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ABSTRACT

Van der Waals (vdWs) heterostructures have provided a platform for nanoscale
material integrations and enabled promise for use in optoelectronic devices. Due to the
ultra-strength of two-dimensional materials, strain engineering is considered as an
effective way to tune their band structures and further tailor the interface performance
of vdWs heterostructures. However, the less-constrained vdWs interfaces make the
traditional strain technique via lattice-mismatched growth infeasible. Here, we report a
strategy to construct mixed-dimensional heterostructure arrays with periodically strain-
engineered vdWs interfaces utilizing one-dimensional semiconductor-induced
nanoindentation. Using monolayer MoS, (1L-MoS,)/Zn0O heterostructure arrays as a
model system, we demonstrate inhomogeneous built-in strain gradient at the
heterointerfaces ranging from 0 to 0.6% tensile. Through systematic optical
characterization of the hybrid structures, we verify that strain can improve the
interfacial charge transfer efficiency. Consequently, we observe that the
photoluminescence (PL) emission of 1L-MoS,; at strained interfaces is dramatically
quenched more than 50% with respect to that at unstrained interfaces. Furthermore, we
confirm the strain-optimized interfacial carrier behavior is attributed to the reduction of
interfacial barrier height, which is originated from the strain-dependent Fermi level of
1L-MoS,. These results demonstrate that strain provides another degree of freedom in
tuning the vdWs interface performance and our method developed here should enable

flexibility in achieving more sophisticated vdWs integration via strain engineering.

KEYWORDS: van der Waals interfaces, mixed-dimensional heterostructure arrays,
strain engineering, interfacial charge transfer, photoluminescence quenching, band

alignment.
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Atomically thin two-dimensional (2D) materials have been the focus of materials
science for fundamental researches and future technologies owing to their unique
properties.!* In particular, the dangling-bond-free surfaces of 2D materials offer
flexibility in integrating different dimensioned materials into mixed-dimensional van
der Waals (vdWs) heterostructures for next-generation electronic/optoelectronic
devices.>® The efficient interfacial charge-transport is crucial for high-performance
heterostructures-based optoelectronic devices, such as photodetectors with ultrafast
interfacial charge transfer® ' and photovoltaic cells with highly efficient carriers
separation.!!> 12 However, the complex, less-constrained, and more environmentally
vulnerable interfaces in a vdWs heterojunction is different from that of a conventional,
epitaxially grown heterojunction, engendering challenges for achieving efficient
interfacial charge-transport.'3- 14 Especially, the minimal electronic hybridization across
vdWs gaps requires more favorable band alignments to provide the driving force for
effective charge transfer.!> 1© As is known to all, the band offsets of vdWs
heterostructures are mainly determined by the band structures of composed materials.!”-
18 Therefore, a strategy toward significantly modifying band structures of 2D materials
is highly desirable for optimizing the band alignment and ultimately achieving high-

performance vdWs optoelectronic devices.

Strain engineering!# 192! is considered as a more stable and controllable method to
tune band structures of materials compared to chemical doping or surface
modification,?> 23 which has been widely used in traditional semiconductor materials’
manufacturing.>* Furthermore, outstanding mechanical properties of 2D materials?>> 2
and considerable modulation of their electronic structures under strain?’-2° offer
intriguing possibilities to achieve significant interfacial charge-transport via strain
engineering. Traditionally, strain-engineered heterostructures are achieved by
controlling lattice-mismatched growth.3% 3! However, the intrinsically less-constrained
interfaces of vdWs heterostructures make this established technique invalid.

Furthermore, although mechanical bending or stretching on the flexible substrate is a
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widely employed approach to achieve strain engineering on 2D materials,>?-34 this
method is incapable of applying strain at the nanoscale precisely, which limits the
strain-engineered vdWs integration with high-density for practical applications.
Therefore, it remains a big challenge to construct vdWs heterostructures with precisely

and controllably nanostrain-engineered interfaces for ultradense integration.

Here, we demonstrate an effective method to apply strain on vdWs interfaces by
one-dimensional semiconductor-tailored nanoindentation during the wet transfer
process. With the advantage of highly controllable homoepitaxial-growth at low
temperature,®: 3¢ ZnO semiconductor nanorod arrays (NRAs) provide an essential
nanopatterned structure for constructing monolayer MoS, (1L-MoS,)/ZnO nanorod
heterostructure arrays with periodically strain-engineered interfaces. In this model
system, the strain-tailored interfaces dramatically suppress the photoluminescence
emission of 1L-MoS, and highly enhance the interfacial charge transfer efficiency.
Furthermore, we demonstrate the optimized interfacial carrier behaviors are attributed

to the formation of a more favorable band alignment under strain modulation.
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RESULTS AND DISCUSSION

The fabrication process and schematic diagrams of the periodic strained 1L-
MoS,/ZnO nanorod mixed-dimensional vdWs heterostructure arrays are depicted in
Figure la and 1b. Firstly, the single crystal ZnO substrates were patterned via electron
beam lithography.3”- 38 The patterned ZnO NRAs were homo-epitaxially grown on the
ZnO substrates with perfect c-axis orientations by hydrothermal synthesis. Secondly,
the as-grown 1L-MoS, was accurately transferred onto ZnO NRAs using a poly (methyl
methacrylate) (PMMA )-assisted wet transfer method.3? The basic characterizations of
ZnO NRAs and 1L-MoS; are shown in Supporting Information, Figures S1. Then, the
capillary force originated from water evaporation between adjacent ZnO nanorods
pulled down PMMA-protected 1L-MoS,. In this process, each ZnO nanorod applied
nanoindentation (biaxial strain) to 1L-MoS,. Controlling the rate of water evaporation
in this process is a crucial step to obtain well-defined heterostructure arrays (Supporting
Information, Figures S2). Finally, the hybrid structures were immersed in acetone to
remove PMMA and dried in a critical point dryer to remove acetone.*- 4! Notablely,
utilizing patterned substrates to locally apply strain on 2D materials has been carried
out in previous reports,*'**> which mainly focus on the fundamental properties of
strained 2D materials. However, in this study, we constructed strain-engineered vdWs
heterointerfaces with  bottom-up designed one-dimensional semiconductor
nanomaterials and explored the carriers transport behaviors at the strain-modulated
heterointerfaces. Besides, the construction of strain-modulated vdWs heterostructures
is different from simply applying strain on 2D materials. During this process, it is
necessary not only to apply strain effectively but also to construct strong coupling
heterointerfaces. Therefore, we employed a mild annealing strategy (Supporting
Information, Figure S3) to avoid the unintentional influence of the residual water at the

interfaces and reduce the vdWs gap.

The morphology of the heterostructure arrays was characterized by the scanning

electron microscopy (SEM) (Figure 1c). The organized wrinkles of MoS, can be seen
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clearly connecting the two adjacent ZnO nanorods, suggesting the existence of periodic
deformation in 1L-MoS,, which will be verified in later. The similar feature was also
observed by atomic force microscopy (AFM) (Figure 1d). The height of the ZnO NRAs
is about 260 nm. The MoS,/ZnO heterostructure arrays were also verified by the Raman
scattering (Figure 1le). The vibrational modes of E;'% (99 ¢cm™') and E,"i¢" (438 cm)
demonstrate the presence of ZnO.%® Besides, the gaps between the in-plane mode (E',,)
at 385 cm™! and out-of-plane mode (A,,) at 403 cm™! are 18 cm™!, which signifies the

existence of 1L-MoS,.4

Since the shift on the Raman modes upon applied strain can be employed to
quantify the strain distributions,*® 4° the confocal Raman measurements were carried
out with an excitation wavelength of 532 nm (2.33 eV). The distribution mappings for
the E',, peak frequencies of 1L-MoS, on (4 X 4) ZnO NRAs is shown in Figure 2a. The
Ely, peak position of 1L-MoS, on the top of each ZnO nanorod is red-shifted, which
indicates that periodically localized biaxial-strain at the nanoscale (determined by the
diameter of ZnO nanorods) was applied on the 1L-MoS,.#% 39 That means the 1L-
MoS,/ZnO heterostructure arrays with nanostrain-engineered heterointerfaces were
successfully achieved. We note that we also exclude the temperature and geometry
factors on the Raman shift of strained 1L-MoS, (Supporting Information, Figures S4).
In order to avoid the unintentional heating of the 1L-MoS, by laser, we limited the laser

power below 200 pw for Raman measurements.

To further accurately analyze the strain distribution by the 500-nm diameter laser
beam, we chose a ZnO nanorod with the diameter over 2 um (Figure 2b). According to
the position of 1L-MoS,, the 1L-MoS, can be divided into three different regions: A
(on the flat ZnO substrate), B (on the top edge of the ZnO nanorod) and C (on the top
of the ZnO nanorod). Figure 2¢ and 2d show the frequency mappings for the E!,, and
A\, peak of 1L-MoS; on the single ZnO nanorod, respectively. In fact, the larger red-
shift of the E!», peak position and the slighter red-shift of the A, peak position observed

on the strained 1L-MoS,; are in good agreement with recent studies about the tensile
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biaxial-strain effects on the Raman spectrum of 1L-MoS,.2% 4> The typical Raman
spectra in different regions (A, B and C) were extracted from the Raman mapping
spectrum (Figure 2e). Compared with the 1L-MoS; in region C, the 1L-MoS; in region
A and B are obviously red-shifted for both E',, and A, peaks: 1.5 cm™ and 0.5 cm’!
for region A and 3 cm™! and 1 cm! for region B. According to the red-shift magnitudes
of in-plane mode (E!,,) in different regions, we can determine that most-strained region
is B, the strained region is A, and the almost unstrained region is C (Figure 2f).
Therefore, the spatially strained vdWs heterointerfaces were distributed on the top of
ZnO nanorods. Furthermore, the strain-dependent E!,, Raman mode enables us to

estimate the applied biaxial-strain on 1L-MoS,. In general, there are two formulas about
A
calculating the strain based on the Raman shifts. The first formula is € = 7(”, in which

x is the shift rates of Raman vibrational modes. According to previous reports, the shift
rates of E', mode under biaxial strain is ~5.2 cm™! per % strain.?% 42 Therefore, based

on this formula, the max biaxial strain in our experiments is about 0.6 %. The second

. Aw .. . . . . . .
formulais €= Zyeg for the biaxial strain,?®-3! in which y is the Griineisen parameter.

The fitted y of E!;, mode of 1L-MoS, is 0.6-0.65.4% 4° Based on the second formula,
the calculated max biaxial tensile strain is &4, = 0.6-0.7%. After double checking the
calculated results of biaxial tensile strain based on these two formulas, we have

demonstrated the most applied biaxial-strain (€,,4) on 1L-MoS; is = 0.6%.

To directly study strain effects on the interfacial carrier behaviors of 1L-MoS,/ZnO
heterostructure arrays (Figure 3a), comprehensive PL measurements were performed
under 532 nm (~2.33 eV) laser excitation. We first verified the existence of the charge
transfer between (unstrained) 1L-MoS, and ZnO. 20 nm Al,O5; was deposited on the
ZnO substrate by atomic layer deposition (ALD). 1L-MoS, was transferred onto the
boundary between Al,0O; and ZnO. Compared with the 1L-MoS, on Al,O;, the PL
intensity of 1L-MoS, is quenched in the heterostructure area (under 532 nm laser
excitation), as shown in Figure 3a. It should be noted that the epitaxial-grown ZnO

NRAs were similar to the ZnO substrates and both of them can not produce significant
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emission under 532 nm laser excitation (Supporting Information, Figure S5).
Meanwhile, PL. measurements for ZnO were also performed utilizing 325 nm laser.
ZnO shows a strong ultraviolet emission peak at ~3.37 eV. Specifically, the PL intensity
of ZnO in the overlap area was also suppressed with respect to pristine ZnO (Figure
3b), indicating that ZnO and 1L-MoS, form a type-II band alignment for efficient
charge transfer. To systematically analyze the mechanism of charge transfer at the 1L-
MoS,/Zn0O interfaces, each PL spectra of 1L-MoS, on the Al,O; (top) and 1L-MoS; on
the 1L-MoS, on the ZnO (bottom) was decomposed by the B exciton (~1.97 eV),
neutral exciton (A°, ~1.83 eV) and trion (AT, ~1.78 ¢V) (Figure 3c¢), using Lorentzian
fitting functions.’> 33 We found that upon forming the heterostructure (1L-MoS,/ZnO),
the spectral weight of A° increased, while that of the trion decreased. 3* We also
measured the power-dependent PL using a wide range of laser powers (0.005—5 mW)
(Figure 3d). As the excitation laser power is increased, the major emission of the
pristine 1L-MoS, (on the Al,O3) is dominated by AT. In contrast, the major PL emission
of 1L-MoS, in the heterostructure is dominated by A°. Trion excitons are almost
depleted during charge transfer. As a result, we confirm that the PL intensity of 1L-

MoS; on ZnO is closely related to the charge transfer between 1L-MoS, and ZnO.

Furthermore, to reveal the strain effects on the interfacial carrier behaviors of the
heterostructure arrays, different built-in electrical field contributions on PL emission of
1L-MoS; should be considered. There is not only a built-in field originated from the
band offset of 1L-MoS,/Zn0O, but also a built-in field in 1L-MoS, induced by strain
gradient. Both of them can modulate the carrier behaviors of 1L-MoS, which will have
impacts on the PL emission of 1L-MoS,. To separate two contributions on the PL
intensity of 1L-MoS,, 10 nm insulating layer (Al,05) was deposited on the surface of
ZnO NRAs using ALD. Then 1L-MoS, was transferred in a similar way to form
MoS,/Al,03/ZnO hybrid structures (Figure 4a). Due to blocking the interaction
between 1L-MoS, and ZnO, the PL intensity of strained 1L-MoS, was only related to

the built-in field induced by the strain gradient in 1L-MoS,. From the PL intensity
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mapping of 1L-MoS, on AL,O3/ZnO (integrated intensity from 1.75 eV -1.85 eV)
(Figure 4b), the strained 1L-MoS, shows a 1.5 times higher PL intensity than the
unstrained 1L-MoS,. By comparing the typical PL signals of 1L-MoS, taken from the
region A and region B (Figure 4c), we found that the strained 1L-MoS, (region B)
exhibits a red-shift of A-exciton: 55 meV in comparison with unstrained 1L-MoS,
(region A). The reduced optical band gap is the result of the biaxial tensile strain, which
has been demonstrated in previous reports’? 42, More interestingly, the enhanced PL
intensity of MoS, on the Al,05/ZnO NRAs is originated from the quantum confinement
of excitons due to built-in field induced by the strain gradient (Figure 4g),3? which
demonstrates our hybrid structures have great potentials in achieving arrays of quantum
emitters based on transition metal dichalcogenides with strong PL emission (such as
WSe,, WS,).4 4 In a word, the built-in field induced by strain gradient can

dramatically enhance the PL intensity of 1L-MoS; on Al,03/ZnO NRAs.

Finally, we carried out PL. measurements for 1L-MoS; on ZnO (Figure 4d). From
the PL mapping in Figure 4e, the dramatically decreased PL signal of 1L-MoS, was
observed at strain-concentrated interfaces. According to the typical PL spectra of 1L-
MoS; in a different region (C and D) (Figure 4f), the A exciton peak of strained 1L-
MoS; on ZnO shows the similar red-shift (50 meV) with strained 1L-MoS, on
Al,O3/Zn0O. However, the PL intensity of strained 1L-MoS, decreased more than 50%
compared with that of unstrained 1L-MoS,. The decreased PL signal of strained 1L-
MoS,; on ZnO was completely different from our observation of strained 1L-MoS, on
Al O3/Zn0. Therefore, we ruled out the contribution (strain-induced built-in field in
1L-MoS;) on the decreased PL intensity of 1L-MoS, on ZnO. We note that the
decreased PL intensity of strained 1L.-MoS, (at the center of the 1L-MoS,; crystal) was
not originated from the nucleus of 1L-MoS; (Supporting Information, Figure S6).5°> We
also performed PL intensity mapping of 1L-MoS, on the boundary between the ZnO
substrates and the ZnO NRAs (Figure 4h). The PL intensity of 1L-MoS, on the ZnO

substrates (unstrained 1L-MoS,) was uniform. However, the PL intensity of 1L.-MoS,
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onthe ZnO NRAs (strained 1L-MoS,) varified spatially. The lower PL intensity appears
centrally on the top of ZnO nanorods (strained 1L-MoS,), while higher PL intensity
appears between ZnO nanorods (unstrained 1L-MoS,), which further verifies periodic
strain-dependent PL intensity of 1L-MoS, on ZnO. We exclude the strain-induced
direct to indirect bandgap transition*® 3¢ in 1L-MoS, due to the limited biaxial strain
(<1%) in our experiments. Besides, we discuss the geometry factor on the PL intensity
of periodic strained 1L-MoS, (Supporting Information, Figure S7) and eliminate their
influences by the mild annealing strategy that has been described in Supporting
Information, Figure S3. As a result, we ruled out alternate factors discussed above and
attributed the decreased PL signal of strained 1L-MoS, on ZnO to the strain-engineered
heterointerfaces. Considering the existence of charge transfer between ZnO and 1L-
MoS,, the anomalous decreased PL emission was mainly originated from the more
efficient separation of photogenerated carriers at the strain-tailored heterointerfaces

(Figure 41).

As is known to all, the interfacial carrier behaviors are determined by the band
alignment of heterostructures.”’” To better understand the origin of enhanced charge
transfer efficiency at strained heterointerfaces, the band alignment of 1L-MoS,/ZnO
was analyzed using ultraviolet photoelectron spectroscopy (UPS) measurements.'$ 3
The work function can be calculated from the difference between the cut off of the
highest binding energy and the photon energy of the exciting radiation. The work
function of ZnO and 1L-MoS, are calculated as 4.19 eV and 4.51 eV (Figure 5a),
respectively. Besides, the energy difference between the valence band maximum (VBM)
and Fermi level of MoS, is 1.68 eV. Meanwhile, the distance of the VBM to the Fermi
level of ZnO is 2.91 eV (in a flat band condition) (Figure 5b). When the 1L-MoS,/ZnO
heterojunction is formed, electrons in the ZnO diffuse into the 1L.-MoS, at the junction
area to balance the different Fermi levels, which results in the band bending of ZnO at
the interface. This band bending corresponds to an accumulation of negative charge at

the ZnO surface, compensated by an opposite positive charge inside the semiconductor

10
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(depletion layer).>® Considering the different work function between MoS, and ZnO,
an upward band bending (Vgg) of about 0.32 eV is present at the ZnO (0001) surface.
Moreover, we determined a value of 3.37 eV for the ZnO optical gap at room
temperature by PL measurements. According to the exciton binding energy of ZnO
about 60 meV,>° we deduced a ZnO excitonic gap about 3.43 ¢V. Based on the reported
quasi-particle band structure of 1L-MoS, using scanning tunneling microscopy, the
band gap of 1L-MoS; is 2.4 eV, which is larger than the optical band gap (1.83 V)
considering the large binding energy for the excitons in MoS,. On the basis of the above
results, we constructed a band diagram showing the quasi-type II band alignment at the
1L-MoS, and ZnO interface, as depicted in Figure 5c. The conduction band
discontinuity AE¢ is calculated from AEc= AEy - Vgg — (EL-mos2 — Ezno), in which E .
Mos2 and Ez,o are the bandgap energies of 1L-MoS, and ZnO, respectively. We obtained
AEc-=-0.13 eV. The conduction offset is also the peak barrier between 1L-MoS, and
Zn0O. In order to drift into ZnO, the photo-generated electrons in 1L-MoS, have to
overcome the peak barrier with high energy or tunnel through the barrier. The height of
peak barrier plays an essential role in the charge transfer efficiency between 1L-MoS,

and ZnO, which will be discussed in detail later.

The band structure of 1L-MoS, under biaxial strain was analyzed by first-principles
density functional theory (DFT) calculations.?” It should be noted that we limit the
calculated biaxial strain to 1% to prevent 1L-MoS, from the indirect band gap transition.
The strain-dependent bandgap energy levels for an electron and hole at the K point in
the first Brillouin zone are shown in Figure 5d. The calculation results indicate that the
direct bandgap of 1L-MoS, reduces and both of the electron and hole level decrease
with increasing strain. More importantly, the Fermi level of 1L-MoS; is shifted up
under the tensile strain, which was consistent with the previous report.3* ¢! In order to
double-check the change of Fermi level under strain, we further performed Kelvin
probe force microscopy (KPFM) measurements to gain insight into the work function

of MoS, (strained and unstrained MoS,) and ZnO.%%-%* The KPFM image displays a

11
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clear surface potential contrast between unstrained 1L-MoS, and ZnO (Figure Se).
From the potential profile across the edge of unstrained MoS,/ZnO, we obtained a
surface potential difference of = 280 mV between ZnO and unstrained 1L-MoS, (Figure
5f). The sample surface potential can be obtained by ¢ip— @sampie= € Vsp, Where ¢y, and
Psample are the work functions of the conductive tip and sample, respectively, and Vy, is
the measured surface potential. Therefore, the obtained work function of ZnO is ~280
meV lower than unstrained 1L-MoS,, which matches well with the results obtained
from the UPS measurements. More importantly, compared with unstrained MoS,, the
work function of strained 1L-MoS, decreases 80 meV. That means the Fermi level of
MoS,; is shifted up under biaxial tensile strain, which is consistent with theory

calculation.

Finally, according to the measured band structures and theory calculations, energy
band diagrams are introduced to understand the observed phenomena and elucidate the
mechanism of strain effects on the band alignment of ZnO/MoS,. As shown in Figure
5h, the peak barrier at the conduction band of the interface decreases the rate of the
photogenerated electron transfer from 1L-MoS; to ZnO, which means the peak barrier
dominates the interfacial carrier behaviors. Compared with the pristine MoS,, the Fermi
level of tensile biaxial-strained MoS; is shifted up (Figure 5g), which lowers the built-
in field at the interface and results in the reduction of band bending of ZnO. Even
though the CBM also decreases under strain, the degree of the shifted Fermi level (~80
meV measured from KPFM in Figure 5f) is larger than the degree of the decline of
CBM (~50 meV obtained from PL spectra in Figure 5c). As a consequence, the peak
barrier height between strained MoS, and ZnO decreases with respect to unstrained
MoS, and ZnO (Figure 5i). The photoexcited electrons that transfer from strained 1L-
MoS,; to ZnO can be promoted more effectively and the recombination of electron-hole
in 1L.-MoS, is further suppressed, leading to the dramatic PL quenching of 1L-MoS at
the strained interfaces. In short, these above results indicate that strain is able to

function as another degree of freedom in vdWs heterostructures to modulate the charge

12
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1

2

z transfer efficiency, which potentially provides a strategy to optimize the performance
Z of optoelectronic based on vdWs heterostructures. Meanwhile, the strain effects that
; control the interfacial band alignment give rise to the observed carrier behaviors
?o modulation.

1; CONCLUSIONS

12 In summary, we propose an effective method to construct vdWs heterostructure
:2 arrays with nanostrain-engineered interfaces. The periodically gradient biaxial-strain
1&73 can be applied by patterned one-dimensional semiconductor-induced nanoindentation.
;g Using ZnO and MoS, a model system, we verify that the strain-engineered interfaces
;; can effectively tune the band alignment of MoS,/ZnO and optimize the interfacial
;i carrier behaviors for more efficient charge transfer, indicating the great potential of
;2 strain engineering on modulating vdWs interfacial carrier behaviors for high-
;573 performance optoelectronic devices. By expanding on this method, it may be possible
gg to design vertical vdWs heterostructures-based photodetectors and photovoltaics with
g; high-density integration via strain engineering.

33

34 METHODS

35

g? Preparation of the monolayer MoS,. The monolayer MoS, was prepared by
gg chemical vapor deposition (CVD). Molybdenum trioxide (MoQj3, Sigma-Aldrich, >99.5%
j? purity) and sulfur (S, Sigma-Aldrich, >99.5% purity) powder were used as sources. 10
?é mg MoOj; powder was loaded in a quartz boat. A piece of Si wafer capped with 300 nm
j;' Si0, layer was suspended on the quartz boat with the polished side facing down. Then
j? the quartz boat was located at the center of a quartz tube furnace. A ceramic boat
jg containing S powder (3 g) was placed at an upstream position where the temperature
g? would reach 180 °C during the growth. The tube was purged with 300 sccm argon (Ar)
52 gas for 10 min at 300 °C temperature, then heated to 850 °C within 15 min. And the
gi temperature maintained at 850 °C for 30 min with oxygen (O,) assist of 2 sccm. The
gg system was then allowed to cool down to room temperature naturally.

57

gg Synthesis of patterned ZnO nanorod arrays. For epitaxial growth of patterned
60

13
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ZnO NRA:s, the c-oriented single-crystalline ZnO substrates were used directly. The
negative photoresist (PR) (AR-N 950K) was spin-coated on the substrates at 3000
rpm/min for 50 s to form PR films with a thickness of 300 nm. which was followed by
a baking process at 180 °C on a hotplate for 1 min. Then, the tunable arrangement and
period of the template were designed via e-beam lithography. Finally, the patterned
ZnO NRAs were synthesized in a 200 mL aqueous solution of equimolar (0.05 mol/L)
zinc nitrate and hexamethylenetetramine (HMTA), with the template substrates upside
down at 95 °C for 3 h. After the solution cooled down, the substrates were taken out
and cleaned by soaked in acetone for 30 min to remove PR. And the samples were
washed with deionized water and dried in an oven at 60 °C for 10 min. The selected
monolayer MoS, was transferred onto the ZnO nanorod arrays with the help of accurate

transfer platform (Metatest, E1-T).

Measurements. The morphology of ZnO NRAs and MoS,/ZnO heterostructures
were characterized by scanning electron microscopy(SEM) (Quanta 3D, FEI). The
crystallography of the ZnO NRAs was obtained by transmission electron microscopy
(TEM) (TECNALI, F20). The AFM images and KPFM measurements were taken on a
commercially available AFM (Nanoscope IIID, Multimode). The PL and Raman
spectrum measurements of MoS, were performed with the excitation laser line of 532
nm using a WITEC alpha500 Confocal Raman system in the ambient air environment.
The power of the excitation laser line was kept below 5 mW to avoid damage of MoS,.
The Raman scattering was collected by an Olympus 100 X objective (N.A.=0.9) and
dispersed by 1800 (for Raman measurements) and 600 (for PL. measurements) lines per
mm gratings. The PL spectra of ZnO under 325 nm excitation was obtained by confocal
microscopy (JY-HR800) with a power of 0.5 mW. UPS curves were obtained in an
ultrahigh vacuum chamber using a helium lamp source emitting (AXIS ULTRA DLD)
at21.2 eV.

Theory calculation of band structure of monolayer MoS, under tensile biaxial-

strain. The numerical calculation was performed in the Vienna ab initio simulation
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package (VASP) within the framework of the projected augment wave method. The
exchange correlation density functional is represented in the form of Perdew Burke
Ernzerhof (PBE), base on generalized gradient approximation. Spin-orbital interaction
is included. The cutoff energy of the plane wave is 600 eV. The first Brillouin zone is
sampled on a 24 x 24 x 1 T centered K-space mesh. We chose 10 eV as the criterion
of electron self-consist iteration. An over 18 A height vacuum is used to avoid the

interlayer interaction due to periodic boundary condition.
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Figure 1. Fabrication and characterization of periodically strain-engineered 1L-
MoS,/ZnO heterostructure arrays. (a) The schematic of the 1L-MoS,/ZnO
heterostructure arrays. (b) The construction process of the 1L-MoS,/ZnO
heterostructure arrays. (c) The false-colour SEM image of ZnO NRAs covered by as-
transferred 1L-MoS,. (d) The AFM topography of the 1L-MoS,/ZnO nanorod
heterostructure arrays. (¢) Raman scattering of the 1L-MoS,/ ZnO heterostructure

arrays under 532 nm laser excitation.
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Figure 2. Confocal Raman measurements of the MoS,/Zn0O heterostructure arrays
for strain distribution analysis. (a) Raman mapping of the E!;, peak position shift of
1L-MoS; on the ZnO NRAs (A ¢ = 532 nm). Inset: True SEM image of 1L-MoS; on
the 4 X 4 ZnO NRAs. (b) The false-colour SEM image of 1L-MoS; on the single ZnO
nanorod. Inset: The SEM image of the single as-grown ZnO nanorod crystal. Scanning
Raman spectroscopic maps plotting (¢) E!», peak frequency and (d) A, peak frequency
shift of MoS; on the single ZnO nanorod. (e) Raman spectra of 1L-MoS, at region (A,
B, C) under different strain. Symbols are measurement data; curves are fitting data. (f)
The schematic of strain distribution of 1L-MoS, at different regions of the patterned

ZnO substrate.
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Figure 3. Determination of the interfacial charge transfer between 1L-MoS; and
ZnO. (a) The PL spectra of 1L-MoS; on the ZnO and on the Al,03/ZnO under 532 nm
excitation. Inset: The schematic of the 1L-MoS, on the different substrates (ZnO and
Al,03/Zn0). (b) The PL spectra of ZnO with MoS, and pristine ZnO under 325 nm
excitation. (¢) Each fitted PL spectrum of 1L-MoS, on the Al,0;/ZnO (top) and on the
ZnO (bottom) by Lorentzian functions for the B exciton (~1.97 eV), neutral exciton
(A°,~1.83 eV) and trion (AT, ~1.78 eV) peaks. Symbols are measurement data; curves
are fitting data. (d) Power-dependent (0.005-5 mW) PL spectra of the 1L-MoS; on the
Al,03/Zn0 (top) and on the ZnO (bottom).
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Figure 4. Confocal PL. measurements of strain-engineered heterointerfaces. (a)
The schematic of 1L-MoS, on the 10 nm Al,O3-coated ZnO NRAs. Inset: The true SEM
image of 1L-MoS; on the ZnO NRAs. (b) Scanning PL. maps with integrated peak
intensity (1.75-1.85 eV) of the 1L-MoS, on the 10 nm Al,03/ZnO nanorods substrate.
(¢) PL spectra of 1L-MoS; in region A (unstrained 1L-MoS;) and B (strained 1L.-MoS,).
Symbols are measurement data; curves are fitting data. (d) The schematic of 1L-MoS,
on the single ZnO nanorod. Inset: Optical image of 1L.-MoS, on the ZnO NRAs. (e)
Scanning PL maps with integrated peak intensity (1.75-1.85 eV) of the MoS; on the
ZnO nanorods substrate. (f) PL spectra of MoS, in region C (unstrained 1L-MoS;) and
D (strained 1L-MoS;). (g) The schematic diagram of the strain-induced exciton
funneling process of 1L.-MoS, on the Al,O3 coated ZnO NRAs. (h) Scanning PL maps
with integrated peak intensity (1.75-1.85 eV) of the 1L-MoS; on the boundary between
unstrained (on the ZnO substrate) and strained 1L-MoS; (on the ZnO NRAs). Inset: The
SEM image of 1L.-MoS, on the boundary between the ZnO substrate and the ZnO NRAs.
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(i) The proposed mechanism of decreased PL intensity of strained 1L-MoS; on ZnO:

more efficient charge transfers at the strain-engineered heterointerfaces.
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36 Figure 5. The mechanism of strain-enhanced interfacial charge transfer. (a) The
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38 work function and the energy difference (b) between the Fermi level (Eg) and valence

40 band maximum (Eygm) of MoS; and ZnO illustrated by UPS. (¢) Band diagram of 1L-

42 MoS,/ZnO heterojunction obtained by UPS measurements. (d) Biaxial strain-

44 dependent energies for electrons, holes and Fermi level at the K point calculated using

46 DFT. (e) KPFM image of the boundary between pristine ZnO NRAs and 1L-MoS,/ZnO

48 heterostructure arrays. Inset: AFM topography of the measured sample. (f) Surface

50 potential profile across the MoS,/ZnO boundary in panel e. (g) Comparison of band

52 structures between pristine MoS, and strained MoS, based on theory calculations. (h)

54 The schematic illustration of the interfacial charge transfer rate based on the band

56 diagram of pristine 1L.-MoS,/ZnO. (i) The schematic illustration of the enhanced charge
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transfer efficiency from strained 1L-MoS; to ZnO, which is originated from the

reduction of the interfacial barrier height under strain modulation.

30

ACS Paragon Plus Environment

Page 30 of 31



Page 31 of 31 ACS Nano

For Table of Contents Only

oNOYTULT D WN =

o P o8 Unstrained " Periodically
MaS; 1 strained Mo$S;
e I

31

ACS Paragon Plus Environment



