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Large-area few-layered graphene film
determination by multispectral imaging
microscopy†
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Ya-Ping Hsieh,a Shih-Wei Feng,c Min Kai Leed and Chie-Tong Kuoe

A multispectral imaging method for the rapid and accurate identification of few-layered graphene using

optical images is proposed. Commonly rapid identification relies on optical interference effects which

limits the choice of substrates and light sources. Our method is based on the comparison of spectral

characteristics with principle components from a database which is populated by correlation of micro-

Raman registration, spectral characteristics, and optical microscopy. Using this approach the thickness

and extent of different graphene layers can be distinguished without the contribution of the optical inter-

ference effects and allows characterization of graphene on glass substrates. The high achievable resolu-

tion, easy implementation and large scale make this approach suitable for the in-line metrology of

industrial graphene production.

1. Introduction

In the future, graphene, a two-dimensional carbon allotrope, is
expected to be widely applied, and large-area graphene film
would undergo industrialized mass production. However, the
quality of the products would seriously affect the performance
efficiency of the graphene film applications. Fundamental pro-
perties, such as the electronic structure of graphene or
thermal conductivity varies depending on the number of gra-
phene layers.1,2 Recent progress in the synthesis has allowed
the large scale fabrication of graphene with thicknesses of less
than 10 layers using nickel-catalyzed chemical vapor depo-
sition and mostly single-layered using Cu-catalyzed chemical
vapor deposition.3,4 The use of the metal–carbon melt
included copper and nickel and the high pressure–high temp-
erature (HPHT) growth process from the natural graphitic
source material are other more potential methods for gra-

phene synthesis.5–7 One challenge for the characterization of
thus grown graphene samples is the rapid identification of its
thickness and size. Few-layered graphene thin films are mainly
analyzed through atomic force microscopy (AFM), micro-
Raman spectroscopy, and optical microscopy (OM). AFM can
clearly analyze the surface structure of the graphene thin film
to obtain information on the size and thickness of the gra-
phene film.8–10 Therefore most initial work was done on gra-
phene which was identified using AFM.11 However, AFM is
limited by its too small imaging range, slow measurement,
and numerous challenges of the probe–graphene interaction.

Raman spectroscopy is the most effective method to
analyze the number of layers of the graphene film.11–15 The
Raman spectrum of single-layered graphene is significantly
different from that of graphite, and as the number of graphene
layers increases, the Raman spectrum would also vary. Gupta
et al. studied the relationship between the G-band and the
number of graphene layers, and found that the intensity of the
G-band increases with the number of layers.11 Ferrari et al.
studied the relationship between the 2D-band and the number
of graphene layers, and found that the full width at half
maximum of the 2D-band increases with the number of
layers.12 However, the Raman spectrum cannot be applied to
defective or mixed samples because the peaks of the G- and 2D-
bands of the Raman spectrum of defective or mixed graphene
are distinct and cannot be applied to large-area analysis.

The OM is the fastest and simplest method to analyze the
number of graphene layers.13–25 Novoselov et al. found that the
structure of silicon dioxide (SiO2, 300 nm thick) grown on a
silicon (Si) substrate, followed by a graphene film, could be
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observed under an optical microscope. This observation was
facilitated by the generation of a certain contrast caused by the
interference effect of light in such a structure, which allowed
the distinction of single-layered graphene using OM.16 Blake
et al. further analyzed the contrast of SiO2 films with varied
thicknesses. They believed that the contrast was related to the
thickness of SiO2 and the wavelength of light. The best con-
trast of the graphene film was obtained when the SiO2 film
was 90 nm thick.13 Ni et al. studied the reflection spectrum
and contrast of graphene with 1–9 layers on a SiO2/Si substrate,
and found higher contrast at a wavelength of 550 nm.14 Gao
et al. grew multilayered graphene on different substrates, such
as SiO2, Si nitride (Si3N4), and sapphire (Al2O3), for wave-
length-dependent optical detection calculation. The results
indicated that the Si3N4 substrate is suitable for observing the
low number of graphene layers, whereas SiO2/Si and Al2O3 are
suitable for the medium and high levels, respectively.15 Chen
et al. investigated the color difference between the
1–4 graphene layers on a SiO2/Si substrate and examined the
relative positions of the different layers of the graphene film.20

Nolen et al. found the color characteristics of the 1–4 graphene
layers on an SiO2/Si substrate and established a detection
system to rapidly distinguish the number of graphene film
layers.21 Wang et al. analyzed the contrast of 1–4 graphene
layers on a SiO2/Si substrate using the filters of red (590 nm–

720 nm), green (520 nm–590 nm), and blue (435 nm–520 nm),
in which an obvious image was produced when the red filter
was used.22 The drawback of the current OM-technique is that
the analysis can only be performed on a particular substrate.
To overcome this challenge, a new optical detection method is
proposed using the multispectral imaging (MSI) technology to
detect the number of large-area graphene film layers. This
technique does not rely on interference effects and allows the
characterization of graphene on many different substrates.

In this study, few-layered graphene films were grown on a
copper foil using chemical vapor deposition (CVD) following

the previous reports and transferred to SiO2 (300 nm)/Si and
glass substrates (Scheme 1).26 First, the graphene films trans-
ferred to the different substrates were analyzed using Raman
spectroscopy. The intensity of the G-band was utilized as a
quick way to identify the number of layers. Then, photographs
of the samples were taken using an optical microscope and
CCD. Finally, the spectral characteristics of each layer were
characterized by the MSI technology. The spectral differences
of the graphene films with different layers were calculated and
discussed. Databases of the different spectral performance of
the different layers were established using principal com-
ponent analysis (PCA). This analytical method can also deter-
mine the number of graphene layers on the different
substrates.

2. Experimental
2.1. CVD graphene/SiO2 and graphene/glass wafer

Graphene was synthesized by chemical vapor deposition as
previously reported using copper as the catalyst material.27

Briefly, under low pressure (400 mTorr) a piece of copper foil
(Alfa 13382) was annealed in a gas flow of 10 standard cubic
centimeters (sccm) of hydrogen at 1000 °C for 30 minutes
before a flow of 20 sccm of methane gas was introduced to
initiate the graphene growth. To control the graphene growth
rate, 50 sccm of hydrogen were flown during this period. After
the synthesis process was completed, the material was cooled
down under 5 sccm of hydrogen to prevent oxidation and to
minimize the hydrogenation reactions of graphene. The few-
layered (1–4 layers) graphene film grown on the SiO2 (300 nm)/
Si substrate is shown in Fig. 1(a) and named sample
A. Fig. 1(b) is the configuration diagram of sample A. Fig. 1(c)
is the image of the sample under a 20× optical microscope.
The graphene film may produce multiple reflection inter-
ference on the SiO2 (300 nm)/Si substrate, which results in
increased contrast.12–14,16 Therefore, the differences in the
shades of color can be distinguished under the microscope,
but the position of each layer in the sample cannot be accu-

Scheme 1 A multispectral imaging method is proposed for rapid and
accurate identification of few-layered graphene using optical images.

Fig. 1 (a) Sample of the graphene film with 1–4 layers grown on the
SiO2 (300 nm)/Si substrate; (b) configuration diagram of this sample; (c)
image of the sample under 20× magnification.
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rately determined. Raman microscopy should be used to accu-
rately determine the location of the various layers in the sample.
The sample of the graphene/glass substrate is shown in Fig. 2(a)
and is called sample B. In this sample, the gradual layer perform-
ance of different layers can be seen with the naked eye. However,
the difference between the numbers of layers of the image
cannot be observed under an optical microscope (Fig. 2(b–e)).
The boundary between layers cannot be clearly identified.

2.2. Micro-Raman spectroscopy

This study used a micro-Raman spectrometer (Renishaw, InVia
1000 system) to measure the Raman signal of the graphene
film. The laser used 633 nm red radiation with a power of
8.6 mW. The magnification of the microscope objective lens
was 50×, with a focused spot size of approximately 1 μm and
integration time of 10 s.

2.3. Multispectral imaging microscopy (MSIM)

The MISM system in this study was constructed under the
Nikon mm-40 optical microscope. The 24-color (X-Rite,
Mini ColorCheckers) image information was captured using
CCD (Sentech, STC-620PWT) and a high-resolution spectro-
meter (Ocean Optics, QE65000). The details are described in
the ESI (S1†).

3. Experimental results and
discussion
3.1. Micro-Raman studies

Fig. 3(a) shows the micro-Raman spectrum of sample A. Peaks
were observed near 1581 and 2676 cm−1. According to ref. 13,

these peaks represent the G- and 2D-bands, in which the
G-band is an optical phonon-mode of the carbon atom and
can be observed in various carbon materials. In contrast, the
2D-band is a double resonance mode formed by the inter-
action with two phonons and related to the electronic structure
of graphene. The number of graphene layers is determined by
the ratio G/2D. The extracted thickness correlates well with the
optical contrast in Fig. 3(b). No such contrast is visible on a
glass substrate due to the absence of multiple reflection inter-
ference effects. Thus, for sample B, micro-Raman spot and
line scans were used to extract the position and thickness of
each layer.

Fig. 4(a) shows the average Raman spectral measurement
results of sample B at different graphene layers. Measurement
was performed 30 times at the known positions of the gra-
phene layers. The Raman shift of the graphene film on a glass
substrate was mainly located at 1582 (G-band) and 2673 cm−1

(2D-band). On the G-band, the Raman signal strength
increased with the number of layers, due to the larger number
of carbon atoms present. The 2D-band, however, showed a
decreasing intensity as the number of layers increased in
agreement with previous reports.28 Fig. 4(b) shows a Raman
map, in which the corresponding graphene layer thickness is
indicated. To confirm the results of Raman mapping, Fig. 4(c)
illustrates the results of the scanned G-band signals of the two
straight lines in Fig. 4(b). Previous publications assigned
different intensity ratios to various graphene thicknesses
which agree well with our findings.12,28–30 Fig. 4(d) presents
the Raman signal strengths of the G- and 2D-bands of the gra-
phene films with 1–5 layers. Fig. 4(e) displays the ratio of the
G-band/2D-band for each layer. The ratio increased as the
number of graphene layers increased to 1–4, but the ratio was
saturated at 4 to 5 layers.

3.2. Reflectance and transmittance spectra

The analog reflection/penetration spectrum of the sample was
obtained by using multispectral imaging microscopy (MSIM)
techniques. The MISM system in this study was constructed
under the Nikon mm-40 optical microscope. The 24-color
(X-Rite, Mini ColorCheckers) image information was captured
using CCD (Sentech, STC-620PWT) and a high-resolution
spectrometer (Ocean Optics, QE65000). The details are

Fig. 2 (a) Image of the graphene/glass substrate sample; (b) boundary
image between layers 5 and 4 under 20× magnification; boundary
images between layers (c) 4 and 3, (d) 3 and 2, and (e) 2 and 1.

Fig. 3 (a) Raman spectra of monolayered, bilayered, tri-layered, and
four-layered graphene on the SiO2 (300 nm)/Si substrate; (b) optical
image of graphene sheets on the SiO2 (300 nm)/Si substrate.
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described in the ESI (S1†). Fig. 5(a) is an analog reflection
spectrum of sample A. Given that the graphene film was trans-
ferred onto a SiO2 (300 nm)/Si substrate, only the reflection
spectrum can be obtained. In Fig. 5(a), the reflectance of the
graphene films was approximately 3%–5%, which increased
with the number of layers in the band from 500 nm to 575 nm.
This phenomenon is due to the contribution of multiple
reflection interference which is normally exploited to observe
the film layers of graphene on SiO2 (300 nm)/Si samples using
optical microscopy. This effect is causing an increase in green

color with the increasing layer number.12–14,16 (This result can
also be compared with the trend in Fig. 3 in ref. 13.)

The MSIM technique allows distinguishing the graphene
layers. Fig. 5(b) presents an analog penetration spectrum of
sample A. Without considering the optical absorption of the
material, the reflection spectrum of the test piece can be trans-
formed into a penetration spectrum. The few-layered graphene
has high transmittance characteristics.31 Fig. 6(a) shows an
analog penetration spectrum of sample B. Given that our
MSIM technique is based on visible light, this penetration
spectrum only falls in the range of 380 nm to 780 nm. To
verify the accuracy of our technology, UV-visible spectroscopy
was also used to measure the light transmittance of the
material (Fig. 6(b)). Comparing the results of Fig. 6(a) and (b),
the penetration spectrum of the few-layered graphene as calcu-
lated by MSIM is consistent with the results of the optical
measurement.

3.3. Spectral characteristics of graphene

Fifty spectra associated with different positions and layer
thicknesses were recorded to establish a database of their spec-
tral characteristics. Each position included 400 image
elements. The average spectrum of each position was deter-
mined for the PCA, and different eigenvector groups were
obtained.32–35 Six from each group of eigenvectors were used
as the foundation to obtain six eigenvalues. After PCA deter-
mined the eigenvectors corresponding to the two groups with
the largest eigenvalue, eqn (1) was used to calculate the eigen-
values of each graphene layer.

yj ¼ aj1 ðx1i � x̄1Þ þ aj2 ðx2i � x̄2Þ þ � � � þ ajn ðxni � x̄nÞ ð1Þ
where x1i, x2i,…, xnirefer to the spectral intensities corres-
ponding to the first, second, and up to the nth wavelength.
x̄1, x̄2,…, x̄n refer to the average spectral intensities of the first,
second, and nth wavelengths. The coefficients aj1, aj2, and ajn
are the coefficients of the eigenvector after the covariance
matrix is determined for each spectrum. Based on Hotelling’s
rule, the first principal component constitutes the most infor-
mation in the original data, which can be regarded as the com-
prehensive index. The information in the second and third
principal components in the original data can be used to clas-
sify all groups.36

Fig. 4 (a) Raman spectra of monolayered, bilayered, tri-layered, four-
layered, and five-layered graphene on a glass substrate; (b) Raman
image plotted by the intensity of the G band; (c) cross-sectional plot of
a few-layered graphene with two positions in (b); (d) G- and 2D-band
Raman intensities of sample B; (e) G-band/2D-band Raman intensity
ratio with different graphene layers on a glass substrate.

Fig. 5 (a) Average reflectance (b) and average transmittance spectra of
the monolayered, bilayered, three-layered, and four-layered graphene
on the SiO2 (300 nm)/Si substrate by MSIM.

Fig. 6 Average transmittance spectra of monolayered, bilayered, three-
layered, four-layered, and five-layered graphene on a glass substrate by
(a) MSIM and (b) UV-visible spectroscopy.
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Two groups of eigenvalues (a1 and a2) were chosen for the
scattergraph shown in Fig. 7. The a1/a2 axis presents the first
and second principle components that constitute the 96.50%
and 1.80% approximation in the spectrum of the original cell,
respectively. With the data of the individual groups, PCA was
performed again to determine the distribution. The range is
shown in ellipsoid, the equation of which is expressed as
follows:

ða1xþ b1yþ c1Þ2
d12

þ ða2xþ b2yþ c2Þ2
d22

¼ 1 ð2Þ

where a1, b1, a2, and b2 refer to the eigenvector coefficients of
the inverse covariance matrix of the groups, the physical
meaning of which is the axis rotation; c1 and c2 represent the
average of the data values of the groups. The groups made par-
allel movements at all data points, whereas PCA was conducted
such that the center of an ellipse was moved to the original
space. The values for d1 and d2 refer to the feature values of
the inverse covariance matrix, which refers to the long axis
and half of the short axis of the ellipse, respectively. In
Fig. 7(a), graphene films with different layers have different
distribution trends, so the scope of the various layers can be
defined. Using eqn (2), the ranges of each layer are defined as
follows: 3.05 < a1 < 4.90, −0.73 < a2 < −0.21; 1 layer, 1.43 < a1 <
3.11, −0.50 < a2 < −0.08; 2 layers, 0.64 < a1 < 2.22, −0.35 < a2 <
−0.12; 3 layers, −1.50 < a1 < 1.13, −0.19 < a2 < 0.42; and
4 layers, −4.19 < a1 < −1.61, −0.46 < a2 < 0.23. This information
can serve as a database of the spectral characteristics of the

graphene films of different layers on the SiO2 (300 nm)/Si
substrate.

Hereafter, the number of layers of the new graphene film
on the SiO2 (300 nm)/Si substrate film can be determined.
Similarly, the distribution range of the spectral characteristics
of the graphene films with different layers on the glass sub-
strate is also defined in Fig. 7(b): 0.27 < a1 < 0.49, −0.10 < a2 <
0.05; 1 layer 0.05 < a1 < 0.35, −0.10 < a2 < 0.05; 2 layers, −0.08
< a1 < 0.22, −0.11 < a2 < 0.07; 3 layers, −0.10 < a1 < 0.11, −0.06
< a2 < 0.05; 4 layers, −0.28 < a1 < 0.00, −0.08 < a2 < 0.06, and
5 layers, −0.44 < a1 < −0.15, −0.04 < a2 < 0.05.

3.4. Identification and color mark of graphene layers

The micrograph of sample A (Fig. 3(b)) was read and analyzed.
The image was median-filtered to reduce the noise generated
by the CCD or image capturing.21 The analog spectrum of
each pixel for both original and median-filtered image was
obtained by the MSIM technique and the thickness of gra-
phene could be extracted from the previously described data-
base. The analytical results for the original and filtered image
are shown in Fig. 8(a) and (b).

The results demonstrate that the proposed MSIM technique
could be successfully applied to find the position of the gra-
phene films with different layers on the SiO2(300 nm)/Si sub-
strate. Similarly, the micrograph of sample B was analyzed
[Fig. 4(e)], the results of which are shown in Fig. 9. Consider-
ing the CCD size and magnification, an image of approxi-
mately 80 530 µm2 could be captured with 640 × 480 pixel
resolution which results in a system resolution of around
500 nm. The sample was measured under a 40× lens to deter-

Fig. 8 (a) Sample A with the reproduced images with different layers
marked with different colors; (b) results of the median-filtered image of (a).

Fig. 7 Principal component distribution diagram of (a) the five kinds of
graphene layers on the SiO2 (300 nm)/Si substrate and (b) the six kinds
of graphene layers on the glass substrate.

Fig. 9 Sample B with the color-reproduced image of different layers
marked with various colors.
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mine whether this analysis of the layers of graphene technol-
ogy has a higher resolution. The results are explained in the
ESI (S2†). By using this system, an image around 21 410 µm2

could be obtained on the CCD. With image pixels of 640 × 480,
the system resolution was calculated to be approximately
250 nm.

4. Conclusions

This study focused on the discriminant analysis of large-area
graphene films with different layers on SiO2 (300 nm)/Si and
glass substrates. The results were used to establish databases
on the number of layers set on different substrates using the
principal component score plot (PCS) image combined by
using the image capture system and the MSIM technology. The
analytical results show that the presence and thickness of gra-
phene could be identified on both substrates. The distribution
range of each layer on the glass substrate is very close in the
main component score plot, which is contrary to that on the
SiO2 (300 nm)/Si substrate. Thus, analysis is feasible under 20×
magnification, but under 40× magnification, the impurities on
the sample surface affects the results. However, in terms of the
overall trend, the proposed method can be used at high magni-
fication. The present method is superior to Raman spec-
troscopy and AFM due to its larger detection area, decreased
measurement time (approximately 30 min for an image) and
low cost of the required equipment.
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