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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 TMDmonolayers

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 TMDmonolayers can serve

as atomically-thinmirrorswith awell-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 themonolayer 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 theseworks 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.Weuse commercial large-areamonolayerWS2 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.

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 WS2 (1 × 1 cm2) on a fused-silica (FS) substrate commercially

(2D Semiconductors). To realize an internal reference measurement on

the bare substrate, we etch away the monolayer WS2 on half of the

surface area using physical masking and a reactive-ion etching process

(Ar ion milling). To isolate the reflection of the oil-WS2-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 = 1.45 between the FS substrate and carbon dot to prevent reflections

from the FS-air interface.Wemeasure the reflection of theWS2-covered

FS (R
exp

total
, 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 referencemeasurement of the bare FS (R
exp

sub
,

blue in Figure 1(a)) for each choice of oil, and the relative differen-

tial reflection R
exp

di f f
=

(
R
exp

total
− R

exp

sub

)
∕Rexp

sub
= ΔRexp∕Rexp

sub
is determined.

We perform the reflection measurements using a Nikon C2 confocal

microscope, equipped with a halogen light source, 20× microscope

objective (Nikon, 3.8 mmworking distance, 0.4 NA) and 90 μm pinhole.

The aperture stop of the Köhler-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 onFS in air. A clear peak is observed around𝜆 = 615 nm that

corresponds to the A-exciton in WS2 [32]; the second peak around 𝜆 =
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 𝜆 = 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 WS2 on a substrate is dom-

inated by the imaginary component (𝜀2) of the dielectric constant

𝜀 = 𝜀1 + i𝜀2 [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 scatteringwithout the interference

with a substrate reflection. The asymmetrical line shape does not follow

𝜀2, and the reflection peak is shifted with respect to 𝜆 = 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.Wewill show that all observed changes in

the nontrivial line shape can be understood in terms of the basic inter-

ference of themonolayer 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
exp

sub
)

and WS2-covered substrate (left, R
exp

total
). The reflection from the backside of the substrate is suppressed by index-matching oil (n = 1.45) and a black

carbon dot. (b) and (c) Measured (color) and calculated (black) differential reflection for monolayer WS2 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 𝜆 = 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

𝜆 = 615 nm, while the line shape changes significantly as a func-

tion of refractive index. The line shape changes from a peak around

𝜆 = 615 nm (n = 1.40), to an asymmetric Fano line shape (n = 1.55),

and finally to a dip around 𝜆 = 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 viscositywhich 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 𝜋 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 WS2 on FS to obtain

accurate complex optical constants (dispersive dielectric

function 𝜀) for the FS and WS2. 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 nsub = 1.45 with a very small

dispersion. The WS2 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 WS2 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 Å, equal to the interlayer

spacing in bulk WS2 [41]. The dispersion of the measured

real (𝜀1) and imaginary (𝜀2) part of the WS2 dielectric con-

stant are shown in Figure 2(a) and (b), respectively. Here,

𝜀1 represents the material’s ability to store electrical flux

density, while (𝜀2) 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 WS2 absorp-

tion (𝜀2) shows a strong and approximately symmetric peak

around 𝜆 = 615 nm, the real part shows a large asymmet-

rical oscillation. See the Supporting Information Section 6.1

for tabulated data of the measured refractive index

ñ = n+ i𝜅 =
√
𝜀.

Based on the measured 𝜀, 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 = 𝜀0𝜒Ei of theWS2. Here, 𝜀0 is the free-space permittivity,

E
i
is the local driving electric field, and 𝜒 = (𝜀− 1) is the

complex electrical susceptibility of WS2. The spectral dis-

persion of 𝜒 thus dictates the amplitude and phase of the

light scattered by the monolayer, with the strongest scat-

tering when |𝜒 | 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 WS2 on a fused-silica substrate. (c) Corresponding complex susceptibility 𝜒 = 𝜀− 1 showing

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 WS2 scattering on a fused silica substrate in air (n = 1). The complex reflection coefficient of the bare substrate rsub (e) is subtracted from

that of the complete structure rtotal (d), to yield the complex monolayer reflection coefficient rWS2 (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

shape in |𝜒 |.

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 oil-WS2-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 oil-WS2-FS interfaces that can modify the

line shape of the measured reflection signal. The modeled

differential reflection Rdiff was scaled by a constant factor c

tomatch themeasureddifferential reflectionR
exp

diff
to account

for the fact that the model does not include the relatively

large but constant reflection contribution from the cover

slip:

R
exp

diff
=

R
exp

total
− R

exp

sub

R
exp

sub

≈
Rtop + T2

top
Rtotal − Rtop − T2

top
Rsub

Rtop + T2
top
Rsub

≈ c
Rtotal − Rsub

Rsub
= cRdiff. (1)

Rtotal and Rsub represent the modeled reflection from the

oil-WS2-FS interfaces and bare oil-FS interface, respectively.

Rtop and T top 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 𝜆 = 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 𝜀 used in the TMM calculations is based on a

large-area (mm-scale) ellipsometrymeasurement that could

exhibit significant inhomogeneous broadening. The reflec-

tion measurements on the other hand use a collection area

with a diameter of ∼4.5 μm, and thereby have a lower sen-
sitivity to non-uniformity in the WS2 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.

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 monolayerWS2, the reflection contribu-

tion from the 2D layer can bemodeled 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 rtotal = rsub + rWS2
. This

allows us to expand the modeled differential reflection Rdiff
as:

Rdiff =
|rWS2

|2 + 2R
(
rWS2

∗rsub
)

|rsub|2
. (2)

Here, R() 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 rtotal
(inset of Figure 2(d)). |rtotal|2 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

rsub (Figure 2(e)). Finally, we retrieve the complex mono-

layer scattered fields rWS2
by subtracting the substrate fields

from the total fields (Figure 2(f)). |rWS2
|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 resonancewave-

length 𝜆 = 615 nm (Figure 2(d)), the monolayer reflection is

strongly asymmetrical (Figure 2(f)).

To understand why, we now use the isolated rWS2
and

rsub 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 rtotal (grey) and

its decomposition in the substrate reflection rsub (orange)

and the monolayer reflection rWS2
(purple). The vectors are

drawn for 𝜆 = 615 nm only, while the dots show rtotal for the

full spectral range (𝜆 = 475–750 nm), running from blue to

red. The calculated differential reflection spectra are also

shown (black lines).



3296 — J. van de Groep et al.: Impact of substrates and quantum effects on exciton line shapes

-0.08 -0.04 0 0.04 0.08
real(r)

-0.04

0

0.04

0.08

im
ag

(r)

500 600 700
Wavelength (nm)

0

0.1

500 600 700
Wavelength (nm)

-0.08 -0.04 0 0.04 0.08
real(r)

-0.04

0

0.04

0.08

im
ag

(r)

0

0.1

-0.08 -0.04 0 0.04 0.08
real(r)

-0.04

0

0.04

0.08

im
ag

(r)

-0.08 -0.04 0 0.04 0.08
real(r)

-0.04

0

0.04

0.08

im
ag

(r)

-0.05

0

0.05

500 600 700
Wavelength (nm)

500 600 700
Wavelength (nm)

-0.05

0

0.05

n = 1.40
(b)(a)

(d)(c)

n = 1.40

n = 1.50

n = 1.50

n = 1.60

n = 1.60

n = 1.70

n = 1.70

R
di

ff
ex

p

R
di

ff
ex

p

R
di

ff
ex

p

R
di

ff
ex

p

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 rsub, the purple arrow to rWS2 , and the grey arrow to rtotal for 𝜆 = 615 nm (indicated with black dot). The other dots show the spectral

evolution of rtotal from 𝜆 = 475 nm (blue dots) through 𝜆 = 750 nm (red dots).

The role of the WS2 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 = 1.40

(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 rtotal 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 rtotal 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 WS2 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 WS2 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 ismissing in the classicalmodel. Note thatwe

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.

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 WS2. 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 (𝛾r), non-radiative

decay (𝛾nr) and pure dephasing (𝛾dp) 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

previousworks, the asymmetric line shape in ourmeasured

signal does not originate from interference between the

spectrally narrow exciton radiation and broadband cavity

reflection. Instead, the exciton oscillator strength of our

CVD-grownWS2 monolayer is comparable to its background

dielectric constant 𝜀 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 (𝛾) 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 WS2. 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 ℏ𝛾r = 3.4 meV and

ℏ𝛾r = 4.5 meV respectively, consistent with previous stud-

ies [16, 43, 44]. Under this assumption, the A exciton exhibits

a non-radiative rate of ℏ𝛾nr = 31 meV and a pure dephasing

rate of ℏ𝛾dp = 15 meV, whereas B exciton shows a much

larger non-radiative rate of ℏ𝛾nr = 132 meV but a similar

pure dephasing rate of ℏ𝛾dp = 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 𝜆 = 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 WS2 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 WS2 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 ℏ𝛾 r. 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 WS2 on a sub-

strate. Using oils with a varying refractive index as a super-

strate,wedemonstrate howclassical 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

interferencewith the substrate reflection. Finally, we isolate

themonolayer reflection signal experimentally using index-

matching of the substrate-superstrate interface. We show

that this unique configuration enables a quantummechani-

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.

Author contributions: J.v.d.G and M.L.B. conceived the con-

cepts behind this research. J.v.d.G., Q.L. and J.H.S. fabri-

cated the samples andperformed the opticalmeasurements.

J.v.d.G., Q.L., J.H.S., P.G.K., and M.L.B. performed the data

analysis and calculations. All authors contributed to the

writing the manuscript.

Research funding: This work was supported by a US Air

Force (grant #FA9550-17-1-0331). Some of the optical mea-

surements were funded by the DOE “Photonics at Thermo-

dynamic Limits” Energy Frontier Research Center under

grant DE-SC0019140. J.v.d.G was also supported by a Vidi

grant (VI.Vidi.203.027) from the Dutch National Science

Foundation (NWO). J.H.S was supported by Basic Science

Research Program through the National Research Foun-

dation of Korea (NRF) funded by the Ministry of Edu-

cation (NRF2016R1A6A3A03012480). Part of this work was

performed at the Nano@Stanford labs, supported by the

National Science Foundation under award ECCS-1542152.

Conflict of interest: Authors state no conflicts of interest.

Data availability: The ellipsometry data is freely available

from the supplementary information. All other data that

support the plots within this paper and other findings of

this study is available from the corresponding author upon

reasonable request.

References

[1] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis,

“Single-layer MoS2 transistors,” Nat. Nanotechnol., vol. 6, no. 3,

pp. 147−150, 2011..
[2] A. Daus, S. Vaziri, V. Chen, et al., “High-performance flexible

nanoscale transistors based on transition metal dichalcogenides,”

Nat. Electron., vol. 4, no. 7, pp. 495−501, 2021..



J. van de Groep et al.: Impact of substrates and quantum effects on exciton line shapes — 3299

[3] Z. Yin, H. Li, H. Li, et al., “Single-layer MoS2 phototransistors,” ACS

Nano, vol. 6, no. 1, pp. 74−80, 2012..
[4] O. Lopez-Sanchez, D. Lembke, M. Kayci, A. Radenovic, and A. Kis,

“Ultrasensitive photodetectors based on monolayer MoS2,” Nat.

Nanotechnol., vol. 8, no. 7, pp. 497−501, 2013..
[5] K. N. Nazif, A. Daus, J. Hong, et al., “High-specific-power flexible

transition metal dichalcogenide solar cells,” Nat. Commun., vol. 12,

no. 1, pp. 1−9, 2021.
[6] K. N. Nazif, A. Kumar, J. Hong, et al., “High-Performance p-n

junction transition metal dichalcogenide photovoltaic cells

enabled by MoOxDoping and passivation,” Nano Lett., vol. 21,

no. 8, pp. 3443−3450, 2021..
[7] J. S. Ross, S. Wu, H. Yu, et al., “Electrical control of neutral and

charged excitons in a monolayer semiconductor,” Nat. Commun.,

vol. 4, p. 1474, 2013..

[8] R. Frisenda, A. J. Molina-Mendoza, T. Mueller, A.

Castellanos-Gomez, and H. S. J. van der Zant, “Atomically thin p-n

junctions based on two-dimensional materials,” Chem. Soc. Rev.,

vol. 47, no. 9, pp. 3339−3358, 2018..
[9] A. Srivastava, M. Sidler, A. V. Allain, D. S. Lembke, A. Kis,

and A. Imamoğlu, “Optically active quantum dots in monolayer

WSe2,” Nat. Nanotechnol., vol. 10, no. 6, pp. 491−496, 2015..
[10] C. Palacios-Berraquero, M. Barbone, D. M. Kara, et al., “Atomically

thin quantum light-emitting diodes,” Nat. Commun., vol. 7,

pp. 1−6, 2016..
[11] A. Chernikov, T. C. Berkelbach, H. M. Hill, et al., “Exciton binding

energy and nonhydrogenic Rydberg series in monolayer WS2,”

Phys. Rev. Lett., vol. 113, no. 7, pp. 1−5, 2014..
[12] M. M. Ugeda, A. J. Bradley, S. F. Shi, et al., “Giant bandgap

renormalization and excitonic effects in a monolayer transition

metal dichalcogenide semiconductor,” Nat. Mater., vol. 13, no. 12,

pp. 1091−1095, 2014..
[13] L. Cao, “Two-dimensional transition-metal dichalcogenide

materials: toward an age of atomic-scale photonics,”MRS Bull.,

vol. 40, no. 7, pp. 592−599, 2015..
[14] K. F. Mak and J. Shan, “Photonics and optoelectronics of 2D

semiconductor transition metal dichalcogenides,” Nat. Photonics,

vol. 10, no. 4, pp. 216−226, 2016..
[15] T. Mueller and E. Malic, “Exciton physics and device application of

two-dimensional transition metal dichalcogenide

semiconductors,” npj 2D Mater. Appl., vol. 2, no. 1, p. 29, 2018..

[16] I. Epstein, B. Terrés, A. J. Chaves, et al., “Near-unity light

absorption in a monolayer WS2 van der Waals heterostructure

cavity,” Nano Lett., vol. 20, no. 5, pp. 3545−3552, 2020..
[17] A. V. Stier, N. P. Wilson, G. Clark, X. Xu, and S. A. Crooker, “Probing

the influence of dielectric environment on excitons in monolayer

WSe2: insight from high magnetic fields,” Nano Lett., vol. 16, no. 11,

pp. 7054−7060, 2016..
[18] A. V. Stier, N. Wilson, K. Velizhanin, J. Kono, X. Xu, and S. Crooker,

“Magnetooptics of exciton Rydberg states in a monolayer

semiconductor,” Phys. Rev. Lett., vol. 120, no. 5, p. 057405,

2018..

[19] A. K. M. Newaz, D. Prasai, J. Ziegler, et al., “Electrical control of

optical properties of monolayer MoS2,” Solid State Commun.,

vol. 155, pp. 49−52, 2013..
[20] Y. Yu, Y. Yu, L. Huang, H. Peng, L. Xiong, and L. Cao, “Giant gating

tunability of optical refractive index in transition metal

dichalcogenide monolayers,” Nano Lett., vol. 17, no. 6,

pp. 3613−3618, 2017..

[21] D. Lloyd, X. Liu, J. W. Christopher, et al., “Band gap engineering

with ultralarge biaxial strains in suspended monolayer MoS2,”

Nano Lett., vol. 16, no. 9, pp. 5836−5841, 2016..
[22] O. B. Aslan, M. Deng, and T. F. Heinz, “Strain tuning of excitons in

monolayer WSe2,” Phys. Rev. B, vol. 98, no. 11, p. 115308, 2018..

[23] A. Krasnok, S. Lepeshov, and A. Andrea, “Nanophotonics with 2D

transition metal dichalcogenides,” Opt. Express, vol. 26, no. 12,

pp. 15972−15994, 2018..
[24] H. Zhang, B. Abhiraman, Q. Zhang, et al., “Hybrid

exciton-plasmon-polaritons in van der Waals semiconductor

gratings,” Nat. Commun., vol. 11, no. 1, p. 3552, 2020..

[25] J. S. Ross, P. Klement, A. M. Jones, et al., “Electrically tunable

excitonic light-emitting diodes based on monolayer WSe2 p-n

junctions,” Nat. Nanotechnol., vol. 9, no. 4, pp. 268−272, 2014..
[26] G. Scuri, Y. Zhou, A. A. High, et al., “Large excitonic reflectivity of

monolayer MoSe2 encapsulated in hexagonal boron nitride,” Phys.

Rev. Lett., vol. 120, no. 3, p. 37402, 2018..

[27] P. Back, S. Zeytinoglu, A. Ijaz, M. Kroner, and A. Imamoğlu,

“Realization of an electrically tunable narrow-bandwidth

atomically thin mirror using monolayer MoSe2,” Phys. Rev. Lett.,

vol. 120, no. 3, p. 037401, 2018..

[28] J. van de Groep, J. H. Song, U. Celano, Q. Li, P. G. Kik, and

M. L. Brongersma, “Exciton resonance tuning of an atomically thin

lens,” Nat. Photonics, vol. 14, pp. 426−430, 2020..
[29] I. Datta, S. H. Chae, G. R. Bhatt, et al., “Low-loss composite

photonic platform based on 2D semiconductor monolayers,” Nat.

Photonics, vol. 14, no. 4, pp. 256−262, 2020..
[30] L. Li, J. Wang, L. Kang, et al., “Monolithic full-Stokes near-infrared

polarimetry with chiral plasmonic metasurface integrated

graphene-silicon photodetector,” ACS Nano, vol. 14, no. 12,

pp. 16634−16642, 2020..
[31] S. Biswas, M. Y. Grajower, K. Watanabe, T. Taniguchi, and

H. A. Atwater, “Broadband electro-optic polarization conversion

with atomically thin black phosphorus,” Science, vol. 374, no. 6566,

pp. 448−453, 2021..
[32] Y. Li, A. Chernikov, X. Zhang, et al., “Measurement of the optical

dielectric function of monolayer transition-metal dichalcogenides:

MoS2, MoSe2, WS2, and WSe2,” Phys. Rev. B, vol. 90, no. 20,

p. 205422, 2014.

[33] J. W. Park, H. S. So, S. Kim, et al., “Optical properties of large-area

ultrathin MoS2 films: evolution from a single layer to multilayers,”

J. Appl. Phys., vol. 116, no. 18, p. 183509, 2014..

[34] H. L. Liu, C. C. Shen, S. H. Su, C. L. Hsu, and M. Y. Li, “Optical

properties of monolayer transition metal dichalcogenides probed

by spectroscopic ellipsometry,” Appl. Phys. Lett., vol. 105, no. 20,

p. 201905, 2014..

[35] Y. Li and T. F. Heinz, “Two-dimensional models for the optical

response of thin films,” 2D Materials, vol. 5, no. 2, p. 025021, 2018..

[36] I. Epstein, A. J. Chaves, D. A. Rhodes, et al., “Highly confined

in-plane propagating exciton-polaritons on monolayer

semiconductors,” 2D Materials, vol. 7, no. 3, p. 035031, 2020..

[37] Y. Lin, X. Ling, L. Yu, et al., “Dielectric screening of excitons and

trions in single-layer MoS2,” Nano Lett., vol. 14, no. 10,

pp. 5569−5576, 2014..
[38] A. Raja, A. Chaves, J. Yu, et al., “Coulomb engineering of the

bandgap and excitons in two-dimensional materials,” Nat.

Commun., vol. 8, p. 15251, 2017..

[39] W. Sellmeier, “Ueber die durch die Aetherschwingungen erregten

Mitschwingungen der Körpertheilchen und deren Rückwirkung



3300 — J. van de Groep et al.: Impact of substrates and quantum effects on exciton line shapes

auf die ersteren, besonders zur Erklärung der Dispersion und ihrer

Anomalien,” Ann. Phys., vol. 223, no. 11, pp. 386−403, 1872..
[40] G. E. Jellison and F. A. Modine, “Parameterization of the optical

functions of amorphous materials in the interband region,” Appl.

Phys. Lett., vol. 69, no. 3, pp. 371−373, 1996..
[41] J. A. Wilson and A. D. Yoffe, “The transition metal dichalcogenides,

Discussion and interpretation of the observed optical, electrical

and structural properties,” Adv. Phys., vol. 18, no. 73, pp. 193−335,
1969..

[42] C. F. Bohren and D. R. Huffman, Absorption and Scattering of Light

by Small Particles,Wiley Science Series, Weinheim, John Wiley &

Sons, 2008, pp. 1−554.

[43] M. Selig, G. Berghäuser, A. Raja, et al., “Excitonic linewidth and

coherence lifetime in monolayer transition metal

dichalcogenides,” Nat. Commun., vol. 7, p. 13279, 2016..

[44] F. Cadiz, E. Courtade, C. Robert, et al., “Excitonic linewidth

approaching the homogeneous limit in MoS2-based van der Waals

heterostructures,” Phys. Rev. X , vol. 7, no. 2, p. 021026,

2017..

Supplementary Material: This article contains supplementary material

(https://doi.org/10.1515/nanoph-2023-0193).

https://doi.org/10.1515/nanoph-2023-0193

	1 Introduction
	2 Experiment
	3 Model
	3.1 Spectroscopic ellipsometry
	3.2 Transfer-matrix model
	3.3 Total-field scattered-field analysis

	4 Quantum nature of exciton radiation
	5 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


