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ABSTRACT: Defects in monolayer transition-metal dichalcogenides (TMDCs) may lead
to unintentional doping, charge-carrier trapping, and nonradiative recombination. These
effects impair electronic and optoelectronic technologies. Here we show that charged
defects in MoS, monolayers can be effectively screened when they are in contact with an
ionic liquid (IL), leading to an increase in photoluminescence (PL) yield by up to two
orders of magnitude. The extent of this PL enhancement by the IL correlates with the
brightness of each pretreated sample. We propose the existence of two classes of
nonradiative recombination centers in monolayer MoS,: (i) charged defects that relate to
unintentional doping and may be electrostatically screened by ILs and (ii) neutral defects

that remain unaffected by the presence of ILs.

Monolayer transition-metal dichalcogenides (TMDCs)"”
show promise as model systems for 2D physics and for
nanoscale electronic, optoelectronic, and photonic devices.”™”
However, the prevalence of defects'®™'> that serve as
uncontrolled dopants, charge-carrier traps, and nonradiative
recombination centers stand as a major barrier to studying
intrinsic 2D physics and for the realization of efficient
monolayer devices.">”'® While optimizing the growth process
of 2D materials reduces atomic defects, other defects may form
as a result of exfoliation, device fabrication, and chemical/
thermal damage. Furthermore, a monolayer TMDC effectively
functions as an interface making its electronic properties highly
sensitive to its local environment, such as chemical, topological,
and electrostatic inhomogeneity on the supporting substrate
surface. Several strategies have been employed to mitigate or
reduce traps in TMDC monolayers, including superacid
treatments,”’ ~'° molecular oxygen adsorption,20 substrate
selection”’ or passivation,”” and encapsulation in hexagonal
boron nitride.”>">* Here we demonstrate a simple and
reversible approach to reduce nonradiative trap centers in
monolayer MoS,. We find that charged defects in MoS,
monolayers can be electrostatically passivated by contact with
ionic liquids (ILs). ILs are extensively used as gate dielectrics
because the high capacitance from the interfacial electric
double-layer formation enables very high charge injection
densities (>10'*/cm®) at low gating voltages.zs_27 Notably,
high-density doping from IL gating has led to the
demonstration of superconductivity in TMDCs.**~*° However,
electrostatic interaction also spontaneously occurs between the
mobile ions in an IL and charges on a semiconductor surface.”'
Here we show that such interactions can reduce doping and
increase photoluminescence (PL) intensity by up to two orders
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of magnitude in TMDC monolayers. We interpret these
findings as the screening of charged trap sites in the TMDC
monolayer by mobile anions in the IL, an effect that is similar to
the “healing” of surface defects on organic semiconductors by
local polar bonds in perfluoropolyether (PFPE).*

The samples used in the present study consist of monolayers
of MoS, from chemical vapor depositions (CVDs) or
exfoliation. Typically, we chose monolayer TMDC flakes with
lateral dimensions of ~10 um either grown or exfoliated onto
SiO,/Si substrates. Through e-beam lithography we introduced
Ti/Al/Au contacts (see optical microscope image in Figure 1a).
For larger samples we painted graphite (TED PELLA)
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Figure 1. (a) Optical microscope image of CVD MoS, flakes (dark
triangles) with Au metal contacts (bright strips) on a SiO,/Si
substrate. Scale bar (red): 10 ym. The inset shows schematically the
sample after contact with an ionic liquid. (b) Molecular formula of the
ionic liquid and atomic model for a TMDC monolayer.
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electrodes onto the MoS, flakes. To form the TMDC/IL
interface, we deposited a small drop of an IL on the sample and
then covered the sample with a glass coverslip. We performed
all PL measurements at room temperature in a dry N,
atmosphere or in vacuum on a home-built epi-fluorescence
microscope, with the excitation light from CW lasers emitting
532 or 514 nm and at power densities of 4 kW/cm? We
measured PL far (>1 pm) from the electrodes to avoid
quenching by the Au/graphite.

The PL yield from MoS, monolayers are known to be low,
typically <1%, and vary greatly depending on sample
preparation.””'”*! Figure 2 shows representative PL spectra
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Figure 2. Photoluminescence (PL) spectra from MoS, monolayers in
the absence (dashed) and presence (solid) of an ionic liquid for three
different samples (a—c). Note the different scaling factors for the solid
curves: (a) X0.01, (b) X0.015, and (c) X0.0S. (d) PL spectra from two
monolayer MoS, flakes on the same sample, one with (blue) and one
without (red) Au electrode contact. The dashed and solid curves
represent the absence and presence, respectively, of ionic liquids.

(dashed curves) from different monolayer MoS, flakes on the
SiO, surface. We find that the PL intensity from these CVD
samples varies by as much as one order of magnitude from
sample to sample (dashed curves in Figure 2a—c). Each PL
spectrum features a main exciton peak at 1.89 €V and a lower
energy shoulder at ~1.85 €V that is attributed to trions.”” After
applying an IL to each monolayer MoS, flake, we find that the
PL intensity from the exciton peak for each spectrum (solid
curves in Figures 2a—c) increases by one to two orders of
magnitude, while the trion peak is no longer resolved relative to
the dominant exciton peak. Within experimental uncertainty,
there is little change to the exciton peak position before and
after contact with IL. The removal of electrons from the MoS,
monolayer has been shown to induce a small red shift in the
exciton PL peak,” while the increased dielectric screening by
IL is expected to induce a blue shift.”* For the sample in Figure
2d, the apparent “blue” shift with IL simply results from the fact
that the lower energy trion emission dominates before IL
contact, while the exciton emission dominates after IL.

The PL enhancement effect requires a grounded metal
contact to the TMDC monolayer. As shown in Figure 2d for
one CVD MoS, flake, in the absence of a metal contact, the PL
increases only slightly (~40%) upon contact with an IL (red
dashed — red solid curve), while the same sample shows an
order of magnitude increase in PL intensity when grounded
(blue dashed — blue solid curve). As we discuss in detail below,
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the necessity of electrical grounding for the enhancement of PL
intensity is consistent with the electrostatic screening of
charged defects by the high dielectric environment of an IL.
We quantitatively establish the correlation between the
enhancement factor (y) in PL intensity (by IL) and the
brightness of the pre-treated CVD MoS, monolayer samples,
such as those in Figure 2. Here we define y as the ratio of the
PL intensity in the presence and absence of an IL. Figure 3
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Figure 3. Enhancement factor (y) in exciton intensity by the presence
of an ionic liquid as a function of the original PL intensity (I2,) of
MoS, monolayers. The solid circles are data points and the dashed line
is an exponential fit which serves as a guide to the eye.

plots ¥ versus the total PL intensity in the absence of an IL, Ig,,
from the CVD MoS, monolayer samples investigated here. The
enhancement factor, y, rises monotonically with IZ,. The data
point near the origin (triangle) is the average value of
measurements from a dim sample with pretreated PL intensity
approximately two orders of magnitude lower than those from
the bright samples (circles); the enhancement factor from this
dim sample was y & 1.5.

We test the reversibility of the PL enhancement effect by
rinsing off and reapplying the IL. As shown in Figure 4, for a
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Figure 4. Reversible effect of PL enhancement from a CVD MoS,
monolayer flake with an Au electrode contact. The blue spectra are
from MoS, monolayers in the absence (dashed) and presence (solid)
of an ionic liquid. The red spectra show the PL spectra after removing
the IL (dashed) and reapplying the IL (solid).

monolayer MoS, flake with Au electrode contact, the PL
spectrum (blue dashed curve) initially shows low intensity, then
is enhanced by the addition of IL (blue solid curve). The PL
intensity is reset to the initial level when we rinse off the IL (red
dashed curve) and is enhanced again when we reapply an IL to
the MoS, monolayer (red solid curve). Within experimental
uncertainty (+£20%) in PL intensity from measurement to
measurement, we conclude that the enhancement of the PL
intensity by an IL is reversible.
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The observed enhancement of the PL intensity by an IL and
the reversibility of this effect suggest an electrostatic origin,
distinct from irreversible chemical treatments. Among a
number of defects identified in monolayer MoS,, the dominant
kind is the S-vacancy, which may be related to n-type doping
and positively charged sites.'”~'* The latter is shown in Figure
Sa as a localized positive charge (red) with a delocalized
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Figure S. Schematic illustration of the electrostatic passivation of
positively charged defects in MoS, monolayer (green) when it is
contacted with an IL (blue). (a) Initially, the grounded MoS,
monolayer is not in contact with the IL and so has local sulfur
vacancies (shown by +), resulting in n-type doping with delocalized
electrons (shown by —). (b) After contacting with an IL, the anions
screen the positive charge traps and the excess electrons in MoS, move
to the ground.

electron (blue) in the MoS, monolayer (green). Upon
treatment, the IL screens the localized charges, as schematically
represented by the binding of anions in the IL to the trapped
positive charge in MoS,. The chemical potential of the electron
in the MoS, monolayer is increased by such screening, and this
leads to a depletion of electrons (i.e., majority carrier from n-
type doping) from the conduction band (Figure Sb) into
ground. This is consistent with the disappearance of the trion
peak in PL spectra after the MoS, monolayers contact the IL
and the need of electrode contact (Figure 2). Both positively
charged and neutral traps located within the bandgap can serve
as nonradiative recombination centers via Auger-type of
mechanisms, as proposed by Wang et al."” The positively
charged traps can be reversibly passivated by ILs, leading to the
enhancement in PL yield, but the charge-neutral traps cannot.
Examples of charge—neutral traps may include antisites and O—
S substitutions.” *® The coexistence of both neutral and
charged traps for nonradiative recombination can explain the
observed strong correlation between y and I3, as seen in Figure
3. The concentrations of both types of traps are likely
correlated; that is, both increase with increasing defect density.
Because electrostatic passivation by an IL only passivates the
charged traps, the enhancement factor correlates inversely with
the neutral trap density or total defect density. This is
responsible for the positive correlation of y with Ig,, Figure 3.
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The observed PL enhancement by an IL and the proposed
electrostatic passivation mechanism are consistent with
previous reports of PL enhancement in MoS, monolayer by
oxygen adsorption or superacid treatment. Nan et al. reported
PL intensity enhancement by as large as 10° when defective
MoS, monolayers were treated with oxygen and suggested that
the adsorption of oxygen to S-vacancy sites is responsible.”’
Because the chemisorbed oxygen atoms/molecules should be in
a partially reduced state (negatively charged), there can be an
electrostatic contribution to the passivation of positively
charged traps. Javey and coworkers reported the enhancement
in PL efficiency to as large as unity when MoS, monolayers
were treated with a superacid, bis(trifluoromethane) sulfoni-
mide (TFSI)."”~"” TESI is a common anion in ILs. We posit
that the reduction of TESI by electrons in the n-type MoS,
leads to hydrogen (gas) evolution, resulting in TFSI anions that
passivate positively charged defects/traps. In fact, several
studies show that S-vacancies provide active sites in MoS,
catalysts to evolve hydrogen gas.”” ™'

In summary, we demonstrate the effective screening and
passivation of charged defects in monolayer MoS,, leading to an
increase in the PL yield by up to two orders of magnitude. We
show a correlation between the enhancement of PL yield with
the brightness of the MoS, monolayer sample and suggest the
presence of both charged and neutral nonradiative recombina-
tion centers. The former can be passivated by IL but the latter
cannot. Electrostatic screening can be used as a means to
passivate charged defects as well as to distinguish the nature of
nonradiative recombination centers in monolayer TMDCs.

B EXPERIMENTAL METHODS

MoS, Monolayer CVD Growth.*” Cleaned Si:SiO, substrates
were placed at the center of a furnace beside a MoQOj-covered
silicon substrate. ~1 g of sublimated sulfur was placed at the
opening of the furnace where the sulfur reached an approximate
maximum temperature of 600 °C. The center of the furnace
was heated to 550 °C over a period of 30 min (20 °C/min)
with a nitrogen flow rate of 200 sccm. The furnace was then
heated to 850 °C at a slower pace of ~5 °C/min. After sitting at
this temperature for 10—1S min, the furnace was allowed to
cool naturally back to room temperature yielding the
monolayer MoS, triangular flakes. Larger CVD MoS, samples
were bought from 2D Layer (http://2dlayer.com).

Fabrication of Electrodes. For smaller samples (<10 pm)
electrodes were placed by e-beam lithography with a PMMA
resist using a Nanobeam nB4 instrument. Metallic contacts
consisting of Ti (3 nm)/Al (20 nm)/Au (SO nm) were
deposited using either thermal (home-built deposition system)
or e-beam (Angstrom Evovac Deposition System) evaporation
at rates of 1 A/s. For larger flakes, graphite paint (TED
PELLA) was applied and flakes that were in contact with the
graphite were used. To make electrical contact to the
electrodes, gold wire was painted on with graphite paint and
held down with Kapton tape.

Optical Measurements. We carried out PL measurements
using home-built far-field epi-fluorescence microscope setups
(Olympus IX73 or Nikon TE300 inverted microscopes). We
mounted all samples in either a N,-gas-filled cell or evacuated
cryostat for optical measurements. The excitation light used
was either a 532 nm commercial frequency-doubled YAG laser
(MDL-III-532-200 mW) or an argon jon laser operating at
514.5 nm (CVI Melles-Griot). The light was focused onto the
sample surface by a 40X, NA 0.60 objective with a correction
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collar (Olympus LUCPLFLN40X or Nikon CFISPLFLELWD-
40X). The laser spot size was focused to spot size of 0.7 ym
diameter. The emission from each monolayer was collected by
the same objective and focused into a spectrograph (Princeton
Instrument Acton SP2300i with a 300 mm™' grating or
Princeton Instruments Acton 300i with a 150 mm™" grating)
and detected by a CCD camera (charge-coupled device; PyLoN
400 or PI-Photon). The instrument resolution was ~0.4 nm.
All measurements were carried out at room temperature.
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