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Abstract

It is demonstrated that the characteristic matrix method is effective and reliable for the optical identification
of two-dimensional layered nanomaterials on different substrates. By using this method, the authors calculate the
reflectivity and optical contrast of layered MoS, crystallites prepared on quartz by chemical vapor deposition. It is
found that the measured pixel intensity of MoS; optical image under continuous spectrum light is proportional to
the calculated reflectivity, and that the theoretical optical contrast agrees well with the experimental results. This
work provides a new way for the calculation of the optical contrast of the 2D nanomaterials and layered
heterostructures on various substrates.

1. Introduction

A primary condition for devices and properties research based on two-dimensional (2D) materials, e.g.,
graphene,” transition metal dichalcogenides (TMDs),”” black phosphorus,® etc., is that these materials should be
able to be visualized on a substrate using optical microscopy (OM).” In Ref. [10], H. Li et al. proposed a rapid and
reliable method to identify the thickness of 2D nanosheets using OM. They have successfully distinguished the
maximum number of layers up to 10 of 2D nanomaterials including graphene, MoS,, WSe,, etc. on SiO,/Si using
a simple OM method. In Ref. [11], H.C. Wang et al. reported an optical detection method based on the
multispectral imaging technology to identify the number of large-area graphene film layers. This method is
substrate-independent and can be used to distinguish the graphene layers on glass that cannot be identified using
OM. These experimental methods are committed to the rapid identification of the thickness of 2D materials on
different substrates and beneficial to their basic and applied research in many fields. On the other hand, many
theoretical calculations for the optical contrast of graphene,” MoS,,'> and graphene/MoS, heterostructures'” on

Si0,/Si have been performed by using the Fresnel theory.” ">’

These studies provide a guide for the selection of
the illumination wavelength or the substrates when observing the 2D materials using OM.” However, the Fresnel
theory calculations become complicated and time-consuming when the number of layers of 2D materials is
increased.'” "> '® In this work, we demonstrate that the characteristic matrix method can be used to calculate the
optical contrast of 2D layered MoS,; on different substrates. By using this method, we obtained color contour plots
of the optical contrast as a function of both the MoS; layer number and the incident light wavelength. In addition,

the reflectivity and optical contrast of MoS, under continuous spectrum light were calculated, and the results
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agree well with the directly measured values from the OM images.

2. Experimental section

In this study, MoS, with different layers on SiO,/Si and quartz were synthesized through chemical vapor
deposition (CVD) method, the details of which are the same with our previous research.'® The characterization
measurements including OM images, Raman and photoluminescence (PL) spectra were carried out using a
confocal microscopy system (Monovista-P optical workstation). The OM images (Figs. 1 (a) and (d)) were
captured by a digital camera (Suntime500A) of the microscopy (Olympus BX53) with a 100x objective lens (NA
= (.9) under a continuous spectrum light (halogen non-reflector lamps, Philips 7724 100W GY6.35 12V 1CT),
which has a color temperature of 3100 K and the chromaticity coordinates of (0.479, 0.435). The spectrum of this
light source (Fig. 3 (c)) was measured using the “Ocean Optics HR4000CG-UV-NIR” spectrometer with a
variable-blazed grating. The digital camera of the OM has effective pixels of 2592H*1944V with 10 bit, and the
dynamic range is ~ 60 dB with the signal to noise ratio of 40 dB. Under these conditions, the minimum lateral size
of MoS, single crystal that can be distinguished is ~ 1 um. The size of the OM images in this work is 2591*1944,
and the optical contrast of these images were measured using ImagelJ (version 1.46p, National Institute of Health,
USA)."

In the Raman and PL measurements, the excitation laser is a LD pumped 532 nm continuous laser with
output power of 2 mW. Considering that ~ 10 % laser irradiated on the surface of MoS, and the diameter of laser
spot was ~ 1pum, the incident laser intensity was deduced to be ~ 254.6 uW/um”, which is sufficiently low not to
cause any local heating during the Raman and PL measurements.'® The Raman and PL signals were measured at
room temperature by Acton Princeton Instruments SP2500 imaging spectrograph with a grating of 1200 g/mm and
a thermoelectric cooled CCD at -75°C. In addition, the images of MoS, on SiO,/Si were captured by
field-emission scanning electron microscopy (FE-SEM, Auriga, Carl Zeiss).

3. Results and discussion

Figures 1 (a) and (d) show the typical OM images of the MoS, with different layers on 300 nm SiO,/Si and 1
mm quartz, respectively. It is clearly seen that the optical contrast of the red and black arrow directed domains in
Fig. 1 (a) are different due to the fact that the two triangle domains have a different number of layers. Figures 1 (b)
and (c) show the SEM images of the MoS, on SiO,/Si. Compared with the region indicated by the red arrow in
Fig. 1 (b), the black arrow directed region in Fig. 1 (c) shows a fluctuation in surface morphology because of the
deposition of multilayers during the growth progress. These MoS, multilayers cannot be distinguished clearly
using SEM, but similar structures are recognizable using OM, as shown in Figs. 1 (d). RO represents the surface of
the quartz, and R1-R4 signify regions with different layers of MoS, respectively. It can be easily seen by naked
eyes that the color and brightness of R0O-R4 are different. To quantize the difference, we used ImagelJ to measure
the pixel intensity (I,) along the two arrows in Fig. 1 (d). As shown in Fig. 1 (e), both measured I, curves along
the two arrows increase from region 1 to 4 in a step-type manner. The corresponding experimental optical contrast
(Cexp) can be defined as:’

__ lexp(M0Sz)—Iexp(substrate)
Cexp =

(D

Iexp(substrate)
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The red dash lines in Fig. 1 (e) indicate that the two arrows crossed regions possess approximately the same optical
contrast; the values are summarized in Fig. 1 (f) and Table 1. For instance, the L., of R1 is 35.42, and the corresponding
Cexp is 0.7781. It should be pointed out that the orange curve crossed R4 region has a saturation because the reflected
light intensity was over the dynamic range of the digital camera. This saturation results in the maximum number of
MoS, layers that can be identified in our work only reaches up to 4 using this OM method. In this study, we also
measured the optical contrast of MoS, on SiO,/Si (Fig. S1 (a)). The results indicate the MoS, on SiO,/Si has negative
optical contrast (Ioy, (M0S,) < Iy, (substrate)) in comparison with that of the sample in Fig. 1 (d), which leads to the
fact that the surface of the thick MoS,; looks darker than the substrate and the thin MoS, for samples on SiO,/Si, while it
is brighter for samples on quartz. It is also found that MoS, on SiO,/Si (Fig. S1 (b)) prepared by other method™ has this
feature as well, and the details are described in the supplementary information (SI). That is to say, the species of
substrates can have an influence on the optical contrast of 2D nanomaterials. In addition, it should be pointed out that
the optical contrast is affected by the gap between the 2D materials and the substrate. As the transferred MoS, shown in

Fig. S1 (c), the optical contrast has an obvious reduction due to the large gap.
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Fig. 1 (a) OM image of MoS, with different thicknesses (indicated by red and black arrow) on SiO,/Si; (b) SEM image
of continuous MoS, film with triangular domain (red arrow) at the edge; (c¢) SEM image of stacked MoS, multilayers
(black arrow); (d) OM image of MoS, with different layers on transparent quartz; R0-R4 represent the quartz surface,
1-3 and >4 layers of MoS,, respectively; (e) measured pixel intensity along the two arrows in (d) (the flat peak of the
orange curve is due to the fact that the L., of region 4 exceeds the dynamic range of the digital camera); (f) C, of RO-
R4; (g) PL of R1-R4 with A and B exciton transition peaks; (h) Raman spectra of R1-R4 with Ezgl and A,;modes; (i)
the Raman shift of two modes and the frequency differences between the two modes.

To clarify the relationship between the C, (Fig. 1 (f)) and the MoS; layer number, we carried out the PL and
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Raman spectra measurement of R1-R4 to identify the corresponding layers. As shown in Fig. 1 (g), the PL spectra of
R1-R3 have two obvious peaks located at ~670 nm and ~625 nm corresponding to the A and B exciton transition,*'
whereas R4 scarcely shows any signal owing to the thicker layers. The PL intensity decreases rapidly from R1 to R4,
indicating that the layer number increases due to the layer dependent PL property of MoS,.?! Figure 1 (h) shows the
Raman spectra of the four regions with two characteristic bands corresponding to the in-plane (Ezg') and out-of-plane
(A,,) vibrational modes.?? It can be seen that the Ezgl mode peak position has an obvious red shift while the A, mode
has a blue shift from region 1 to 4 which means the increasing of the layer number. The variation of the two modes and
the frequency difference between them are shown in Fig. 1 (i); it can be seen that the frequency differences are ~18.9,
~21.4,~23.3, and ~24.5 cm™ for R1-R4, respectively. Due to the fact that the frequency difference between Ezgl mode
and A, mode is a reliable quantity to distinguish the number of MoS, layers on different substrates,” we concluded that
the corresponding estimated layer number is 1, 2, 3 and >4 for R1-R4 based on the previous study.**** Based on these

results, the specific correspondence between C., and the MoS, layer number is summarized in Table 1.

Table 1. Measured and calculated optical contrast and reflectivity for RO—R4.

Relative Relative
. MoS; layer Lexp Ciheor
Reglon Cexp Rtheor €rror (%9 Ctheor (NIL) e€rror (%’
number (a.u.) (Npui)
Npu) Niv)
RO 0 19.92 0 0.0348 0 0 0 0
R1 1 35.42 0.7781 0.0626 0.7972 ~2.45 0.7659 ~1.57
R2 2 57.67 1.895 0.1045 2.0020 ~5.65 2.0517 ~8.23
R3 3 84.72 3.2529 0.1534 3.4050 ~4.68 3.5949 ~10.52
R4 =4 132.07 N/A N/A N/A N/A N/A N/A

In order to calculate the optical contrast of the sample shown in Fig. 1 (d) under continuous spectrum light, we
propose the characteristic matrix method for the first time. By using this method, we first calculate the optical contrast
of both graphene and MoS,/graphene heterostructures on SiO,/Si, and demonstrate its feasibility by comparing with the
reported results.® '>!7 The theoretical optical contrast is usually defined as the relative intensity of reflected light in the
presence (N,#1) and absence (N,=N;=1) of 2D materials on a substrate.” According to this definition, the optical

contrast of the monolayer graphene on SiO,/Si (Fig. 2 (a)) can be written as™ > !¢

R(ny=1)-R(ny)
Ciheor = %: (2
where R (n;=1) and R (n;) correspond to the reflectivity of the substrate and monolayer graphene, respectively, and N,
is the complex refractive index (2.6-1.3j) of the monolayer graphene. The graphene combined with the SiO,/Si substrate
constitutes a film system (G/Si0,/Si), the reflectivity of which can be written as

RO =11 = (20) (22 3)

NotY Not+Y

where 1 is the complex reflection coefficient, and 7, is n, for the normal incident light. Y denotes the equivalent optical

conductance of the film system and can be calculated using the formula Y=C/B, where B and C can be written as

2= froa ®

in;sind;  cosé;
The right side of Eq. 2 is the characteristic matrix of the G/Si0,/Si system, where §; = 2mN;d;, and n; = N; assuming

normal incident.
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Fig. 2 (a) Schematic of the G/SiO,/Si system, and the thickness of Si (e0) is much larger than that of the other layers; (b)
calculated contrast of the monolayer graphene on SiO,/Si for SiO, of the thickness 0.09, 0.2, 0.3 pum; (¢) color counter
plot of the contrast as a function of the thickness of SiO, and incident wavelength; (d) schematic of the MoS,/G/SiO,/Si
film system; (e) calculated contrast of the MoS,/G/Si0,/Si system for SiO, of the thickness 0.09, 0.2, 0.3 um; (f) color
counter plot of the contrast as a function of the thickness of SiO, and incident wavelength for the MoS,/G/SiO,/Si.

Using Egs. (2), (3) and (4), we calculated the contrast of the G/Si0O,/Si system with SiO, thickness of 0.09, 0.2 and
0.3 um. As shown in Fig. 2 (b), the contrast peaks reach up to the values of ~0.12 and ~0.1 for SiO, of thickness 0.09
and 0.3 um, respectively, which are consistent with the experimental results (~0.125 and ~0.095) and are better than the
theoretical fitting data via the Fresnel Formula reported in Ref. [7]. As for the substrate with SiO, of thickness 0.2 pm,
the contrast increases gradually with the decrease in the incident wavelength with slight vibration at short wavelengths
compared with the previous study, which may be due to the fact that the parameters (e.g. the refractive index of SiO,
and Si) used for calculations are not completely identical. Furthermore, the optical contrast variation with the incident
wavelength and the thickness of SiO, was also calculated (Fig. 1 (¢)), and the result was in good agreement with the
previous study.’

It should be realized that every matrix in parenthesis of Eq. 3 is the characteristic matrix of the corresponding layer
of the film system, and this matrix determines the light propagation property of this layer. If the layers of the film
system increase or the film system is a 2D heterostructure as shown in the Fig. 2 (d), we just need to multiply the
corresponding characteristic matrix of these layers to obtain the characteristic matrix of the entire film system without
increasing the computation workload (Eq. S11), which makes this method appropriate for calculating the contrast of the
multilayers and the heterostructures. As shown in Figs. 2 (e) and (f), we simulated the optical contrast variation of the
MoS,/G/Si0,/Si heterostructure along with the incident wavelength and thickness of the SiO,. The peak of the contrast
reaches up to 0.6 for the substrate with SiO, of thickness 0.09 and 0.3 pm at ~620 nm, which is consistent with the
reported results in Ref. [9]. It should be mentioned that we used the wavelength-dependent bulk MoS, complex
refraction index to calculate the optical contrast of the heterostructure. More comparative results were shown in Fig. S2
after considering the difference between the monolayer and the bulk MoS,."” All these theoretical analysis confirm that

the characteristic matrix method is effective and reliable for optical contrast calculation of the 2D nanomaterials and the



Nanoscale

corresponding heterostructures. In addition, the characteristic matrix method is a theory of stratified media
(multilayer),” based on Maxwell’s equation, which has taken account the infinite number of reflections between two
adjacent interfaces including the destructively or constructively interfere.” 2 From this point, the characteristic matrix
method is more accurate and convenient to calculate the reflectivity and optical contrast of multilayers than Fresnel

equations, which is based on a single interface and becomes complicate and cumbersome for multiple interfaces.®
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Fig. 3 (a) Color counter plot of the contrast as a function of the layer number of MoS, and the incident wavelength; (b)
wavelength-dependent contrast of 1-4 layers of MoS, on quartz; (c) continuous spectrum light spectrum for capturing
all the OM images in this work; (d) calculated reflectivity of 0—4 layers of MoS,; (e) compare plots between the
measured OM pixel intensity and calculated reflectivity of 0-3 layers of MoS,; (f) linear fitting of Cc and Cineor
illustrates the proportional relationship between them.

We used the characteristic matrix method to calculate the optical contrast of MoS, with different layers on quartz.
The details of the calculation were discussed in the SI. As shown in Fig. 3 (a), we determine the color contour plot of
the optical contrast as a function of the MoS, layer number and incident light wavelength. The result illustrates that the
theoretical contrast increases with the increases in the layer number for a specific wavelength. Figure 3 (b) shows the
calculated reflectivity of 14 layers MoS, as a function of wavelength. It can be seen that there are three peaks of the
optical contrast for 1-4L MoS, on quartz, which can be attributed to the fact that the real and imaginary part of the
complex refractive index have three peaks at the corresponding positions (Fig. S2 (a)). Based on this result, one can
choose ~ 475, 620, 680 nm light source as illuminant for better observation of MoS, on quartz using OM. Both Figs. 3
(a) and (b) illustrate that the MoS, with more layers shows larger optical contrast, which is consistent with the
experimental results as shown in Fig. 2 (f). In order to calculate the optical contrast of MoS, on quartz (Fig. 2 (d)) under
continuous spectrum light, we first measured the continuous spectrum (S (A), Fig. 3 (c¢)) and used Eq. (5) to calculate

the reflectivity of 0—4 layers of MoS, under the measured spectrum.'?

A=750 nm
_ S(A)'R(AD)dA
R = Bztoon SR 5)

f1=400 nm S()ai

The calculated reflectivity (Ryeor) are shown in Fig. 3 (d), and it is found that the Ry,or of quartz and monolayer MoS,
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on quartz under continuous spectrum light are 3.48 % and 6.26 %, respectively. The Ry.o, for the other layers are
summarized in Table 1. To compare the measured I, with the Rycor, We plotted them as a function of MoS, layer
number, as shown in Fig. 3 (e). Moreover, it is observed that the I, is directly proportion to the Rycor as shown in the
Fig. S3. The result is reasonable because that the I, is the manifestation of the reflected light, which is proportional to
the Ryeo- In addition, we also obtained the theoretical optical contrast (Cy.o.r) by using Egs. (2) and (5), and its
relationship with C, is shown in Fig. 3 (f). The linear fitting result shows that C,y;, is equal to (1.0531 * Cyeor — 0.0041)
having an adjusted coefficient of determination (Adj. R-Square) ~0.9998. This result confirms the proportional
relationship between the measured optical contrast and theoretical optical contrast. Note, however, the ration
relationship is not of the same size, which could be attributed to deviations from normal light incidence and the
admissible error in the measurement.” It should be pointed out that in the above calculation, we used the
wavelength-dependent complex refractive index of bulk (Ny.) MoS, (Fig. S2 (a)). In fact, the complex refractive index
of monolayer MoS, (N;) is different from that of the bulk'”. To make comparison, we also calculated the optical
contrast of MoS, using Ny, and the results are shown in Table 1 and Fig. S4. The relative error is obtained from
|Cexp - Ctheorl /Cexp- 1t can be seen that for monolayer MoS,, the relative error calculated using Ny (~ 1.57%) is
smaller than the one deduced using Ny (~ 2.45%); but for 2 and 3 layer MoS,, the relative errors calculated using Ny
increase rapidly (2L: ~ 8.23%, 3L: ~ 10.52%), and they are larger than those deduced using Ny (2L: ~ 5.65%, 3L: ~
4.68%). These results illustrate that the complex refrative indexes of 2-3 layer MoS, are also different from that of the
monolayer, which means MoS, probably has a layer-dependent refractive index from monolayer to bulk. The

calculation details of this part are summarized in the SI.

In summary, we have investigated the optical contrast of MoS, with different layers on quartz grown by chemical vapor
deposition. By calculating the visibility of G/SiO,/Si and MoS,/G/Si0,/Si, we have demonstrated that the characteristic
method is effective and reliable for the optical contrast calculation. The experimental results and theoretical analysis
confirm the linear relationship between the pixel intensity of OM images (measured optical contrast) and reflectivity of
MoS, (theoretical contrast) under continuous spectrum light. Our study provides a new train of thought for detecting 2D

materials and heterostructures on top of various substrates by using the characteristic matrix method.
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