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Effects of Vanadium Doping on the Optical Response and
Electronic Structure of WS2 Monolayers

Frederico B. Sousa, Boyang Zheng, Mingzu Liu, Geovani C. Resende, Da Zhou,
Marcos A. Pimenta, Mauricio Terrones, Vincent H. Crespi, and Leandro M. Malard*

2D dilute magnetic semiconductors have been recently reported in transition
metal dichalcogenides doped with spin-polarized transition metal atoms, for
example vanadium-doped WS2 monolayers, which exhibit room-temperature
ferromagnetic ordering. However, a broadband characterization of the
electronic band structure of these doped WS2 monolayers and its dependence
on vanadium concentration is still lacking. Therefore, power-dependent
photoluminescence, resonant four-wave mixing, and differential reflectance
spectroscopies are performed here to study optical transitions close to the A
exciton energy of vanadium-doped WS2 monolayers at three different doping
levels. Instead of a single A exciton peak, vanadium-doped samples exhibit
two photoluminescence peaks associated with transitions from a donor-like
level and the conduction band minima. Moreover, resonant Raman and
second-harmonic generation experiments reveal a blueshift in the B exciton
energy but no energy change in the C exciton after vanadium doping. Density
functional theory calculations show that the band structure is sensitive to the
Hubbard U correction for vanadium, and several scenarios are proposed to
explain the two photoluminescence peaks around the A exciton energy region.
This work provides the first broadband optical characterization of these 2D
dilute magnetic semiconductors, shedding light on the novel and tunable
electronic features of V-doped WS2 monolayers.

1. Introduction

Tuning the electronic, optical, magnetic, and physico-chemical
properties of 2D transition metal dichalcogenides (TMDs)
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through defect engineering provides mul-
tiple pathways for diverse applications.[1–5]

For example, a dilute magnetic semicon-
ductor (DMS)[6] can be achieved by incor-
porating transition metal atoms as substi-
tutional defects in TMD monolayers.[7–12]

Vanadium-doped WSe2
[10,11] and WS2

[12]

samples have shown long-range ferromag-
netic ordering even above room tempera-
ture, thus opening possibilities for spin-
tronic device fabrication. However, among
the significant challenges to be overcome in
this field, such as gate-tunability and the en-
hancement of the magnetic moments,[13,14]

there is a fundamental need for broadband
optical and electronic structure characteri-
zation of these doped 2D semiconductors.
Here, we study pristine and V-doped

WS2 monolayer samples with three differ-
ent doping levels (low, moderate, and high
V doping) to explore the dependence of the
optical response on the vanadium concen-
tration near the three main excitonic ener-
gies (A, B, and C excitons), using power-
dependent photoluminescence (PL), reso-
nant Raman spectroscopy, resonant four-
wave mixing (FWM) and second-harmonic

generation (SHG) spectroscopies, and differential reflectance
spectroscopy. Power-dependent PL, resonant FWM, and differ-
ential reflectance spectroscopies showed a splitting of the A ex-
citon with one peak blueshifting and the other one redshifting
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Figure 1. a–c) Normalized room temperature PL spectra for pristine (a), ≈0.4 at% (b), and ≈2.0 at% (c) vanadium doped WS2 monolayers with dif-
ferent laser powers. All spectra were obtained with an excitation wavelength of 561 nm and were normalized by the higher energy peak (P2) intensity.
d–f) Power-dependent PL intensity showing a linear power dependence for the pristine WS2 peak and V-doped WS2 higher energy peak (P2) and a
sublinear dependence for the V-doped WS2 lower energy peak (P1).

under increasing vanadium doping. In addition, the sublinear
power dependence of the P1 PL peak intensity indicates an op-
tical transition from a donor-like state. The Raman resonances
show a blueshifting B exciton energy, while SHG resonant pro-
files show no change in the C exciton energy with increasing
vanadium concentration. Density functional theory (DFT) calcu-
lations for the band structure of V-doped WS2 with a Hubbard
U correction (U = 0 to 5 eV) for vanadium, including transition
dipole moments, were performed to elucidate the optical transi-
tions observed in experiment. Beyond broadband optical charac-
terization, our work also shows the potential of resonant Raman
and nonlinear techniques to probe electronic features in doped
2D semiconductors.

2. Results and Discussion

2.1. Power-Dependent Photoluminescence

The pristine and V-doped WS2 monolayers used in this work
were synthesized by single-step chemical vapor deposition (CVD)
as described by Zhang et al.[12] (a detailed description of the
growth of the samples can be found in Methods). To con-
firm the presence of substitutional V atoms at W sites and to
determine their concentration, high-angular annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
imaging was performed in four distinct samples, as shown in
Figure S1a–d (Supporting Information). Besides the pristine

sample (Figure S1a, Supporting Information), a statistical analy-
sis of Figure S1b–d (Supporting Information) revealed the atomic
percentages (at.%) of vanadium to be ≈0.4 at.%, ≈2.0 at.%, and
≈8.0 at.%, respectively (refer to Experimental Section for a de-
tailed description of the vanadium concentration calculation).
Therefore, we were able to investigate the impact of vanadium
dopants in the WS2 monolayer on optical properties at three dif-
ferent doping levels: low (≈0.4 at.%), moderate (≈2.0 at.%), and
high (≈8.0 at.%).
To experimentally study the electronic structure modifications

in these samples due to vanadium doping, we first employed
room-temperature power-dependent PL measurements with an
excitation wavelength of 561 nm, as shown in Figure 1a–c (PL
measurements for the ≈8.0 at.% sample are shown in Figure S2,
Supporting Information). While the pristine sample exhibits a
single PL peak at 1.96 eV related to the A exciton emission,[15,16]

the doped samples display one peak in the energy range of 1.8–
1.9 eV (we call P1) and a second peak at ≈2.0 eV (P2), similar
to reported results.[17] As the doping level increases, the P1 peak
redshifts and the P2 peak blueshifts. The PL spectra were nor-
malized by the P2 intensity (A exciton intensity in the case of
pristine WS2). Similar to other works,[18–20] the substitutional de-
fects broaden the PL peak and reduce the integrated PL inten-
sity. For comparison, the A exciton peak in the pristine sample
presents a full width at halfmaximum (FWHM) of approximately
40 meV, while the P1 peak exhibits a FWHM in the range of 100–
150 meV for the doped monolayers. All PL spectra were fit by
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Figure 2. a) FWM energy diagrams for non-resonant and resonant conditions. The colored arrows correspond to the photons of the FWM process
as described by Equation (1), and the solid (dashed) black lines represent real (virtual) states. b–d) Four-wave mixing (FWM) resonant profile (black
squares) and its Gaussian fit (red line) together with the PL spectra (dashed brown line) for pristine (b), ≈0.4 at% (c), and≈2.0 at.% (d) vanadium-doped
WS2 monolayers. The FWM resonances align with the P2 peak for the V-doped samples. The laser powers for 𝜔pump, 𝜔1064, and PL are 5mW, 5mW, and
100μ W, respectively.

Gaussian peaks; their intensities as a function of laser power are
shown in Figure 1d–f. Beside the expected linear power depen-
dence of the A exciton peak in pristine WS2, there is a linear (for
P2) or sublinear (for P1) power dependence for V-doped samples.
This P2 linearity indicates

[21,22] that it is associated with an exci-
ton emission, while the sublinearity of P1 means that it is related
to a radiative recombination process from a donor or to an accep-
tor level. As HAADF-STEM data reveal no increase in S vacan-
cies in the V-doped samples, similar to Ref. [17], this donor or
acceptor level should be related to vanadium dopants. Although
DFT calculations without Hubbard U correction show no mid-
gap states,[12,23] here, we show a donor-like state near the conduc-
tion bandminima when aU correction for vanadium is included,
as we discuss later. Hence, the P1 peak is presumably related to
this donor-like level.
We also performed PL experiments at low temperatures (from

4 to 80 K) for ≈0.4 at.% and ≈2.0 at.% doped samples, as shown
in Figure S3 (Supporting Information). While the P2 peak domi-
nates the ≈0.4 at.% sample’s PL spectra at low temperatures, the
≈2.0 at.% doped monolayer presents both P1 and P2 PL peaks.
In either case, we see no sign of multiple emissions in these
two peaks. In addition, the PL spectra at low temperatures (as
well as at room temperature) show a broader P1 peak for the
≈2.0 at.% sample as compared to the A exciton peak from the
pristine sample. This broader linewidth might be related to a

shorter lifetime of the excited electrons in the V-doped mono-
layers, where dopants can act as scattering centers. To further in-
vestigate these electronic states, we next perform FWM and dif-
ferential reflectance spectroscopy experiments.

2.2. Resonant Four-Wave Mixing

As shown by Lafeta et al.,[24] nonlinear optical techniques such
as FWM can be used to determine excitonic energies. FWM is
a third-order nonlinear optical process in which three photons
interact in a nonlinear material to generate a fourth photon at
a linear combination of the three incident photon frequencies
(with coefficients ±1). Here, we measured a degenerate FWM
in which two incident photons with the same variable frequency
𝜔pump (from 720 to 950 nm) interact with a third photon of a fixed
frequency 𝜔1064 (1064 nm) to generate a fourth photon with fre-
quency:

𝜔FWM = 2𝜔pump − 𝜔1064 (1)

Figure 2a shows the energy diagram of this degenerate FWMpro-
cess for both non-resonant and resonant conditions. The wide
wavelength range of the resulting 𝜔FWM (544 to 858 nm) allowed
us to probe resonant responses over the energy window of the
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WS2 monolayer A exciton (600 to 680 nm). Figure 2b-d shows
the FWM resonant profiles with Gaussian fits, as well as the PL
spectra for three samples (pristine and dopedWS2 with≈0.4 at.%
and ≈2.0 at.% vanadium). The FWM results for the ≈8.0 at.%
doped sample are not shown due to its weak intensity. The res-
onant behavior of the FWM data for the pristine WS2 mono-
layer (Figure 2b) agrees with its single PL peak. The few-meV en-
ergy shift between the FWM resonant response and the PL peak
is presumably due to a Stokes shift.[25,26] Figure 2c,d show that
both the ≈0.4 and ≈2.0 at.% doped samples present a strong
FWM resonant response at the energy of the P2 peak, as well
as the same Stokes shift. The ≈0.4 at.% doped sample shows
no distinguishable resonance close to the lower-energy P1 peak,
while the ≈2.0 at.% doped sample shows a minor FWM reso-
nant feature around the P1 PL peak energy. The strong FWM
resonance at the P2 energy is in accord with reported nonlin-
ear optical resonant response related to excitonic states at the
conduction band minima in 2D TMDs.[24,27] Moreover, our re-
sults suggest that nonlinear optical resonances associated with
donor-like levels are weaker than nonlinear resonances related
to the conduction band.[28] Differential reflectance experiments
given in Figure S4 (Supporting Information) also show that the
P2 peak dominates the absorption spectra for doped samples. As
the FWM resonant response depends on thematerial absorption,
the differential reflectance data corroborate the weaker P1 FWM
resonance.

2.3. Resonant Raman Scattering

To further characterize the electronic structure modifications in
monolayerWS2 due to vanadiumdoping, we performed resonant
Raman spectroscopy measurements to probe the B exciton en-
ergy range. Figure S5 (Supporting Information) shows the Ra-
man spectra of pristine and V-doped WS2 monolayers obtained
with an excitation wavelength of 521 nm. Despite a decrease in
the intensity of the Raman peaks when the vanadium concen-
tration increases to ≈2.0 at.%, there are no substantial modifi-
cations in the Raman spectra. In contrast, the Raman spectrum
for the ≈8.0 at.% sample is significantly modified, reflecting al-
loy formation at this high doping level. In addition, Figure S6
(Supporting Information) shows Raman spectra of these pris-
tine and V-dopedWS2 monolayers for 14 different laser lines. All
spectra were normalized by the silicon peak intensity (520 cm−1

peak), considering its Raman cross-section[29] for each laser line.
A strong dependence of the intensities of the Raman peaks on
the excitation energy can be observed. This dependence, plotted
as Raman excitation profile (REP), varies with the doping concen-
tration, indicating different resonant excitation behaviors among
the studied samples. The intensity of a first-order Ramanmode is
Ref. [30]

I(Epump) = C
|||||
∑
m,n

⟨f |He−r |n⟩⟨n|He−ph|m⟩⟨m|He−r |i⟩
(Eexciton − Epump + i𝛾)(Eexciton − Epump + Eph + i𝛾)

|||||
2

(2)

where the numerator holds matrix elements for electron-
radiation (He − r) and electron–phonon (He − ph) interactions be-
tween the initial (i), intermediate (m and n), and final (f) quantum
states. Resonance occurs when the incident (Epump) or scattered

(Epump − Eph) photon energymatches the electronic transition en-
ergy (Eexciton). 𝛾 is a damping factor relating to the inverse lifetime
of the resonant scattering process.[30]

To plot the REP, we may choose a Raman peak that has suf-
ficient Raman intensity and to be easily identified over the mea-
sured excitation energies. Figure 3a shows the Raman spectrum
of a pristine WS2 monolayer obtained with 521 nm excitation.
Peak positions and their Raman mode assignments have been
investigated by other researchers.[31–33] Among these peaks, the
2LA(M), E2g, and A1g modes have the largest intensities for all the
excitation energies used, as shown in Figure S7 (Supporting In-
formation). However, 2LA(M) and E2g are not ideal for plotting
REP because their energies are almost degenerate, making it dif-
ficult to separate their signals, leaving A1g as the best choice for
plotting REP.
The A1g peaks for all Raman spectra displayed in Figure S6

(Supporting Information) were fit by Lorentzian functions to
extract their intensities; the resulting A1g REPs are shown in
Figure 3b–e. These data points were further fit by Equation (2)
with the A1g frequency for each sample being the phonon energy
Eph, and then plotted as red lines. As the pristine, ≈0.4 at.%, and
≈2.0 at.% samples present two resonant responses (one centered
around 2.4 eV and another at higher energies), we have used
two distinct values of Eexciton to fit the data. The ascertainment
of the resonant energy value around 2.4 eV is not affected by
the uncertainty of the value of the higher-energy resonance be-
cause of their large spectral distance. The WS2 monolayer with
≈8.0 at.% vanadium concentration shows only one resonant fea-
ture and thus was fit to a single value of Eexciton. The lower (B
exciton) resonance energies produced by the fits are 2.42, 2.44,
2.49, and 2.57 eV for the pristine, ≈0.4 , ≈2.0 , and ≈8.0 at.%
samples, respectively. For the pristine sample, the 2.42 eV peak
agrees with reported values for the WS2 monolayer B exciton en-
ergy measured by other groups with the same[34] and different[35]

techniques. Therefore, it is reasonable to assign the REP peak
energy as the B exciton energy in each sample, and thus we ob-
serve a B exciton blueshift under increasing vanadium concen-
tration. This blueshifting feature is also observed in differential
reflectance measurements and the REP of the LAmode of those
samples, as shown in Figure S4 and S8 (Supporting Informa-
tion), respectively.
Resonant SHG was also used to probe the higher-energy

transitions in pristine and V-doped WS2 samples. As shown
in Figure S9 (Supporting Information), the pristine sample
presents a clear resonance due to the C exciton.[36,37] Further-
more, the V-dopedWS2 samples (Figure S9, Supporting Informa-
tion) show similar resonance energy, indicating that vanadium
doping did not substantially modify this transition. Hence, be-
yond the electronic characterization of the samples, the results
discussed above also demonstrate an optical method to identify
the vanadium doping level in WS2 monolayers by measuring the
energy splitting and intensity ratio of P1 and P2 PL peaks, as well
as by probing the B exciton energy. To summarize these exper-
imental results, Figure 4 shows P1, P2, B exciton and C exciton
energies forWS2 monolayers with respect to their vanadium con-
centration for all optical techniques used in this work. In addi-
tion, Supporting Figure S10 (Supporting Information) presents
the intensity ratio of P1 and P2 PL peaks for the pristine and V-
doped samples.
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Figure 3. a) Raman spectrum of a pristine WS2 monolayer obtained with 521 nm laser excitation. The peak positions and some of the Raman modes
are assigned. The Lorentzian peak fits of selected Raman modes are shown in different colors below the spectra. b–e) Raman excitation profiles of the
A1g Raman mode (highlighted in pink in (a)) for the (b) pristine, (c) ≈0.4 at.%, (d) ≈2.0 at%, and (e) ≈8.0 at.% V-doped WS2 monolayers. The solid red
lines show the fits to Equation (2).

2.4. Electronic Structure Calculation

To understand the optical properties observed in experiment, we
examined the band structures (Figures S11– S17, Supporting In-
formation) of pristine and V-doped WS2 with a Hubbard U cor-
rection (U = 0 to5 eV) for vanadium and calculated the transition
dipolemoments to identify candidate transitions, as summarized
in Figure 5. The optical transitions in WS2 mainly relate to the
dx2∕dxy orbitals at the valence band maximum (VBM) and the dz2
orbitals at the conduction band minima (CBM) at the K or −K
valleys.[38] The defect states from the vanadium dopant mainly
have the character of vanadium dz2 (see Figure 6a), so their hy-
bridization with the CBM is plausible. When U is small (U ⩽ 2
eV), the defect state in the conduction band is far from the band
edge, thus it does not hybridize well with the CBM. However, the
defect state still shows a non-negligible optical coupling to the
valence bands at the K valley. In this case (U ⩽ 2 eV), the A and

Figure 4. Summary of P1, P2, B exciton (XB), and C exciton (XC) energies
for WS2 monolayers with respect to their vanadium doping concentration
measured by PL, resonant FWM, resonant Raman, absorption (differential
reflectance), and resonant SHG measurements. The shadowed areas are
a guide to the eyes.

B excitons can be easily identified. We find a valley degeneracy
breaking of ≈ 0.02 to ≈ 0.1 eV as U increases. If U further in-
creases, the defect state in the conduction band drops in energy
and hybridizes with the spin-up CBM (i.e., the same spin as the
defect state). The resulting hybridized states both show large op-
tical transition matrix elements with the dx2∕dxy valence bands.
When U ⩾ 3 eV, we cannot identify the A exciton at the K valley
or the B exciton at the −K valley, so we tentatively call them “up-
per” and “lower” spin-up transitions; we will discuss these later.
This hybridization explains why the spin-up transitions are sen-
sitive to the value of U. On the other hand, the spin-down defect
states are far from the CBM and consequently do not hybridize
with it; thus the spin-down transitions are insensitive to the value
of U.

Figure 5. Transition energies with largest transition dipole moments in
V-doped WS2 (1 vanadium in a 5 × 5 supercell). The dashed line shows
the calculated A, B exciton energies in pristine WS2. The extension to U >

5 eV is drawn schematically following the trend from the plot. Valley de-
generacy breaking is non-negligible even without a Hubbard U correction
for vanadium. The band structure and consequently the optical proper-
ties are sensitive to the value of U. As U increases, transitions associated
with spin-up states redshift, while those related to spin-down states are
relatively insensitive to the Hubbard U. Rectangles highlight four possible
scenarios to explain the ≈0.13 eV energy difference between the P1 and P2
peaks.
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Figure 6. a) Band structure of V-doped WS2 with U = 2.0 eV for vanadium. For each state, a circle is plotted with size proportional to the projection
onto the vanadium dz2 orbital and color indicating the spin (red=up, blue=down). The vanadium defect state in the conduction band, mainly with dz2
character, has spin-up and hybridizes with the spin-up conduction band minima. The spin-down defect states remain far away from the conduction band
edge. b) Band structure and transition dipole moments of V-doped WS2 with U = 2.0 eV for vanadium. The energies of transitions at K with the largest
transition dipole moments are 1.42;1.73;1.87eV. The energies of transitions at −K with the largest transition dipole moments are 1.53;1.78 eV. These
two panels (a,b) also serve as a semi-quantitative representation of the U ≈ 2.5 eV scenario where P1 transition would be from a donor-like state. c,d)
Schematic illustration of band structure and optical transitions for the A exciton and the P1/P2 in the U ≈ 2.5 eV scenario. The pristine sample presents
its degenerate A exciton recombination at K and −K valleys (c). V-doped WS2 displays valley degeneracy breaking (d), where P1 is from a donor-like level
while P2 is from one of the dispersive conduction band minima. The black bands are associated with P1 or P2 optical transitions, while the gray bands
are not related to them.

Identifying the origin of the experimental peaks is not straight-
forward due to the sensitivity of the band structure to the value
of U, in addition to the underestimation of optical transition en-
ergies in DFT at the PBE level.[39] We therefore concentrate on
the ≈ 0.13 eV splitting of P1 and P2 around the A exciton en-
ergy region in Figure 1 and find four possible scenarios with
U of ≈2.5; ≈3; ≈4.5; >5 eV, as highlighted by the black rectan-
gles in Figure 5. Although there may be more than two lines
in each rectangle, there are only two energies. We discuss these
two energies as candidate origins for P1 and P2, meaning the P1
or P2 features may arise from more than one transition. In the
U ≈ 2.5 eV scenario, the P1–P2 energy difference is from the val-
ley degeneracy breaking of the A exciton. This scenario can be
semi-quantitatively represented by theU= 2.0 eV case (Figure 6a;
S14, Supporting Information), in which the hybridization be-
tween the vanadium defect state and the spin-up CBM results
in the P1 peak transitioning from a donor-like level. In the U ≈ 3
eV scenario (Figure S15, Supporting Information), P1 is the A
exciton at −K and P2 could be from two transitions, namely the
upper spin-up transition at K and the lower spin-up transition at
−K, since their energies coincide. In the U ≈ 4.5 eV scenario, as
semi-quantitatively represented in Figure S16 (Supporting Infor-

mation), the A exciton and the lower transition energies at −K
have similar energies, so they both could be the P1 peak, while
the upper spin-up transition at K could be the P2 peak. In the U
> 5 eV scenario, as semi-quantitatively represented in Figure S17
(Supporting Information), P1 is the lower spin-up transition and
P2 is the A exciton at −K.
Among these scenarios, U ≈ 3; ≈ 4.5 eV can qualitatively ex-

plain the blueshift of the P2 peak relative to the pristine A exciton.
In theU ≈ 3; ≈4.5; >5 eV scenarios, the high energy of the upper
spin-up transition at −K (light red in Figure 5) could qualitatively
explain the blueshift of the B exciton. In the U ≈ 2.5; >5 eV sce-
narios, P1 is associated with a donor-like or mid-gap state, while
P2 is associated with the dispersive band edges, which can explain
the sublinear and linear behaviors of P1 and P2 in the power-
dependent PL, respectively. Considering that in the U ≈ 2.5 eV
scenario, the P1 and P2 peaks are from the two transitions with
the largest transition dipole moments, this scenario might be the
best model identifiable at this level of theory. Although none of
these scenarios can fully explain all of the optical responses ob-
served in the experiments, they provide relevant insights into the
electronic structure modifications introduced by the presence of
vanadium in the WS2 monolayer as well as its dependence on
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the Hubbard U correction. Further investigation, for example, a
more accurate calculation in theGW-BSE approach,[40] is needed
to further elucidate the origins of these splittings/shifts in exci-
ton energies.

3. Conclusion

In summary, we studied the dependence on vanadium doping
of the electronic band structure and optical transitions in WS2
monolayers using several optical techniques. Power-dependent
PL measurements showed that the A exciton PL peak of the pris-
tine WS2 monolayer splits into two PL peaks after vanadium
doping—one (P1) redshifted and another (P2) blueshifted rela-
tive to the pristine A exciton. The sublinear (linear) power de-
pendence of P1 (P2) indicates that P1 (P2) should be related to a
transition from a donor-like (CBM) state. Moreover, FWM exper-
iments showed a strong resonance at the P2 energy and a minor
resonance at the P1 energy, revealing a weaker nonlinear opti-
cal response associated with donor-like levels. Resonant Raman
spectroscopy revealed a blueshift in the B exciton energy under
increasing vanadium doping, while the SHG resonant profile re-
vealed no modifications in the C exciton energy. First-principles
calculations showed a valley degeneracy breaking after vanadium
doping and a strong dependence of the band structure on the
HubbardU parameter for vanadium, providing relevant insights
to understand the experimental data. Our work presents an op-
tical method to help identify the vanadium doping level in WS2
monolayers by measuring P1, P2, and B exciton energies, high-
lighting the potential of broadband optical characterization to
study the impact of defects in 2D materials.

4. Experimental Section
Sample Preparation: In the liquid-assisted CVD method used to syn-

thesize monolayer V-doped WS2 flakes, ammonium metatungstate
hydrate ((NH4)6H2W12O40 ·xH2O) and sodium cholate hydrate
(C24H39NaO5 ·xH2O) powders were first mixed and dissolved in DI
water to form the W precursor solution. A vanadyl sulfate (VO[SO4]) pow-
der was separately dissolved in DI water to form the V precursor solution.
The two solutions were mixed and spin-coated onto SiO2/Si substrates,
and the as-treated substrates were placed in a quartz tube as the reaction
chamber. A sulfur powder was placed upstream in the quartz tube, and
with ultrahigh purity Ar carrier gas streaming, the quartz tube was placed
in a furnace and heated to 825 °C for 15 min for the precursors to react.
After the reaction, the furnace was naturally cooled to room temperature
with Ar protection. Different dopant concentrations were realized by
tuning the volume ratio between the W and V precursor solutions.

Doping Concentration Calculation: The dopant concentration from the
STEM images by identifying the defect type at each lattice site of tung-
sten from the intensity and calculating the ratio between the number of
V dopants and the number of tungsten sites in the FOV, which was inter-
preted as the atomic dopant concentration. This kind of calibration had
been performed on each of the previously studied materials (see Refs.
[11,12,17,41]), and the experiments were conducted only once for each pre-
cursor composition utilized in the synthesis. Therefore, the dopant con-
centration values should be regarded as estimates and indicators of the
degree of electronic structure modification.

Spectroscopy Measurements: The FWM and SHG measurements were
performed with a picosecond OPO laser (APE Picoemerald) with a pump
power of 5 mW for both 𝜔pump and 𝜔1064 for the FMW and 3 mW for the
SHG. The power-dependent PL measurements were performed using a

561 nm CW diode laser. The laser beam was focused on the sample by
a 40× objective with numerical aperture N.A. = 0.95. The backscattered
signal was collected by the same objective and directed to the spectrome-
ter (Andor Shamrock 303i) equipped with a sensitive CCD camera (Andor
IDUS DU401A-BV). Different filters were used to reject laser light from the
spectrometer: a 750 nm or an 842 nm short-pass filter for SHG and FWM
and a 561 nm long-pass filter for PLmeasurements. Differential reflectance
measurements were performed with a white light source focused on the
sample by the same objective and directed to the same spectrometer.

Resonant Raman spectroscopy measurements were performed on a
HORIBA Jobin Yvon T64000 triple-monochromator spectrometer equipped
with a CCD detector and using an 1800 gmm‒1 diffraction grating. The
samples were excited by an Ar-Kr laser to cover excitation energies from
2.18 to 2.81 eV and with an incident power of 0.6 mW. A 100× objective
with numerical aperture N.A. = 0.9 was used to focus the laser beam and
collect the backscattered signal.

We carried out these spectroscopymeasurements at distinct regions on
the pristine and V-doped WS2 monolayers and obtained a reasonable uni-
formity in the optical response, in contrast to non-uniformities reported
in other doped TMD samples.[17,20,42]

Calculations: Density functional theory (DFT) was carried out by
VASP[43–46] at the PBE level[47] with a cutoff energy of 500 eV and a 5 ×
5 × 1 Monkhorst-Pack mesh.[48] The lattice constant for the supercell (1
vanadium doped in 5 × 5 WS2) was kept five times the lattice constant
of primitive WS2 (5 × 3.188Å = 15.94Å), assuming that the low doping
level would have little effect on the lattice constant. The convergence cri-
teria for electronic self-consistency and force relaxation are 1e-7 eV and
0.01 eVÅ‒1 on all atoms. Spin-orbit coupling was included after the relax-
ation process for electronic structure calculations. The rotationally invari-
ant DFT+Umethod[49] was used for the Hubbard U correction. Transition
dipole moments were calculated with the code VaspBandUnfolding.[50]
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