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ABSTRACT Substitutional doping of two-dimensional (2D)
transition metal dichalcogenides (TMDs) has been recognized
as a promising strategy to tune their optoelectronic properties
for a wide array of applications. However, controllable doping
of TMDs remains a challenging issue due to the natural
doping of these materials. Here, we demonstrate the con-
trollable growth of indium-doped p-type WS, monolayers
with various doping concentrations via chemical vapor de-
position (CVD) of a host tungsten (W) source and indium (In)
dopant. Scanning transmission electron microscopy con-
firmed that In atoms successfully substitute the W atoms in
the WS, lattice. Intriguingly, the photoluminescence of the
doped sample experiences strong intensity modulation by the
doping concentration, which first increases remarkably with
an enhancement factor up to ~35 and then decreases gradually
when further increasing the doping concentration. Such a
phenomenon is attributed to the progressive change of the
exciton to trion ratio as well as the defect concentration in the
doped samples. The assignment was further verified by the
electric behavior of the fabricated In-doped WS, field effect
transistors, which changes regularly from n-type to bipolar
and finally to p-type behavior with increasing doping con-
centration. The successful growth of p-type monolayer WS,
and the dual control of its optical and electrical properties by
In doping may provide a promising method to engineer the
opto-electronic properties of 2D materials.

Keywords: controllable doping, chemical vapor deposition,
photoluminescence intensity modulation, bipolar and p-type
WS,

INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides

(TMDs) have emerged as a versatile platform for na-
noelectronics and optoelectronics [1-8]. In particular,
doping investigation in these atomically thin layered
materials has aroused great interest in recent years with
the goal of enabling these materials for optical, electronic
and optoelectronic applications [9-18]. Though doping of
2D TMDs can be achieved via intrinsic defects [19],
substrate impurities [20], and molecular adsorption [21]
or charge transfer [22], such approaches are typically not
well controlled with poor stability, therefore limiting their
practical uses in devices. An alternative strategy is em-
ploying substitutional doping of 2D TMDs to achieve
more robust carrier type. However, substitutional doping
encounters the same problem of losing the original op-
toelectronic properties of 2D TMDs, and the control of
such doping to achieve desired optical and electric
functionalities becomes challenging owing to the natural
doping of the 2D materials.

For instance, electron-donating sulfur vacancies in WS,
and MoS, monolayers are often present in large quantities
during growth, making these 2D TMDs heavily n-doped
in nature and thus difficult to achieve p-type con-
ductivity. Pulsed laser deposition has been employed to
achieve p-type conductivity in Nb-doped WS, bulk crystal
[23], while there are limited reports on the direct growth
of p-type monolayer TMDs by chemical vapor deposition
(CVD). CVD is popular for manufacturing 2D materials
because of its high level for controllable growth and large-
scale production [24,25]. Several groups reported thermal
CVD growth of Nb-doped monolayer WS, using solid
powder sources, without the determination of carrier type
after doping [14,18,26,27]. Only recently, liquid-mediated
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CVD growth was adopted to achieve p-type conductivity
in Nb-doped monolayer WS, by liquid-phase precursor
mixing [28]. Though substitutional doping to realize p-
type 2D semiconductors was already demonstrated, more
generalized doping strategy is highly desired to enrich
such studies for versatile functions and especially to get
deep insights into the doping mechanism that usually
involves complex optical properties. Moreover, present
reports on achieving p-type conductivity by CVD growth
mainly focus on vanadium [29], niobium [14,18,26,27,28]
and phosphorus [30]. Indium (In)-doped p-type con-
ductivity regulation has not yet been explored.

Here, we report the successful growth of In-doped
monolayer WS, by using atmospheric pressure one-step
CVD growth method. The controllable doping of WS, is
realized by adjusting the weight ratio of the precursor
(In,O;, WO;). High-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) con-
firms that In atoms successfully substitute the W atoms
across the whole WS, flake. Optical measurements show
that the photoluminescence (PL) of the doped sample is
significantly enhanced when the weight ratio of the pre-
cursor (In,0O;, WO,) is 1:8, with an enhancement factor
up to ~35 compared with that of undoped WS,. Subse-
quently, the PL intensity progressively decreases and
eventually resembles that in the undoped sample, as the
weight ratio increases from 1:5 to 1:3. On the other hand,
electrical measurements demonstrate that In-doped WS,
field effect transistors (FET) feature room-temperature
transfer characteristics changing from n-type to bipolar
and finally to p-type as the concentration of In,O; in-
creases, implying the transition from electron doping to
hole doping of the monolayer WS, by increasing the
doping concentration. The mechanism of dual regulation
of the optical and electrical properties is ascribed to the
gradual change of both the exciton to trion ratio and the
defect concentration by In doping. Our results provide a
facile and convenient method to achieve controllable
doping in 2D TMDs, which allows for efficient tuning of
both optical and electrical properties towards excellent
optoelectric device performance.

EXPERIMENTAL SECTION

Materials synthesis

The In-doped WS, monolayers were synthesized by a
typical one-step CVD growth method. The mixed powder
of NaCl and metal oxide precursors (In,O; (x mg, x =
3.75, 6, 10) and WO; (30 mg)) was selected as the solid
source for the one-step growth. For In-doped WS,
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monolayers, the boat with precursor (WO; and In,0;)
(99.9%, Alfa Aesar) was put at the center of the furnace.
Then, the SiO,/Si substrate was placed at the backward
position about 2 cm away from the precursor (WO; and
In,0;), and the sulfur powder (99.9%, Alfa Aesar) was
placed 12 cm upstream from the furnace center. Before
heating, the system was cleaned by injecting 800 sccm
argon gas and maintained for about 15 min. The tem-
perature was gradually heated up to 800°C for 18 min,
and then kept at 800°C for 5 min. Meanwhile, the sulfur
powder was put in the upstream region with temperature
at 200°C. The gas flow of 90 sccm argon was used as the
carrier gas. After growth, the furnace was cooled down to
room temperature naturally.

Characterizations

The morphologies and structure information of the
samples were characterized by an optical microscope
(Zeiss Axio Scope Al), a scanning electron microscope
(SEM, ZEISS. Sigma HD), an atomic force microscope
(AFM, Bruker Multimode 8), and a transmission electron
microscope (TEM, Tecnai G2 F20 S-TWIN) combined
with energy dispersive X-ray spectroscopy (EDS). Raman
and PL measurements were conducted using a confocal
microscope (WITec, alpha-300). The electrical and op-
toelectronic properties of the as-fabricated devices were
performed in a vacuum Lake Shore Probe Station com-
bined with an Agilent B1500A semiconductor analyzer at
room temperature. For STEM measurements, the na-
nosheets were transferred onto copper grid using a poly
(methyl methacrylate) (PMMA, Mw = 950k, 4 wt%, AR-
P679.04, All resist)-mediated nano transfer method
(speed: 4000 rpm, 30 s). Then the edge of the baked wafer
was round up with scotch tape, and subsequently im-
mersed into the KOH (15mol L") solution for 12 h.
Then the PMMA film was taken out from the KOH so-
lution and flushed with deionized (DI) water. The cleaned
PMMA film was removed onto a grid of copper in the
atmosphere of acetone vapor at 30°C. Finally, the PMMA
film was taken away by acetone vapor, leaving the doped
2D TMDCs sample on the grid of copper. The STEM
measurements were carried out on a JEOL ARM200F
microscope operated at 200 kV and equipped with a
probe-forming aberration corrector. For HAADF-STEM
images, the inner and outer collection angles of the ADF
detector were 68 and 280 mrad, respectively, and the
convergence semiangle was about 28 mard. Time-re-
solved PL (TRPL) experiments were performed using a
confocal microscope (WITec, alpha-300) as the collection
device, and the emission signal was reflected into a streak
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camera (C10910, Hamamatsu) by Ag mirrors. Ti:sapphire
laser pulses at 400 nm (with a repetition rate of 80 MHz
and a pulse width of 80 fs) were used as the light source.
The 400-nm output was generated by passing an 800-nm
laser beam from a mode-locked oscillator (Tsunami 3941-
X1BB, SpectraPhysics) through a BBO crystal. The
400-nm laser beam was then focused onto the sample
with a spot diameter of ~3 um from the top by an ob-
jective lens (50x, Zeiss, 0.75 NA).

Device fabrication and measurement

A layer of PMMA (495 K, A4, Microchem Company) was
spin-coated on the SiO, (300 nm)/Si substrate with pre-
pared materials and subsequently baked for 5 min at
170°C on the hot plate. The drain-source electrodes were
defined by electron beam lithography (Raith 150 two) and
were composed of Cr/Au (10 nm/50 nm) by thermal
evaporation, finally followed by lift-off process with
acetone. The electrical properties of the devices were
measured in vacuum Lake Shore Probe Station and
Agilent BI500A semiconductor analyzer at room tem-
perature.

RESULTS AND DISCUSSION

The controllable synthesis of indium-doped monolayer
WS, (In:WS,) was carried out through the one-step CVD
growth method, as shown in Fig. la, b. During the pro-
cess of indium doping in WS,, a small amount of indium
atoms replaced the positions of W atoms when WS,
crystals were formed. Growth precursors were prepared
by stirring various amounts of NaCl and metal oxide
precursors (In,O; and WOs;). After a homogeneous
powder obtained, the powder was evenly drop-casted on a
porcelain boat, and the sulfur vapor reaction was per-
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Figure 1 (a, b) Schematic diagram of synthesis process and atomic

configuration of the In:WS,. (¢) Optical image of the as-prepared In:WS,
on the Si/SiO, substrate. (d) SEM and (e) AFM images of the In:WS,. All
the characterized samples were prepared with the precursor ratio (In,O;:
WO,;) of 1:3.
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formed at 800°C with argon as the carrier gas, as shown
in Fig. la. In this experiment, we controlled the doping
concentration by varying the weight ratio of the pre-
cursors In,0; and WO;. The ratio of In,0; to WO,
mentioned in the following text represents the dosage and
weight ratio of powder. Fig. 1c shows the optical micro-
scopy image of heavily doped samples with a ratio of 1:3.
Optical microscopy images of other doped samples show
the crystallites with similar size, morphology, and optical
contrast (Fig. S1). The SEM image reveals that a typical
growth process results in micrometer-sized triangular
islands (Fig. 1d). Fig. le shows the AFM image of the
doped sample with a ratio of 1:3. The line profile reveals
that the step height at the WS, edge is around 0.96 nm
after doping, indicating that the sample is still a mono-
layer with uniform thickness distribution rather than
heterojunction.

Fig. 2a shows the high-resolution TEM (HR-TEM)
image of the doped sample with the precursor ratio of 1:3,
indicating that the layered structure is preserved when In
ions are doped in WS,. The fast Fourier transform pattern
in the inset of Fig. 2a confirms the crystal structure and
crystallinity of the doped sample. The EDS spectra display
the existence of In-concentration of 1.69, 3.48 and
6.04 at%, respectively, in the 1:8, 1:5, and 1:3 doped
samples (Fig. S2). To identify the location of In dopant
within WS,, the doped samples were further characterized
by HAADF-STEM (Fig. 2b). Since the HAADF intensity
is proportional to atomic numbers (Z) and the Zin S (Z =
16), W (Z = 74) and In (Z = 49) are different, those atoms
marked in the yellow circles can be found in Fig. 2b.
Fig. 2¢ is an expanded view of the red area in Fig. 2b,
showing that there is a significant difference in the atomic
brightness between the central part and the surrounding
area. Fig. 2d is the simulation calculation diagram of
Fig. 2c and it also verifies the difference in atomic
brightness of the two areas. Fig. 2e is the intensity spectra
of the selected area of Fig. 2d, where W atoms show
stronger intensity compared with In atoms. The HAADEF-
STEM images of the doped samples with different pre-
cursor ratios show that the number of In atoms increases
as the ratio of the precursor increases in the doped
samples (Fig. S3). The experimental results from
HAADF-STEM confirm that In atoms successfully re-
place the W atoms. Fig. 2f-h show the X-ray photoelec-
tron spectroscopy (XPS) results from the CVD grown
undoped WS, and In:WS, (1:3). Fig. 2f, g show the
binding energies of W 4f and S 2p core levels, respec-
tively. These peaks of S 2p;, (164.1eV), S 2p;,
(163.0 eV), W 4f;;, (35.5eV) and W 4f,, (33.4 €V) core

1451



ARTICLES

SCIENCE CHINA Materials

—*— Experiment
—— Simulation

Intensity (a.u.)
O =N WwWH

g Nl Laf
0.5 1.0
Distance (nm)

f —Undoped WS, gt — Undoped WS, h =—Undoped WS,
T InWS, S2p,, — InWS, —In:W§,
In 3d,,

- - =
= =} .
sf s S 1inad,,
2l 2z =
[J] -
Ef E =

———

4039 38 37 36 35 34 33 32 31 30 164 163 162 161 455 450 445 440

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Figure 2 (a) HR-TEM image of the In:WS, with monolayer edges. The inset in (a) shows the corresponding electron diffraction patterns. (b)
HAADF-STEM image of the prepared In:WS, sample. (c) Expanded figure of the red area in (b). (d) Simulation figure of (c). The In atom can be
identified from (e) intensity spectra of the selected area where W atoms show stronger intensity compared with that of In atoms. XPS scans of (f) W 4f,
W 5p, (g) S 2p, and (h) In 3d core-levels measured from undoped WS, and In:WS, samples. All samples were prepared with the precursor ratio (In,O5:

WO,) of 1:3.

levels are assigned to the undoped WS,. In the In-doped
WS, sample, both S 2p and W 4f levels shift toward lower
binding energy by 0.9 and 0.2 eV, respectively. This in-
dicates that the Fermi level of the In-doped WS, shifts
toward the valence band, which is consistent with the
expected acceptor behavior of In dopants. This lowering
of the Fermi level indicates that In substitutional im-
purities introduce p-type doping in the WS, monolayer,
which is explained by the fact that In possesses three less
valence electrons as compared with W. As expected, the
distinct binding energy peaks corresponding to In 3d
core-levels at 444.7 and 452.3 eV were detected only in
the In:-WS, sample (Fig. 2h). This phenomenon implies
that the incorporation of In into the WS, lattices essen-
tially preserves the In’* state. Both the STEM and XP$S
results provide clear evidences that In atoms are in-
corporated into WS, lattice via substitution cation doping
rather than surface adsorption or decoration.

In the following, the optical properties of undoped and
In-doped monolayer WS, were examined. Fig. 3a-d show
the PL intensity maps of the undoped and In-doped
samples. It can be seen that when the precursor ratio
(In,0;:WQO;) is 1:8, the PL intensity is remarkably en-
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hanced, and the enhancement factor can be up to ~35
(Fig. S4). As the doping concentration further increases
(1:5), the PL intensity turns to decrease, and when the
precursor ratio reaches 1:3, the PL intensity decays to be
equivalent to or even lower than that of the undoped
sample. Fig. 3e, f respectively show the PL spectra of the
edge and the central areas of the triangular monolayers
shown in Fig. 3a-d, demonstrating that the emission in-
tensity of these two areas have the same evolution trend
with the doping concentration. Together with the results
from STEM and XPS characterization, such an unusual
PL intensity modulation very likely arises from the pro-
gressive change of the exciton to trion ratio as well as the
defect concentration in the sample by In doping. When
the doping concentration is low (1:8), the significantly
enhanced PL intensity can be attributed to the p-type
doping of In neutralizing the excess electrons in WS,,
resulting in the increase of exciton density via the
transformation of negative trions (X ) to neutual excitons
(X°). In addition, this p-type doping could also weaken
the electrostatic screening and the many-body effect in
WS, monolayer, leading to a further enhanced PL emis-
sion. When the doping concentration increases further,
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SCIENCE CHINA Materials

ARTICLES

Wavelength (nm)

100 e — * ===Undoped WS, 9 - Undoped WS,
= = In:WS, 1:8 100 F = |In:WS, 1:8
P \ —IN'WS: 15 — In:WS; 1:5
§ -,‘é *\ ——In:WS, 1:3 > === In:WS§, 1:3
o [}
° 3 ek * 5
S Pure 1:8 : £
> -
= o
i 2 £
8 £
£ 2
ﬂ 10*1 -
[
=)
[e]
o P 3 2 2 2 a2 e ~ A LD
500 600 610 620 630 640 650 0 10 20 30 40 50 60
0 Wavelength (nm) Delay time (ps)
108 fr= h
= ® = Undoped WS, —— Undoped WS
. 1 2
o e —In:Ws,1:8 —InWs, 1:8
> = In:WS, 1:5 — INWS: 15
£ |2 T In:Ws, 1:3 — In:WS, 1:3
=1 Q
o [ |® L4 —_
S 3
s s
0 2 | oy
100 @ I 2
2 ! 2
- I
2 I
c
= |
o
(&) L 1 |
590 600 610 620 630 640 650 300 320 340 360 380 400 420
0

Raman shift (cm™")

Figure 3 Spatially resolved PL intensity maps of undoped WS, (a) and In:WS, with the precursor proportion of (b) 1:8, (c) 1:5 and (d) 1:3. The PL
spectra of the edge and center regions of the triangular monolayers in (a-d) are shown in (e) and (f), respectively. The insets in (e) and (f) are the
corresponding trend graphs of the PL spectral integral areas of the undoped WS, and In:WS, samples. TRPL dynamics and Raman spectra of the un-
doped WS, and In:WS, with different precursor proportions (1:8, 1:5 and 1:3) are shown in (g) and (h), respectively.

extra positive charges will be introduced and a transition
from X’ to positive trions (X*) will take place, turning to
decrease the PL intensity with the doping concentration.
With a precursor ratio of 1:3, the PL intensity decays to
resemble or even be lower than that of the undoped WS,,
and positive trions (X") should be the dominant species
in this case, as evidenced in latter electrical character-
izations. Component decomposition of the PL spectra
reveals the spectral distribution of the neutral (x°%) and
charged (X', T = “=” or “+”) species, with X slightly red-
shifts (Fig. $5). The ratio of X’ and X" intensity increases
first and then decreases with the increase of doping
concentration, which verifies the above hypothesis. The
broad linewidths of the spectral components, especially
for X', imply the involvement of defects in modulating
the PL emission to lower its intensity in all samples. The
broadest linewidth in the case with a precursor ratio of
1:3 indicates the more extra defects introduced by the
intensively p-type doping, part of the reason for its very
weak PL intensity even lower than that of the undoped
sample (in addition to the contribution from X" species).
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Moreover, the TRPL measurements further confirm the
previous proposal for PL intensity modulation by p-type
doping. Decay curves of the four samples were integrated
over the emission peak and summarized in Fig. 3g. As
expected, the decay profile of the doped sample is first
greatly elongated with respect to that of undoped sample
and then it turns to be progressively shortened when
further increasing the doping concentration. By fitting the
decay curves, two lifetime components are obtained
(Table S1 and Fig. S6), where the fast component on the
order of sub-picosecond to several picoseconds is gen-
erally ascribed to the relaxation of trion species while the
slow component on tens of picoseconds is assigned to
that of neutual exciton species [31,32]. As seen, both the
ratio of exciton to trion components and the lifetime
values first increase and then decrease gradually with the
doping concentration, with the average lifetime in the
trend of 1:8 > 1:5 > undoped WS, > 1:3, which matches
very well with the PL intensity behavior and thus strongly
supports the proposed mechanism for PL intensity
modulation by In doping. The PL spectrum of the doped
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sample slightly red-shifts compared with the undoped
sample, which may be caused by strain and doping. This
difference can be further verified by the Raman spectrum
in Fig. 3h. The Raman peaks of all In-doped samples red
shift 2 cm ', which indicates the possible influences of In
doping, defects and strain engineering on the 2D WS,
electronic structure.

The electrical properties of both the In-doped and
undoped WS, samples were further investigated via fab-
ricating bottom-gated FETs based on these samples.
Electrostatic gating is achieved using heavily doped Si as
the back gate electrode, which shows the output (drain-
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source current (I4) vs. drain-source voltage (Vy)) and
transfer (Iy vs. gate bias (V,) ) characteristics of the
undoped and doped monolayer WS,. The transfer char-
acteristics of the undoped sample that turns on at Vg ~
—40 V (Fig. 4b) is similar to previously reported results,
implying its strong n-type character. When the weight
ratio of precursor In,0;;WO; is larger than 1:8, hole
branch appears at large negative gate biases (Fig. 4c, d).
With In-doping increasing (1:5), a bipolar electrical
transfer curve appears (Fig. 4f). It is worth noting that
when the weight ratio of the precursor In,0;;WO; is
larger than 1:3 (Fig. 4h), it presents a completely p-type

b Undoped WS,

los )

Q

I (A)

V. (V)

Figure 4 Electrical transport properties of four FETs based on the undoped and In-doped monolayers WS,. The left columns (a, ¢, e and g) show the
output characteristics (I vs. V). The right columns (b, d, f and h) show the transfer behaviors (I4 vs. V) in different In-doped concentrations. The
undoped monolayer (b) is highly n-type conductive. With the In-doped concentration increasing, the monolayer exhibits excellent p-type conduction

mode (h).
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WS, semiconductor, implying that sufficient electron
acceptors are provided in the heavy doping of indium.
This n- to p-type transition of the electrical behavior gives
a direct evidence that In dopants can act as electron ac-
ceptors to effectively compensate the natural n-type do-
pants in pristine WS,. The changed trend of the electrical
properties is consistent with the previous optical test,
which further proves the previous proposed mechanism
that the exciton to trion ratio in WS, system is progres-
sively changed with the dominant species transition from
negative trions (X ) to finally positive trions (X") as the In
doping concentration increases. The doping of dual
control of optics and electricity are rarely reported pre-
viously, and is expected to have potential applications in
the fields of electronics and optoelectronics.

CONCLUSIONS

In summary, we have demonstrated the successful growth
of In-doped monolayer WS, with various doping con-
centrations. Our growth method is a one-step process
using simple and feasible CVD growth in which im-
purities with host material precursor were doped. Con-
trolling the doping concentration by adjusting the weight
ratio of the precursor (In,0;, WOj3), the growth products
are relatively stable. In addition, by changing the doping
concentration, both the optical and electrical properties of
the doping system can be regularly modulated, and either
PL intensity enhancement or bipolar/p-type WS, mono-
layers can be achieved by appropriate In doping. This
controllable dual tuning of the material properties by In
doping may provide a promising method to engineer the
electronic structures of 2D TMDs and thus expand their
applications in versatile optoelectronic devices.
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