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Thickness-Dependent Refractive Index of 1L, 2L, and 3L

MoS,, MoSe,, WS,, and WSe,

Chunwei Hsu,* Riccardo Frisenda,* Robert Schmidt, Ashish Arora,
Steffen Michaelis de Vasconcellos, Rudolf Bratschitsch, Herre S. J. van der Zant,

and Andres Castellanos-Gomez*

An interesting aspect of 2D materials is the change of their electronic struc-
ture with the reduction of thickness. Molybdenum and tungsten-based transi-
tion metal dichalcogenides form an important family of 2D materials, whose
members show a thickness-dependent bandgap and strong light-matter inter-
action. In this work, the experimental determination of the complex refractive
index of 1-, 2-, 3-layer thick MoS,, MoSe,, WS,, and WSe, in the range from
400 to 850 nm of the electromagnetic spectrum is reported by using microre-
flectance spectroscopy and combined with calculations based on the Fresnel
equations. It is further provided a comparison with the bulk refractive index
values reported in the literature and a discussion of the difference/similarity
between our work and the monolayer refractive index available from the litera-
ture, finding that the results from different techniques are in good agreement.

Since the isolation of thin transition metal dichalcogenides
(TMDCs) by mechanical exfoliation, Mo- and W-based dichal-
cogenides have attracted attention because of their thickness-
dependent optical properties.l!l In particular, these materials
display an indirect-to-direct bandgap transition when their thick-
ness is reduced to a single layer, thereby significantly increasing
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the photoluminescence quantum effi-
ciency.’™ Moreover, the change of the
band structure of these materials with
thickness has been exploited in p-n junc-
tions and in photodetectors whose spectral
bandwidth can be controlled through the
number of layers.>”) However, despite the
interest aroused by these optical proper-
ties, a systematic study of the thickness-
dependent complex refractive index 7 on
this family of materials is lacking.

In literature, there are two main
schemes to investigate the complex refrac-
tion index of materials; they have both
been applied to TMDCs. The first method
is a Kramers—Kronig (KK) analysis of the
reflection or transmission spectrum of the
sample,® while in the second method, ellipsometry, the ellip-
ticity induced in a linearly polarized beam reflected from the
material surface is measured.*'!] While the KK analysis has
the advantage of being easy to implement experimentally, the
method requires the knowledge of the full spectrum to calcu-
late the KK relations. Approximations are thus needed to over-
come the limited spectral range in experiments. Conversely,
ellipsometry has the advantage of having high sensitivity, but
its experimental implementation to probe micrometer sam-
ples is cumbersome. An additional third method (microreflec-
tance) that we use in this work was first reported by Zhang and
co-workers!'? for single-layer chemical vapor deposition- grown
MoS,. This technique, which is based on the analysis of the
reflection of the material under investigation, is particularly
well suited for the characterization of isotropic and anisotropic
2D and layered materials.!'3-1%]

Several reports have determined the dielectric function or
refractive index for single-layer TMDCs® 11 and their bulk
counterparts'®’l using these three techniques. By using
ellipsometry, Shen and co-workers!'” reported the complex
refractive index of single-layer MoS, in the region of the elec-
tromagnetic spectrum from near infrared (1600 nm) to near
ultraviolet (200 nm). In the study by Li and co-workers,®
Tony Heinz's group reported the complex dielectric func-
tion (related to the complex refractive index) of single-
layer MoS,, WS,, MoSe,, and WSe,, extracted with the KK
analysis of the reflectance spectra. In the study by Yu and
co-workers,/'8 ellipsometry measurements of the dielec-
tric function of MoS, grown by chemical vapor deposition
from one layer to multilayers were discussed. In this paper,
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using the microreflectance method,'” we determine the com-
plex refractive index (7 = n — i-k) in the 400-850 nm range
of the spectrum for mechanically exfoliated 1, 2, and 3 layers
of MoS,, MoSe,, WS,, and WSe,. The values of the complex
refractive index were obtained by modelling the measured con-
trast between the TMDC flakes and SiO,/Si substrates with dif-
ferent oxide thicknesses using Fresnel equations. We further
compare our results with bulk and monolayer refractive index
values available in the literature. Knowledge of the refractive
index not only provides important insights for light-matter
interaction in few-layer TMDCs, but also is a crucial starting
point to optimize photonic and optoelectronic devices. !

Single-, bi-, and tri-layer (called 1L, 2L, and 3L, respec-
tively, hereafter) TMDC flakes are fabricated by mechanical
exfoliation of layered bulk TMDC crystals (see Experimental
Section) with Nitto tape (SPV 224). The material cleaved with
the tape is then transferred onto a Gelfilm substrate (from
Gelpak, a commercially available polydimethylsiloxane sub-
strate). Figure 1a is a transmission illumination mode optical
microscopy image of an MoS, flake that contains 1L, 2L, and
3L regions deposited onto a Gelfilm substrate. In this ultrathin
regime, the number of layers can be determined with high
accuracy from microtransmittance or microreflectance meas-
urements as the position and intensity of the excitons of
MoS, monotonically depend on the number of layers.[>*21-2°]
Figure 1b shows the transmittance T(E) spectra of the 1L, 2L,
and 3L regions of the flake. The two resonances at 1.8 and
2.0 eV are the A and B excitons, which are separated in energy
by the spin—orbit interaction.l'>?] The values of the transmit-
tance confirm that the investigated regions are indeed single-,
bi-, and tri-layer MoS,.

www.advopticalmat.de

An alternative method of quantifying the thickness of MoS,
using the information from the transmittance is based on the
quantitative analysis of the intensity (of the red, green, and
blue channels) of the picture shown in Figure 1a.2! Figure 1c
shows three line profiles extracted from the blue channel
intensity of the image in Figure la at the positions indicated
by the solid lines. These line profiles reach the largest values
in the PDMS region (with an intensity of approximately 180).
However, in the flake region, their intensities decrease as the
number of layers increases (165 for 1L, 145 for 2L, 129 for
3L). From these values, one can calculate the “blue channel”
transmittance Ty of the flake by dividing the intensity of the
flake with that of the substrate. We find in the 1L, 2L, and 3L
a “blue channel” transmittance of 0.92, 0.81, and 0.71, respec-
tively. Optical pictures of tens of different MoS, flakes were
recorded and Ty of each flake was extracted. Figure 1d shows
the Tp histogram built from 189 MoS, flakes. The histogram
shows three peaks well separated from each other and cen-
tered around 0.88, 0.77, and 0.68 corresponding to 1L, 2L, and
3L, respectively.

Once the number of layers has been determined, the flakes
are transferred onto SiO,/Si substrates with different SiO,
capping layers through an all-dry transfer technique.l?”-28
The optical microscopy image of the MoS, flake (displayed
in Figure 1a) transferred on a 69 nm SiO,/Si substrate and
recorded in epi-illumination mode is shown in Figure Ile.
Importantly, the apparent color of the flakes depends both on
the number of layers and on the SiO, thickness; see Figure 1f
for examples of MoS, flakes deposited on Si substrates with
different SiO, thicknesses. To determine the refractive index
of the TMDCs, we measure their optical contrast and fit the
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Figure 1. Optical microscopy of 1L, 2L, and 3L exfoliated MoS,. a) Optical image of a mechanically exfoliated MoS, flake on a PDMS Gelfilm taken in
transmission illumination mode optical microscopy. Dashed lines separate the 1L, 2L, and 3L regions of the MoS, flake. The three colored lines in the
image correspond to the intensity profile in (c). b) Energy resolved transmittance of 1L, 2L, and 3L MoS,. The dips at =1.8 and =2 eV in the spectra
correspond to the A and B excitons, which are used to identify the thickness of the MoS, flake. c) The blue channel intensity line profile of 1L, 2L, 3L
MoS, with the location shown in (a). From these three line profiles, the absorbance can be found and compared with the histogram in (c) to deter-
mine the number of layers. d) The histogram for the blue channel absorbance of the flakes. Here, the three peaks of 0.88, 0.77, and 0.68 correspond
to the blue channel absorbance of 1L, 2L, and 3L MoS,. e) Reflective mode optical images of the same MoS, flakes on 69 nm SiO,/Si substrate after
the dry-transfer. In the reflective mode optical microscopy, the contrast between the 1L, 2L, and 3L MoS, and the SiO,/Si substrate is measured with
a spectrometer. f) Reflective mode optical images of MoS, flakes on SiO,/Si substrates with different thicknesses. A clear change of color is present
among the different substrates, whose contrast with the flakes was used to calculate the complex refractive index.
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Figure 2. Optical contrast of 1L, 2L, and 3L MoS, on different SiO,/Si substrates. a) Schematic drawing of the three media system (air/SiO,/Si) from
which the thickness of SiO, can be determined. b) Schematic drawing of the four media system (air/TMDC/SiO,/Si) from which the refractive index

of a 2D material can be determined. c) Spectral contrast of MoS; on substr
are the optical contrast measured for 1L, 2L, and 3L MoS; in the wavelength

resulting experimental data sets to a Fresnel law-based model
that accounts for the reflections and refractions at each inter-
face between different optical media (labeled hereafter as 0,
1, 2, and 3 for air, TMDC, SiO,, and Si, respectively).?’! The
layers corresponding to the TMDC and to the SiO, have thick-
nesses d; and d,, respectively; see Figure 2a for a schematical
drawing of the model.

When illuminating the system with light of intensity I, at
normal incidence, the intensity of the light reflected from the
substrate (Igpsirae) Can be calculated by summing all the optical
beams going from medium 2 to medium 0 (see the sketch in
Figure 2a):

Top + e 2 [

=, | e |
1+ rytye

1)

I substrate

where r; = (; — 7)) /(7; + 7i}) (71; is the complex refractive index
of medium i) and ®, = 27n,d,/A. When the TMDC is placed
on the SiO,/Si surface, the reflected intensity is modified as
new reflections/refractions have to be considered (see the
sketch in Figure 2b). The reflected intensity by the flake is now
calculated as
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ates with different SiO; thicknesses indicated as legends. The solid lines
range of 400-850 nm.
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The optical contrast can be calculated by combining
Equations (1) and (2):

I 2D T I substrate

3)

I nt I substrate

In Figure 2c we show three data sets of C for 1L, 2L, and
3L MoS, recorded on different SiO, substrates with thicknesses
69, 121, and 278 nm. Notice that the range of the x-axis for the
wavelength, going from approximately 400 to 850 nm, is lim-
ited by the microscope light source intensity that becomes neg-
ligible outside this range.

Knowing the refractive index of air, SiO,, and Si (whose
values are available in the literature) and the thicknesses of
both the SiO, capping layer (see Figure S1, Supporting Infor-
mation) and the TMDC layer, the only missing information to
extract the optical contrast, and thus to reproduce the experi-
mental data, is the refractive index of the TMDC. Expressions
Equations (1-3) are thus used to determine the refractive

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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index of the TMDC materials following the steps described
below:

1) For a given TMDC material (MoS,, MoSe,, WS,, or WSe,)
with a certain number of layers (1L, 2L, or 3L), we have a
data set C(4,d,), i.e., the optical contrast as a function of wave-
length and SiO, thickness.

2) We select the first wavelength value (A= 1,).

3) For that wavelength value, a vector of optical contrast versus
SiO, thickness can be evaluated, C(A = A,,d,).

4) We then generate a N x N matrix with different pairs of n and
K values.

5) For each of the N x N pair of n and x values the theoretical op-
tical contrast versus SiO, thickness values is calculated using
expressions.['=3]

6) Among the N x N pairs of n and k we select the one that
minimizes the error with respect to the experimental data set.
That n and x determine the (A= 14;) =n—i-k.

7) We select the next wavelength value (1= 1,) and we repeat the
analysis starting from point 3.

Figure 3 shows examples of the best fits to the experimental
optical contrast versus SiO, thickness obtained for 1L MoS, at
selected wavelengths. The contrast between the SiO, and MoS,
is a function of SiO, thickness at a particular wavelength, which
depends on the interference conditions as described above in
Equations (1-3). By fitting the experimental spectra, the com-
plex refractive index 7i(A) = n — i- k can be obtained. The calcu-
lated complex refractive index 7i(A) = n — i- k for all wavelengths
and different TMDCs is acquired after repeating these steps
described above.

Figure 4 compiles the results following the protocol
described above for 1L, 2L, and 3L MoS,, MoSe,, WS,, and
WSe, to determine their refractive index. Both the real and

www.advopticalmat.de

imaginary parts of the refractive index show prominent fea-
tures corresponding to excitons and are labeled according to
the notation in the literature.>*2!l Overall, the locations of
these peaks in x correspond well to the exciton energies for
1L, 2L, and 3L TMDCs as the value of the imaginary refrac-
tive index is directly related to the absorbance of light in the
material. The A exciton corresponds to the lowest energy
direct transition between the valence and conduction band at
the K point. The position of the A exciton blue shifts with a
decreasing number of layers, which agrees with the fact that
the direct bandgap energy increases in energy for thinner
flakes.>2!l Note that for some regions of the wavelengths, the
uncertainty of the spectra is higher. Such uncertainty comes
from the fact that the errors calculated with different values of
n and x are similar across these regions of wavelengths. This
can generate some “artificial peaks” as seen in the case of 2L,
3L WS,, where such peaks are inside the shaded areas and are
thus regarded as artifacts. On the other hand, in the case of
1L WSe,, an unexpected increase in k above the wavelength of
750 nm is observed. This is likely caused by the detection limit
of the spectrometer in the longer wavelength regime, which
generates combinations of n and « that seem to be absorptive
in this particular case. A comparison with the literature values
of the TMDCs refractive index is provided in Figures S5 and
S6. In general, our monolayer results are in good agreement
with the literature values obtained by different methods. None-
theless, we find a systematic redshift of the excitonic features
for the reported refractive index in Li and co-workers!® as com-
pared to our work for all materials, and also to other references
in the case of MoS,. Moreover, we find that the values of refrac-
tive index for a given wavelength show differences up to 20%
in different reports even when calculated with the same tech-
nique. These discrepancies can originate in the material used
or in the different details of the techniques.

0.5 ¢ Data I )\=500Inm ' A=550 r'\m I A=600 n'rn
— Calculated

0
S -0.5

é 0.5 1L A=650 nm A=700 nm A=750 nm
0

-0.5 A i i " " N i ; 4 "
100 300 500 100 300 500 100 300 500
SiO, Thickness (nm)

Figure 3. Optical contrast fitting of 1L MoS, for different SiO, thicknesses. The blue dots are the contrast data points for different thickness of SiO,
at specific wavelengths; the red lines are fits with the Fresnel equations, where the error of n and « is minimized. The uncertainty of the calculated
contrast is shown as the shaded regions, which is small and not visible in some cases.
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Figure 4. Complex refractive index of TMDCs of different thicknesses. a—d) The refractive index of 1L, 2L, and 3L and bulk for MoS,, MoSe,, WS,, and
WSe,, respectively. The bulk refractive index values are extracted from Beal and co-workers.'®17] The uncertainty of the calculated refractive index is
presented as the shaded area, and the labels A and B correspond to the A and B excitons described in the main text. The positions of peaks in k agree
well with the exciton peaks observed in reflectance or photoluminescence for the 1L-3L TMDCs.

We have systematically determined the complex refractive
index for mechanically exfoliated 1L, 2L, and 3L MoS,, MoSe,,
WS,, and WSe; in the 400-850 nm range. We used the optical
contrast of 1L, 2L, and 3L TMDCs on SiO,/Si substrates with
different SiO, thicknesses to calculate the refractive index
with Fresnel law. We demonstrate that the refractive index
of thin-film TMDCs converges to the bulk value as the thick-
ness increases. A global blueshift of the excitonic features in
the refractive index with respect to the bulk materials can be
explained by a reduction of the quantum confinement in bulk
compared to 1L-3L, and indicates that the refractive index is
greatly influenced by the change of bandgap. The monolayer
results are in good agreement with the literature, while the
2L and 3L measurements (not reported until now) show
a strong exciton-dominant spectral response. Finally, the
thickness-dependent refractive index that we report for Mo- and
W-based TMDCs could be interesting to generate gradients in
the refractive index for example to design novel guides for light
at the nanoscale.

Adv. Optical Mater. 2019, 1900239 1900239 (5 of 6)

Experimental Section

Materials: We used naturally occurring molybdenite mineral rocks
(Molly Hill mine, Quebec, Canada), synthetic MoSe, and WSe,
crystals grown by the chemical vapor transport method, and WS,
crystals grown by chemical vapor transport method at Tennessee
Crystal Center.

Sample Fabrication: TMDCs flakes were first mechanically exfoliated
from layered bulk single crystals with Nitto tape (Nitto SPV 224) and
then transferred onto a Gelfilm (from Gelpak) substrate (a commercially
available polydimethylsiloxane, PDMS, substrate). Prior to the transfer,
the thickness of the flakes was determined by transmission mode
optical microscopy, where we employ the transmittance spectrum and
blue channel analysis. In the transmittance analysis, the light passing
through the PDMS and flakes was analyzed by a spectrometer in the
visible range (Thorlabs CCS200/M). By locating the absorbance peaks,
the exciton energy was determined and compared with the literature
for different thicknesses. The blue channel analysis exploited the strong
thickness dependence of blue light transmittance in TMDCs. Optical
images were taken and analyzed by using the blue channel in the RGB
mode of the image. The obtained value (1 — T) was then compared with
the histogram shown in Figure 1d for thickness determination. After

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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thickness characterization, the flakes were dry-transferred onto SiO,/Si
substrates with different thicknesses.

Contrast Characterization: The optical contrast of the flakes on SiO,/Si
substrates was measured with a microreflectance set-up as described in
Frisenda and co-workers.[®l A fiber-coupled Thorlabs spectrometer was
connected to a Motic BAMET310 metallurgical microscope equipped
with both transmission and epi-illumination halogen lamps. The
reflection of the sample was used for the characterization of spectral
contrast between the transferred flakes and SiO,/Si substrates for
different substrate thicknesses.
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