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Defect repair for enhanced piezo-phototronic
MoS2 flexible phototransistors†
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The recent emergence of two-dimensional piezoelectric monolayers has provided a powerful platform
for exploring the piezo-phototronic eﬀect at the atomic scale, giving rise to multiple new physics and
innovative device applications. However, being atomically thin, the piezoelectric properties of these
materials are extremely vulnerable to structural defects, which may largely limit their practical use in
high performance piezo-phototronics. In this study, we demonstrate the feasibility of piezo-phototronic
eﬀect enhancement in chemical vapor deposition grown MoS2 through sulfur vacancy repair and carrier
concentration manipulation. Compared with flexible phototransistors fabricated with the as-grown
MoS2 monolayer, a more prominent piezo-phototronic modulation impact was achieved after defect
repair. This improvement originates from improved crystallization and a suppressed free-carrier
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screening eﬀect in semiconducting MoS2. Under illumination of 19.1 mW cm 2 (532 nm wavelength),
a 5.6-fold increase of responsivity is demonstrated when a 0.42% uniaxial tensile strain is applied and
the optimized photoresponsivity reaches up to 339.2 A W 1. This structure–property relationship
research could advance our fundamental understanding of the piezo-phototronic effect in 2D
ultrathin materials and may serve as a general strategy for the performance enhancement of novel 2D
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optoelectronics.

Introduction
Piezo-phototronics represents a new class of devices that utilize
strain-induced ionic piezopolarization to modulate the local
energy band profile at the semiconductor interface, and thus
the electro-optical process.1–4 Compared with the conventional
optoelectronics, performance of piezo-phototronics could be
directly regulated with mechanical stimuli without applying any
external gate bias. Following this novel principle, unprecedented
device technologies have been developed, bringing significant
impact to adaptive sensors, human–machine interfacing and
smart robotics.5 More importantly, the piezo-phototronic effect
can be obviously achieved at room temperature without the
requirement of ultra-low temperature or high vacuum, which
greatly expands its application scenarios.6 The primary focus
in this area has been wurtzite structured semiconductors
a
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(e.g., ZnO, GaN and CdS) with one-dimensional (1D) and thin-film
morphology. Recently, the emergence of piezoelectric monolayers
extends such a device concept into a new arena of two-dimensional
(2D) materials, providing a fertile ground for the exploration of this
effect at an atomic scale.7–10
Together with a favorable piezoelectric coeﬃcient, strong
light–matter interaction and superior mechanical properties,
MoS2 monolayer is considered as one of the most promising
piezo-phototronic materials among the existing library of
2D crystals.11–14 Compared with the 1D nanowires, a more
prominent piezo-phototronic modulation effect in MoS2 is
expected because of its ability to sustain larger elastic strain
and more complicated strain types (e.g., uniaxial strain, biaxial
strain and strain gradient).15 Moreover, its thin-film morphology
is compatible with the standard silicon semiconductor technology
(e.g., lithography, etching, metal/dielectric deposition, etc.), which
may enable the realization of integrated 2D piezo-phototronics
with high device density and reduced cost. With the advancement of chemical vapor deposition (CVD) techniques, the
wafer-scale production of highly-oriented monolayer MoS2
has been realized.16 However, the inferior crystal quality has
been an important obstacle hindering its application in highperformance piezo-phototronics. A relatively high intrinsic
defect (e.g., vacancy, adatom and antisite) density up to 1013 cm 2
has been observed in single-layer MoS2, and the predominant
category of defects in CVD-grown samples was determined to
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be the sulphur vacancy due to its low formation energy.17–19
Being atomically thin, these charged sulphur vacancies tend to
introduce localized impurity bands in MoS2 and have a crucial
impact on electronic/optical properties. In this regard, various
approaches have been proposed to suppress the defect state
in 2D materials with different repairing mechanisms.20–22
In particular, as a crystal structure-determined property, it can
be speculated that the piezoelectricity in 2D materials should be
more susceptible to defects than that in the 3D bulk. From this
viewpoint, defect engineering could be an effective strategy for
piezoelectric property modulation and performance enhancement of 2D piezo-phototronics.
Here, we demonstrated the feasibility of piezo-phototronic
eﬀect enhancement in CVD-grown MoS2 through defect repair.
A poly(4-styrenesulfonate)-induced self-healing approach was
adopted to repair the intrinsic sulphur vacancy, followed by
chemical passivation with bis(trifluoromethane) sulfonimide
(TFSI) to further reduce carrier density. Compared with flexible
phototransistors fabricated with as-grown MoS2 monolayer,
a more prominent piezo-phototronic modulation impact was
achieved after treatment. Under illumination of 19.1 mW cm 2
(532 nm wavelength), a 5.6-fold improvement of responsivity
is demonstrated when a 0.42% uniaxial tensile strain is
applied, and the optimized photoresponsivity reaches up to
339.2 A W 1. This structure–property relationship research
could advance our fundamental understanding of the piezophototronic effect in 2D materials and may serve as a reference
for the artificial manipulation of the 2D piezoelectric property
through defect engineering.
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Results and discussion
The MoS2 in our experiment was prepared via an oxygenassisted CVD approach. The measured frequency separation
between the in-plane E12g and out-of-plane A1g Raman vibration
modes of MoS2 is B19.5 cm 1, indicating its monolayer nature
(Note 1 and Fig. S1, ESI†).23,24 Compared with its bulk counterpart, monolayer MoS2 becomes intrinsically piezoelectric due to
the spontaneous breakdown of centrosymmetry. After transfer
onto the SiO2/Si substrate using a polymethyl methacrylate
(PMMA)-assisted wet method, the MoS2 was patterned into
the shape of ‘BINN’ with electron-beam lithography and O2
plasma, as shown in Fig. 1a. Fig. 1b and c show the photoluminescence (PL) intensity mapping of the as-grown and
treated MoS2 monolayer taken under the same conditions.
An B2-fold increase in peak intensity could be observed after
the poly(4-styrenesulfonate)-induced defect repair and TFSI
passivation, along with a blue shift of the peak energy by about
60 meV (Fig. 1d). Meanwhile, the FWHM (full width at half
maximum) of the PL peak reduces from 42 nm to 17 nm. From
the curve fitting analysis of the PL peak A shown in Fig. 1e, it is
clear that the spectral weight of the negative trion (X ) peak was
dramatically suppressed, suggesting a significant decrease of
background carrier concentration.25,26 First, the sulfur vacancies could be healed by sulfur adatoms on the MoS2 surface
through a poly(4-styrenesulfonate)-induced hydrogenation
process, thus reducing the donor state density and defectmediated recombination process.27,28 Meanwhile, as a Lewis
acid, treatment with TFSI can eﬀectively withdraw electrons

Fig. 1 (a) Scanning electron microscopy (SEM) image of monolayer MoS2 patterned into the shape of ‘BINN’ with electron-beam lithography and O2
plasma. Scale bar, 2 mm. PL intensity mapping of the as-grown MoS2 monolayer (b) and treated MoS2 (c) after defect repair and chemical passivation.
(d) Comparison of PL spectra acquired from the same position in panels (b) and (c) highlighted with yellow circles, indicating an B2-fold increase of peak
intensity and a blue shift of peak energy by about 60 meV (from 1.83 to 1.89 eV). (e) Fitting analysis of the PL A peak by considering the contribution of
trion X (orange) and exciton X0 (cyan) peaks.
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from MoS2 by means of surface charge transfer to further
reduce free carrier density.29–32 Thus, the PL property of the
treated MoS2 monolayer is dominated by radiative exciton
(X0) recombination processes, leading to enhanced peak
intensity and higher peak energy.
Fig. 2a shows the SEM image of the MoS2 monolayer
patterned into the shape of ‘PIEZO’ on a Au substrate. Kelvin
probe force microscopy (KPFM) was employed to map the
variation of MoS2 work function before and after treatment,
as shown in Fig. 2b and c. The contact potential diﬀerence
(CPD) is defined as (jtip
jsample)/q, where jtip and jsample
represent work functions of the Au-coated AFM tip and MoS2,
respectively. From the cross-sectional profile taken from the
same region highlighted with dashed lines, a decrease of CPD
by B50 meV could be observed after the treatment process
(Fig. 2d). This indicates a larger work function of treated MoS2
compared with the as-grown monolayer and its Fermi level
moves far away from the conduction band (Fig. S2, ESI†).
In addition, the measured work function of the Au substrate
remains almost unchanged after the treatment process, which
rules out the obvious existence of chemical residues. This
indicates that the measured PL and KPFM change mainly
originates from MoS2 itself rather than the attachment of organic
molecules. In order to further quantitatively evaluate the carrier
density change, field-eﬀect transistors were fabricated with a
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partially-treated MoS2 monolayer on the SiO2/Si substrate, as
shown in the inset of Fig. 2e. After treatment, a clear right-shift
of threshold voltage could be observed from the transfer
characteristics, suggesting a decrease of intrinsic n-type doping
concentration in CVD grown MoS2 (Fig. 2e). The calculated
electron density decreases from 8.58  1011 cm 2 to 1.56 
1011 cm 2 after the treatment process (Fig. S3, ESI†), which is
consistent with the PL and KPFM characterization results.
Fig. 3a shows the optical microscopy (OM) image of the twoterminal flexible MoS2 phototransistor fabricated on the polyethylene terephthalate (PET) substrate. Due to the asymmetric
modulation behavior of the piezo-phototronic eﬀect, the metalsemiconductor–metal structure with a single Schottky contact
was adopted in our experiment rather than the previously
reported back-to-back Schottky junctions.33,34 Moreover, considering the piezoelectric anisotropy in MoS2, the asymmetric
metal contacts were deliberately deposited parallel to the zigzag
direction of the MoS2 monolayer and the strain was precisely
imposed along the armchair direction, which can be verified
from its triangular morphology.35,36 Electrical measurement of
the fabricated device in the dark revealed excellent current
rectification behavior, indicating the formation of a Pd–MoS2
Schottky contact and Ohmic Cr–MoS2 (Fig. S4, ESI†). The
532 nm laser with tunable optical power was illuminated over
the device through an optical fiber (spot diameter B300 mm).

Fig. 2 (a) SEM image of MoS2 monolayer patterned into the shape of ‘PIEZO’ on the Au substrate. Scale bar, 5 mm. (b and c) Corresponding surface
potential image of MoS2 before and after treatment; a Au-coated AFM tip was used for the KPFM measurement. (d) Comparison of the contact potential
diﬀerence (VCPD) profile taken from the same region in panels (b) and (c) highlighted with dashed lines. (e) Transfer characteristics of the pristine and
locally-treated MoS2 monolayer, suggesting a clear right-shift of the threshold voltage. The inset shows the optical microscopy image of fabricated
transistors; scale bar, 10 mm.
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Fig. 3 (a) OM image of the flexible piezo-phototronic detector fabricated with monolayer MoS2 on the PET substrate. Asymmetric electrical contacts
were deposited parallel to the zigzag direction of MoS2 to form a single Schottky junction. (b) Photoresponse of the device under strain-free conditions.
(c) Calculated photocurrent and responsivity of the device at 5 V applied voltage. (d and e) Strain dependence of photocurrent and responsivity for
diﬀerent optical power intensities, suggesting the eﬀective modulation of the photodetection property with strain. (f) Schematic of energy band diagrams
for explaining the piezo-phototronic process. The red and blue dotted lines represent an interfacial energy band change under the influence of positive
and negative piezopolarization charges, respectively.

Photoresponse of the devices fabricated with the as-grown
MoS2 under strain-free conditions is shown in Fig. 3b. A good
linearity between the photocurrent Iphoto (Ids
Idark) and
illumination intensity could be observed across the whole
measured range from mW cm 2 to mW cm 2. The device
photoresponsivity decreases with increasing illumination
intensity (Fig. 3c), which may be attributed to the decrease
of unoccupied states in the MoS2 conduction band under
higher optical power.37 The maximum responsivity is about
21.8 A W 1 at a low illumination intensity of 19.1 mW cm 2 and
5 V applied voltage. A home-made experiment setup was used
to characterize the piezo-phototronic process by measuring
photoresponse under controlled light power and mechanical
strain (Note 2 and Fig. S5, ESI†). The electrical transport shown
in Fig. S6a (ESI†) indicates a significant strain dependency of
dark current, suggesting the effective regulation of interface
contact properties. Furthermore, modulation of device photodetection performance could also be observed from the
photoresponse Ids–Vds curves under different static strains
(Fig. S6b–f, ESI†). For all the illumination intensities, Iphoto
and the corresponding photoresponsivity increase with increasing
tensile strain and decrease with compressive strain, as shown in
Fig. 3d and e. Moreover, the modulation impact of strain on
device performance is closely related to the optical power intensity
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and the effect attenuates with an increase of illumination
intensity. At a low illumination intensity of 19.1 mW cm 2,
the responsivity reaches up to 60.1 A W 1 when a 0.42% tensile
strain is applied, representing an B1.8-fold improvement under strain-free conditions. However, the photoresponsivity only increases by B1.4 times for 1.18 mW cm 2 high
illumination. This is a typical characteristic of the piezophototronic effect due to the screening effect in piezoelectric
semiconductors, which will be discussed in detail later.
In addition, the increasing amplitude of photocurrent could
also exclude the possible influence of strain-induced light
absorption or carrier mobility change in MoS2.38
The schematic energy band diagram explaining the observed
piezo-phototronic behavior is shown in Fig. 3f. For 2H–MoS2,
the symmetry in the bulk with the D6h point group is reduced to
the D3h group when thinned down to a monolayer, leading to
the in-plane piezoelectric property. When a mechanical strain
is applied along the polar direction, ionic polarization charges
generated at the two edges of MoS2 shift local electronic band
bending and effectively manipulate carrier transport behavior
across the junction interface. For the Pd–MoS2–Cr device, the
applied forward bias separates photo-generated excitons into
free carriers, driving electron (hole) transfer across the
Pd–MoS2 Schottky barrier (Cr–MoS2 Ohmic contact), giving rise

This journal is © The Royal Society of Chemistry 2019
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to the photocurrent. As the transport property at the Schottky
junction is mainly determined by majority carriers and both
Cr and Pd exhibit n-type contact behavior on the MoS2 monolayer, the photodetection behavior in the fabricated devices is
closely associated with the Pd–MoS2 barrier characteristic.39
Considering the crystal orientation of the used MoS2, positive
polarization charges are induced in the vicinity of the Pd–MoS2
Schottky interface when tensile strains are introduced. These
positive charges move the energy band downward and lower the
Pd–MoS2 interfacial barrier height. Meanwhile, the inclined
energy-band within MoS2 under a piezoelectric field functions
as an applied external voltage and provides extra driving force
to separate the photocarriers (the upper part of Fig. 3f).40–42
Therefore, the extraction efficiency of photoexcited electrons
in MoS2 is promoted, leading to increased photocurrent and
responsivity. In contrast, compressive strain-induced negative
polarization charges shift the MoS2 local energy band upward and
increase the Pd–MoS2 barrier height (the lower part of Fig. 3f).
Thus, the injection of photo-induced electrons in MoS2 into the
Pd electrode across the Schottky interface is restrained and
decreased photocurrent is observed. The polarization charges at
the Cr–MoS2 Ohmic contact may also affect local band-bending,
but the modulation impact is supposed to be negligible due to the
absence of the depletion region. This strain-gated photoelectric
process in 2D piezoelectric materials offers an effective approach
to modulate performance of optoelectronics, which may enable
the design and implementation of novel flexible devices.
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Fig. 4a shows the photoresponse of the fabricated devices
under strain-free conditions after monolayer MoS2 was treated.
Compared with the result shown in Fig. 3b, it can be seen that
the strong current rectification behavior is well preserved.
Meanwhile, an increase of photocurrent could also be observed.
This phenomenon may be interpreted from two combined
eﬀects: First, the dark current is greatly reduced (from 0.96 to
0.05 nA at 5 V bias) due to the decrease of background electron
concentration after the treatment process. Moreover, the lower
electron density suppresses the formation of trions, thus the
separation of photogenerated excitons into free carriers under
external applied bias is promoted. Second, repair of sulfur
vacancies in the MoS2 monolayer could lead to a substantial
increase in photocarrier lifetime; consequently, the electron–
hole recombination probability is reduced.28,30 At a low illumination intensity of 19.1 mW cm 2 and 5 V bias, responsivity of
the treated MoS2 monolayer flexible phototransistor reaches
up to 51.5 A W 1, indicating an increase of 1.4 times over the
pristine ones (Fig. S7, ESI†). Moreover, the good linearity
between Iphoto and illumination intensity is well preserved in
the whole measured range. From the photoresponse curves of
the treated MoS2 device under different mechanical strains
(Fig. 4b, c and Fig. S8, ESI†), a similar change in profile of
photocurrent and responsivity could be observed (Fig. 4d and e).
Under the same illumination intensity, the photocurrent
(responsivity) increases with increasing tensile strain and
decreases with compressive strain. Meanwhile, a similar optical

Fig. 4 (a) Photoresponse of the treated MoS2 monolayer when no strain was applied. (b and c) Photodetection property of the treated MoS2 under 0.13%
and 0.42% tensile strains, indicating the eﬀective modulation of performance with mechanical strain. (d and e) Strain dependence of photocurrent and
responsivity for diﬀerent optical power intensities. (f) Schematic showing the energy-band shift in insulators (without carriers) and semiconductors
(moderate carrier density) when opposite polarization charges are generated at the two ends of the piezoelectric material.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) PL spectra of monolayer MoS2 on the PET substrate under
diﬀerent tensile strains. (b) OM image of the flexible MoS2 monolayer
photodetector, with the asymmetric metal contacts deposited parallel to
the armchair direction of MoS2 and the strain applied along the zigzag
direction. (c and d) Photoresponse of the fabricated devices under strainfree and 0.25% tensile strain.

power-dependent strain modulation was also observed in the
treated devices. When a 0.42% tensile strain was applied,
the responsivity increased from 51.5 A W 1 to 339.2 A W 1
at 19.1 mW cm 2 illumination, representing an B5.6-fold
improvement. This responsivity is relatively high for the flexible
photodetector fabricated with CVD-grown MoS2 monolayer.43,44
Moreover, compared with the result shown in Fig. 3d and e,
it can be seen that the modulation ability of the piezophototronic effect was greatly enhanced after the material
treatment. The sulfur vacancy passivation and chemical treatment with TFSI can notably reduce charge carrier density in
MoS2; thus the screening effect is significantly weakened.
As shown in Fig. 4f, for insulating piezoelectric materials, the
electric field generated by strain-induced polarization charges
tilts the whole electronic band in the material (the left part
of Fig. 4f). However, for piezoelectric semiconductors with
moderate free carrier concentrations, the energy bandbending was confined within the vicinity of material edges
due to the appearance of the screening effect (right part of
Fig. 4f).45 This means that the ionic piezopolarization can
be damped by the mobile charge carriers in semiconductors.
As we have seen in plasmas and electrolytes, the Debye screening
length is inversely related to charge carrier concentration, which is
given by classic Poisson–Boltzmann theory.46,47 Therefore, the
high electron concentration in pristine CVD-grown MoS2 can
severely screen positive piezopolarization charges and weaken
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their modulation effect on Pd–MoS2 interfacial band-bending.
After treatment, more effective polarization charges are generated
due to the passivation of defects and a decrease of carrier density
leads to the increase of screening length, thus more pronounced
modulation of device performance with the piezo-phototronic
effect could be achieved.
Besides the piezo-phototronic eﬀect, a change in the straininduced band structure of MoS2 may also contribute to the
observed transport change in our devices. Fig. 5a shows the PL
spectra of MoS2 monolayer under diﬀerent tensile strains.
An B26 meV red-shift of PL peak energy could be observed
upon imposing a 0.25% tensile strain, which is in good agreement with the previous report.14,48 By fitting the Ids–Vds curves
in the dark with a thermionic emission equation, the calculated
Schottky barrier height (SBH) change is B66.4 meV when
applying a 0.25% strain to the device, which is much larger
than the band gap change (Fig. S9, ESI†). This demonstrates
that the polar piezo-phototronic effect should dominate the
performance modulation process in our devices. Furthermore,
the crystal orientation-dependence of the piezo-phototronic
effect in MoS2 was also investigated, as shown in Fig. 5b. The
asymmetric metal contacts were carefully deposited parallel to
the armchair direction of MoS2 monolayer and the strain was
introduced along the zigzag direction. In this case, the positive
(Mo) and negative (S) charge sites coincide, so there are
negligible dipoles present in the strained material structure.
Therefore, a relatively small photoresponse change was
observed (Fig. 5c and d), which may originate from the piezoresistive effect and band structure change.

Conclusions
In summary, suppression of the screening eﬀect and thus the
enhancement of piezo-phototronic modulation were achieved in
CVD-grown monolayer MoS2 through defect engineering. Due to
the improved crystallization and decrease of free carrier concentration, the screening eﬀect was greatly weakened. Compared with
flexible phototransistors fabricated with as-grown MoS2, a more
significant piezo-phototronic modulation impact was achieved
after treatment. At an illumination intensity of 19.1 mW cm 2,
a 5.6-fold improvement of photoresponsivity is demonstrated
when applying 0.42% uniaxial tensile strain. The optimized
responsivity reaches up to 339.2 A W 1, which is relatively high
for a flexible photodetector fabricated with CVD-grown MoS2.
This structure–property relationship research could advance our
fundamental understanding of the piezo-phototronic effect in 2D
materials. Meanwhile, it may also provide a reference for the
artificial manipulation of 2D piezoelectricity at the atomic scale
through defect engineering, site-specific doping or alloying.

Experimental section
Material transfer and characterization
Transfer of CVD grown MoS2 onto the SiO2/Si or PET substrate was
accomplished using a PMMA-assisted wet method. In particular,
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an accurate transfer platform (Metatest, E1-T) was used while
fabricating the flexible MoS2 phototransistor. Target MoS2 with a
specific direction was deliberately placed at the very center of the
PET substrate, so that the substrate bending-induced strain can be
eﬀectively transferred to MoS2 and reduce scattering of illumination light during the following piezo-phototronic test process. The
Raman characterization and PL mapping were performed using a
LabRAM HR Evolution Raman microscope with a 532 nm laser
as the excitation source. Kelvin probe force microscopy (Bruker
Dimension ICON) was employed to measure the surface potential
change of MoS2 before and after treatment.
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