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Strain engineering, which aims to tune the bandgap of a semiconductor by the application of strain,
has emerged as an interesting way to control the electrical and optical properties of two-dimensional
(2D) materials. Apart from the changes in the intrinsic properties of 2D materials, the application of
strain can also be used to modify the characteristics of devices based on them. In this work, we study
flexible and transparent photodetectors based on single-layer MoS2 under the application of biaxial
strain. We find that by controlling the level of strain, we can tune the photoresponsivity (by 2–3 orders
of magnitude), the response time (from <80 ms to 1.5 s), and the spectral bandwidth (with a gauge
factor of 135 meV/% or 58 nm/%) of the device.
Introduction
Tuning the characteristics of circuit components with an exter-
nal knob is at the deep core of modern electronics. Good exam-
ples of that are the field-effect transistors whose conductance can
be adjusted by means of an applied voltage to the gate electrode
[1–5]. The development of new tuning knobs have undoubtedly
opened up possibilities to design new device concepts [6–11].
Strain engineering provides a powerful route to modify the elec-
trical and optical properties of electronic materials and thus it
has the potential to become an excellent external tuning knob
[12–15]. Conventional strain engineering approaches, however,
typically yield fixed strain levels. This has radically changed with
the isolation of 2D materials, which provide an excellent plat-
form for strain engineering as they can be easily stretched and
bended to a large extent in a reversible way [16–20]. Moreover,
optical spectroscopy techniques have demonstrated that tensile
uniaxial or biaxial strain effectively decreases the bandgap in
atomically thin transition metal dichalcogenides [21–27].
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Previous works on 2D-based flexible photodetectors subjected
to mechanical deformations don’t provide any direct measure-
ment that ensures that the deformation of the substrate is effec-
tively translated into strain in the 2D material and they don’t
characterize the effect of the mechanical deformation of the
photodetector on their photocurrent spectra [28,29]. Drawing
conclusions about the strain-dependent performance of 2D-
based photodetectors from those results is thus challenging.

Here, we exploit the strain tunable bandgap of single-layer
molybdenum disulfide (MoS2) to fabricate a photodetector
device whose responsivity, response time, and spectral band-
width can be adjusted by an externally applied biaxial tensile
or compressive strain. We find a remarkably large strain
sensitivity of the cut-off wavelength of 58 nm/% of strain
(�135 meV/%), making it possible to extend the detection spec-
tral bandwidth with respect to pristine unstrained devices. The
method presented here is general and can be applied to photode-
tectors based on other 2D materials. The case of black phospho-
rus, for example, could be particularly interesting as a larger
strain-dependent band gap tuning and an opposite strain
dependence are expected [30,31].
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Results and discussion
We fabricate single-layer MoS2 photodetectors with a simple
photocell (or photoresistor) geometry (Fig. 1a). Single-layer
MoS2 is prepared by mechanical exfoliation of bulk molybdenite
(see Materials and Methods for details) and the exfoliated flakes
are then transferred to a Gel-Film (from Gel-Pak�) substrate.
The single-layer regions are identified by micro-reflectance spec-
troscopy [32,33] and quantitative analysis of transmission mode
optical microscopy images. The selected single-layer flakes are
then transferred onto a polycarbonate (PC) substrate with pre-
patterned drain-source electrodes by a dry-transfer deterministic
placement method [34,35] and are annealed at 100 �C to
improve the electrical contact between the flake and the elec-
trodes. Fig. 1b shows an optical microscopy image of one of
the assembled single-layer MoS2 photodetector devices fabricated
onto PC. Note that it has been previously demonstrated that
polymeric substrates, such as PC, polyimide, and polydimethyl-
siloxane (PDMS), can be used to integrate photonic devices
[36–38]. Polycarbonate has been used as substrate because of
the trade-off between high Young’s modulus and large thermal
expansion that allows one to biaxially stretch (or compress) the
MoS2 by moderately warming up (or cooling down) the substrate
while ensuring an excellent and homogeneous strain transfer
FIGURE 1

(a) Schematic picture of the setup used to perform all the measurements. The M
top. (b) Optical transmission photograph of a single-layer MoS2 photodetec
measured at different temperatures (vertically shifted by 0.08 to facilitate their c
(d) Calibration of the polycarbonate expansion/compression as a function of the
�1.48%) to +100 �C (corresponding to a tension of +0.48%). The line in (d) ind
[39] (see Supplementary Material Fig. S1 to observe the spatial
homogeneity of the transferred strain). Substrates with larger
thermal expansion but lower Young’s modulus cannot effec-
tively transduce their thermal expansion into biaxial strain, as
predicted by finite elements analysis (see Supplementary Mate-
rial Fig. S2). In the case of polycarbonate (E = 2.5 GPa), the calcu-
lated efficiency is larger than 80%. The mechanical model, which
lacks atomistic details, gives only a coarse estimation of the strain
transfer efficiency, and for this reason, we assume in the rest of
the paper a perfect transduction of thermal expansion to biaxial
strain. Note that by assuming perfect transduction, the gauge fac-
tors obtained in this work can be considered as lower bound lim-
its. Fig. 1c shows differential reflectance spectra acquired on a
single-layer MoS2 device at different tensile strain levels from
0% (substrate at room temperature, T = 25 �C) to 0.48% (sub-
strate heated at T = 100 �C). The A and B exciton peaks in the
reflectance spectra redshift upon increasing the substrate temper-
ature (and thus the biaxial tensile strain), indicating a narrowing
of the MoS2 bandgap. Fig. 1d shows the relationship between the
substrate temperature increase and its biaxial expansion. We
address the reader to Ref. [39] and the Supplementary Material
(Fig. S3) for details about the measurement of thermal expansion
and the calibration of the applied biaxial strain.
oS2 photodetectors are placed on a thermal stage and illuminated from the
tors fabricated on polycarbonate (PC). (c) Differential reflectance spectra
omparison). Inset: wavelength of the exciton A as a function of temperature.
temperature in the range from �200 �C (corresponding to a compression of
icates the best-fit of the experimental data to a linear trend.
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In order to test the spectral response of the MoS2 photocell
detectors, we illuminate the devices with a tunable light source
(Bentham TLS120Xe) to select the wavelength (with a full-
width at half maximum of �10 nm), while the current across
the device (biased at 10 V) is measured. The light is focused into
a spot of 400 mm of diameter with a power density of 8 mW/cm2.
At each step during the wavelength sweep, we measure both the
dark and illuminated current to rule out drifts during the mea-
surement. The responsivity R of the device can be extracted from
the photocurrent values as

R ¼ Iph
Pdens � Adev

where Pdens is the incident light power density and Adev is the area
of the MoS2 channel. The biaxial strain applied to the device is
controlled through a thermal stage (see Materials and Methods).

The responsivity spectrummeasured for the unstrained device
is comparable with the data reported in literature for MoS2 pho-
totransistors fabricated by electron beam lithography on SiO2/Si
substrates at similar illumination power density and biasing con-
ditions (larger responsivities are reported for devices at very low
illumination levels and upon much larger drain-source electric
FIGURE 2

(a) Responsivity spectra of the single-layer MoS2 photodetector #1 obtained by m
corresponds to the value measured under light power of 8 mW/cm2 and app
�0.16%, �0.48% and �0.80% have been multiplied by 1.7, 6, 10, and 10, respect
for different strains applied. (b) Cut-off wavelengths extracted from the respon
different strain ranges. Inset: Exciton A wavelengths extracted from the same spe
device between two different strain levels 0.16% and 0.48%, the cycles are me
power is 5 mW/cm2. (d) Zoom in the third strain cycle of (c) in order to apprecia

10
field biasing conditions) [40–42]. The spectra clearly show two
peak features, which are in good agreement with the B and A
excitonic resonances also observed in the reflection spectra of
single-layer MoS2 [43–45]. At longer wavelengths (after the A
exciton peak) the spectra presents an abrupt drop of the device
responsivity. When the polycarbonate substrate is biaxially
strained, the MoS2 photocell responsivity spectrum changes sig-
nificantly. In Fig. 2a, the overall responsivity values increase by a
factor of �100 when the strain is increased from �0.8% to 0.48%
(a factor of �1000 for device #2 where the strain ranges from
�1.44% to 0.48%). We attribute this effect to the applied strain
as similar photocells fabricated on SiO2 (which have negligible
thermal expansion) do not show this strong enhancement of
the photoresponse (see a comparison between devices fabricated
on SiO2/Si and on PC in the Supplementary Material, Figs. S4 and
S5).

To get an insight about the tensile strain-induced increase in
the overall responsivity, we studied the response time of the
devices. For MoS2 photodetectors, there are two dominant mech-
anisms for the photocurrent generation (photoconductance and
photogating) that can be easily identified through the response
time of the devices [40,46–48]. In the photoconductance, the
easuring under 5 different strains applied (from �0.80% to 0.48%). Each dot
lying a bias voltage of 10 V. Note that the responsivity values for +0.16%,
ively, to facilitate the comparison between the spectra. Inset: Response time
sivity spectra of three single-layer MoS2 photodetectors (#1, #2, and #3) at
ctra. (c) Response of the photodetector device to strain changes, cycling the
asured with an applied voltage of 5 V, and the 740-nm light source density
te the rise and fall time of the device, estimated with the 10–90% criterion.
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photoexcited electrons and holes are separated through the bias
voltage, leading to an increase in the current flowing through the
semiconductor channel. The typical response time of photocon-
ductive devices is <10 ms. In the photogating mechanism, the
photoexcited electrons are drifted by the bias voltage to the drain
electrode (with a typical timescale of �10–100 ns) and holes are
trapped (with a typical timescale of 10 ms–10 s). Due to charge
conservation in the channel, one new electron has to jump from
the source to the channel once the drifting electron reaches the
drain electrode, leading to a photoconductive gain that is propor-
tional to the ratio between the electron drifting time and the
hole trapping time (which can be extracted from the response
time of the device to pulsed illumination). Therefore,
photoconductive-dominated devices have a fast response but
low responsivity values, while photogating-dominated ones are
typically slow but present ultrahigh values of responsivity.

The response time to pulsed illumination for devices under
compressive strain is very sharp (the response is faster than that
of our experimental setup, 80 ms, compatible to what one would
expect for a photoconductive-dominated device). Tensile-
strained devices, on the other hand, show much slower response
times �1.5 s (Fig. 2a inset), indicating the presence of long-lived
charge traps that could explain the large increase in responsivity
upon tension through the gain associated to the photogating
mechanism. We rule out the effect of the temperature as pho-
todetectors fabricated on SiO2, with negligible thermal expan-
sion, do not show a sizeable variation of the response time in
the temperature range of 25–100 �C (see Fig. S6 in the Supple-
mentary Material). Therefore, biaxial strain seems to be responsi-
ble of a change of the photocurrent generation mechanism from
photoconductive (for compressive strain) to photogating (for
tensile strain), although the microscopic mechanism is still
unknown, and it will be subject of further study. Note that we
also studied the effect of strain on the Schottky barrier height
through scanning photocurrent (see Figs. S7 and S8 in the Sup-
plementary Material), finding that the Schottky barrier height
in our devices is very small (�14 meV for pristine unstrained
devices) and they show a moderate decrease in the barrier height
upon tensile straining. This mechanism, although small, also
contributes to the increase in photoresponse observed for ten-
sile-stressed devices.

The excitonic features, visible in all the photoresponse spectra
of strained MoS2, are redshifted (blueshifted) when increasing
FIGURE 3

Photodetector #4 responsivities for 740-nm LED light with light power of 12 mW
the tensile (compressive) strain value with a strain gauge factor
of 31 nm/% (�94 meV/%) for exciton A (inset Fig. 2b). The shift
of the exciton peaks with strain in the responsivity spectra is in
good agreement with predictions based on density functional
theory calculations [49], with the shift observed in differential
reflectance (Fig. 1c and Ref. [39]) and photoluminescence mea-
surements on pressurized blisters of MoS2 [27]. The observed
shift of the A exciton upon straining (for 3 different devices) with
a constant gauge factor over the whole strain range studied here
indicates that strain is being transferred to the single-layer MoS2
flake without slippage. Moreover, one might wonder about the
presence of buckling upon compressive strain, but the critical
(or minimum) strain that is necessary for the buckling to occur
is ec = 0.25�(3�Esubstrate/Eflake)2/3 [50,51]. In our case, a compressive
strain of ��2.7% is needed for buckling to occur.

The cut-off wavelength is shifted as well upon straining, as
can be seen in Fig. 2b. The device shows a strain gauge factor
of the cut-off wavelength in the range of �58 nm/%
(�135 meV/%) of biaxial strain. Therefore, we demonstrated that
applying tensile biaxial strain to the MoS2 device can be an effec-
tive strategy to increase both the responsivity and the wave-
length bandwidth of the photodetector (at the expense of a
slower response time), while compressive strain can be exploited
to yield faster photodetectors (although with a lower photore-
sponse and with a narrower wavelength bandwidth). This adapt-
able optoelectronic performance of this device can be very useful
to adjust the photodetector operation to different lighting condi-
tions, similarly to human eye adaptability (scotopic vision dur-
ing the night vs. photopic vision during the daylight) [52].

A direct consequence of the strain-induced redshift for tensile
biaxial strain is that one can achieve a sizeable response for wave-
lengths even beyond the cut-off of pristine (unstrained) MoS2.
Fig. 2c shows an example where the photocurrent of the device
(with light of 740 nm with a power density of 5 mW/cm2, apply-
ing a bias voltage of 5 V) is measured while changing the strain
level in time. One can appreciate how the photocurrent at
740 nm increases substantially upon increasing the strain level
of the device (from 0.16% to 0.48% of tensile biaxial strain) in
a reproducible way, which can be attributed to the strain-induced
redshift of the device cut-off wavelength. Interestingly, the
device can be strain tuned rather quickly (in �20 s time scale,
see Fig. 2d) and this tuning time most likely is only currently lim-
ited by the thermalization time of our temperature stage, and it
/cm2 and applying a bias voltage of 10 V measured for several strain cycles.
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could be further improved by employing micro-heaters located
underneath the photocell device.

In order to study the reproducibility of the redshift in the
responsivity spectra of single-layer MoS2 photodetectors, several
cycles of application/release of tensile strain were performed in
another MoS2 photodetector. Fig. 3 shows the device responsiv-
ity for 740-nm illumination wavelength (power density of
12 mW/cm2 and bias voltage of 10 V) recorded during some of
the straining cycles. We observe how the responsivity evolves
from negligible values (within the experimental setup noise
level) for the unstrained device toward increasingly high values
for the tensile-strained devices, similarly to what was displayed
for few cycles in Fig. 2c. The device shows a good reproducibility
during the whole range of cycles (up to 40 cycles were applied).
Conclusions
In summary, we have harnessed the strain tunability of the band
structure of single-layer MoS2 to fabricate photodetectors with
strain-actuated bandwidth. The strain in these devices can be
reversibly applied through the thermal expansion (shrinkage)
of their substrate material, which induces tensile (compressive)
biaxial stress. We find that upon tensile straining the photore-
sponse increases and that the excitonic features present in the
spectra redshift in agreement with previous spectroscopic works.
Interestingly, the spectra also develop a slowly decaying tail for
long wavelengths, which further increases the bandwidth. We
extract a strain gauge factor for the wavelength cut-off shift of
up to �58 nm/% (�135 meV/%). This remarkably large value
demonstrates that 2D semiconductors hold a great promise for
future straintronic devices where strain is employed as a variable
tuning knob. Indeed, the possibility of strain tuning the opto-
electronic performance of photodetector devices in a fast time-
scale opens up the possibility to fabricate artificial photonic
devices that mimic the adaptability of the human eye. The pho-
todetectors discussed in this work, which can be tuned from a
fast, low responsivity, and narrowband state to a slow, very sen-
sitive, and wideband one, can open the possibility of developing
adaptable artificial photonic elements. Indeed, the method pre-
sented here can be easily translated to fabricate strain tunable
photodetectors based on other 2D materials.
Materials and methods
Materials
The MoS2 flakes have been obtained by mechanical exfoliation
with Nitto tape (SPV 224) from a bulk natural crystal (Moly Hill
mine, Quebec, QC, Canada) onto a viscoelastic polydimethyl-
siloxane (PDMS) stamp from Gel-Pak� (Gel-Film WF �4 6.0mil).

Device fabrication
The MoS2 flakes located on the PDMS were characterized by opti-
cal transmission microscopy (Motic BA310Met-T metallurgical
microscope, equipped with a 18 megapixel digital camera
AMScope MU1803 and a fiber-coupled compact spectrometer
Thorlabs CCS200/M) to determine the number of layers [32].
The single-layer MoS2 flakes were then transferred between pre-
patterned Au/Ti electrodes (fabricated by electron-beam evapora-
tion through a metal shadow mask from Ossila�, part number
12
E324) on polycarbonate (PC) substrate using an all dry determin-
istic transfer method [34].
Strain application
The biaxial strain on the photodetector devices is achieved
through the thermal expansion of the PC substrate, controlled
by a thermal stage (Linkam HFS600-P for the measurements
shown in Fig. 2 and a Peltier element with an approximated con-
sumption of 5 W to reach the highest temperature value for the
rest of the measurements).
Photocurrent spectroscopy measurements
Photodetectors #1, #2, and #3 were measured in a pure N2 atmo-
sphere; the rest of the devices were measured under ambient
conditions (average humidity 20%). The current vs. voltage
characteristics of the devices were measured with a Keithley
2450 source-meter unit, while the devices were illuminated
focusing the light coming from a fiber-coupled light source into
a 400-mm spot, covering the whole area of the device and provid-
ing a homogeneous power density. The cut-off wavelength is
extracted from the wavelength value at which the photocurrent
drops below the setup noise level (1pA). A Bentham TLS120Xe
tunable light source was used for the measurements shown in
Fig. 2, a halogen lamp equipped with a VariSpecTM Liquid Crystal
Tunable Filter was used for the measurement shown in Fig. S6 in
the Supporting Information. The rest of the photocurrent mea-
surements were carried out with high power fiber-coupled LED
sources from Thorlabs. Fig. S9 in the Supplementary Material
shows an example of current vs. voltage characteristics and of
response time measurements acquired at different strain levels.
Supplementary material
Scanning micro-reflectance maps; finite element analysis to
determine the strain transfer; strain calibration; disentangling
temperature change from biaxial strain; scanning photocurrent
measurements; examples of strain tuning of the current vs. volt-
age characteristics and response time measurements; characteris-
tics of other devices (Figs. S10 and S11); and strain tuning of the
power-dependent photocurrent generation (Fig. S12).
Acknowledgments
This project has received funding from the European Research
Council (ERC) under the European Union's Horizon 2020
research and innovation program (grant agreement n� 755655,
ERC-StG 2017 project 2D-TOPSENSE). ACG and PG acknowledge
funding from the EU Graphene Flagship funding (Grant Gra-
phene Core 2, 785219). RF acknowledges support from the
Netherlands Organization for Scientific Research (NWO) through
the research program Rubicon with project number 680-50-1515.
DPdL acknowledges support fromMINECO through the program
FIS2015-67367-C2-1-p.
Data availability
The raw/processed data required to reproduce these findings can-
not be shared at this time due to technical or time limitations.

Data will be made available on request.



R
ES

EA
R
C
H
:
Sh

or
t
C
om

m
un

ic
at
io
n

Materials Today d Volume 27 d July/August 2019 RESEARCH
Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.mattod.2019.04.019.

References

[1] A. Javey et al., Nature 424 (2003) 654.
[2] K.S. Novoselov et al., Science 306 (2004) 666–669.
[3] L.-L. Chua et al., Nature 434 (2005) 194.
[4] B. Radisavljevic et al., Nat. Nanotechnol. 6 (2011) 147–150.
[5] L. Li et al., Nat. Nanotechnol. 9 (2014) 372–377.
[6] S.A. Wolf et al., Science 294 (2001) 1488–1495.
[7] K.F. Mak et al., Nat. Nanotechnol. 7 (2012) 494–498.
[8] H. Zeng et al., Nat. Nanotechnol. 7 (2012) 490–493.
[9] T. Cao et al., Nat. Commun. 3 (2012) 887.
[10] Z.L. Wang, Adv. Mater. 24 (2012) 4632–4646.
[11] W. Wu et al., Nature 514 (2014) 470–474.
[12] J.H. Haeni et al., Nature 430 (2004) 758.
[13] R.S. Jacobsen et al., Nature 441 (2006) 199–202.
[14] W. Zhao et al., ACS Nano 7 (2013) 791–797.
[15] A. De Sanctis et al., Nat. Commun. 9 (2018).
[16] C. Lee et al., Science 321 (2008) 385–388.
[17] S. Bertolazzi, J. Brivio, A. Kis, ACS Nano 5 (2011) 9703–9709.
[18] J. Feng et al., Nat. Photonics 6 (2012) 866–872.
[19] R. Roldán et al., J. Phys. Condens. Matter 27 (2015) 313201.
[20] S. Manzeli et al., Nano Lett. 15 (2015) 5330–5335.
[21] H.J. Conley et al., Nano Lett. 13 (2013) 3626–3630.
[22] A. Castellanos-gomez et al., Nano Lett. 13 (2013) 5361–5366.
[23] Y.Y. Hui et al., ACS Nano 7 (2013) 7126–7131.
[24] K. He et al., Nano Lett. 13 (2013) 2931–2936.
[25] C.R. Zhu et al., Phys. Rev. B 88 (2013) 121301.
[26] H. Li et al., Nat. Commun. 6 (2015) 7381.
[27] D. Lloyd et al., Nano Lett. 16 (2016) 5836–5841.
[28] P. Sahatiya, S. Badhulika, Nanotechnology 28 (2017) 455204.
[29] D. De Fazio et al., ACS Nano 10 (2016) 8252–8262.
[30] A.S. Rodin, A. Carvalho, A.H. Castro Neto, Phys. Rev. Lett. 112 (2014) 176801.
[31] J. Quereda et al., Nano Lett. (2016).
[32] R. Frisenda et al., J. Phys. D. Appl. Phys. 50 (2017) 074002.
[33] Y. Niu et al., Nanomaterials 8 (2018) 725.
[34] A. Castellanos-Gomez et al., 2D Mater. 1 (2014).
[35] R. Frisenda et al., Chem. Soc. Rev. 47 (2018) 53–68.
[36] P. Peinado, S. Sangiao, J.M. De Teresa, ACS Nano 9 (2015) 6139–6146.
[37] X. Xu et al., J. Phys. Conf. Ser. 276 (2011) 012096.
[38] L. Suslik et al., Appl. Surf. Sci. 395 (2017) 220–225.
[39] R. Frisenda et al., Npj 2D Mater Appl. 1 (2017) 10.
[40] O. Lopez-Sanchez et al., Nat. Nanotechnol. 8 (2013) 497–501.
[41] Z. Yin et al., ACS Nano 6 (2012) 74–80.
[42] W. Choi et al., Adv. Mater. 24 (2012) 5832–5836.
[43] A. Splendiani et al., Nano Lett. 10 (2010) 1271–1275.
[44] K.F. Mak et al., Phys. Rev. Lett. 105 (2010) 2–5.
[45] A. Castellanos-Gomez et al., Nanotechnology 27 (2016) 115705.
[46] M. Buscema et al., Chem. Soc. Rev. 44 (2015) 3691–3718.
[47] M.M. Furchi et al., Nano Lett. 14 (2014) 6165–6170.
[48] D. Kufer, G. Konstantatos, Nano Lett. 15 (2015) 7307–7313.
[49] E. Scalise et al., Nano Res. 5 (2011) 43–48.
[50] D. Khang, J.A. Rogers, H.H. Lee, Adv. Funct. Mater. 19 (2009) 1526–1536.
[51] N. Iguiñiz et al., Adv. Mater. (2019) 1807150.
[52] G.L. Walls, The Vertebrate Eye and Its Adaptive Radiation [by] Gordon Lynn

Walls, Cranbrook Institute of Science, Bloomfield Hills, Mich., 1942.
13

https://doi.org/10.1016/j.mattod.2019.04.019
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0005
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0010
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0015
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0020
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0025
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0030
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0035
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0040
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0045
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0050
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0055
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0060
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0065
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0070
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0075
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0080
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0085
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0090
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0095
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0100
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0105
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0110
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0115
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0120
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0125
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0130
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0135
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0140
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0145
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0150
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0155
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0160
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0165
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0170
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0175
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0180
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0185
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0190
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0195
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0200
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0205
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0210
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0215
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0220
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0225
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0230
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0235
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0240
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0245
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0250
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0255
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0260
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0260
http://refhub.elsevier.com/S1369-7021(19)30176-2/h0260

	atl1
	Introduction
	Results and discussion
	Conclusions
	Materials and methods
	Materials
	Device fabrication
	Strain application
	Photocurrent spectroscopy measurements

	Supplementary material
	ack11
	Acknowledgements
	Data availability
	Appendix A Supplementary data
	References


