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ABSTRACT: Herein, we demonstrate a simple technique to
control the population of nonradiative trions and radiative neutral
excitons in single-layer MoS2 to enhance its photoluminescence
(PL) emission by forming a core−shell heterostructure (HS) of
MoS2 on TiO2 nanorods (NRs). The monolayer MoS2 (1L-MoS2)
shell is grown directly on a hydrothermally grown TiO2 NR core by
chemical vapor deposition, and the HS shows a strong enhance-
ment of PL intensity by about 2 orders of magnitude over the
pristine 1L-MoS2 at room temperature. The enhancement of PL in
the HS is attributed, first, to the p-doping in the MoS2 lattice
through charge transfer from MoS2 to TiO2, and, second, to the
radiative recombination of excitons which dominates over the
nonradiative ones in the HS, as confirmed by the low-temperature
PL analysis. The enhancement of PL because of the p-doping effect
in the bare 1L-MoS2 has been confirmed by the oxygen plasma treatment causing the adsorption of oxygen molecules at the
defect sites of MoS2, as revealed from the Raman and PL analyses. Our results provide a novel route to grow a core−shell HS of
1L-MoS2 and TiO2 NRs for the strong enhancement of excitonic PL emission, which is promising for future practical
applications.

1. INTRODUCTION
Since the discovery of graphene, the two-dimensional (2D)
materials have attracted much interest because of their superior
optical, electrical, and mechanical characteristics. Graphene
possesses extraordinary properties, including good electrical
and thermal conductivity,1,2 high carrier mobility,3 high
flexibility, and good stability. However, because of the absence
of the band gap in graphene, it has severe limitations for a
wider range of applications. Interestingly, the emerging
semiconducting 2D transition metal dichalcogenides (TMDs)
are regarded as promising candidates for these purposes. The
2D TMDs undergo a vast change in the electronic structure
depending on the number of layers. Although the bulk TMDs
show an indirect band gap nature, its monolayer form shows a
direct band gap nature offering a great opportunity for diverse
applications. The monolayer TMDs (1L-TMDs), such as
MoS2, MoSe2, WS2, WSe2, and so forth, have great potential
applications for future electronics and optoelectronic devices
like light-emitting devices,4,5 sensors,6 phototransistors,7,8 and
other transistors.9 Among the semiconducting TMDs, the
monolayer molybdenum disulfide (1L-MoS2) has drawn more
research attention because of its direct band gap of ∼1.90
eV,10,11 corresponding to the wavelength of ∼652 nm falling in
the visible range, which leads to good photoluminescence (PL)
and strongly enhanced optoelectronic response in its
monolayer form. However, it is still a challenge to obtain

high and stable PL emission from 1L-MoS2, mainly because of
the intrinsic defects leading to n-type doping.12 Because of the
strong Coulomb interaction in these confined 2D systems, the
exciton in 1L-MoS2 creates stable excitonic states even at room
temperature. To control the optical properties of the 1L-
TMDs, tuning the carrier density is one of the most effective
methods,12−15 realized by various methods such as electrical
doping,12,13,16 chemical doping,14,17 and by forming vertical
heterostructures (HSs) with 1L-TMDs.18−20 The intrinsically
n-type 1L-MoS2 on further n-doping will lead to the quenching
of PL, whereas p-doping will result in the PL enhance-
ment.12,14,17,19 With the proper utilization of the various
intrinsic structural defects, such as vacancies, dislocations, grain
boundaries, and edges, in both pristine/as-grown MoS2,

21−23

tuning and improvement of the optical properties of 1L-MoS2
is highly desirable. The commonly used SiO2 substrate
unintentionally dopes 1L-MoS2 to an n-type layer, increases
the population of trions, and thus leads to PL quenching.
By interfacing 1L-MoS2 with other materials (plasmons,

TMDs, etc.), the PL intensity can be tuned.19,24−26 MoS2-
based nanoheterostructures with large band gap (UV-active)
semiconductors, like ZnO and TiO2, are widely reported to
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form type-II heterojunctions at their interfaces, facilitating the
charge separation and low PL emission. Particularly, the
MoS2/TiO2 nanocomposite exhibits excellent combined
optical properties, high chemical stability, and their availability
in nature. Thus, these type-II HSs are highly promising for the
applications in many fields, such as photoelectric devices,
photocatalysis, energy conversion, and environmental applica-
tions.27−35 However, most of these studies have reported on
the growth of multilayer MoS2 on TiO2, typically grown by wet
chemical methods. In these kinds of HSs, the PL emission is
very low because of the indirect band gap of the multilayer
MoS2. Kim et al.36 have recently grown ZnO thin-film-based
HS with 1L-MoS2 and demonstrated a PL enhancement up to
∼17 times over the pristine 1L-MoS2. This enhancement was
explained on the basis of the conversion of trions to neutral
excitons because of the charge exchanges through the
interfaces, which induces p-doping in the MoS2 lattice. They
prepared ∼50 nm thick ZnO film on the quartz substrate by
the sol−gel method and made the heterojunction with the
chemical vapor deposition (CVD)-grown 1L-MoS2 film after
transferring it through the typical wet transfer method.
However, the transfer method may introduce additional
defects and impurities in the 2D material, which is often not
desirable.
Here, we report a simple one-step direct synthesis process of

the 1L-MoS2 film by CVD method over the hydrothermally
prepared TiO2 nanorods (NRs). The PL intensity of 1L-MoS2
is drastically enhanced after the formation of the HS. This
enhancement is understood as a consequence of p-doping and
the conversion of trions to neutral excitons. The PL and
Raman spectra showed the p-doping effect that occurred
through the charge transfer between 1L-MoS2 and the TiO2
NRs. For further verification about the p-doping in the MoS2
lattice, a mild oxygen plasma was used to treat the samples,
which confirms the doping through the oxygen bonding and
charge transfer between MoS2 and the TiO2 interface.

2. EXPERIMENTAL PROCEDURE
2.1. Preparation of Vertically Aligned TiO2 NRs on

FTO Substrate. In a typical synthesis, 25 mL of Milli-Q water
was mixed with 25 mL of concentrated hydrochloric acid
(HCl) (36.5 to 38% by weight) to reach a total volume of 50
mL in a Teflon-lined stainless steel autoclave (model: BR100,
Berghof Instrument Co.). The mixture was stirred at ambient
conditions for 5 min before the addition of 1 mL of titanium
butoxide (97%, Sigma-Aldrich). After stirring for another 5
min, one piece of fluorine-doped tin oxide (FTO) substrate
(dimension ≈ 1 cm × 4 cm, surface resistivity ≈ 7 Ω/mm2,
Sigma-Aldrich), ultrasonically cleaned for 60 min in a mixed
solution of deionized water, acetone, and 2-propanol with a
volume ratio of 1:1:1, was placed at an angle against the wall of
the Teflon-liner with the conducting side facing down. The
hydrothermal synthesis was conducted at 150 °C for 17 h in an
autoclave. Finally, the autoclave was allowed to cool naturally
to room temperature and the FTO substrate was taken out,
rinsed extensively with deionized water, and allowed to dry in
ambient air to get a uniformly coated TiO2 film on the FTO
substrate.
2.2. Growth of 1L-MoS2 Shell Over TiO2 NRs.

Monolayer- to few-layer MoS2 were directly grown on the
TiO2 NRs using a two-zone furnace CVD system.
Commercially procured high-purity MoO3 (99.5%, Sigma-
Aldrich) and sulfur powder (99.95%, Sigma-Aldrich) were

used as precursors for the CVD growth of MoS2 in a 2 in.
quartz tube-based horizontal muffle furnace. High-purity argon
(Ar) gas was used as the carrier gas. Note that both S (200
mg) and MoO3 (15 mg) precursors were separately loaded in
two ceramic boats. The typical temperatures for the source S,
MoO3, and substrates are 150, 550−600, and 700 °C,
respectively. An FTO glass substrate with TiO2 coating was
mounted on top of the boat containing the MoO3 precursor
facing downward, and it was assisted from the bottom by two
quartz strips, as shown in Figure S1 (Supporting Informa-
tion).37 Another ceramic boat containing sulfur powder was
kept at a comparatively lower temperature zone of the furnace.
The sulfur boat to MoO3 boat distance was maintained to be
15 cm. The quartz tube inside the furnace was purged with Ar
gas at 300 sccm for 30 min before the growth to remove the
surface-adsorbed impurities, followed by heating up to 150 °C
for another 30 min. Subsequently, the flow rate was reduced to
10 sccm, and the temperature was ramped at a rate of 15 °C/
min up to 700 °C and was maintained for 5 min. At this stage,
the temperature at the sulfur boat position reached 150 °C.
The furnace was then allowed to cool at 6.5 °C/min till the
temperature goes down to room temperature. Interestingly, the
1L-MoS2 film was observed to be deposited only on the
portions of the substrate which were covered by the quartz
mask.37

2.3. Characterization Techniques. The crystal structure
of the as-grown samples has been obtained from X-ray
diffraction (XRD) pattern (Rigaku RINT 2500 TTRAX-III, Cu
kα radiation). Crystallinity, number of layers, phase, defects,
and so forth in the as-grown MoS2, as well as the phase
composition and crystallinity of the as-synthesized TiO2 NRs,
have been studied by high-resolution micro-Raman spectros-
copy (LabRam HR800, Jobin Yvon) with an excitation
wavelength (λex) of 488 nm (Ar ion laser). The excitation
laser light was focused with a 100× objective lens to a spot size
of 1 μm, with a laser power of 1.5 mW, which discards the
possibility of laser heating-induced damage, and the signal was
collected by a charge-coupled device in a backscattering
geometry sent through a multimode fiber grating of 1800
grooves mm−1. The morphology, size, and the microstructural
properties of the as-synthesized TiO2 NRs have been studied
by a field emission scanning electron microscope (FESEM)
(Sigma, Zeiss). The high magnification surface morphology
and structures of the pristine MoS2 and MoS2@TiO2 HS have
been studied by a transmission electron microscope (TEM)
(JEOL-JEM 2010 operated at 200 kV). The samples for TEM
analysis have been prepared on a carbon-coated Cu grid of 400
mesh size (Pacific Grid, USA). The UV−vis diffuse reflectance
spectroscopy (DRS) measurements of the samples were
recorded using a commercial spectrophotometer (PerkinElm-
er, UV win Lab). Some of the MoS2@TiO2 HS samples were
exposed to oxygen plasma at a low power (18 W) (Harrick
plasma, USA).

3. RESULTS AND DISCUSSION
3.1. Morphology Studies. The typical morphology and

microstructural properties of the as-grown TiO2 NRs were first
characterized by FESEM. Figure 1a depicts the top-view
FESEM image of pure rutile TiO2 NRs with a diameter of ≈
153 ± 25 nm and a length of ≈ 835 ± 70 nm, whereas the
inset shows its enlarged view, which reveals the nearly vertical
growth of NRs with a uniform diameter. Figure 1b shows the
cross-sectional view of vertical TiO2 NRs grown on the FTO
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substrate. Considering the as-grown TiO2 NR as a substrate,
large-area 1L- MoS2 has been grown further over it via a CVD
method. The as-grown 1L- MoS2 shell over the TiO2 core is
atomically thin and thus hard to resolve by the FESEM
technique.
FETEM was employed for further characterization of the

structures and surface morphologies of the HSs. The TiO2
NRs possess a broad distribution in diameter of 90−290 nm.
Figure 2a depicts a typical FETEM image of a TiO2 NR with a
diameter of ∼200 nm and length ≈ 1 μm, which is in good
agreement with the FESEM analysis. Figure 2b represents the
enlarged view of the top portion of the TiO2 NR. The high-
resolution transmission electron microscopy (HRTEM) lattice
fringe pattern of TiO2 of the marked region in Figure 2b is
shown in Figure 2c. The lattice fringe spacing of 0.32 nm
corresponds to the lattice constant of the (110) planes (see
Figure 2c). The TEM image in Figure 2d,e shows a shell of 1L-
MoS2 over the TiO2 NR core, confirming the core−shell
growth of the MoS2@TiO2 HS. From the HRTEM image of
MoS2@TiO2 HS, as shown in Figure 2f, it is observed that the
MoS2 shell thickness is ∼0.60 ± 0.02 nm, which corresponds
to 1L-MoS2. To further confirm the surface covering of 1L-
MoS2 as the shell over the TiO2 NRs as the core, scanning

TEM (STEM) analysis and energy-dispersive X-ray spectrom-
etry (EDS) mapping of the MoS2@TiO2 HS were conducted.
The EDS pattern of MoS2@TiO2 HS shows that the system is
composed of Ti, O, Mo, and S, as expected. Figure 3a shows a
STEM image of MoS2@TiO2 HS on which elemental mapping
analysis was performed. The EDS elemental mapping reveals
that the core of the HS is composed of Ti and O elements, as
shown in Figure 3b,c, whereas Figure 3d,e exhibits the
elemental mapping for Mo and S, respectively, which supports
our assertion that a continuous MoS2 film grows over the TiO2
platform as an outer layer. Figure 3f shows the corresponding
atomic percentage of all the elements, which clearly reveals the
presence of S-vacancy in MoS2 within the HS sample.

3.2. Structural Analysis. 3.2.1. XRD Analysis. The XRD
patterns were recorded to confirm the structure, phase, and
crystallinity of MoS2, TiO2, and their HSs, as shown in Figure
S2 (Supporting Information). No diffraction pattern was
detected for the atomically thin pristine 1L-MoS2, but for few-
layer MoS2 only one peak (labeled with a “*” mark) was
observed at 2θ ≈ 14.3°, which can be ascribed to the (002)
planes of MoS2. The hexagonal MoS2 with a = b = 0.316 nm
and c = 1.230 nm is in good agreement with the JCPDS card
no. 37-1492. All the XRD peaks for TiO2 NRs (labeled with a
“⧫” mark) match the standard peak value with the rutile phase
of TiO2 (JCPDS card no. 78-1510). The additional peaks
detected in the TiO2 system correspond to the standard FTO
peaks, labeled with a “●” mark. It is noteworthy that no
diffraction peak is detected in case of 1L-MoS2@TiO2 HS,
which may be due to the atomically thin MoS2 shell (thickness
≈ 0.60 nm) on the TiO2 NRs, as evidenced by the HRTEM
and Raman analyses.

3.2.2. Raman Analysis. Micro-Raman measurements were
performed on the as-synthesized 1L-MoS2, vertical TiO2 NRs,
and 1L-MoS2@TiO2 core−shell HS, grown on an FTO-coated
glass substrate. Figure 4a represents the comparison of the
Raman spectra for the samples. The growth of 1L-MoS2 in
both the pristine MoS2 and MoS2@TiO2 HS is evidenced from
the frequency difference (Δk) of the characteristic Raman
bands (E2g and A1g), which are estimated to be 19.94 and

Figure 1. FESEM images of pristine TiO2 NRs: (a) top view and (b)
cross-sectional view. The inset in (a) shows the enlarged view of the
TiO2 NRs.

Figure 2. (a) TEM image of a TiO2 NR, (b) its enlarged view, (c) HRTEM lattice fringe pattern of the selected region for TiO2 NR shown in (b).
Inset in (c) shows the corresponding SAED pattern. (d) TEM image of TiO2 NR having a 1L-MoS2 shell over it, (e) magnified view of the selected
region for 1L MoS2 on TiO2 NR shown in (d), (f) HRTEM lattice fringe pattern of MoS2@TiO2 HSs at the selected region shown in (e). The
inset shows the corresponding SAED pattern.
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20.80 cm−1, respectively (see Table 1 and Figure S3,
Supporting Information). Both the pristine MoS2 and its HS
exhibit two major characteristic Raman modes of MoS2: E2g
and A1g, associated with the in-plane vibration of two S atoms
with respect to the Mo atoms and out-of-plane vibration of
only S atoms in opposite directions with respect to the Mo
atoms, respectively.38 For pure rutile TiO2, there are three
Raman-active phonon vibrational modes at 237, 442 and 610
cm−1, corresponding to the B1g, Eg, and A1g modes,
respectively. The Raman spectrum of HS is composed of the

Raman peaks of both MoS2 and TiO2, confirming their
coexistence in the HS. Lorentzian line shape was fitted for the
E2g and A1g bands of 1L-MoS2 and Eg band of TiO2 for both
cases, as shown in Figure 4b−d. The Eg mode, a major
characteristic Raman mode for TiO2, shows a blue shift by 2
cm−1 in the HS with respect to that of the pristine TiO2 NRs,
which may be due to the compressive lattice strain induced by
the coated 1L-MoS2 film over its surface as an outer layer.28

The doping state of 1L-MoS2 is also known to be represented
by the A1g mode because of the strong electron−phonon
coupling along the c-axis.14,36,38 Here, we observed a relative
blue shift of the A1g peak of 1L-MoS2 in the HS by ∼0.8 cm−1

with respect to that of the pristine 1L-MoS2, whereas a
negligible shift was detected in the E2g peak. It can be inferred
that the shift in the A1g mode is due to the decrease in the
electron density, which may be caused by the electron
depletion through the interfaces of the HS,39 causing the p-
doping effect in 1L-MoS2 in the HS. There is an additional
peak appearing at 821 cm−1 in the HS of the Raman spectrum
(see Figure 4a, marked with “*”) which may be attributed to
the O−Mo−O bonding.40

3.3. Optical Analysis. 3.3.1. UV−Vis Absorption Study.
To investigate the optical absorption spectra, the as-prepared
samples were analyzed by UV−visible DRS. Figure 5 shows the
Kubelka−Munk (K−M) function F(R) of the respective
samples corresponding to their reflectance spectra. The inset
shows the magnified view of the spectra in the selected region
of 560−720 nm, clearly revealing the different absorbance
modes of MoS2. The spectrum for the pristine few-layer MoS2
shows the intrinsic A and B excitonic absorption bands at
663.5 and 609 nm, respectively.30 In addition, we can clearly
observe the C peak at 431.4 nm as well as the D peak at 287.4

Figure 3. (a) STEM image of 1L-MoS2@TiO2 HS. STEM−EDX elemental mapping of different elements in the core−shell 1L-MoS2@TiO2 HS:
(b) Ti, (c) O, (d) Mo, and (e) S. (f) Atomic percentage of the respective elements in the HS.

Figure 4. (a) Comparison of the Raman spectra of pristine 1L-MoS2,
TiO2 NRs, and 1L-MoS2@TiO2 HS. (b−d) Lorentzian fittings of the
spectra in the range of 340−520 cm−1 for the pristine 1L-MoS2, TiO2
NRs, and 1L-MoS2@TiO2, respectively. The symbol “*” indicates the
additional peak corresponding to the O−Mo−O bonding. The
vertical dotted line in each case shows the blue shift in the Eg Raman
band of TiO2.

Table 1. Summary of the MoS2 Raman Modes, Their Separation (Δk) and Relative Contributions of the Different Excitonic/
Trion Peaks Obtained from the Gaussian Deconvolution of PL Spectra of 1L-MoS2 and 1L-MoS2@TiO2 HS

Raman modes relative integrated area of PL peaks

sample E2g (cm
−1) A1g (cm

−1) Δk (cm−1) B-exciton (B) (%) A-exciton (A) (%) trion (A−) (%) bound exciton (X) (%)

1L-MoS2 387.5 ± 0.2 407.4 ± 0.9 19.9 18.5 ± 0.7 40.8 ± 0.1 23.3 ± 0.5 17.4 ± 4.7
1L-MoS2@TiO2 387.4 ± 4.8 408.2 ± 2.3 20.8 11.6 ± 0.2 76.3 ± 0.2 0 12.1 ± 0.2
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nm. Although the A and B peaks are associated with the optical
absorption by the band-edge excitons, peaks C and D are
associated with the van Hove singularities of MoS2.

30 In the
MoS2@TiO2 HS, besides the strong UV absorption by the
TiO2 core, all the characteristic MoS2 absorbance peaks are
detected with a much lower intensity, indicating the uniform
growth of an atomically thin 1L-MoS2 over TiO2. It is
noteworthy that peak A is observed to be slightly blue-shifted
and detected at 657.1 nm, perhaps because of the quantum
confinement effect as the layer number decreases from few
layers to monolayer after the formation of HS with TiO2.
3.3.2. PL Study. Figure 6a shows a comparison of the PL

spectra of pristine 1L-MoS2 and 1L-MoS2@TiO2 HS,

measured at room temperature. The PL peak intensities for
the pristine 1L-MoS2 and 1L-MoS2@TiO2 HS are measured to
be ∼1.5 and ∼120 K, respectively, in arbitrary units, as shown
in Figure 6a. Thus, the formation of single-layer MoS2 shell
over the TiO2 NRs provides about 80-fold or 2 orders of

magnitude enhancement in the PL intensity of 1L-MoS2
compared to its pristine counterpart. Additionally, the PL
spectrum was notably blue-shifted by ∼12 nm in case of HS, as
compared to that of pristine 1L-MoS2. To understand the
origin of the PL emission, we have deconvoluted the spectra of
the as-grown 1L-MoS2 and 1L-MoS2@TiO2 HS by fitting them
with a few Gaussian peaks: the neutral exciton (A), negative
trion (A−), B exciton, and the bound exciton (X) (Figure
6b,c). The summary of the spectral weight of each of the
individual peaks for both the samples is presented in Table 1.
The A exciton peak is derived from the direct band gap of
MoS2, whereas the B excitation peak arises from the direct
band gap transition between the minima of the conduction
band and the lower-level valence-band maxima, formed by the
strong valence-band spin−orbit splitting at the K point in the
Brillouin zone.41 The A− exciton peak, which is understood as
the transition from the trions, is caused by light n-type doping
from the substrate or from the charged impurities in the CVD-
grown 1L-MoS2 film,42 and the X exciton peak is attributed to
the radiative recombination of the bound excitons.43

Interestingly, after the formation of the HS, the spectral
weight of A exciton peak increased from 41 to 76%, whereas
that of the trion decreased from 23% to a negligible amount, as
shown in Figure 6b,c and Table 1. The transition because of
the defect-bound excitons (X) also decreases from ∼17 to
∼12% after the formation of HS, confirming the lower defect
density in 1L-MoS2 grown on TiO2. When the heterojunction
is formed between MoS2 and TiO2, the excess electrons
present in the intrinsically n-type 1L-MoS2 transfer to the TiO2
side through the interface because of their special band
arrangement, as shown in Figure S5 (Supporting Informa-
tion).36 Therefore, this depletion of excess electrons introduces
p-type doping in 1L-MoS2, as evidenced from the blue shift of
the Raman and PL spectra, which switches the PL process
from trion recombination to exciton recombination, leading to
an enormous PL enhancement by the 1L-MoS2 shell. On the
other hand, the pristine TiO2 NRs show a weak near-infrared
PL emission band centered at ∼810 nm (see Figure S4,
Supporting Information), which is attributed to the Ti-
interstitial defects.44 After the formation of MoS2@TiO2 HS,
the intensity of the ∼810 nm peak increased marginally. This
may be due to the recombination of excess electrons that
migrate from MoS2 to TiO2.
The heterojunction between MoS2 and TiO2 usually forms a

type-II HS, which facilitates an efficient transfer of the
photoexcited electrons from the MoS2 side to the TiO2 side,
resulting usually in PL quenching.45 On the contrary, in our
case, the charge transfer at the interface most likely occurs
through the trions, that is, the excess electrons in the
intrinsically n-type 1L-MoS2, whereas the neutral excitons are
not parted. This can be realized from the much higher binding
energy of the neutral exciton (0.5−0.9 eV) than that of the
trion (∼30 meV) generated in 1L-MoS2 by photoexcitation.
Thus, analogous to the typical chemical p-doping process,
which converts light-inefficient trions to light-efficient excitons,
it may be argued that the controlled interfacial charge transfer
induces a p-doping effect, resulting in the giant enhancement
of PL.36 Additionally, the CVD growth process generally
induces various structural defects in 1L-MoS2. Thus, such
structural defects in the 1L-MoS2 shell grown by the CVD
method over the TiO2 core are expected, which is consistent
with the STEM elemental composition showing a lower
concentration of S, giving an indication of S vacancies.

Figure 5. K−M plot of different samples derived from its respective
diffuse reflectance spectrum. Inset shows a magnified view of the
absorption peaks in the region of 560−720 nm, indicating a shift in
peak A. A, B, C, and D represent the characteristic excitonic
absorption bands of 1L-MoS2.

Figure 6. (a) Comparative PL spectra of the pristine 1L-MoS2 and
1L-MoS2@TiO2 at room temperature. (b,c) Gaussian deconvolution
of the PL spectra of pristine MoS2 and MoS2@TiO2 HS, respectively,
showing different excitonic peaks (A, B, A−, and X). Low-temperature
PL spectra for (d) pristine 1L-MoS2 and (e) 1L-MoS2@TiO2 core−
shell HS, recorded in the temperature range 83−300 K. The inset in
each case shows the temperature dependence of the PL peak intensity.
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Therefore, oxygen and water molecules adsorbed from the
atmosphere can occupy the S vacancy sites, and/or oxygen in
the TiO2 lattice may form O−Mo−O or MoO bonding,
which eventually introduces a p-type doping in the MoS2 film,
as compared to the pristine 1L-MoS2. Thus, we believe that the
p-doping in the 1L-MoS2@TiO2 HS leads to the conversion of
negative trion to neutral exciton,42 which enhances the PL
intensity enormously.
To understand the relative contribution of the nonradiative

and radiative processes, low-temperature PL measurements
were carried out for both 1L-MoS2 and 1L-MoS2@TiO2, and
the results are shown in Figure 6d,e. It is clear that the PL
intensity is considerably enhanced at low temperature for the
pristine 1L-MoS2 sample. A 50× objective lens was used to
focus the laser beam and to collect the PL signal at
temperatures from 83 to 287 K in a low-temperature Linkam
stage. The temperature dependence of PL intensity IPL(T) can
be expressed by the equation42,46

I T
I K T

K T K T
( )

( )
( ) ( )PL
LT rad

rad nonrad
=

×
+

where ILT is the PL intensity at very low temperature, and
Krad(T) and Knonrad(T) are the temperature-dependent
radiative and nonradiative recombination rates, respectively.
The nonradiative recombination rate is reported to be related
to the defect-trapping rate and electron relaxation within the
conduction and valence bands of a semiconductor.41 Most of
the semiconducting materials possess an extremely low
quantum efficiency of emission at higher temperature because
of the higher rate of nonradiative recombination activated with
the thermal energy. In the present case, when the temperature
increases from 83 to 300 K because of the nonradiative
recombination, the PL intensity of the pristine 1L-MoS2 is
reduced by ∼86%, as shown in Figure 6d and its inset.
Surprisingly, the PL intensity of 1L-MoS2@TiO2 HS is
observed to be reduced to only by ∼17%, as shown in Figure
6e, with the increase of temperature to 300 K. Thus, it can be
argued from the above equation that the nonradiative
recombination rate of the excitons in the case of 1L-MoS2@
TiO2 HS is almost negligible and the PL emission is mostly
dominated by radiative recombination.42,47 This may also be
one of the major reasons for the enormous PL enhancement at
1L-MoS2 in the MoS2@TiO2 HS. Further, it was observed that
the nonradiative rate becomes nearly 7 times stronger than the
radiative rate at room temperature for the case of pristine 1L-
MoS2, whereas it is quite small for the HS sample. Thus, no
significant quenching of PL is observed with the increase of
temperature for the HS sample, which is very significant for its
display application.
3.4. Effect of Oxygen Plasma Treatment. 3.4.1. Raman

Study. To have a more detailed understanding of the giant PL
enhancement, oxygen plasma treatment was carried out for the
pristine 1L-MoS2 and 1L-MoS2@TiO2 HS for various time
durations. Figure 7a shows the Raman spectra of the oxygen
plasma-treated 1L-MoS2 sample irradiated up to 60 s. It is
noteworthy to observe that the E2g mode is not affected much,
whereas the A1g mode at ∼408 cm−1 is blue-shifted
monotonically with an increase in the oxygen plasma exposure
time. This is a clear indication of an effective p-doping in the
MoS2 lattice by oxygen bonding during the plasma treat-
ment.48 With the longer exposure of 1L-MoS2 to the oxygen
plasma, the position of the A1g peak does not shift further, but

the Raman intensity starts decreasing, implying the degrada-
tion of the film quality. Figure 7b shows the Raman spectra of
the oxygen plasma-treated 1L-MoS2@TiO2 HS for different
durations of treatment (0−60 s). Note that because of the
plasma treatment, the Raman peak intensity is gradually
reduced with the plasma exposure time, though the peak
positions for the E2g and A1g modes are unchanged. The
reduced peak intensity signifies the gradual degradation of the
MoS2 film quality. Thus, after the growth of the 1L-MoS2 shell
over the TiO2 NRs, the MoS2 layer becomes optimally p-
doped, and no further doping is observed even after the oxygen
plasma treatment. Interestingly, we observed a systematic
increase in the peak intensity for a peak at ∼820 cm−1, and an
additional peak at ∼994 cm−1 is observed to be evolving with
an increase in the plasma irradiation time, corresponding to the
O−Mo−O and MoO bonds of molybdenum oxides (see
Figure 7b).40 These results clearly indicate the p-doping of the
underlying MoS2 layer in the HS sample.

3.4.2. PL Study. To further investigate the origin behind the
strong PL enhancement in the MoS2@TiO2 HS, the PL
spectra of both the pristine MoS2 and 1L-MoS2@TiO2 HS
were recorded after oxygen plasma treatment for various time
durations and analyzed. Figure 8a shows a comparison of the
PL spectra for the pristine 1L-MoS2, before and after O2
plasma treatment. The PL intensity is observed to be increased
with the plasma exposure time up to 60 s, and then it decreases
gradually, as shown in Figure 8b. Figure 8c,d shows the
Gaussian deconvolution of the PL spectra of 1L-MoS2 after the
oxygen plasma exposure for different time durations: 60 and
120 s, respectively. As the plasma irradiation is reported to
introduce S-vacancies in the pristine 1L-MoS2,

43 the MoS2 film
is p-doped in the course of plasma treatment by the adsorption
of oxygen molecules at the vacancy sites, which push away the
electrons from the MoS2. Therefore, the trion contribution is
suppressed and hence the neutral exciton emission dominates,
which results in the overall increase of the PL emission and the
blue shift of the A exciton peak. When the irradiation time
exceeds 60 s, we observed a systematic drop in the PL intensity
(as shown in Figure 8b). Thus, at 60 s plasma irradiation, the

Figure 7. Raman spectra of oxygen plasma-treated (a) 1L-MoS2 and
(b) 1L-MoS2@TiO2 for different exposure times: 0−60 s. The vertical
dotted lines in (a) indicate the shift in the Raman mode of MoS2 with
the plasma exposure time. The inset in (b) shows a magnified view of
the spectrum for the untreated HS in the range of 740−1010 cm−1. It
reveals the evolution of the peak at ∼820 cm−1 (marked by symbol
“•”) after the plasma treatment.
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doping concentration may reach the optimum value, beyond
which excessive defects are created by the plasma, which
degrade the characteristic properties of MoS2, consistent with
the Raman analysis. After 120 s of plasma irradiation, the
defect-induced X peak contribution is maximum in the PL
peak, whereas the A and A−peaks decrease markedly in weight,
as shown in Table 2.
Figure 9a depicts a comparison of the PL spectra of 1L-

MoS2@TiO2 HS before and after oxygen plasma treatment for
various time durations. With the increase in the plasma
treatment time, the PL intensity decreased monotonically, as
shown Figure 9b. To understand the change in spectral profile
with plasma treatment, each spectrum was deconvoluted.
Figure 9c,d shows the Gaussian deconvolution of the PL
spectra for the oxygen plasma exposure times of 30 and 60 s,
respectively. Because of the negligible contribution of trion A−

in the as-grown MoS2@TiO2 HS (see Table 1), no significant
conversion of A− to A exciton emission is observed in the HS
after the plasma treatment. Therefore, the electron transfer-
induced p-doping effect in the MoS2 lattice may be discarded
in case of the HS sample with the plasma exposure. Thus, it
can be argued that the as-synthesized MoS2@TiO2 HS is
optimally p-doped. However, the contribution of the defect-
induced X peak increases substantially in the HS with the
plasma treatment time, which implies the deterioration of the

MoS2 layer. As a result, the overall intensity goes down with
the plasma exposure time in the case of the HS sample.

4. CONCLUSION
In summary, the 1L-MoS2 shell was deposited by a direct CVD
process on the hydrothermally grown vertical TiO2 NRs,
forming a MoS2@TiO2 core−shell structure. A strong
enhancement in PL intensity (by nearly 2 orders of
magnitude) at room temperature in the 1L-MoS2@TiO2 NR
HS is demonstrated here. The formation of 1L-MoS2@TiO2
core−shell HS was confirmed by the Raman and HRTEM
analyses. The observed strong PL enhancement is explained on
the basis of oxygen-bonding-induced p-doping in MoS2 lattice,
which suppresses the trion emission and increases the neutral
exciton emissions. The low-temperature PL measurement on
the HS sample indicates the suppression of the nonradiative
recombination of excitons at MoS2, which eventually boosts
the PL emission at room temperature. Finally, oxygen plasma
irradiation was performed on the pristine MoS2 and MoS2@
TiO2 HS samples to verify p-doping through the oxygen
bonding at the defect sites in MoS2, resulting in the
enhancement of PL. Our results provide a new and easy way
to fabricate MoS2-based HSs and tune the optical properties of
MoS2 to realize its practical applications in optoelectronic and
nanophotonic devices.

Figure 8. (a) Variation of PL spectra of 1L-MoS2 as a function of the
oxygen plasma exposure time duration. (b) The variation in PL
intensity as a function of plasma exposure time. (c,d) Gaussiande-
convolution of the PL spectra of 1L-MoS2, after 60 and 120 s of
oxygen plasma treatment, respectively. The symbols for different fitted
peaks are explained in the text.

Table 2. Evolution of the Different Peak Contributions to PL with the Oxygen Plasma Treatment for Different Time Durations
in Pristine 1L-MoS2 and MoS2@TiO2 HS

sample B-exciton (B) (%) A-exciton (A) (%) trion (A−) (%) bound exciton (X) (%)

MoS2 0 s 18.5 ± 0.7 40.8 ± 0.1 23.4 ± 0.5 17.3 ± 4.7
60 s 4.7 ± 0.5 73.0 ± 0.1 10.2 ± 0.4 12.1 ± 0.1
120 s 12.0 ± 0.4 58.8 ± 0.1 10.9 ± 0.9 18.3 ± 0.6

MoS2@TiO2 0 s 11.6 ± 0.2 76.3 ± 0.2 0 12.1 ± 0.2
30 s 10.8 ± 0.5 75.1 ± 0.1 0 14.1 ± 0.5
60 s 12.0 ± 1.3 73.5 ± 0.6 0 14.5 ± 2.7

Figure 9. (a) Comparison of the PL spectra of 1L-MoS2@TiO2
before and after oxygen plasma treatment for 30 and 60 s. (b) Change
in PL intensity of MoS2@TiO2 with plasma exposure time. (c,d)
Gaussian deconvolution of the PL spectra of oxygen plasma-treated
(30 and 60 s, respectively) MoS2@TiO2. The symbols for different
fitted peaks are explained in the text.
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