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Initiated by graphene, two-dimensional (2D) layered materials have attracted much attention owing to their
novel layer-number-dependent physical and chemical properties. To fully utilize those properties, a fast and
accurate determination of their layer number is the priority. Compared with conventional structural charac-
terization tools, including atomic force microscopy, scanning electron microscopy, and transmission electron
microscopy, the optical characterization methods such as optical contrast, Raman spectroscopy, photolumines-
cence, multiphoton imaging, and hyperspectral imaging have the distinctive advantages of a high-throughput
and nondestructive examination. Here, taking the most studied 2D materials like graphene, MoS2, and black
phosphorus as examples, we summarize the principles and applications of those optical characterization
methods. The comparison of those methods may help us to select proper ones in a cost-effective way.
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Micromechanical exfoliated graphene opened the research
field of two-dimensional (2D) materials. Since then, more
and more 2D layered materials, including molybdenum
sulfide (MoS2), hexagonal boron nitride (h-BN), black
phosphorus (BP), and so on, have been reported and have
attracted great interest. Compared with conventional
electronic and optical materials, 2D materials show many
unique properties such as record-high charge carrier
mobility, strong light–matter interaction, and superior
mechanical properties[1–3], which implies promising appli-
cations for novel devices[4]. However, many of those fasci-
nating properties are strongly dependent on their layer
numbers (LNs). For example, monolayer graphene has
a zero bandgap, while bilayer graphene on SiC substrate
has a finite bandgap of ∼0.26 eV[5]. Monolayer MoS2 is a
direct bandgap semiconductor, but bilayer MoS2 is an
indirect one. While the bandgap of BP decreases as the
number of layers increases from monolayer (1.5–2.0 eV)
to bulk (0.2 eV)[6]. In addition, at present, it is still a great
challenge to precisely control the LN of 2D materials in
large scale, although there are many methods for prepar-
ing 2D materials including micromechanical exfoliation[7],
epitaxial growth[8], chemical vapor deposition (CVD)[9],
and liquid phase exfoliation[10]. Therefore, it is critical to
find an efficient and reliable way to identify their LNs,
which is important for both fundamental research and in-
dustrial application.
Among the numerous thickness characterization meth-

ods, atomic force microscopy (AFM), scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM) are the most intuitive approaches. Nevertheless,
these structural characterization methods are usually
low in throughput, prone to sample damage, and strict

with substrate choosing. For example, during the measur-
ing process of AFM in contact mode, the cantilever tip
always needs contacting with the sample, which may
cause irreversible physical damage to the samples. In
the SEM observation, conductive substrates are required
to eliminate the charge accumulation. The low-voltage
mode is much sensitive to small surface features but de-
creases the signal-to-noise ratio. The TEM characteriza-
tion requires sophisticated skills and experiences with
sample preparation. For optical characterization, due to
the strong LN-dependent light–matter interactions of
2D materials, the variation of optical signals collecting
from the scattering, absorption, or light emission can be
correlated to the LNs. Therefore, by detecting these opti-
cal signals and interpreting their peak position, intensity,
and line shape associated with LNs, their exact LNs can be
accurately determined. Such an optical characterization is
nondestructive, with high throughput, and reliable. Here,
we review the principles and recent development of the
commonly adopted optical characterization methods,
and compare their advantages and limitations.

This review is organized as follows. After the introduc-
tion, we first focus on the most frequently used method,
the reflective optical contrast, to identify the LNs of 2D
materials laying on nontransparent substrates. Particu-
larly, we summarize the reported strategies on improving
the visibility of 2D materials by engineering the reflection
contrast of the substrates. Then, Raman and photolumi-
nescence (PL) characterizations of typical 2D materials
(graphene, MoS2, and BP) are briefly reviewed. The mul-
tiphoton spectrum relying on nonlinear absorption is
one of the focuses in another section. Other methods
mainly regarding the identification of 2D materials on
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transparent substrate are also discussed. Finally, we
present a summary and an outlook for the research field.
We note that during our preparation of this review, an-
other comprehensive review paper mainly focusing on
Raman characterization was published[11], which is also
a valuable reference for the optical characterization of
2D materials.
Undoubtedly, reflective optical contrast is the most

direct and convenient method to identify the LNs of 2D
materials, and is especially useful for finding monolayer
microflakes from the micromechanical exfoliated samples
in checking under microscopy[12]. Owing to their ultrathin
features, the optical transmittances are very high (∼97.7%
for monolayer graphene), making them generally invisible
on most substrates. Thanks to a special substrate of Si
wafer capped with a 300 nm SiO2, monolayer graphene
can be vividly seen by the naked eye[13]. A more clear con-
trast image can be obtained by observing the sample
under conventional reflective optical microscopy. This
simple and effective technique of direct visualization of
atomically thin materials not only makes the great success
of graphene, but also offers a quick way to identify other
monolayer materials, which greatly accelerates the explo-
ration of new 2D materials.
To explain this amazing phenomenon, Blake et al.[14]

first proposed a strict calculation using the Fresnel prin-
ciple. When light is incident from air onto a 2D material
laying on a dielectric substrate, multiple reflections at the
interfaces occur and optical interference within the
medium of multilayer structure will modify the intensity
of reflection from 2D material. As shown in Fig. 1(a), the
optical contrast is defined as the difference between the
light reflection intensity from the 2D materials deposited
on substrate and that from the bare substrate. The calcu-
lating formula can be written by C ¼ ðRsub − RsubþfilmÞ∕
Rsub, where Rsub and Rsubþfilm represent the reflectance
of substrate and 2D materials, respectively. Via well-
established recursive[15] and transfer matrix methods[16–18],
both of which are derived from the Fresnel principle, this
enhancement effect can be theoretically calculated
and found to be well matched with the experimental
results[19]. As shown in Fig. 1(b), the calculation result
shows that the optical contrast of monolayer graphene
on SiO2 has two visualization channels. One is for
∼90 nm SiO2 and the other is for ∼300 nm SiO2 with a

slightly wider range. Note that a near 10% optical con-
trast around 550 nm is enough for direct eye recognition.
Figure 2(a) shows the contrast spectra of different gra-
phene layers on the 300 nm SiO2 substrate. The corre-
sponding optical images of the samples are shown in
Fig. 2(b)[19]. As can be seen, with LN increasing, the con-
trast clearly consistently increases.

This method is also found very effective for other 2D ma-
terials. To maximize the reflection contrast for easier dis-
tinction, many structures of the substrates have been
proposed. For example, Lee et al.[20] proposed that a struc-
ture of Ag film covered with 81 nm SiO2 as the light cavity
also shows ∼10% optical contrast with a much broader
range than that of conventional 300 nm SiO2 substrate.
Teo et al.[16] have theoretically studied the visibility of gra-
phene on different types of substrates, including metals,
semiconductors, and insulators. They found that by coat-
ing a polymethylmethacrylate (PMMA) layer on the
graphene/dielectric substrate the contrast can be further
improved. Table 1 summarizes the recently reported struc-
tures for enhancing optical contrast on nontransparent sub-
strates. Obviously, the maximum contrast is strongly
wavelength dependent. Therefore, a narrow bandpass filter
is typically required to improve the contrast.

It is worth mentioning that reflective optical contrast is
a very efficient method to identify monolayer 2Dmaterials
on the above-mentioned reflectively enhanced substrates.
However, to quantitatively determine the LN by this
method, one needs to measure the reflection spectra
and fit them with the calibrated LN-dependent reflection
of the same material on the same substrate. It also should

Fig. 1. (a) Schematic of the optical contrast definition. (b) A
color plot of the contrast as a function of the wavelength and
the SiO2 thickness[14].

Fig. 2. (a) Contrast spectra of graphene with different LNs on
300 nm SiO2 substrate. (b) The optical images of all the samples
in (a). The graphene flakes in a, b, c, d, e, and f are more than
10 layers and the thickness increases from a to f[19].
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be noted that finding monolayer by contrast is experience
dependent. Without careful training on the comparison of
the calibrated LN-related contrast images, it is difficult to
give an accurate assignment of the LNs.
Raman is also a powerful tool for counting the LNs of

2D materials. Because of highly LN sensitive lattice vibra-
tion and phonon dispersion of 2D materials, the LNs of
the sample can be precisely determined by detecting the
variation of intensity, peak position, and line shape of
the characteristic Raman peaks[25]. Raman spectroscopy
was first applied for characterizing the LN of graphene.
In graphene, there are two characteristic Raman modes,
G mode and 2D mode, whose line shape and intensity
are important for identifying the LNs. The G band orig-
inates from the in-plane vibration of sp2 carbon atoms and
is a doubly degenerate (TO and LO) photon mode (E2g
symmetry) at the Brillouin zone center[26]. The 2D band
originates from a two-phonon double resonance Raman
process. Because the interlayer coupling is much weaker
than the intralayer C-C bonding, the interlayer coupling
almost does not affect the C-C bonding in multilayer gra-
phene. Therefore, it is revealed that the peak position of
the G mode is not sensitive to LN[11]. As shown in Fig. 3,

except for the increase in the intensity, the position and
line shape of G mode do not change with the increase
of LNs, while the line shape of the 2Dmode exhibits strong
dependence on LNs[27]. The observed layer-dependent
characteristics of the 2D peak could, in principle, be
attributed to the splitting of the phonon branches or
the splitting of the electric band with increasing LNs.
The intensity ratio of the 2D mode to theG mode can also
be used to determine the LNs of graphene. Generally,
I 2D∕IG is greater than 2 for a high-quality monolayer
graphene[28].

For transition metal dichalcogenides (TMDCs),
Mak et al.[29], have systematically investigated the layer-
dependent Raman spectra of MoS2. Figure 4(a) presents

Table 1. Recently Reported Structures for Enhancing Optical Contrast

Reference Structure Material Max Theoretical Contrast

[14] Film/SiO2/Si Graphene ∼ 15% @ 560 nm

[21] Film/SiO2/Si, film/glass Graphene ∼10% @ 570 nm

[22] Film/Si3N4/Si Graphene oxide ∼ 80% @ 550 nm�

[16] PMMA/film/SiO2, Si3N4, Al2O3, TiO2,
Si, Ge, GaAs, ZnO, Au, Cu, etc.

Graphene 59.73% @ 400 nm ðHfO2Þ�

[23] Film/72 nm Al2O3/Si Graphene ∼ 12% @ 450 nm

[12] Film/SiO2/Si MoS2, WSe2, NbSe2 ∼ 80%, ∼ 45%, ∼ 40% (495–530 nm)

[17] Film/75 nm Si3N4/Si MoS2, MoSe2, WSe2, BP ∼ 45% @ 550 nm (MoS2)

[20] Film/SiO2/Ag/Si Graphene ∼ 10% (500–700 nm)

[24] SiO2/film/SiO2/Si Graphene, MoS2, WS2, WSe2,
MoS2

70% (MoS2 500–560 nm)

Fig. 3. The G and 2D modes of graphene vary with different
layers[27].

Fig. 4. (a) Four active Raman modes in bulk MoS2. (b) Raman
spectra of atomically thin and bulk MoS2 films. (c) The fre-
quency shifts of two characteristic Ramanmodes and their differ-
ence as a function of LNs[29].
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four Raman-active modes existing in a bulk MoS2 sample.
Usually, E1

2g andA1g modes, standing for in-plane and out-
of-plane vibration, respectively, can be observed. The ab-
sence of the other two modes is attributed to the selection
rules associated with scattering geometry. All film thick-
nesses in Fig. 4(b) have strong signals from both in-plane
E1

2g and out-of-plane A1g. When the LN increases, the
out-of-plane atom vibration in MoS2 is suppressed by the
interlayer van der Waals force, resulting in higher force
constants[30]. Thus, A1g mode has a blueshift. Different
from A1g mode, the E1

2g mode has a redshift, which is be-
lieved to be affected by the long-range interlayer Coulomb
interaction between Mo atoms. Moreover, with increasing
LN, the intensities of the two modes are both stiffened.
Figure 4(c) displays the peak position evolution of E1

2g
andA1g modes with different LNs. By analyzing the differ-
ence between these two modes, the LN can be determined.
For BP, its Raman spectroscopy mainly consists of

three characteristic Raman peaks A1
g , B2g, and A2

g, as
shown in Fig. 5(a). The frequency shift between B2g
and A2

g is regarded as a criterion of the LN[31]. From bulk
to bilayer BP, the frequency shift changes from 28 to
31 cm−1, and in monolayer BP, the difference between
the two peaks is 32 cm−1. Utilizing this layer-dependent
characteristic of these two peaks, it is possible to rapidly
identify single and bilayer BP samples. In addition, differ-
ent from highly symmetric 2D materials like graphene, BP
is an anisotropic material whose lattice orientation can be
reflected by Raman spectroscopy. The Raman intensities
of A1

g , B2g, and A2
g modes in BP show an obvious periodic

variation with the sample rotation angle under both par-
allel and cross-polarization configurations[32]. As shown in
Figs. 5(c) and 5(d), when the polarization direction of the

incident laser is parallel to the zigzag lattice orientation,
the intensity of A1

g and A2
g peaks will reach their maxi-

mum. However, when the polarization direction of the
incident laser is perpendicular to the zigzag lattice orien-
tation or parallel to the armchair lattice orientation, the
intensity of the A2

g peak still reaches its maximum, while
the A1

g peak decreases to a minimum value[33].
Compared with the optical contrast technique, Raman

spectroscopy is a more quantitative way to determine the
LNs of 2Dmaterials. However, accurate LN determination
is only effective for few-layer samples. For example, as
shown in Fig. 4(c), when the LN of MoS2 increases to
6, the wavenumber difference between two characteristic
modes starts converging to the bulk values. Therefore, a
reliable Raman-sensitive LN of MoS2 is 5

[34]. For graphene,
this value is about 10. In addition, combined with the
mapping technique, it is versatile to give the LN distribu-
tion of the sample[35].

In stark contrast to gapless graphene, 2D semiconduc-
tors have finite gaps. Due to strong quantum confinement,
the band structures strongly depend on their thickness.
The typical examples are TMDC materials whose bandg-
aps are mostly in the visible range. By using the density
functional theory[36], the band structures of monolayer,
bilayer, quadrilayer, and bulk MoS2 are calculated as
shown in Fig. 6. It can be seen that the direct transition
of monolayer MoS2 occurs at the Brillouin zone K point,
and the indirect transition of multilayer MoS2 occurs be-
tween the lowest point of the conduction band and the
highest point of the valence band. What’s more, bulk
MoS2 has an indirect bandgap about 1.3 eV, with no ob-
vious fluorescence effect. But when thinned down to a
monolayer, it becomes a direct bandgap material, imply-
ing a much higher quantum efficiency of PL[29], as shown in
Fig. 7(a). This is because multilayer MoS2 is an indirect
bandgap semiconductor whose electronic transitions need
not only energy but also the absorption of phonons to
change momentum. Generally, in order to characterize
the variations in thickness, a normalized processing for
PL intensity is performed, as shown in Fig. 7(b). A, B
peaks are two characteristic peaks that correspond to
two kinds of excitons. Figure 7(c) shows the homologous

Fig. 5. (a) Raman spectra of BP with different numbers of
layers. (b) The schematic structural view of monolayer BP show-
ing the crystal orientation. (c) The polarization-resolved Raman
scattering spectra of monolayer BP with linearly polarized laser
excitation. (d) The intensity of the A1

g mode as a function of the
laser polarization angle in the x-y plane[33].

Fig. 6. Calculated band structure of (a) bulk, (b) quadrilayer,
(c) bilayer, and (d) monolayer MoS2

[37].
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variation of the bandgap for 2–6 layers MoS2; the indirect
bandgap shifts to lower energies, approaching the indirect
bandgap of 1.29 eV with increasing LNs.
By virtue of the high sensitivity of the CCD detector,

the visible-range PL emission can be directly recorded
without a relatively time-consuming mapping technique,
which is very useful for distinguishing the monolayer re-
gion. In the most practical cases, optical contrast, Raman
and PL are combined to give an accurate characterization
of the thickness[38].
Multiphoton imaging is carried out based on the nonlin-

ear optical effect in 2D materials. Generally, one atom or
molecule only absorbs one photon when excited from
ground state to a high energy state. However, when the
light intensity is high enough, one atom or molecule could
undergo multiphoton transitions. In other words, it can
absorb multiple photons at a time. Taking second-
harmonic generation (SHG) as an example, photons with
the same frequency interacting with a nonlinear material
are effectively combined to generate new photons with
twice the energy, and therefore twice the frequency and half
the wavelength of the initial photons. It has been proved
that 2D materials have remarkable nonlinear properties
such as large nonlinear refractive index, huge two-photon
absorption, and significant third-order nonlinear suscep-
tibility[39–41]. As reported, the nonlinear refractive index of
graphene is as high as 10−7 cm2·W−1, which is about 9
orders of magnitude higher than that of ordinary bulk di-
electric materials under the radiation of a 1550 nm fiber
laser[42]. By detecting or imaging the harmonic signals gen-
erated from light–matter interaction, the microstructure,
thickness, and orientation of the sample can be acquired.
The SHG of materials is coherent. In other words,

when the radiation of a nonlinear medium is in phase,
interference happens, leading to the increase of harmonic
intensity; when the radiation phase mismatches, the
harmonic intensity decreases to zero owing to destructive
interference. Because of the asymmetric structure of
odd MoS2 and h-BN, the SHG can be clearly observed.
Figures 8(a) and 8(b) show the second harmonic intensity
of MoS2 and h-BN, respectively. When the LN is odd, the
SHG signals decrease with the increase of N . However, for
samples with even layers, the signals from adjacent layers
would cancel each other, leading to very weak response[43].
Although the SHG can distinguish the parity of LNs, it

can not characterize the change of even layers. Recently,

the multiharmonic imaging technique has been proposed
to solve this problem[44–46]. Säynätjoki et al.[47] made a
comparison between the second and third harmonic gen-
eration (THG) for detecting the LNs of MoS2. By low-
energy continuum-model Hamiltonians[48] and the finite
temperature many-body diagrammatic perturbation
theory[49], the intensity can be calculated. The results
show that the intensity of THG is one order of magnitude
larger than that of SHG. Figure 9(a) is the optical micro-
graph of a micro-exfoliated MoS2 sample. Figures 9(b) and
9(c) are the SHG and THG images under 1560 nm exci-
tation. Figure 9(d) represents the dependence of the inten-
sity of THG on LNs. As shown in Fig. 9, compared to the
SHG, the discrimination of the THG image is significantly
enhanced. However, according to the formula derived
from Maxwell’s formulas for a nonlinear medium, the
THG signal starts to saturate for N ¼ 6[47].

Remarkably, except for characterizing the LNs, multi-
photon imaging is also an efficient way to visualize the
grain boundary. Particularly, in contrast to Raman and
PL imaging, THG microscopy provides excellent sensitiv-
ity in distinguishing grain boundaries, even for samples
with small axis rotation between the adjacent grain
boundaries[50].

In addition to the above-mentioned generally applied
characterization techniques, many novel techniques, such

Fig. 7. (a) PL spectra of monolayer and bilayer MoS2. (b) The
normalized PL spectra of MoS2 with increasing LNs (c) The evo-
lution of the bandgap with increasing MoS2 LNs[29].

Fig. 8. SHG of (a) MoS2 and (b) h-BN with different layers[43].

Fig. 9. (a) Optical micrograph of MoS2. (b) The SHG and
(c) the THG images with few-layer areas under 1560 nm exci-
tation. (d) The intensity of the SHG and THG as a function of
LNs[47].

COL 16(2), 020006(2018) CHINESE OPTICS LETTERS February 10, 2018

020006-5



as interference reflection[51] and hyperspectral imaging, have
been developed. Interference reflection imaging employs in-
terference reflection microscopy (IRM) to characterize the
LNs, which is commonly used in cell biology. Li et al. found
that the images of 1 to 4 layers of graphene on glass sub-
strate achieved high contrast[36]. Hyperspectral imaging,
different from traditional imaging technology in a single
waveband, characterizes samples in a wide range of the
electromagnetic spectrum from ultraviolet to near infrared.
Fundamentally, it is an extension of the transmission[52] and
absorption spectrum[53]. Castellanos-Gomez et al.[54] re-
ported the optical absorption of single- and few-layer
MoS2 on polydimethylsiloxane (PDMS) substrate by the
hyperspectral imaging technique. They found that hyper-
spectral imaging very suited to study indirect bandgap
semiconductors, unlike PL which only provides high lumi-
nescence yield for direct gap semiconductors. Unlike
Raman and PL spectroscopy, the interference reflection
and hyperspectral imaging are particularly suitable for
samples on transparent substrates.
In conclusion, each optical characterization method has

its own strengths and shortcomings. Generally, in order to
ensure the accuracy of the assignment, several methods
are combined to complement each other. We believe that,
as the 2D material research moves forward, more widely
applicable, accurate, and efficient optical characterization
methods will emerge.
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