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Atomic Basal Defect-Rich MoS, by One-Step Synthesis and

Mechanism Exploration

Haowen He, FengXue Tan, Yingjiao Zhai,* Fujun Liu,* DengKui Wang, Xuan Fang,

Jinhua Li, and Sophie Laurent*

1. Introduction

Two-dimensional molybdenum disulfide (2D MoS,) shows great promise as a

surface-enhanced Raman scattering (SERS) substrate due to its strong exciton
resonance. However, the inert basal plane limits the performance of SERS. In
this work, a strategy is proposed for the one-step synthesis of atomically basal
defect-rich MoS,. The study first reveals that NaCl plays a two-stage role in
the growth process, where NaCl initially promotes the rapid growth of large
MoS, as previously reported, and then promotes the formation of atomic
basal defects dominated by single sulfur vacancies. Additionally, spectral
changes induced by modulation of experimental parameters and density
function theory calculation show that defect generation occurs during cooling.
Meanwhile, the ratio of E;g to A, in defect-rich MoS, exhibits different
variation trends compared with pristine MoS, in power-dependent Raman,
and the ratio increases with increasing basal defects. In SERS tests, the limit
of detection for rhodamine 6G reached 10~° M, which is comparable to the
performance of conventional noble metal SERS substrate. The activation
strategy of the inert basal plane is applicable to other 2D transition metal
dichalcogenides, and further has the potential to enhance performance in
other domains, such as SERS and hydrogen evolution reactions.
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In recent years, 2D transition metal
dichalcogenide(2D TMD) materials have
attracted broad attention in the surface-
enhanced Raman scattering (SERS) domain
due to their strong excitonic resonance.!'-3!
Monolayer MoS, has been proven to have
excellent SERS performance.*! The A exci-
ton bandgap, ~1.85eV,l’! facillitates MoS,
triggering exciton resonance in visible
light, and electrons can more easily trans-
fer from MoS, to probe molecules than
those in bilayer or multilayer structures.[]
However, the poor dangling bonds on
the basal plane cannot supply sufficient
active sites, and the inert basal plane hin-
ders the improvement of SERS ability.
Thus the introduction of basal defects
shows more significance in enhancing 2D
semiconductor substrates.l’-%)

Rational defect engineering not only
improves the absorption efficiency of
analyte, but also accelerates charge
transfer(CT) and photoinduced charge
transfer(PICT) processes between Mo$S, and molecules."” To ac-
tivate the inert basal plane of MoS,, current strategies can be di-
vided into two categories: physical and chemical methods.['1-14]
The former commonly use chemical reducing agents to treat
MoS,. For example, using NaBH, allows S atoms to react with
H cations to induce basal defect formation."] This effectively
increases the number of active sites but inevitably causes a sol-
vent residue problem, and the treatment is mostly applicable to
few-layer MoS,. Physical strategies can avoid these problems.
For instance, utilizing laser or plasmon irradiation of the surface
can destroy the lattice structure to induce sulfur vacancies, !¢
but this usually leads to a collective loss of atoms in the irradi-
ated region and is unable to form atomic basal defects. High-
temperature annealing can also induce defects but can not guar-
antee uniformity.['l The abovementioned strategies are all based
on the prepared MoS, with secondary treatment for basal plane
activation. This two-step strategy is not only tedious in operation
but also inevitably results in interfacial contamination that re-
duces the performance. Additionally, the introduction of atomic
basal defects can guarantee spatial uniformity and structural
homogeneity, 2% which is conducive to performance enhance-
ment and stability. Therefore, it is vital to activate the inert plane
of MoS, in one step by introducing atomic basal defects.
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Figure 1. a) HAADF-STEM characterization of ABD-MoS, and the distance of < 100 > is 2.60 A, the three images on the right side show zoomed-in
images of different brightness regions, the atomic arrangement along with armchair b) and S-zz c) edge with HAADF intensity profile images, d) XPS

spectra of Mo3d, S2p, Nals in MoS, and ABD-MoS,

In this work, we propose a one-step strategy to obtain MoS,
with atomic basal plane defects(ABD-MoS,). High-angle annular
dark field scanning transmission electron microscopy(HAADF-
STEM) is used to study the type and uniformity of the intro-
duced basal defects. By analyzing the spectral changes under
different reaction parameters, and combining them with the-
oretical calculations, we reveal the mechanism of surface de-
fect formation using NaCl. The strategy also provides a new ap-
proach for activating the basal plane of other 2D TMD mate-
rials. It also provides a new method for application in SERS
domain.

2. Results and Discussion

2.1. The Characterization of ABD-MoS,

HAADEF-STEM and X-ray photoelectron spectroscopy (XPS) re-
vealed many alternating light and dark areas on the surface
of ABD-MoS, (Figure 1a). In the HAADF-STEM image, regions
with higher atomic number (Z) scatter more electrons and ap-
pear brighter. Therefore, the Mo atom (Z = 42) appears the
brightest followed by double sulfur atoms (2S), single sulfur va-
cancy (Vs), and double sulfur vacancy (V). By zooming in on
the three regions with different brightness in Figure la (indi-
cated by red boxes), it becomes evident that the bright region
contains visible S and Mo atoms, the darker region shows de-
creased brightness due to the presence of the Vg, and the dark-
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est region displays only Mo atoms. The blue spheres repre-
sent Mo atoms, the yellow spheres represent 2S, the light yel-
low spheres represent Vg, and the light yellow circles represent
V,s. Consequently, the surface contains a significant number of
Vsand V. Figure 1b,c shows magnified images of selected re-
gions in ABD-MoS, along the armchair and S-zigzag(S-zz) ori-
entation, respectively, along with the HAADF intensity profile.
In this profile, the ratio of S atom intensity to Mo atom in-
tensity indicates that the 2S intensity ratio is ~0.77, while the
V; intensity decreases to 0.65, and the V,q intensity ratio de-
creases to ~0.57. Furthermore, Vg is the predominant type of
defect and is abundantly present on the surface of ABD-MoS,
substrate.

We performed further analysis using XPS. Figure 1d shows
the XPS spectra of the Mo3d, S2p and Nals core-level emissions
for the MoS, sample and ABD-MoS,. The Mo3d of MoS, can
be fitted into three characteristic peaks at 226.19 (S2s), 229.14
(Mo3ds),), and 232.19 eV (Mo3d, ;). The characteristic doublet of
S2p can be fitted into two peaks at 161.79 (S2p; ;) and 162.99 eV
(S2p,,).*" The position of Mo3d;,in ABD-MoS, shifted 0.38 eV
toward a higher binding energy, and S2p; , also exhibits the same
phenomenon, which is commonly related to defect formation.!??]
By utilizing the corresponding sensitivity factor and the integral
intensity of Mo 3ds,, and S 2p;,, we obtained the stoichiomet-
ric ratios of S and Mo for MoS, and ABD-MoS, after calculation
(the calculation is detailed in Equation S1, Supporting Informa-
tion). The result shows that MoS, 4, transforms to MoS, 4y, and
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Figure 2. Comparison of Raman (a) and PL (b) of MoS, and ABD-MoS,, the insert image is SEM image of ABD-MoS, (c) the temperature-dependent PL
spectra of ABD-MoS, (d)the band structure of 4 X 4 supercell MoS, with and without S vacancy on the surface. €) Raman spectra of MoS, and ABD-MoS,
with different laser power. Comparison of the intensity (f) the position of E;g and A;, modes of MoS, and ABD-MoS, with different laser power(g) the

ratio of E; to A;,of ABD-MoS, with different laser power.
g g

the sulfur—sulfur distance is 3.08A. Thus, MoS, 4, with a defect
concentration of 5.5% is equivalent to a sulfur vacancies density
of 1.78 x 10'*cm™. Moreover, it is evident that the characteristic
peak of Na is present only in ABD-MoS, but not in MoS,, which
provides evidence for the formation of basal sulfur vacancies un-
der a Na atmosphere.

2.2. Laser Power-Dependent Characterization of ABD-MoS,

The presence of a large number of basal defects inevitably affects
the lattice stability and electronic properties of ABD-MoS,.[?3]
The shift of the in-plane vibrational peak E;g and the out-of-
plane vibrational peak A;, modes in the Raman spectra of MoS,
can reflect changes in mechanical strain (¢) and electron dop-
ing (n). The E;g mode is more affected by internal mechani-
cal strain, while the A;, mode is sensitive to electron doping
due to strong coupling with electrons.[?*] In ABD-MoS,, SiO, /Si
substrate has a low lattice match with ABD-MoS,, which in-
duces tensile strain and electron doping, while laser irradia-
tion and sulfur vacancies induce compressive strain and elec-
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tron doping.[?>2°] The synergistic effect of above three factors led
to the shift of the E;g and A;, modes. After Raman characteri-
zation of the prepared ABD-MoS, and pristine MoS,, Figure 2a
shows the E;g and the A;, modes of ABD-MoS, (pristine MoS,) lo-
cated at 383.96cm™1(384.52cm™!) and 403.94cm ™~ (404.99cm™),
respectively.?’] The E;g and A, modes of ABD-MoS, were red-
shifted compared to pristine MoS,, which is associated with the
presence of defects,?®] and also proved that the sulfur vacan-
cies induced compressive strain and electron doping. Figure 2b
shows a significant fluorescence quenching in the photolumines-
cence (PL) spectra of ABD-MoS,, with an obvious redshift in peak
position. The inserted SEM image shows the size of ABD-MoS,
to be ~ 28.3 um. This phenomenon indicated electron doping and
the introduction of defect states. In addition, in the temperature-
dependent PL spectra, bound exciton (LX) luminescence caused
by exciton trapped at defect states was observed at 12K, which
further proves the existence of basal defects (Figure 2¢).[% We
used DFT to calculate the band structure of MoS, and MoS, with
a single Vg. The result shows that the two defect state levels are
introduced into the gap of MoS, after the introduction of sulfur
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vacancy. One is located at 0.5 eV below the conduction band and
the other is located at 0.13 eV above the top of the valence band.
The intrinsic transition energy decreased from 1.650 to 1.632 eV
after Vi formation (Figure 2d).

Figure 2e shows the power-dependent Raman spectra of MoS,
and ABD-MoS,. The intensities of the two vibrational modes of
MoS, and ABD-MoS, are enhanced as the laser power increases
from 0.36 to 28.5 mW.Pristine MoS, has fewer basal defects,
so the E1 mode does not shift between 0.36 to 12.9 mW, only
redshlfted under 28.5 mW. On the other hand, electron doping
caused by the increase of power makes the A,, mode gradually
shift. The A;, mode is gradually enhanced due to increased elec-
tronic doping. While in ABD-MoS,, the order of magnitude of
defects is lower than 10 cm™2, so ABD-MoS, still maintains
a better lattice arrangement between 0.36 to 2.53 mW without
causing E;g to shift.3%] The basal defect caused the E;g mode to
redshift under 6.2 mW, earlier than MoS,. The A;, mode also
redshifted due to electron doping, but the basal defects make
the redshift degree greater than that of MoS, under the same
power(Figure 2f). By calculating the mechanical strain and elec-
tron doping of MoS, and ABD-MoS,under 28.5 mW compared
to MoS, under 0.36 mW), it is obtained that ¢(MoS,) is 0.628%
and n(MoS,) is 1.91 x 102 cm~2, while ¢(ABD-MoS,) is 0.793%
and n(ABD-MoS,) is 3.05 x 10'2 cm~?(the calculation details are
provided in Equation S2, Supporting Information). The results
show that the increase in laser power and the number of basal
defects leads to compressive strain and electron doping, and the
strain and doping degree of ABD-MoS, are the highest. More-
over, the ratio of E} to A, in ABD-MoS, increased with laser
power(Figure 2g).

2.3. The Defect Formation Mechanism in ABD-MoS,

The increase of defects on the basal plane often leads to changes
in the properties of MoS,. These defects will cause fluorescence
quenching in MoS,, resulting in a reduction in its luminescence
intensity. In addition, the main peak of MoS,’s PL is typically
attributed to the A exciton and charged exciton (also known as
Trion). An increase in defects leads to more free electrons in the
system, causing a transformation of A excitons to Trion.[*!) This
transformation is characterized by a red shift of the main PL peak.
Therefore, the change in defects can be determined by observing
the change in the normalized intensity of Trion in the PL peak of
MoS,.

To clarify the mechanism of basal defects formation, we first
studied ABD-MoS, growth with different NaCl masses: 2.5, 7.5,
12.5, and 17.5 mg (denoted as Na,-MoS,, where x represents the
mass of NaCl added). From the SEM images in Figure 3a, it is
evident that the size of Na,-MoS, increased becomes larger and
the film shows a tendency toward bilayer growth with increas-
ing NaCl mass. Raman characterization also shows that an in-
crease in NaCl mass introduces a higher ratio, which reaches a
maximum at 12.5 mg (Figure 3b). Figure 3c also demonstrates
that the PL intensity decreased with the increase of NaCl mass,
along with a gradual redshift. Our calculations, through build-
ing different supercells and removing one or two S atoms to
simulate different Vs concentrations (Figure S1, Supporting In-
formation), shows that an increase in Vs leads to a decreased
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bandgap and the generation ofmore defect states between the
valence band and conduction band(Figure S2, Supporting Infor-
mation). Therefore, the increase in basal defects will result in
intensified fluorescence quenching, indicating that Na,, ;-MoS,
has the highest number of defects. Moreover, the density states
of different S vacancy concentrations demonstrate that both the
conduction band and the valence band are provided with elec-
trons by Mo d,._,, orbital (Figures S3 and S4, Supporting Infor-
mation).After analyzing the PL splitting peaks at different NaCl
masses, it was found that the carriers introduced by basal de-
fects shifted more A excitons toward Trion (Figure 3d). Further-
more, the trend of ratio change is consistent with the normal-
ized intensity of Trion (Figure 3e), providing evidence for the use
of Raman and PL to demonstrate changes in defect amounts in
the basal plane. However, defects do not always increase with
increasing NaCl mass (Figure 3f). When the mass of NaCl is
up to 17.5 mg, the strength of PL increases, because excessive
NaCl will activate the secondary growth of MoS,, thus consume
Na atoms in the atmosphere and reducing the number of base
defects. In addition, Na;,s-MoS, without and with secondary
growth trends were characterized by HAADF-STEM (Figure 3g).
The figure shows that the latter has significantly better crys-
tallinity, with a uniform brightness distribution and fewer basal
defects. We hypothesize that, this phenomenon arises from the
fact that the formation of basal defects does not occur during
growth. After Na atoms promote ABD-MoS, growth, the re-
maining atoms are adsorbed by basal sulfur atoms and pre-
pared for defect generation. If ABD-MoS, activates the secondary
growth, it will consume the number of absorbed Na atoms on
the basal plane, which ultimately leads to the reduction of the
defects.

To verify that after NaCl promotes growth in the first stage, the
adsorbed Na atoms begin to induce basal defects in the second
stage. We synthesized Na,, ;-MoS, at different reaction times (t,-
MosS,, wheret, represents the reaction time of y minites). SEM
images show that t,,-MoS, has many jagged edges produced by
incomplete contraction of Mo-zz and S-zz.[3?! With the extension
of time, the S-zz edge of t;,-MoS, continued to contract under
the S-rich atmosphere, eventually forming a triangular mono-
layer ty-MoS,. Further extension of the reaction time led to the
activation of the secondary growth of tg-MoS, and the formation
of cloud-like boundary (Figure 4a).I*}] This can also be seen in
the Raman and PL characterization. The ratio of t,-MoS, was
larger than t;,-MoS,, possibly due to the incomplete contraction
of the edge, and PL spectra performed similarly to pristine MoS,
because Na atoms only played a role in assisting growth in the ini-
tial stage. When the reaction time further increased, the contin-
ued contraction of t;,-MoS, led to a decrease in the ratio, and Na
atoms began to induce basal defect formation. t,,-MoS, showed
the maximum quantity of defects, and the ratio of t;,-MoS, de-
creased due to secondary growth(Figure 4b). Meanwhile, the PL
spectra of ts ¢ 49-M0S, did not show significant differences be-
cause the same mass of NaCl was added(Figure 4c). After fitting
the split peaks of t,-MoS, (¢t = 20, 50, 60, and 80), t,,-MoS, showed
the maximum normalized intensity of Trion, indicating that the
most defects existed on the basal plane after 60 min of reaction
time(Figure 4d). Furthermore, secondary growth led to a decrease
in the normalized intensity of trion in tg-MoS,. The trend of nor-
malized intensity of Trion was consistent with the ratio of E;g to
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Figure 3. a) the SEM images of Na,-MoS, (x = 2.5, 7.5, 12.5, and 17.5 mg), Raman(b), PL(c), and peak fitting(d) spectra of different NaCl mass Na,-
MoS,, e) comparison of ratio and normalized intensity of Trion, (f) the PL peak intensity of Na,-MoS, (Na, represent added NaCl mass, x = 2.5, 7.5,
12.5 and 17.5 mg here), g) the HAADF-STEM images of monolayer region in full monolayer and bilayer Na, 5-MoS,

Ay, except for the difference in #,,-MoS, due to the incomplete
contraction of the edge(Figure 4e). Therefore, basal defects can
only be generated after MoS, growth(cooling).

DFT calculations showed that in the model of Na adsorbed on
the basal sulfur atom(Figure 5a), the formation energy of Na-S ad-
sorbed on ABD-MoS, with Vs gradually increased with decreas-
ing temperature. On the other hand, the formation energy of Vs
with Na atom adsorbed on the surface of ABD-MoS, gradually
decreased(Figure 5b) and was lower than the formation energy
without Na atom adsorbed on the surface of ABD-MoS,. This

proves that NaCl can decrease the formation energy of Vs and in-
crease the concentration of Vs. When the temperature is higher
than 1039K (776 °C, point B), the Na atom adsorbed on the sur-
face is more stable than the formation energy of Vs. This proves
that at high temperatures, the Na atom is adsorbed on the sur-
face and contributes to the growth of ABD-MoS,. When the tem-
perature is lower than 800 K (526.4 °C, point A), the formation
energy of Vs is negative, indicating that it can be formed spon-
taneously. This proves that during the cooling process, a large
number of Vs are formed. Therefore, at the beginning of the
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Figure 4. a) the SEM images of Na;, 5-MoS, in different reaction time, Raman(b), PL(c), and peak fitting(d) spectra of t,;-MoS;, t55-MoS,, t5-MoS,

and tg)-MoS,, e) comparison of ratio and normalized intensity of Trion.

cooling process, the adsorbed Na atoms on the surface of ABD-
MoS, can induce the formation of atomic basal defects in large
quantities. As the temperature continues to decrease, the forma-
tion energy of Vs with Na atoms becomes even lower, leading
to the spontaneous generation of basal defects. Without NaCl, Vs
can be formed spontaneously when the temperature is lower than
558 K(284 °C).

Based on the effect of adjusting NaCl mass and reaction time
on the number of basal defects and DFT calculations, we de-
termined the two stages role played by NaCl in the growth of
MoS, as well as the specific mechanism of basal defect formation
(Figure 5c). In the first stage at the beginning of the reaction, Na
atoms began to adsorb on the edge of ABD-MoS, to promote edge
contraction and achieve rapid growth. When the edge is about to
finish contracting to a triangular transition, it enters the second
stage. In this stage, many Na atoms began to adsorb on the sur-
face of ABD-MoS,, forming a Na-S-Mo system. Before the surface
is saturated, Na in the atmosphere can continuously adsorb on
the surface. When the adsorption is saturated, the reaction is still
going or a large amount of Na still exists in the atmosphere, lead-
ing to secondary growth. This results in the formation of mul-
tilayer or cloudy edge ABD-MoS,, consuming the Na atoms in
the system. When the reaction is over, the defect formation stage
begins. Due to the decreased temperature in the furnace, the en-
ergy of the Na-S-Mo system rises, causing a large number of basal
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S atoms to detach from the surface, and ultimately synthesize
ABD-MoS,. This mechanism of basal defects generation using
adsorption-detachment of alkali metal atoms from basal sulfur
atoms has been reported.[**! However, the difference is that the
prepared ABD-MoS, in this work still formed a large number of
basal defects in the absence of H,O molecule, and we consider
that Na atoms combined with basal sulfur atoms at high temper-
ature, and the Na-S system spontaneously detached to form basal
defects when the system during cooling.

2.4. The SERS Performance of ABD-MoS,

In the previous discussion, we have outlined the mechanism of
basal defect generation. It is widely known that the presence of
defects can increase the number of active sites on the surface
of MoS, and enhance the SERS performance. We compared the
SERS performance of optimized MoS, with that of pristine MoS,
at a concentration of 10, thodamine 6G(R6G), and the results
indicate a significant improvement in SERS performance signif-
icantly with the activation of the basal plane (Figure 6a). Mean-
while, to confirm our conclusion, we conducted SERS detection
on ABD-MoS, with varying masses of NaCl and reaction times.
The results showed that the SERS performance was achieved
with a NaCl mass of 12.5 mg, which resulted in the highest
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Figure 5. a) The model of the top view and side view of the Na atom absorbed on the surface of ABD-MoS,, and the side view of the Na-S detachment
from the surface of MoS,, b) the formation energy of Vs in the condition of with and without NaCl with as a function of temperature c) the schematic

illustration of the role of NaCl in ABD-MoS, growth.

number of defects on the basal plane (Figure 6b). Fur-
thermore, the number of defects reached its maximum at
60 min of reaction time, but at 80 min, the absorbed Na
atoms were consumed, resulting in a reduction in basal de-
fects. This trend was also observed in the SERS performance
(Figure 6¢). Figure 6d displays the intensity trends of charac-
teristic peaks at 613 cm™'in 10°m R6G with different parame-
ters of ABD-MoS,. It is evident that the strategy successfully in-
troduced basal defects in MoS, to effectively enhance the SERS
performance.

In addition, we also modulated the mass of Mosource
(Figure S5, Supporting Information), reaction tempera-
ture(Figure S6, Supporting Information), and carrier gas flow
rate(Figure S7, Supporting Information). The results showed
that as the mass of the Mo source increased, the number of
basal defects decreased and the SERS performance decreased.
This can be attributed to the higher Mo source, resulting in
more ABD-MoS, generation and depletion of Na atoms in the
atmosphere. On the other hand, an increase in temperature
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led to more Na atoms assisting in defect formation during
cooling, thereby enhancing the SERS performance. Moreover,
an increase in carrier gas flow rate gradually reduced the number
of Na atoms adsorbed on the ABD-MoS, surface, leading to a
decrease in the SERS performance.

To further investigate the mechanism for the SERS of ABD-
MoS,, we conducted the DFT calculations to reveal the charge
transfer process between R6G and MoS, (Figure 6e). The elec-
tron localization function of the MoS, at the center, situated be-
low the R6G molecule, is larger than that at the edge (Figure 6f).
As a result, the R6G molecule receives electrons at the cen-
ter, causing polarization and loss of electrons from the H
atom. Furthermore, the visualized charge density redistribution
shows that the charge transfers from R6G to MoS,.enhancing
the polarizability tensor of R6G molecule for improved SERS
performance,®] the SERS intesity (I) is shown in following the
Equation (1):

I = [8z(w+w,)'],/9%a,,? (1)

P
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Figure 6. a) SERS performance comparison of MoS, and ABD-MoS, with 107> ,, R6G. b)The SERS performance in different NaCl mass and c) reaction
time, d) the 613 cm™' characteristic peak intensity of four samples with different parameters(Na,-MoS,, t,-MoS,) by using 1073, R6G, e) the R6G
molecular absorbed on MoS, with one Vs on the surface, f) The Charge density difference of R6G molecular on MoS,.The isosurface level is 0.00024,
and the red and green areas are the electron accumulation and depletion regions, respectively, g) Schematic illustration of charge transfer mechanism
between ABD-MoS, and R6G, h) the LOD test of MoS, and i) ABD-MoS,, j) 613 cm™! characteristic peak intensity in different concentration from 10~
to 1077 M, (k) 613 cm™! characteristic peak intensity in different concentration from 10~* to 10710 m.

where w and I, is the incident laser angular frequency and inten-
sity, w;is a transition frequency between states I and I’, ¢ is the
lightspeed and a,,, is the polarizability tensor.

According to our calculations and previous reports,!!*¢! the
schematic of CT between ABD-MoS, and R6G is shown in
Figure 6g. The PICT energy between the valence band(VB) of
ABD-MoS, and the lowest unoccupied molecular orbital(LUMO)
of R6G is2.17 eV, and the energy from the highest occupied
molecular orbital to LUMO of the R6G molecule is2.3 eV, both
close to the incident laser energy of 2.33 eV (532 nm). This results
in a strong CT resonance in semiconductor-molecule systems
and molecular resonance in R6G. In addition, due to the presence
of defect state in ABD-MoS,, the electrons in VB can leap into the
defect state under the laser excitation, and then from the defect
state to the LUMO. The defect states provide an additional CT
path, promoting the radiative combination of free electrons and
thus releasing more Raman photons. The synergistic effect of CT,
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resonance enhancement, and surface active sites introduced by
a large number of basal defects enhances the SERS performance
of ABD-MoS,. Moreover, the limit of detection(LOD) of MoS, can
reach 107 m, and ABD-MoS, can reach 10~° m, which is compa-
rable to noble metal substrates (Figure 6h-k).

3. Conclusion

In this work, we presented a two-stage action of NaCl in MoS,.
It is demonstrated that NaCl assists in the formation of atomic
basal defects after the rapid growth of MoS,. During the reac-
tion process, Na atoms are adsorbed on the ABD-MoS, basal sur-
face, causing the detachment of basal S atoms to form vacan-
cies during the cooling process. By this way, the inert substrate
surface of MoS, can be effectively activated to improve its SERS
performance, enabling it to reach a LOD of 10~mfor detecting
R6G.This not only enhanced semiconductor SERS performance
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to be comparable to metal substrate, but also provides a new strat-
egy for the rest of the TMDs materials to conveniently introduce
defects to enhance their performance.

4. Experimental Section

Preparation of ABD-MoS,: ABD-MoS, was synthesized using chem-
ical vapor deposition. In brief, sublimed sulfur powder(200 mg in the
corundum boat) was placed in the first temperature zone of quartz fur-
nace, and mixture of MoOj; (20 mg) and NaCl(12.5 mg)was placed in the
second one. The wafer was cut into 1 cm?-sized substrate and then son-
icated with trichloroethylene(10 mL), acetone(10 mL), ethanol(10 mL),
and deionized water(10 mL) for 15 min and blown dry, respectively. The
cleaned substrate was placed upside-down on a corundum boat down-
stream of the mixing source near the front of the corundum boat. The
entire experimental equipment is shown in Figure S8 (Supporting Infor-
mation). 70sccm of the nitrogen for 1 h to exhaust the air inside before re-
action start. During the reaction, both the low and high-temperature zones
were raised to 165 and 720 °C with inTh and then the temperature was
maintained for 1 h to grow ABD-MoS, under 30 sccm flow rate. When the
reaction was finished, the sample was taken out after furnace was cooled
down to room temperature. the ABD-MoS, preparation was completed.

Characterization: HAADF-STEM data were collected by Titan Cubed
Themis G2 300 with 300kv. XPS spectral of MoS, and ABD-MoS, obtained
by using Thermo Fisher ESCALAB XI* with 20kv. Raman and PL signal were
measured through labRAM HR Evolution with 532 nm. The morphology
of samples was collected by JEOL JSM-6010LA.

DFT Calculation: The density functional theory (DFT) calculations
were carried out with the Vienna ab initio simulation package (VASP). with
the electronic interaction being described by the Projector Augmented-
Wave (PAW) potential, and Perdew, Burke, and Ernzerhof (PBE) form of the
Generalized Gradient Approximation (GGA) is adopted for the exchange-
correlation energy. The valence electrons for S and Mo were 3s 2 3p* and
4d 3 55 1, respectively. The wave functions of valence electrons were ex-
panded using a plane-wave basis set within a specified cutoff energy
720 eV. The convergence standards were set as 5 X 1077 eV atom™" for
self-consistent field (SCF) tolerance, 0.01 eV A~1 for maximum force, 5
x 107* A for maximum displacement tolerances, 0.02 GPa for maximum
stress and 5 x 1076 eV atom~" for total energy change in the geometry op-
timization. The Monkhorst-Pack scheme k-points grid sampling was set as
6 X 6 x 1for films structural optimization and properties calculations. The
2% 2,3 %3 and4 x4 supercell was build to study the electronic properties
of MoS, with one and two S vacancies on the surface, which was shown in
Figure S1 (Supporting Information). The formation energy of S vacancy in
the condition of with and without Na atom adsorpted on the MoS, surface
as a function of temperature is followed by:

E}IHHN'Z = ESI\,/;aobSZ-f-Na - (Ei\lﬂafsz—vs +ERg "+ ET) &)
ESIVHHN'Z = Ei\//'rzobsz—vs - (E;ZIObSZ+Nﬂ - E;{/tgm — EJ™) ®3)
E)srlvfb = Ei\,/rabsrvs - Ejvl,aobsZ +ES" “)
T ©

where E;’““N”/E}’"b are the formation energy of Vs with/without Na atom
Vs Vs

slab
MoS;+Na

MoS,with Na atom absorbed on the MoS, surface, E',‘Vt""', fatom pslab 44
a s MoS,

Embsz—vs are the total energies of Na, S atom, perfect MoS, and MosS,

with one Vs on the surface, respectively, E‘g‘gz and E‘E:: is the total energy
of SO, and O,.

absorbed on the MoS, surface, E is the total energy of monolayer
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