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A B S T R A C T

Optical imaging is a promising method to identify and locate 2D materials efficiently and non-invasively. By
putting a 2D material on a substrate, the nanolayer will add to an optical path and create a contrast to the case
when the nanolayer is absent. This optical contrast imaging can be used to identify the 2D material and its
number of layers. To make the optical imaging process in the laboratories an effective tool, Fresnel Law as a
model was used to simulate the optical imaging results of 2D materials (graphene, MoS2 and MoSe2) on top of
different thickness of SiO2 and Si wafer in the present investigation. The results provide the details of the optimal
conditions (optimal light wavelength and optimal SiO2 thickness) to identify and locate single to few 2D na-
nolayers, which can be used directly in laboratories. The optical contrasts of 1–5 layers of molybdenum disulfide
(MoS2) and molybdenum diselenide (MoSe2) were simulated. To the best of our knowledge, it is the first time
that the optical contrast results of MoSe2 have been reported. In particular, this work highlights the sensitivity of
the model on the accuracy of the refractive indices used. It is demonstrated that through computational mod-
eling that optical contrast can allow effective determination of number of layers in few layer 2D materials.

1. Introduction

Since the seminal paper reporting the successful isolation of gra-
phene by Novoselov et al. in 2004, there has been significant interest in
the field of two-dimensional (2D) materials, especially those which are
crystalline materials consisting of a single layer of atoms [1]. They are
expected to have a significant impact on a large variety of applications,
ranging from electronics, gas storage or separation, catalysis, high
performance sensors, support membranes to inert coating [2]. Gra-
phene, for example, exhibits high crystal quality and can be used to
accurately mimic massless Dirac fermions [3,4]. Transition metal di-
chalcogenides (TMDCs), with the common formula MX2, where M
stands for transition metals and X for chalcogens, are a new group of
promising 2D materials which exhibit a large variety of electronic be-
haviors such as semiconductivity, superconductivity or charge density
wave [5,6]. For example, semiconducting dichalcogenides such as MoS2
are promising materials for electronic and optoelectronic applications.
Their high charge carrier mobilities make them suitable candidates to
be used for flexible field effect transistors (FETs) [7,8]. Furthermore,
the optical properties of these materials can be used for solar cells,
photoelectrochemical cells and photocatalytic applications [9,10]. As

the most instrumental step in the study and practical application of 2D
materials, significant emphasis is placed on identifying and locating
these layered materials.

There are a few techniques to identify and locate 2D materials.
Raman microscopy can distinguish graphene monolayers, but is not
easily adapted to search for graphene crystallites automatically [11].
Atomic force microscopy (AFM) can determine the dimensions of na-
nolayers deposited on insulating substrates but is time-consuming and
slow in throughput. Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) can locate the nanolayers but often
contaminate or alter the layers significantly [12]. Therefore, conven-
tional optical imaging is favored to be the simple and least invasive
method among all these measures. This is supported by calculations
showing that optical contrast between successive layers are sufficiently
distinguishable that optical imaging offers the possibility of a simple,
rapid and non-destructive way to characterize large-area samples.
Hence, the simulations of optical imaging have been widely used to
inform the preliminary assessment of 2D materials. Blake et al. sug-
gested that the thin flakes of 2D materials on a certain thickness of SiO2

are transparent enough to add to an optical path when placed on an
oxidised Si wafer, creating a contrast with the case when the nano-
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layers are absent [11]. This contrast is sufficient for the human operator
to optically identify and locate the thicker flakes. Benameur et al. si-
mulated the process by calculating the optical contrast of MoS2, WSe2
and NbSe2 on top of SiO2 wafer and suggested that single layers of
MoS2, WSe2 and NbSe2 could be detected on 90 nm and 270 nm SiO2

using optical means [12]. However, there has been no report on the
optical contrast of MoSe2, neither single layer nor a few layers. MoSe2
will hence be a key focus in this study. This study will also investigate
the optical contrast simulation of single to 5 layers (which can be re-
garding as bulk-like) of MoS2 to validate our model and augment the
current knowledge-base for MoS2.

2. Simulation details

Each 2D material, characterized with thickness and refractive index,
will exhibit a unique optical contrast when stacked on top of a sub-
strate, such as SiO2. The optimal detection conditions of various 2D
materials can be predicted from the simulations of their optical con-
trasts. Under the microscope, the model 2D material with a refractive
index of n1 and thickness of d1 is placed on top of SiO2 of thickness d2
and silicon wafer. Here we used SiO2 and silicon wafer because the they
are commonly used as the substrate in optical imaging and have been
successfully applied to detect other 2D materials, such as graphene and
MoS2, GaS, and GaSe [11–13]. The resulting contrast can be theoreti-
cally calculated based on Fresnel law or obtained experimentally from
the microscope.

As in the case of normal light incident from air to the trilayer
structure (nanolayer, SiO2, Si wafer, as shown in Fig. 1), refractive
index of air (n0) is 1, independent of all other variables. The 2D material
under test is described by a thickness of d1 and its refractive index is n1,
which is dependent on the wavelength of the light (data obtained from
literature) [11,14,15]. For graphene, its refractive index was found to
be well described by the refractive index of bulk graphite n1=2.6-1.3i,
independent of the wavelength [11,16]. This can be attributed to the
fact that the optical response of graphite with the electric field parallel
to the graphene planes is dominated by the in-plane electromagnetic
response [11]. However, in the cases of other TMDC nanolayers, a set of
light wavelength dependent values of refractive indices is used.

SiO2 is described by the thickness d2 and another wavelength de-
pendent refractive index n2 but with the real part only: n2
(400 nm)= 1.47 [16]. The Si layer is assumed to be semi-infinite and
described by a complex refractive index n3 dependent on wavelength of
light. The set of indices is found from previous literature [11,17].

Fresnel law is used to calculate the contrast. Using the described
indices, the reflected light intensity (with the presence of the 2D ma-
terial) can be written as:
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On the other hand, the reflected light intensity in the absence of the
2D material can be found using the same formula, but with = =n n 11 0 .
Similarly, =r 01 and = 01 as there would be no refraction nor phase
shifts between the first two layers. The light intensity with the absence
of the 2D material can hence be written as:
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is the new relative index between the second and third
layer.

The contrast is defined as the relative intensity of reflected light in
the presence and absence of the 2D material. It is written as:
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Graphical correlations between the contrast, thickness of SiO2 and
the wavelength of light are employed to find the optimal situation to
identify and locate the nanolayer. The refractive index of SiO2 and Si is
obtained from previous experimental data.16

3. Results and discussions

3.1. Benchmark

In order to test that the mathematical model derived from Fresnel
law that we use is accurate for interpreting the contrast obtained from
experiment, a set of calculated data for the contrast of graphene on top
of SiO2 and Si wafer is compared to that obtained experimentally.

As shown in Fig. 2, our simulated results show excellent agreement
with the experimental data when the wavelength of incoming light is
between 440 nm and 750 nm. Furthermore, the color plot in Fig. 3 in-
dicates that optimal contrast conditions can be visualized for graphene
on top of any appropriate combination of light wavelength and SiO2

thickness, e.g. 90 nm and 280 nm thickness of SiO2 can work under
green light (wavelength 500–565 nm, as shown in Fig. 3). These con-
clusions are in agreement with the results in previously published lit-
erature [11]. The benchmarking with graphene shows that the model
used in this report is able to give reliable results when comparing with
experiments and suggests that the conclusions based on this model are
transferable to the laboratory.

Fig. 1. Experiment setup of the substrate system for the optical imaging of 2D
materials. Paths A, B, C are light paths penetrating the nanolayer/SiO2, only the
nanolayer, and reflected off the nanolayer respectively. The top layer is air,
which is above the nanolayer, while the Si wafer is subsequently referred to as
the fourth layer.

Fig. 2. Contrast as a function of wavelength for graphene-SiO2-Si system with a
200 nm-thick SiO2 substrate. The solid line is the simulated result and the red
circles are the experimental data.
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3.2. Optical contrast of MoS2

This set of results was generated by simulating a MoS2–SiO2–Si
system. For a single layer of MoS2, as shown in Fig. 4 (1), the optical
contrast simulation suggests that it can be detected optimally on 70 nm
and 240 nm SiO2 using red light. With increasing number of layers
(from 1 up to 5 layers) of MoS2 on the substrate, the contrast generally
increases. The appropriate condition to produce the optimal contrast in
order to identify the MoS2 is easier to achieve with more layers of MoS2,
suggesting that the thicker is the 2D material, the easier it can be de-
tected. Also, it is found that 4 and 5 layers of MoS2 exhibit similar
optical contrast. This conclusion is in line with the widely accepted idea
that a 2D material with thickness from around 5 layers or more can be
regarded as a bulk material for their band structures are

indistinguishable from the bulk one when the layer number is 5 and
above [18]. The optimal detecting conditions for different layers of
MoS2 are summarized in Table 1.

The optical contrast can also be used to predict the thickness of 2D
materials. For MoS2, when an appropriate point is selected from the
color plot, for example, a 150 nm-thick SiO2 substrate with 600 nm-
wavelength light (as indicated by the cross in Fig. 4), different number
of layers of MoS2 produces different contrast. For monolayer and bi-
layer MoS2, the contrast at the cross point is around 0.4 and 0.5, re-
spectively. While the contrast increase to 0.8 when the layer number
goes higher to 4 and 5 layer. Therefore, the experiment data can be
compared with the data from the graph to determine the thickness of
MoS2. This is only applicable to one to four layers of MoS2 because five
or more layers of MoS2 are considered as bulk-like and exhibit similar
optical contrast.

3.3. Optical contrast of MoSe2

This set of results was generated by simulating a MoSe2–SiO2–Si
system (Fig. 5). Similar to MoS2, there are larger regions show higher

Fig. 3. Color plot of the contrast as a function of wavelength (y-axis) and SiO2

thickness (x-axis) for graphene-SiO2-Si system. The color bar represents the
expected contrast.

Fig. 4. Color plots of the contrasts as a function of wavelength (y-axis) and SiO2 thickness (x-axis) for the MoS2–SiO2–Si system. Graphs (1)–(5) used 1–5 layers of
MoS2 respectively. The crosses are marked on the (150, 600) point on all the graphs.

Table 1
Optimal conditions to detect MoS2. For each number of layers of MoS2, (a) and
(b) groups refer to the sets of conditions for the two dark red regions (where the
contrasts are generally above 0.4) shown in Fig. 4 respectively.

Number of layers
of MoS2

Optimal Light
Wavelength (nm)

Color of
Optimal Light

Optimal SiO2

Thickness (nm)

1 (a) 675-750 (a) red (a) 50-80
(b) 675-750 (b) red (b) 220-250

2 (a) 500-750 (a) blue-red (a) 50-120
(b) 580-750 (b) yellow-red (b) 200-300

3 (a) 480-750 (a) blue-red (a) 40-150
(b) 570-750 (b) yellow-red (b) 190-300

4 (a) 450-750 (a) blue-red (a) 40-180
(b) 560-750 (b) green-red (b) 190-300

5 (a) 450-750 (a) blue-red (a) 40-180
(b) 550-750 (b) green-red (b) 180-300
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contrast (for example higher than 0.4) when the material thickness
increases. It is easier to detect more layers of MoSe2 than less layers of
MoSe2 as the condition to produce optimal contrast is easier to be met.
It also approaches bulk-like materials when there are more than 5
layers. The optimal detecting condition for different layers of MoSe2 is
summarized in Table 2. The results are expected to be used to distin-
guish the different number of layers of MoSe2. For example, on the
condition of 150 nm-thick of SiO2 and 700 nm wavelength light, the
contrast increases as the number of layers increases. The number of
layers can be determined by comparing the experiment data with the
simulated data. Similar to MoS2, MoSe2 approaches bulk-like material
when there are 4 or more layers.

3.4. Further analysis of data

To test the sensitivity of the optical contrast with the refractive
index, Fig. 6 (2) shows the optical contrast of 4 layers MoS2 on aSiO2 -Si
substrate when only the real part of MoS2 refractive index was used.
Comparing with Fig. 6 (1) where more accurate (both real and ima-
ginary part) MoS2 refractive index was used, it is observed that the two
graphs show different results. For example, at the cross point, more
accurate MoS2 refractive index gives an optical contrast of 0.8 while
only the real part of MoS2 refractive index gives an optical contrast of
0.2. This indicates that the results are sensitive to the refractive index
used. In other words, an accurate experimental measurement of the
refractive indices of the materials is essential in producing an accurate
prediction on the optical imaging condition. Furthermore, cross-refer-
encing the contrast produced by the MoS2 and MoSe2 on the same
substrate system, MoSe2 always produces higher contrast. Therefore,
MoSe2 is easier to be detected than MoS2 using the optical imaging
method.

Fig. 5. Color plots of the contrasts as a function of wavelength (y-axis) and SiO2 thickness (x-axis) for the MoSe2–SiO2–Si system. Graphs (1)–(5) used 1–5 layers of
MoSe2 respectively. The crosses are marked on the (150, 650) point on all the graphs.

Table 2
Results summarizing all optimal conditions to detect MoSe2. For each number
of layers of MoSe2, (a) and (b) groups refer to the sets of conditions for the two
dark red regions (where the contrasts are generally above 0.4) shown in Fig. 5
respectively.

Number of
layers of MoSe2

Optimal Light
Wavelength (nm)

Color of the
Optimal Light

Optimal SiO2

Thickness (nm)

1 (a) 450-750 (a) blue-red (a) 50-125
(b) 600-750 (b) orange-red (b) 200-300

2 (a) 450-750 (a) blue-red (a) 40-170
(b) 580-750 (b) yellow-red (b) 190-300

3 (a) 450-750 (a) blue-red (a) 40-190
(b) 570-750 (b) yellow-red (b) 190-300

4 (a) 450-750 (a) blue-red (a) 20-200
(b) 550-750 (b) green-red (b) 160-300

5 (a) 450-750 (a) blue-red (a) 20-210
(b) 540-750 (b) green-red (b) 160-300

Fig. 6. Color plots of the contrasts as a function of wavelength (y-axis) and SiO2

thickness (x-axis) for the 4 layer MoS2 on top of SiO2–Si when (1) both the real
part and the imaginary part and (2) only the real part of MoS2 refractive index
is used.
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4. Conclusion

The optical imaging of 1–5 layers MoS2 and MoSe2 on top of SiO2–Si
substrate has been simulated by calculating their optical contrasts. This
simulation model has been successfully bench validated against pre-
vious experimental data, indicating its reliability. This study presents
the optimal conditions for detecting 1 to 5 layers of MoS2 and MoSe2,
and complements the existing studies to augment the knowledge-base
for the 2D TMDCs. The results can be directly used to check laboratory
measurements. Further studies should be carried out in other substrate
systems, such as silicon nitride, to find the most effective one in iden-
tifying various nanolayers.
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