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ABSTRACT: Substitutional doping is a promising methodology to tune

the optoelectronic properties of transition metal dichalcogenides 8 / n S
(TMDs). However, to this date, direct substitution of transition metal u / / S
atoms in monolayer regime has only been demonstrated with few metal s| # p
atoms. Herein monolayer (ML) molybdenum disulfide (MoS,) doped - i /. g
with different concentrations of vanadium(V) is successfully prepared by sl wm 7 %
tuning the molar ratio of MoO; and V,0; powder in a chemical vapor i: y / 4 7 =
deposition (CVD) process. Interestingly, photoluminescence (PL) g / / ; E
intensity of the V-doped ML MoS, with optimal ratio is four times & , / 4 =
%

larger than that of intrinsic MoS,. Further PL spectra fittings indicate that
the exciton recombination in V-doped samples is dominant relative to the
trion recombination due to the p-doping effect, which is further
confirmed by the gate-dependent PL testing. It is also observed that the optical bandgap of MoS, and the threshold voltage of
as-fabricated field-effect transistors (FETs) can be tuned through controllable V doping. As a proof of concept, ML MoSe, doped
with V also exhibits enhanced PL intensity due to the p-doping effect. The successful preparation of Mo-based monolayer TMDs
with controllable vanadium doping could be helpful for optical absorption-based optoelectronic applications.

bare 0.1V"* 1V** 2v++
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1. INTRODUCTION properties through surface charge transfer. However, the
related surface charge transfer dopants can easily escape from
the surface of MoS, after vacuum pumping or thermal
annealing, leading to device instability in optoelectronic
applications.

Different from surface charge transfer doping, substitutional
dopants in the MoS, honeycomb network could be more
applicable for device application due to the formation of
chemical bonds between doping elements and Mo or S atoms.
Moreover, several theoretical ab initio studies'®™>* have
predicted the effects of metal-site substitutional dopants on
structural, electrical, phonon, magnetic, and optical properties
of TMDs, further indicating the important role of substitu-
tional doping. But so far, experimental reports of direct
substitution of transition metal atoms™>~>" in the monolayer
form are still scarce. Recently, Mn-doped MoS, was
successfully prepared via CVD, and the band structure of
MoS, was also modulated by incorporation of Mn. Moreover,

Because of their unique electronic and optical properties,
layered transition metal dichalcogenides (TMDs) have shown
great potential in two-dimensional electronic, optoelectronic,
and spintronic devices.' " Especially, due to thickness-
dependent energy band structure’ and extremely large
coulomb interaction-induced stable exciton states in mono-
layer form, molybdenum disulfide (MoS,) was widely studied
for optoelectronic-related applications. However, monolayer
(ML) MoS, always shows a relatively lower PL intensity due to
the existence of sulfur vacancies.’ In this regard, several
approaches including electrostatic gating,” chemical treat-
ment,®® laser irradiation,'®”'* and chemical doping13 have
been adopted to improve the optoelectronic propertied of ML
MoS,. Among these methods, chemical doping was believed to
be an efficient and facile method to modify the carrier density
of ML MoS,. For instance, p-type F,-TCNQ and n-type
NADH dopants were used to tune the PL intensities of ML
MoS,, and the PL intensity was largely enhanced by doping
with p-type dopants but was significantly decreased by doping Received: November 19, 2020
with n-type dopants, attributed to surface charge transfer Accepted:  December 7, 2020
between dopants and ML MoS,.'* Furthermore, ML MoS, Published: December 31, 2020
modified with various types of molecules, such as potassium,15

benzyl Viologen,16 cesium carbonate,'” chloride molecules,'®

etc., were also reported for the enhancement of optoelectronic
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the authors demonstrated that the suitable selection of
substrate plays a vital role in Mn doping. The inert substrate
is feasible for the incorporation of a large number of Mn atoms
in MoS,, while the commonly used substrate, such as SiO, and
sapphire, prevents the injection of Mn, which may limit its
application in optoelectrical areas.”® In another study,
atomically thin WS, and MoS, monolayers doped with
niobium (Nb) and rhenium (Re) also exhibited direct-gap
semiconductor behavior. Moreover, combining first-principles
calculations with related experimental results, the electronic
structure of Re-doped MoS, was also detailed, and it was found
that Re doping enables ohmic contact between the metal and
MoS,, making it useful for such doped TMDs in optoelec-
tronics devices.”” However, current work on substitutional
doping usually lacks the tuning of doping concentration, which
can lead to imperfection and even the degeneration of related
optoelectronic properties. Therefore, developing a facile,
scalable, and controllable substitutional doping methodology
is still challenging and necessary for future optoelectronic
applications.

In this work, V-doped MoS, with a series of doping
concentrations was successfully prepared during the CVD
growth of monolayer MoS, for the investigation of the doping
effect and the optimization of optoelectronic properties.
Together with Raman spectroscopy and atomic force
microscopy (AFM), X-ray photoelectron spectroscopy (XPS)
and transmission electron microscopy (TEM) mapping
indicate the substitutional doping of V in monolayer MoS,.
The V-doped MoS, exhibits dramatically enhanced PL
intensity relative to bare MoS,, while a further increase in
doping concentration leads to slightly decreased PL intensity
because an excess of V atoms can set a nonrecombination
center. It was also found that the ratio of trion to total PL
intensity decreases with increasing doping concentration,
which was attributed to the p-doping effect, making the
dominant PL process change from negative trion recombina-
tion to exciton recombination. The similar trend of trion
intensity in gate-dependent PL of V-doped MoS, confirms the
p-doping effect of V doping. Additionally, a single flake of as-
prepared monolayer samples was utilized to construct field-
effect transistor (FET) devices, and the threshold voltage of V-
doped samples shifts toward positive voltage with increasing
doping concentration, further indicating the p-doping effect of
substitutional V doping. Moreover, according to low-temper-
ature PL fitting results, we found that the optical band gap of
MoS, can also be modulated by substitutional V doping, which
can be further used for optical absorption-related applications.
Together with the effect of V doping on optical properties of
monolayer MoSe,, our results provide the fundamental
understanding of how V doping of two-dimensional layers
affects the optical properties and the corresponding electrical
properties, enabling the realization of TMD with tunable
optoelectronic properties and potential magnetic properties.

2. EXPERIMENTAL SECTION

2.1. CVD Growth of Bare Monolayer MoS, and V-Doped
MoS,. MoS, and V-doped MoS, crystals were grown on SiO,/Si
dielectric substrate by using ambient pressure chemical vapor
deposition. MoO; powder and V,05 powder with different weight
ratios (8/0, 8/0.1, 8/1, and 8/2) were put into the center zone of a
horizontal furnace. A 100 mg amount of sulfur powder was placed at
the center of another horizontal furnace. SiO,/Si substrates were
cleaned with acetone/2-propanol/water and placed face down just
above the MoO; powder and V,0; powder to ensure maximum
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exposure of MoOj and V,O; vapor to the substrate surface. Using Ar/
H, mixed gases as carrier gas, the furnace temperature was raised to
750 °C and 300 °C at a rate of 10 °C/min, respectively. After
stabilization of the system for 15 min, the furnace was cooled to room
temperature. In this work, bare MoS, and V-doped MoS, with
different doping concentrations were denoted as bare MoS,, 0.1 V-
MoS,, 1 V-MoS,, and 2 V-MoS,, respectively. Here the number in
front of marked samples stands for the nominal doping concentration.
Additionally, bare MoSe, and V-doped MoSe, were also prepared by
instead using Se powder, and the weight ratio of MoOj; and V,05 was
8:1.

2.2. Device Fabrication and Measurement. The back-gate
FET devices were fabricated by using photolithography techniques.
The specific parameters for photolithography can be found in our
previous work, including the selection of photoresist, spin or baking
processing parameters, UV exposure time and the following electron-
beam deposition, and electrical measurement conditions.

2.3. Material Characterization. The as-prepared bare MoS, and
V-doped MoS, with different doping concentrations were charac-
terized by optical microscopy. AFM and Raman spectroscopy were
employed to identify the phase structure and the layer number. The
chemical state was examined by XPS that was also used in our
previous work™® (binding energy refers to C 1s peak at 284.9 V). A
300-mesh Cu grid with porous carbon film was used for TEM
mapping tests, and the sample was transferred by a PMMA
(poly(methyl methacrylate))-assisted wetting transfer method. The
detailed information about the optical path length (OPL), PL, and
Raman testing equipment (light source, diameter of illuminated spot)
can also be found in our previous work.>® Here it is worth noting that
the on-sample excitation power for bare MoS, and V-doped MoS, was
always 200 #W, and the acquisition time was S s for the room-
temperature and low temperature PL measurements, whereas the
acquisition time for PL spatial mapping was 1 s. While the sample
excitation power for bare ML MoSe, and V-doped ML MoSe, is
always 50 yW, the acquisition times is 1 s for room-temperature PL
measurements and PL spatial mapping. Concerning temperature-
dependent PL measurements, the samples were placed into a
microscopy-compatible chamber with a low-temperature controller
(using liquid nitrogen as the coolant). For the gate-dependent PL
measurements, the related fabricating and testing process can also be
found in our previous work.*®

3. RESULTS AND DISCUSSION

The large-area monolayer MoS, and V-doped MoS, were
directly grown on a 280 nm SiO,/Si substrate by the vapor-
phase reaction of MoO; with different V concentrations and
sulfur powders in a hot-wall CVD system. Scheme 1 illustrates

Scheme 1. CVD Growth Process of V-Doped MoS,

V-doped MoS,

Ha/Ar M 300
> f

u Sulfur°

QuartztubJ—»

the furnace setup, sulfur powders are located upstream of the
hot zone, and V,0; mixed with MoO; with different ratios are
located in the hot zone during synthesis. Figure S1 shows the
optical micrography of bare MoS, and V-doped MoS,
synthesized on SiO,/Si substrates, exhibiting a triangular
shape with the lateral size up to 10—20 um. Herein bare MoS,
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and V-doped MoS, with different doping concentrations are
denoted as bare MoS,, 0.1 V-MoS,, 1 V-MoS,, and 2 V-MoS,,
respectively. For bare MoS,, the Raman spectra (Figure la)
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Figure 1. (a) Raman spectra of bare MoS, and V-doped MoS, with
different doping concentrations. (b) AFM image of 0.1 V-MoS, and
(c) phase-shifting interferometry (PSI) measured optical path length
(OPL) values of 0.1 V-MoS, along the dashed line.

show typical vibration modes (A
and 384.5 cm ™}, with a 204 cm™

and E,;) of MoS, at 404.9
difference between A,; and

#

E,g indicating the monolayer characteristic of MoS,.” It can
also be found that the frequency of the in-plane vibration mode
(Ey, peak) is red-shifted gradually with increasing doping
concentration, while the frequency of the A;, peak (out-of-
plane) is almost unaffected and the intensity of A,, decreased
after V doping. It should be noted that the commonly reported
red-shift of A, after doping was due to the increased electron
concentration that increases the electron—phonon scatter-
ing.”**° However, the decreased Aj; peak intensity and
unaffected Ay, frequency could be attributed to the decreased
electron concentration, probably indicating the p-doping effect

. .31
of V incorporation.

Because E,; represents the in-plane

vibration of molybdenum and sulfur atoms, the red-shift of E,,
in this work possibly arises from the incorporation of V atoms
into the MoS, lattice. The AFM image in Figure 1b indicates
~0.78 nm thickness of the as-prepared sample, revealing the
monolayer characteristic of 0.1 V-MoS,. In our previous work,
phase-shifting interferometry (PSI) was confirmed to be a
reliable way to determine the layer number of two-dimensional
materials, > * depending on the contrast under optical
microscopy. Therefore, the monolayer characteristics of 0.1
V-MoS, were further identified by the contrast under optical
microscopy. The OPLs of the horizontal and vertical lines
across the nanosheet in 0.1 V-MoS, are 16.5 and 16.4 nm
(Figure 1c), which can be a criterion to determine the layer
number of bare MoS, and the other doped samples. Here PSI
was also used to confirm the layer number of bare MoS,, 1 V-
MoS,, and 2 V-MoS, (Figure S2), and the corresponding
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Figure 2. (a) Mo 3d and (b) S 2p spectra of V-doped MoS, with different concentrations.
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Figure 3. (a) TEM image and the corresponding elemental mapping results of 2 V-MoS,. (b) Atomic resolution STEM-ADF image of 2 V-MoS,;

inset shows the magnified image based on the red rectangular region.
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Figure 4. Optical image, the corresponding PL intensity mapping, and extracted PL intensity along the dotted line of bare MoS, (a), 0.1 V-MoS,

(b), 1 V-MoS, (c), and 2 V-MoS, (d).

OPLs are almost equal to that of 0.1 V-MoS,, indicating the
monolayer characteristic of the as-prepared samples.

To further illustrate the effect of V doping on the chemical
structure and energy levels of MoS,, XPS spectra of V-doped
MoS,, with different doping concentrations, as well as bare
MoS, are carried out. Figure 2(a,b) shows that the Mo 3d and
S 2p peaks of V-doped samples gradually shift to lower binding
energy with increasing doping concentration compared to bare
MoS,, indicating that the Fermi level of V-doped MoS, shifts
closer to the valence band. The lowering of the Fermi level of
V-doped samples indicates that V introduces p-type doping in
the MoS, monolayer.”> According to the survey spectra of as-
prepared samples (Figure S3), the Mo, S, O, and C elements
are characterized. However, the V element cannot be detected,
possibly due to the tiny amount of V element relative to the
main Mo and S elements. Here, to further probe the
composition and spatial distribution of the constituent
elements in as-prepared doped samples, energy-dispersive X-
ray (EDX) spectroscopy under scanning transmission electron
microscopy (STEM) was carried out based on 2 V-MoS,, as
shown in Figure 3a. The element mapping results indicate the
existence of V element. Additionally, the STEM-ADF (annular
dark filed) image of 2 V-MoS, is also given in Figure 3b. Due
to differences in atomic Z-numbers, V atoms should display a
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darker contrast compared to that of Mo atoms.*® According to
the inserted magnified image in Figure 3b, V atoms with a
darker contrast occupy the Mo sites, corresponding to the area
with red circles. Therefore, together with the binding energy
shift and the lowered Fermi level of V-doped samples in the
XPS spectra, it can be concluded that V as a kind of doping
element was indeed incorporated into the MoS, lattice.

It is well-known that CVD-grown TMDs usually exhibit
different PL intensities at the edge and core of nanosheets. To
clearly investigate the effect of V doping on the luminescent
properties of monolayer MoS,, the optical images and the
corresponding room-temperature PL intensity spatial mapping
for bare MoS,, 0.1 V-MoS,, 1 V-MoS,, and 2 V-MoS, are given
in Figure 4(a—d). Obviously, bare MoS, shows weak PL
intensity, possibly attributed to the large number of electrons
induced by sulfur vacancies that transform most of the excitons
into negative trions. On the contrary, according to the PL
intensity mapping images of the as-prepared samples, the
doped samples with different doping concentrations exhibit
dramatically enhanced PL intensity. To further detail the PL
intensity distribution of the as-prepared samples, the PL
intensity along the dotted line was also extracted. It was found
that the PL intensity of 1 V-MoS, in the central spot is nearly
four times larger than that of bare MoS,, and this enhancement

https://dx.doi.org/10.1021/acsanm.0c03083
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Figure 5. (a) PL spectra of the as-prepared samples, and the corresponding fitting curves of (b) bare MoS,, (c) 0.1 V-MoS,, (d) 1 V-MoS,, and (e)
2 V-MoS,. (f) The comparison of trion, exciton, and total intensity of the as-prepared samples. The inset shows the ratio of trion to total intensity

in different samples.

is almost unaffected by excitation power, as shown in Figure
S4. Because DFT (density functional theory) simulations’
showed that the n-doping effect was achieved when the doping
elements have more d-level electrons than those of Mo,
otherwise exhibiting a p-doping effect,”” there is a reason to
believe that enhanced PL intensity of V-doped MoS, is
attributed to the p-doping effect, which makes the dominant
PL process change from negative trion recombination to
exciton recombination. It should be noted that PL intensity of
2 V-MoS, decreased a little compared to 1 V-MoS,. The main
reason is that an excess of V atoms can serve as nonradiative
recombination centers and then quench luminescence.
Considering the differences between monolayer nanosheets
in each sample, the PL intensity spatial mapping for these four
samples based on the other monolayers was also tested, as
shown in Figure SS. It was found that V-doped MoS, exhibited
nonuniform PL intensity, possibly due to heterogeneous V
doping. Despite this, the variation trend of PL intensity was
consistent with the former results, indicating the reliability of
the PL testing results.

For better comparison, further PL analyses are all based on
PL spectra that are obtained from the center spot of monolayer
MoS, with and without V doping. As shown in Figure Sa, the
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peak position in PL spectra of monolayer MoS, is red-shifted
with increasing doping concentration, and the changes in PL
intensities of the as-prepared samples are consistent with the
former spatial mapping results. Moreover, it can be found that
V-doped MoS, exhibited line width narrowing compared to
bare MoS,, possibly attributed to the reduction of defect-
related nonradiative recombination paths and suppression of
the structural defects. To further understand the spectral
changes of different samples, the spectral changes of the
exciton (X) and the trion (X7) in peak A are considered. Peak
A can be decomposed into the exciton peak and negative trion
peak under the same Lorentzian fitting condition (adjacent R-
square value equal to 0.9999). It was found that the PL spectral
weight of the negative trion peak at 1.80 eV (red line) is
greater than that of the exciton peak at 1.84 eV (blue line) in
bare MoS, (Figure Sb). This experiment is in accordance with
the formerly reported results,'* in which the trion recombi-
nation is dominant in as-prepared monolayer MoS, due to the
unintentional electron doping. On the contrary, the PL spectra
of monolayer MoS, after V doping are dominated by the
exciton peak (Figure Sc—e), which confirms that the excitons
can recombine without transforming to trions due to the
decrease in the number of electrons in V-doped MoS,,
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under different gate voltages from —30 to 30 V.

indicating the p-doping effect of V-doped MoS,. Figure S5f
shows the integrated exciton and trion intensities as a function
of the doping concentration. The integrated exciton intensity
first increases with increasing doping concentration, but further
increase in doping concentration (2 V-MoS,) leads to
degenerated exciton intensity. PL intensity is determined by
the ratio of radiative and nonradiative recombination rates.
Commonly, the nonradiative recombination rate contains the
rates of defect trapping. With a further increase in V dopant, an
excess of V atoms can be set as a defect state that exhibits an
enhanced nonradiative recombination rate, leading to the
decreased PL intensity of 2 V-MoS,. According to Figure Sf,
the ratio of trion intensity to total PL intensity for bare MoS,,
0.1 V-MoS,, 1 V-MoS,, and 2 V-MoS, is 53.0%, 47.4%, 39.0%,
and 38.4%, respectively. Similarly, considering the differences
between nanosheets in each sample, the trion ratio of these
four samples was calculated again based on the PL spectra
extracted from Figure SS. On the basis of the extracted spectra
in Figure S6a, the trion ratio of bare MoS,, 0.1 V-MoS,, 1 V-
MoS,, and 2 V-MoS, is calculated as 57.6%, 43.5%, 39.8%, and
39.2% (insert of Figure S6b), which also exhibits a monotoni-
cally decreased relative trion intensity with an increased V
doping concentration. Additionally, together with the former
two sets of data, a new set of data obtained from the other
nanosheets of as-prepared samples is added, and the error bars
are also calculated, as shown in Figure S7, revealing a similar
decreased trion ratio with increased V dopant. Therefore, it is
anticipated that V-doping induced hole injection neutralizes
the electrons in monolayer MoS,, making the exciton
recombination prior to the negatively charged trion recombi-
nation.

It is also believed that the intensities of trions and neutral
excitons can be modulated by applying gate voltage. Here, to
confirm the effect of V doping on the optical properties of
MoS,, we also investigated the gate-dependent PL of doped
samples. The device structure and the corresponding PL
spectra are shown in Figure 6a. It should be pointed out that
the as-prepared monolayer sample is grounded through the Au
contact pad, and the n*-doped Si substrate functions as a back
gate. Taking 2 V-MoS, as an example, the PL intensity was
increased when applying negative voltage and was decreased
under positive voltage. This phenomenon can be attributed to
the interaction of excitons with gate-voltage-induced changes
of free charge carriers in 2 V-MoS,. Considering the largely
increased PL intensity of V-doped samples, as described in
Figure 4 and Figure Sa, the V-doping effect is equivalent to the

774

effect of imposed negative voltage, which injects the hole to
neutralize the sulfur vacancy-induced electrons in MoS, and
then improves the ratio of exciton recombination. Figure 6b
presents the integrated exciton and trion intensities and their
total contribution as a function of gate voltage for 2 V-MoS,. It
was also found that both exciton and trion intensity show a
monotonous decrease with the change of gate voltage from
—30 to 30 V. Different from commonly reported non-
monotonous changes in exciton intensity and trion intensity,38
the monotonous decreased intensity probably arise from the
larger number of electrons that cannot be completely
neutralized in the current negative voltage and cannot form
positive charged trions. Moreover, according to the inset of
Figure 6b, the ratio of trion to total intensity almost exhibits
the monotonically decreased relative trion intensity with the
gate voltage change from 30 to —30 V, which exhibits a similar
change trend as in the inset of Figure 5f and Figure S6b,
indicating the p-doping effect of V doping. It should be noted
here that the tiny changes in PL intensity under the gate
voltage could be attributed to the lower electron/hole injection
efficiency of the as-prepared devices. Moreover, to further
detail the effect of V doping on the optical properties of MoS,,
the FET properties of bare MoS, and V-doped MoS, with
different doping concentrations were also measured. Figure S8
shows the I3—V, curves of the as-prepared samples at V4 = 0.5
V. It was found that the bare monolayer MoS, exhibits an n-
type semiconductor behavior with a threshold voltage at —10
V. After the V-doping process, the threshold voltage (Vy,) is
shifted in the positive direction from —10 to 12 V, while
retaining a similar on/off ratio and obvious n-type behavior.
Because the doped samples have electron density much lower
than that of bare MoS,, high positive V, was needed to increase
the electron concentration in FET channels, leading to a more
positive threshold voltage in V-doped samples. The positive
shift in threshold voltage further indicates the p-doping effect
of V doping,®” which is consistent with the former discussion.

Commonly, the PL peak energy of direct-bandgap semi-
conductors is equal to the optical band gap.*"9 Here, to further
detail the effect of V doping on the PL peak energy and the
corresponding optical bandgap of monolayer MoS,, the
temperature-dependent PL spectra of bare MoS,, 0.1 V-
MoS,, 1 V-MoS,, and 2 V-MoS, were also employed, as shown
in Figure S9. The temperature-dependent PL spectra of the as-
prepared samples all exhibit a blue-shift with decreasing
temperature, which is consistent with the commonly reported
band gap reduction with temperature for many semi-
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conductors.® Moreover, the temperature dependence of
exciton and trion peak position and peak intensity in the as-
prepared samples can also be extracted by using the same
fitting method as described in Figure S(b—e), as shown in
Figure 7a. We find that the exciton peak position fits very well
using a standard semiconductor bandgap dependence of Eg( T)
= Eg(O) — (aT*/(T + p)), where parameters a and S are
constants, and E,(0) is the optical band gap value as T
approaches 0 K.*”*' From further fits based on the former
equation, the Eg(O) for bare monolayer MoS,, 0.1 V-MoS,, 1
V-MoS,, and 2 V-MoS, is 1.920, 1.890, 1.885, and 1.847 eV,
respectively. Therefore, the red-shift in PL spectra of
monolayer MoS, after V doping can be well explained by the
gradually decreased optical bandgap of MoS, with increasing
doping concentration (Figure 7b). The optical band gap
usually describes the energy required to create an exciton
(electron—hole pair) via optical absorption,** which is usually
dependent on the strain,” dielectric screening,** or alloying
effect.”® In this work, the alloying, substrate, and strain effect
can be excluded by the nonexistent VSe, phase in the Raman
spectra of doped samples and the similar synthesis conditions
compared to bare MoS,. A possible explanation for the
decreased optical bandgap may be the doping effects acting on
electron—hole interactions in V-doped samples with different
exciton binding energies or electronic bandgaps. Additionally,
the a values of bare MoS,, 0.1 V-MoS,, 1 V-MoS,, and 2 V-
MoS, are 3.8—4E eV/K, 5.2—4E eV/K, 4.4—4E eV/K, and
3.8—4E eV/K, respectively, and the f values of bare MoS,, 0.1
V-MoS,, 1 V-MoS,, and 2 V-MoS, are 400 K, 400 K, 380 K,
and 360 K, respectively. It was found that these two values are
nearly the same among different samples with different doping
concentrations, which are consistent with the reported @ and
values.

As a proof of concept, V-doped MoSe, was also prepared by
CVD. It was found that bare MoSe, and V-doped MoSe, both
exhibited a triangular shape with a lateral size up to 10—20 ym,
and the monolayer characteristics of the as-prepared samples
were also confirmed by PSI testing (Figure S10), PL spectra,
and Raman spectra (Figure S11). PL spatial mapping results
revealed that the PL intensity of MoSe, after V doping was
enhanced compared to bare MoSe,, as shown in Figure S11. As
an n-type semiconductor, the enhanced PL emission of V-
doped MoSe, could be attributed to the decreased electron
concentration in monolayer MoSe, after V doping, which is
consistent with that of V-doped MoS,, indicating the p-doping
effect of V doping.

4. CONCLUSION

In summary, substitutional doping of vanadium(V) atoms with
a series of doping concentrations was prepared by tuning the
molar ratio of MoO; and V,0g powder during the CVD
process, and the tunable optical properties were also achieved.
Compared to bare monolayer MoS,, PL intensities of V-doped
MoS, are dramatically enhanced with increasing doping
concentration, and a further increase in V doping leads to a
small decrease in PL intensity. Especially, the PL intensity of
V-doped MoS§, with the optimal ratio is four times larger than
that of bare MoS,. Further PL spectra fittings show that the PL
spectra of monolayer MoS, after V doping are dominated by
the exciton peak, and the ratio of trion to total intensity in V-
doped samples is decreased with increasing doping concen-
tration, indicating that V doping as a p-type dopant makes
exciton recombination prior to the negatively charged trion
recombination. A similar decreased trion ratio in gate-
dependent PL from —30 to 30 V further indicates the p-
doping effect of V doping. Furthermore, the important role of
V doping in PL intensity is further validated by comparing a
slightly enhanced PL intensity through applying gate voltage
with the largely enhanced PL intensity through V doping.
Additionally, based on low-temperature PL spectra fitting using
the Varshni equation, the optical band gap of monolayer MoS,
changes from 1.920 to 1.847 eV after V doping, which could be
attributed to the doping effects acting on electron—hole
interactions in the V-doped samples. Moreover, on the basis of
I4—V, curves of the as-fabricated field-effect transistors
(FETs), the threshold voltage (V) is shifted in the positive
direction from —10 to 12 V with increasing doping
concentration, which arises from p-type doping. Combined
with the enhanced PL intensity of V-doped monolayer MoSe,,
the ability of substitutional V doping to tune the optical
properties of 2D TMDs are further confirmed.
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