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Abstract: Two-dimensional dichalcogenides (TMDs) and mxene junctions had been predicted to
possess distinct tunable electronic properties. However, direct synthesis of WS, on Ti3C, T, mxene
is still challenging. Herein, we successfully deposited WS, onto the surface of TizC,Ty mxene
by employing the vapor transportation (VT) routine. By modulating pressure and source-sample
distance, multilayer and monolayer (1 L) WS, flakes were deposited onto the lateral side and top
surface of Ti3C,Ty flakes. The 1 L WS; flakes growing on lateral side of TizC, Ty flake have much
higher photoluminescence (PL) intensity than 1 L flakes growing on the top surface. Our study has
the potential to benefit the design and preparation of novel electronic and electrochemical devices
based on TMDs/mxene junctions.

Keywords: vapor transportation; 1 L WS,; Ti3C, Ty mxene

1. Introduction

As an important member of TMDs, WS; has recently received much attention owing to its
distinguished electronic and optical properties [1-3]. WS, possesses a periodic layer structure, in which
each layer is composed by a plane of tungsten atoms sandwiched between two planes of sulphur
atoms [3]. Bulk WS, and several layer WS; flakes have indirect band structures with a band gap
of ~1.4 eV [3]. When the flake thickness of WS, is reduced to 1 L (~0.7 nm) [3], its band structure
transits into direct band with a much larger band gap (>2 eV) [3]. Large excitonic binding energy
of WS, (320 meV) [1] enables the observation of excitonic PL with peak position of ~2 eV, even at
room temperature. 1 L WS; exhibits high PL (photoluminescence) quantum yield (~3%) [2], which is
an order of magnitude higher than that of 1 L MoS, [4]. Such properties indicate that 1 L WS; is a
potential candidate in novel high quantum yield (QY) light emitting diodes (LEDs) [5] and ultrathin
light sources [6].

In contrast to TMDs, Ti3C, mxene has recently also drawn much attention owing to its high
conductivity as 4.2 X 10~* S/m [7-9]. The Ti3C, mxene is also a layered structure material within
which each layer contains two carbon atom planes sandwiched between three Ti atom planes [10].
Differing from WS, the conduction band minima of Ti3Cy; mxene touches the valance band maxima at
I' point, indicating TizC, mxene is a half-metallic material [10]. The attachment of surface functional
groups (annotated as “T”) [10], such as —F, -O and —OH, etc. [11], generated in solution etching of
M;,AlC;;11 phase [11] also slightly opens up the band gap of TizC, T, mxene [10].
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A heterostructure composed by mxene and TMDs had been predicted to have tunable band
structures [12,13]. Ma et al. [13] predicted the band gap of Sc,CF,/TMDs can be largely tuned from
0.13 to 1.18 eV by using density function theory (DFT) calculations. Li et al. calculated the band
structure of MoS,/M>CO, (M = Ti, Sc and Hf) and also found these heterostructures show a large
tunable band gap as 0.25-1.67 eV [12]. Moreover, MoS, / Zr,CO, was predicted to exhibit an interesting
type-Il semiconductor feature with conduction and valance bands in different layers [12]. These distinct
properties intrigued their applications in novel devices. Wu et al. used MoS, decorated TizC, mxene as
electrode and greatly enhanced the capacity of sodium-ion batteries [14]. Xu et al. used Ti,C(OH).F,
as a novel electrode material and greatly reduced the Schottky barrier height between electrode and
WSe, [15]. Regarding this progress, the WS, /Ti3C, Ty structure had not been synthesized. The basic
material properties of this novel structure are still unknown. In this study, we deposited WS, flakes on
Ti3Cy Ty mxene using a VT (vapor transportation) routine. The thickness of WS; layer on Ti3C, Ty mxene
can be tuned by changing the pressure inside the tube. Our experimental results could be indicative to
the preparation of novel TMDs/Mxene heterostructures, and would benefit the preparation of devices
based on this novel structure.

2. Materials and Methods

2.1. Sample Preparation

The VT routine was employed to deposit WS, flakes. A schematic of deposition is shown in
Figure 1a. For direct deposition of WS, on Si/SiO; (300 nm) substrates, the substrates were cleaned
by deionized water, ethanol, and H,O,. For deposition of WS, on mxene, Ti3C, T, mxene prepared
by standard procedure [16] (with a yield of ~72%) was ultrasonically exfoliated (700 W of ultrasonic
power) for 1 h and spin coated on cleaned Si/SiO; (300 nm) substrates. The typical size of ultrasonically
exfoliated Ti3Cy Ty mxene flakes on the substrate was 3-5 um. The WS; powders and substrates were
loaded in a one-zone tube furnace with quartz tube diameter of 1 inch. The WS, source was put at the
center of the heating zone. The substrate was put at the down-steam low temperature area and the
source-substrate distance was kept as 12 cm by moving the substrate. The source temperature was
raised from room temperature to 1000 °C within 50 min, then held for 60 min, and finally cooled to
ambient temperature naturally. Pure nitrogen gas with flow rate of 20 sccm was used as carrier gas.

2.2. Characterization

The optical images of WS, and Ti3C, Ty mxene were obtained using an optical microscope. Micro
Raman and PL measurements were conducted on a home built Raman/PL system, consisting of an
inverted microscope (Ti eclipse, Nikon, Tokyo, Japan) and a Raman spectrometer (iHR320, Horiba,
Palaiseau, France) attached with a CCD detector (Syncerity, Horiba, Palaiseau, France). A 532 nm
laser was focused onto the sample using a 100X, 0.95 NA objective lens. The PL intensity images
were recorded by a photoluminescence microscope with excitations of LED (light-emitting diode,
central wavelength of 485 nm). The topographic images of samples were measured by an atomic force
microscope (Innova, Bruker, Karlsruhe, Germany). Scanning electron microscopy (SEM) images were
collected on a Hitachi JSM-6460 SEM (Hitachi, Tokyo, Japan).

Ti3C, T mxene has birefringence property [17]. The polarization direction of light reflected from
mxene is altered to an angle differing to that of the incident light. However, this cannot occur with dust
or WS;. Such an effect allows for the identification of TizC, Ty flakes from other objects (i.e., dusts) by
using polarization optical microscope. At parallel configuration, i.e., where the polarization directions
of two polarizers at incident and out-going light path of the microscope are parallel to each other,
both Ti3C, Ty flakes and other objects without birefringence property can be seen (Figure Sla). However,
at cross configuration, i.e., where the polarization directions of two polarizers are perpendicular to
each other, the reflected light from objects without birefringence is blocked, while only Ti3C, Ty flakes
are visible (Figure S1b). This simple method can also be used to distinguish WS, flakes growing on
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Ti3Cy Ty from those grown on SiO; and dusts. The 1 L WS; flakes growing around TizC, Ty flakes
show light purple contrast at parallel configuration (Figure Slc), while becoming invisible at cross
configuration (Figure S1d). However, the TisC, Ty flakes still show features similar to Figure S1b,
i.e., bright contrast in cross configuration (Figure S1d).

(e)

()

Figure 1. (a) Schematic of vapor transportation setup used in this study; (b) optical image of a WS;
1 L flake deposited without Ti3C, T, mxene; Optical image of WS, flakes deposited at (c) 200 Torr
and (d) 250 Torr. Optical images of WS, growing at 350 Torr and different substrate-source distance
(e) 10 cm, (f) 10.5 cm, (g) 11 cm and (h) 11.5 cm. The insets give magnified images of the marked flakes.
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3. Results and Discussion

3.1. Growth of WS,/Ti3CyTy Mxene

An optical image of a truncated triangular WS, flake deposited without Ti3C,Ty is shown in
Figure 1b. Light purple contrast indicates that this is a 1 L flake, which can be confirmed by its
single excitonic band with strong PL intensity (shown in the following sections). The growth of WS,
on Ti3C, Ty mxene strongly depends on the deposition pressure and the sample-source distance (D).
The optical images of WS, deposited with Ti3C, T, mxene at pressures of 200 Torr and 250 Torr are
shown in Figure 1c,d, respectively. At a low pressure of 200 Torr, the size of flake growing around
mxene is quite small. Larger flakes with 1 L and few layers can be observed at high pressures as
250 Torr (Figure 1d) and 350 Torr (Figure 1le-h). The growth of WS, flake also strongly depends on D.
Figure le-h shows images of flakes with D of 9 cm, 9.5 cm, 10 cm, and 10.5 cm, respectively. At short D
(9 cm) (Figure 1e), the WS; tends to grow into thick flakes, while at long D (10.5-11 cm), 1 L WS, flakes
can be obtained (Figure 1g,h). It should be noted that at even larger D (D > 11 cm), WS, islands instead
of flakes are observed. An AFM topographic image of a 1 L WS; flake area marked in Figure 1h is
shown in Figure S2a. This 1 L WS, flake is quite flat within the flake area. High density of nanocrystals
can be observed at the WS, flake edge and on the blank SiO,. These nanocrystals, which are usually
found during vapor transportation growth [18], can be assigned to WS,. The thickness of 1 L WS; can
determined to be ~0.8 nm from the line profile across the edge (Figure S2b), which agrees well with the
reported thickness of a 1 L WS, flake [19].

We also investigated the growth of WS, flakes on the top of mxene flakes. Three typical SEM
images are show in Figure 2a—c. Figure 2a shows a situation in which WS, grows on a flat TizC, Ty
flake sitting on the substrate. In this case WS, grows on the top surface of this Ti3C,Tx flake and
finally uniformly covers the top surface. This indicates WS, can nucleate and grow on the surface of
Ti3C, Ty flake easily. Figure 2b corresponds to WS; grows on a TizC, T, flake with terrace-like edges.
In this image, the WS, layer covers both the top surface and the lateral side of terrace-like edges.
The disappearance of TizC, T, edges in Figure 2a,b indicates the WS; covers the whole lateral side.
Figure 2c shows a feature slightly differing from Figure 2b: despite the WS, coated on the lateral
side of this TizC, T, flake, many small petals also grow on the top and the lateral side. Based on
Figure 2a—c, a possible growth model is proposed, and is schematically shown in Figure 2d. In this
simple model, a bilayer TizC, T flake lies on the substrate. The Ti3C, Ty flake acts as an inhomogeneous
nucleation agent, similar to the other precursors such as graphene and BN used in the growth of 1 L
MoS; and WS, [20-22]. In inhomogeneous nucleation procedure, WS; nucleates much more easily
than the homogeneous nucleation owing to the reduced free energy [23]. The seeds of WS, on the
top surface and lateral side grow, and finally merge into a WS, layer covering the whole surface of
Ti3Cy Ty mxene. The thickness of the top layer, which can be determined from their Raman and PL
spectra (see following section for further discussions), also greatly depends on the growth conditions.
Similar to other precursors again, the TizC, T, flake is also a good inhomogeneous nucleation agent for
growth of WS, flakes on SiO, /Si substrate. Triangular flakes nucleating on some sites eat up the small
islands surrounding the flake by diffusion and finally grow into a big WS, flake. The final shape of this
flake greatly depends on the number of nucleation sites. For few nucleation sites (such as Figure 1h),
simple triangular flakes can be obtained, while for a Ti3C, Ty flake with large number of nucleation
sites, a polygon shape flake with a number of corners can be obtained (Figure 1g).
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Figure 2. Morphology of WS, flakes growing on different Ti3C, Ty flakes (a—c); (d) Schematic of possible
growth mechanism of WS, on TizC, Ty flakes. The inset of Figure 2c shows the magnified SEM image
of WS, petals on Ti3C,Ty. Note the flakes in (a—c) are chosen from samples deposited at 350 Torr.

3.2. Optical Characterization of WS,/Ti3CyTy Mxene

In order to investigate the optical properties of WS, growing on Ti3C, Ty mxene, five WS, flakes
named by T1-T5 are selected from Figure le-h, and their optical images are shown in Figure 3a—e,
respectively. From T1 to T5, the optical contrast changes from high contrast (T1, Figure 3a) to deep
purple (T2 in Figure 3b and T3 in Figure 3c), and finally light purple (T4 in Figure 3d and T5 in
Figure 3e), which indicates T1 is a thick-layer (TL) flake, T2 and T3 are few layer (FL) flakes, while T4
and T5 are 1 L flakes. Raman spectra collected from locations LT1-LT5 marked on flakes T1-T5 are
shown in Figure 3f. A Raman spectrum of 1 L WS, in Figure 1b is also shown for comparison. At a
laser excitation wavelength of 532 nm, the Raman spectra of WS, flakes exhibit features of first-order
and second-order blended Raman modes, which are similar to previous reports [19,24]. The Raman
peak at 417.8 cm ™! can be assigned to Ajg (out-of-plane mode). The peak at 351.3 cm ™! can be
assigned to the blended modes of E%g (in-plane mode) and 2LA mode (M point of first Brillion zone).
The Raman peaks at 324.1 and 296.2 cm ™! can be assigned to second order Raman modes of 2LA — E%g

and 2LA — ZE%g, respectively [19,24]. As the most distinguishable feature, the intensity of A peak
subsequently decreases from LT1 to LT5. This agrees well with previous reports, and can be attributed
to the decreasing layer thickness [25,26]. The shift of A;g peak can also be used to determine the layer
thickness [25,26]. The Az Raman peaks of flakes T1-T5 collected at LT1-LT5 are plotted in Figure S3a.
A red shift of Ajg peak can be observed with decreasing layer thickness. We further fitted the A
peak by using a Lorentzian function. The obtained peak positions are shown in Figure S3b. For thick
layer flake T1, the peak position of Ay is 419.2 cm !, corresponding to the peak position of thick
layer [25,26].
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Figure 3. (a—e): optical images of five WS, flakes (T1-T5) with different thickness deposited with
Ti3C, T mxene; (f) Raman and (g) PL spectra of collected on locations LT1-LT5 on WS; flake T1-T5;
(h) Deconvolution of PL spectra collected from different locations TT4, LT4-1 and LT4-2 (marked in (d))
of WS, flake T4. Note that the PL intensities of some flakes are divided by a factor for clear comparison.
The Raman spectra are normalized for clear comparison. The Raman and PL spectra of 1 L-WS,
deposited without mxene (W/O) in Figure 1b are also shown in (f,g), respectively, for comparison.

For flakes T2 and T3, the Ag peak shifts to 418.5 and 418 cm~!, indicating trilayer and bilayer of
these two flakes [25,26], respectively. The average peak position of T4, T5, and 1 L flake deposition
without mxene is 416.9 cm !, confirming the 1 L characteristic of these three flakes [25,26].

PL spectra of WS, flakes growing surrounding the central Ti3C, T, flake of samples were also
collected from locations LT1-LT5, and are shown in Figure 3g. For comparison, the PL spectrum of 1 L
WS, flake in Figure 1b is also shown in Figure 3g. According to the previous reports [3,27], excitons
generated by the direct band transition in 1 L WS; show a single PL peak, while double wavelet PL
bands originating from excitonic transitions belonging to the direct band transition (K-K) and indirect
band transition are always observed on few layer (layer numbers 2-4) WS; flakes. In the PL spectrum
of 1 L flake in Figure 1b, the strong single PL peak centered at 1.98 eV can be assigned to A exciton
band of 1 L WS,. Flake T1 shows a broad PL peak centered at 1.44 eV (marked as I), which fits the
indirect excitonic transition energy of thick layer with layer numbers >4 layer [28]. The PL spectrum of
T2 exhibits a broad peak at 1.52 eV and a sharp peak at 1.94 eV, which corresponds to the excitonic
transition of indirect (I) and direct band (A), respectively [29]. The energy of indirect band transition
agrees well with the indirect band transition energy of trilayer WS, flake [29]. Similar to T2, T3 shows
two PL peaks at 1.94 eV and 1.72 eV, which correspond to the direct and the indirect excitonic transition
bands, respectively, of bilayer very well [29]. Single excitoic peak feature of T4 and T5 at 1.98 eV
agrees well with that of WS, deposited without mxene and the reported excitonic energy of 1 L WS,,
confirming the 1 L nature of T4 and T5 [29,30]. It should be noted that the PL intensity of T5 is only



Coatings 2018, 8, 281 7 of 11

20% of T4. Meanwhile, its peak width of 68 meV is also larger than that of T4 (47 meV), which possibly
be induced by high density of defects in T5 [31].

PL spectra are also measured on the top of TizC, Ty flakes coated with WS, (locations TT1, TT2,
TT4, and TT5 marked in Figure 3a,b,d,e), shown in Figure S4. Owing to the growth of WS; on the
top surface, these Ti3Cy Ty flake exhibit PL characteristics of WS, flakes. PL spectra collected from
locations TT1 and TT2 show double PL bands, which indicates the WS, growing on the top surfaces
of mxenes in T1 and T2 are thick layers (Figure S4a). Single PL peaks with energies at 1.96 eV and
1.95 eV of locations TT4 and TT5 indicate the WS, flakes growing on the top surface of mxenes in
T4 and T5 are 1 L (Figure S4b). In Figure S4b, the WS, flake on the top of a Ti3C, T, flake shows a
PL peak much broader (FWHM = 83 meV) than that of 1 L WS, flake growing around this TizC, Ty
flake (FWHM = 47 meV). The PL intensity of TT4 is greatly quenched by ~50 times in contrast to
that of LT4-1. On the PL spectra of TT4 and TT5, a long PL tail is observed at the low energy side.
A further deconvolution of PL spectra collected at locations TT4 and LT4-1 of 1 L WS, flake T4 was
performed using three Gaussian functions, and is shown in Figure 3h. These three functions represent
the neutral exciton (AY) at ~1.97 eV, trion (A7) at ~1.92 eV and exciton trapped on defects (D) at
~1.86 eV, respectively. In contrast to PL energy of LT4-1, the A” exciton energy of TT4 redshifts by
~19 meV. Meanwhile, the normalized PL intensity of A~ and D excitons of TT4 are also enhanced.
Auger recombination at WS, /TisC, T, interface is the first possible reason quenching the PL intensity
of TT4. The PL intensity of MoS, can be greatly quenched at MoS, /graphene [32] and MoS;/Au [33]
contact due to strong Auger recombination. The electric conductivity of Ti3C,Ty is 4.2 x 107%S/m[9],
which is comparable to graphene. Similar to the PL quenching observed at graphene/TMD interface,
the Auger recombination at WS, /Ti3C, T, interface can also greatly reduce the PL intensity of WS, [32].
However, simple Ohmic contact of WS, to conductor would not cause strongly enhanced D exciton
signal [34,35]. Therefore, defects related nonradiative recombination should be considered as the
second possible reason inducing PL quenching [36]. According to a study by Kim et al. [30], strong
intensity of this PL tail indicates a high density of excitons trapped on defects. High intensity of D
exciton peak indicates high density of defects of 1 L WS, growing on mxene [37]. We suspect that
this high density of defects reduces the PL intensity of A’ and A~ excitons via the non-recombination
process [36]. In our previous study, we found the increasing density of Se adtoms can effectively reduce
the band gap of 1 L WSe; [38], inducing the redshift of excitonic energy. We suspect that observed red
shift of A? exciton of 1 L WS, growing on Ti3C, Ty mxene is induced by the same factor. The dielectric
constant of TizsCp Ty (e = 2.5 and ¢; = 3.5) [39] is slightly larger than that of SiO; (e, = 2.1 and ¢; = 0) [40].
According to the study of Lin et al., increasing environmental dielectric constant causes blue shift
of excitonic energy [41], which is contrary to red shift of the excitonic energy of WS, deposited on
Ti3Cy Ty as comparison to that of WS, deposited on SiO,. Therefore, the dielectric screening effect can
be ruled out.

A PL image of the 1 L WS, flake in Figure 3d is shown in Figure 4a. Although the shape of
this flake measured by PL imaging fits that measured by optical image (Figure 3d), the PL intensity
varies greatly at different positions. The PL intensity is strong at the grain boundary and the interface
between WS, and Ti3C, Ty, but weak at other points. Normalized PL spectra of LT4-2 as comparison
to LT4-1 are shown in Figure 3h. It can be seen the PL spectrum of LT4-1 is broader than LT4-2.
Simultaneously, a blue shift of LT4-1 is observed in contrast to LT4-2. We further fit these two PL spectra
using three Gaussian peaks, representing three exciton states of A°, A~ and D (shown in Figure 3h),
respectively. It can be seen the D exciton band of LT4-1 is stronger than that of LT4-2. In previous
reports of Kim et al. [30], Gutierrez et al. [3] and Peimyoo et al. [19], different authors observed PL
enhancement at edges and grain boundaries of CVD (chemical vapor deposition) deposited 1 L WS,
flakes. They attributed this PL enhancement to the high density of sulphur vacancies at the edges and
grain boundaries [3,19,30]. In our study, PL enhancement is observed inside 1 L flake, but absent at its
edges (Figures 4a and S5). It should be mentioned that the 1 L flakes shown in Figures 4a and S5 are
polycrystalline instead of single crystal. The areas with enhanced PL intensity are almost along the



Coatings 2018, 8, 281 8of 11

grain boundary. We suspect this is caused by a different distribution of sulphur defects. The presence
of TizC, Ty mxene induces high density of sulphur vacancies only at grain boundary, but not on the
edges, which finally induces the high PL intensity at grain boundaries observed in Figure 4a. Moreover,
the PL energy of LT4-1 slightly blue shifted by 3 meV compared to that of LT4-2. Such blueshift is
similar to that on defect area of 1 L WS, observed by Kim et al. [30]. This indicates that the defects on
our sample are also similar to the sulphur vacancies existing on samples of Kim et al. [30].
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Figure 4. (a) Photoluminescence microscopy image of a WS, 1 L flake (flake T4 in Figure 3d), measured
with LED irradiation, corresponding to low power); (b,c), PL spectra of points LT4-1 and LT4-2 with
different laser power, respectively; (d) PL A band positions of points LT4-1 and LT4-2 at different
excitation laser power density; (e) PL A band intensities of points LT4-1 and LT4-2 as a function of
different laser power densities (symbols), fitting using a function of I = P (solid line). Note that in (b,c),
the PL intensities are plotted in logarithmic scale to clearly show the PL intensity change. The laser
powers are P1 = 0.02 uW, P2 =1 uW, P3 = 10 uW, P4 = 20 uW and P5 =200 uW.

The laser power dependent PL of position LT4-1 and LT4-2 were measured at five different
laser powers (0.02 uW, 1 uW, 10 uW, 20 uW, and 200 uW). Their obtained PL spectra are plotted in
Figure 4b,c, respectively. At low excitation power (<20 uW), the PL intensity of LT4-1 is higher than
that of LT4-2. At high excitation power, the measured PL intensity of LT4-2 becomes slightly stronger
than LT4-1. The PL peak position as a function of excitation laser power density is plotted in Figure 4d.
Atlow excitation power density, the PL energy of LT4-1 is higher than LT4-2. With increasing excitation
laser power density, the peak energy of LT4-2 hardly shifts, while LT4-1 decreases faster. When the
excitation laser power is higher than 10 uW, the PL peak energy of LT4-1 becomes lower than LT4-2.
This laser power dependent PL peak shift is very similar to that reported by Kim et al. [30]. In their
study, the peak energy versus laser power curves of inner part of 1 L WS; also intercepts with that
of edge at ~10 uW [30]. It should be noted that the edges of WS; samples used by Kim et al. have a
higher density of defects than the inner parts [30]. Peak position versus laser power trend in our study
is similar to that of Kim et al., indicating the role of defect at LT4-1 causing such PL energy shift.
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As shown in Figure 3h, the intensities of A~ and D excitons are much lower than those of A°
exciton. Deconvolution of PL spectra measured at low laser power by using these three excitons
always gives large uncertainty. Clear trends of PL intensity of different excitons versus excitation laser
power are difficult to be obtained. However, the PL intensity of the whole A band versus laser power
is straightforward and can be used for analysis. The PL intensity of A band measured at different
laser power is clearly shown by a logarithmic plot (Figure 4f). We further fitted these data using the
dependence I = P", where I, P and m are PL intensity, laser power density, and numeric power [30,42].
The obtained m for LT4-1 and LT4-2 are 0.8 and 0.94, respectively. This sublinear dependence had been
observed by different authors [30,43], indicating the role of defect. With a higher density of defects,
more excitons generated at increasing laser power are trapped by defects, inducing low PL intensity
increasing with laser power and a smaller m [43].

4. Conclusions

In summary, we deposited WS, thin flakes on Ti3C, Ty mxene using vapor transportation method.
TizCo Ty mxene acts as good nucleation seed for WS,. WS, can easily nucleate and grow on the top
surface and lateral edges of Ti3C, T, mxene. By optimizing growth conditions, multilayer, few layer,
and 1 L WS, flakes can be deposited. A high density of defect is observed on 1 L WS; flakes growing
on the top surface of TizC, Ty, which greatly reduced their PL intensity. Our study would benefit
the preparation of future 1 L WS, /Ti3C, Ty junctions and their further potential applications in
electronics devices.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-6412/8/8/281/s1,
Figure S1: Optical image of a mxene flake at parallel (a) and cross (b) polarization; Optical image of a mxene
coated with monolayer WS, measured at parallel (c) and cross (d) polarization; Figure S2: (a) AFM image of a
corner of a monolayer WS, flake marked in Figure 1h; (b) the height profile of this flake along the dashed line
in (a); Figure S3: (a) Alg Raman peaks of different WS, flakes; (b) The fitted Alg peak positions of different WS,
flakes. W/O denotes the monolayer WS2 flake deposited without mxene; Figure S4: (a) PL spectra collected
from locations TT1 and TT2(marked in Figure 3a,b) the top of mxene in T1 and T2; (b) PL spectra collected from
locations TT4 and TT5 (marked in Figure 3d,e) the top of mxene in T4 and T5; Figure S5: (a,c) Optical images of
two monolayer WS, flakes and their corresponding PL images (b,d), respectively.
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