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Abstract
Well-aligned Cu-doped ZnO nanorods were successfully synthesized on polyethylene terephthalate (PET) 
substrate using chemical bath deposition method. The structural and optical properties of Cu-doped ZnO 
nanorods were investigated using X-ray diffraction (XRD), field-emission scanning electron microscopy 
(FESEM), energy dispersive X-ray spectroscopy (EDX) and photoluminescence (PL) spectroscopy. A met-
al-semiconductor-metal (MSM) UV photodetector was successfully fabricated using high-quality Cu-doped 
ZnO nanorods. The dark current and photocurrent of the MSM photodetector based on Cu doped ZnO 
nanorods were 20.5 Aµ  and 2.22 mA at bias voltage of 5 V, respectively.  Under bias voltage of 5 V, the re-
sponsivity of the UV photodetector was 3.69 A/W. The calculated photosensitivity of the UV photodetector 
was 107.4 at bias voltage of 5 V. The fast response time (191 ms) and recovery time (261 ms) of the fabricated 
UV photodetectors were achieved in UV turn-on/off switching measurements.  

Keywords: Chemical Bath Deposition; Crystal Structure; Cu-doped ZnO Nanorods; Polyethylene Terephthalate; 
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INTRODUCTION
Recently, zinc oxide (ZnO) nanorods have 

been received considerable attention from many 
researchers because of its high thermal stability, 
high conductivity and transparency in the visible 
wavelength region. These ZnO nanorods can be 
applied  in optoelectronic devices such as display 
panels, light emitting diode, solar cells, chemical 
sensor, photovoltaic device, and ultraviolet 
(UV) photodetectors [1-4]. Due to the wide 
range of chemical and environmental detecting 
applications, the UV detectors are applicable for 
detecting UV radiation with different wavelengths. 
Compared with the devices based on bulk ZnO 
and different nanostructures, the aligned ZnO 
nanorod arrays are able to provide faster response 
and higher sensitivity due to their  much higher 
surface area to volume ratio [5-7]. In the recent 
years, several reports have been demonstrated 
that the conductivity of ZnO nanostructures can 
be improved by doping with various dopants 

and thermal treatment [8-13]. Among these 
different doping elements, copper is so important 
because of its prominent luminescence activator 
which can modify the luminescence of ZnO 
nanostructures by creating localized impurity 
levels [14]. Moreover, the physical and chemical 
properties of Cu is similar to those of Zn, and it can 
affect the microstructure and optical properties 
of ZnO [15]. Among different ZnO structures with 
various dopants , Cu doped ZnO nanostructures 
are particularly attractive because of their 
transparency, high conductivity and relatively low 
cost of fabrication [16-17]. Despite the importance 
of Cu doped ZnO nanorods, until now only few 
works have been reported on the synthesis of 
these nanostructures through solution growth 
methods on various substrates [18-19]. In recent 
years, flexible polymer substrates are popular for 
fabrication of portable and low-cost electronic 
devices.  One of the interesting flexible substrates 
is polyethylene terephthalate (PET) which has good 
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flexibility, high transparency, large surface area, 
low cost, and availability [20-23]. Farhat et al. [23] 
have reported an ultraviolet photodetector based 
on vertically aligned ZnO nanorods, which were 
grown on Teflon substrate by a wet chemical bath 
deposition method. Manekkathodi et al. [20] have 
fabricated the photodetector with high sensitive 
properties based on aligned ZnO nanorods 
on paper substrate by using low temperature 
chemical solution. To the best of my knowledge, 
there is no report on UV photodetectors based on 
Cu doped ZnO nanorod arrays grown on a flexible 
PET substrate using chemical bath deposition 
(CBD) method. In this research, a fast, low-cost 
and sensitive UV detector is presented based on 
vertically well-aligned Cu doped ZnO nanorods 
grown on a flexible PET substrate using CBD 
technique.      

MATERIALS AND METHODS
The flexible PET wafer was utilized as a 

substrate for growing Cu-doped ZnO nanorods by 
CBD method. PET substrates were ultrasonically 
cleaned in a glass beaker containing isopropyl 
alcohol solution at 50 °C for 20 min. The ZnO 
seed layer was deposited on the prepared PET 
substrates by a radio-frequency magnetron 
sputtering system for the growth of the vertically 
aligned ZnO nanorods. A 100 nm ZnO seed layer 
was fabricated on PET substrate. The chemical 
solution for deposition of Cu-doped ZnO 
nanostructures (with nominal fraction values of 
2 at.%) were prepared by dissolving zinc nitrate 
hexahydrate (Zn(NO3)2.6H2O, 0.05 M), Copper 
sulfate pentahydrate (CuSO4·5H2O, 0 and 0.001 
M), and hexamethylenetetramine (C6H12N4, 0.05 

M) in deionized (DI) water. The solution was then 
stirred at 80 °C for three minutes. The prepared 
PET substrates were vertically dipped inside the 
beaker. For growth of  the ZnO nanorods, the 
beaker was transferred inside an oven for 5 h at 
the temperature was fixed at 90 °C.

The structure and orientation of the undoped 
ZnO and Cu-doped ZnO nanorods were 
determined by X-ray diffraction (PANalytical X’Pert 
PRO MRD PW3040). Surface morphology and 
elemental analysis of the synthesized materials 
were examined by field emission scanning 
electron microscopy and energy dispersive X-ray 
spectroscopy (model FEI/ Nova NanoSEM 450). 
Photoluminescence (PL) spectroscopy (Jobin 
Yvon HR 800 UV, Edison, NJ, USA) was used to 
characterize the optical properties of the ZnO 
nanorods at room temperature. Current–voltage 
characteristics of ZnO nanorods were performed 
with increasing step of applied voltage 0.01 V 
within the voltage range from -5.0 V to +5.0 V by 
using a computer-controlled integrated source 
meter (Keithley 2400) at room temperature. A 
365 nm UV lamp with an illumination intensity 
of approximately 3 mW/cm2 was employed as 
an excitation source during the photoelectric 
measurements.

RESULTS AND DISCUSSION
Characterization of the ZnO nanorods

Fig. 1 demonstrates a typical XRD pattern of 
Cu-doped ZnO nanorods grown on PET substrate.  
From the Fig. 1 it is seen that the growth of 
nanorod is along (1 0 0) and (0 0 2) plane and 
matched the wurtzite hexagonal phase of bulk 
ZnO (ICSD 01-080-0074). A (002) peak in the XRD 

 

Fig. 1. XRD pattern of the Cu-doped ZnO nanorods grown on PET substrate. 

   

Fig. 1. XRD pattern of the Cu-doped ZnO nanorods grown on PET substrate.
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pattern indicates that the Cu-doped ZnO nanorods 
are oriented along the c-axis. The calculated grain 
size and strain of Cu-doped ZnO nanorods were 
73.9 nm and -0.1783%, respectively. The low 
compressive strain, high intensity and the narrow 
width of the (002) diffraction peak exhibited that 
the Cu-doped ZnO nanorods with improved crystal 
quality were grown vertically on the PET substrate.

Fig. 2 shows the FESEM image of the surface 
morphology of the aligned Cu-doped ZnO 
nanorods synthesized on PET substrate. Fig. 2 
demonstrates that the diameter of the Cu-doped 
ZnO nanorods grown on PET substrate changed 
from 25 nm to 99 nm. The most of diameter of 
Cu-doped ZnO nanorods are less than 50 nm. The 
well-aligned Cu-doped ZnO nanorods with high 
density are interesting nanostructures for sensing 
applications in dye sensitized solar cells and 
photodetection device [24].

Fig. 3 illustrates the PL spectrum of the Cu-
doped ZnO nanorods grown on PET substrate in 

the wavelength range of 350-1000 nm using He-Cd 
laser with the excitation wavelength 325nm. The 
Cu-doped ZnO nanorod arrays have a sharp and 
high -intensity UV emission peak centered at 381.5 
nm and a broad and low-intensity visible emission 
peak centered at 534 nm. The UV emission is due 
to the recombination of free excitons through an 
exciton–exciton collision process [25], whereas 
the visible emission is due to the recombination of 
photogenerated holes with singly ionized charge 
states in intrinsic defects, such as Zn interstitials, 
impurities, and oxygen vacancies [26]. The higher 
UV emission peak compared with the weak 
spectral bands in the visible region in PL spectra 
showed that the good structure of Cu-doped ZnO 
nanorods with few structural and surface defects.

The chemical composition of the synthesized 
materials was analyzed using EDX analysis. A 
typical EDX spectrum of Cu doped ZnO nanorods 
grown on PET substrate is demonstrated in Fig. 4, 
which confirmed the presence of copper in ZnO 

 

Fig. 2. Surface FESEM image of Cu-doped ZnO nanorods grow on PET substrate. 

   

Fig. 2. Surface FESEM image of Cu-doped ZnO nanorods grow on PET substrate.

 

Fig. 3. PL spectrum of the Cu-doped ZnO nanorods grown on PET substrate. 

   

Fig. 3. PL spectrum of the Cu-doped ZnO nanorods grown on PET substrate.
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nanorods. It was found that the real Cu/Zn molar 
ratio was lower than nominal fraction value in the 
deposition solutions.

Characteristics of the ZnO nanorod MSM UV 
photodetector

To examine the performance of Cu doped ZnO 
nanorods, the UV photodetector device were 
fabricated with Cu doped ZnO nanorod arrays 
grown on PET substrate. A Pt layer was deposited 
on the top of the Cu doped ZnO nanorod arrays 
as illustrated in the inset of Fig. 5. The current–
voltage curve (I–V) of the UV photodetector device 
in the dark and under UV (365 nm) illumination 
by changing the bias voltage from −5 V to +5 V at 
room temperature is shown in Fig. 5. 

The high photocurrent achieved for UV 
photodetector device can be attributed to good 
crystalline quality of Cu-doped ZnO nanorods, 

which it can be accredited to the significantly 
suppressed recombination of photogenerated 
charge carriers [27]. When the Cu-doped ZnO 
nanorods based UV photodetector is exposed 
under UV light, electron-hole pairs are photo-
generated ( +− +→ hehν ) and holes are captured 
by the negative oxygen ions in surface of the 
ZnO nanorods through surface electron-hole 
recombination ( )()( 22 gasOadsorbedOh →+ −+ ).  
Consequently, an increase in the free carrier 
concentration and a decrease in the width of 
the depletion layer, because of oxygen atoms 
desorbed from the ZnO nanorod surfaces. 
Thus, the photogenerated free electrons in the 
conduction band contribute to increase the 
conductivity of the photodetector [28-29]. The 
measured dark current (Id) and photocurrent (Iph) 
of the UV photodetector based on Cu doped ZnO 
nanorods are 20.5 Aµ  and 2.22 MA at 5 V bias 

 

Fig. 4 EDX spectrum of Cu doped ZnO nanorods grown on PET substrate. 

   

Fig. 4 EDX spectrum of Cu doped ZnO nanorods grown on PET substrate.

 

Fig. 5. I–V plot of the Cu doped ZnO nanorods UV photodetector in the dark and under UV (365 

nm) illumination. Inset is the schematic diagram of the Pt interdigitated finger shaped contacts 

on ZnO nanorods for UV detection application. 

   

Fig. 5. I–V plot of the Cu doped ZnO nanorods UV photodetector in the dark and under UV (365 nm) illumination. Inset is the 
schematic diagram of the Pt interdigitated finger shaped contacts on ZnO nanorods for UV detection application.
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voltage, respectively. The responsivity of the Cu 
doped ZnO nanorods MSM photodetector was 
obtained using the following relationship [30]:   

)()(
)(

22 cmAcmWE
AI

R ph                                             (1)   
        
where Iph, E and A are the photocurrent, intensity 

of UV light and effective area of the device, 
respectively. At applied bias voltage of 5 V, the 
responsivity of the fabricated UV photodetector 
was 3.69 A/W.

The photosensitivity of the fabricated UV 
photodetector was obtained using the following 
equation [31]:
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where Iph and Id are the photocurrent and 

dark current, respectively. The photosensitivity 
of the photodetector was 107.4 at 5 V bias 
voltage. Cu dopants often act as a deep acceptor 
in ZnO nanorods and reduce the n type carrier 
concentration by trapping electron. Therefore, this 
results lead to the lower dark current and produces 
an opportunity to improve photoresponse 
sensitivity.

The dynamic response time measurement 
was used to study the optical response through 
exposing the device to a UV light illumination 
to test the reversibility of the fabricated UV 
photodetector. Fig. 6 displays the obtained 
photoresponse of the UV photodetector as a 
function of time by switching on and off UV light 
(365 nm) at 5 V bias voltage. As shown in Fig. 6, 
the measured photocurrent of device rapidly 
increased by switching on the UV light and then 
decreased under dark condition. The response 
time is the time needed to reach the photocurrent 
to 80 % of its saturation value, while the recovery 
time is the time needed to drop the photocurrent 
to 20 % of its saturation value. The values of the 
obtained response time and recovery time of the 
MSM UV photodetector were 0.191 s and 0.261 
s, respectively. The fast response time can be 
attributed  to the reduced carrier transit times 
in low-diameter Cu doped ZnO nanorods, While 
the fast recovery time can be related to the 
rapid electron–hole pair recombination process 
by switching off the UV light [31]. A comparison 
between the current research and previous studies 
of UV detectors based on ZnO and Cu-doped ZnO 
nanorods is also shown in Table 1.

 

Fig. 6.  The photoresponse of Cu-doped ZnO nanorods UV photodetector. 

 

Fig. 6.  The photoresponse of Cu-doped ZnO nanorods UV photodetector.

Table 1 Photoelectrical parameters of UV detectors based on ZnO and Cu-doped ZnO nanorods. 

 
Device structure Bias voltage (V) Response time 

(s) 
Recovery time 

(s) 
Responsivity 

(A/W) Reference 

Cu doped ZnO nanorods on PET 5 0.191 0.261 3.692 This work 
ZnO nanorods on PET 0.5 100 120 0.222 [32] 
ZnO nanorods on  Teflon 5 6.7 9.3 2.265 [23] 
ZnO nanorods on PEN 3 1.2 1.8 2.856 [31] 

Table 1. Photoelectrical parameters of UV detectors based on ZnO and Cu-doped ZnO nanorods.
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CONCLUSIONS        
The Cu-doped ZnO nanorod arrays have been 

successfully fabricated on flexible PET substrate by 
chemical bath deposition method. The structural, 
optical and their UV detection properties of 
Cu-doped ZnO nanorods were investigated. 
At applied bias voltage of 5 V, the responsivity 
of the fabricated UV photodetector was 3.69 
A/W. The photosensitivity of the fabricated UV 
photodetector was 107.4 at 5 V bias voltage. The 
values of the obtained response time and recovery 
time of the MSM UV photodetector were 0.191 s 
and 0.261 s, respectively.
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