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Abstract: Exciton resonances in monolayer transition-
metal dichalcogenides (TMDs) provide exceptionally strong
light-matter interaction at room temperature. Their spec-
tral line shape is critical in the design of a myriad of opto-
electronic devices, ranging from solar cells to quantum
information processing. However, disorder resulting from
static inhomogeneities and dynamical fluctuations can sig-
nificantly impact the line shape. Many recent works experi-
mentally evaluate the optical properties of TMD monolayers
placed on a substrate and the line shape is typically linked
directly to the material’s quality. Here, we highlight that
the interference of the substrate and TMD reflections can
strongly influence the line shape. We further show how
basic, room-temperature reflection measurements allow
investigation of the quantum mechanical exciton dynamics
by systematically controlling the substrate reflection with
index-matching oils. By removing the substrate contribu-
tion with properly chosen oil, we can extract the excitonic
decay rates including the quantum mechanical dephasing
rate. The results provide valuable guidance for the engi-
neering of exciton line shapes in layered nanophotonic
systems.
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1 Introduction

The strong light—matter interaction offered by excitons in
monolayer TMDs has generated widespread interest, with
potential applications in atomically-thin transistors [1, 2],
photodetectors [3, 4], solar cells [5, 6], light sources [7, 8],
and quantum optics devices [9, 10]. Unlike those in bulk
semiconductors, excitons in monolayer TMDs are quantum
confined and exhibit large binding energies due to strongly
reduced dielectric screening [11]. Exciton binding energy of
100’s of meV is quite common and renders highly stable
excitons, even at room temperature [12]. The spectrally-
sharp absorption features associated with excitons strongly
impact the material’s dielectric constant and can dominate
the optical response in the visible spectral range [13-15].
The exciton properties are highly sensitive to temperature
[7, 16], external fields [17, 18], carrier density [7, 19, 20],
and strain [21, 22]. Combined with the facile integration
of monolayer materials in complex nanophotonic systems
[23, 24], the high tunability of the exciton can be lever-
aged to realize a variety of dynamic nanophotonic devices
[16, 25-27].

For applications in light modulation and wavefront
shaping [26-31], engineering of the exciton line shape is
essential. It has been shown that TMD monolayers can serve
as atomically-thin mirrors with a well-defined susceptibility.
At cryogenic temperatures, the susceptibility is often domi-
nated by the exciton resonances and their behavior is cap-
tured by a Lorentzian resonance. At room temperature, the
resonances are less pronounced and the spectrally-broad
background from other contributions is often of a similar
strength. The experimentally observed line shape of TMD
monolayers varies with the material quality and the dielec-
tric environment of the monolayer. Previous works have
carefully studied the optical properties of suspended mono-
layers and monolayers on substrates — both using reflec-
tion measurements on small exfoliated flakes [32] and ellip-
sometric measurements on large-area monolayers grown
through chemical-vapor deposition [33, 34]. The results give
insight into the material’s optical response and can be used
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in 2D and 3D theoretical models [35]. However, systematic
investigation of the interference of the monolayer reflection
and the substrate reflection is essential for understanding
the spectral line-shapes observed in experiments [26, 27, 36].

The reflectance of a TMD monolayer placed on a sub-
strate cannot be treated classically, but also includes the
quantum mechanical nature of the radiative and non-
radiative decay of the excitons as well as their dephas-
ing behavior. Recent studies showed that temperature-
dependent, non-radiative relaxation and pure dephasing
rates can be extracted from asymmetric reflection spectra
[16, 26]. The asymmetric line-shape in these works originates
from interference between the optically-driven, spectrally-
sharp exciton radiation and a broad-band cavity reflection.
This interference is sensitive to both the amplitude and
phase of the exciton re-radiation — which enables one to dis-
tinguish between non-radiative decay and pure dephasing.
Like classical interference, a quantum mechanical analysis
involves radiative coupling to the far-field that is altered by
the presence of a substrate [16]. As the exciton resonances
at room-temperature are weaker than at cryogenic temper-
atures, the reflectance from the substrate and monolayers
can be similar in magnitude and this can lead to strong
interference effects without the presence of a cavity. The
significant impact of the environment on the exciton line
shape makes it of value to develop a detailed understand-
ing of the constituent effects that govern the spectral line
shape of strong exciton resonances in layered nanophotonic
systems.

Here, we perform reflectance measurements on TMD
monolayers placed on substrates and control the substrate
contribution systematically using oils with varying refrac-
tive index. We use commercial large-area monolayer WS, on
a fused silica substrate and determine the optical constants
using spectroscopic ellipsometry. Using these constants we
employ a total-field scattered-field (TFSF) analysis to isolate
the monolayer contribution to the measured reflectivity
and gain an understanding of the interference between the
monolayer and substrate reflections. By isolating the mono-
layer signal with index-matched oil, we then demonstrate
that the quantum mechanical exciton properties can be
retrieved — even at room temperature. This is enabled by
the highly asymmetric spectral line shape resulting from the
interference between the background dielectric permittiv-
ity (all other transitions) and the excitonic contribution to
the permittivity. This analysis thus does not rely on inter-
ference with the substrate or external cavity. These results
provide guidelines to design and leverage the substrate con-
tribution in more complex nanophotonic geometries and
tunable optical elements.
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2 Experiment

To experimentally control the substrate contribution to the measured
reflection spectrum, we employ a series of refractive index oils in the
range n = 1.40-1.70 (Cargille labs) in combination with a glass cover
slip and carrier substrate (Figure 1(a)). We obtain large-area mono-
layer WS, (1 X 1cm?) on a fused-silica (FS) substrate commercially
(2D Semiconductors). To realize an internal reference measurement on
the bare substrate, we etch away the monolayer WS, on half of the
surface area using physical masking and a reactive-ion etching process
(Ar ion milling). To isolate the reflection of the 0il-WS,-FS interface, the
reflection from the backside of the substrate needs to be suppressed.
We use a black “carbon dot” mounted on a glass carrier substrate to
function as a broadband absorber and employ index-matching oil with
n = 145 between the FS substrate and carbon dot to prevent reflections
from the FS-air interface. We measure the reflection of the WS,-covered
FS (R;, red in Figure 1(a)) with air (n = 1.00) as a superstrate and
after depositing an oil with varying n = 1.40-1.70 on top, covered by
a silica cover slip. To remove the reflection contributions from the top
cover slip, we also collect a reference measurement of the bare FS (R:zg,
blue in Figure 1(a)) for each choice of oil, and the relative differen-
tial reflection Rij’Zf = (R)? —R2V) /RZY = AR®P /R”? is determined.
We perform the reflection measurements using a Nikon C2 confocal
microscope, equipped with a halogen light source, 20X microscope
objective (Nikon, 3.8 mm working distance, 0.4 NA) and 90 pm pinhole.
The aperture stop of the Kohler-illumination is set to its lowest setting
to minimize the angular spread of the incident light. The differential
reflection spectra are recorded using a Princeton Instruments grating
spectrograph (150 lines/mm) and PIXIS camera. Each differential reflec-
tion spectrum is the average of 25 recordings (6 s integration each) and
the dark spectrum is subtracted. We use local defects in the monolayer
and substrate as spatial markers to measure the reflectance spectra at
exactly the same sample area for each refractive index oil.

Figure 1(b) shows the differential reflection spectrum of the
monolayer on FSin air. A clear peakis observed around A = 615 nm that
corresponds to the A-exciton in WS, [32]; the second peak around A =
517 nm corresponding to the B-exciton [32] is also well-pronounced.
The line shape of the A-exciton is nearly symmetric and appears close
to A =615 nm (grey dashed line), corresponding to the peak in exci-
tonic absorption (retrieved from ellipsometry, discussed below), sug-
gesting that the reflection spectrum of WS, on a substrate is dom-
inated by the imaginary component (g,) of the dielectric constant
€ = g, + g, [32]. The exciton line shape becomes strongly asymmet-
rical when the refractive index of the superstrate is changed to n =
1.45 (Figure 1(c)) — matched to the index of the FS substrate. Under
these index-matched conditions, the differential reflection signal is
minimized to the “pure” monolayer scattering without the interference
with a substrate reflection. The asymmetrical line shape does not follow
€,, and the reflection peak is shifted with respect to A = 615 nm. The
large differences between Figure 1(b) and (c) demonstrate that the
experimentally-observed exciton line shape is strongly influenced by
the presence of the substrate. We will show that all observed changes in
the nontrivial line shape can be understood in terms of the basic inter-
ference of the monolayer reflection and the substrate reflection. Dielec-
tric screening of the exciton by the oil [37, 38] does not result into signifi-
cant shifts in the exciton binding energy that cannot be explained by the
interference.
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Figure 1: Differential reflection experiment. (a) Schematic of the experimental geometry (for n > 1) to measure the reflection of the bare (right, R*)

sub

and WS,-covered substrate (left, R ). The reflection from the backside of the substrate is suppressed by index-matching oil (n = 1.45) and a black

total

carbon dot. (b) and (c) Measured (color) and calculated (black) differential reflection for monolayer WS, in air (b) and embedded in oil with n = 1.45 (c).
The calculated spectra are based on transfer-matrix calculations with measured ellipsometry data as an input. (d) Measured (color) and calculated
(black) differential reflection for oils with n = 1.40-1.70. Spectra are offset for visibility. The vertical dashed line in (b)-(d) indicates A = 615 nm,

corresponding to the peak in exciton absorption.

To explore the strong changes in the line shape in more detail,
Figure 1(d) shows the differential reflection spectra for oils with refrac-
tive indices ranging from n = 1.40-1.70, slowly increasing in steps
of 0.05. Each spectrum shows a strong excitonic response around
A =615nm, while the line shape changes significantly as a func-
tion of refractive index. The line shape changes from a peak around
A=615nm (n =140), to an asymmetric Fano line shape (n = 1.55),
and finally to a dip around A = 615 nm (n = 1.70). Note that the high-
frequency oscillations in the spectrum for n = 1.65 originate from
coherent interference fringes in the thin oil layer due to the more
pronounced spreading as a result of capillary forces of this particular
oil. Compared to the other oils, the oil with n = 1.65 exhibits a slightly
lower viscosity which results into a smaller thickness of the oil film. The
gradual transition in the oil refractive index slowly changes the ampli-
tude and phase of the substrate contribution to the reflection signal.
For n < 1.45 there is a small substrate reflection with a z radian phase
shift. For n = 1.45 there is practically no substrate contribution, and
for n > 1.45 there is an increasing substrate reflection with no phase
shift. As such, these results enable us to systematically analyze the
interference of the monolayer scattering and the substrate reflection.

3 Model

To gain better understanding of the monolayer-substrate
interference, we use a total-field scattered-field analysis

based on transfer-matrix calculations to isolate the mono-
layer scattering contribution for each oil index, in three
steps.

3.1 Spectroscopic ellipsometry

First, we perform spectroscopic ellipsometry (Woollam
M2000) on the bare FS and monolayer WS, on FS to obtain
accurate complex optical constants (dispersive dielectric
function ¢) for the FS and WS,. To remove contributions
from the back of the transparent substrate, we apply diffu-
sive tape on the backside (see inset Figure 2(a)). The optical
properties of the FS substrate are modeled by two Sell-
meier oscillators [39] outside the spectral range of interest,
yielding a refractive index ny,; = 1.45 with a very small
dispersion. The WS, is modeled as an isotropic layer with
a Tauc-Lorentz oscillator [40] for the interband transi-
tions and two Lorentz oscillators for the A and B exci-
tons. While the WS, dielectric permittivity is anisotropic
by nature (i.e., out-of-plane component is different from
in-plane components), we were unable to quantify this
anisotropy in the ellipsometric measurements. Despite this,
we find that the measured isotropic dielectric function
is accurate enough to describe the main features in the
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quasi-normal incidence reflectance spectra. The monolayer
thickness is assumed to be 6.18 A, equal to the interlayer
spacing in bulk WS, [41]. The dispersion of the measured
real (¢;) and imaginary (g,) part of the WS, dielectric con-
stant are shown in Figure 2(a) and (b), respectively. Here,
g, represents the material’s ability to store electrical flux
density, while (g,) is a measure of the material’s opti-
cal absorption. These two quantities are interdependent
through the Kramers—Kronig relation. The largest absorp-
tion is observed for a wavelength of 615 nm, which denotes
the exciton resonance wavelength. While the WS, absorp-
tion (g,) shows a strong and approximately symmetric peak
around A = 615 nm, the real part shows a large asymmet-
rical oscillation. See the Supporting Information Section 6.1
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for tabulated data of the measured refractive index
fil=n+ix = /e

Based on the measured &, we can already interpret
the asymmetrical line shape of the pure monolayer scat-
tering (Figure 1(c)), by realizing that the locally gener-
ated scattered fields are proportional to the polarization
P = g, yE,; of the WS,. Here, g, is the free-space permittivity,
E, is the local driving electric field, and y = (¢ — 1) is the
complex electrical susceptibility of WS,. The spectral dis-
persion of y thus dictates the amplitude and phase of the
light scattered by the monolayer, with the strongest scat-
tering when | y| is largest. Figure 2(c) shows the measured
susceptibility in the complex plane. The exciton resonances
give rise to large oscillations on top of the background
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Figure 2: Optical properties and total-field scattered-field analysis. (a), (b) Real (a) and imaginary (b) part of the dielectric constant retrieved from
ellipsometric measurements on large-area monolayer WS, on a fused-silica substrate. (c) Corresponding complex susceptibility y = € —1showing
the large oscillations in the materials optical response due to the exciton resonances. The color of the plot marks indicates the corresponding
wavelength, ranging from 465 nm (blue) to 750 nm (red). The A and B excitons are indicated in (b) and (c). (d)-(f) Total-field scattered-field analysis of
monolayer WS, scattering on a fused silica substrate in air (n = 1). The complex reflection coefficient of the bare substrate r, (e) is subtracted from
that of the complete structure ry,, (d), to yield the complex monolayer reflection coefficient rs, (f). Despite the single peak observed in the total
reflection spectrum (d), the monolayer contribution is asymmetric (f) analogous to Figure 1(c). The spectra in panels (d)-(f) are based on

transfer-matrix calculations with ellipsometry data as an input.
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susceptibility, thereby introducing the asymmetrical line
shapein | y|.

3.2 Transfer-matrix model

Second, we employ the measured optical constants in a
transfer-matrix model (TMM) to calculate the differential
reflection for each refractive index value. In the model, we
consider only the 0il-WS,-FS interfaces and assume both the
oil and the FS to be semi-infinite. This is valid because there
is no correlation between the reflection from the top cover
slip and from the o0il-WS,-FS interfaces that can modify the
line shape of the measured reflection signal. The modeled
differential reflection Ry was scaled by a constant factor ¢
to match the measured differential reflection R’ to account
for the fact that the model does not include the relatively
large but constant reflection contribution from the cover
slip:

eXp __ pexp
ReXP — Rtotal Rsub
diff — REXP
sub
2 2
~ Rtop + TtopRtotal - Rtop - TtopRsub
~
2
R + T2 Ry
R .1 —R
~C total sub — CRdiff' (1)

R

sub

Riora and Ry, represent the modeled reflection from the
0il-WS,-FS interfaces and bare oil-FS interface, respectively.
Ry,p and Ty, denote the reflectance and transmittance of the
top cover slip. The resulting differential reflection spectra
are shown in Figure 1(b)-(d) as solid black lines, and show
good agreement with the measured spectra. Interestingly,
the agreement for n = 1.45 with no substrate contribution
is very good (Figure 1(c)), except for a small discrepancy
around A = 600 nm. For all other refractive indices the cal-
culated exciton line shape exhibits a slightly smaller line
width than the measured spectra. This is especially remark-
able as the € used in the TMM calculations is based on a
large-area (mm-scale) ellipsometry measurement that could
exhibit significant inhomogeneous broadening. The reflec-
tion measurements on the other hand use a collection area
with a diameter of ~4.5 pm, and thereby have a lower sen-
sitivity to non-uniformity in the WS, material. We attribute
the broadening in the measured spectra to slight sample
degradation as a result of the sample processing steps that
were performed after the ellipsometry measurements, but
before the reflection measurements. Our analysis assumes
negligible inhomogeneous broadening. Despite the small
deviations in line width, the TMM calculated spectra show
good agreement with the measured spectra, validating the
use of TMM to study the monolayer-substrate interference.
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3.3 Total-field scattered-field analysis

Third, to gain further insight into the observed changes
in line shape, we use the TMM to perform a total-field
scattered-field (TFSF) analysis that allows us to isolate the
monolayer reflection amplitude and phase. Given the fact
that the wavelength of the incident light is much larger than
the thickness of the monolayer WS,, the reflection contribu-
tion from the 2D layer can be modeled as the radiation from
an equivalent surface current driven by the local electric
field at the oil-FS interface. Therefore, the total complex
field reflection results from the superposition of the reflec-
tion field from the oil-FS interface and the radiation field
from the equivalent surface current o, = gy, + 'ys,- This
allows us to expand the modeled differential reflection R
as:

|r‘WS2 |2 + Zm("wsz*’”sub)

|rsub|2

Here, PR() indicates the real part of the complex num-
ber in its argument. The above equation verifies that the
measured line shape is directly related to the interference
between the reflection from the substrate and the reflec-
tion from the 2D layer. We first calculate the complex field
reflection coefficient of the substrate with TMD layer ry,
(inset of Figure 2(d)). |y |? corresponds to what is typi-
cally measured in a reflection experiment, and is plotted
in Figure 2(d) for a sample in air (n = 1.00). Next, we calcu-
late the complex reflection coefficient of the bare substrate
Iy (Figure 2(e)). Finally, we retrieve the complex mono-
layer scattered fields ryg, by subtracting the substrate fields
from the total fields (Figure 2(f)). |rys, |2 corresponds to the
expected 2D layer intensity contribution in the absence of
any interference with the substrate reflection. Even though
the total differential reflection spectrum shows an approxi-
mately symmetric peak around the exciton resonance wave-
length A = 615 nm (Figure 2(d)), the monolayer reflection is
strongly asymmetrical (Figure 2(f)).

To understand why, we now use the isolated T'ws, and
rsg to visualize their interference by plotting the reflec-
tion amplitude and phase in the complex plane using a
phasor diagram. Figure 3 shows the measured and calcu-
lated differential reflection spectrum (top) and the pha-
sor diagrams (bottom) obtained from the TMM using the
experimental dielectric function values, for n = 1.40-1.70
(Figure 3(a)—(d)). The phasor diagrams show r,, (grey) and
its decomposition in the substrate reflection r,, (orange)
and the monolayer reflection ry (purple). The vectors are
drawn for 4 = 615 nm only, while the dots show r,,, for the
full spectral range (4 = 475-750 nm), running from blue to
red. The calculated differential reflection spectra are also
shown (black lines).
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Figure 3: Complex phasor representation of reflection. Measured (color) and calculated (black) differential reflection spectra (top) and corresponding
complex phasor diagrams of the reflection coefficients (bottom) for n = 1.40 (a), n = 1.50 (b), n = 1.60 (c), and n = 1.70 (d). The orange arrow
corresponds to ry,, the purple arrow to r,, and the grey arrow to ry, for 4 = 615 nm (indicated with black dot). The other dots show the spectral
evolution of r,, from A = 475 nm (blue dots) through A = 750 nm (red dots).

The role of the WS, susceptibility (Figure 2(c)) in the
monolayer reflection (purple) is clearly recognizable in
Figure 3 as the total reflection coefficient (grey) traces out
the circular oscillations due to the exciton resonances. Note
that the dispersion of the reflection vector is 90° rotated
with respect to the susceptibility in Figure 2 since the fields
radiated by a planar surface of radiating dipoles are delayed
by this amount with respect to the driven dipole moments

[42]. Comparing Figure 3(a)-(d) shows how the substrate
contribution (orange) gradually shifts from a small vec-
tor along the negative x-axis for n = 1.40, to a larger vec-
tor along the positive x-axis for n=1.70. For n =140
(Figure 3(a)) the substrate reflection is mostly in phase with
the monolayer reflection, giving rise to constructive inter-
ference and thereby a peak in the total reflection around the
exciton resonance wavelength. For intermediate refractive
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indices (n = 1.50-1.55, Figure 3(b)) the substrate reflection
is mostly out of phase with the monolayer reflection, but
the substrate reflection amplitude is small. As a result, the
circular trace of r,,; intersects with real(r) = 0, giving rise
to significantly larger oscillations in the phase of the total
field and a strongly asymmetrical Fano line shape. As the
substrate reflection amplitude increases with the refractive
index to n = 1.70 (Figure 3(d)), the substrate contribution
is significantly larger than the monolayer reflection and
the circular trace of r,, is shifted to the right. The total
reflection now oscillates towards the origin as a result of
destructive interference, which gives rise to a dip in the
reflection amplitude. Based on Figure 3, the (a)symmetry as
well as the spectral location of the maximum of the reflec-
tion peak of the exciton line shape can thus be understood
intuitively from the interference between the monolayer
reflection and substrate reflection.

4 Quantum nature of exciton
radiation

So far, we evaluate the exciton line shape based on the opti-
cal constants of a thin-film WS, extracted from a classical
ellipsometry model, and systematically examine the influ-
ence of substrate interference. However, this method is not
able to capture the critical quantum and two-dimensional
nature of the excitons in a WS, monolayer. In the quantum
mechanical description developed in [16, 26], the excitonic
emission again interferes with the light reflected from the
substrate. However, the coherence can be lost due to dephas-
ing processes. The presence of dephasing of the exciton
dipole moment relative to the excitation field weakens the
impact of interference effects. This directly affects the exact
line shape of the excitonic features seen in the differential
reflection spectra. To accurately describe our experimental
observations, we must therefore introduce a pure dephas-
ing rate, which is missing in the classical model. Note that we
are operating at low excitation power so that we are work-
ing in the regime of perturbative quantum electrodynamics
where we can work with a linear response theory and sus-
ceptibility (as opposed to being close to saturation). We also
note that the studied model is based on a 1D transfer-matrix
method where the inhomogeneous exciton radiation from
the random elastic phonon scattering as well as the lattice-
vibration-induced resonance shift across the entire 2D sheet
are not considered. Instead, here we assign one effective
dipole operator to represent the plane wave radiation from
a “uniform” 2D sheet and only study the dephasing effect in
the time domain.
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Here, we focus on a unique situation where the sub-
strate reflection is fully suppressed (n = 1.45 in Figure 1(c))
and the scattered signal purely originates from the mono-
layer WS,. Under these conditions, we evaluate the influ-
ence of the quantum nature of the exciton line shape. We
employ the above-mentioned quantum mechanical model
to retrieve the excitonic radiative decay (y,), non-radiative
decay (y,,) and pure dephasing (y4,) rates from a model fit
to the asymmetric line shape observed in Figure 1(c) (see
Supporting Information Section 6.2 for details). Unlike the
previous works, the asymmetric line shape in our measured
signal does not originate from interference between the
spectrally narrow exciton radiation and broadband cavity
reflection. Instead, the exciton oscillator strength of our
CVD-grown WS, monolayer is comparable to its background
dielectric constant £ at room temperature, resulting in a
strongly asymmetric line shape in absence of reflection of
the substrate. As such, we can directly retrieve good esti-
mates of the excitonic rates (y) from a single reflection
measurement of purely monolayer scattering.

Figure 4(a) and (b) summarize the model fitting results
for the A exciton and B exciton radiation in the charac-
terized sample, respectively. We apply the mean-square
error minimization fitting routine to extract the most prob-
able non-radiative decay (red circles) and pure dephasing
rates (blue circles) of excitons as a function of the pre-
sumed radiative decay rate in vacuum, which is an intrin-
sic parameter for monolayer WS,. The calculated mean-
square error (grey circles) indicates that the most prob-
able intrinsic radiative decay rates for A exciton and B
exciton in the characterized sample are 2y, = 3.4 meV and
hy, = 4.5 meV respectively, consistent with previous stud-
ies [16, 43, 44]. Under this assumption, the A exciton exhibits
anon-radiative rate of 2y, = 31 meV and a pure dephasing
rate of 7yq, = 15 meV, whereas B exciton shows a much
larger non-radiative rate of Ay, =132 meV but a similar
pure dephasing rate of 7y g, = 20 meV. This explains why
the A exciton oscillator strength is much stronger than that
of B exciton. A direct comparison between the quantum
fitting (green) and classical fitting (grey) curves along with
the measured (orange) differential reflection spectrum is
shown in Figure 4(c), revealing that the quantum fitting
curve follows the measured spectrum more accurately. The
residual mismatch between the model and the measured
data around A = 600 nm in Figure 1(c) is now resolved. The
independent consideration of dephasing and non-radiative
decay in the quantum model better captures the asymmet-
rical line shape. Despite the improved fit, low-temperature
measurements of the exciton emission in the radiative
limit are needed to provide conclusively measured values
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Figure 4: Fitting results of quanum model. (a) and (b) Extracted non-radiative decay (red) and pure dephasing rates (blue) for A exciton (a) and B
exciton (b) in monolayer WS, as a function of the presumed radiative decay rate in vacuum. The calculated mean-square error (grey) indicates the
most probable intrinsic radiative decay rate of excitons in the characterized sample. (c) Measured (orange) and fitted (green for quantum model, grey
for classical model) differential reflection spectra for monolayer WS, embedded in oil with n = 1.45. The fitted spectra are first-principle curves based
on the quantum model for the excitons, a frequency-dependent non-resonant background, and do not use ellipsometry data.

for hy,. Overall, these results show that a full quantum
mechanical treatment is essential to gain a full understand-
ing of the exciton line shape, even at room temperature.

5 Conclusions

In summary, we systematically study the exciton line shape
of coherently scattered light by monolayer WS, on a sub-
strate. Using oils with a varying refractive index as a super-
strate, we demonstrate how classical interference of the sub-
strate reflection with the monolayer reflection can give rise
to a wide range of spectral line shapes. We combine optical
constants measured using spectroscopic ellipsometry with
a transfer-matrix method to perform a total-field scattered-
field analysis of the light reflected by the monolayer in the
presence of the substrate. The analysis provides an intuitive
interpretation of the role of amplitude and phase in the
interference with the substrate reflection. Finally, we isolate
the monolayer reflection signal experimentally using index-
matching of the substrate-superstrate interface. We show
that this unique configuration enables a quantum mechani-
cal analysis to directly retrieve good estimates of the exciton
dynamics without the need for substrate interference, even
at room temperature. The results provide useful guidelines
for the design and implementation of exciton resonances in
future optical metasurfaces and nanophotonic devices.
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