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ABSTRACT: The elaborate interface interactions can be critical in
determining the achievable functionality of a semiconductor hetero-
junction (SH), particularly when two-dimensional material is enclosed
in the system and its thickness is at an atomic extreme. In this work, we
have successfully constructed a SH model system composed of typical
transition-metal chalcogenide (TMDs) and transition metal oxides
(TMO) by directly growing molybdenum sulfide (MoS,) nanosheets on
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atomically flat strontium titanate (SrTiO;) single crystal substrates
through a conventional chemical vapor deposition (CVD) synthetic
method. Multiple measurements have demonstrated the uniform
monolayer thickness and single crystallinity of the MoS, nanosheets as
well as the atomic flatness of the heterojunction surface, both
characterizing an extremely high quality of the interface. Clear evidence
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have been obtained for the electron transfer from the MoS, adlayer to the SrTiO; substrate which varies against the interface
conditions. More importantly, the photoluminescence of MoS, is significantly tailored, which is correlated with both the
cleanness of the interface and the crystal orientation of the SrTiO; substrate. These results not only shed fresh lights on the
structure—property relationship of the TMDs/TMO heterostructures but also manifest the importance of the ideal interface

structure for a hybridized system.
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INTRODUCTION

Functionalized semiconductor heterojunctions (FSH) have
provoked extensive studies due to their unique physicochem-
ical properties which are interesting for both fundamental
science and advanced technology.' > With regard to the
synergistic effect of the compositional materials, a sufficiently
reasonable and credible interfacial interaction of the FSH can
play decisive roles for realizing the anticipated emergent
functionalities.”'" In the past decade, tremendous studies
have been dedicated to achieve creational FSH systems
combining variously different semiconductor materials such
as Fer—TiOz,11 CdSe-CdS,"* ZnS-ZnO,"* MoS,-MoSe,,'* and
LaALO;-SrTiOs,"> which have contributed largely in expand-
ing the material families, fabricating fascinating devices,
deepening or renewing the basic understandings of heteroge-
neous catalysis and condensed matter physics, and so on.'*”"*
The fast development in these fields, on the other hand,
formulates urgent demands for fundamental studies to unveil
the physical natures of these FSH and their corresponding
properties, ie., the structure—property relationships. To this
goal, building model systems with atomically precise interfacial
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structures becomes necessary for the sake of clear interpreta-
tions of the various characterization results.

In the extensively explored FSH systems, the two-dimen-
sional materials (2DM) have emerged as an important
participator owing to their remarkable properties including
the superior conductivity, high chemical stability, conspicu-
ously large surface area, as well as luminescing properties,
etc."” ™" The combination of 2DM with transition metal oxides
(TMO) frequently constitutes more fascinating heterostruc-
tures seeing broad applications in various fields such as solar
cells, photoconductors, photodetectors, and so on>"** In
such systems, a serious control of the interface structure can be
more critical because the properties of the oxides can be
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Figure 1. Characterizations of monolayer MoS, nanosheets grown on SrTiO;(111) single crystal surface. (a) Schematic diagram of synthetic
process of the MoS,-SrTiO;(111) sample. (b) and (c) SEM and AFM images of the MoS,-SrTiO;(111) sample, respectively. Inset in (c)
shows the height profile of a MoS, nanosheet. (d) Atomically resolved STM image measured on a the MoS, nanosheet grown on a Nb-doped
SrTiO;(111) substrate. (e) XPS survey spectrum of the MoS,-SrTiO;(111) sample showing no clue of unexpected contaminations. (f) UV—
vis spectra of the blank SrTiO;(111) (red) and the MoS,-SrTiO;(111) sample (blue), respectively. (g) Raman spectrum of the as-grown

MoS, nanosheets after transfer onto a Si0,/Si substrate.

sensitively dependent on their atomic structures and the ad-
species, the latter may impose unexpected affections on the
overall functionality of the heterostructure. As a representative
of these FSH, the compositional system of MoS, and SrTiO,
has attracted much interest considering the attractive proper-
ties of both materials.”>™* Particularly, SrTiO; differs from
many other oxides in its distinctive layered structure, high
dielectric constant, quantum paraelectricity, ete.”"** and thus
being expected with a special tuning effect over the MoS,
properties. Recently, S. Sarkar et al. discovered a quasiparticle
in the MoS,/SrTiO; hybridization called “polaronic trion”,
which is derived from the strong coupling of the soft phonon
in SrTiO; and the negatively charged exciton in MoS, at the
interface.”””® X. Yin and co-workers investigated the same
system and discussed the importance of the spin—orbital
charge—lattice coupling in tailoring the photo properties of the
MoS, monolayer.”> These latest developments undisputedly
emphasized the critical roles of the interface interaction
between MoS, and SrTiO;. However, most of these reports
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emphasized the quality of the as-grown MoS, films yet paid
little attention on the SrTiO; surface structure, which may
actually lack the serious control of the MoS,/SrTiOj; interface.

Here in this work, we have applied a conventional chemical
vapor deposition (CVD) method to directly grow high quality
MoS, nanosheets over SrTiO;(111) and SrTiO;(100) single
crystal substrates. Our optimized synthetic recipe not only
realized the fabrication of single crystallized single-layer MoS,
(SL-MoS,) but also ideally preserved the atomic flatness of the
SrTiO; surface, thus successfully constructing ideal MoS,/
SrTiO; interfaces. The series of surface characterizations
clearly confirmed MoS, donates electrons to the SrTiO;
substrate, while both materials hold an n-type doped nature.
Concomitantly, the variable temperature photoluminescence
spectroscopy (PL) evidenced a strong tuning effect of the
SrTiO; substrate over the MoS, adlayer by significantly
enhancing the trion luminescence of the latter. Moreover,
such an effect was found seriously dependent on the substrate
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Figure 2. High resolution XPS spectra of (a) Mo 3d, (b) S 2p, (c) Sr 3d, (d) O 1s, and (e) Ti 2p collected on the blank SrTiO;(111) substrate
and the MoS,-SrTiO;(111) sample, respectively. (f) Shifts of the binding energies for Sr, Ti, and O atomic orbitals in the MoS,-SrTiO;(111)

sample as compared with blank SrTiO;(111) substrate.

orientation and can be exterminated upon intercalating
molecules into the interface region.

RESULTS AND DISCUSSION

Characterization of the As-prepared SL-MoS, Nano-
sheets on SrTiO;. Figure 1 shows a series of characterizations
of the as-grown SL-MoS, nanosheets on SrTiO;(111)
substrate (termed as MoS,-SrTiO5(111)). The schematic
CVD setup of the two-zone oven is presented in Figure la,
wherein the prepared SrTiO;(111) substrate is placed right
above the MoOj; source at the downstream position while the
S source is placed on the upstream position and transported by
the N, carrier with low flow rate. Note that before being
subjected to the CVD synthesis of MoS,, the SrTiO;(111)
substrate has been treated (see the Experimental Section for
details) to achieve a clean and atomically flat surface. As shown
by the atomic force microscopy (AFM) images in Supporting
Information (SI), Figure S1, the treated substrate exhibits large
and contamination-free terraces separated by atomic steps as
high as 0.24 nm, corresponding to an exclusively Ti-rich
terminated surface.””** Such structural uniformity is essential
for constructing an ideal MoS,-SrTiO; heterostructure and
largely simplifies the later-on discussions about the interface
interactions. After the CVD synthesis, the samples were then
subjected to a series of onsite characterizations to examine the
fabrication results of MoS, as well as the surface structures of
the SrTiO; substrate. Figure 1b shows a scanning electron
microscopy (SEM) image of the as-prepared MoS,-
SrTiO5(111) sample which witnesses many triangular-shaped
MoS, nanosheets that spread for 500 nm to 2 pm and orient
either parallelly or antiparallelly to one certain direction,
indicative of a typical epitaxial growth of MoS, on the
SrTiO;(111) substrate. Further examining the sample surface
with AFM reveals a uniform thickness of ~0.87 nm for the as-

8612

grown MoS, nanosheets, corresponding to the single layer
height of MoS,.*>*® Simultaneously, the step-terrace structure
of the SrTiO;(111) substrate is clearly viewed, as shown in
Figure lc, manifesting a well-defined atomic structure of the
sample surface. To further investigate the atomic details of the
MoS,-SrTiO;(111) heterostructure, we performed the same
synthetic strategy to grow MoS, on a Nb-doped SrTiO; (111)
single crystal substrate (shorten as MoS,-Nb-SrTiO;(111))
and measured with scanning tunneling microscopy (STM). As
shown in Figure 1d and SI, Figure S2, atomic resolution can be
readily obtained over the triangular MoS, nanosheets, which
recognizes a hexagonal lattice with 0.32 nm for the periodicity,
perfectly consistent with that for MoS, as reported in other
works.”**” One may also notice that although the
SrTiO5(111) surface does not present periodic atomic
structure owing to vacancy-induced disordering, the overall
surface corrugation is still at the atomic level. Moreover, such
substrate corrugation is directly reproduced on the MoS, patch
(see SI, Figure S2), which in turn reflects that the as-grown
MoS, nanosheets are strictly intimately attaching to the SrTiO;
(111) surface.*” This is particularly true for the regions where
the MoS, carpets over the steps or surface vacancies of the
substrate. One can clearly observe a continuous atomic lattice
(see Figure S2) once the STM tip is brought close enough to
the surface. These microscopic evidence completely testify the
clean interfaces of our fabricated samples.

Aside from the microscopic characterizations, elemental and
chemical sensitive spectroscopies are necessary for confirming
the chemical nature of the synthesized MoS, nanosheets. The
full-range X-ray photoelectron spectroscopy (XPS) survey
spectra of the blank SrTiO;(111) substrate and the MoS,-
SrTiO;(111) sample are presented in SI, Figure S3, and Figure
le, respectively. Comparison of the two spectra clearly shows
the pute emergence of Mo and S signals after the CVD
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Figure 3. (a) Topography and (b) surface potential images of two selected MoS, nanosheets grown on the SrTiO;(111) substrate. Inset in
(b) shows the line profile along the red arrow, confirming the MoS, region has a lower surface potential relative to the uncovered SrTiO,
surface. (c) UPS spectra of the Nb:SrTiO;(111) and Nb-MoS,-SrTiO; samples, respectively. (d) Proposed band alignment for the MoS,/

SrTiO;(111) heterostructure.

synthesis, suggesting the formation of MoS, as well as the
cleanness of the synthetic process. The only contamination
comes from the carbon species, which generally exist for all the
sample surfaces experiencing the air exposure. We consider
these carbon contaminations are existing at the top surface or
defective sites of our fabricated MoS,-SrTiO;(111) sample
instead of intercalated inside the MoS,/SrTiO; interface
because the CVD growth of MoS, was performed in a carbon
free atmosphere and at high temperature. Besides the XPS
measurements, we also applied ultraviolet—visible light
absorption spectroscopy (UV—vis) on our samples. The
results depicted in Figure 1f clearly show that relative to the
bare SrTiO5(111) substrate, the as-prepared MoS,-
SrTiO5(111) presents significantly enhanced absorption in
the visible light region (400—800 nm) with characteristic peaks
at around 608 and 656 nm, which corresponds to the specific
absorption of MoS,. Finally, Raman spectroscopy was
measured as it is the most compelling spectroscopy for two-
dimensional materials. In SI, Figure S4, we show the typical
Raman spectrum of our MoS,-SrTiO5(111) sample. Unfortu-
nately, because the strong background vibration of the
SrTiO;(111) substrate (in the range of the 380—410 cm™),
the characteristic signals of the MoS, nanosheets become
unobvious. Alternatively, we follow the same treatment as
reported for the MoS,/TiO, heterostructure in our previous
study’” and split and transfer the MoS, nanosheets from the
MoS,-SrTiO;(111) sample to a SiO,/Si substrate (termed as
tr-MoS,-Si0,/Si). The inserted picture in SI, Figure SSh,
clearly demonstrates that the transfer process is successful and
the MoS, nanosheets remain triangular shape after transferred
onto SiO,/Si. Figure 1g shows the typical Raman spectrum
collected on the tr-MoS,-SiO,/Si sample, wherein the
characteristic peaks at 384.75 and 403.96 cm™' are clearly
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identified as the El2g and A;, phonon modes of single layer
MoS,, respectively. Moreover, the frequency difference
between Elzg and A, peaks reads 19.2 cm™, asserting the
AFM conclusion that the synthetic MoS, nanosheets are
indeed monolayer thick. Actually, we have measured the
Raman spectrum at varied positions on the tr-MoS,-SiO,/Si
sample, all the spectra give similar values for the frequency
difference, as shown in SI, Figure SS, indicating a uniformly
single layer thickness of MoS, throughout the entire surface of
the sample. Therefore, the above-mentioned spectroscopy
characterizations in all verify that we have constructed high
quality MoS,/SrTiO; heterostructure with clean and well-
defined interface structure.

Charge Transfer and Band Alignment at the MoS,-
SrTiO3(111) Interface. The intimate contact of MoS, with
the SrTiO; surface is essential for unraveling the intrinsic
properties of the hybridized system. Our CVD sample has
demonstrated a proper platform to investigate the interface
interactions of the MoS,-SrTiO;(111) heterostructure. One of
the chief questions is the charge redistribution at the interface
region upon the direct contact of the two materials. To look
into this issue, we have carefully analyzed the high resolution
XPS spectra of all present elements before and after MoS,
growth, as shown in Figure 2. It needs to be mentioned that
here the binding energy (BE) of the air-exposure-induced
carbon species is fixed to 284.8 eV, which provides a reference
for discussion of all other elements. First, both Mo and S
appears only for the MoS,-SrTiO; (111) sample, while the
blank SrTiO5(111) crystal presents no detectable signals. The
Mo 3d spectrum in Figure 2a shows two prominent peaks with
binding energies of 230.0 and 233.25 eV, consistent with the
literature reports for the 3ds/, and 3d;,, components of Mo*,
respectively.”” The weak peaking signals at around 227.0 eV
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can be attributed to S 1s transitions. In Figure 2b, the two
peaks at 162.9 and 164.1 eV of the MoS,-SrTiO;(111) can be
assigned to S 2p;, and S 2p;, for S*7 chemical state,
respectively, also agreeing well with values reported for MoS,
in the previous studies.”” Concerning the XPS of other
elements including Sr, Ti, and O, as shown in Figure 2c—e,
they appear for both the MoS,-SrTiO;(111) and the blank
SrTiO; samples. One can clearly see a prominent blue-shift
occurring for all three elements of the MoS,-SrTiO;(111)
sample as compared to the bare SrTiOj; substrate. In SI, Figure
S6, we present detailed comparison of the XPS profiles of Sr
3d, Ti 2p, and O 1s in the two samples, respectively. One can
find the line shapes of all three elements are basically
maintained throughout the MoS, synthesis, consistent with
the preserved atomic flatness of the TiO, terminated
SrTiO;(111) surface. However, a slight yet visible discrepancy
can be recognized for the Sr 3d spectra. As displayed by the
peak fittings in SI, Figure S7ab, the spectrum of blank
SrTiO;(111) shows only one set of XPS peaks centering at
134.76 and 133.00 eV, while that of MoS,-SrTiO5(111) can be
best fitted with two sets of peaks, the main set of which has
blue-shifted by ~0.8 eV to 135.56 and 133.80 eV, while the
emerged minor set appears at 136.70 and 134.53 eV,
respectively. These minor Sr species may probably correspond
to the surface SrO, species that has been formed upon
segregation of Sr ions from the bulk of SrTiO; to the surface
during the CVD procedure at high temperature.*** As
corroborated by the AFM image in SI, Figure S7c, these
SrO, species clearly avoid the MoS, region and reside only on
the uncovered SrTiO; surface. Their existence should not
affect the interface interactions between the MoS, and SrTiO,
at the interface. In Figure 2f, we plot the measured differences
in the binding energies for the two different samples, which
interestingly depicts an equivalent value of 0.7—0.8 eV for all
three elements. We propose that such unified binding energy
shifts are attributed to the static electrical field which is
established at the interface between the two materials upon
their contact with each other. Similar effects have also been
visualized in our previous studies of graphene/TiO, and
MoS,/TiO, heterostructures, wherein the interfaces are
dominated by the physical interactions instead of any chemical
bonding.*”*°

The XPS-suggested interface dipole field should come from
the charge redistribution between MoS, and SrTiO; because
the two materials possess different work function (WF). To
elucidate the actual situation of the MoS,/SrTiO; hetero-
junction, we have performed Kelvin-probe force microscopy
(KPFM) measurements on the as-prepared sample. Figure 3
shows the KPFM image of a selected region on the MoS,-
SrTiO5(111) sample, which clearly reveals that the MoS,
nanosheets have lower surface potential (SP) than the
SrTiO; substrate. In addition, the larger MoS,, the lower SP
at the center of the MoS, nanosheet. This result manifests that
the MoS, has relatively lower WF and thus may transfer
electrons into the SrTiOj; substrate at the contact region. In
this picture, the charge transfer occurring at the interface of the
MoS,/SrTiO; should formulate a downward dipole field along
the surface normal, which subsequently causes a downward
band-bending at the heterojunction interface. As a conse-
quence, the core levels of the substrate elements all experience
a downward shift relative to the aligned Fermi level and thus
exhibit blue-shifts relative to the bare SrTiO; surface without
MoS,. It needs to be mentioned that charge redistribution
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generally exists for any heterojunction of two materials with
different WFs, which usually plays important roles in tuning
the electronic properties of the hybridized system. Particularly
for the compositional systems of TMDs and oxides, such
phenomenon can provide an efficient strategy to control the
charge carriers, the photovoltaic, the photoluminescence as
well as the catalytic activities of the TMDs materials via tunin
the electronic interactions from the oxide substrates.””>">

On the basis of the charge transfer and band-bending picture
as derived by KPFM and XPS, we would further determine
band levels of both MoS, and SrTiOj; relative to the aligned
Fermi level, which usually plays a critical role in determining
the potential applications of the hybridized semiconductors.
To do this, we have applied ultraviolet photoelectron
spectroscopy (UPS) measurements on both Nb:SrTiO5(111)
and MoS,-Nb-SrTiO5(111) samples to examine their valence
bands. From the blue curve in Figure 3¢, we can identify the
valence band maximum (VBM) of the Nb:SrTiO;(111) at
—3.15 eV below Fermi level. For the hybridized sample of
MoS,-Nb-SrTiO;(111) (the red curve), the VBM is
recognized at —1.65 eV, which can be ascribed to the sole
contribution from Mo$S, (mainly Mo 3d). In the meantime, the
band edge of the SrTiO; has downshifted to ~ —3.35 eV with
MoS, in presence. Despite of the immeasurable conduction
band edges of the samples, we may already picture the band
alignments of the MoS,/SrTiO; heterostructure after involving
the band gaps of the two materials. If we propose the intrinsic
band structures of both MoS, and SrTiOj; are not changed very
much in the heterostructure considering the physical nature of
the interface interaction, we can take the band gap values of
isolated material for estimation. It is well-known the band gap
of single-layer MoS, is 1.85 eV and that of bulk SrTiO; is 3.4
eV, respectively.””>** Therefore, the conduction band
minimum (CBM) of MoS, and SrTiO; can be determined at
0.2 and ~0.0S eV above the Fermi level of the MoS,-SrTiO;
heterostructure. The band alignment can thus be schemed as a
type-II heterojunction as shown in Figure 3d. The higher CBM
level of the MoS, relative to SrTiO; indicates that MoS, may
donate electrons into the latter, hence possessing a relatively
lower surface potential, which is consistet with the KPFM
measurement as shown in Figure 3b. Another notable feature
in Figure 3d is that the CBMs of MoS, and SrTiOj; are both
positioned close to the Fermi level, indicating a strongly n-type
doped nature for both materials in the hybridized system. This
picture also gets supported by our measurements of scanning
tunneling spectroscopy as shown in SI, Figure S8. Therefore,
the self-consistency of our systematic characterizations has
clearly demonstrated that the as-grown MoS, is n-type doped
and serves as an electron donor in the CVD-fabricated MoS,-
SrTiO; heterostructure.

Optical Properties of the MoS,-SrTiO; Heterostruc-
ture. The optical property is one of the most attractive
properties of the TMD materials including MoS,. Particularly,
their hybridization with other materials can provide a versatile
manipulation strategy to tailor the intrinsic optical properties
of TMDs. Therefore, the MoS,/SrTiO; sample was carefully
measured with photoluminescence (PL) spectroscopy to
examine the tuning effect of the SrTiOj; substrate. First, PL
spectra were collected at different positions of the as-prepared
MoS,-SrTiO;(111) sample at room temperature, as shown in
SI, Figure S9, which constantly gives a single luminescing peak
at around 658 nm despite the varied intensities. This PL peak
can be assigned to the main optical transition resulted from the
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Figure 4. (a) Schematic illustration for transfer process. (b) SEM image of the MoS, nanosheets after transfer to a SiO,/Si substrate. (c)
SEM and (d) AFM images of MoS, nanosheets after transfer to a SrTiO;(111) substrate. Inset in (d) shows the height profile along the
yellow line across a piece of MoS, nanosheet, indicating the transfer process leads to the ruin of the interface. (¢) Room temperature PL
spectra of MoS,-SrTiO5(111), tr-MoS,-SiO,/Si, and tr-MoS,-SrTiO;(111) samples, respectively. Inset is the magnified spectrum region

showing the appearance of B peak in the tr-MoS,-SrTiO;(111) sample.

excitation from the band edges, which confirms that the MoS,
nanosheets have a single-layer thickness and a uniform
distribution over the entire SrTiO; surface. Moreover, SI,
Figure S10, shows the PL mapping of an individual MoS,
triangle, which was taken at the peaking wavelength of 1.88 eV.
The uniform contrast across the whole MoS, triangle once
again certifies the high crystallinity of the MoS, nanosheet.
Another noticeable characteristic of the PL spectra is the
absence of signals for B excitons, which is similar to what we
found for the MoS,/TiO, hybridized system.*” At the present
stage, we propose the B excitons should decay through other
channels instead of luminescing in these CVD-prepared
heterostructures.

For better elucidating the effect of the SrTiO; on the optical
property of MoS,, we peel the MoS, nanosheets off and
transferred them onto a blank SrTiO; (111) (termed as tr-
MoS,-SrTiO;(111)) and SiO,/Si (termed as tr-MoS,-SiO,/Si)
substrate, respectively, and measured their PL for comparison.
Figure 4a shows the schematic of the transfer process, which is
detailedly described in the Experimental Section. Parts b and ¢
of Figure 4 show the SEM images of tr-MoS,-SiO,/Si and tr-
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MoS,-SrTiO;(111) samples, respectively, both evidencing the
well-preserved triangular-shaped MoS, nanosheets, thus
manifesting a successful transfer operation. The AFM image
in Figure 4d clearly observes the triangular MoS, nanosheets
that have been transferred onto the bare SrTiO5(111) surface.
However, the original step-terrace structure as well as the
overall atomic flatness of the SrTiO;(111) substrate is lost;
scattered bright protrusive species concomitantly appeared
which can be attributed to the adsorbed impurities during the
transfer operation. Moreover, the height profile across the
MoS, nanosheet is now measured as 2.5 nm, strongly
suggesting a layer of molecules (as thick as 1.5 nm) has
been intercalated between MoS, and the SrTiO; substrate.
Afterward, the PL spectrum of the tr-MoS,-SrTiO;(111)
sample now shows drastic difference against that of the as-
prepared MoS,-SrTiO5(111) sample but basically reproduces
the same profile as that of the tr-MoS,-SiO,/Si sample.
Moreover, the PL of tr-MoS,-SrTiO5(111) displays an
obviously reduced intensity while the main peak red-shifts to
1.83 eV. In addition, the B exciton now appears at around 1.97
eV after transfer. All these facts direct to the intercalated
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Figure S. (a) PL emission of the MoS,-SrTiO;(111) taken at 296, 170, 110, 60, and 10 K, respectively. Each spectrum is fitted with
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temperature PL spectra of the MoS,-SrTiO;(111) sample ranging from 296 to 10 K. (c) Plot of the peak energies of both A’ and A~
quasiparticles in the MoS,-SrTiO5(111) sample as a function of temperature, (d) Pseudocolor map of variable temperature (296—10 K) PL
emission taken on the tr-MoS,-SrTiO;(111) sample. (e) Plot of the peak energies of both A° and A~ quasiparticles in tr-MoS,-SrTiO;(111)
as a function of temperature. (f) Power-dependent evolution of the A%, A™, and L peaks for the MoS,-SrTiO;(111) sample at 10 K. (g) Plot
of the peak energies of both A° and A~ quasiparticles in a MoS,-SrTiO;(100) sample as a function of temperature. (h) Temperature
dependence of the binding energies of A~ exciton (E,° — E,-) in various samples including MoS,-SrTiO;(111), MoS,-SrTiO5(100), tr-MoS,-

SrTiO;(111), and tr-MoS,-SiO,/Si.

species, which were introduced during the transfer process. We
propose that these species have somehow isolated the
interactions of the SrTiO; substrate to the MoS, adlayer,
and bring them to the similar case as the MoS,-SiO,/Si
interface. These results have clearly demonstrated that the
cleanness of the interface can definitely influence the
physicochemical property of a hybridized system. On the
other hand, it also unambiguously verifies the significant tuning
effect of the SrTiO; substrate over the MoS, adlayer.
Insights of MoS,/SrTiO; Interface Interactions by
Temperature-Dependent PL. To further understand the
physical mechanism behind the modulation effect of the
SrTiO;(111) substrate over the monolayer MoS,, we resorted
to detailed variable-temperature PL measurements of the
hybrid systems. Figure Sa shows a series of representative PL
spectra taken on the MoS,-SrTiO5(111) sample at 296, 170,
110, 60, and 10 K, respectively. The rest of the results of other
temperatures can be found in SI, Figure S11. Note here all the
spectra have been deconvoluted by following a multipeak
fitting. The red, green, and blue counterparts are designated as
A% A7, and L excitons, respectively, while the B exciton is
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absent throughout the measurements. A™ exciton is the
combination of A° with one electron, while the L exciton is
correlated with the specific photoluminescence owing to the
existing defects or strains within the Mo§S, film.**** As shown
in Figure Sa, the spectrum of 296 K is dominated by A° peak
positioning at 1.895 eV. Concomitantly, the A™ peak is half
weak and positioned at 1.862 eV. Along with the decreasing of
the temperature, the A’ peak gradually shrinks and shifts to
higher energy, while the A™ peak gets stronger and stronger
until finally dominates the PL spectrum at close to 10 K.
Accompanying these changes is the appearance and stepwise
growing of the broad L peak at around 1.75—1.80 eV, which
becomes more and more prominent at low temperatures. All
these temperature-related PL evolution can be more clearly
visualized with the pseudocolor map that is shown in Figure
5b, wherein an abrupt inflection is visualized at around 100—50
K, which reflects a drastic red-shift of the main PL occurring at
this particular temperature range. Figure Sc plots the energies
of both A° and A~ excitons versus the temperature. Clearly, the
A" exciton blue-shifts from 1.895 to 1.979 eV all the way down
with the temperature changing from 295 to 10 K, whereas the
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A” exciton follows this trend at the beginning yet turns the
direction (red-shifts) sharply at around 110 K. Finally, at 10 K,
the binding energy (BE) of the A™ exciton (defined as the
energy difference relative to that of A exciton) accumulates to
around 100 meV, which is extraordinarily larger than the usual
BE of the negatively charged excitons in TMDs. Besides, to
confirm the facticity of these excitons, we measured the PL
spectroscopy with variable power at 10 K. As can be seen in
Figure Sf, the peak intensities of A°, A7, and L excitons
increase simultaneously with the increment of the power (from
0.1 mW to 1.3 mW) and scale almost linearly without crossing
each other. This fact indicates that the observed temperature-
dependent PL changes should be independent of the incident
laser powers. Actually, S. Sarkar and co-workers have recently
observed similar phenomena on the CVD-grown MoS, films
on different SrTiO; single crystal substrates.”””® They
attributed the remarkable enhancement in the BE of A~
exciton in MoS, to the Frohlich coupling with the rotational
phonons of the tetragonal SrTiOj; crystal, which transformed
from the cubic phase under a critical temperature of 135 K.
They also found that the (111) facet of SrTiO; can exert the
strongest effect which leads to an overall BE increment of 90
meV at 10 K. This value is significantly lower than what we
have obtained (100 meV). Moreover, our measured turning
point (110 K) is much closer to the theoretical phase transition
temperature of the SrTiO; crystal (105 K). We notice that in
the works of S. Sarkar et al, the authors claimed the high
quality of the as-grown MoS, film yet showed no evidence of
surface cleanness of the SrTiO, substrates.””** This is the
major difference against our samples wherein both the MoS,
adlayer and the SrTiO; substrate have been confirmed with
ultimate cleanness and flatness. Therefore, we can understand
that the ideality of the MoS,/SrTiO; interface is critical for the
optimized properties of the hybridized system. As a matter of
fact, in a control experiment, we transferred the CVD-grown
MoS, film onto an as-prepared SrTiO;(111) substrate through
a wet method and then subjected to the variable temperature
PL measurements (see SI, Figure S12, for the full spectra).
Interestingly, the “Z” shape has completely disappeared from
the pseudocolor map in Figure Sd. In addition, the plot in
Figure Se clearly shows the energy of A~ blue-shift all the way
as A” does along with the decreasing of the temperature, both
basically falls into the same pattern as the reference samples of
the CVD-grown MoS,-SiO,/Si and tr-MoS,-SiO,/Si (see SI,
Figures S13, S14, and S15, for the corresponding results). One
may notice that the surface of the as-prepared tr-MoS,-
SrTiO;(111) sample is not clean (see Figure 4d) due to the
deposited contaminations during the transferring procedure.
However, these surface contaminations can actually be
removed by annealing treatments. As shown by the AFM
image in SI, Figure S16, the annealed tr-MoS,-SrTiO5(111)
sample reproduced the atomic flatness on both the MoS,
nanosheets and the SrTiO;(111) terrace. However, the
measured height of the MoS, still read around 1.0 nm,
indicating some intercalated molecules remained at the
interface region. Consequently, the variable temperature PL
spectra (SI, Figure S16) showed more or less the same as those
for the untreated sample, wherein no obvious substrate effects
were observed. These results not only confirm the necessity of
S1TiO; substrate for the prominent tuning effect but also
emphasize that the cleanness of the interface is critical for
validating the so-called Frohlich coupling between MoS, and
StTiO;.
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To make our results more persuasive, we also synthesize
MoS, film on the SrTiO4(100) single crystal by following the
same CVD strategy. As shown in SI, Figure S17, the fabricated
MoS,-SrTiO;(100) possesses a similarly high quality of the
interface which is represented by the triangular shape of the
single-layer MoS, nanosheets and the atomic flatness of the
SrTiO;(100) substrate (see the detailed characterization
results in SI, Figure S17). However, the as-grown MoS, sheets
adopt an overall disordered orientations, indicating a weaker
epitaxial relationships with the SrTiO;(100) substrate. On this
MoS,-SrTiO;(100) sample, we also measured the variable-
temperature PL as shown in SI, Figure S18, and further
concluded as a pseudocolor map in SI, Figure S19. In Figure
Sg, we plot the energies of the deconvoluted A° and A
excitons against the temperature, which present similar trends
as that derived from the MoS,-SrTiO;(111) sample. In other
words, one can also see the energy of the A° exciton increases
monotonically with the temperature decreasing, while the A~
exciton first follows the trend and then reverses the direction
below ~110 K. The biggest difference lies in the changed
values of these excitons. Compared to those of the MoS,-
SrTiO5(111) sample, the A” exciton of MoS,-SrTiO;(100) has
relatively lower while the A™ exciton relatively higher energy.
This leads to a reduced BE of A~ exciton of 65 meV
(compared with 100 meV for the MoS,-SrTiO5(111) sample)
at 10 K, which can be explained by the reduced Frohlich
coupling between the MoS, and the SrTiO; substrate.
However, we also notice that our result is significantly hi%her
than what Sarkar et al. has achieved in their recent study.”*®
Again, this improvement can be ascribed to our high quality
interface with both atomic flatness and high cleanness.

In Figure Sh, we summarize the BE of the A~ exciton (E,* —
E,-) in the aforementioned four different samples. As can be
seen, along with the decreasing temperature both MoS,-
SrTiO;(111) and MoS,-SrTiO;(100) show monotonically
increased BE once the temperature is lower than 110 K, and
the former shows the biggest value of 100 meV for the as-
prepared monolayer MoS, nanosheets, which can be attributed
to the strongest coupling interaction from the polar substrate.
For the referenced samples of tr-MoS,-SrTiO5(111), its (E,° —
E,-) data basically reproduce another reference sample of tr-
MoS,-58i0,/Si, wherein no such tuning effect can be observed.
This result clearly demonstrates that the interface effect can be
completely discriminated by the intercalated species at the
interface.

CONCLUSION

In summary, by optimizing CVD synthetic parameters, we have
successfully fabricated high quality single layer MoS, nano-
sheets on the atomically flat SrTiO; (111) substrate, thus
constituting a well-defined MoS,/SrTiO; heterostructure with
clear atomic structure of the interface. Our systematic
characterizations demonstrate that in the hybridized system
no chemical bonds are formed between MoS, and SrTiO;,
whereas the obvious charge transfer from MoS, to SrTiO; is
present and leads to formation of strong interface dipole field.
In addition, the ideal interface structure is found to largely
facilitate the electronic—phonon coupling between MoS, and
SrTiO;, which leads to a significant enhancement of the
binding energy and the photoluminescence of the negatively
charged exciton. In contrast, such effect can be completely
diminished via introducing intercalated contaminations which
are inevitable for the ex situ samples prepared by transfer
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processes in solution. Therefore, in this work we not only
develop a strategy for fabricating ideal heterostructures of
TMDs and functional transition metal oxides but also
demonstrate that quality control of the interface at atomic
level can be critical for realizing the tuning effects of the
functional substrates. Moreover, the unexpected coupling
effects of SrTiO; over MoS, may bring us a fresh method in
tuning the electronic/optical properties of the TMDs for
potential applications.

EXPERIMENTAL SECTION

Materials. The SrTiO5(111) and SrTiO5(100) single crystals and
silica substrate (SiO,/Si) were purchased from Hefei KeJing Material
Technology Co., Ltd. Sulfur powder (99.6%) and MoO; powder
(99.6%) were purchased from Aladdin Co., Ltd. Hydrofluoric acid
(40%), acetone (99.5%), and ammonium fluoride (>96%) were
purchased from Sinopharm Chemical Reagent Co., Ltd. All of the
chemicals above were used as received without further treatment.

Preparation of Atomically Flat SrTiO; Surfaces. Atomically
smooth surfaces of SrTiO;(111) and SrTiO;(100) were routinely
prepared by referring to the reported recipe,™** which went through
ultrasonic with ultrapure water for 10 min, etching with buffered
hydrogen fluoride (BHF) solution for 20 min, rinsing with deionized
water (Millipore, 18 MQecm), drying in a nitrogen (high purity,
99.999%) stream, and annealing at 1000 °C for 1.5 h in air. The
atomic flatness and cleanness of the prepared surfaces were confirmed
by AFM and XPS measurements repeatedly.

Growth of Monolayer MoS, Nanosheets on the SrTiO;
Single Crystal Surface. A tube furnace (OTF-1200X, Hefei Kejing
Material Technology Co., Ltd.) with two heating zones was used for
the CVD growth of MoS, on SrTiO;. The precursors of S and MoO,
powders were placed in quartz boats at the upstream and downstream
zones, respectively. The MoOj; carrier was designed with a special
holder to support the facing-down SrTiO; crystal. Before any growth
the reaction system was flushed with high purity N, (~300 sccm for
the flow rate). Then the S powder was gradually heated to 200 °C to
vaporize and the S vapor was carried by N, (reduced to ~10 sccm) to
the next reaction zone. Meanwhile, the MoO; powder was heated to
700 °C to vaporize and react with the incoming S vapor for certain
time. After turning off the heating power, the furnace was kept closed
until the temperature reaches ~570 °C. Then the cover was opened
and the whole system was allowed to cool down naturally to room
temperature under the N, flux (turn back to 300 sccm again).

Transfer Method for Monolayer MoS, Nanosheets on SiO,/
Si and SrTiO; (111) Substrates. The as-grown MoS, nanosheets
can be transferred onto discretionary substrates through a general wet
method as described in our previous paper. First the top of the MoS,-
SrTiO;(111) sample was spin-coated with a thin layer of poly(methyl
methacrylate) (PMMA). Then the PMMA covered sample was
dipped into a HF solution (~20%) for etching for certain time. After
that, the sample was further transferred into deionized water and
immersed for 10—15 min. Normally, the PMMA film attached with
the MoS, nanosheets can detach automatically from the SrTiO;
substrate and float on the water surface. Next, SiO,/Si and SrTiO; or
whatever other substrates can be grabbed by a pincette were carefully
held up to this film. To remove the PMMA film for the last step, one
needed to place the transferred sample in acetone for 24 h.

Characterizations. The AFM measurements were performed on a
Multimode V (Bruker Co.) with commercial silicon cantilevers
(Bruker Co.). Particularly, the KPFM was measured with As-doped
silicon tips with different coatings (SCM-PIT-V2, Bruker Co.). STM
was measured with a commercial low-temperature STM (Createc
Co.) at liquid nitrogen temperature. UV—vis absorption spectra were
acquired on a SolidSpec-3700 spectrometer (Shimazu). SEM
measurements were performed using a SU8220 model instrument.
The XPS was measured with an ESCALAB 250Xi (Thermo Fisher
Scientific) equipped with an Al Ka source (1486.7 eV). Variable
temperature PL spectra were collected using an IsoPlane SCT 320
spectrometer (Princeton) incorporated on a home-built vacuum
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system. The sample temperature was controlled by a commercial
workstation connected to a cryostat (Montana Instruments). The
incident laser had a wavelength of 532 nm and a tunable power below
100 pW. For the PL mapping measurements, a 100X objective lens
was applied to focus the laser point to as small as 3 um for the
diameter and scanned over a selected area on the sample. Raman
spectroscopy was measured using a LabRam HR Evolution with
incident laser of 532 nm for the wavelength as well. UPS spectra were
collected at BL13U endstation of National Synchrotron Radiation
Laboratory (NSRL).
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