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ABSTRACT: Photoluminescence (PL) properties of single-
layer MoS, are indicated to have strong correlations with the
surrounding dielectric environment. Blue shifts of up to 40
meV of exciton or trion PL peaks were observed as a function
of the dielectric constant of the environment. These results can
be explained by the dielectric screening effect of the Coulomb
potential; based on this, a scaling relationship was developed
with the extracted electronic band gap and exciton and trion
binding energies in good agreement with theoretical
estimations. It was also observed that the trion/exciton
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intensity ratio can be tuned by at least 1 order of magnitude with different dielectric environments. Our findings are helpful
to better understand the tightly bound exciton properties in strongly quantum-confined systems and provide a simple approach
to the selective and separate generation of excitons or trions with potential applications in excitonic interconnects and

valleytronics.
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Layered transition metal dichalcogenides (LTMDs) have
raised considerable attention on theoretical and exper-
imental aspects'™ due to their unique electronic”**>° and
optical properties”*'¥*'73 with potential applications in
electronics**??737 and high-performance optoelec-
tronics,”***** especially when thinned down to several
atoms thick. Quantum confinement effects distinguish the
single-layer semiconducting LTMDs, such as MoS,, MoSe,,
WS,, and WSe,, from their bulk counterparts in various aspects,
including indirect-to-direct band gap transition,”***** large
exciton binding energy,g’m’ls’25 abundance of multiexci-
tons,”*>® susceptibleness to the surrounding dielectrics,"*™"®
and so forth. The impact of the dielectric environment to these
single-layer LTMD systems is worth in-depth research. First of
all, dielectrics have to be involved and considered in almost
every fundamental study or application of low-dimensional
materials with high surface-to-volume ratio. Furthermore, it has
been reported that many-body effects,"'>*>***! which mainly
result from strong electron—electron or electron—hole
Coulomb interactions, play important roles in electronic
transport and optical transitions in single-layer semiconducting
LTMDs; such Coulomb interactions are strongly coupled with
the dielectric properties of the surrounding materials, which is
also known as the dielectric screening effect.**™* Therefore,
the optical transitions, which reflect the behaviors of excitons (a
bound state of one electron and one hole) or trions (a bound
state of either two electrons and one hole, or one electron and
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two holes, also called charged excitons), should be intensively
influenced by the screening of the dielectric environment.

Environmental dielectrics have been found to strongly
influence both the electrical and optical properties of low
dimensional materials, including quantum wells, carbon nano-
tubes, graphene, and so forth. 0=% However, such study on
LTMDs is still in its early stage.lé_lg’z‘é_51 Several groups have
studied the mobility enhancement effect of MoS, field effect
transistors by introducing a gate oxide with higher dielectric
constants,"®"'® and they have explained this enhancement as
the screening of long-range Coulomb interactions induced by
impurity charges. In terms of the optical properties, several
groups studied the Raman and PL spectra of atomicly thin
MoS, layers on various solid substrates,"”” >' and they
attributed the shift of the PL peaks to either doping or strain
induced by the dielectric or metallic substrates. In those
systems, however, the effect of dielectric screening on the
exciton-related optical transitions was not considered.

In this work, the intrinsic influence of the dielectric constant
of the environments on the exciton behaviors of single-layer
MoS, is investigated. To prevent the doping or strain effect that
may be induced by the fabrication process or the lattice
mismatch between MoS, and the dielectrics, we use nonionic
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Figure 1. (a) Schematic of the experimental setup. The CVD MoS, is on a SiO,/Si substrate and immersed in a specific organic, nonionic solvent.
The relative dielectric constants of the MoS,, the solvent, and the substrate layer are denoted by «,, k;, and ,, respectively. (b) Optical microscopic
image of CVD MoS, grown on the SiO,/Si substrate. (c) AFM image of CVD MoS, grown on the SiO,/Si substrate. The inset is the height profile
plotted along the white dashed line. The step height, or the thickness of the MoS,, is around 0.7 nm, indicating that the MoS, is single-layer. (d)
Photoluminescence and (e) Raman spectra of single-layer MoS, exposed to air or immersed in different solvents. The spectra are arranged by an
ascending order (from bottom to top) according to the dielectric constant of the solvents. The wavelength of the excitation laser is $32.5 nm.

organic solvents as the environmental dielectrics,44_46 having
the relative dielectric constants from 2 to 33. Blue shifts of the
PL peaks of up to 40 meV were observed as a function of the
dielectric constant of the solvent. The PL peaks were thereby
enhanced and narrowed accordingly, and the trion/exciton
intensity ratio can thus be tuned by a large amount as well. The
shifts can be attributed to the dielectric screening of the
Coulomb interactions either between electrons and holes, or
between different electrons that can affect the binding energies
of excitons and trions or the quasiparticle electronic band
structures of the MoS,. The binding energies of excitons and
trions in single-layer MoS, with both surfaces in vacuum were
extracted to be around 900 and 40 meV, respectively, and the
electronic band gap to be around 2.7 €V, in good agreement
with recent theoretical predictions.”~'**>** The large tuning of
the trion/exciton intensity ratio by the solvent can be explained
by the mass action model. This effect provides a simple method
to generate excitons and trions separately and selectively, which
paves the way to studying the behaviors of excitons and trions
independently, and to potentially realizing well-controlled
excitonic interconnects>> and high-efficiency valleytronics.”®~>'

Figure la shows a schematic diagram of the device.
Continuous single-layer MoS, was grown on 300 nm SiO,/Si
substrates by chemical vapor deposition (CVD) with the
assistance of perylene-3,4,9,10-tetracarboxylic acid tetrapotas-
sium salt (PTAS) as the seeding promoter.%f56 The optical
microscopic image of the MoS,-on-SiO, sample is shown in
Figure 1b. The atomic force microscopic (AFM) image shown
in Figure lc indicates that the surface of the as-grown MoS, is
smooth and clean, and the height profile (inset) along the
dotted line in the AFM image confirms that the MoS, is single
layer with a thickness of around 0.7 nm. The sample was then
immersed in different nonionic organic solvents with a static
relative dielectric constant (k;) from 2 to 33 and PL and Raman
spectroscopy measurements were carried out on it. The
spectroscopy measurements were taken on a confocal micro-
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scopic setup with the excitation laser wavelength of 532.5 nm.
The solvents include hexanes (k; = 1.89), benzene (x; = 2.28),
toluene (x; = 2.38), anisole (x; = 4.33), benzyl alcohol (k;
13), isopropyl alcohol (x; = 18.3), 2-butanone (x; = 18.5),
acetone (k; = 20.7), ethanol (k; = 24.6), and methanol (x,
32.6).>” More properties of these solvents can be found in
Supporting Information. The reasons for choosing these
organic, nonionic solvents are that any ions in the solvents, if
any, may dope MoS,, which can influence the PL and Raman
spectra as well, and that these solvents should not react with
MoS,. Because the samples were successively immersed in
different solvents during the measurement, it is necessary to
check the quality of MoS, after each solvent-immersed
measurement. In order to do this, after each spectroscopy
measurement of the MoS, sample in one of these solvents the
sample was taken out and rinsed with acetone and isopropyl
alcohol and another measurement was carried out on the
sample in air. The PL peak positions of the sample exposed to
air did not change much before and after in contact with any of
the solvents, as shown in Figure S1 in the Supporting
Information, indicating that neither the chemical reactions
nor physical attachments changed the excitonic properties of
MoS, when immersed in the solvents. As the PL and Raman
spectra vary with the position of the laser beam spot on the
sample, we took the average of 5—10 spectra collected with
different beam positions throughout the sample for each
dielectric configuration.

Figure 1d,e show typical PL and Raman spectra, respectively,
of single-layer MoS, with the bottom surface in contact with
the SiO,/Si substrate, while the top surface is exposed to air or
to different solvents. The PL spectra can be fitted with three
Lorentzian peaks with the peak positions located at around
1.85, 1.90, and 2.03 eV, respectively. More fitting details are
provided in Supporting Information Figure S2. The multiple
sharp peaks in Figure 1d are from the Raman vibrational modes
of the solvent, MoS,, or the SiO,/Si substrate. The assignments
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Figure 2. (a) A typical PL spectrum of single-layer MoS, that is immersed in anisole. The gray dots are experimental data, and the black, red, and
green lines are the three fitted peaks by Lorenztian functions. The blue line is the summation of the fitting peaks, which matches the experimental
data very well. The inset schematics demonstrate the classical pictures of a trion and an exciton, which are bound states of 2 electrons with 1 hole,
and 1 electron with 1 hole, respectively. (b) The PL peak positions as a function of the solvent dielectric constant. The dots with error bars are
experimental data, and the dashed curves are fitting curves from the scaling relationship. (c) Accumulated PL intensities normalized to the Ay,
Raman peak intensities with the dots together with their error bars showing experimental data and the dashed lines are the guides to the eye. (d)
Raman shifts of the Ezgl and A, vibrational modes as a function of the solvent dielectric constant. The inset schematics indicate the directions of the

vibration of each atom for each mode.

of these peaks are shown in Supporting Information Figure S6.
Figure le shows the Raman spectra of MoS, with the in-plane
vibrational mode, Ezgl, and the out-of-plane vibrational mode,
Ay, located at around 385 and 407 cm™!, respectively.

In Figure 2a, a typical PL spectrum in one of the solvents
(anisole) was fitted with three peaks, which have been assigned
to originate from the radiative combination of the A™ trion
(~1.85 eV), A exciton (~1.90 eV), and B exciton (~2.03 eV),
respectively.”**® We notice that the intensity of the A~ trion
peak (black curve) is comparable with the intensity of the A
exciton (red curve). The strong radiative recombination of
trions in LTMD materials is consistent with the study
published elsewhere.’*>” The peak positions, accumulated
intensities normalized by the A;; Raman peak intensities, and
full widths at half-maximum (fwhm) of all three PL peaks as a
function of the dielectric constant of the solvents are plotted in
Figure 2b,c and Supporting Information Figure S7, respectively.
From Figure 2b, it is observed that the energy positions of all
the three peaks increase as the dielectric constant of the solvent
increases, whereas these blue shifts start to saturate when the
dielectric constant exceeds 18. Note that the A trion peak
shifts faster than the A exciton peak, and the energy difference
between the A™ trion and the A exciton peak, that is, the trion
binding energy, becomes very small in high-k solvents. The
intensities of the PL peaks are enhanced approximately
exponentially as a function of the dielectric constant of the
solvent, as shown in Figure 2¢, where the PL intensities versus
dielectric constant is plotted on a log scale. The A~ trion peak is
enhanced by ~4 times, the A exciton peak by ~20 times, and
the B exciton peak by less than 2 times. There is also a negative
correlation between the peak widths and the dielectric constant
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of the solvent for all three peaks, according to the plots shown
in Supporting Information Figure S7.

To quantify the screening effect on the excitons and trions in
single-layer MoS, by the external dielectrics from our results,
we would like to exclude other possible environmental factors
that may also influence the electron-to-photon transition
energies, including temperature,m’27 mechanical strain,'®%’
doping,**® interference effect, and so forth. The laser power
was kept sufficiently low (less than 2.2 mW/um?) to avoid the
heating of MoS,. From Raman spectroscopy measurements, if
the solvents induce any strain®® or doping® effect in the MoS,
the Ezg1 and A;; Raman vibrational modes would shift.
However, none of these were observed in our data, as shown
in Figure 2d. There is no clear dependence of the intensities
and widths of the Raman modes on the type of solvents as well,
which are given in Figure S8 and S9 in the Supporting
Information. Therefore, we can neglect any doping or strain
induced by the solvents. However, it is highly possible that the
effect of the charge transfer could affect the PL of single-layer
MoS, if it is exposed to air. Figure 1d also shows the PL
spectrum of MoS, when exposed to ambient. The three PL
peaks of MoS, are located at 1.85, 1.89, and 2.03 eV,
respectively; yet the dielectric constant of air is 1, and from
the trend generalized from Figure 2b,c, the PL peaks of single-
layer MoS, in air should have the lowest peak energies, and the
weakest peak intensities. To understand this unexpected
observation, PL and Raman spectra were taken on MoS, in
vacuum, and a comparison was made with those taken in air.
The PL and Raman spectra of single-layer MoS, in vacuum
(less than 10™* Torr) are distinct from those in air, as shown in
Supporting Information Figure S10. The PL peaks of single-
layer MoS, measured in vacuum are located at around 1.77,
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trion (blue) on the effective dielectric constant. In (c,d), the shaded areas with different colors are the calculated results by other groups.
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1.83, and 1.95 eV, respectively, and the peak intensities are
much smaller than that measured in air. These observations are
in accordance with the trend obtained from the solvent-based
PL data. This difference of the peaks in air and in vacuum may
be attributed to the carrier depletion effects induced by the p-
type doping of MoS, by the water and other high-electro-
negativity molecules present in air and absorbed by the anion
vacancy defects,®’ which helps to enhance the quantum yield of
the PL process when MoS, is in air. The intensity ratio of the
Ay, and Ezg1 Raman modes is also smaller when MoS, is in
vacuum than in air, as shown in the inset of Supporting
Information Figure S10. This trend is a further indication of the
existence of the p-doping effect, as has been observed in
electrochemically gated MoS,.%° Finally, the interference effect
on the incident and excited light introduced by the Solvent/
MoS,/Si0,/Si structure was examined. According to Li et al,**
an interference enhancement factor should be considered in the
total PL intensity if the dielectric configuration changes.
However, this enhancement factor only varies by less than
20% throughout our measurements when different solvents are
used as the external dielectrics, and these small changes are far
below the enhancement (>10 times) observed in the
experiment (Figure 1d). Therefore, the interference effect
should have negligible contributions to the tuning of the PL
intensities.

The PL peak energy of direct-bandgap semiconductors,
usually called the optical band gap, is equal to the electronic
band gap calculated from the electronic dispersion relation
minus the binding energy of the quasiparticles (excitons or
trions) originating from the Coulomb interactions between the
electrons and holes. In the case of single-layer MoS,, the three
peak energies can be expressed as PL, = E; — €5, PLy = E, + A
— &g PLy= E, — €4 — €,_, respectively, where E, is the
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electronic direct band gap of single-layer MoS,, A is the valence
band splitting at the K-point in the Brillioun zone originating
from the spin—orbit coupling,24 and €,, &g, and €,_ are the
binding energies of the A exciton, B exciton, and A~ trion,
respectively. The band diagrams of the three quasiparticles are
schematically shown in Figure 3a. The binding energies of the
quasiparticles reflect the Coulomb interaction between the
negatively charged electrons and the positively charged holes,
which can be calculated through the reduced-mass hydrogen
atom model in the 2D case.”®® However, the Coulomb
potential distribution is strongly screened by the environmental
dielectrics. Figure 3b and Figures S12 and S13 in the
Supporting Information show the Coulomb potential distribu-
tions of the electron—hole pair in the dielectrics/MoS,/
dielectrics structure. The relative dielectric constants of the
top and bottom dielectric layers are denoted as k; and k,,
respectively. The impact of the boundary conditions on the
Coulomb potential distributions due to the dielectric mismatch
is equivalent to the generation of an infinite array of image
charges. The net potential of the image charges diminishes the
total potential if the environmental dielectric constants k; and
k, are larger than the MoS, dielectric constant k, and
strengthens the total potential if x; and k, are smaller. The
dielectric-screened Coulomb potential for the electron and hole
separated by a distance L can be expressed as
e

SoKeffLof[ )

where g; and e are the vacuum permittivity and the electron
charge, k¢ = (k; + k;)/2 is the effective relative dielectric
constant, and L, is the screening length, f(L/L,) is a
dimensionless function, and the detailed expressions are given

2 L

VZD(L) = L_
0
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Figure 4. (a) PL spectra of single-layer MoS, immersed in methanol and hexanes, respectively. Gray dots are experimental data, and the black, red,
and green lines are the fitting curves of the peaks of the A™ trion, A exciton, and B exciton, respectively, with the blue line the summation of the three
fitting curves. (b) Dependence of the A™/A intensity ratio on the effective dielectric constant. The red dots with error bars are experimental data, and
the blue dotted line is the fitting results from the mass action model. The yellow star is the estimated intensity ratio of suspended MoS, with both

surfaces in vacuum according to our model.

in ref 25. Similar to the method used by Perebeinos et al.,*" the
exciton binding energy has the following scaling relationship:

ex = exo(Keg) ™

where €y, is the exciton binding energy in vacuum, and ay is
the empirical scaling factor. Here X stands for A, B, or A™. We
assume that the A and B excitons should have similar behaviors,
because the only difference between the A and B excitons is
that the holes are from the two separated valence bands.”>**
Therefore, the fitting parameters of A and B should be close to
each other, that is, ay, ® ap and €,y ® &5, According to
Berghiuser et al, the binding energies of A and B excitons are
860 and 870 meV in vacuum and 455 and 465 meV with one
surface in contact with SiO,, respectively, which is consistent
with our assumption. These values were used as fixed
parameters in our fitting. The binding energy of the A™ trion
(e4—) should follow the same power law, except that the scaling
factor ay_ may have a distinct value. On the other hand, the
electron—electron interaction, or the electron self-energy
should also be influenced by dielectric screening in a similar
way as the electron—hole interaction. This electron self-energy
adds a renormalization term to the electronic band gap, which
has been reported to be prominent in low-dimensional systems,
especially in LTMDs.” >3 As a result, the quasiparticle
electronic band gap can be given by

Egcryo
(Keff)ﬁx

where Egpy and Epgpx are the electronic band gap from the
single-particle model, and the electron self-energy band gap
renormalization term, respectively, while X stands for A or B,
indicating different subbands. Following the similar scaling
relationship, Egqrx can be further expressed by the renormal-
ization term in vacuum, denoted as Epgpxo divided by the
power function of k¢ with the scaling parameter fy. Note that
E,=Eg and A = Eg_B — Egy. Therefore, the PL peak energies of
A, B exciton and A” trion are given by

E;x = Egpx + Epgrx = Espx +

€a0

(Kege)™

EBGRAO

€
- F A0 A
(Kege)

f (k)™

PL, = Egpa

€po

Epgreo
(Kefr) ™

(Keff)ﬂB

€Bo
(Kege) ™

PLy =E, + A — = Egp
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€a0 €A—,0
PL,_=E, — -
8 (Keff)aA (Keff)aA_
Eggrao €a0 €A—,0
= Egpa + - - ‘
(Keff)ﬁA (k)™ (Keg)™

Figure 2b shows in dashed lines the PL peak energies as a
function of the dielectric constant of the solvents fitted by the
expressions mentioned above. The fitting results match the
experimental data very well. Figure 3¢ plots the electronic band
gap, single-particle band gap, the A exciton and A™ trion PL
peak positions, and Figure 3 d plots the relative binding
energies of the A and B excitons and of the A™ trion as a
function of the effective dielectric constant. Both the electronic
band gap and the exciton binding energies are relatively large
when MoS, is in vacuum and decrease rapidly with the effective
dielectric constant. The PL peak positions, or optical band gaps
of the excitonic quasiparticles are the differences between those
energies; thus the large changes cancel out mostly, leading to
small changes of the PL peak positions as a function of the
dielectric constant. In an extreme case, if the effective dielectric
approaches infinity, both the electron self-energy renormaliza-
tion and the excitonic binding energies are infinitesimal, and the
optical band gaps are close to the single-particle band gap. The
binding energies of the A, B exciton and A~ trion with both
surfaces in vacuum are extracted to be 859, 870, and 44 meV,
respectively. The electronic band gap of single-layer MoS, in
vacuum is around 2.73 eV. Figure 3c also summarizes the
reported values from different calculation methods in the
literature. Density functional theory (DFT) calculations
provide the band structure without considering the electron—
electron interactions. The calculated band gap from the DFT
method, ranging from 1.6 to 2.1 eV,">""'**% should be equal to
Egp (~1.90 V) according to our model. The many-body GW
perturbation theory includes the effect of the electron—electron
interaction with the calculated band gap of 2.4—2.8 eV°~'>5
and the excitonic effect can be considered by using the Mott—
Wannier theory or solving the Bethe—Salpeter equation (BSE),
which gives the binding energy of 500—1100 meV, 101271525
and the optical band gap of 1.74—2.0 eV,”'*#'%%* respectively.
The estimated values based on our model are in good
agreement with these calculations. The valence band splitting
at the K-point is estimated to be 172 meV, very close to
theoretical anticipations” '"'*'* and previous PL and

dx.doi.org/10.1021/n1501988y | Nano Lett. 2014, 14, 5569—5576



Nano Letters

absorption measurements.”>>* Supporting Information Figure
S14 shows the dependence of the valence band splitting on the
effective dielectric constant. The scaling factors in our fittings
are @y = 0.7 + 02, ay = 0.7 + 02, a_ = 0.16 + 0.06, B, = 0.7
+ 0.2 and 5 = 0.8 + 0.2.

From Figure 2c, we observe that the peak intensities of the A,
B excitons and A trions increase exponentially with the solvent
dielectric constant. It is also noted that the peak widths
decrease with the solvent dielectric constant, according to
Supporting Information Figure S7. Given that the PL peak
width is inversely proportional to the lifetime of the
quasiparticles, we can infer that the lifetimes of the excitons
and trions in single-layer MoS, become larger when immersed
in high-x dielectric environments. As we can see in Figure 3b,
the Coulomb potential becomes more confined within the
middle layer if the dielectric constants of the top and bottom
layers are higher. This may help to reduce the scattering
between the excitons (trions) and the charged impurities at the
MoS, /dielectrics interface,"*™"® and thus prolong the lifetime
of the excitons (trions). As a result, the quantum efficiency of
the excitonic recombination process becomes larger when
MoS, is in high-x environments. This explains the enhance-
ment of the PL intensities of MoS, by high-kx dielectrics.
However, the nonradiative recombination rate of the excitons is
still so high that the lifetime of excitons in single-layer MoS, is
only about 80 ps, according to Shi et al.>* Because of this, the
excitons and trions may have very low mobility and,
consequently, a very slow response to the electric field change.
This explains why there is no clear correlation between the PL
spectra and the high-frequency dielectric constant of the
solvents as shown in Supporting Information Figure S15. Here
the high-frequency dielectric constant is defined as the square
of the refractive index of the solvent in the visible range.

The intensity ratio of trions and excitons can be tuned by the
environmental dielectric constant as well. As shown in Figure
4a, the A7/A intensity ratio decreases from 2.5 to 0.4 as the
effective dielectric constant varies from 3 to 20 (or the solvent
dielectric constant from 1.89 to 32.6). From the mass action
model, the trion/exciton intensity ratio can be expressed as

A7) LN
I(A) TN,

where I'y_ and ', are the radiative recombination rates, and
N,_ and N, are the density of A~ and A, respectively; n, is the
electron density; and kzT = 25.9 meV is the thermal energy at
room temperature (300 K). More information on the mass
action model is provided in the Supporting Information. The
radiative recombination should be influenced by the environ-
mental dielectrics as well, similar to other low-dimensional
systems; "% thus the ratio of the A™/A radiative recombi-
nation rate (inverse of the radiative lifetime) is assumed to
follow the power function of the effective dielectric constant;
that is, [,_/T'y & (k.5)°. Therefore, the A™/A intensity ratio is
given by

1)

1) = K(kq) eXP(L)

kT

with the fitting parameters K and 6. Figure 4b shows the fitting
results compared with the experimental data. The scaling factor
0 here is extracted to be around —0.7, meaning that the
radiative recombination rate of the A exciton changes faster
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with the environmental dielectric constant than that of the A~
trion. This model gives an estimation of the electron density of
~10" cm™, which is in good agreement with the values
reported by others.'***® From the mass action model, we can
expect that the A™/A intensity ratio can be as high as 5.5 if both
sides of MoS, are exposed to vacuum (k; = k, = 1), or as low as
0.10 if MoS, are exposed to an ultrahigh-x dielectric (for
example, k; = k, = 100).

In summary, we provided an in-depth understanding of the
effect of dielectric screening on the excitonic dynamics in
single-layer MoS,. To explain the PL features tuned by the
surrounding dielectric environments, a simple scaling relation-
ship derived from the dielectric-screened Coulomb potential
and effective-mass approximation was developed. The
electronic band gap, the valence band splitting, the exciton
and trion binding energies were extracted and the results yield
reasonable values, which are helpful to understand the excitonic
behaviors in strongly quantum-confined 2D LTMDs. Fur-
thermore, the A exciton and A~ trion can be generated
separately and selectively, using specific surrounding dielectrics
configurations. This phenomenon provides a simple approach
both to independently studying the behaviors of excitons and
trions, and to potentially realizing well-controlled excitonic
interconnects and high-efficiency valleytronics.
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Experimental method, PL spectra fitting details, basic properties
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