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ABSTRACT: We report a bidirectional tuning of the electronic properties of single-layer molybdenum disulfide (MoS,) by n-
doping with the electron donating tetrathiafulvalene (TTF) and p-doping with the electron accepting bithiazolidinylidene (BT).
Using Kelvin probe force microscopy (KPFM), we spatially monitored changes in the work function of monolayer MoS, on
silicon oxide (SiO,) and sapphire (AL,O;). KPFM, in conjunction with spectroscopic characterization, showed MoS, work
function shifts as significant as 1.24 eV for TTF doping, and 0.43 eV for BT doping, when Al,O; was employed as the
underlying substrate. Less dramatic changes were observed for MoS, on SiO,/Si, revealing a significant impact of substrate
selection on the electronic properties of this 2D material. High-level computations helped guide experiments on chemical
modulation of the electronic properties of this transition-metal dichalcogenide.

H INTRODUCTION tion, or transition metal substrates has been demonstra-
10-15 .
Transition-metal dichalcogenides (TMDCs), such as MoS, Fed' ' Howev.e.r, these methods are.c.umbersome, typically
and WSe,, are layered 2D semiconductors possessing both involving deposition or use of transition metal substrates,
electron (n-type) and hole (p-type) conduction character- which are not scalable for 2D materials devices. Chemical
istics."™> TMDCs exhibit an inherent, layer-dependent band doping is an alternative method for modifying TMDCs,
gap, transitioning from an indirect band gap of 1.2 eV to a providing a solution processible platform that alleviates
direct band gap of 1.8 eV at monolayer thickness." These multistep processing. For example, MoS, that was p-doped
properties promote integration of TMDCs into electronic with perfluorinated thiols exhibited ambipolar transistor
devices; for example, in field effect transistors (FETs), single- characteristics; when reacted with gold salts, carrier inversion

layer MoS, displays high electron mobility (~200 cm® V™! from n-type to p-type was reported.'®”"® While these methods
s7')° and large current on/off ratios (~10%).*> Beyond FETs,

further integration of TMDCs into (opto)electronic devices
will hinge on manipulating their carrier density and work
function (WF). Controlling WF, the energy associated with
promoting an electron from the Fermi level (electron chemical
potential) to the vacuum level, is essential for enabling precise
device engineering. For example, the difference in WF between
the active layer and the electrode in photovoltaic devices

irreversibly alter both the physical and electronic structure of
the material, doping with small molecules and polymers by
noncovalent physisorption would, in principle, circumvent
these problems and introduce the potential for spatially
patterned electronic properties needed in next-generation
TMDC-based devices.'”

significantly influences the open circuit voltage and charge Received: November 7, 2018
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We previously reported a WF decrease (resulting from n-
doping) of multilayer MoS, when in contact with electron-
donating polymers-containing tetrathiafulvalene (TTF) moi-
eties.”” While experiments confirmed n-doping of MoS, with
TTF, the magnitude of the WF shift differed significantly from
theoretical calculations. We hypothesize that this disparity is a
result of doping multilayer versus monolayer MoS,—a
parameter that was not controlled closely in previous
experiments. We also note that our previous theoretical
insights include adsorption at defect sites (sulfur vacancies)
in MoS,. These high energy vacancies provide different local
electronic properties that are hypothesized to influence the
doping efliciency at these sites. While defects influence local
WEF modification, we focus our investigation on the electronic
impact of physisorbed dopants. In this paper, we employed
epitaxially grown monolayer MoS, to examine n- and p-type
dopants on the directional shift of the Fermi level. Using TTF
and bithiazolidinylidene (BT) as n- and p-dopants, respec-
tively, we observed bidirectional tuning of the Fermi level,
manifested as a shift in the surface potential contrast (SPC)
recorded by Kelvin probe force microscopy (KPFM). The
underlying substrate (SiO, vs Al,O;) played a significant role
on the magnitude of WF shift. On the basis of this, a physical
picture is proposed to explain the substrate dependence and
experimental versus theoretical results associated with the
magnitude of electronic modulation arising from doping MoS,.

B RESULTS AND DISCUSSION

The layer thickness of MoS,, grown by chemical vapor
deposition (CVD) on SiO,/Si and sapphire (ALO;), was
assessed by Raman spectroscopy. The Raman spectrum of
MoS, contains two characteristic transitions in the low
frequency region: an in-plane (Ezg) and out-of-plane (Alg)
stretch. Decreasing the number of MoS, layers causes the E,,
peak to shift to higher energy and the A, peak to lower energy,
thus reducing the energy difference between the two peaks.
Figure la shows Raman spectra of single-layer MoS, on SiO,/
Si and sapphire; the E,; peak is centered at 385 cm™' and the

Ay, peak at 405 cm™!, a peak separation of ~20 cm™ that
11,21

agrees with literature reports of monolayer MoS,. Figure
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Figure 1. (a) Raman spectra of MoS, on SiO,/Si (top) and sapphire
(bottom) showing the in-plane and out-of-plane stretches. (b) PL
spectra of MoS, on SiO,/Si (top) and sapphire (bottom) showing
peak intensity at 660 nm, indicative of monolayer MoS,.

1b shows the photoluminescence (PL) spectra of MoS, on
SiO,/Si and sapphire with maximum PL intensity at 660 nm
found in monolayer MoS,, also consistent with previous
reports.””>* To investigate the directional Fermi-level tuning
on MoS,, the organic dopants TTF (n-dopant) and BT (p-
dopant) were selected for their electron donating and
accepting properties, respectively. The sulfur-rich structures
of these donor and acceptor molecules were anticipated to
promote noncovalent interactions with the basal plane of
MoS,.*° The BT derivatives were synthesized as described in
the Methods section.”* KPFM, employed to evaluate doping of
MoS, with TTF- and BT-dopants, is a scanning probe
technique that exploits a capacitive interaction between a
metal-coated cantilever probe and the sample. This interaction
has a first harmonic component correlating to the WF
difference between the metal coating (Pt) and the material
being probed (details in Supporting Information).”> Quanti-
tative measurement of WF of the sample is then determined by
calibration of the probe WF, with the WF difference measured
as a change in SPC.°"%® Furthermore, KPFM allows
measurement beyond just the contacting interfaces, possessing
a penetration depth of approximately 100 nm, ensuring WF
measurement of MoS, and not simply the small molecule
coating.zg_31

The single-layer MoS, substrates were scanned both before
and after drop-casting the TTF and BT dopants from dilute
methanol solutions (0.005 mg/mL). Figure 2 shows the
surface height and SPC images before and after drop-casting
TTF on the MoS,-covered substrate. Each experiment was
repeated using either sapphire or SiO,/Si as the underlying
substrate. Figure 2ab shows the height images of an MoS,
flake on SiO,/Si and Figure 2c,d shows the surface potential
images of the same area of MoS, before and after addition of
TTE. The step height of the flake from the images was
approximately 0.8—1.0 nm (Figure S1) and a WF of 5.1-5.2
eV was measured before addition of the dopants, consistent
with WF values for single-layer MoS, reported in the
literature.'2%%* Upon addition of TTF to MoS,, a 9—10 nm
height change was observed (height histograms in Figures S3
and SS) and KPFM recorded a 0.27 eV upshift in SPC,
corresponding to n-doping of MoS,. Interestingly, when
sapphire was used as the underlying substrate (Figure 2e—h),
the magnitude of the SPC shift increased significantly to 1.24
eV, approaching values predicted by theory (1.64 eV).*’
Control experiments (Figure S2) showed that methanol, used
to cast TTF and BT dopants from solution, had very little
effect on the WF of MoS, and that the observed doping is
nearly exclusively because of the contact of MoS, with the
organic dopants. MoS, substrates coated with BT showed the
opposite WF shifts, indicative of p-doping. The height profiles
(Figure 3a,b,e,f) show a clear change between the MoS, flake
and the substrate before and after addition of methyl BT (m-
BT) to the substrate. After applying a thin coating of m-BT to
the surface (Figures S7 and S9), MoS, on SiO,/Si showed a
0.18 eV reduction in SPC (Figure 3c,d) while MoS, on
sapphire displayed a much greater reduction (0.43 V) in SPC
(Figure 3gh). Interestingly, coating MoS, with a BT derivative
containing n-butyl side chains produced lower WF shifts than
the methyl derivative (Figures S11 and S12). We speculate that
the smaller WF changes from butyl BT (b-BT) stem from the
higher amount of insulting alkyl functionality per molecule,
diminishing the electron withdrawing nature of BT. On both
substrates, the reversibility of doping is demonstrated by
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Figure 2. Surface height and KPFM images of monolayer MoS, on Si/SiO,: (a) surface height before doping with TTF; (b) surface height after
doping with TTF; (c) surface potential before doping with TTF; (d) surface potential after doping with TTF. Sapphire: (e) surface height before
doping with TTF; (f) surface height after doping with TTF; (g) surface potential before doping with TTF; (h) surface potential after doping with

TTF.
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Figure 3. Surface height and KPFM images of monolayer MoS, on Si/SiO,: (a) surface height before doping with m-BT; (b) surface height after
doping with m-BT; (c) surface potential before doping with m-BT; (d) surface potential after doping with m-BT. Sapphire: (e) surface height
before doping with m-BT; (f) surface height after doping with m-BT; (g) surface potential before doping with m-BT; (h) surface potential after

doping with m-BT.

recovery of the original WF after rinsing and sonicating the
MoS, substrates in chloroform (Figures S4, S6, S8, S10, S13,
and S15). The doping experiments revealed a large depend-
ence of WF shift on the composition of the underlying
substrate. Figure 4a summarizes the SPC shifts of MoS, doped
by TTF and BT derivatives by extracting the SPC values from
the images of the scanned areas and displaying the SPC shifts
as histograms. These large WF shifts are striking and show that
the electronic properties of MoS, may be tailored directionally,
over a wide range, by noncovalent adsorption of different
dopants and the use of different substrates.

To further confirm TTF and BT doping of MoS,, PL
spectroscopy was performed on monolayer MoS, before and
after coating with these organic dopants. Upon coating with
TTF, the intensity of the A-peak (666 nm) decreased and
shifted to longer wavelengths (4 nm), indicating n-doping,”***
while the B-peak (623 nm) intensity increased with no shift in
wavelength (Figure 4b, top). For BT doping, the A-and B-peak
intensities both decreased and the A peak shifted to shorter
wavelengths (S nm), while the B-peaks did not shift, indicating
p-doping (Figure 4b bottom).”>** The PL shifts in the A-peak
from doping are caused from the increase or decrease of the
trion (bound exciton and electron) component after the
addition or depletion of charge.”””> The wavelength shift for

BT doping is consistent with literature reports on p-doping of
MoS,; however, the decrease in PL intensity is not.”> This PL
decrease may result from overlapping BT absorption with
MoS, photoexcitation (absorption and PL spectra of TTF and
BT in Figures S16—S19). It is interesting to point out that
simulations of carrier doping in pristine (defect-free) MoS,,
using high-level density functional theory, predict an n-type
doping for both TTF and BT molecules, contrary to the
experimental observations reported here. However, recent
unpublished X-ray photoelectron spectroscopy measurements
by Naveh®* on WSe, have shown that pendent groups that are
anticipated to be n-dopants may impart a Fermi-level lowering,
consistent with p-type doping. This counterintuitive effect
appears to be correlated with chalcogen vacancy defects in the
TMDC, although the mechanism of this effect is yet clear,
work is underway to probe this in more detail. Nevertheless,
our results indicate yet another route to Fermi-level tuning via
complementary defect engineering and surface functionaliza-
tion of MoS,.

Figure 5 presents our physical picture of the observed
coating-induced WEF shifts of MoS,. Electron transfer between
the TTF or BT dopants and MoS, generates a dipole that is
directed outward from MoS, for TTF (Figure Sa) and inward
toward MoS, for BT (Figure Sb); the former dipole
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Figure 4. (a) Changes in SPC of single layer MoS, before and after doping with TTF, methyl-BT, and n-butyl-BT. The left portion shows the
results of doping with TTF and BTs on SiO,/Si and the right portion shows the results from doping MoS, with TTF and BTs on sapphire; (b) PL
spectra of single layer MoS, on SiO,/Si before coating and after one and two additions of TTF and BT solutions, showing wavelength shifts

corresponding to n- or p-doping. Insets show the MoS, B peak.

(a)
Dipole ‘out’

lowers work
function

Dipole ‘in"
toward MoS,
increases

charge

work function

Polarized static

(b)

normal to MoS,

Dipole ‘in’
toward MoS;
increases work)
function

Dipole ‘out’
normal to
MoS;
decreases
work function

Polarized static
charge

Figure S. Schematic of dipole and induced static polarization responsible for WF shifts in MoS, after doping. (a) TTF donates electrons by charge
transfer to MoS,; (b) electron transfer gives rise to a dipole between the dopant and MoS,, which induces a dipole at the dielectric/semiconductor
interface from static charge. This polarized static charge effectively screens the measured WF of MoS,, and the screening strength depends on

dielectric constant of the underlying substrate.

orientation decreases the MoS, WF, whereas the latter
increases the WE.”> The WF change due to interfacial dipoles

is given by AWF = %, where o4 is the dipole moment area
(U

density, &, is the permittivity of vacuum, and ¢ is the relative
permittivity of the dielectric. The dipoles generated by contact
of the 2D material and organic dopant induce a polarized static
charge, forming opposing dipoles at the substrate/semi-
conductor interface, effectively screening the measured surface
potential. Increasing the dielectric constant reduces the
magnitude of this screening effect, leading to a smaller WF
offset and amplifying the WF shift in the 2D material. Because
sapphire has a dielectric constant 3 to 4 times larger than that
of Si0,,**” charge screening at the surface is much smaller for
sapphire than for SiO,, increasing the change in the measured
WE. This combined effect of dipoles induced by charge
transfer and oppositely directed static polarization is significant
and should be considered in conjunction with dopant selection

to exercise control over the electronic properties of TMDCs.

B CONCLUSIONS

In conclusion, we have demonstrated a tunable, “bidirectional”
WF modulation of MoS, by noncovalently doping the
semiconductor with the organic dopants TTF and two BT
derivatives. Spectroscopic and KPFM measurements provide
compelling evidence for n-doping of MoS, by TTF and p-
doping of MoS, by BT moieties. Notably, p-doping of MoS,
with organic adsorbates while rarely reported, would be useful
in the fabrication of p—n junctions on TMDCs. Using
substrates with different dielectric properties significantly
altered the magnitude of WF change after doping. For TTF
doping, WF shifts increased from 027 to 1.24 eV when
changing from SiO,/Si to sapphire. We rationalize that this
large difference in WF change arises from formation of induced
dipoles and static polarization at the semiconductor/substrate
interface. The ability to “bidirectionally” tune MoS, WF with
different underlying substrates allows for production of
electronically tailored TMDCs, which are needed for devices
such as FETs and diodes. Moreover, such noncovalent doping
by physisorption is scalable, reversible, and nondamaging to
the semiconductor, making its use feasible for the development
of next-generation TMDC devices.
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B METHODS

Materials. Dimethylacetylene dicarboxylate was purchased
from TCI chemicals. Methylamine (2.0 M in toluene), 1-
hexylamine, carbon disulfide, and dimethylformamide (DMF),
were purchased from Sigma-Aldrich and used as received.
CVD MoS, samples were purchased from Six Carbon
Technologies and 2D Layers.

Synthesis of ((E)-3,3’-Methyl-5,5'-bithiazolidinyli-
dene-4,4’-dione). To a 20 mL scintillation vial, chilled to 0
°C in an ice bath, was added methylamine (2 equiv) in DMF.
Carbon disulfide (2 equiv) was added dropwise and the
resulting yellow/orange solution was stirred for 10 min.
Dimethylacetylene dicarboxylate (1 equiv) was then added
dropwise and the dark solution was stirred for an additional 10
min. The solution was then placed in a refrigerator and allowed
to stand overnight. Red crystals precipitated from the solution
and were collected by vacuum filtration and washed with
methanol. The solid was dried under vacuum overnight to give
the product in 30% yield (1.1 g). 'H NMR (500 MHz,
DMSO): § 3.54 (s); *C NMR (126 MHz, CDCL,): § 194.71,
193.99, 187.45, 166.98, 160.41, 129.25, 125.02, 51.70, 32.08,
31.81, 31.25. **Peak doubling in the 13C NMR was observed
(potentially representing E/Z isomers). Mass spectroscopy
confirms a single molecular ion peak. ESI-MS: caled for
C1,HN,0,8, [M*], 290.3901; found, 312.9207 [M + Na.

Synthesis of ((E)-3,3’-Butyl-5,5'-bithiazolidinylidene-
4,4’'-dione). To a 20 mL scintillation vial, chilled to 0 °C in an
ice bath was added n-butylamine (2 equiv) in DMF. Carbon
disulfide (2 equiv) was added dropwise and the resulting
yellow/orange solution was stirred for 10 min. Dimethylace-
tylene dicarboxylate (1 equiv) was then added dropwise and
the dark solution was stirred for an additional 10 min. The
solution was precipitated in cold methanol and the resulting
orange crystals were collected by vacuum filtration and washed
with methanol. The solid was dried under vacuum overnight to
give the product in 45% yield (3.5 g). 'H NMR (500 MHz,
CDCL,). 5 (ppm): 4.13 (t, 4H, ] = 7.6 Hz), 1.71 (t, 4H, ] = 7.6
Hz), 1.40 (t, 4H, ] = 7.5 Hz) 0.97 (t, 6H, ] = 7.36 Hz). C
NMR (126 MHz, CDCL,): 6 194.49 (C=S), 166.90 (C=0),
124.67 (C=C), 44.55, 29.12, 20.04, 13.65. MALDI-MS: calcd
for C,,H{N,0,S, [M*], 374.0251; found, 374.792.

Doping. TTF and BT solutions were prepared at a
concentration of 0.005 mg/mL in methanol. 100 yL of the
solution was drop-cast onto MoS, using a pipette.

Cleaning up the Doped MoS,. To clean the substrates,
the doped MoS, was immersed into the 20 mL scintillation
vials of chloroform followed by sonication for 5 min.

Kelvin Probe Force Microscopy. KPFM experiments
were conducted on a Digital Instrument BioScope. The probes
employed were AppNano ANSCM-PA Platinum-coated Si
cantilever probes that have a resonance frequency of ~254
kHz. A mixed electrical excitation signal composed of a dc
voltage and ac voltage was applied between the probe and the
grounded sample. After a height scan of the substrate, the tip
was lifted 40 nm above the sample to acquire the surface
potential data. The scan rate was 0.4 Hz and the sampling
density was 512 lines with 512 samples/line.
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