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Enhanced photoresponse of a high-performance
self-powered UV photodetector based on ZnO
nanorods and a novel electrolyte by the piezo-
phototronic effectt

Xiaoli Peng,” Weihao Wang,” Yiyu Zeng,” Xinhua Pan, ©*2 Zhizhen Ye*?
and Yujia Zeng ©®°

A flexible self-powered ultraviolet (UV) photodetector based on ZnO nanorods (NRs) and a novel iodine-
free quasi solid-state electrolyte was fabricated. The obtained device has a fast and high response to UV
light illumination at zero bias and also shows long-term stability. The responsivity is 50.5 mA W™ and the
response time is less than 0.2 s. Strain-induced piezo-phototronic potential within wurtzite-structured
ZnO can optimize the performance of corresponding optoelectronic devices since it could effectively
tune the charge carriers’ separation and transport. The photoresponse performances of the
photodetector under different upward angles (tensile strain) and downward angles (compressive strain)
at 0 V bias were studied in detail. A 163% change of responsivity was obtained when the downward
angle reached 60°. The enhancement could be interpreted by the piezo-phototronic effect. The
piezoelectric potential (piezopotential) at the ZnO NRs/electrolyte interface can expand the built-in field,
and as a result, it is easier for charge carriers to separate and transport.

Introduction

Over the past few years, nanostructured materials have been
extensively investigated for their promising applications in the
optoelectronics field. Zinc oxide (ZnO) is a good candidate for
optoelectronic applications, due to its wide direct bandgap
(~3.37 eV), large exciton binding energy (~60 meV), high carrier
mobility, environmental friendliness and high resistance irra-
diation.' Especially, ZnO nanorods (NRs) have a high aspect
ratio for carrier transport and diffusion, providing a pathway for
light absorption in the near ultraviolet (UV) regions, which is
suitable to be used as a UV photodetector without extra filters.*®
Until now, various types of UV photodetectors based on ZnO
NRs have been researched such as p-n junction, metal-
semiconductor-metal, Schottky junction and so on.”™ Among
them, Schottky junction type UV photodetectors based on a ZnO
NRs/electrolyte shows practical performance without a complex
epitaxial process."* When ZnO NRs contact with the electrolyte,
a built-in electric field, in other words, the Schottky barrier is
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formed. The Schottky barrier acts as the driving force to sepa-
rate the generated electron-hole pairs, which makes the device
operate in harsh environments without external power.

As for electrolytes, various electrolytes have been investi-
gated. Traditionally, organic liquid electrolyte containing I /I3~
is favored because of its high conductivity." While the liquid
electrolyte is incline to leak out and evaporate, which results in
low long-term stability and difficulty in sealing. Besides, the
iodine in the electrolyte is easy to corrode the electrode and
sublimate, which has a negative effect on the device. Thus,
iodine-free ionic quasi solid-state electrolytes have drawn
researchers’ interest, since they can simultaneously hinder
cohesive property of a solid and diffusive property of a liquid,
and also they are environment friendly."'® A proper metal salt
is usually added into the quasi solid-state electrolytes to
improve the photoelectric performance and to coordinate with
polymeric ionic liquid electrolyte to improve the solubility of
solvent."” Nevertheless, ZnO NRs/iodine-free ionic quasi solid-
state electrolyte photodetector has seldom been investigated,
in particular the flexible photodetector, which has great
potential using in wearable devices.

In recent years, piezo-phototronic effect in ZnO has been
utilized to enhance the performance of optoelectronic
devices.” Since ZnO is a non-central symmetric wurtzite,
a piezopotential is created inside the crystal, when applying
strain along the c-axis. Taking advantage of the strain induced
piezo-phototronic effect, the charge carrier transport behavior

This journal is © The Royal Society of Chemistry 2018
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across a Schottky junction could be effectively tuned. Zhang
et al. reported a UV photodetector which shows an enhanced UV
sensing capability on externally applying tensile strains,
unfortunately, the UV sensing performance was still poor; the
responsivity was only 0.8 mA W' at 0 V on a 0.753% tensile
strain."*

In this work, a flexible self-powered UV photodetector was
successfully fabricated based on the ZnO NRs and an iodine-
free quasi solid-state electrolyte containing potassium iodide
(K1),  polyethylene oxide (PEO) and  1-methyl-3-
propylimidazolium iodide (PMII). The photodetector shows
large photocurrent, fast photoresponse speed and high
responsivity at zero bias. Besides, the photoresponse perfor-
mances of the photodetector under different upward angles
(tensile strains) and downward angles (compressive strains) at
0 V bias were studied in detail. We used the energy band
diagrams of the device with and without strain to interpret the
strain-modulated mechanism.

Experimental

Synthesize ZnO NRs on polyethylene terephthalate (PET)
substrate

All the chemicals in this work were of analytical grade and used
directly without any further purification. Commercial flexible
indium-doped tin oxide (ITO) coated PET (sheet resistance is 6
ohm sq ' and the thickness is 125 pum) was used as the
substrate. The flexible substrate was cleaned with acetone,
ethanol and deionized water in sequence each for 30 minutes.
Before the deposition process, the flexible substrate was cleaned
by N, and part of the substrate was covered by the Kapton tape
to serve as the electrode. A ZnO seed layer was deposited on the
ITO coated PET substrate by pulsed laser deposition (PLD) for
10-15 minutes at room temperature. The oxygen pressure and
energy of the laser are 1 Pa and 300 m]J, respectively. Then, ZnO
NRs were prepared by a simple hydrothermal method.**>® The
coated substrate with the coating side upside-down was
immersed in a growth solution including 20 mM zinc nitrate
and 20 mM hexamethylenetetramine (C¢H;,N,, HMT) loaded in
a Teflon liner stainless-steel autoclave at 85 °C for 4-5 h. After
the reaction was complete, the as-grown ZnO NRs were thor-
oughly rinsed with ethanol and deionized water carefully fol-
lowed by a drying step in an oven at 60 °C overnight.

Preparation of quasi solid-state electrolytes

The iodine-free quasi solid-state electrolyte was prepared by
dissolving 50 mg of PMII in 2.5 ml acetonitrile, and stirred for
about 30 min. 0.03 g KI was added into the above solution under
stirring. Afterwards, 0.2 g PEO was added and stirred overnight
to obtain the desired homogeneous electrolyte. The electrolyte
solutions were kept under stirring for about 1 h before each
measurement to assure the electrolyte homogeneous."”

Device fabrication and characterization

30 ul of the PMII-based quasi solid-state electrolyte was dropped
onto the as-grown ZnO NRs and spun at a rate of 3000 rpm for
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30 s, repeating three times. A 20 nm thick Pt film was then
deposited on the ITO-PET substrate by electron beam evapora-
tion, serving as the counter electrode. A PET-based sealant
material was used to bind the two electrodes together. The
active area of the UV device was 1 x 1 em® The schematic
diagram of the device structure is presented in Fig. S1 in the
ESI.f All the measuring procedures are under the same testing
condition. The morphology and structure of the samples were
characterized by a field emission scanning electron microscopy
(FE-SEM Hitachi S-4800). The temporal response of the UV
detector was measured by illuminating the devices with a UVA-
LED. The UV-vis absorption spectra were recorded with a spec-
trophotometer (UV-3600). The current-voltage (I-V) character-
istics were measured using an Agilent E5270B parameter
analyzer under ambient conditions.

Results and discussion

Fig. 1(a) shows the SEM image of ZnO seed layer on ITO coated
PET substrate. ZnO seed particles are uniform and dense, which
is beneficial for obtaining uniform ZnO NRs. The typical top-
view SEM image and cross-sectional view of ZnO NRs are
shown in Fig. 1(b) and (c), respectively. The ZnO NRs show
typical hexagonal morphology and grow epitaxially on the PET
substrate with preferred c-orientation due to the existence of the
pre-deposition of the ZnO seed layer. The ZnO NRs exhibit
vertical and uniform with an average length of ~0.81 pm and
a diameter of ~60 to 130 nm. It can be seen that gaps are well
distributed between the ZnO NRs, which facilitate the pene-
tration of the electrolyte. The UV-vis absorbance spectrum of
ZnO NR is shown in Fig. 1(d), which clearly shows that it has
a significant absorption below a wavelength of 400 nm. As for
a direct band gap material, the absorption coefficient « as
a function of photon energy & can be determined as:

(ahv)* = A(hv — Ey) (1)

0.8 29 30 31 32 33 34 35
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Fig. 1 (a) SEM image of ZnO seed layer on ITO coated PET substrate,
(b) the top-view SEM image of ZnO NRs, (c) the cross-sectional view of
ZnO NRs, (d) the UV-vis absorbance spectrum of ZnO NRs. The inset is
the corresponding band gap values derived from extrapolating the
graph of (ahv)? vs. (hv — Eg).
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Here, A is constant and E, is the band gap energy. We plotted
the curve of (a/w)” vs. (hv — Ey), as shown in the inset of Fig. 1(d).
From the linear extrapolation of the curve, the bandgap of ZnO
NRs can be determined to be about 3.21 eV.

The XRD pattern of ZnO NRs is presented in Fig. S2 in the
ESL.T In addition to the substrate diffraction peaks, there is
a sharp diffraction peak at 34.4°, corresponding to the (002)
crystal plane of wurtzite ZnO phase (JCPDS No. 36-1451), indi-
cating that ZnO NRs have a good c-axis preferred orientation,
which further confirms the results of SEM.

To further investigate the photoelectric properties of the UV
detector, the I-V characteristics curves both in dark conditions
and the illumination of UV light with a power density of 60 pW
em ™ (A = 365 nm) are shown in Fig. 2(a). I-V curves of the
device both in darkness and illumination display a Schottky
barrier like behavior, reflecting that the heterojunction struc-
ture has been successfully obtained. At 0 V, there is an obvious
difference between dark current and photocurrent, indicating
its self-powered mode of operation. The Schottky barrier acts as
the driving force to separate the generated electron-hole pairs.
The responsivity (R) is used to indicate the photocurrent effi-
ciency. It is determined as:

Ipholo

R = A @
Here, I,hoto represents the photocurrent, P is the optical signal
power density and A is the active area of the UV device. The
photocurrent is 3.03 x 10~ ° A, which is much larger than dark
current. In this work, the responsivity is 50.5 mA W', which is
considerably higher than the value recently reported by other
groups.””* Since the electrolyte contains 0.03 g KI and 0.2 g
PEO, in this case, there is an amorphous matrix for K fully
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Fig. 2 (a) /-V characteristics of the as-fabricated UV detector under

dark conditions and the illumination of UV light. The power of the UV
light used in all the experiments is 60 pW cm™2 (A = 365 nm). (b) The
photocurrent response of the device at the zero bias. Five repeated
cycles of switching UV light on (10 s) and off (10 s) were recorded. (c)
Photocurrent response of a UV detector three months later. (d) Energy
band bending of the device and the self-powered sensing mechanism
at the zero bias.
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coordinating with PEO, which would facilitate the mobility of
charge carrier and interfacial contact between ZnO NRs and
electrolytes.”” As a result, the free charge carrier amount
increases and the transfer of the charge carrier is promoted.
Fig. 2(b) shows photocurrent response of the UV detector,
which was measured at 0 V under an intermittent irradiation of
365 nm UV light. Five repeated cycles of switching the 60 pW
em > UV light on (10 s) and off (10 s) were recorded. Interest-
ingly, there are two stages in each cycle of the curves. In the first
stage, a sharp current peak emerged as soon as the UV light
turned on. In the second stage, the photocurrent decreased
quickly at first and then reached a steady plateau until turned
off the light. We have demonstrated that this phenomenon had
little to do with the stability of UV light (the photoresponse of
covering sample and uncovering sample are presented in Fig. S3
in the ESIT). We designed a comparative experiment including
two groups to illustrate this. For group 1, we just switched the
light on (10 s) and off (10 s) and recorded the photocurrent
response. For group 2, at first, we turned on the light and at the
same time used a black board to block the light until the light
was stable. Then we removed the black board and recorded the
photocurrent response. We could see that there was no differ-
ence between the two curves, reflecting that this “two-stages
phenomenon” might mainly origin from the material. From
a previous report, owing to the non-central symmetric crystal
structures of wurtzite ZnO, temperature changes will induce
pyroelectric potentials across ZnO.**** The sharp peaks might
stem from the combination of photovoltaic and pyroelectric
effect under the UV light. While in the second stage, the
photocurrent reached steady because the pyroelectric potential
disappeared as the temperature stayed constant. Noting that
the photocurrent of the first and the second stage are 4.55 x
107® A ecm 2 and 2.05 x 10~ ° A cm ™ ?, respectively, indicating
220% increasing on photocurrent by pyroelectric effect. In each
cycle, the photocurrent had no distinct degradation and the
response process was fast. In fact, the response time is a critical
parameter for the practical application of a UV photodetector.
Correspondingly, the rise and decay time are 0.03 and 0.13 s,
respectively, which is shorter than the values published previ-
ously, indicating a rapid photo response behavior at 0 V bias.****
To illustrate the stability of the device, Fig. 2(c) depicts photo-
response curves of a sample and the same sample three months
later. In each cycle, there is no apparent decay on photo-
response. The rise and decay time are 0.04 s and 0.14 s,
respectively. Three months later, the rise and decay time are
0.34 s and 0.60 s, which suggest no distinct difference, indi-
cating good time stability. Nevertheless, the photocurrent is
~1.25 x 10® A em 2, which is slightly smaller than the value
(~1.55 x 10~ ° A cm™?) three months ago. This is because part of
the solvent has volatilized inevitably, resulting in the decrease
of charge carrier in the electrolyte. In the electrolyte, PEO is
used to solidify the liquid electrolyte to obtain the quasi solid-
state electrolyte. Thus, the electrolyte is hard to volatilize and
easy to be sealed. Anyhow, the quasi solid-state electrolyte is
comparably stable. Compared with liquid electrolyte, it is easier
to seal and harder to leak out. It should be noted that pyro-
electric effect measured three months later is negligible

This journal is © The Royal Society of Chemistry 2018
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compared with that measured three months ago. This
phenomenon attributes to the environment temperature, since
the environment temperature has a great impact on pyroelectric
effect, the higher the temperature, the lower the pyroelectric
effect.

The potential mechanism of UV photodetector at 0 V is
shown in the Fig. 2(d). The Fermi level (Ef) of ZnO is higher than
the redox potential of the electrolyte (Eeqox). When ZnO NRs
contact with electrolyte in the dark, electrons diffuse from ZnO
NRs to electrolyte and holes diffuse in the opposite direction. As
a result, a built-in electric field orienting from ZnO NRs to
electrolyte is formed, and the band bending at the interface
between ZnO NRs and the electrolyte. When the UV light (365
nm) illuminates on the device, electron is excited from valence
band (VB) to conduction band (CB), leaving behind a hole.
Subsequently, the generated electron-hole pairs are forced to
separate by the built-in electric field. On one hand, the holes
migrate to the ZnO NRs/electrolyte interface and get captured by
the I™ in the electrolyte (h" + I~ — I;7). On the other hand, the
electrons travel along the ZnO NRs to FTO, and then transfer to
the Pt layer of counter electrode through the external circuit.
The I3~ isreduced to I at the counter electrode by the electrons
(I;7 + e — I). In this process, the circuit can keep running
without any external bias. Besides, compared with the tradi-
tional electrolyte, the device can work smoothly without I,
avoiding the corrosiveness and sublimate of I,. What's more,
the photocurrent can be generated repeatedly (due to the
photovoltaic effect).

As has been reported in previous works, piezo-phototronic
polarization at the interface could tune the band structure
and change transport properties without changing the interface
structure.***® Here, the strain effect on the UV photodetector
was further investigated. By applying different bending curva-
tures, the strain can be calculated as*

D

e== IR (3)
where D is the thickness of the substrate which is constant and
R is the local radius. In this work, we use curving angles to
represent the strain because there is a positive correlativity
between the strain and the curving angle. With the increasing of
the curving angles, the local radius will decrease. As a result, the
strain increases with the increasing of angles.

The photocurrent response curves of the device under
varying downward angles (compressive strains) at zero bias are
shown in Fig. 3(a). The photocurrent increases step by step with
the increasing of the downward angles, namely, the compres-
sive strains. To further investigate the strain modulation on the
performance of the UV photodetector, we plotted the curves of
the responsivity versus angles in Fig. 3(b). The responsivity
increases monotonically with the increase of the curving angles,
and about 63% enhanced responsivity can be got when the
curving angles up to 60°. The response time is another key
parameter for a UV photodetector. We can see from Fig. 3(a)
that there is no obvious decay in response time when increasing
the angles. That is, increasing the angles can increase the
responsivity of the device owing to the piezo-phototronic effect,
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Fig. 3 (a) Photocurrent response curves of the device under varying
angles (compressive strains) at zero bias. (b) The responsivity as
a function of angles. (c) Derived SBH change with variable angles;
(inset) /-V characteristics under different angles. (d) Schematic energy
band structure of the device with and without the presence of
a negative piezopotential, as shown in solid red and dotted blue lines,
respectively.

while does not harm the response time. To reveal the mecha-
nism of the strain-enhanced performance of the device, we test
the I-V characteristics of the device under different angles, as
shown in Fig. 3(c) (inset), exhibiting Schottky barrier behavior.
The threshold voltage increases with the increased angles. We
also calculated the change of Schottky barrier height (SBH)
through thermionic emission model. According to the therm-
ionic emission model, the reverse saturation current I, can be
expressed*®

s —qdy
Iy=44'T exp( XT ) (4)
where A is the contact area, A* is the effective Richardson
constant, and @y, is the junction barrier height. Assuming that
the contact area A, effective Richardson constant A*, and
impurity density are independent of curving angle, the change
of barrier height A®,, can be derived as

In ;—Z: —qAd, /KT (5)
where I and I, are the currents measured at fixed bias (0 V) with
and without strain.

The SHB change with variable angles is plotted in Fig. 3(c),
revealing that the SHB change increases with the increased
angles, which promotes the separation and extraction of the
photo generated electro-hole pairs and thus increases the
photocurrent of the device. The schematic energy band struc-
ture of the device with and without the presence of a negative
piezopotential is shown in Fig. 3(d). Owing to the preferred +c-
orientation growth of ZnO NRs, a negative piezopotential will be
induced at the interface, repelling electrons away from the
interface and consequently further depleting the interface and
raising the barrier height from AE, to AE". The increased barrier
height broadens the depletion region and strengthens the built

RSC Adv., 2018, 8, 33174-33179 | 33177
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Fig. 4 (a) Photocurrent response curves of the device under varying
angles (tensile strains) at zero bias. (b) The responsivity as a function of
angles. (c) Derived SBH change with variable angles; (inset) /-V char-
acteristics under different angles. (d) Schematic energy band structure
of the device with and without the presence of a positive piezopo-
tential, as shown in solid red and dotted blue lines, respectively.

in electric field. As a result, more carriers can be separated more
effectively, leading to the enhanced responsivity.

Furthermore, since the polarity of the piezopotential relies
on the relationship between direction of c-axis of ZnO NRs and
applied strain, when applying tensile strain on ZnO NRs,
a positive piezopotential will be created at the interface of the
ZnO NRs and the electrolyte. To investigate this phenomenon,
we changed the angles upward and measured the photocurrent
response at zero bias with the UV light switching on and off, as
shown in Fig. 4(a). As shown in Fig. 4(b), the responsivity
decreased with the increasing of the upward angles. The SBH is
plotted in Fig. 4(c), and it declined as the decreasing of the
upward angles. We use the schematic of energy band structure
to explain this phenomenon, as presented in Fig. 4(d). A positive
piezopotential will be created at the interface under upward
angles, which causes electrons to accumulate at the interface,
resulting in a narrower depletion layer and a lower barrier
height from AE, to AE™. The decreased barrier height weakened
the built in electric field. Thus, the recombination of the
generated electron-hole pairs could be increased, resulting in
the decreased responsivity. Electron-hole pairs could be
increased, resulting in the decreased responsivity.

Conclusions

In summary, we successfully prepared the ZnO NRs on ITO
coated PET substrate by a facile hydrothermal method. A flex-
ible, stable, low-cost and self-powered UV photodetector is
fabricated based on ZnO NRs and a novel iodine-free quasi
solid-state electrolyte, which shows fast and high response to
UV light at 0 V. The rise and decay time are 0.03 and 0.13 s,
respectively. The responsivity is 50.5 mA W~ '. The stain-
induced piezopotential on the performance of the ZnO NRs/
electrolyte was investigated in detail. About 63% enhanced
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responsivity could be achieved when the downward angles up to
60°. The enhancement mechanism is attributed to more
favorable separation and transport of photogenerated electron—
hole pairs, which is a result of the modification effect of the
negative piezopotential on the band structure at the interface
between the ZnO NRs and the electrolyte. Moreover, the device
exhibits good stability, and the performance has no obvious
decay three months later. This work provides a guideline to
further optimize the performance of a self-powered UV photo-
detector based on ZnO NRs and an iodine-free quasi solid-state
electrolyte via strain engineering.
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