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L
ayeredmetal dichalcogenides (LMDCs),
in particular, molybdenum disulfide
(MoS2), have attracted much attention

for their potential applications as electrocata-
lysts for hydrogen evolution, logic circuits,
optoelectronic devices, and “valleytronics”.1�17

TheMoS2 crystal is formed by layers consist-
ing of two sheets of S atoms and one sheet
of Mo atoms that are hexagonally packed.18

As adjacent layers in MoS2 crystals are
bound together by weak van der Waals
forces,19 mono- or few-layer MoS2 can be
fabricated by micromechanical cleavage,
liquid-phase preparation, or intercalation-
assisted exfoliation.20,21 Large-area ultrathin
MoS2 layers synthesized by chemical vapor
deposition22,23 have also been recently
demonstrated.
Monolayer MoS2 has dramatically differ-

ent electronic and optical properties as
compared to bulk MoS2. Bulk MoS2 is an

indirect gap semiconductor with a band
gap of ∼1.2 eV, while monolayer MoS2 is a
direct-gap (∼1.8 eV) semiconductor due to
quantum confinement effects.19,24 Owing
to the indirect�direct gap transition, en-
hanced photoluminescence in monolayer
MoS2 has been observed.25 It has recently
been demonstrated that electrons can
tightly bind with photoexcited electron�
hole pairs to form negative trions in mono-
layer MoS2,

26 a quasiparticle comprising two
electrons and one hole. The formation of
trions can effectively modulate the photolu-
minescence in monolayer MoS2.

26 This sug-
gests that the optical properties in monolayer
MoS2 can be manipulated by controlled elec-
tron or hole doping, such as via electrostatic
doping by applying a gate voltage in field-
effect transistor (FET) configuration26,27 or
via chemical/physical adsorption of electron-
withdrawing/donating surface layers.28�34
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ABSTRACT We report effective and stable electron doping of

monolayer molybdenum disulfide (MoS2) by cesium carbonate

(Cs2CO3) surface functionalization. The electron charge carrier

concentration in exfoliated monolayer MoS2 can be increased by

about 9 times after Cs2CO3 functionalization. The n-type doping

effect was evaluated by in situ transport measurements of MoS2
field-effect transistors (FETs) and further corroborated by in situ

ultraviolet photoelectron spectroscopy, X-ray photoelectron spec-

troscopy, and Raman scattering measurements. The electron doping enhances the formation of negative trions (i.e., a quasiparticle comprising two

electrons and one hole) in monolayer MoS2 under light irradiation and significantly reduces the charge recombination of photoexcited electron�hole pairs.

This results in large photoluminescence suppression and an obvious photocurrent enhancement in monolayer MoS2 FETs.
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It was also found that the coupling between electron
and phonon can strongly influence the phonon
frequencies,27,29 making the A1g phonon mode extre-
mely sensitive to the electron concentration in mono-
layer MoS2. Therefore, controlled doping (electron or
hole) can precisely tune both the electronic and optical
properties in monolayer MoS2, hence optimizing the
optoelectronic device performance.
One approach to effectively dope MoS2 predicted

by density functional theory is to substitute a S atom
with elements from the halogen family (namely, F, Cl,
Br, and I) or substitute Mo with transition metals.34

Although substitutional doping forms a stable system,
the structure of MoS2 is inevitably disturbed by
induced defects. Another approach is to physically
adsorb gaseous molecules on MoS2.

28 However, the
physically absorbed molecules can be easily desorbed,
making it difficult to realize a stable doped MoS2
system. Chemical doping31,34�36 is considerably sim-
ple, effective, and a high-throughput doping method
to tailor the properties of various materials. Recently,
Hui et al. reported the first degenerate n-doping of
few-layer MoS2-based FET using potassium (K).33

Cs2CO3 is an efficient electron injection material in
organic light-emitting devices (OLEDs) and can induce
strong n-doping effect in various organic semi-
conductors.37�43 In this article, we report the effec-
tive and stable electron doping (n-type doping) of
monolayer MoS2 via surface functionalization using
cesium carbonate (Cs2CO3), corroborated by the
combination of in situ FET device evaluation, in situ

ultraviolet photoelectron spectroscopy (UPS), and
X-ray photoelectron spectroscopy (XPS). The surface

functionalization of Cs2CO3 can significantly increase

the electron concentration in monolayer MoS2. These

excess electrons can tightly bindwith the photoexcited

electron�hole pairs to form trions, thereby resulting in

a strong suppression of the photoluminescence inten-

sity and a corresponding enhancement of the photo-

current in monolayer MoS2.

Figure 1. (a) Schematic illustration of the MoS2 FET layout with Cs2CO3 film on top. (b) Optical microscope image of one
fabricated device. (c) Transfer characteristic (Ids�Vg) of the MoS2 FET, where Vds = 100 mV. Inset: Output curve (Ids�Vds)
acquired for Vg value of 40 V.

Figure 2. (a) Transfer characteristics of the same MoS2 FET
in high vacuum with increasing thickness of Cs2CO3 over-
layers (Vds = 100 mV). (b) Estimated field-effect mobility
and electron concentration at Vg = 0 V as a function of the
Cs2CO3 film thickness.
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RESULTS AND DISCUSSION

Figure 1a shows a typical bottom-gated MoS2 FET
device with a Cs2CO3 surface functionalization layer
used in all electrical measurements. The optical micro-
scope image of an as-made MoS2 FET device is shown
in Figure 1b. Figure 1c shows a representative transfer
curve (source�drain current as the function of gate
voltage: Ids�Vg) of theMoS2 FETsmeasured in vacuum,
exhibiting a typical n-type behavior and consistent
with previous reports.8,31 The output curve (source�
drain current as the function of source�drain voltage:
Ids�Vds) at Vg = 40 V in the inset reveals an ohmic
contact behavior.
To examine the effect of Cs2CO3 surface functiona-

lization on the electrical transport properties of mono-
layer MoS2 FETs, Cs2CO3 films with variable thicknesses

from 0 to 8.7 nm were evaporated in situ on top of the
MoS2 FET. Figure 2a shows the transfer characteristics
of a monolayer MoS2 bottom-gated FET device deco-
ratedwith Cs2CO3 overlayers with different thicknesses
measured in high vacuum, revealing obvious n-type
doping of MoS2. From Figure 2a, we estimated the
field-effect mobility and electron concentration at
Vg = 0 V as a function of the Cs2CO3 layer thickness,
as shown in Figure 2b. The field-effect electronmobility
μwas extracted using the equation μ = (L/W)/(ε0εr/d)�
(dIds/dVg)/Vds by fitting the linear regime of the transfer
curves in Figure 2a, where L and W are the respective
channel length and width, vacuum permittivity, ε0 =
8.854 � 10�12 F m�1, relative permittivity of SiO2, εr =
3.9, and thickness of SiO2, d = 300 nm. The electron
concentration n can be calculated from the field-effect

Figure 3. (a�c) UPS spectra at (a) low kinetic energy (secondary electron cutoff) and (b,c) low binding energy region (near the
EF) during the deposition of Cs2CO3 on bulkMoS2. The XPS core level spectra of (d) S 2p and (e)Mo 3dduring the deposition of
Cs2CO3 on bulk MoS2.
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mobility μ using the relation μ = 1/(nqF), where F is the
resistivity of the MoS2 channel. As expected, the elec-

tron concentration rose rapidly with increasing Cs2CO3

thickness, revealling effective n-type doping of mono-

layer MoS2 via Cs2CO3 surface functionaliztion. Inter-

estingly, the field-effect mobility was also enhanced

with inceasing Cs2CO3 thickness. Five different MoS2

samples were used for Cs2CO3 doping experiments,
and all showed very similar transport behavior. We
propose that the field-effect mobility enhancement
was causedby theCs2CO3 decoration,which can signifi-
cantly weaken the scattering effect from the inevitable
impurities in pristine MoS2.
To have a better understanding of the n-doping

mechanism of MoS2 using Cs2CO3 surface functionali-
zation, in situ UPS/XPS measurements were performed
to study the interfacial electronic structure at the
Cs2CO3 and bulk MoS2 interface. Thickness-dependent
UPS spectral evolutionof Cs2CO3 onbulkMoS2 is shown
in Figure 3a�c and Supporting Information Figure S1.
With increasing coverage of Cs2CO3 onMoS2, therewas
a gradual shift of secondary electron cutoff toward
lower kinetic energy (Figure 3a) or a significant reduc-
tion of the work function of MoS2 from 4.50 eV (pristine
MoS2) to 3.46 eV with the decoration of 1.7 nm Cs2CO3.
The lowwork function of Cs2CO3 facilitates a significant
interfacial electron transfer from Cs2CO3 overlayers to
the underlying MoS2 once the physical contact is
established. As a result, an apparent vacuum level shift
or interface dipole was observed at the interface. As
shown in Figure 3b,c, this work function reduction was
accompanied by a downward band-bending of the
MoS2-related valence band toward higher binding en-
ergy. Figure 3d,e presents the S 2p andMo 3d core level
spectra at selected thicknesses of Cs2CO3 on bulk MoS2.
The S 2p3/2 peak shifted from 162.22 to 162.38 eV, and
the Mo 3d5/2 peak shifted from 229.36 to 229.60 eV.
The surface charge transfer doping arising from the
functionalization of the low work function Cs2CO3 can
lead to the Fermi level moving toward the conduction
bandminimumofMoS2 and band-bending emergence
at the interface. Such downward band-bending is
consistent with our UPS measurements and further
confirms the n-type doping of MoS2 via Cs2CO3 surface
functionalization.
Figure 4a (blue line) displays a typical photolumines-

cence spectrum of as-prepared monolayer MoS2.
Figure 4. (a) PL and (b) Raman spectra of 1L-MoS2 before
and after Cs2CO3 (0.7 nm) doping at room temperature.

Figure 5. (a) Typical transfer curves (Ids�Vg) for the same device under light illumination and dark without and with Cs2CO3

decoration. (b) Photocurrent of the device as a function of time of the illumination source at constant optical power without
(orange line) and with (violet line) Cs2CO3 decoration, respectively (Vds = 20 mV, Vg = 0 V).
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Pronounced luminescence emissionswere observed at
about 1.84 eV (A) and 1.99 eV (B). These two peaks are
associated with direct gap transitions from the highest
spin�orbital split valence bands at K (K0) point to
the lowest conduction bands.25 After decoration with
Cs2CO3, the PL peak of monolayer MoS2 (peak A) was
largely suppressed and broadened. The reduction
of photoluminescence is attributed primarily to the
formation of tightly bound trions.26,31 The excess
electrons induced by Cs2CO3 functionalization can
effectively bind with photoexcited electron�hole pairs
and form the negative trions in monolayer MoS2,
thereby reducing the charge recombination and PL
intensity of peak A.26 This is in good agreement with a
recent report of PL spectra change caused by FET back-
gate doping.26

A typical Raman spectrumof as-preparedmonolayer
MoS2 is shown in Figure 4b (blue line). The difference of
Raman frequencies between out-of-plane A1g and in-
plane E12g Raman modes was 18.95 cm�1, confirming
the monolayer nature of the MoS2 sample.44 The out-
of-plane A1g and in-plane E

1
2g Raman frequencieswere

red-shifted after decoration of Cs2CO3. The A1g phonon
frequency downshifted by 3.6 cm�1, accompanied by
a reduction in peak intensity and peak broadening.
In contrast, only a 1.7 cm�1 frequency shift was observed
for the E12g phonon with almost unchanged peak in-
tensity and peak full width at half-maximum (fwhm). In
monolayerMoS2, A1g phonons couplemuchmore tightly
with electrons than E12g phonons.27,29 Hence, electron
doping leads to a significant change in A1g phononpeak,
while the E12g phonon peak is less affected.
We also evaluated the n-type doping effect

on MoS2-based optoelectronic devices. Photocurrent
measurements were carried out using a 514 nm
light source with constant optical output power of
5 mW/cm2 under ambient air conditions. The photo-
current of theMoS2devicewas enhancedabout 5 times
after decoration with Cs2CO3, as shown in Figure 5b.
Here, we define the photocurrent as the source�drain
current difference with and without light irradiation. We
propose that the electron-doping-induced formation
of trions can significantly reduce the recombination of
photoexcited electron�hole pairs, resulting in photocur-
rent enhancement in monolayer MoS2 FET. Moreover,
Cs2CO3 decoration can effectively reduce impurity scat-
tering in MoS2 devices, hence improving the electron
mobility, thereby enhancing the photocurrent response.
For practical applications, it is crucial to check the air

stability of this doping method. Figure 6 shows the air
exposure effect on a MoS2 FET decorated with 7 nm

Cs2CO3. For comparison, the transfer characteristics of
the pristine MoS2 FET are also presented. For both the
MoS2 device decorated with 7 nm Cs2CO3 and the
pristine device, the Ids current of both devices dropped
after air exposure. However, the n-type doping effect
was still very significant compared to pristine MoS2
FETs in air. Moreover, when we subsequently mea-
sured the n-type-doped MoS2 FET under high vacuum,
the Ids current was restored to its original value before
air exposure. This indicates that the current drop
during the air exposure is mainly attributed to the
MoS2 monolayer. In addition, after the sample was
stored in air for 3 days (Figure S3), the doping effect
was still considerable, revealing good air stability of
n-type doping of MoS2 by Cs2CO3.

CONCLUSION

In conclusion, we demonstrate effective n-type dop-
ing ofMoS2 via surface functionalizationwith thermally
evaporated Cs2CO3 thin films, as revealed by in situ

transport measurement on MoS2 FET devices and
in situ XPS/UPS investigations. After decoration of
1.7 nm Cs2CO3, the charge carrier (electron) concentra-
tion in MoS2 increases by about 9 times. The dopant
electrons strongly interact with photoexcited electron�
hole pairs, leading to the emergence of trions and
reduction of photoluminescence. The performance of
the MoS2-based phototransistor is also significantly
improved after Cs2CO3 decoration. Moreover, the
n-type-doped MoS2 FET device possesses good air
stability, which is crucial for practical device applica-
tions. This study promises a simple approach to realiz-
ing stable n-type doping of 2D materials and tailoring
their electronic and optical behavior for future
2D-material-based optoelectronic devices.

MATERIALS AND METHODS

Sample Preparation. Single- and few-layer MoS2 flakes were
mechanically exfoliated from a bulk MoS2 crystal (SPI Supplies)

using adhesive tape and transferred onto Si substrates with a

300 nm thermal oxide adlayer. A high-resolution optical micro-

scope (Nikon Eclipse LV100D) was used to locate and identify

Figure 6. Transfer characteristics of both bottom-gated
MoS2 FETs with 7 nm Cs2CO3 and the pristine MoS2 FET
before and after air exposure.
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the isolated MoS2 flakes based on their high optical contrast on
300 nm SiO2 substrates.

Device Fabrication and Characterization. After mechanical exfo-
liation of MoS2 flakes onto Si substrates, PMMA(A7 950) resist
was spin-coated on top of the samples. The source and drain
electrodes were patterned by conventional electron-beam
lithography (FEI Nova NanoSEM 230) followed by a developing
process. Cr/Au (5/50 nm)was deposited by thermal evaporation
(Nano36) followed by liftoff in hot acetone, cleaning by IPA and
drying under N2. The as-madeMoS2 FETswerewire-bonded and
loaded into a high-vacuum chamber (base pressure 10�7 mbar)
custom designed for room temperature electrical measure-
ments. The electrical transport measurements were performed
using an Agilent 2912A precision source/measurement unit.
The Cs2CO3 was thermally evaporated in situ from a Knudsen
cell onto the loadedMoS2 devices in the high-vacuum chamber.
The thickness of Cs2CO3 layer on the as-made devices was
monitored by a quartz crystal microbalance (QCM). Photocur-
rent measurements on the MoS2 transistor were performed
using a 514 nm light source under constant optical power
(5 mW/cm2).

Photoluminescence and Raman Spectroscopy. Photoluminescence
and Raman measurements were performed using a single-
mode solid-state laser (532 nm) under ambient conditions
(Alpha 300 R). The Raman peak of Si at 520 cm�1 was used as
a reference for calibration.

XPS and UPS Measurements. In situ UPS/XPS experiments of
Cs2CO3 on bulk MoS2 were carried out in our custom-built ultra-
high-vacuum system with He I (21.2 eV) and Mg KR (1253.6 eV)
as excitation sources, respectively. The nominal thickness of
Cs2CO3was estimatedbymonitoring the attenuation of the S 2p
peak intensity of bulk MoS2 crystal before and after deposition
and further calibrated by QCM. The binding energy of all
XPS/UPS spectra was calibrated to the Fermi level of a sputter-
cleaned Ag substrate. A �5 V sample bias was applied during
secondary electron cutoff measurements of UPS spectra to
reveal the change of the sample work function.
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