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Abstract

Van der Waals (vdWs) heterostructure is emerging as one of the most interesting systems in
next-generation flexible optoelectronics. Furthermore, the gate-tunability of vdWs
heterostructure is widely applied to enhance the performance of various devices, which is
generally achieved by external electric field. However, in-plane cracking and slippage of gate
electrode restricted this external electric field modulation in flexible devices. Here, we
propose a distinctive strain-gating method to manipulate 2D WSe,-1D ZnO vdWs interfacial
charge and modulate its photosensing performance by tuning electronic states of WSe,. With
increasing tensile strain, the device shows obvious enhancing photocurrent and the
corresponding photoresponsivity reaches up to 394 mA W™ under white light illumination.
Such performance enhancement can be attributed to strain-induced piezopolarization charges

on ZnO nanobelt polar surface, which function as "gate™ to tune the local transport of
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photogenerated carriers at the WSe,-ZnO vdWs interface. This work provides a new strategy
to achieve interaction between vdWs interface and strain stimuli, which broadens applications

of functional vdWs heterostructure for next-generation photodetection or imaging.

Graphical abstract

A novel strain-gating strategy is proposed for high-performance mixed-dimensional vdWs
flexible photodetector, where strain-induced piezopolarization charges function as “gate” to
tune local charge transport process. This work provides an alternative regulation method for
carrier manipulation at vdWs heterointerface, which may enable novel structure design for

high-performance vdWs optoelectronics.

Keywords: Piezotronic effect; Mixed-dimensional vdWs heterostructure; interfacial modulation; self-
powered photodetector
1. Introduction

Tuning the property of van der Waals (vdWs) heterostructure by gate has achieved a
great deal of application in novel optoelectronics, such as two terminals FET, non-volatile
memory, homojunction or heterojunction diodes, photodetector, due to atomic-thickness,
unique gate-tunability, excellent mechanical strength, favorable optical and electrical
property[1-10]. This gate-tunability is critical to vdWs heterostructure device, which has been
achieved by electrostatic gating on hard substrates (e.g., SiO,/Si) [11-14]. However, it is hard

to realize such operation on flexible optoelectronics, as it would introduce extra complexity
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during devices fabrication and integration process. Also, in-plane cracking and slippage of
gate electrode restricted this external electric field modulation in flexible devices. As is well
known, mechanical strain is inevitably generated during the flexible devices bending or
stretching process. Therefore, the active interaction between devices and strain is more
attractive for flexible electronics/optoelectronics, which means that the device performance
could be directly modulated by external mechanical stimuli [15-18]. Using strain-induced
piezopotential to gate local charge carrier transport is one of the choices for such requirement
[19-26]. In addition, mixed-dimensional vdWs heterostructure can be integrated arbitrarily
with materials of different dimensionality, which couple various properties with different
dimensional materials to construct high-performance devices [27]. However, the mechanism
of this strain-gating interface carrier behavior has not yet been demonstrated for modulating
TMDCs based mixed-dimensional heterointerface.

Besides, two-dimensional tungsten diselenide (WSe;) possesses high carrier mobility up
to 350 cm? V.S and sensational light-matter interactions property [28-32]. The direct
bandgap of about 1.67 eV has been observed in monolayer WSe,. These properties enable it
as a good p-type semiconductor for constructing p-n heterostructure and an excellent
candidate for broadband photodetector (PD) [6, 33, 34]. One-dimensional ZnO possess
outstanding piezoelectric property and high electron mobility, which can be used to construct
high-performance mixed-dimensional vdWs p-n heterostructure [20, 29, 35-37]. Here, we
have demonstrated a strain-gating method to intensify the photoresponse of WSe,-ZnO
mixed-dimensional vdWs heterostructure flexible PD, which is different from the voltage-
gated operation. By applying specific tensile strain, piezopolarization charges are generated at
the vicinity of WSe,-ZnO heterointerface due to the piezoelectric effect. The piezo-charges
modulate local charge carrier transport and photogenerated carriers transfer, which ultimately
increase the photoresponsivity of devices. Our work indicates a promising structure design for

future high-performance flexible devices and a novel regulation strategy for carrier behaviors
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manipulation at vdWs heterointerface. Considering that most of the atomic TMDCs are
intrinsic piezoelectric, the approach in this work may be extended to other artificial all-2D
vdWs structures and inspires the novel structure design for flexible vdWs optoelectronics.

2. Experimental Section

2.1. ZnO nanobelt and layered WSe, growth process

ZnO nanobelt was synthesized with chemical vapor deposition method. Silicon wafer
deposited with 20 nm thick Au was used as the substrate. The precursor containing mixed
ZnO and graphite powder (molar ratio 1:1, 100 mg) was placed in a quartz boat and Au/Si
substrate was put face-down above the mixed powder. Prior to heating, the tube was purged
with Ar (500 sccm) for 10 min. Then the furnace was heated up to 950 °C with O2/Ar (3/297
sccm) as the carrier gas, which the synthesis duration was 30 min. For the growth of layered
WSe,, a two-temperature-zone furnace was used. A mixture of WO, 9 and KCI (molar ratio
9:1, 10 mg) was loaded in quartz boat at the center of furnace tube (2 inches, zone Il) as W
source. The Se (40 mg) in the upstream region of the furnace (zone I) served as Se source.
The tube furnace was firstly pumped down to ~ 1 Pa to remove air and moisture. Then Hy/Ar
(1/20 sccm) carrier gas was introduced until atmospheric pressure was achieved. The W
source was heated to 815 °C. Simultaneously, the temperature of Se was increased up to
350 °C. The whole synthesis process was kept for 15 min.

2.2. WSe, transfer

A thin layer of poly (methyl methacrylate) (PMMA) was firstly spin-coated on SiO,/Si
substrate with layered WSe,. The underlying SiO, layer was etched away with 1.5% HF
solution. Then the detached PMMA/WSe; film was lifted from solution and rinsed with DI
water. Then, selected WSe, nanosheet was transferred onto the ZnO nanobelt with the help of
accurate transfer platform (Metatest, E1-T), followed by removing PMMA in hot acetone.

Materials characterization



The crystal structures of ZnO nanobelt and layered WSe, were characterized by high-
resolution TEM (HRTEM) (FEI Tecnai F20). Their thickness was measured by atomic force
microscope (AFM) (Bruker, Dimension Icon). The SKPM of WSe,-ZnO heterostructure was
measured by KPFM measurement (Bruker, Dimension Icon). During the measurement, 1.5 V
AC voltage amplitude and 80 Hz frequency were applied to the Pt/Ir tip. The morphology of
ZnO nanobelt was observed with field-emission scanning electron microscopy (FESEM) (FEl,
Quanta 3D). The Raman, PL spectra measurements were performed on confocal microscopy
(Horiba, JY-HR800).
2.3. Device test
The photodetector was excited by a white lamp. The illumination power density was
measured by a commercial power meter (THORLABS, PM100D). The strain was applied
through a homemade two-point bending apparatus and circular arc approximation was used
for computing the applied strain. All of the electrical tests were measured by a
semiconducting parameter analyzer (Keithley 4200).
3. Results and discussion

WSe,-ZnO flexible PD was fabricated by an accurate transfer method, the schematic
fabrication process is presented in Figure la. Polyethylene terephthalate (PET) was selected
as the flexible substrate because of its excellent solvent-resistant and transparent properties.
Besides, its relatively high Young’s modulus guarantees that bending-induced strain could be
effectively transferred to the ZnO nanobelt. The fabrication process started with the transfer
of ZnO nanobelt onto PET substrate through PDMS-assisted all-dry transfer method [38].
Here, the length direction of ZnO nanobelt was ensured being parallel to the edge of PET so
that bending of substrate induces uniaxial strain in ZnO. Then, the Cr/Au (10 nm/50 nm)
electrode was deposited to form an ohmic contact with ZnO. To build mixed-dimensional

heterostructure, the layered WSe, was subsequently transferred onto the ZnO nanobelt.



Finally, the Pd/Au (10 nm/50 nm) electrode was deposited to form an ohmic contact with
WSe,.

The optical image and operation schematic of the flexible device under tensile strain are
shown in Figure 1b and Figure 1c, respectively. The thickness of ZnO nanobelt utilized to
construct the device is about 50 nm measured from atomic force microscopy image, as shown
in Figure Sla in supporting information. As presented in Figure Slb, high-resolution
transmission electron microscopy image and corresponding selected area electron diffraction
pattern indicates that synthetic single crystal ZnO nanobelt possesses hexagonal wurtzite
structure with growth direction along [2110] and the top polar surface of (0001) [39].
Conventionally, ZnO shows the most significant piezoelectric effect at the surface of (0001),
which is beneficial for the interface charge transfer modulation [40-42]. The scanning electron
microscopy image and corresponding photoluminescence spectrum of synthetic ZnO nanobelt
are shown in Figure S1c, which confirms its high crystallinity.

Figure S1d shows AFM image of WSe, nanosheet, indicating its height of 5 nm. The
HRTEM image in Figure Sle indicates a good crystalline property of the WSe; flake without
the presence of grain boundary and dislocations. The Raman spectrum of multi-layer WSe; in
Figure S1f presents three characteristic peaks of Ej, (248 cm™), Ayqg (259 cm™) and Bag (307
cm™) vibration modes, which is consistent with the reported literature [43-45]. The inset
image of Figure S1f shows the optical image of layered WSe,, which exhibits typical triangle
morphology with the length about 30 pum.

In order to characterize the heterostructure property and charge transfer among WSe,-
ZnO, the mixed-dimensional vdWs heterostructure on SiO,/Si substrate was fabricated in
accordance with the method shown in Figure 1d. Photoluminescence mapping of the
heterostructure is presented in Figure 2a, which depicts an obvious decrease of PL intensity at
the WSe,-ZnO stacked area compared with the as-grown WSe; region. Figure 2b shows two

typical PL spectra acquired from different points highlighted in Figure 2a inset. Relatively
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strong PL intensity around 790 nm can be observed for the layered WSe,, but the signal
drastically declines at WSe,-ZnO heterostructure. The decrease of PL intensity at stacked area
demonstrates that charge transfer exists between WSe; and ZnO, as the case observed in other
homo- or heterostructures, such as MoS, homojunction, MoS,/WS,;, WS,/Graphene,
MoS,/WSe,, M0S,/Si[46-49]. Due to the existing of the built-in electrical field at the WSe,-
ZnO stacked area, the separation of photogenerated electron-hole pairs in WSe, is enhanced,
which decreases the measured PL intensity.

To further verify the observed phenomenon and determine specific value of barrier
height between WSe, and ZnO, SKPM characterization was employed [50]. The contact

potential difference (CPD) between AFM tip and the sample is defined as:

VCPD — ((Ptip_(Zsample) (1)

Where @iy, @sampie, are the work function of tip and sample, q is the elementary charge [46].
As shown in Figure 2c, an obvious surface potential variation exists between WSe; and ZnO
because of their different Fermi level positions. The CPD data extracted from red line in panel
(c) is plotted in Figure 2d, indicating that work function of WSe; is 80 meV lower than that of
Zn0O. Accordingly, the decreased PL intensity and surface potential variation at WSe,-ZnO
heterostructure demonstrate a solid heterojunction contact between layered WSe; and ZnO
nanobelt.

Schematic sketch of the flexible device is presented in Figure 3a. Typical I-V
characteristics of WSe,-ZnO vdWs heterostructure under 0 % strain condition are depicted in
Figure 3b, which exhibit obvious rectifying behavior with ON/OFF ratio of 10* under + 1 V
applied bias. The reverse leakage current is about 5 fA at -1 V. As shown in Figure S2a-b,
typical Ohmic characteristics are observed in Pd-WSe, and Cr-ZnO contacts. It can be
verified that the rectifying property originates from contact barrier between WSe, and ZnO,

which is consistent with the PL and SKPM results. In addition, the output characteristics of



WSe,-ZnO vdWs heterostructure were measured upon illumination with white light from a
halogen lamp, which the incident optical power Py varied from 0.667 to 6.668 mWcm™ and
the effective light absorption area of WSe,-ZnO heterostructure was 45 pm?. As depicted in
Figure 3c, the 1-V curves shift down under the light illumination, which means an obvious
photovoltaic effect in WSe,-ZnO heterostructure. The photovoltaic phenomenon can be
explained by using the schematic band diagram of the vertical stack WSe;-ZnO
heterostructure (Figure 3d). A typical type Il band alignment is formed in WSe,-ZnO
heterostructure, in which WSe, dominates the light-absorbing because of its smaller bandgap.
Considering the carrier concentration of WSe, (10**~10" cm™) [51, 52] and ZnO (10*°~10"®
cm®) [53], the total p-n depletion length is much longer than the p-channel length (~ 5 nm),
which results in a monotonic band slope across the entire WSe, thickness [12]. Under this
built-in electric field, spontaneous separation of photogenerated carriers in WSe; gives rise to
the photocurrent at 0 V bias.

To precisely characterize the photosensing properties of flexible PD in self-powered
mode, the short-circuit current was measured under different illumination. The result is
presented in Figure 3e. A simple power law equation is applied to fit the experimental data,
Lyhoto < P* (2
where I, is the photocurrent, P is the light illumination intensity, « is the index of a
power law (ideal value, a=1). Here, the a value is inferred to be 0.79. The deviation maybe
stem from complex processes during the carrier generation, trapping and electron-hole
recombination in the semiconductors [54-56]. Another parameter photoresponsivity R of the

devices could be calculated from the following formula [57].

R = photo/P (3)



As shown in Figure 3f, photoresponsivity has a maximum value of 5 mA W™ and decreases
exponentially with the increasing light intensity. This phenomenon can be attributed to
inefficient separation of the photogenerated carrier under high illumination.

The PL spectrum of WSe,-ZnO heterostructure under tensile strain and compressive
strain was measured at room temperature to investigate the carrier behaviors manipulation
mechanism by piezopolarization charges. Figure S3a, b in the Supporting Information present
schematic of the experimental setup and optical image of experimental bending apparatus.
Figure S3c exhibits the stimulate area of WSe,-ZnO heterostructure under compressive strain
on the illumination of 532 nm laser. The ZnO nanobelt is placed along the length direction of
the PET substrate, while WSe, is placed perpendicular to the length direction. This structure
garateens that the mainly strain focus on ZnO rather than Wse,. Figure 4a shows various PL
spectrum of the WSe,-ZnO heterostructure with different compressive and tensile strains. The
relationship between PL intensity and strain is exhibited in Figure S4a, indicating an obvious
enhancement of PL intensity from tensile strain to compressive strain. Considering the shift
and expansion of PL spectrum, it can be deconvoluted with three main components (Figure
4b): the indirect bandgap emission (1), trion exciton (A’) and the neutral exciton (A). From the
extracted PL peak energy in Figure 4b, both peak positions of A" peak and A peak present an
obvious redshift, while the | peak almost maintains a constant value (Figure 4c). Generally,
the photoluminescence (PL) intensity of WSe; increases and the peak value occurs blueshift
under increasing tensile strain according to some relevant literature [58, 59]. This means that
the shift of WSe, can be attributed to piezopolarization charge rather than the strain-induced
lattice deformation, which is similar to the conventional electrostatic-gating result [59].

On the other hand, the trion and neutral exciton PL intensity vary by nearly two times of
magnitude from 0.4% compressive strain to 0.4% tensile strain (Figure S4b, Supporting
Information). Obvious enhancement of WSe, PL intensity is observed under compressive

strain, which indicates that the local negative piezopolarization charge inhibits the separation
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of photogenerated charge in WSe, compared to 0 % strain, as shown in Figure 4d, e. When the
heterostructure is stretched, the PL intensity of WSe, is suppressed dramatically due to
positive piezopolarization charge, which decreases the recombination of photo-induced
excitons (Figure 4f). As demonstrated by the above phenomenon, the piezopolarization
charges induced by strain can effectively manipulate the local photogenerated charge behavior
at the vdWs heterointerface, which is beneficial for the performance modulation of WSe;-
ZnO PD.

From this point, strain-gated WSe,-ZnO PD photoresponse performance in self-powered
mode was investigated by the time-resolved white light response under a defined illumination
density of 0.667 mW cm™. Figure 5a shows the schematic of flexible PD under tensile strain
conditions. The time-resolved photoresponse behavior of flexible PD under diverse strain is
shown in Figure 5b. An obvious switching behavior is observed, which the current increases
rapidly to ON state upon illumination and resumes to OFF state under dark. Besides, it can be
seen that the photocurrent increases with increasing tensile strain and decreases with
increasing compressive strain. In addition, both the rise and fall time show almost no change
under different strain condition, as shown in Figure S5 in the Supporting Information.
Furthermore, we extracted the short-circuit current under different strain from Figure 5b and
calculated the photoresponsivity (R), as shown in Figure 5c. Both of the Isc and R increase
continually as varying from compressive strain to tensile strain. Such monotonous increase
indicates that polar piezoelectric effect plays the leading role in this modulation process
compared to the piezoresistance effect, which is consistent with the strain-gated PL variation
results[60].

To explain this strain-gating mechanism in WSe,-ZnO PD more clearly, schematic band
structures of WSe,-ZnO interface under tensile and compressive strain upon illumination are
shown in Figure 5d, e. The black dotted, red and blue line represents the band structures under

0 %, tensile and compressive strain, respectively. Under tensile strain, as shown in Figure 5d,
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positive piezopolarization charges are generated in ZnO nanobelt, which results in a local
negative charge carriers accumulation in WSe, at the heterointerface, thus further increasing
band slope in WSe, as the way energy band-modulation with the positive gate voltage.
Therefore, the more efficient transport of photogenerated carrier is expected under the extra
driving force of such positive piezocharges, which improves the photocurrent of WSe,-ZnO
PD in self-powered mode. On the other hand, negative piezopolarization charges in ZnO are
generated when PD suffer from compressive strain, as shown in Figure 5e. This negative
charge decreases the band slope of WSe, and suppresses the transport of photogenerated
carrier in WSe,, which reduces the overall photoresponse performance.

Another strain-modulated performance of flexible PD in photoconductive mode was
investigated under light illumination at 1V applied bias. This operation mode can achieve
high photoresponsivity in a flexible device with the synergistic effect of piezo-phototronic.
Figure 6a shows the I-V curve in defined light illumination of 0.667 mW cm™ under different
strain. We extracted the photocurrent at 1 V applied bias with various light illumination under
different strain, which is shown in Figure 6b. The current was enhanced by 6.3 times under
0.87% tensile strain compared to 0 % strain condition. To demonstrate photoresponse
performance clearly, R under a certain external strain is calculated and listed in Figure 6¢. As
external tensile strains increase, the value of R increases gradually under same light
illumination with the maximum values of 394 mA W™. The photogain is calculated from the
following formula

Gain = h9L,, /Pe, 4)

where h is Plank’s constant; ¢ and P is the frequency and intensity of the incident light; L, is

the photocurrent; e is the unit charge, respectively. Gain/Gain, is defined as the relative ratio
under certain strain and 0 % strain. The relative ratio of photogain exhibits the same

increasing trend as R under different strain on a defined light illumination in Figure 6d.
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However, detectivity of devices exhibits an slight decline with increasing strain under a
defined light intensity of 2.32 mW cm™ and 5.21 mW cm, as shown in Figure 6Ge.

D* = R;/(2e - Iyari/A)? )
According to the formula, the detectivity is inversely proportional to dark current[61]. The
dark current ascends from compressive strain to tensile strain in the strain-modulated device
(Figure S6, Supporting Information), which result in the decrement of detectivity. In addition,
photoresponse performance figure-of-merits of flexible PD are summarized in Table S1.
Obviously, our devices exhibit excellent photoresponsivity, which indicates that this strain-
gating method can effectively optimize the performance of devices.

4. Conclusion

In conclusion, a strain-gating strategy has been achieved by using piezotronic effect for high
performance WSe,-ZnO flexible photodetector. We systematically proposed and
demonstrated the strain-gating mechanism, in which the stain-induced piezopolarization
charges effectively regulate the charge transport at WSe,-ZnO vdWSs heterointerface. With
increasing tensile strain, the performance of photodetector in self-powered mode exhibits an
obvious enhancement of response current and photoresponsivity. While in photoconductive
mode, the device presents an enhanced photocurrent from 61 pA to 320 pA and
photoresponsivity increases from 117 mA W™ to 394 mA W™. Our work provides a promising
strain-engineered strategy to modulate vdWs heterointerface and paves a way for next-

generation flexible optoelectronics.
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ZnO nanobelts/PET ZnO nanobelts/PET ZnO nanobelts/PET

Figure 1. (a) Schematic fabrication process of flexible p-n photodetector with few-layer
WSe,-ZnO nanobelt. (b) Optical image of the flexible photodetector under tensile strain.
Inset: a flexible photodetector with few-layer WSe,, ZnO nanobelts and electrodes. (c)

Operation schematic of flexible p-n photodetector with few-layer WSe,-ZnO nanobelt.
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Figure 2. PL mapping and SKPM characterization of WSe»-ZnO vdWs heterostructure. (a)

PL mapping of the WSe,-ZnO vdWSs heterostructure. Inset: partial enlargement of PL

mapping in orange rectangle area, PL mapping of WSe,-ZnO stack area in orange dash line.

(b) PL spectrum acquired from different points highlighted in (a) inset. (¢) SKPM images of

WSe,/ZnO junction area. The white dash line area represents WSe, and white point dash line

area represents ZnO. (d) CPD value between layered WSe, and ZnO nanobelt with the data

extracted from red line in c the value is about 80 meV.
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Figure 3. Electrical and photoresponse properties of WSe,-ZnO vdWSs heterostructure. (a)
Schematic diagram of WSe,-ZnO PD on flexible PET substrate. (b) Current-voltage curves of
the flexible WSe,-ZnO diode in linear and logarithmic scale under 0 % strain. (¢) I-V
characteristics of the WSe,-ZnO PD with different optical illumination intensity under 0 %
strain. (d) Schematic illustration of photovoltaic effect in WSe,-ZnO heterostructure. The blue
arrow represents the electrons/holes moving direction. (e) Photocurrent and responsivity f) as

a function of illumination intensity of the WSe,-ZnO PD.
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Figure 4. Photoluminescence property of WSe,-ZnO heterostrucuture under different strain.
(a) photoluminescence spectra of WSe, under different strain condition. The positve and
negative percentage represent tensile and compressive strains, respectively. (b)
photoluminescence spectra (dark lines) in the range of 1.45-1.7 eV for the indicated strain.
The indirect band gap emission (1), neutral exciton (A) and trion (A") resonances behave
differently with strain. The blue line is lorenzian fits to the experimental results, with the I, A
and A components shown as the green, red, claret lines, respectively. (c) photon energy of I,
A" and A, determined from the PL spectra, as a function of strain. (d) Schematic of
photogenerated charge modulated by compressive strain, (¢) modulated by 0 % strain, f)

modulated by tensile strain, respectively.
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Figure 5. Piezoelectric-gated performance of self-powered WSe,-ZnO PD. (a) Schematic of
flexible WSe,-ZnO PD under tensile strain at light illumination. (b) Time-resolved
photoresponse of the WSe,-ZnO vdWs PD under different strain and fixed illumination
density of 0.667 mW cm™at 0 V bias. (c) Strain dependence of short-circuit current Isc and R
of the flexible WSe,-ZnO PD. (d) Schematic energy-band diagrams modulation of WSe,-ZnO
heterostructure under tensile strain and (e) compressive strain. Holes, electrons, photons,
positive piezopolarization charges, negative piezopolarization charges are represented by blue

({32

dots, black circles, orange arrows, red mark “+” and blue mar , respectively. The black
dotted line represents initial band slope. The red line in (d) represents band structure under

tensile strain, while blue line in (e) represents band structure under compressive strain.
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Figure 6. Piezoelectric-gated performance of WSe,/ZnO PD in photoconductive mode. (a)

Typical output characterization of the WSe,-ZnO heterojunction under various strain and

fixed illumination density of 0.667 mWcm™. (b) Strain-dependent photocurrent, (c)

responsivity and (d) relative photogain of the device for different illumination intensity under

1V applied external bias. (e) Strain-dependent detectivity under defined illumination intensity

of 2.32 mW c¢cm™ and 5.21 mW cm™.
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Highlights
® Mixed-dimensional vdWs flexible photodetector is constructed with 2D WSe, and 1D
ZnO nanobelt.

® \WSe,-ZnO interface charge state and hence the photodetection performance is effectively
modulated with strain-induced piezopolarization charges.

® The modulation impact of piezotronic effect is verified with photoluminescence
characterization.

® The response current and photoresponsivity exhibit 2 times enhancement in self-powered

mode under modulation of piezotronic effect.
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