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e.g., mechanical agitations, are ubiquitous and abundant in the 
environment for powering and controlling the micro/nano
devices.[4,5] Nevertheless, it is not facile to directly interface 
mechanical stimuli using the stateoftheart technology that 
relies on electrical modulation of charge carriers in semicon
ductors. The piezoelectric effect, which produces polarization 
under mechanical deformation in materials lacking inversion 
symmetry or having polarization domains, has been intensively 
studied in bulk crystals, thin films, and nanostructures for elec
tromechanical applications.[4,5,7] Recently, studies on the funda
mental coupling between piezoelectric polarization, photon exci
tation and charge carrier processes under dynamic mechanical 
perturbation in wurtzitestructured semiconductors, e.g., ZnO 
and GaN, result in an emerging field of piezophototronics,[8,9] 
which has immediate relevance to the abovementioned applica
tions. When a static strain is induced in a piezoelectric semi
conductor, the presence of the localized polarization charges 
can effectively modulate/control the generation, separation, 
transport, and recombination of photoinduced charge carriers 
at the vicinity of a Schottky barrier or pn junction, by exerting 
substantial influences on the concentration/distribution of free 
carriers and/or the modulation of electronic charge in interface 
states. This is the piezophototronic effect.[10] Devices using the 
piezoelectric polarization charges as a “gate” controlling signal 
to achieve tunable optoelectronic processes is piezophototronics.

With their outstanding semiconductor properties (e.g., 
bandgap ≈1–2 eV favorable for electronics and optoelectronics, 
room temperature mobility > 200 cm2 V−1 s−1, etc.),[11,12] supe
rior optoelectronic performance (e.g., direct bandgap, high 
external photoresponsivity ≈880 A W−1, valley polarization 
longer than 1 ns, etc.),[12,13] and the ability to withstand enor
mous strain (e.g., monolayer MoS2 crystal can be deformed by 
11% strain without fracture),[14] 2D transition metal dichalco
genides (TMDCs) are of great interest as building blocks for 
mechanically compliant optoelectronics. Moreover, monolayer 
TMDCs become noncentrosymmetric and exhibit piezoelec
tricity.[15,16] Here, we report the first experimental observation of 
piezophototronic effect in singleatomiclayer 2D MoS2 and its 
application in straingated adaptive photodetection. The strain
induced polarization charges in singlelayer MoS2 can modu
late the separation and transport of photogenerated carriers 
at the MoS2–metal barrier and enable tunable photodetection, 
with a maximum photoresponsivity of 2.3 × 104 A W−1 under 
−0.38% compressive strain, which presents a 26fold improve
ment over the highest photoresponsivity previously reported 
for monolayer MoS2 phototransistors.[2] This is also the first 
demonstration of singleatomiclayer 2D TMDC based flexible 
optoelectronic devices.

Dynamic manipulation of electronic and optical processes in 
optoelectronics is usually achieved by applying an electrostatic 
bias.[1,2] However, emerging applications in wearable devices 
and human–machine interfacing desire that functional opto
electronics can be directly regulated by mechanical stimuli/
inputs from human body.[3–5] Here, we report straingated flex
ible optoelectronics based on monolayer piezoelectricsemicon
ductor MoS2. Utilizing the piezoelectric polarization charges 
created at the metal–MoS2 interface to modulate the separa
tion/transport of photogenerated carriers, the piezophototronic 
effect is applied to implement twoterminal atomiclayerthick 
phototransistor, in which the photodetection is systematically 
tuned by substrateinduced strain. A maximum photorespon
sivity of 2.3 × 104 A W−1 with a 26fold improvement over 
the reported highest photoresponsivity for monolayer MoS2 
phototransistors is demonstrated when a −0.38% compres
sive static strain is introduced at low illumination intensity of 
3.4 μW cm−2 (wavelength = 442 nm). The coupling among pie
zoelectricity, optical excitation, and semiconducting properties 
in 2D atomically thin materials may enable the development of 
flexible nanooptoelectromechanical systems, adaptive bioopto
electronic probes, and ultrathin optoelectronics.

The seamless and adaptive interactions between micro/nano
systems and physical environment are crucial for advancing 
wearable technology, healthcare, robotics, distributed sensing, 
and advanced manufacturing,[3,6] which demand the detec
tion, processing and control of information encoded in envi
ronmental stimuli by functional devices. Nonelectrical stimuli, 
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In our experiments, singlelayer MoS2 flakes were prepared 
through mechanical exfoliation, and their crystallographic 
orientations that are important for piezophototronic applica
tions were determined via secondharmonic generation using 
previously described methods.[15,17] Flakes were subsequently 
transferred onto a polyethylene terephthalate (PET) flexible 
substrate[18] (Figure 1a). Figure 1b shows a typical flexible two
terminal device with singlelayer MoS2 flake outlined by black 
dashed line. The lattice orientation of a singlelayer MoS2 is 
schematically depicted; the xaxis is taken to be along the “arm
chair” direction, and the yaxis along the “zigzag” direction. 
Electrical contacts made of Cr/Pd/Au (1 nm/20 nm/50 nm) 
were deposited with the metal–MoS2 interface parallel to the 
yaxis. Photoluminescence (PL) measurement was performed 
using 633 nm laser excitation following previously reported 
methods.[12] The observed PL spectrum of singlelayer MoS2 
flakes consists of a single narrow peak centered at 1.87 eV with 
50 meV width, which is attributed to the directgap lumines
cence[12,19] (Figure 1c). We studied the piezophototronic process 
in singlelayer MoS2 using a homemade setup (Figure 1d and 
Methods section, Supporting Information), by measuring the 
photocurrent under systematically tuned optical illuminations 
and mechanical strains. A focused laser beam (wavelength  
442 nm, ≈2 mm diameter) is illuminated over the device. When 
the substrate is mechanically bent, uniaxial strain is induced in 
MoS2 with magnitude proportional to the curvature (Figure 1d,  
and Figure S1 and Note S1, Supporting Information). In our 
experiment, the applied strain is limited to 0.8% to avoid 
sample slippage.[15,20]

Figure 2a shows the photoresponse in singlelayer device 
when there is no strain applied. A photoresponse from the 
same device when the drain bias extends to 2 V is included 
in Figure S2 (Supporting Information). The asfabricated 
metal–semiconductor–metal (MSM) photodetector consists of 
two backtoback Schottky barriers, and transport across the 
reversely biased PdMoS2 Schottky barrier limits the current 
flow[15] (Note S2, Supporting Information). The Ids–Vds curves 
in Figure 2a and Figure S2 (Supporting Information) were 
measured in the dark and under different illumination intensi
ties, with the polarity of the applied voltage defined with respect 
to the drain electrode. Strong rectification observed here indi
cates a significant asymmetry in the barrier characteristics, 
e.g., barrier heights, for the two Schottky contacts at drain and 
source electrodes, which may result from the difference in the 
effective areas and interface/surface states at the contacts.[5,9,10]  
The measured total current (Ids) increases significantly from 
≈90 nA in dark to ≈220 nA with 4.297 mW cm−2 illumination 
when a drain voltage of −2 V was applied (Figure 2a). The photo
current Iph (Iph = Ilight,total − Idark) shows good linearity across a 
wide intensity range from μW cm−2 to mW cm−2 without satu
ration at high power levels (Figure 2a). In order to examine  
the response of the photocurrent to incident optical power, the 
photoresponsivity of the device is determined as R = Iph/Pi, 
where Pi is the illumination power on the photodetector. At a 
low illumination intensity (3.4 μW cm−2), the device reaches 
a photoresponsivity of 9084 A W−1. The decrease in photo
responsivity at higher illumination intensities is due to trap 
states present inside MoS2 or at the interface between MoS2 

Adv. Mater. 2016,  
DOI: 10.1002/adma.201602854

www.advmat.de
www.MaterialsViews.com

Figure 1. Single-layer MoS2 piezophototronic device and operation scheme. a) Optical image of the single-atomic layer MoS2 flake transferred onto 
PET flexible substrate. b) A flexible two-terminal single-atomic layer MoS2 device. c) Typical PL spectrum of single-layer MoS2 flakes. d) The home-
customized setup for characterizing piezophototronic process in single-layer MoS2.



3wileyonlinelibrary.com© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
o

m
m

u
n

iC
a
tio

n

and substrate.[2] The photoconductive gain (G), defined as 
the ratio between the number of electrons collected and the 
number of absorbed photons in the device per unit time, can 
be obtained using G = (Iph/Pi)/(hν/q), where h is Planck’s con
stant, q is the electronic charge, and ν is the frequency of inci
dent light. Figure 2D shows that G increases with decreasing 
excitation laser power and reaches ≈8260 when the excitation 
laser intensity is 3.4 μW cm−2.

We next characterized the changes in photodetection prop
erties of the devices with strain. The electrical transport under 
mechanical strain in a singlelayer MoS2 photodetector without 
optical illumination is shown in Figure 3a and Figure S3 (Sup
porting Information), presenting strong straindependence 
of the dark current. Mechanical strain can further modulate 
the photocurrent under different illumination intensities 
(Figure 3a). In our singlelayer MoS2 photodetector, changes in 
transport and photodetection behaviors with strain may arise 
from two effects: the piezophototronic effect,[10] in which strain
induced polarization charges at the Schottky barriers at the two 
ends of the MSM device may effectively separate the photogen
erated carriers and control the transport of the charge carriers 
across the barriers; and the piezoresistive effect, where strain 
results in changes in band structure and density of states of the 
carriers.[21] To understand the underlying mechanism for the 
associated processes, the changes in dark current and photo
current with strain under fixed drain bias (−2 V) are plotted in 
Figure 3b. When there is no light illumination, dark current in 
the singlelayer device decreases with increasing compressive 

strain and increases with increasing tensile 
strain (Figure 3b, top). This asymmetric mod
ulation is similar to the piezotronic effect 
reported for wurtzitestructured piezoelectric 
semiconductors, in which the piezoelectric 
polarization in the crystal can effectively tune 
the Schottky contact properties (Note S3 and 
Figure S4, Supporting Information). When 
laser illumination is on (Figure 3b, middle 
and bottom), the photocurrent decreases 
with increasing the tensile strain. Whereas,  
when compressive strain is applied, photo
current first increases and then decreases 
with further increasing the magnitude of 
compressive strain. The device reaches 
the optimized photodetection under dif
ferent compressive strains for low and high 
illumination intensities. At low illumina
tion intensity (3.4 μW cm−2), the device 
reaches a maximum photocurrent of 40 nA 
under −0.38% static strain; while at high 
illumination intensity (4.29 mW cm−2), 
the maximum photocurrent (207 nA) 
occurs under a larger compressive strain 
(−0.45%). The strain dependence of photo
current under various illumination inten
sities is obtained and shown in Figure S6  
(Supporting Information). It can be seen 
that for all the illumination intensities, the 
photodetector has the smallest photo current  
when 0.62% strain is applied, compared 

to other strain conditions. The photo detector has the largest 
photo current when –0.38% strain is applied. The detailed expla
nation for this will be discussed later (in Figure 4). Moreover, 
the modulation effect of strain on the photocurrent is more 
significant when the illumination intensity is small (toward the 
left side of Figure S6, top panel, Supporting Information), while 
the corresponding modulation is less effective when the illumi
nation intensity increases (toward the right side of Figure S6, 
top panel, Supporting Information). This suggests that the 
modulation effect of mechanical strain on photocurrent is also 
affected by the optical power intensity. The parameter S = (Istrain 
− I0)/I0, defined as the relative change in photocurrent by strain 
under certain illumination intensity, is plotted to quantitatively 
study this process (Figure 3c). Here Istrain and I0 are the equi
librium photocurrent in the device with and without strain. 
It can be seen that values of S, which indicate the effective
ness of strain on modulating the photocurrent, decrease with 
increasing illumination intensity. This suggests that the gating 
effect of straininduced polarization on photogenerated carriers 
is more significant at low optical illumination, which can be 
understood by taking into account the screening of piezoelec
tric polarization charges due to finite carrier density in mono
layer MoS2 at low light intensity.[15] At higher optical illumina
tion, such screening is more significant due to increased free 
carrier density, and therefore the modulation of photocurrent 
by strain is less effective as compared to the case at low illumi
nation intensity. Consequently, the compressive strain required 
for achieving optimized performance of the photodetector (e.g., 
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Figure 2. Photoresponse in single-layer MoS2 photodetector when no strain is applied. a) Elec-
trical transport in single-layer device in the dark and under different illumination intensities 
(wavelength = 442 nm). b–d) Photocurrent, photoresponsivity, and photoconductive gain of 
the single-layer device under −2 V drain bias.
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maximum Iph and S) shifts to higher values when the illumina
tion intensity increases (Figure 3c,d and Figure S6, Supporting 
Information).

The comprehensive mapping for photocurrent in single
layer device under different illumination intensities and 
mechanical strains has been plotted to provide insight in the 

underlying mechanism (Figure 3d). The dark current measured 
under different strains has also been included here. All of the 
Iph curves (Figure 3d and Figure S6, Supporting Information) 
under different illumination intensities exhibit similar strain
dependence profile: they first increase to a maximum value 
when the applied compressive strain is small, and then decrease 
gradually when the compressive strain continues increasing. 
On the other hand, the Iph always decreases with increasing the 
tensile strain. Moreover, the applied compressive strain corre
sponding to the maximum Iph shifts to higher value when the 
illumination intensity increased. The contribution of piezo
resistive effect that changes the electronic band structure has 
also been studied through firstprinciple calculation (Figure 5,  
Supporting Information). It can be seen that a tensile strain 
decreases the energies of both valence band maximum (VBM) 
and conduction band minimum (CBM) throughout the entire 
semiconductor, and therefore decreases the Schottky barrier 
height (SBH) for electrons and increases that for holes at both 
contacts. The effects are more prominent for CBM than VBM, 
hence the SBH for electrons are affected to a larger degree than 
holes. Thus one should expect an increase of the photocur
rent at tensile strain because of the reduction of electron SBH, 
which disagrees with the experiments. Moreover, the simula
tion results show that piezoresistive effect can only result in a 
symmetric modulation in the device operation.

To understand the observed phenomenon, the result 
obtained at a high illumination intensity (4.29 mW cm−2) is 
used for describing the proposed mechanism (Figure 4). The 
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Figure 4. Working mechanism of piezophototronic response in single-
layer MoS2 photodetector. Band diagrams explaining the piezophoto-
tronic behavior observed in single-layer device as a result of the changes 
in Schottky barrier heights by strain-induced polarization (see text for 
details). The symbols “+” (in blue) and “−” (in red) represent the strain-
induced positive and negative polarization charges.

Figure 3. Piezophototronic response in single-layer MoS2 photodetector. a) Top: Electrical transport in single-layer device in the dark under strains. 
Middle: Photocurrent in single-layer device under strains when the illumination intensity is low (3.4 μW cm−2). Bottom: Photocurrent in single-layer 
device under strains when the illumination intensity is high (4.29 mW cm−2). b) Strain dependence of the dark current (top) and photocurrent (middle 
and bottom) in single-layer device under −2 V drain bias. c) Relative change in photocurrent by strain (S) under different illumination intensities indi-
cates the effectiveness of strain in modulating the photocurrent. d) A comprehensive piezophototronic mapping for photocurrent in single-layer device 
under different illumination intensities and mechanical strains. The drain bias is −2 V. The color gradient represents the photocurrent.
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incident photon induces electron–hole pairs in MoS2. When 
there is no strain applied (1 in Figure 4), the electrons and 
holes are separated and collected by the builtin electric field at 
the Schottky contact and the applied external field. This gives 
rise to the photocurrent, which depends on the effective sepa
ration and transport of both holes and electrons at the vicinity 
of the contacts, and is strongly affected by the barrier charac
teristics. When a mechanical strain is applied to the device 
(2–4 in Figure 4), piezoelectric polarization charges induced at 
the zigzag edges can directly affect the metal–MoS2 contacts, 
by modifying the concentration/distribution of free carriers 
in MoS2 at the vicinity of the Schottky barrier,[10,15] such that 
the mechanical strain functions as a controlling gate signal 
to tune the optoelectronic processes, which is the piezopho
totronic effect. The distribution of piezoelectric polarization 
charges has been calculated previously using the density func
tional theory,[22] which also confirms the modulation effect 
of piezocharges on the metal–MoS2 contacts. More detailed 
discussions on the modulation of Schottky barrier height by 
mechanical strain in various device structures that incorpo
rate piezoelectric semiconductors can be found in previous 
reviews on piezotronics and piezophototronics,[10,23] as well as 
in reports studying the effect of depolarization field on the bar
rier by the associated interface dipole.[24] When a tensile strain 
is introduced (2 in Figure 4), due to the crystal orientation of 
the singlelayer MoS2, positive polarization charges are created 
at the reversely biased drain Schottky contact. The realigned 
band profile therefore provides a smaller driving force for the 
separation and redistribution of holes and electrons. Moreover, 
the energy barrier for electron transport at the positively biased 
contact is also increased. Therefore, the overall collection of 
photoinduced carriers in the device is suppressed. The carrier 
transport property is the result of the two processes depending 
on the magnitude of the applied strain. When a small com
pressive strain is applied (3 in Figure 4), lowdensity negative 
and positive polarization charges are created at the drain and 
source barriers; the resultant band tilting promotes the separa
tion of holes and electrons in the active region, as well as their 
transport and collection at the contacts. Therefore, the observed 
photocurrent first increases with applied compressive strains. 
However, when a larger compression is induced beyond cer
tain value, the upbending of VBM is so significant that a new 
energy barrier arising from the local piezocharges for hole 
transport is introduced at the drain contact (4 in Figure 4). The 
holes would be trapped at the interface, which hinders the sep
aration of photoexcited electron–hole pairs and promotes their 
recombination near the contact interface.[25] The related upward 
bending of the conduction band can lead to an increased dark 
current through enhanced tunneling events, which further 
deteriorates the overall photodetector performance. As a result, 
the photocurrent starts to decrease under large compressive 
strains. Such changes in band structure represent the forma
tion of charge channels induced by the piezoelectric polari
zation in the depletion region of the Schottky contact. These 
charge channels can serve as effective means of modulating the 
carrier separation or recombination in the photodetector and 
other optoelectronic device. The existence of such charge chan
nels has been validated by recent numerical calculations,[26] 
which clearly show that the formation of charge channel and 

related deformation of band profiles at the interface under 
strain can significantly affect the charge carrier transport, sepa
ration, and recombination processes. The theoretical support, 
in the forms of both analytical and numerical results, to the 
schematic band diagrams shown in Figure 4 can be found in 
previous theoretical studies.[26,27] The possible contribution 
of straingradient induced polarization on the observed device 
behavior due to flexoelectric effect may be safely ignored due to 
both the electrode configuration and the strain condition adopted 
in our experiment.[28] Nevertheless, the coupling between flexo
electricity and semiconductor properties in 2D materials is cer
tainly an interesting avenue for future research.

Other figures of merit important to a photodetector, such as 
photoresponsivity, photoconductive gain, and sensitivity, can 
also be modulated and largely enhanced by mechanical strains 
(Figures 7–9, Supporting Information). These results suggest 
that mechanical strain is able to function as a controlling gate 
signal and effectively modulates the photodetection properties 
of singlelayer MoS2 optoelectronic device.

One other possible contribution to the photoresponse change 
in our devices could be straininduced absorption change. 
However, firstprinciple calculations using density functional 
theory show that this effect is too small to account for the large 
photoresponse change (Methods section and Figure S10, Sup
porting Information). The absorption altered by a 0.6% ten
sile or compressive strain is insignificant compared with the 
experimentally observed change. In addition, our calculation 
suggests that a tensile strain increases the absorption, which 
is in contrast to the observed decrease in photocurrent. There
fore, the straininduced absorption change cannot explain the 
experimental results. We conclude that piezophototronic effect 
due to the coupling among piezoelectricity, optical excitation, 
and semiconducting properties in singlelayer MoS2 gives rise 
to the observed photoresponse change by strain.

In summary, we have studied the piezophototronic effect 
in singleatomiclayer 2D MoS2 and its application in strain
gated adaptive photodetection. Controllable modulation of 
MS contacts or pn junctions in 2D nanomaterials by strain
induced polarization may offer novel approach unavailable 
in conventional technologies using electrical control signals 
without modifying the interface structure/chemistry, for imple
menting tunable electronics and optoelectronics. Taking into 
account their superior mechanical properties, atomically thin 
2D materials may excel other nanomaterials (e.g., nanowires) 
for piezophototronics applications, in terms of the life time and 
mechanical failure of the devices. However, 2D materials are 
more vulnerable to environmental conditions. For instance, 
their carrier concentrations may due to the environmental 
doping, which could result in variations in the screening 
process of piezocharges. By examining the crystal structure 
of a 2D material, it is anticipated that most 2D compounds 
in their monolayer form possess the noncentrosymmetric 
structure, and should be piezoelectric. It is expected that he 
strong coupling among piezoelectricity, optical excitation and 
semiconducting properties, together with the large mechan
ical stretchability/flexibility exhibited by singleatomiclayer 
compound materials may enable the development of flexible 
nanooptoelectromechanical systems, adaptive biooptoelectronic 
probes, and ultrathin optoelectronics.
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