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Two-dimensional transition metal dichalcogenide materials have created avenues for exciting physics with
unique electronic and photonic applications. Among these materials, molybdenum disulfide is the most
known due to extensive research in understanding its electronic and optical properties. In this paper, we
report on the successful growth and modification of monolayer MoS, (1L MoS;) by controlling carrier

concentration and manipulating bandgap in order to improve the efficiency of light emission. Atomic

size MoS, vacancies were created using a Helium lon Microscope, then the defect sites were doped with
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Accepted 2nd June 2021 2,3,5,6-tetrafluro?,7,8,8-tetracyanoquinodimethane (FATCNQ). The carrier concentration in intrinsic (as-
grown) and engineered 1L MoS, was calculated using Mass Action model. The results are in a good

DOI: 10.1039/d1ra02888 agreement with Raman and photoluminescence spectroscopy as well as Kelvin probe force microscopy
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1 Introduction

Recent advances in materials research have focused on novel,
atomically thin semiconducting materials. Starting with gapless
graphene,' a broad family of two-dimensional (2D) dichalcoge-
nide materials have been fabricated in monolayer and few-
layers form.>* These materials possess unique properties
enabling creation of a new generation of flexible and ultrathin
optoelectronic devices. Among this family, direct bandgap
semiconducting monolayer molybdenum disulfide (1L MoS,) is
the most popular one.>® There are numerous reports of
successful Chemical Vapor Deposition (CVD) synthesis
processes. Unfortunately, CVD grown 2D MoS, always contains
sulfur vacancies resulting in the creation of unsaturated
chemical bonds at the molybdenum atoms. Sulfur vacancies
represented by dangling bonds may serve as active sites for
chemical adsorption of species. They will also result in
quenching and broadening of MoS, photoluminescence (PL) by
bringing additional defective states that are not available in the
perfect system.”*> These vacancies influence drastically the
carrier concentration and exciton generation in a sample. In
a perfect system two exciton states are formed at the K and K
point of MoS, Brillouin zone - exciton A (around 1.8 eV) and
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exciton B (around 2 eV). In the presence of sulfur vacancies,
interaction of exciton and free carrier gives rise to the formation
of a many-body bound state, a negatively charged exciton, also
referred as a trion. It is already known that the PL of monolayer
MoS, can be enhanced by reducing concentration of the
excessive electrons and related shift of oscillator strength
between trions and excitons.*®' Various techniques have been
employed to modulate optical properties of 1L MoS, by
controlling free carrier density, namely electrical gating, gas
physisorption,**** and chemical doping.***®

In this study, we first investigated intrinsic doping of as-
grown monolayer MoS,. We later modified monolayer MoS,
using focused helium ion irradiation, consequently introducing
monosulfur and disulfur vacancies predominately. The carrier
concentration in as-grown and defected samples was linked
with 2D MoS, optical response. Finally, we restored/enhanced
PL of defected monolayer MoS, via chemical p-type doping.

2 Experimental procedures
2.1 Sample preparation

High quality 2D MoS, samples were grown at 650 °C on Si/SiO,
substrates using a home-built CVD setup with a one-inch quartz
tube fitted in Lindberg furnace equipment. Fig. 1a-d shows that
the morphology and shape of 2D MoS, varies depending on the
stoichiometric ratio of Molybdenum to sulfur : hexagon shape
flakes grow when the ratio is 1 : 1, an uneven ratio will give rise
to triangles. The SEM and Raman analysis confirm that the
majority of MoS, flakes are monolayers, however, some flakes,
especially hexagons, have small islands of second- and third-
layer.
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Fig. 1
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(@ and b) Helium lon Microscopy of as-grown MoS,; (c and d) SEM images of MoS, transferred to conductive substrate for CAFM

characterization; Raman map of 1LMoS;: (f) E»4 at 383 cm~, and (e) Aigat 402 cm™~t. The scale bars in (a, d, e and f) are 5 um, in (b) 50 um, in (c)

500 nm.

MoS, samples were irradiated in a Zeiss Helium Ion Micro-
scope operating at accelerating voltage of 30 kV with doses of (1)
1x 10", (2)5 x 10",(3)9 x 10", (4) 1 x 10", (5) 5 x 10", (6) 9
x 10", and (7) 1 x 10'® He" ions per cm? The exposure was
performed using patterning software to raster the focused
helium ion beam over a large area (up to 50 pm). A beam current
of 5 pA was used for all exposures with dosage being controlled
by exposure time. This resulted in the introduction of defects
with inter-defect distances varying from 10.3 nm to 3.7 nm as we
reported elsewhere.”® Prior to doping, MoS, samples were
placed in the middle of a CVD tube furnace and annealed at
250 °C for 1 hour. The samples were then soaked in a solution of
0.3 pumol ml™? of 2,3,5,6-tetrafluro7,7,8,8-
tetracyanoquinodimethane (FATCNQ) in Chloroform for 12
hours, then rinsed to remove unbounded FATCNQ as suggested
in.”* Thereafter, the samples were heated on a hot plate at
100 °C for 30 minutes.

2.2 Characterization techniques

Photoluminescence (PL) and Raman spectra were recorded with
a Horiba XploRa Confocal Raman Microscope at 532 nm of
excitation. The laser power was kept below 0.5 mW to avoid
thermal damage due to heating. Scanning Probe Microscopy
was performed on an Oxford Asylum Research Atomic Force
Microscope (AFM) MFP-3D Infinity.

Surface potential imaging was performed in amplitude-
modulated mode with conductive Si tips coated with Pt/Ir
(EFM-20, NanoWorld). The Asylum's ORCA™ module was
used for conductive mode (CAFM). For this characterization, we
transfered MoS, samples to a Si substrate coated with a 50 nm
gold film using the wet KOH transfer method.** The I-V curves
were recorded before and after modification of the MoS,
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samples, with the CAFM tip (CDT-NCHR-SPL) being engaged
very gently with only a few nN of force being applied until the
current signal stabilized. All above measurements were per-
formed at ambient conditions. The X-ray Photoelectron Spec-
troscopy (XPS) data were obtained on a Thermo Fisher ESCALAB
250 Xi. The atomically resolved images of the MoS, sample were
recorded using the Scanning Transmission Electron Micro-
scope Nion Ultra HAADF-STEM 100 at Oak Ridge National
Laboratory.

3 Results and discussions

By adjusting proper synthesis conditions, we grew 2D MoS,
flakes with the area up to 270 um” as shown on Fig. 1a-d.
Scanning Electron and Helium Ion Microscopy allow for visu-
alization of shape, lateral dimensions, and homogeneity of
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Fig. 2 The MoS, work function map acquired (a) before and (b) after
p-doping with FATCNQ; simplified sketch of MoS; electronic structure
before doping (c) and after doping (d).
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grown MoS, samples. However, these techniques do not provide
quantitative information for the number of MoS, layers in
a single flake. Confocal Raman spectroscopy is the most
popular tool for reliable identification the MoS, layer number,
as well as for doping and strain. The two prominent Raman
peaks located around 402 cm ™" and 383 cm™ ' assigned to the
out-of-plane (4;) and in-plane (E,,) phonon vibration modes
respectively. The band separation Af = 19 — 20 ecm™ " corre-
sponds to 1L MoS,. With the increasing number of layers, the
difference Afwill also increase, for instance, Af=21 — 22 cm™ "
corresponds to bilayer of MoS,.

Our typical results of Raman mapping show spatial homo-
geneity of E,, (Fig. 1f) and A,, (Fig. 1e) over the MoS, flake area:
the intensity and variation for both peaks were negligible, so we
have identified as grown flakes as pristine monolayers. The
pristine 1L MoS, exhibits a strong PL peak centered at 1.83 eV.
However, the efficiency and broadening of MoS, emission is far
from the theoretical limits of the direct band gap semi-
conductor material. It is already known that p-doping can

View Article Online
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positively influence the optical properties of 1L MoS,.”** To
prove this, we started with conducting ambient surface poten-
tial measurements using two-pass AM-KPFM on the as-grown
sample. The work function value ®gympie and, consequently,
Fermi energy shift were calculated by equation:

(1)

¢sample =eX VCPD - @probe

where Vepp is the charge potential difference between the
sample (MoS,) and the AFM probe, e is elemental charge, and
Dprobe is the work function of the KPFM probe. The probe was
calibrated with highly oriented pyrolytic graphite (HOPG)
having a work function of 4.65 eV. The spatial distribution of
Dy1mos2 for the as-grown sample is presented on Fig. 2a. It
should be noted that for monolayer MoS, (no doping) the
theoretical value of @;ypos, IS equal to 5.1 eV *® and Fermi
energy is in the middle of bandgap. The measured value for as-
grown 1L MoS, showed shift of Fermi energy towards conduc-
tion band by 450 meV (Fig. 2¢) indicating intrinsic n-doping of
as-grown sample. These results are in agreement with previous

Fig.3 The 1L MoS; irradiated at 1 x 10'* He™ ions per cm? dose. (a) HAADF-STEM image; scale bar is 4 nm; the red arrows indicate single and
double sulfur terminations. (b) Fourier transform of STEM image. (c) AFM topography; scale bar is 4 um.
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MoS,. Doses 1 x 10% and 1 x 10** provide perfect bandgap recovery and PL enhancement.
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Table 1 Calculations of carrier concentration for untreated and
helium ion treated 1L MoS,

Applied doses
(ions per em?)

Trion weight

Electr. conc. (cm™?)

0 0.38 1.56 x 10™
1 x 10" 0.383 1.53 x 10™
1 x 10 0.390 1.62 x 10
5 x 10 0.410 1.72 x 103
1 x 10*° 0.460 2.2 x 10"

reports on CVD grown 2D MoS, on Si/SiO,, and are attributed
mainly to the existence of natural defects such as sulfur
vacancies.”””® As expected, a small increase in the local work
function was found after incubation of as-grown sample with p-
dopant FATCNQ, such that the average Fermi energy shifted
towards the center of bandgap by only 200 meV (Fig. 2b, c).
According to DFT calculations,” the FATCNQ molecule has
a relatively weak adsorption on pristine MoS, surface. There-
fore, we attribute this shift of Fermi energy to the interaction of
FATCNQ with the MoS, defect sites as further corroborated by
TEM images in ESI (Fig. S5). To have better control over
optoelectronic properties of MoS,, we propose here to combine
doping and defect engineering. Our earlier work has demon-
strated the ability to introduce defects by irradiating MosS,
samples using Helium Ion Microscope,® although tuning of
MosS, optical response had not been investigated earlier.

Multiple doses of Helium ion irradiation (from 1 x 10" to 1
x 10'® He" ions per cm?) were used to modify 1L MoS, elec-
tronic structure by generating sulfur vacancies. An AFM image
of the irradiated sample is presented in Fig. 3c. The high-
resolution HAADF-STEM image of the sample irradiated with
the dose of 1 x 10'* He" ions per cm?* shows details of alter-
nating symmetry of atoms arranged in hexagonal rings (Fig. 3a
red arrows). Over this area, four defect sites are seen that would
be available for adsorption and doping. There is also a MoS,
grain boundary that is stitching together three parts of the 1L
MosS, flake. Notably, there are no sulfur vacancies associated
with broken symmetry near the grain boundaries.
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30%, and for the next dose it dropped down further by 60%
when compared to pristine 1L MoS, sample (Fig. 4a black-red-
blue curves). To calculate the carrier concentration in the as-
grown, defected, and defected-doped sample we applied the
Mass Action model as introduced by J. Ross et al.*® for a three
level system." According to this model, the relations between
concentrations of excitons (Ny), trions (Nx-) and the excess
electrons (7.) in transition metal dichalcogenides can be written
as:

N)(l’le 4mee EB
= —— —kgT — 2
N)(f TC/’lszf B EXP (kB T> ( )

where, T, kg, E}, are the temperature, the Boltzmann constant,
and the trion binding energy (about 20 meV (ref. 31)) respec-
tively. The effective mass of electrons is m. = 0.35 m, and the
effective mass of holes is m;, = 0.45 m,. The m, is the free
electron mass. The effective masses of an exciton and trion can
be calculated as my = m. + my, = 0.8 my, and my = 2 me + my, =
Ix-

1.15 my. Then, the trion PL intensity weight is related to the

total
excess electron concentration 7.:
Bne

Iy-
= 3
Itota] 1 + ﬁne ( )

here @ is a constant, equal to 4 x 10~ ** em?. Using this model,
we can calculate the electron concentration before and after

doping:
1 Iy- )
o= ——2 4
6 <Itolal - IX’ [ )

We found that the trion PL weight in irradiated samples
increases from 0.38 to 0.46 and correspondingly electron

Table 2 Calculations of carrier concentration for defect-doped
samples 1L MoS,

Applied doses

(ions per cm?)

Trion weight

Electr. conc. (cm™?)

Despite of the fact, that the Fourier Transform of the STEM 1 x 10" 0.370 1.40 x 10"
. . . . 14 13
image (Fig. 3b) confirms preserved of the Brillouin zones 1x10 0.306 11310 ©
hexagonal geometry, PL intensity of this sample decreased by 5 x 10 0.310 11210
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Fig. 5 (a) AFM topography of transferred MoS, on conductive substrate; (b) XPS core-level spectra of molybdenum 3d and sulfur 2 s; (c) I-V
characterization for pristine and doped, defected and doped MoS,.
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concentration of doped 1L MoS, increases from 1.56 X 10 1
em ™ to 2.2 x 10> 1 em™? (Table 1). Indeed, 1 x 10"* dose
causes negligible damage. In contrast, 1 x 10"° dose disrupts
MosS, lattice symmetry completely.

A simple and effective chemical p-doping method was used
to tune the carrier concentration in 1L MoS,. The FATCNQ
molecule can easily bind to the sulfur vacancies and act as an
acceptor. As we discussed above, Raman spectroscopy could be
used to trace the doping effect in 1L MoS,. In the case of p-
doping, frequency of E,, peak should remain constant, but
the frequency of A;, peak is blue-shifted.’*** Raman character-
ization of the FATCNQ doped as-grown sample (untreated with
ion beam) shows that the A;, peak position shifts by 1.2 cm ™"
while E,, peak position remains the same (Fig. 4c). However,
after irradiation, E,4/A;; modes are both red/blue shifted, and
widened due to the appearance of new phonon modes. There is
a shoulder (at 362 cm™ ') to the left of E,, mode, and one (at
415 ecm™') to the right of A, mode, which are assigned to
a defect mode.>** Both peaks are significantly enhanced after
irradiation with helium ions.

After p-doping of defected samples, we observe a gigantic
enhancement of MoS, PL for the dose of 1 x 10'* and 1 x 10
(compare green and red curves in Fig. 4a and b), and PL recovery
for the dose 5 x 10" (blue curves in Fig. 4a and b). There is no
PL recovery for the doses 1 x 10"® and higher. We attribute it to
substantial damage in the MoS, lattice by the ion bombard-
ment. The spectral shape of the PL peak is also changing with
dosage. It slightly shifts towards visible range with increase of
dosage (from 1.83 eV to 1.81 eV) due to decrease of the trion
weight. It is slightly lower than reported for p-doped pristine 1L
MosS, previously.*

We apply the Mass Action model to calculate carrier
concentration after defect engineering and doping. Excess
electron concentration decreased in comparison to the pristine
sample from 1.56 to 1.13 x 10"* cm™? (Table 2). Fig. 4e presents
data for pristine, defect, and defect-doped samples. One can see
that PL efficiency is increased for the 1 x 10" sample by 230%
and for the 1 x 10"* sample by 90%. We attribute it to a suffi-
cient reduction of excess electron concentration and as a result,
increase of exciton oscillator strength.

For I-V characterization, 1L MoS, was transferred on the
conductive substrate (Fig. 5a). The XPS characterization
confirmed elemental composition Mo : S - 1: 2 (Fig. 5b). The
bias applied to the sample caused current flow into the
conductive AFM tip, which was then recorded by a current
amplifier. Fig. 4c shows the I-V graphs of as-grown, irradiated,
and irradiated-doped 1L MoS, measured by CAFM. The CAFM
voltage was in the range of —1 V to 1 V. All samples: as-grown,
doped, and defected and doped exhibited a clear non-linear
slope of the I-V curve, which is characteristic of a metal/
semiconductor junction. A clear difference is observed
between the I-V curves recorded on a pristine, irradiated,
irradiated-doped samples. Particularly, in the forward bias
regime, higher current response is measured at the same
voltage (—0.65 V) for the irradiated compared to the as-grown
and irradiated-doped MoS,. After irradiation at ion dose of
1 x 10" and doping, defected-doped 1L MoS, showed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a characteristic I-V curve of an ideal Schottky diode compared
to the as-grown sample and irradiated MoS, sample. The results
of transport measurements are consistent with the Raman and
Photoluminescence characterization confirming that the
FATCNQ molecules in solution can strongly withdraw electrons
from MosS, layers.

4 Conclusions

In conclusion, we performed a systematic modification of the
electronic structure of 1L MoS, by (a) gentle defect introduction
using helium ion microscope with doses ranging from 1 x 10"
to 1 x 10" jon per cm? and (b) subsequent p-doping of
defected MoS, sites. Reduced PL intensity was restored and
drastically enhanced due to the adsorption of p-type dopants
(FATCNQ molecules) by 1L MoS,. We explain the MoS, bandgap
recovery is due to decrease of excess electron concentration
resulting in an increase of exciton oscillator strength. Our
findings can be useful for improvement in the efficiency of light
emission devices based on two-dimensional materials beyond
MoS,.
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