I(Sip) as a function
of N only determined by Raman measurement in Fig.5(a), as

shown by diamonds, squares and triangles. Based on this new
approach of N identification, the N deviation given by 532-nm
and 633-nm excitations is very small, almost zero for N < 1.,
less than 1 for 16< N < 40, and less than 3 for 41 < N <
100. N determined by Raman measurement is compared with
the thickness (%) of the NLG flakes by AFM measurements, s
shown in the inset to Fig.5(a). We used i = hg +dcN to fit the
data, giving an AFM offset (sg) of 1.4 nm and layer spacing
distance (d¢) of 0.333 nm. The N deviation between Ramar.
measurement and AFM fitting can be as large as 2 for 21LG,
3 for 34L.G and 5 for 66LG.
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Fig. 6 (a) The calculated I(Sig)/I(Sip) excited by a 633-nm
excitation as a function of N for different &g;p, and that of
hsip2=300nm excited by a 532-nm excitation for a comparison. (b}
The calculated I(Sig)/1(Sip) excited by a 532-nm excitation as a
function of N for different /g;0p. The NA of the objective is 0.45.

Isi;; /Isi, was calculated for three NA values of 0, 0.72 ana
0.9 excited by the 633-nm excitation, as shown in Fig. 5(b)
by dash-dotted, solid and dashed lines, respectively. Is;,/Is;,
is also dependent on NA. The error of N determination based
on theoretical NA=0 for experimental NA=0.9 can be up to
15%. Fig. 5(b) shows Is; /Is;, measured by an objective with
NA=0.9, which is found to be consistent with the theoretic
one of NA=0.72. The reduction of effective NA in this exper-
iment is similar to the previous reports '© on the optical con-
trast of graphene flakes on SiO,/Si substrate. This reduction
can result in an uncertainty of 1 for N<10 and of up to 7 for
N=100.

For a purpose of practise application, I(Sig)/I(Sip) was

calculated for several typical hg;pn. Fig. 6(a) depicts I(Sig)/1(ig)

for NLG flakes on the substrate with /g;0>=290nm, 300nm
90nm and 100nm. It is evident that only a variation of 10
nm for hgjpr can introduce a significant change on the N-
dependent curve, which will result in a large error for N deter-
mination for a thicker NLG flake. This suggests that precise
hsion s very important before N determination for NLG flakes
on SiO,/Si substrates by 1(Sig)/I(Sip), similar to the case of
N determination via optical contrast. The difference between
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I(Sig)/I(Sip) excited by 532-nm and 633-nm excitations for
hsio2=300nm depicted in Fig. 6(a) is more significant than that
for hgipo=89nm as shown in Fig. 5(a). However, for an exci-
tation of 532 nm, the calculated I(Si¢)/I(Sip) as a function of
hsion for hs;pr=290nm, 300nm, 90nm and 100nm are almost
identical to each other, as demonstrated in Fig. 6(b). The the-
oretical error for N determination induced by the difference of
the four curves can be as small as 1 up to 80LG. Thus, 532-
nm excitation is a good option for N determination of NLG
flakes on SiO,/Si substrates once 285nm< hg;0o <305nm or
90nm< hg;jop <110nm.

The advantages of the N identification based on the Si peak
intensity from substrates are summarized here: (1) The Ra-
man intensity from Si substrates can be so intense up to tens
of thousands per second that the signal-to-noise of the mea-
sured I(Sig)/I(Sip) can be very high even for thick graphene
flakes. (2) In contrast to I(Sig)/I(G), this technique does not
need to introduce a undetermined Raman efficiency of differ-
ent atoms in the intensity calculation for the corresponding
Raman modes. (3) Because /(Si¢) and I(Sip) is from the same
Si substrate, it makes the measured value I(Sig)/I(Sip) ro-
bust for any substrate orientation and laser polarization. (4)
I(Sig)/I(Sip) is not affected by slight disorders as shown in
Fig. 5(a) and even doping or adsorption if they do not signifi-
cantly change the complex refractive index of graphene flakes.
(5) The N identification based on Raman spectroscopy offers
a high spatial resolution for other optical techniques, such as
optical contrast.

There are several factors to be noted in the N identifica-
tion of NLG flakes based on I(Sig)/I(Sip): (1) In order to en-
sure the accuracy of N identification, a microscope objective
with NA<0.45 is suggested, and smaller effective NA should
be considered for larger NA, as shown in Fig.5(b). The rea-
son may be that Raman signal in the entire field of view were
not fully collected.?® (2) hg;p, must be confirmed by initial
measurement by a spectroscopic ellipsometer or other tech-
niques because I(Si¢)/I(Sip) is very sensitive to hgipp. (3) If
the diameter of a laser beam with a Gaussian intensity profile
is comparable or smaller than that of the objective aperture,
the stronger intensity at the center of the laser beam will result
in a smaller effective NA in the theoretical calculation to fit
the experimental results.

Conclusions

We demonstrated a robust, fast and nondestructive method to
identify the layer number of graphene flakes on SiO,/Si sub-
strates for any substrate orientation and laser polarization. The
intensity ratio of the Si peak from SiO,/Si substrates under-
neath graphene flakes to that from bare SiO,/Si substrates is
used as a probe for the layer number. The high signal-to-noise
of the ratio make this method robust against presence of de-

fects in the graphene layers. This technique can be extended
for layer-number identification of ultrathin flakes of other two-
dimensional materials, such as semimetals (NiTe; and VSe,),
semiconductors (WS;, WSe;, MoS,, MoSe,, MoTe,, TaS;
RhTe; and PdTe,), insulators (HfS,), superconductors (NbS,
NbSe;,NbTe;, and TaSe;) and topological insulators (BisS 3
and Bi, Tes). 30
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