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ABSTRACT: Developing tailored micro/nanostructure interfaces is
an effective way to make novel optoelectronic devices or enhance their
performances. Here we report the fabrication of a PEDOT:PSS/ZnO
micro/nanowire-based self-powered UV photosensor. The generation
of photocurrent at zero bias is attributed to the separation of
photogenerated electron—hole pairs within the built-in electric field at
the PEDOT:PSS/ZnO interface upon UV light illumination.
Furthermore, the piezotronic effect on the UV photoresponsivity
under different strains is investigated, which is due to the modification
of energy band diagram at the p—n heterojunction by strain-induced
piezoelectric polarization. This study demonstrates a prospective
approach to engineering the performance of a photodetector through
straining and may offer theoretical supporting in future optoelectronic

device fabrication and modification.
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Bl INTRODUCTION

Interfaces are essential component for fabricating electronic,
optoelectronic, and electromechanical devices." Most of the
time, the modern nanoelectronics rely to a large degree on the
properties of interfaces between two heterostructured semi-
conductors. Thus, the ability to precisely tailor interfaces
provides a wealth of possibilities to enhance the performance or
introduce completely novel functionality.>® The research field
of interface engineering is therefore drawing more and more
attention to rationally design heterostructures and make use of
the engineered interface property to fabricate devices.* So far,
multiple approaches have been introduced to manipulate the
features of interfaces. By electrochemically altering the work
function of the polymer poly-(pyrrole), contact barrier
modulation in poly-(pyrrole)/n-InP Schottky diode was
realized.®> More recently, active control of the built-in potential
in a carbon nanotube/semiconductor junction solar cell was
also possible.’ But the complicated fabrication process and
device configuration may hinder their applications in practical
working conditions.

Due to the coupled piezoelectric and semiconducting
properties, the ZnO nanomaterial is recognized as promising
building blocks for future electronic, optoelectronic and
electromechanical devices.””® When the ZnO nanocrystal is
subjected to mechanical deformation, a piezopotential is
created due to the polarization of ions. By taking advantage
of this strain-induced piezoelectric polarization, the charge
carrier transport behavior across a Schottky interface or p—n
junction could be effectively tuned.” Making use of the
piezotronic effect to boost the device performance has also
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been demonstrated, such as metal-semiconductor-metal (M-S-
M) structured photosensors,'®”"* light-emitting diodes,"?
micro/nanowire solar cells,"* and photocells.15

Nowadays, self-powered nanosensors and nanosystems is
another attractive theme that can greatly enhance the
adaptability and sustainability of such devices."®™"? In this
paper, an approach of fabricating batteryless flexible UV
photosensor based on PEDOT:PSS/ZnO micro/nanowire
was demonstrated. The device shows excellent photosensing
properties under UV light illumination at zero bias with a fast
response time. Meanwhile, the piezotronic effect on the UV
photoresponsivity under different strains is also investigated,
which is attributed to modification of energy band diagram at
the p—n junction by piezopotential. The fabrication of such
devices has the merits of low cost, simplicity, and may have
potential applications in fields such as medicine, communica-
tion and environmental monitoring.

B EXPERIMENTIAL SECTION

ZnO micro/nanowires investigated in this work were prepared by a
chemical vapor deposition (CVD) method as reported previously.”’
For easy manipulation and device fabrication, ZnO wires with
diameter of several micrometers and length of hundreds of
micrometers were chosen, but the same methodology and fabrication
process apply to nanowires.”" After dispersion in ethanol, ZnO wires
of interest were transferred onto a flexible polystyrene (PS) substrate
with 40 mm length, 10 mm width, and 0.4 mm thickness. To avoid the
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Figure 1. (a) SEM image of the as-prepared ZnO micro/nanowires. (b) Low-magnification TEM image of the ZnO wire. (c) HRTEM image and
the corresponding SAED pattern. (d) Photoluminescence spectrum of ZnO micro/nanowires with an excitation wavelength of 325 nm.

movement of ZnO wire and eliminate the possible PEDOT:PSS/ZnO
contact area change during device fabrication and test procedure, the
bottom at one end of ZnO wire was fixed by a thin film of epoxy.'?
Then, PEDOT:PSS was dropped on the fixed end to form p—n
junction and silver paste was applied to the other end as an electrode.
After that, the whole device was packaged with a thin layer of poly
(dimethylsiloxane) (PDMS) to keep it from contamination and
moisture.”’ The morphology and structure of the ZnO wire and the
fabricated devices were characterized by optical microscope, scanning
electron microscope (FE-SEM, LEO1530) and transmission electron
microscope (JEOL, JEM-2010). The photoluminescence spectrum was
performed to evaluate the crystalline property by using a continuous
He—Cd (325 nm) laser as an excitation source. The room temperature
electrical transport characteristic and the photoresponse property were
recorded with a semiconductor analysis system (Keithley 4200).

B RESULTS AND DISCUSSION

The typical top-view scanning electron microscopy (SEM)
image of the as-synthesized ZnO micro/nanowires is presented
in Figure la, with a lengths of about hundreds of micrometers
and diameters from hundreds of nanometers to several
micrometers. Figure 1b depicts the low-magnification TEM
image of ZnO wire. HRTEM image and the corresponding
select-area electron diffraction (SAED) pattern were shown in
Figure lc, which indicate that the micro/nanowire is a wurtzite
structured single crystal, growing dominantly in [0001]
direction. Figure 1d illustrates the room-temperature photo-
luminescence spectrum with an excitation wavelength of 325
nm. The relatively strong UV emission at about 380 nm and the
negligible deep-level emission at about 520 nm indicate that the
as-prepared ZnO micro/nanowires have good crystallinity and
low concentration of defects.”> It can be perceived that the
synthesized micro/nanowires are appropriate for device
fabrication and investigation of the piezotronic effect.®

The schematic of the fabricated device provided in a and b
Figure 2 shows the optical image of it. It is straightforward to
see that the I—V characteristic of PEDOT:PSS/ZnO/Ag
heterojunctions display a significant diode-like behavior with
relatively low reverse leakage current of 107'> A at a reverse bias
of —3.0 V, as shown in Figure 2c. The current rectification ratio
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Figure 2. (a) Schematic of the fabricated device. (b) Optical image of
the fabricated device. (c) I-V characteristic of a PEDOT:PSS/ZnO/
Ag heterojunctions. The inset shows the I-V characteristic of Ag-
ZnO-Ag. (d) Semi-logarithmic plot of current and voltage for the
fabricated PEDOT:PSS/Zn0O/Ag heterojunctions.

can be obtained to be about 3 X 10* at +3 V.To confirm that
the observed nonlinearity is due to the formation of p—n
junction at the PEDOT:PSS/ZnO interface, we measured I-V
characteristic of Ag-ZnO-Ag, as indicated in the inset of Figure
2c. The work function of Ag (d)Ag ~ 4.26 eV) is not much
different from the electron affinity of ZnO (@, ~ 4.5 eV),
Ieadin§ to the formation of both Ohmic contacts at the two
ends."

To further analyze the property of the fabricated p—n
junction, thermionic emission model was applied to describe
the electrical transport of PEDOT:PSS/ZnO heterojunction
when forward voltage V >> 3kT/q. According to this model, the
I-V characteristic under forward bias can be expressed as™*

I=1 [ _qV 1]
= e —

o\ Wk (1)
Where I is the reverse saturation current, q is the elementary
charge, V is the forward biasing voltage, K is the Boltzmann

constant, n is the ideality factor, and T is the absolute
temperature. The reverse saturation current I is expressed as
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Figure 3. (a) Photoresponse comparison of PEDOT:PSS/ZnO heterojunction and Ag-ZnO-Ag Ohmic contact, which is shown using black and red

curves respectively. (b, c¢) Enlarged parts of the current response, showing the corresponding rise and decay time. (d) Energy band diagram of
PEDOT:PSS/ZnO heterojunction under light illumination, AE corresponds to the built-in potential.
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Figure 4. (a) Typical I-V characteristics of the device under different strains. The inset shows the cross-sectional schematic of strain-dependent
electrical measurement system. (b) Derived barrier height change of PEDOT:PSS/ZnO heterojunction as a function of strains. (c) Time-resolved
characteristic of the UV response with different strains. (d) Schematic energy band diagram of PEDOT:PSS/ZnO heterojunction with and without

the presence of strain, shown in red and black curves, respectively.

I, = AA*TZexp(—_qq)b)

KT (2)

where A is the junction area, A* is the effective Richardson
constant, and @y, is the junction barrier height.

Through linearly fitting the semi logarithmic plot of current

and voltage as depicted in Figure 2(d), the ideality factor n =

3.57 could be obtained from the slope. For an ideal p—n

3673

junction, the ideality factor n should be 1 at low forward bias.**
Here, the deviation of n from the ideal one is probably due to
the presence of surface states, which provide multiple current
pathways between the heterointerface.”®

Performances of the photodetector were initially measured in
the atmospheric environment without strain. In Figure 3a, the
black curve represents the time-resolved UV photoresponse of
the fabricated device at zero-voltage bias. A relatively low dark
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Figure S. (a) Typical I-V characteristics of the device under different strains. (b) Calculated barrier height change of PEDOT:PSS/ZnO
heterojunction as a function of strain. (c) Time-resolved characteristic of UV response with different strains. (d) Schematic energy band structure of
PEDOT:PSS/ZnO heterojunction with and without the presence of strain, shown in red and black curves, respectively.

current of <1 pA could be observed and the photocurrent was
about 1 nA when the light illumination was on. The sensitivity
of the device, defined as (Ihght — Ijan)/Iia was found to be
about 1 X 10°. For all we know, the photocurrent may result
from the micro/nanowire because of its photoconductive
behavior.”**” Thus, control experiment was carried out using
Ag-ZnO-Ag Ohmic contact device. As the red curve shown in
Figure 3a, when the device was illuminated under UV light at
zero bias, only random noise signal could be observed. These
results verified that the presence of PEDOT:PSS/ZnO is
therefore the essential component of our self-powered
photosensors. The corresponding rise and decay time of the
fabricated device are shown in panels b and ¢ in Figure 3, and
are both less than 1 s. Compared with the traditional micro/
nanowire photodetector based on the photoconductivity effect,
this self-powered photosensor possesses faster photoresponse
speed due to the absence of surface oxygen adsorption and
desorption process.”®* ' Considering the time-resolution of the
testing instrument and the setting parameters, the response
time could be much shorter.

This self-powered phenomenon in such device can be
understood based on their energy band diagram and the
principle of photovoltaic effect.*”** When the PEDOT:PSS and
ZnO contact in the dark, electron transfer occurs across the
interface from ZnO to PEDOT:PSS and holes in the opposite
direction until their Fermi levels become aligned, resulting the
formation of a built-in potential AE and thus the band bending
at the interface, as shown in Figure 3d. When the junction is
illuminated by UV light (325 nm), photoexcited electrons and
holes formed. Under the built-in electric field force, photo-
generated electron—hole pairs will be separated toward
opposite direction, which results in the generation of
photocurrent.>*** Furthermore, the photocurrent due to the
photovoltaic effect can be generated repeatedly.

To further investigate the strain effects on UV sensing
properties, I-V characteristic of the fabricated device was
measured under various apparent tensile strains. Because the
piezopotential is related with the pointing direction of +c-axis,
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there are two different ways to contact PEDOT:PSS with ZnO
micro/nanowire during the device fabrication procedure.13 The
first way is that the [0001] direction points from the
PEDOT:PSS to ZnO. By applying different bending curvatures,
the strain could be calculated using the local radius R and the
thickness of PS substrate D as>®

D
£=+—

2R (3)

Because the size of substrate is much larger than that of ZnO
micro/nanowire, it can be regarded as being subjected to a pure
tensile strain under such condition.”” The inset of Figure 4a
illustrates the cross-sectional schematic of strain-dependent
electrical measurement system. As shown in Figure 4a, the -V
curves shift upward, along with the decrease of threshold
voltage with increased strains. According to the aforementioned
thermionic emission model and assuming that the contact area
A, the effective Richardson constant A*, and impurity density
are independent of strain, the change of barrier height Ad,
could be derived as

In[I(e)/1(0)] = 4)

Where I(¢) and I(0) are the currents measured at fixed bias
with and without strain. The results are extracted and plotted in
Figure 4b, indicating that the barrier height of heterojunction
decreases with the increased tensile strains.

Figure 4c depicts the time-resolved characteristic of UV
response with and without strain at zero bias. It is noted that
the photocurrent along with the sensitivity decreased step by
step when gradually increase the applied tensile strains, whereas
the response time remains almost unchanged. The schematic
energy band diagram is shown in Figure 4d to illustrate this
phenomenon. When the +c-axis points from PEDOT:PSS to
ZnO and tensile strain was applied to the ZnO wire, a negative
piezopotential is created at the PEDOT:PSS/ZnO interface,
which raised the energy of the electrons in the conduction
band. Therefore, The energy band difference between the
conduction band of ZnO and the lowest unoccupied molecular

—gA®, /KT
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orbit (LUMO) of PEDOT:PSS would be reduced and the
barrier height became lower."> The decreased barrier height
weakened the strength of built-in electric field. Therefore, the
recombination of photogenerated electron—hole pairs could be
enhanced, and the photocurrent decreased.

The other contact way between the PEDOT and ZnO
micro/nanowire is that the +c-axis points from ZnO to
PEDOT:PSS. In this instance, a positive piezopotential would
be created at the heterojunction interface when tensile strain
was applied. As shown in Figure Sa, the current decreased,
along with the increase of threshold voltage with the increased
strain. The calculated change of barrier height is plotted in
Figure Sb, it can be obtained that the barrier height of p—n
junction increases with increased tensile strains. The time-
resolved photoresponse at zero-voltage bias of such device is
presented in Figure Sc with the UV illumination switching on
and off. It can be seen that the photocurrent and the
corresponding sensitivity increase with increasing the applied
strains, whereas the response time remained constant.

This phenomenon could be explained from the schematic of
energy band profile as shown in Figure Sd. Because of the
[0001] direction pointing from ZnO to PEDOT, a positive
piezopotential was established at the interface. The positive
potential lowered the conduction band energy of ZnO,
therefore the barrier height increased. The increased barrier
height will induce the broadening of the space-charge region
and the strengthening of the built-in electric field.** As a result,
the photogenerated electron—hole pairs could be separated and
transport more efficiently, giving rise to the enhanced
photocurrent and sensitivity.

It should be mentioned that our work focused on the
demonstration of manipulating the interface features through
straining and then modulating the properties of photodetector,
the constructed devices were no further optimized. For the
practical application, there is a plenty of room to further
improve its performance through additional optimization
process of the device configuration and the heterointerface.””
Furthermore, the property of self-power might make it more
suitable to work sustainably and adaptively.

Bl CONCLUSION

In summary, on the basis of the property of PEDOT:PSS/ZnO
micro/nanowire heterojunction, a self-powered UV photo-
detector was fabricated. At zero bias, the sensitivity of device
was about 10° under the illumination of UV light (325 nm),
along with a fast response time <1 s. The property of self-power
is attributed to the formation of built-in electric field at the
heterojunction, under which the photogenerated carriers was
separated toward opposite directions. Due to the intrinsic
coupled semiconducting and piezoelectric properties of ZnO,
the strain-induced piezopotential could tune the energy band
profile at the heterointerface and increase/decrease the barrier
height, consequently modulate the performance of these
optoelectronic devices. Compared with traditional ones, these
flexible self-powered photosensors are probable to work in
harsh environment more sustainably and independently. This
unique property might expand its applications in medicine,
communication, and environmental monitoring areas.
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