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Abstract

®

CrossMark

Intense interest in transition metal dichalcogenides (TMDs) is driven, among other things, by
their intriguing layer-dependent optical properties down to the monolayer and strong excitonic
effects. Experimental determination of optical constants such as the complex refractive index and
dielectric function of large-area TMDs thin films is prone to large uncertainties at the few-layer
level using a single measurement technique such as spectroscopic ellipsometry (SE). In this
work, we demonstrate an approach to accurately determine the optical constants by combining
transmission spectroscopy with SE. Using MoS; as an example, the prototypical TMD material,
we demonstrate our approach on transparent (Quartz, AlO3) and absorbing (e.g. Si/SiO»)
substrates. We find that pre-characterized optical properties from transmission spectroscopy
significantly improve the quantitative accuracy of optical constants obtained using SE on both
transparent and absorbing substrates. We show that the extracted optical constants from samples

deposited on transparent substrates are highly reliable in obtaining layer-dependent optical
properties of TMDs while data on absorbing Si/SiO, substrate suffer from strong substrate
contribution. Overall, we strongly conclude that SE must be combined with transmission
spectroscopy to obtain optical constants with high quantitative accuracy. Our approach, though
demonstrated on few-layer films, will be applicable to monolayer and bilayer TMDs.

Supplementary material for this article is available online
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Introduction

Transition metal dichalcogenides (TMDs) have demonstrated
a variety of interesting light-matter interactions since the
observation of direct gap in monolayer MoS, [l]. Such
atomically thin materials show strong optical absorption [2]
down to the monolayer due to band nesting effect [3] and
strong excitonic effects due to strong Coulomb interaction
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and spin—orbit effects [4, 5]. Since the discovery of MoS,,
several other TMDs such as MoSe,, WSe, have also shown
similar properties [6].

With the development of large-area growth methods
using various techniques such as CVD [7-12], MBE [13],
PLD [14] , and sputtering [15, 16], the estimation of their
optical properties pose a different set of challenges compared
to exfoliated samples. The distinguishing feature of large-area
thin films is the film-substrate interaction and its effect on the
optical properties is a relevant topic of interest. An accurate

© 2018 IOP Publishing Ltd  Printed in the UK
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measurement process, including modeling, must provide
reliable results regardless of substrate, film thickness, and
photon energies.

Choice of substrate depends on the application. Most
electronic and opto-electronic applications are based on
Si/SiO, substrate and all new materials such as few-layer
TMDs must be compatible with Silicon to be desirable.
However, analysis of optical properties is difficult on
absorbing Si which has a band gap of 1.1 eV [17] that
strongly overlaps with the fundamental band gap and other
relevant optical properties of most TMD semiconductors. For
solar-cell and photo-voltaic applications, optical properties on
transparent substrates are more relevant. Apart from the
substrate effect, understanding the variation of optical prop-
erties (such as absorption) with thickness (number of layers)
is fundamentally important for TMDs due to its changing
band structure. Estimation of thickness dependent optical
properties (scaling properties) can be challenging, particularly
at the ultra-thin few-layer level.

Popular techniques for analyzing optical properties such
as complex dielectric function (g1, ;) and refractive index
(n, k) of large-area thin films can be classified either as
reflectance-based (e.g. spectroscopic ellipsometry (SE), near-
normal reflectance spectroscopy, etc), or transmittance-based
(absorption  spectroscopy). Both methods have been
employed to investigate the properties of TMD materials such
as WS, [8, 18, 19], MoSe,, WSe, [2, 20, 21], and MoS,
[22-27]. With photo-excitation, TMDs show several exci-
tonic peaks in the 1-3 eV range. Most notable are the A and B
excitons that are associated with transitions at the K and K’
point of the Brillouin zone [2, 18, 21, 22]. For MoS,, the A
and the B excitons appear near 1.9 eV, with a nearly 200 meV
splitting, and do not show strong thickness dependence [2]. A
third strong C exciton peak is also observed between 2.6 and
2.9 eV, depending on thickness [23].

It is noteworthy that the most accurate reports of di-
electric properties that correctly model all excitonic peaks are
on films deposited on transparent substrates such as Quartz
and Al,Oj3 (Sapphire) [12, 25, 28, 29]. It is substantially more
difficult to analyze data on highly absorbing substrates such
as Si/SiO, [30]. In particular, the splitting of the A and B
excitons may be missed completely due to the strong Si
substrate contribution [24, 26, 31, 32]. Yim et al show only a
single peak at around 2 eV apart from the large C exciton
peak at 2.7 eV [24] for MoS, on Si/SiO, even though the
absorbance spectrum on transparent quartz substrate show
both the A and the B exciton [24]. This discrepancy is not
related to intrinsic material property but due to the film-sub-
strate combination and difficulties originating in modeling
such data. It is equally challenging to investigate the scaling
behavior of optical properties as a function of thickness. The
variation of band gap and photoluminescence with layer
thickness is well established in TMDs [1]. But there are only a
few reports on optical properties of large-area thin films
[23, 24, 29]. With the possible discovery of several new 2D
materials in the future, it is of utmost importance to experi-
mentally measure optical constants with high accuracy at any
thickness level.

In this paper, we outline and demonstrate a systematic
and simple approach of analyzing optical properties of
semiconducting TMD films deposited on transparent and
absorbing substrates. Using, MoS, as an example, we show
that it is important to first analyze the properties using
transmittance spectroscopy before modeling the data on
absorbing substrates like Si/SiO,. Specifically, we assert that
a transmission spectroscopy measurement is an essential first
step, and possibly sufficient to estimate complex optical
constants of few-layer TMDs. Another equally important
conclusion of our study is that pre-determination of optical
constants using transmission spectroscopy is necessary in
improving the analysis of SE data. This is primarily because
the error in estimating optical constant values with arbitrary
initial parameters is larger in SE than transmission
spectroscopy. Such spurious effects impede proper evaluation
of optical properties and can cause severe overestimation of
dielectric function (or refractive index) values as the thickness
is reduced to the few and monolayer level. We show that this
indeterminacy can be corrected by using optical constants
from a prior transmission measurement on transparent sub-
strates and incorporating it to model the SE data. We shall
refer to this procedure as transmission-assisted spectroscopic
ellipsometry (TASE). Following this procedure, we obtain the
correct scaling behavior as a function of layer thickness and
reliably uncover weak optical features such as A-B excitons
on absorbing substrates. We anticipate that our method will
be more important for mono and bilayer films as the quanti-
tative errors are much larger as the thickness is reduced using
the standard ellipsometry method.

Experimental details

High quality MoS, films of various thickness are grown on
transparent Quartz (single or double side polished depending
on measurements), Al,O3 (sapphire), and absorbing Si/SiO,
by a two-step hybrid process. First, MoS, thin films are
deposited using magnetron sputtering and then annealed at
700 °C in sulfur environment through Argon flow. The crystal
structure and various properties of few-layer MoS, films were
assessed using x-ray diffraction, UVVIS spectroscopy,
Raman spectroscopy and transport. Details about growth and
characterization of the films is reported elsewhere [33].
Both SE and transmission spectroscopy measurements
were performed in this work. SE measurements were per-
formed from 1.2 to 3.2 eV in steps of 0.01 eV and 70° angle
of incidence (J A Wollam M2000V). The three-phase model
consisting of the substrate (Quartz,Si/SiO,), thin film
(MoS,), and ambient (air) was employed to extract the di-
electric function and refractive index of MoS,. Ellipsometry

. ~ r, . .
measures the complex reflectance ratio, p = £, which is
L

parameterized into a real and imaginary part (W and A). The
ellipsometric equation of the three-phase structure (air, film,
substrate) can be written as [34]:

r .
p=-"L = tan Ve® = f(€(air)> €MoS,)» €(Sub)> A[Mos,}» B> A)-
Ty
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The known parameters in this equation are the dielectric
function of air(e,;), the angle of incidence (¢), and wave-
length () in addition to the dielectric function of the substrate
€(sub) that is measured and modeled separately. The only
unknown parameters are the real and imaginary parts of the
complex dielectric function of MoS,, €mos,}- The thickness of
MoS, is estimated from prior growth calibration and inserted
as a parameter. Therefore, with two measurable parameters ¥
and A, the real and imaginary parts of dielectric function &,
and e, (or refractive index n and extinction coefficient k
where g = n?> — k? and e, = 2nk ) can be extracted [34, 35]
by modeling the optical constants with empirical functions.
Tauc-Lorentz (T-L) oscillator model [36, 37] is popularly
used to describe the optical behavior of semiconductor
materials which constrains the allowed absorption to above
band gap values. The imaginary part is given by

A TEy (E — E,)*
(E* -E¢®)* + E°T*  E
=0

e2(E) = E > E,

E <E,

where Ap, I', Ej, and E, are oscillator amplitude, broad-
ening, the central band transition, and Tauc gap respectively
in units of eV. The modeled U"¢ and A" are fitted to
experimental parameters and data to achieve a fit based on
minimizing the mean-squared-value (MSE) [34, 35] given by

2
N \I/{nod — EXP
MSE = — Z[ : ,

2N — M- v

Amnd — AP 2
+ 1 ! s

exp
Aj

where N is the number of measured ¥ and A pairs that is
included in the fit and M is the number of fit parameters.oX"
represents the standard deviations that will be calculated from
the known error bars on the calibration parameters. When best
fit is achieved, ¢, is calculated from ¢, using Kramers—Kronig

relation as follows
E'ey (EN) — 1

!
E/2 o E2 dE’,

e1(E) = e1(00) + gPf
7 JE
where P stands for the Cauchy principal part of the integral
[38, 39]. The T-L models were implemented using the
WVASE32 software [35].

Transmittance measurement were performed at normal
incidence from 1.2 to 3.2 eV in steps of 0.07 eV using the
ellipsometer in transmittance mode and separately using a
grating spectrometer (Shimadzu UV3600 plus). Both equip-
ment gave nearly identical results. The transmittance equation
for the three-phase system is written as [35, 34]

-ip

fo = fo1f2€
total — YR
1+ roirpe %
2 2N, -N M-N
where ty = ——, o = ——, ro| = rip =
01 1+ 12 NN 01 1+N° 12 NN’

2rdN,
andﬁ:%.

The indices 0, 1, and 2 represent the medium of air, film,
and substrate respectively. Assuming that N, is known and
obtained previously, the measured transmittance, ¢, will be
function of N; and d which represent MoS, film’s complex
refractive index and thickness respectively.

Yotal = t(nl’ ki, d)

The spectral dependence of ¢ is fitted using T-L model to
extract the optical constants. The film thickness is also opti-
mized. The goodness of the fit (MSE) in this case is

2
N, mod exp
| A
ex ’
NT _Mi:1 WTO'TJ-p

where Np is the number of experimental intensity transmit-
tance measurements and wy is the weighting ratio for trans-
mission data which is typically set to one (100%).

MSE =

Results and discussion

In figures 1(a) and (b), we show the SE data (), A) of a bare
Si/SiO, (100 nm) substrate and a 12 nm MoS; film deposited on
Si/SiO,. The 1-3.2 eV range covers the essential characteristics
of MoS, [23, 24, 29] as described earlier. A casual inspection of
the (v, A) curves reveals the overwhelming contribution of the
substrate both qualitatively and quantitatively. The A—B exciton,
highlighted by the dashed lines at near 1.8 and 1.9 eV, appear as
small peaks on the curves. The C exciton is not obvious on
simple visual inspection. Such observations highlight the diffi-
culty in modeling optical constants on absorbing substrates.

The SE data on transparent substrates are substantially
different and shown in figures 1(c) and (d). Compared to the
film + substrate combination (figure 1(d)), the variation in
(1, A) values of the substrate (figure 1(c)) is relatively small
and, as a result, the exciton peaks are relatively prominent.
The variation of both 1) and A is about 0.5° for the substrate
whereas for the film-substrate combination, the variation of
is about 6° and over 100° for A. This strongly hints that the
data on transparent substrates might be easier to analyze, in
principle, for accurate determination of optical constants. Data
on Al,Oj substrate was also qualitatively similar to Quartz
and shown in figure S1 is available online at stacks.iop.org/
NANO/30/03LT02/mmedia (see supplementary data).

The data is more straightforward in a transmission
measurement. In figures 1(e)—(f) we show the transmittance
data of the Quartz substrate and a 12nm MoS, film on
Quartz. We clearly notice that the excitonic peaks are, at least,
as prominent as in ellipsometry (figure 1(d)) with the added
advantage of being simpler and intuitive in its interpretation.
Therefore, it is reasonable to assert that the analysis of
transmission data is probably the simplest and an excellent
starting point for accurate determination of optical constants.

The rationale of our approach is as follows. Since T-L
model is employed to fit the experimental SE data, a set of
arbitrary initial values are required to set up the oscillators
during the fit. The arbitrariness, as we show here, can lead to
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Figure 1. Spectroscopic ellipsometry data of (a) Si/SiO, substrate (b) MoS; film on Si/SiO, (c) Quartz substrate (d) MoS; film on Quartz.
Transmittance data of (e) Quartz (f) MoS, on Quartz. The thickness of the MoS, films shown here are between 10 and 12 nm.

large errors in the estimation of optical constants values, apart
from possibly missing important optical features. Therefore,
obtaining a low MSE value is not a good indicator of the
accuracy. Our hypothesis is that the error of modeling with
arbitrary initial parameters is much lower when applied to
transmittance than the complex reflectance ratio of SE.
Moreover, transmission measurements are inherently less
prone to misalignment errors than reflectance and less sensi-
tive to surface roughness. While SE measurements on trans-
parent substrates can be accomplished easily, we find that
prior characterization of optical constants using transmission
spectroscopy can substantially improve the quantitative acc-
uracy of optical constants obtained from SE on transparent
substrates. Our general prescription is, therefore, to measure

spectroscopic properties on transparent substrates before
proceeding to ellipsometry.

Analysis of normal transmittance on transparent substrates
using T-L Model

Transmittance measurements are suitable for weakly absorbing
films on transparent substrates. The transmittance data for the
MoS; film shown in figures 1(e) and (f) was fitted with four T-L
oscillators starting with arbitrary initial parameters (apart from the
thickness, which was initialized using pre-calibrated values and
allowed to vary), one for each A, B and C exciton. A fourth
oscillator was also necessary near 3.0 eV that is sometimes
referred to as the D peak in the literature [23, 26, 32]. The fit
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Figure 2. Comparison of (a) refractive index, n, (b) extinction coefficient, k, of a 4L MoS, film on quartz substrate using standard
ellipsometry (green) and transmission-assisted spectroscopic ellipsometry (blue). Apart from large quantitative differences in both n and k
estimation, the D peak is identified at 3.04 eV (dark red arrow) in TASE method only.

Table 1. The modeled T-L oscillators and thickness for a nominally 4L (2.5 nm) sample of MoS, on Quartz obtained from transmission
spectroscopy, standard SE, and transmission-assisted SE. Oscillator A, B, C, D are peaks that are associated with MoS, and TL,, TL,, TL3
are oscillators that are associated with the background. Fitted thickness across all methods was within 0.2nm of the nominal value.

Sample Data type Oscillator AeV  EyeV T'eV E,eV e, MSE
MoS,/Quartz  Transmission spectroscopy A 640 1.85 0.202 1.186 1.18  0.90
(arbitrary initial parameters) B 227.6 1.92 0.176  1.85

C 2190 2.72 0.553 1.20
D 2942 3.07 0965 1.21
Standard SE A 1645 1.811 0.137 1.52 1.2 1.9
(arbitrary initial parameters) B 60.00 1.94 0.27 1.66
C 102.13  2.72 0714 1.74
TL, 21.88 3.94 2.96 0.0001
TL, 25.13  6.87 0.630 0.03
Transmission-assisted SE A 33.04 1815 0.149 1.6 1.3 1.7
B 8231 1.94 0.193  1.78
C 10.75  2.73 0.524 045
D 5.18 3.04 0.60  0.0001
TL; 28.78  4.68 1.92 0.0001

parameters are shown in table 1. Apart from the relative ease of
the fit process, a very low MSE value was obtained. Also, the fit
thickness was close to the initial value. Therefore, as we hypo-
thesized, transmission spectroscopy is an excellent starting point
for analyzing the more complicated SE data.

TASE on transparent substrates

In TASE, we use the fitted optical constants from transmis-
sion spectroscopy to initialize the modeling of the SE data on
transparent substrates. Table 1 shows the final fit parameters
of this procedure along with the fit obtained using arbitrary
initial parameters in standard ellipsometry. Even though there
is practically no difference in the thickness and MSE values
between the methods, the peak assignments and optical
constants values show significant differences. First note that
the central energy positions are largely unaffected for the A, B
and C excitons between the two methods. However, a peak is
assigned at 3.94 eV (outside the range of measurement) in
standard SE, whereas it is at 3.04 eV in TASE (the D peak),
which agrees with transmission spectroscopy although with a

smaller amplitude. Large differences are observed in the
oscillator amplitude between the two methods, particularly for
the C exciton which is higher by a factor of nearly 10 in
standard ellipsometry compared to TASE. Such variations
have a drastic impact on the values of the optical constants.

In figure 2 we plot the complex refractive index values of
the 4L (2.5 nm) MoS, film on Quartz obtained using standard
SE and TASE methods. The large differences in optical
constants are clear and SE method consistently shows higher
values compared to TASE at all energies. The difference is
particularly high for refractive index (n) where it is virtually
independent of the photon energy whereas the difference in
extinction coefficient (k) values increases with higher photon
energies. Also significant is that nearly zero extinction coef-
ficient is obtained below the band gap using the TASE
method. The position of the D peak is highlighted in TASE
data which is missing in standard SE. Most of the variation in
values can be pinpointed to the large oscillator amplitude of
the C exciton in standard SE that overwhelms smaller con-
tributions. As shown in figure S2, the standard SE data are
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Figure 3. Complex refractive index of a 4L and 18L MoS, film obtained using (a)—(b) transmission spectroscopy and (c)—(d) transmission-
assisted spectroscopic ellipsometry. (e)—(f) Computed optical constants value using density functional theory of 4L and bulk MoS,.

also in large discrepancy with theoretical estimates and show
inconsistent scaling behavior with thickness.

In figure 3, we compare the extracted optical constants of
the 4L and the 18L MoS, film on Quartz using the transmis-
sion spectroscopy (figures 3(a) and (b)) and the TASE method
(figures 3(c) and (d)). The calculated optical constants from
density functional theory (DFT) of 4L and bulk MoS, are
shown in figures 3(e) and (f) using all-electron WIEN2K code
[40]. DFT, which describes ground state behavior, cannot
describe excitons which are excited states of the system. It is
well documented in the literature that the optical constants
increase with increasing thickness for TMDs [23-26, 29] as
shown in first-principles calculations. Bulk MoS, data is shown
as it represents the upper bound of the refractive index values.
Experimentally, both the scaling behavior with thickness and
the quantitative values obtained from transmission and TASE
method are in very good agreement with computational results.
On the other hand, the scaling behavior obtained from standard
SE method is opposite to the trend in figure 3 (see figure S2).
Such spurious effects highlight the need to use an additional
step in measuring optical properties of ultra-thin films.
Compared to TASE, the refractive index value of the 4L film
from transmission spectroscopy is slightly lower but in
excellent agreement with theory. Also, the extinction coeffi-
cient is zero below the band gap for the 4L film and deviates
marginally for thicker films. This demonstrates that transmit-
tance data can provide accurate optical properties of few-layer
films when combined with Kramers—Kronig consistent T-L
modeling. The agreement with theory is even more impressive
considering the fact that the experimental measurements are
performed on real samples with non-ideal crystal structure,
with surface roughness and possibly with a thin surface oxide

layer whereas the theoretical calculations are performed on an
ideal crystal structure.

Analysis of data on absorbing substrate implementing TASE
method

We next used the optical parameters from TASE as the input
for modeling the SE data on other substrates such as
absorbing Si/SiO, and transparent Al,Os. In figure 4, we
compare the refractive index values obtained on absorbing
Si/SiO, along with transparent Quartz and Al,O; substrate
for a thick (18L) film. The data on absorbing Si/SiO, sub-
strate shows the A, B and C exciton peaks that was directly
incorporated during the modeling process. This represent
significant improvement compared to other reports [24]. Data
on Al,Oz show sharper features compared to Quartz with
lower broadening energy due to better crystal quality. In
table 2, we list the extracted optical parameters of the three
samples. While the peak energies and position for the A, B, C
excitons are nearly identical on all substrates, the D peak
position is particularly clear on Al,O5 and not clearly defined
on Si/SiO, (or possibly blue-shifted outside the range of
measurement). Substantially lower refractive index and
extinction coefficient values are observed on Si/SiO, com-
pared to Quartz/Al,O3 even though all films were deposited
simultaneously. This can be attributed to the reduced oscil-
lator strengths on absorbing Si/SiO, compared to transparent
substrates. Since the films are relatively thick (over 10 nm),
interface effects should not be major factor and we attribute
the effect to strong contribution from the absorbing substrate.
In view of such observations, we conclude that thickness
dependent scaling behavior are more accurate on transparent
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Figure 4. Comparison of extracted optical constants of an 18L MoS, film deposited on absorbing (Si/SiO,) and transparent (Quartz and

Al,O3) substrates.

Table 2. Modeled T-L oscillator of nominally 12 nm (18L) MoS, film deposited on transparent Quartz, Al,O5 and Si/SiO, using TASE.

Data type Sample Oscillator AeV EoeV T'eV E,eV e, MSE
Transmission-assisted SE ~ MoS,/Quartz A 28.78 1.822  0.132  1.595 12 19
B 69.36 1.951 0.194 1.755
C 12.25 2.67 0.424 1.18
D 16.01 297 1.006  0.0001
TL, 59.53 4.94 1.973  1.556
MoS,/Al,0; A 70.7 1.83 0.10 1.66 1.8 0.89
B 182.7 1.96 0.16  0.15
C 36.0 2.69 0.48  0.158
D 6.86 3.11 0.50  0.0001
TL, 29.7 5.40 1.63  0.158
MoS,/ SiO,/Si A 3.92 1.84 0.104 1.67 1.8 59
B 2,197 1985 0.163 1.66
C 0.773 2768 0.655 0.264
D 2387 3.16 3.446  0.0001
TL; 421.05 3780 0.564 3.72

substrates. Therefore, it is convenient to estimate such trends
using either a transmission measurement and/or with the
TASE method designed here. Our experience shows that this
extra effort outweighs the time (apart from accuracy) required
to model the data using only standard SE.

In conclusion, we show that the estimation of optical con-
stants of large-area few-layer TMD films on transparent and
absorbing substrates using SE can be dramatically improved by
pre-characterizing the optical properties using transmission
spectroscopy on a transparent substrate. We demonstrate that the
designed transmission-assisted SE process improves the reliability
of identifying weaker optical features and thickness dependent
scaling behavior. Improvements are confirmed on both trans-
parent and absorbing substrates. We also demonstrate that a
transmittance measurement in combination with a Kramers—
Kronig consistent optical model might be sufficient for accurate
estimation of optical constants and scaling behavior of few-layer
TMD materials.
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