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Evidence for Charging and Discharging of MoS, and WS,
on Mica by Intercalating Molecularly Thin Liquid Layers

Hanlin Li, Sviatoslav Kovalchuk, Abhijeet Kumar, Dianjing Liang, Bradley D. Frank,
Hu Lin, Nikolai Severin, Kirill I. Bolotin, Stefan Kirstein,* and Jiirgen P. Rabe

Transition metal dichalcogenides (TMDCs) are often mechanically exfoliated on
mica and examined under ambient conditions. It is known that above a certain
relative humidity, a molecularly thin layer of water intercalates between the mica
and the TMDC. Herein, the effect of molecularly thin liquid layers on the optical
spectra of MoS; and WS, exfoliated on dry mica and exposed to the vapors of
water, ethanol, and tetrahydrofuran (THF) is investigated. Photoluminescence
and differential reflectance (AR/R) spectra on the TMDCs on dry mica show
dominant trion emission due to n-doping. Intercalation of water removes charge
doping and results in purely neutral exciton emission, while an ethanol layer,
which can be reversibly exchanged with water, does not completely suppress
charge. Similarly, THF intercalates between TMDC and mica, as shown by atomic
force microscopy, but it does not suppress the charging of mica. In MoS, bi- and
trilayers, an intercalated water layer leads to a near doubling of the intensity of the
indirect band transition. The described charging/discharging of TMDCs by

properties of the substrate and the interface
between substrate and TMDC have a
crucial influence on the mechanical and
electronic properties of the TMDC. Three
main reasons are responsible for that: first,
the adhesion to the surface may induce
internal strain to the TMDC, which is
well known to affect the electronic
band structure.*”) Sometimes this strain
effect is even used to tailor electronic
properties.®' Strain is a particular prob-
lem when the TMDCs are mechanically
exfoliated but could as well be induced
by the roughness of the surface. Second,
charge transfer between substrate and
TMDC may happen and cause charge dop-
ing."] For example, an excess of negative

molecular thin liquid layers can provide important clues to better control the
optical properties of TMDCs under environmental conditions.

1. Introduction

Monolayers of transition metal dichalcogenides (TMDC) possess
outstanding electronic properties, which is why they are
considered as promising materials for advanced applications
in optoelectronics.™ These 2D materials are primarily prepared
or grown on a solid substrate, besides some rare applications
where TMDCs are used as free-standing membranes.”! The
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free charge carriers (n-doping) in TMDCs
enables additional pathways for emission
due to the formation of charged excitons
(trions) which appears at lower energy
due to higher binding energy.!'>"*! Third,
the dielectric constant of the surrounding
medium has an impact on the electronic band structure and
the energy levels of the excitons of the TMDC."*"'® The large
interfacial contact area of the TMDC to the supporting substrate
causes high sensitivity to all the three effects. This can be a prob-
lem, but on the other hand this sensitivity makes the monolayers
promising sensors to probe the properties of the interface to the
substrate. Furthermore, adsorbates of molecules on top of the
TMDC also modify its electronic structure by charge-transfer
processes'** which could lead to applications as gas sensors.
Moreover, lateral variations of the topography and dielectric con-
stant of the substrate might also induce local strains!*!! and local
changes in the band and excitonic structurel®” of the monolayers.

Reliable and reproducible investigations of TMDCs require
well-defined, preferably atomically flat and laterally homoge-
neous substrates, which must be clean with respect to any
molecular adsorbents. Hexagonal boron nitride meets these
requirements.”?! However, it has the disadvantage of limited
availability of high-quality large-size crystals. Muscovite mica
is another appealing candidate as it is a natural layered material,
which can be readily cleaved, granting clean and atomically flat
areas up to the order of square centimeters in size. Exfoliation of
2D materials onto a freshly cleaved mica surface under controlled
environment results in well-defined interfaces of the 2D materi-
als with the substrate.*”! However, mica has a very high surface
energy (300 mN m ™", 4.2 times the value of water) which makes
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the surface very hygroscopic.”” If it is not cleaved in ultrahigh
vacuum or under dry nitrogen, the formation of a water layer on
the surface of freshly cleaved mica is unavoidable.!*®*’!

When 2D materials are applied to mica, a water layer
spontaneously forms between the mica and the 2D material
under ambient conditions and the formation of this layer has
been studied in detail using graphene as an examplel**2%73!
but also for other 2D materials, such as TMDCs.?*7* It was
found for graphene that it becomes negatively charged (n-doped)
and strained when exfoliated under dry conditions on freshly
cleaved mica (where no adsorbed water layer was present).
The degree of doping and strain can be unambiguously
measured by Raman spectroscopy, as the two most dominant
vibrations respond specifically to these two factors.?” The
exposure of such a sample to humid air with relative
humidity (RH) above a certain threshold level, typically ranging
around 15-20%, leads to the intercalation of a water layer into the
mica—graphene interface. Through this layer, an originally exist-
ing strain within graphene relaxes and an originally existing dop-
ing disappears.** Subsequent exposure of the sample to ethanol
vapor leads to exchange of the water against an ethanol layer, and
vice versa.l>*% This exchange of the liquids affects only the dop-
ing of graphene but not the strain. On top of an ethanol layer the
graphene is n-doped, comparable to the case when no liquid layer
is present. The strong n-doping of graphene on top of dry mica
was assumed to be due to charge transfer of electrons from trap
states of mica into graphene.*>! Reduction of doping on top of
water layer is then the result of suppression of this charge trans-
fer by a drop of surface potential due to an effective dipole layer of
water. Ethanol is shown to provide a dipole layer with lower
strength, which still allows charge transfers from mica, hence
resulting in n-doped graphene.*” The release of strain in gra-
phene on a liquid layer is attributed to the lubricating effect.l*”-**!

When monolayers of WS, and MoS, are exfoliated on dry mica
and then subjected to a vapor of water or ethanol, also molecular
thin layers of water or ethanol form and intercalate the interface
between TMDCs and mica.*® The liquid layer grows at partial
vapor pressures above a certain value (typically RH = 10-20%
for water) and continues to fill the TMDC/mica interface
completely and homogenously within a limited time (less than
30 min). The scanning force microscopy (SFM) investigations
could not provide any hints for water or ethanol molecules
adsorbed on top of the TMDC, while the exchange between eth-
anol and water with alternating application of respective vapor
was demonstrated.*® However, different morphologies in the
wetting film were found for water and ethanol, and it was argued
that they are due to an interplay of line tension and electrostatic
repulsion induced by an electrostatic dipole layer resulting from
the water or ethanol layer.[*®

Besides mica, also other materials have been used as sub-
strates for the investigation of a wetting layer, such as SiO,"!
or platinum."”! However, the water layer formation on SiO,
needed very long time (days) under high humidity conditions®”’
and the intercalation of water between graphene grown by chem-
ical vapor deposition (CVD-grown) and Pt(111) surface needed
immersion into water at high temperature for 16 h.*% Other sub-
strates, such as Al,O3, show too high surface roughness*! to
observe the formation of a monolayer of a liquid with SFM.
Although it would be desirable to study the effects of a water layer
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on TMDCs on a variety of substrates, these examples show
already that this may require conditions that are incompatible
with the desire for interchange of different liquids. For this
reason, we will limit ourselves to using mica as a substrate
and raise the following question: If an intercalating molecularly
thick water or ethanol layer is capable to induce a change of strain
and doping of graphene, and the electrostatic potential of the
liquid layer causes different wetting dynamics: to which extent
does a liquid layer of water, ethanol, or other solvent, intercalated
between mica and a TMDC, influence the mechanical and/or
electronic properties of the TMDC?

This question is answered here by studying the photolumines-
cence (PL) and differential reflectance (A R/R) spectra of mono-, bi-
, and multilayers of WS, or MoS, that are mechanically exfoliated
on dry mica and subsequently exposed to vapors of water, ethanol,
and tetrahydrofurane (THF). The vapors cause a molecularly thin
liquid layer to form between the mica and the TMDC, which is
explicitly demonstrated here with atomic force microscopy
(AFM) for the case of THF. By alternate exposure of the sample
to the vapors, the liquid layers are reversibly exchanged with each
other and the corresponding changes in PL spectra are tracked.
The changes of the PL as a function of the liquid layer are
discussed and interpreted as charging/decharging effects of the
TMDC. It is assumed that the charging is due to the mica, while
the liquid layers shield it by their electrostatic potential with dif-
ferent effectiveness. All experiments will be done at room temper-
ature. Relevant changes in the emission spectra only are expected
at low temperatures,'*? which would require observation under
vacuum. Although, for example, water films can remain stable
under graphene even in ultra-high vacuum (UHV),!*! this would
make it impossible to observe the PL in situ while the liquid film is
replaced. Increase in temperature mostly affects the evaporation of
the liquid and might lead to inhomogeneous films.>*!

Although we restrict to room temperature and mica as
substrate, the results may provide important clues for a better
understanding and control of the optical properties of TMDCs
under environmental conditions.

2. Experimental Section

WS, and MoS; monolayers were mechanically exfoliated onto a
freshly cleaved muscovite mica (Ratan mica, V1—optical quality)
from WS, and MoS, synthetic crystals (2D semiconductors) by
the tape-free mechanical exfoliation method.*"! The samples
were prepared in a glove box (LABmaster, M. Braun
InertgasSysteme GmbH) filled with dry nitrogen with both oxy-
gen and water content less than 10 ppm. For Raman investiga-
tions, mica sheets were then fixed onto a home-built steel cell
with TMDC flakes facing the inner cell chamber, such that
the mica sheets were working as semitransparent lids. The cell
was then additionally sealed in a plastic box and transferred to a
confocal microscope equipped with a spectrometer (XploRA,
Horiba), or to another lab for the reflectivity measurements.
The cell was then removed from its plastic box and connected
to a dry nitrogen source (in case of measurements at the
XploRA instrument: Linde group, 99.999% purity as specified
by the manufacturer) within a few seconds for purging of the
inner cell chamber. PL was acquired with a confocal Raman
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microscope (XploRa, Horiba Ltd.) equipped with 600 mm ™' grat-
ing. Green laser light (532 nm) was used for excitation with a
continuous wave (cw) illumination intensity of less than
0.01 mW through a 100x objective with NA = 0.6, resulting in
a power density of less than 1.0kW cm™2. Optical reflectivity
measurements and some of the PL measurements were done
in a home-built confocal PL/reflectivity setup. PL measurements
were done using a 532 nm cw laser and we used an Andor spec-
trometer with 300 and 600linesmm ' gratings. Reflectivity
measurements were carried out using a broadband pulsed super-
continuum laser source (SuperK, 400-1000 nm).

For the vapor supply, a device was prepared as sketched in
Figure 1a. Dry nitrogen is either directed purely through the cell
or after bubbling through clean water or ethanol (absolute,
99.8%, ALDRICH). For water this resulted in a RH above
50%. The sample was purged with the respective gas for at least
half an hour before spectral characterization, if not stated other-
wise. For experiments with controlled mixing ratio between dry
nitrogen and the respective vapor, a gas mixing controller GB
2000 (MCQ Instruments) was used. The mixing ratio is con-
trolled by the respective volume flow and the numbers given
in the text refer to the relative volume flow (20% ethanol means
20% volume per time bubbling through ethanol and 80% volume
per time dry nitrogen). The RH was measured in a separate bottle
connected to the gas mixer with a Testo 625 thermo-hygrometer
(Testo Inc.) which has an accuracy of +2.5%. The provided values
are the displayed ones. Monolayers (1L-MoS, or 1L-WS,) are
identified by reflection microscopy from their color contrast
(Figure 1b) before the sample is mounted upside down in the
measuring cell (Figure 1c). The cell fits below the objective of
a confocal microscope and remains connected to the gas mixing
system during the whole measurement time.

For AFM imaging, the samples were sealed in a gas-tight AFM
sample cell inside the glove box, and then transferred to an AFM
instrument (Cypher-ES, Asylum Research/Oxford Instruments).
The cell was then purged with the dry nitrogen. The concentra-
tion of liquid vapors was controlled by mixing the dry nitrogen
with nitrogen bubbling through a gas washing bottle filled
with the respective liquid using the gas mixer GB 2000
(MCQ Instruments). RH was measured with a Testo 625
thermo-hygrometer. Relative vapor pressure of ethanol and
THF vapors was estimated assuming saturated vapor pressures

(a) ethanol .'\_‘ (b)

wash bottle
(ethanol

g

dry N2

gas flow | water/N}X | W

i i

= 3-way
| valve : J
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u (water) in sealed cell
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for nitrogen bubbling through the respective liquid. We empha-
size that the samples remained unexposed to ambient air before
and during PL acquisition and AFM imaging.

For the gating experiments using ionic liquids, parts of the
MoS, flakes were covered with gold by sputtering using a mask.
A droplet of ionic liquid was deposited onto the flake covering
also part of the gold electrode. In order to form a capacitor-like
device, ionic liquid was used as a dielectric material between the
gold electrode and the gate bias, formed by a Ptlr wire immersed
into the ionic liquid. The ionic liquid was diethylmethyl
(2-methoxyethyl)lammonium  bis(trifluoromethylsulfonyl)imide
(commercial name of 727679 SIGMA-ALDRICH, and a purity
of 98.5%). Typical gate voltages applied were in the range of +1 V.

3. Results

In the following, we first describe the behavior of the PL and
reflectivity spectra of WS, flakes exfoliated on mica within dry
environment and after exposure to water or ethanol vapor.
Furthermore, the spectral changes of the WS, upon exposure
to THF—a nonpolar liquid—are explored. The implication of
using multiple layered MoS, is also shown and discussed.

3.1. Water or Ethanol Intercalating between Mica and 1L-WS,

It was demonstrated by SFM investigations®® that ethanol forms
a homogeneous layer with a thickness of 3.5 +0.3 A between the
WS, and mica if ethanol vapor is applied with a partial pressure
above ~10% of saturation pressure. Typically, a complete layer is
formed much faster than within 30 min. Similarly, it is known
from previous experiments!**3*3>3! that a homogeneous layer
of water with a thickness of 2.8 +0.3 A forms between MoS,
(or WS;) and mica if water vapor is applied with a RH above
15-20%. The layer forms within a time of substantially less than
30 min.**3%3%3¢ The ethanol and water films intercalating the
graphene—mica interface can be exchanged by each other expos-
ing the samples to the respective vapors.>®!

In Figure 2a, PL spectra are shown for 1L-WS, recorded within
dry N, environment and after exposure to ethanol vapor and sub-
sequently to water vapor. It is important to note that for the dry
case the samples have never been exposed to humid air before

‘ (€)

Mica

X

- M 7 "
k. Inlet '-PI * — Outlet l->|

Figure 1. a) Sketch of setup to control gas mixtures within a sealed sample holder. b) Microscopic image of WS, flakes mechanically exfoliated on mica.
The monolayers were identified by their contrast of reflected white light; one is marked by a yellow dotted line in the image. c) Schematic view of sealed
sample chamber used for PL measurements. The mica is used as transparent sealing for microscopic measurements; the sample is initially prepared and
inserted into the cell under dry nitrogen within a glove box (see text for detailed description).
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Figure 2. a) PL and b) differential reflectance spectra of WS, exfoliated onto mica under dry conditions (“dry,” black curve) and after exposure to water
vapor (“water,” blue curve). Additionally, measurements for exposure to ethanol vapor are presented (“ethanol,” green curve). Note the very different
scale of the energy axes for (a) and (b). PL excitation was at 2.33 eV with power density of 1.4 kW cm 2. ¢) Dependence of PL peak maximum on the mixing
rate of each vapor, recorded 10 min after change of condition. The red and blue stars indicate the peak position of samples with nitrogen bubbling through
pure ethanol and pure water. The error bars indicate variations of peak position (standard deviation) between different samples. The crossed circles
indicate the peak maxima of the exciton and trion peaks as obtained from fits of the spectra shown in (a). Shadowing indicates the dominant intensity.

the measurement. We therefore assume that the TMDC flakes  Table 1. Peak positions of PL spectra of Figure 2a as obtained from fitting
are in direct contact to the mica surface, without a water layer  with a Gaussian for (A) and an asymmetric Gaussian for (A™). The PL peak
in between.**! The ethanol or water vapor was applied for atleast ~ represents the maximum as read out from the spectrum. See Supporting
30 min before measurement was started. A strong difference  Information for the qualitative fits.

between PL emission of the dry sample and the one with the

water layer is seen, while the emission of the sample on an etha- Dry Ethanol Water
nol layer is more like the one with water layer. The PL spectra A peak [eV] 2.00 2.00 2.01
could be well fitted by decomposition into a band from the A~ peak [ev] 1.935 1.950 1.972
neutral exciton (A) apd a band frqm the charged trion (A7) p ea V] 1935 199 2.01
The fits can be found in the Supporting Information and the rel- ~

(A7) /1(A) 22 0.45 0.48

evant data are listed in Table 1. The spectrum of the sample on
the water layer reflects very well the spectrum of almost
unstrained and undoped WS,** which is dominated by the A spectrum. The appearance of this shoulder is usually not
emission at 2.01 eV and a small contribution of trions separated  observed and in this special case it may be induced by imperfect
by =30 meV. In contrast, the emission of the sample on dry mica  sealing of the sample leading to partial wetting of the WS, mica
is dominated by trion (A™) emission and only a small contribu-  interface. The intensity ratio between trion and exciton now is
tion from the A emission becomes visible as a shoulder at the  just opposite to the case on water. For the sample on ethanol
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layer, the spectrum is more like the case on water, but now with
increased separation (by =50 meV) of the trion from the exciton.
In all three cases the neutral exciton peak remains at almost iden-
tical position. For a quick analysis of the behavior of the PL emis-
sion upon changes of the liquid layers, we will refer to the PL
maximum, which is simply the maximum of the whole experi-
mental PL spectrum. These numbers are given in Table 1 as well.

The respective differential reflectivity (AR/R) spectra of the
same sample are presented in Figure 2b. They provide a good
approximation for the absorption!*! and clearly show the A
and B exciton peaks of WS, at 2.05 and 2.45 eV, respectively.
The C exciton follows at higher energies out of the measurement
range. It is confirmed here what was obtained from the fits of the
PL spectra: the peak position of the A exciton (and B exciton)
does not appreciably change for all of the three environmental con-
ditions. However, at the low energy edge of the A exciton band, a
small shoulder becomes visible which is more prominent for the
dry case and a bit less for the ethanol case (indicated by an arrow in
Figure 2b). This shoulder can be assigned to trion excitation.

In summary, we state here that the PL emission of dry sam-
ples is due to charged excitons while emission with intercalated
water or ethanol layer is governed by neutral exciton emission.
The same behavior is observed for MoS,, although it is not
so obvious from the spectra. An example is shown in the
Supporting Information.

The spectra could also be gradually shifted when mixtures of
water and ethanol vapors were applied. In Figure 2¢, a trace of the
PL peak maximum is plotted while the ethanol or water content
of the ambient vapor was gradually changed. Between each mea-
surement, a waiting time of at least 10 min was included to equil-
ibrate the sample. The vapor was controlled by mixing nitrogen
saturated by bubbling through the respective solution with dry
nitrogen (e.g., 10% ethanol means: 10% of the dry nitrogen is
flowing through EtOH). At the first application of ethanol, the
PL peak shifts already at very low concentrations from the posi-
tion of dry samples to the ones of a complete ethanol layer. It
stays constant during increase of ethanol vapor content.
Obviously, a homogeneous ethanol layer formed between mica
and 1L-WS, already with a low concentration vapor. The
exchange against water took place gradually and typically was
completed for a percentage of water vapor of about 20%. The
exchange of water against ethanol appeared again at low concen-
trations of ethanol vapor; less than 3% was enough. Nevertheless,
the spectral position ends up at almost the same position as for
the previous ethanol layer grown on dry mica. Here, only the PL
peak maximum is plotted to emphasize the behavior upon
change of environmental condition. The detailed spectra are
shown in the Supporting Information. The plot in Figure 2c
shows not only the peak position of one selected sample but also
the mean position with standard deviation for a multitude of dif-
ferent samples when exposed to pure water or ethanol vapor (star
symbols). Although there is a strong variation in the absolute
position at each condition, the difference between the respective
positions varies much less and always has the same direction. For
comparison, the positions of the exciton and trion peaks obtained
from the fits of PL spectra shown in Figure 2a are also plotted.
The A-peaks and the resulting PL maximum peaks for the etha-
nol and water condition are shifted toward higher energies com-
pared to other samples. This applies specifically to this sample
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and is within the generally observed flake-to-flake variation of
the PL maxima. This plot emphasizes again that the spectral
change from the dry case to the wet case (wet by ethanol or water)
is caused by change from mainly trion to mainly exciton
emission.

3.2. Intercalation of THF between Mica and WS,

Water and ethanol are both polar liquids (polarity of 1 and 0.65
on Reichardt scale!*®!) and the molecules have comparable dipole
moments. It was questionable if less polar molecules may inter-
calate the TMDC monolayer/mica interface and what would be
then the effect on the spectral emission. We therefore used THF
(polarity of 0.21 on Reichardt scale) and bubbled through dry
nitrogen to obtain a vapor saturated with THF. As mica is highly
hydrophilic and WS, is expected to be more hydrophobic, it is not
obvious that a film of THF is forming a layer between mica and
WS,. Therefore, in a first step, the film formation was confirmed
by SFM measurements, and the results are shown in Figure 3.

The flake was first imaged as exfoliated onto mica under dry
nitrogen (see Figure 3a). The mica surface is known to be atom-
ically flat and after fresh cleavage largely free of any adsorbed
molecules. Topographies of molecules confined at the WS,-mica
interface are expected to become replicated by the flexible WS,
flakes. Therefore, the flatness of the WS, flakes residing on mica
indicates absence of molecules at the interface. The flake
remains flat also with low vapor concentration of THF in nitro-
gen purging the cell. As we increased the THF vapor to a thresh-
old value of 5%, we start to find elevated islands at the WS, flake
edges that grow inward with time. Figure 3b shows the topogra-
phy of the same flake as in Figure 3a exposed to a mixture of 95%
dry nitrogen and 5% nitrogen bubbling through THF. The phase
image (Figure 3D, inset) shows no discernible contrast between
the growing islands and the flake, supporting the suggestion that
the islands grow underneath the flakes. The height of the islands
is 0.6 (+0.2) nm, which roughly matches the size of a single THF
molecule. Therefore, we attribute the islands to a layer of THF
molecules intercalating the WS,—mica interface. The layer
growth propagated further for constant THF vapor concentration
and finally fully filled the interface (not shown). The relatively
compact wetting front and fast intercalation of the THF wetting
layer can be considered as an indication—similarly to ethanol—
of relatively low dipole density of the film.>®!

As in the experiments with ethanol, the THF vapor was
applied to WS, monolayers on mica and alternated with water
vapor. Figure 4a shows PL spectra acquired from an initially
dry WS, monolayer on mica, and then under flow of nitrogen
bubbling through THF, bubbling through water, and then bub-
bling through THF again. The spectra are normalized with
respect to the maximum intensity. In Figure 4b, the PL peak posi-
tion is plotted versus concentration of THF and water vapor. The
relative concentration of THF and water vapor was controlled by
mixing with dry nitrogen flow, respectively. It is observed that the
PL peak maximum shifts toward lower energies by a few meV,
when the THF vapor content exceeds 3%. At higher values of
THF concentration, the spectrum does not shift further, which
implies that the THF layer formation is completed.
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(a)

Figure 3. Topography images of a monolayer WS, flake on mica imaged under
THF layer is labeled. The inset shows the phase image taken simultaneously
phase images implies them to be located under the WS, flake.
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Figure 4. a) PL spectra from WS, monolayer on mica exposed to different vapors: dry nitrogen (black solid curve), when sample cell is filled with N,
bubbling through THF (blue solid curve), when N, is bubbling through water (red solid curve), and when Ny is bubbling through THF again (green solid
curve). b) Dependence of PL peak maximum on the mixing rates of THF and water vapors. Initially, the low concentrations of THF vapor do not influence

PL noticeably, then starting from 3% THF PL slightly blue shifts.

Subsequent exposure to water vapor exchanges the THF layer
against a water layer, and the neutral exciton emission spectrum
with a peak at 1.975 eV (in this special case) appears again. As
THF is miscible with water, we cannot exclude that part of
THF is remaining. On the other hand, the water layer cannot
be completely removed by another subsequent exposure to
THF vapor. In that case the spectrum broadens, but the maxi-
mum is not changing back to the position observed for the origi-
nal THF layer. This asymmetry in exchange of liquid layers may
be explained by the different wettability of mica by water and
THEF. The higher wettability by water due to its higher polarity
favors the intercalation of water between mica and WS,, com-
pared to the intercalation of THF.

3.3. Water Intercalating Mica and 2L- and 3L-MoS,
Further insight into the mechanism that leads to the spectral

shift due to the liquid layers is obtained from the behavior
of double or multiple layers of MoS, when a liquid layer is

Phys. Status Solidi A 2024, 221, 2300302 2300302 (6 of 10)

intercalating. In Figure 5, the spectra are shown collected from
one flake that consisted of regions with a different number of
layers. For the monolayer, the change between trion emission
under dry conditions to the neutral exciton emission in humid
environment was reproduced (as shown in Figure 2). For the
double and triple layer, the indirect transition (I-peak) becomes
visible at 1.3 and 1.4 eV, respectively. The intensities of the
spectra in each plot are directly comparable because they are
normalized with respect to the Raman peak of MoS, at
2.28 eV. The intensity of the Raman peak scales with the num-
ber of layers, which allows to identify the number of layers if the
intensity for a monolayer is known. For the monolayer, the total
intensity of the direct bandgap emission drops by about 30%
from the neutral (A) peak in wet condition to the trion emission
(A7) in dry condition. This reduction becomes less with increas-
ing number of layers. However, the indirect bandgap transition
(I) of the double and triple layer drastically reduces in intensity
by more than a factor of 2, along with a slight shift toward lower
energy.
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Figure 5. a) PL emission spectra of MoS, double layer and b) triple layer. “Dry” means prepared and kept under flow of dry nitrogen, “wet” means under
flow of water vapor with RH = 25%. At each plot, the intensities are normalized with respect to the Raman peak of MoS; at 2.28 eV. Excitation energy and

detector sensitivity were identical for all measurements.

The same behavior of the indirect transition is observed with
electrical gating experiments using ionic liquids. In this experi-
ment, the charging/discharging of MoS, was obtained by a con-
figuration where the WS, acts as one electrode of a capacitor that
is connected to a gold electrode and has a counter electrode via an
ionic liquid. The latter is polarized by an external voltage applied
via a platinum-iridium wire that is immersed into the liquid
(see Figure 6a). Application of negative voltage of —1V leads
to discharging of the MoS, flake as seen in Figure 6b from

| -8
' “
-

e lonic Liquid

Mo, layers

_
2

Intensity [a.u.]

1.24

Energy [eV]

Figure 6. a) The setup used for the measurements with ionic-liquid gating.
A PtIr wire immersed into ionic liquid was used as a reference electrode.
b) PL spectra acquired on bilayer of MoS, under different gating voltages.
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the emission of the A~ exciton, while application of positive
voltages leads to charging, hence n-doping of the MoS,. This
polarity-dependent charging/discharging was verified using
1L-MoS,; (see Supporting Information). In the discharged case,
the intensity of the I-band emission is at least 2 times higher than
for the charged. We conclude that the direct charging and
discharging of the MoS, via gating causes the same spectral
behavior as putting multiple-layer MoS, on dry or wet mica.

4. Discussion

The results show that even a molecularly thin layer of water,
ethanol, or THF intercalated between mica and MoS, or WS,
mono- and multilayers is capable to significantly change the
emission spectra. Three different factors could be the cause of
these changes: change of internal strain, change of screening
by substrates with different dielectric constants, or doping by
charge transfer from the surface. We want to discuss these three
factors to show that doping provides the right explanation.

At first glance one might think of strain as the main reason of
the observed shifts in energy of the PL intensity in analogy to gra-
phene on mica, where strain is induced by exfoliation and the
strain is released by the water layer.** However, in contrast to gra-
phene,*® no significant strain relaxation by lubrication could be
observed for layers of MoS, on a water layer.””) However, we can-
not exclude that samples are strained from the exfoliation and keep
at least part of the strain during the intercalation and exchange of
the liquids. This could explain the overall lowering of the exciton
peaks against the unstrained value of 2.0 eVi*’! and the variation
from flake to flake. A uniaxial strain of about 1% or a biaxial strain
of 0.5% would be sufficient to explain these values.[**

However, the change of spectra, i.e., the shift of the PL peak
maximum, cannot be explained by changes of strain alone. First,
it would be difficult to explain the reversible switching between
the spectral emission on top of water layer or ethanol layers
(Figure 2c) by applied strain. Second, it would contradict the
observation that the absorption and PL emission of the neutral
A-exciton in 1L-WS, do not change in position or width between
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dry and wet conditions. From these arguments we exclude strain
as the major reason for the observed changes of PL spectra, but
we cannot exclude that it contributes to a certain amount.

Upon a second look one might think of changes of the dielec-
tric constant (DC) of the underlying substrate as a major reason
for the spectral changes. This could be motivated from the fact
that the DCs of the three liquids are quite different. However, an
increase of DC has two effects on the optical properties of
TMDCs: it lowers the exciton binding energy, which results in
a shift of emission toward higher energies, and additionally
changes the bandgap energy.'>'”*®! Therefore, variation of
DC is expected to vary the position of the neutral exciton peak
and leave the exciton/trion intensity ratio unchanged, which
is in contradiction to our observation. In conclusion, we also
reject DC of the liquid layers as main contribution to the
observed spectral changes.

The most convincing explanation of the spectral changes is
given by charge doping of the TMDCs. The change of trion posi-
tion, exciton—trion separation, and exciton—trion ratio are strong
indications of doping effects./**! That means, we assume that on
dry mica (the initial state) the PL emission is almost entirely
caused by trion emission. The position of this peak with respect
to the neutral exciton peak is within the energy range reported in
the literature for room temperature measurements on MoS,*’!
and WS,.*”) What appears as a spectral shift between emission
on dry substrate and on a water layer then is in fact a change of
ratio between trion and exciton emission. This implies that the
TMDC on dry mica must be negatively charged (n-doped) while it
is discharged by the intercalating water layer. Such n-doping
from mica substrate and discharging on water layer was previ-
ously found for graphene,?*** where Raman emission could
be employed to unambiguously determine negative charging
of graphene. The charging was explained by charge transfer of
electrons from trap states of mica that are present within the
gap, and the suppression of doping by the electrostatic potential
caused by the dipole layer of the water or ethanol molecules.”

Despite the differences in the energy band structure between
graphene and the TMDCs, we use similar arguments here to

vacuum level

vacuum level
\ E E
I AU,

dry
‘ethanol e d ry
E |ayer water
> C layer
= [
2 )
© -
= (]
° ©
s
z TMDC z

Figure 7. Sketch of energy-level alignment for the case of TMDC on mica
with ethanol layer intercalating (left), and with water layer intercalating
(right). The position of the trap states in mica marked by “dry” (dotted
box) indicates the energy position in pure mica without water or ethanol
layer on top.
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describe the charging of 1L-MoS, and 1L-WS, by mica and dis-
charging by water or ethanol. In Figure 7, an energy-level dia-
gram is sketched. The diagram is based on the assumption
that there are filled trap states in mica within the gap, but closer
to the conduction band. The existence of such trap states was
demonstrated by thermoluminescence.*” For a TMDC on pure
mica (dry condition), these trap states are close but above the con-
duction band of the TMDC, which results in charge transfer of
the electrons from mica to the TMDC, causing n-doping. The
intercalating layer of water provides on the one hand a spacer
to the TMDC but on the other hand also a step in potential
energy, due to a mean orientation of the molecular dipoles.>”!
The negative sign of this potential pushes the energy level of
mica downward with respect to the level of the TMDC. For water,
this lowering in energy was calculated from molecular dynamics
calculation to be —1.3 + 0.1V with respect to the level of clean
dry mica.®® The potential values are subject to a certain degree of
uncertainty, as the reference value of pure mica is not known
exactly;*®! however, this does not change the basic argumenta-
tion. At this lower position the trap states are at a level that falls
in between the gap of the TMDC and hence no charge transfer is
allowed. The situation is very comparable for ethanol, but with
lower surface potential, which was —0.62 +0.11 V from molec-
ular dynamics simulation.*® It is likely that in this case only few
of the trap states of mica are still close to the energy of the con-
duction band of the TMDC. This could explain the low amount of
doping of the TMDCs on ethanol. The lower doping lowers the
amount of trion emission and hence the observed shift of maxi-
mum of PL emission is smaller than for the water layer. Thus,
the observed “shift” of the PL maximum on ethanol and water
layers is due to different ratio of neutral to charged exciton emis-
sion. In the framework of this explanation, it is clear that a non-
polar liquid like THF cannot change the spectra significantly
because it does not shift the energy levels and hence the charge
doping.

We exclude that different distances between the TMDC and
mica cause different charge transfer blocking because the
THEF layer has largest thickness followed by ethanol and water.
Hence, if the charge transfer is controlled by distance, largest
transfer would be expected for water and lowest for THF—just
the opposite as observed.

A strong supporting argument for the explanation by charge
transfer comes from the measurements on multilayers of MoS,.
As shown in Figure 5, the intercalating water removes emission
of charged excitons at the direct bandgap emission (A), and in
parallel increases drastically the intensity of the indirect band
gap transition (I). The mechanism of the intensity change of
the I-band is not completely understood yet. However, as PL
intensity is the result of competition between radiative and non-
radiative recombination channels, one may conclude that for the
I-band more nonradiative recombination channels are available
in the case of direct attachment of the MoS, onto dry mica. As
also trions are created at the indirect bandgap,**"*? at the pres-
ent state we only can speculate that the observed intensity change
is caused by the presence of additional nonradiative recombina-
tion channels for the trions. That means, in case of charged MoS,
on dry mica, the trions at the indirect bandgap and the nonra-
diative relaxation pathways from the trions cause disproportion-
ate quenching of the PL intensity. The observed change of I-band
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intensity upon charging is in full accordance to this model of
charging/discharging of MoS,.

5. Conclusions

In conclusion, we propose that changes in optical spectra due to
molecularly thin liquid layers intercalated between MoS, or WS,
and mica are due to charge transfer from mica to the TMDCs.
The charge transfer is blocked by polar liquids that form a dipole
layer and hence a potential drop at the surface. For low polar
liquids, like THF, such potential drop is missing and hence
no effect on the charge transfer from the underlying mica is
observed. We cannot exclude that strain also affects the spectra;
however, we propose them to be of minor effect. These findings
are important for all those who work with TMDCs under ambient
conditions because they show that already minor changes of
composition of a substrate may have huge impact on the optical
properties.

Furthermore, the method demonstrated here, using polar
liquid layers intercalated between a TMDC and a highly polar
substrate like mica, provides an alternative approach to charge
and discharge a TMDC without application of external electrodes.
It opens therefore a pathway to study the optical properties on
local scales on native material without further processing.
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