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High reliability applications.

Vertical well-aligned and uniform ZnO nanorods were successfully prepared on low cost and flexible PET
polymer substrate by aqueous solution method under various growth conditions. Current-voltage (I-V)
and current-time (I-t) relationships measurements demonstrate that the photocurrent can be increased
by more than 25 times upon UV illumination (A =365 nm) with a power density of 70 wW/cm?. The pho-
tocurrents can be repeatedly and reproducibly switched by modulating UV exposure with power densities
of 25-70 wW/cm?. The fast response time (100s) and rapid recovery time (1205s) are achieved in UV
turn-on/off switching measurements. Owing to the good performance including mechanical flexibility,
nondestructive properties, high reliability and multilevel photoresponse, the well-aligned ZnO nanorods
grown on transparent and flexible PET polymer substrates have high potential for UV photodetector

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

One-dimensional (1D) zinc oxide (ZnO) nanomaterials have
recently received much attention for their potential applications
in field emitter [1,2], light emitting diode [3], chemical sensor [4]
and photodetector [5-8]. Among various applications, ultraviolet
(UV) photodetector is an important device that has a wide range
of chemical and environmental detecting applications. Compared
with the bulk or thin film photodetectors, the 1D nanostructures
are able to provide higher sensitivity and faster response devices
because they have larger aspect ratio of length to diameter and
much higher surface area to volume ratio compared with their film
and bulk materials counter parts [9]. The photodetector with high
sensitive properties was prepared by aligned ZnO noanorods on
paper substrates using low temperature chemical solution [10].
The colloidal ZnO nanoparticles on glass substrates formed by spin-
coating were observed to have fast recovery time [11]. In addition,
a simple wet chemical method combined with photolithography
technique was used to prepare ZnO nanorods at selective areas,
which exhibited a larger photoresponse than the thin film photo-
sensors [12]. Obviously, the performances of the photodetectors
were demonstrated to be improved through nanorod or nanopar-
ticle form based on above mentioned previous results. Compared
with Si, glass and paper substrates, the polyethylene terephthalate
(PET) polymer substrates have the advantages of high transparency,
good flexibility, and low cost [13]. Large area PET substrate is
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commercially available, which is a good substrate for the fabri-
cation of flexible photodetectors. However, the photoresponsive
properties of the nanorods grown on PET have received scarce
attention. In this work, the vertically well-aligned ZnO nanorods
are grown on ZnO buffer film/PET substrates using an aqueous solu-
tion method. The structure and morphology of ZnO nanorods and
their UV photodetective properties are investigated.

2. Experimental

The schematic description of the ZnO nanorod photodetector
is shown in Fig. 1. The fabrication of ZnO UV photodetectors is
described as below. Before the ZnO nanorods are grown, a 10 nm-
thick ZnO buffer layer is spin-coated onto PET substrate to reduce
the mismatch between ZnO nanorods and polymer substrate. The
two silver electrodes fabricated by E-gun evaporation with an area
of 5mm (W) x 15mm (L) and thickness of about 48 nm are sep-
arated about 5mm from each other. The silver electrodes have
smooth surface based on the images of scanning electron micro-
scope (not shown here). Unless specified, the aqueous synthesis of
ZnO nanorods is carried out at 90°C in a sealed kettle placed in a
quartz beaker. The ZnO coated substrates are immersed in a precur-
sor solution for 60, 30, 20 and 10 min, respectively. The precursor
solution is prepared by mixing 0.25M zinc chloride (ZnCl,) with
7 ml ammonium hydroxide solution (NH4OH). After the reaction,
the substrates are removed from the solution, rinsed with deion-
ized water, and dried in the air. ZnO-x is used to express the ZnO
nanorods grown at different growth time, x. Surface morphologies
and size distribution of the ZnO nanorods used in the photode-
tector fabrication are analyzed by field-emission scanning electron
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Fig. 1. Schematic diagram of ZnO nanorod photodetector.

microscope (FE-SEM, Hitachi S-4700I). X-ray diffraction (XRD, Bede
D1), photoluminescence (PL) and transmission electron microscope
(TEM, JEOL 2100F) observations are then utilized to characterize
the crystallographic and optical properties of those ZnO nanorods.
Both the current-voltage (I-V) characteristic and current-time (I-t)
photoresponse are measured at room temperature in air under
UV illumination at A =365 nm with power densities of 25, 35 and
70 wW/cm?, respectively.

3. Results and discussion

Fig. 2(a)-(d) reveals the typical FE-SEM images of the ZnO
nanorods synthesized for 60 and 10 min by the aqueous solution
method. It can be observed the ZnO nanorods vertically well aligned
grown on the ZnO film/PET substrate. The average length of ZnO
nanorods decreases from 1520 + 155.3 to 425 +25.3 nm and their
average diameter decreases from 120+ 22.3 to 30+ 5.5nm as the
growth time decreased from 60 to 10 min. The ZnO nanorods with
various growth times are uniformly grown on the ZnO film/PET sub-
strates (Fig. 2(a)-(d)), indicating that the vertical nanorods with
uniform length and diameter can be easily synthesized with the
growth time of 10 min.

Fig. 3(a) indicates XRD patterns of ZnO nanorods with various
growth times, exhibiting the single phase with wurtzite structure
for all the nanorods. In addition, the intensity of (00 2) peak is much
higher than those of other peaks, suggesting that the ZnO nanorods
preferentially grow in the [00 1] direction. The intensity of (002)
peak increases with an increase of the growth time, indicating that
the crystallinity is improved by increasing growth time. Fig. 3(b)
reveals the room temperature PL spectra of ZnO nanorods with a
strong luminescence peak centered at around 377 nm, which rep-
resents the near-band-edge emission, while a weak broad band
centered at around 550 nm is mainly attributed to oxygen vacancies
existed in the ZnO crystals [14-16]. In addition, it also clearly indi-
cates the blue shift of the UV peak position (from 377 to 374nm)
with reduced growth time. This phenomenon was explained that
the decrease in the size of ZnO nanorods can induce the blueshift
of the UV peak [17]. The inset of Fig. 3(b) shows the Iyy/Iys ratio as
a function of growth time, where Iyy is the intensity of UV emis-
sion peak and Iy;s the intensity of visible emission peak. The Iyy/Iyis
ratio slightly increases with an increase of growth time, which has
the same trend with the crystallinity improved by the increas-
ing growth time (Fig. 3(a)). The bright field image of the Zn0O-10
nanorods is shown in Fig. 4(a), revealing that the nanorod exhibits
the diameter of the nanorod tip is slightly smaller than that of the
bottom. The HRTEM image (inset at upper right corner of Fig. 4(a))
indicates that the nanorod is highly crystallized with a lattice spac-
ing of 5.204 A, which corresponds to the (002) plane in the ZnO
crystal lattice. The selected area diffraction (SAED) pattern (inset
at low left corner of Fig. 4(a)) identifies that the ZnO nanorod is
grown along the [00 1] direction, which was confirmed with the
result from XRD (Fig. 3(a)). The typical EDS spectrum for ZnO-10
nanorods shown in Fig. 4(b) indicates that the nanorods are com-
posed of only Zn and O. The Cu and C signals originate from the TEM
grid. No evidence of other impurities was found from the spectrum.
With further quantitative analysis of EDS, it reveals that the atomic
ratio of Zn/O is 43.3:56.7.

Taking advantage of the highly mechanical flexibility of the ZnO
nanorods/PET substrate, ZnO-10 nanorods could be extremely bent

Fig. 2. Typical FE-SEM images of (a) Zn0-60, (b) Zn0-30, (c) Zn0-20 and (d) ZnO-10 nanorods, respectively.



28 L-C. Yao et al. / Sensors and Actuators A 178 (2012) 26-31
a )
[=]
2
-
-
o
S — —
— - o~
o
% S E g Zn0-60
= =5 A -
% N ~ Zn0-30
- “ Zn0-20
{\ Zn0-10
L <o '
30 40 50 60
20 (Degree)
b
Zn0-10 17
Zno-20 16
——Zn0-30 215
— —
= ——2Zn0-60 --31_4
< 13 \
b
> 1.2 —
‘D 60 50 40 30 20 10 Cu
c Growth Time (min) — Zn
g 3
£ J S
(] Zn
c
1 1 1 1 B
300 400 500 600 700 800 =
- o Cu
Wavelength (nm)
Zn
Fig. 3. (a) XRD patterns and (b) PL spectra of the ZnO nanorods with various growth ’ . — "
times. Inset is the ratios of UV emission to visible light emission as a function of 0 2 4 B 8 10

growth time.

without losing their structural integrity, as shown in Fig. 5(a)-(c).
Despite the bending radius of 5mm, the structural integrity was
well maintained at convex and concave geometries. Fig. 5(d) depicts
the current-voltage curves of ZnO-10 nanorods/PET substrate at
the bending measurement. It is observed the typical Ohmic behav-
ior and the currents of concave, flat and convex structures are
68.5, 63.2 and 61.3nA at 0.5V, respectively. The current variation
between various structural geometries is negligible difference. It
reveals good mechanical stability throughout the bending mea-
surements.

Fig. 6(a) depicts I-V characteristics of the ZnO-10 nanorods
photodetector measured in a dark environment and under illu-
minations by changing the DC bias from —5 to +5V from bottom
(the illumination underneath the polymer substrate) to top. During

Energy (keV)

Fig. 4. (a) TEM bright image and (b) EDS analysis of the ZnO-10 nanorod. Inset is
the SAED pattern and HRTEM image of the ZnO-10 nanorod.

photocurrent measurement, the dark current is about 63.2nA
at a DC bias of 0.5V. The small dark current is attributed to
high resistance of the Zn0O-10 nanorods. We are able to neglect
the contact resistance between Ag and ZnO buffer layer and
the resistance of the electrodes because the resistance of the
Ag electrode (16.29n2m at 18°C) is much lower than that of
the ZnO-10 nanorods [18]. With the same DC bias of 0.5V,
the measured currents are 0.66, 0.92 and 1.55 wA under 25, 35
and 70 wW/cm? UV light illuminations, respectively. The currents
under 25, 35 and 70 wWW/cm? UV illuminations are about 11,

Table 1

Comparisons of the performance of the ZnO photodetectors with various ZnO nanostructures.
Type of ZnO nanostructures Substrate Test UV intensity (WW/cm?) Response time (s) Recovery time (s) Reliability Ref.
Nanoparticles (in O) Silicon 20 ~10 ~50 4 cycles of switching [23]
Nanotubes Glass - ~130 ~250 4 cycles of switching [24]
Single-microtube (in O;) - 21,700 at 50 cm distance ~15 ~1850 4 cycles of switching [25]
Nanowires Glass 1000 40 55 - [26]
Nanorods Paper - ~800 ~600 5 cycles of switching [10]
Nanorods Glass 300 ~300 ~500 4 cycles of switching [27]
Nanorods Silicon 16 ~100 ~150 12 cycles of switching [28]
In our work PET 25 100 120 1. 20 cycles of switching
(ZnO-10/PET) 35 2. Two-fold symmetry characteristic

70 3. Retention test (1, 50 and 100 h)

4. Multilevel photoresponse
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Fig.5. (a) Low magnification SEM image of high bent ZnO-10/PET structure, (b) convex and (c) concave geometric side views and (d) I-V characteristics measured at different
bending morphologies.
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(Zn0-60) and short (Zn0O-10) nanorod photodetectors under long time UV illumination.



30

0.8

o

25 pwicm®
—— Top to bottom

25 |.u|l\4'.d'¢:rn2
——Bottomtotop !

e g
& o

Current (pA)

e
o

1000 0
Time (sec)

0.0 L
0 500

500 1000

0.8

o

25 pwicm’
Bottom to top

06}

041

Current (pA)

0.2}

0.0

s s 1 N M
0 1000 2000 3000 4000

Time (sec)

500

b

Current pA,

o

Current (pA)

L-C. Yao et al. / Sensors and Actuators A 178 (2012) 26-31

0.8 -
25 pWicm

Bottom to top

04 100h

0.0

04 -

0.0

0.4

0.0

1500

Time (sec)
1.8

1.6
14}
1.2
1.0
08
06|
04
0.2

25 ;wvn:mz .
Bottom to top |

35 uwicm’ 70 pwiem’

1] 2500 5000

Time (sec)

Fig. 7. Stability measurements of ZnO-10/PET photodetector: (a) different orientation UV illumination, (b) retention properties, (c) stability characteristics at 25 pW/cm?

and (d) multilevel photoresponse performed by various UV power density illuminations.

15 and 25 times higher than the dark current at 0.5V, respec-
tively. The low dark current is caused by the depletion layer
formed near the surface by adsorbed oxygen molecules in the dark
environment [Oyg)+e~ — 037 (a0y]. When the ZnO nanorods are
exposed under UV illumination, they generate electron-hole pair
[hv— e~ +h*]. The trapped electrons are released back to the con-
duction band when the photo-generated holes reacted with the
adsorbed oxygen molecules [h* + 0~ (3q) = Oyg)l, to increase the
carrier concentration of the ZnO nanorods [19-21]. Consequently,
the current under UV illumination is higher than that in the dark
environment.

Fig. 6(b) shows the time-resolved photocurrent of the ZnO-10
nanorods photodetector in response to turn-on and turn-off the
UV illumination with power densities of 25, 35 and 70 pW/cm?,
respectively. The photocurrent exponentially increases from
29.2 nA to 1.55 pA within about 100 s and then gradually saturates
in the turn-on state with a power density of 70 wW/cm?. After the
UV light was turned-off, the current decreases to 63.2 nA within
120s. Five cycles of photocurrent switching with various power
densities clearly demonstrate the response reproducibility of the
Zn0-10 nanorods.

The sensitivity of the UV nanorod photodetector is defined as
Iuv/Ipark» Where Iyy is the current of the nanorods in UV turn-on
state and Ip, the current of the nanorods in the UV turn-off state.
The sensitivity vs time curves under 100 s illumination of the pho-
todetectors are shown in Fig. 6(c), revealing the times of the current
recovering to initial values of the ZnO-10, Zn0O-20, Zn0O-30 and
Zn0-60 photodetector are 120, 210, 290 and 470s, respectively.
The ZnO-10 photodetector has faster recovery rate in comparison
with other photodetectors. The possible reason is attributed to that
the ZnO-10 nanorods have relatively shorter electron transmission
length compared to other larger radius nanorods [11,22]. Thus, the
photodetector made by the small radius and short ZnO nanorods
exhibits shorter recovery time. Fig. 6(d) shows the sensitivity under
100s illumination of the photodetector as a function of growth
time, indicating that the sensitivity increases with an increase of
UV light power density and a decrease of growth time. However,
under longer time illumination (over 150 s), the long nanorod (ZnO-
60) photodetector exhibits higher sensitivity under 25 pW/cm?2 UV

density (Fig. 6(e)) because long Zn0-60 provides larger surface area
in comparison with ZnO-10.

To further evaluate the photodetector performance of the
ZnO-10/PET structure, the orientation, retention, stability and
multi-UV intensity characteristics are measured and demonstrated.
As shown in Fig. 7(a), the photoresponses are kept the same and
without any observable degradation between the measurements
of bottom to top and top to bottom UV light illuminations. Fig. 7(b)
and (c) depicts the retention and stability characteristics of Zn0-10
photodetector, indicating that the photoresponse can be succes-
sively and stably operated more than 100h (Fig. 7(b)) and the
photoresponse at a power density of 25 wW/cm? is over 20 cycles,
which is more stable and reconstructive in comparison with those
at other higher power densities during the cycling measurement.
As shown in Fig. 7(d), various UV intensities including 25, 35 and
70 wW/cm? are applied to switch the ZnO-10 photodetector into
various current states, where the UV illumination is applied form
bottom to top. The cycle width used for all measurements is 220 s
and the cycle number is 10. Therefore, at least four-level current
states can be determined here by controlling the UV power den-
sity, which is easily implemented in today’s sensor design. Based
on the results from Fig. 7(a)-(d), the ZnO-10/PET photodetector
has good performance of nondestructive photoresponse, high reli-
ability and multilevel operation under either the illumination at
the single UV or different UV power densities. Table 1 summarizes
and compares the performance of various ZnO photodetectors. It
indicates that our ZnO-10/PET photodetector has the characteris-
tics of faster response and recovery rate under various UV intensity
illuminations, higher reliability, excellent orientation properties,
multi-level photoresponse in comparison with other reported pho-
todetectors.

4. Conclusions

In this work, we successfully develop a simple method to
fabricate high performance ZnO UV photodetector on the flex-
ible PET substrate. Through aqueous solution method, the ZnO
nanorods uniformly grow on the PET substrate and the various
ZnO nanorods lengths are obtained by adjusting growth time. The
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ZnO-10/PET structure reveals good mechanical stability through
bending test. Upon UV illumination, the ZnO-10 nanorods pho-
todetector exhibits high sensitivity at low UV power density
(25 wW/cm?), fast recovery time (120s), good orientation prop-
erties, reproducible photoresponse (20 cycles) and multi-level
operation. The ZnO-10/PET photodetector made by a simple pro-
cess has high potential for practical applications.
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