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Abstract: Ultraviolet (UV) photodetector has found extensive applications, ranging 

from optical communication to ozone sensing. Wide bandgap metal oxide 

heterostructures have gained significant interest in the development of UV 

photodetectors due to their excellent electronic and optical properties, as well as ease 

of fabrication. However, there are surface and interface issues at these heterostructures 

that have detrimental effects on device performance. In this work, UV photodetector 

consisting of p-NiO/SiO2/n-ZnO heterostructure was prepared by RF magnetron 

sputtering method. The device exhibited remarkable performances, such as having a 

rectification ratio of 57, responsivity (R) of 5.77 AW-1, external quantum efficiency 

(EQE) of 1.96×103 % and rise time of 0.048 s at a low power consumption of -0.1 V 

under 365 nm UV irradiation. This work demonstrated a method for low-cost 

fabrication of photodetectors with rectification behavior and at low power consumption. 
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1. Introduction 

There has been much research interest in the development of ultraviolet (UV) 

photodetectors. These UV photodetectors have found wide-ranging applications in 

many exciting fields, such as optical communication, biochemical analysis, flame and 

ozone detections and so on [1]. To date, most UV photodetectors are based on wide 

bandgap metal oxide semiconductors (e.g. ZnO [2-4], NiO [5, 6], TiO2 [7, 8], SnO2 [9, 

10] and Ga2O3 [11-13] etc.) due to their excellent electronic, chemical and optical 

properties. For example, these metal oxide-based photodetectors do not oxidize easily 

and exhibit sensitive photoresponse. Furthermore, they are easy to operate and can be 

miniaturized [14, 15]. Among the metal oxides, ZnO is a popular material for UV 

photodetectors since the late ‘90s. The initial use of ZnO microcrystal in light-pumped 

UV laser emission at room temperature performed by Zu [16] et al. has resulted in an 

upsurge in the research interest of ZnO and its optoelectronic properties. Over the years, 

there has been much effort in enhancing the performance of ZnO based UV 

photodetectors even until today. 

Many groups have attempted to enhance the performance of UV photodetectors by 

using heterostructure consisting of two different metal oxide semiconductors. As it is 

difficult to prepare stable p-type ZnO, this presents a major challenge to produce 

reliable UV photodetectors based on p-ZnO/n-ZnO structure. Hence, this has led to the 

study and optimization of ZnO based UV photodetectors using heterostructure 

consisting of a different p-type material that matches the lattice constant of ZnO and is 

reasonably stable. NiO is a suitable candidate as it is a stable intrinsic p-type material, 

which can form a heterostructure with n-type ZnO. Recently, Kim [17] et al. prepared 

UV photodetector based on p-NiO/n-ZnO heterostructure on ITO substrate. The device 

exhibited high gain with rise and fall time of 0.2 and 0.18 s, respectively. More recently, 

Zhang [18] et al. fabricated UV photodetector based on ZnO/NiO nanofiber arrays by 

electrospinning technique. The maximum responsivity of the device was 0.415 mAW-

1 and rise/decay time of 7.5 s/4.8 s. This can be attributed to the matching of the energy 

bands of NiO and ZnO. However, the rectification characteristics and response time of 

these devices operating at a low power consumption still need to be improved. 

In this work, UV photodetector based on p-NiO/SiO2/n-ZnO heterostructures 

deposited on ITO coated-quartz substrate using magnetron sputtering technique was 

studied. An UV photodetector based on p-NiO/i-SiO2/n-ZnO nanowire was previously 

reported by others [19], which demonstrated the fastest response time with rise and 

decay time of 4 s and 3 s, respectively at -2 V. Herein, a photodetector was fabricated 

using a facile magnetron sputtering method, which was used to prepare three different 

films. Importantly, the device exhibited excellent response time (e.g., rise time ~ 0.048 

s and decay time ~ 0.108 s + 1.66 s) at a small bias of -0.1 V. The photodetector reported 

in this study was improved by two orders of magnitude as compared to that based on 

ZnO nanowire. In addition, the photodetector prepared by us exhibited excellent 

sensitivity, good rectification characteristics and low dark current. It also demonstrated 

ultrahigh responsivity (R) of 5.77 AW-1 under 365 nm irradiation at 2 V. Furthermore, 

the maximum detectivity (D*) was 1.51×1011 Jones under 365 nm illumination at a bias 

voltage of 2 V. 
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2. Materials and Methods 

NiO, ZnO and SiO2 targets (99.99%) were purchased from Zhongnuo Advanced 

Material (Beijing) Technology Co. Ltd. Quartz substrate was purchased from Beijing 

Physike Technology Co. Ltd. ITO-coated quartz substrate was purchased from Beijing 

Jinji Aomeng Technology Co. Ltd. All chemical reagents were used without further 

purification. 

NiO, ZnO and SiO2 films were prepared by RF magnetron sputtering at room 

temperature. Prior to deposition, the substrates were cleaned in a mixed solution of 

ammonia water, hydrogen peroxide and deionized water at 80 °C for 30 min. After 

washing and drying, NiO film was deposited at a sputtering power of 200 W and a 

pressure of 0.6 Pa with a flow of oxygen and argon at a ratio of 1:1. As for SiO2 film, 

it was deposited using a sputtering power of 100 W at a pressure of 0.8 Pa with 1:2 flow 

ratio of oxygen and argon. ZnO film was deposited at a power of 75 W, a pressure of 

0.6 Pa and 1:2 flow ratio of oxygen and argon. Subsequently, the deposited films were 

annealed in air at 300 °C at a rate of 10 ℃/min for 30 min in a tubular furnace. 

Crystalline structure of NiO and ZnO films were studied using transmission electron 

microscope (TEM, JEM-2100). Surface morphology of NiO and ZnO films were 

characterized using atomic force microscope (AFM, SPA-400). Absorption and 

diffraction spectra of the NiO film (i.e., ITO/NiO) and the structure of NiO/SiO2/ZnO 

(i.e., ITO/NiO/SiO2/ZnO) were obtained using UV-Vis spectroscopy (iHR-320) and X-

ray diffraction (XRD, EMPYREAN). Cross-sectional image of the ITO/NiO/SiO2/n-

ZnO photodetector was acquired using scanning electron microscope (SEM, Hitachi S-

3400N). Current-voltage (I-V) measurements on the photodetector were performed 

using a Keithley 2400 source meter. All measurements were conducted at room 

temperature. 

3. Results and discussion 

TEM characterization was performed on the as-prepared films to study its crystal 

structure. Fig. 1(a) and (b) show TEM and HRTEM images of the NiO film, 

respectively. The lattice fringe spacing of crystal plane (200), (220), ( 2 0 0 )  and ( 2 2 0 )  

was 2.08, 1.48, 2.08 and 1.48 Å, respectively. This is in good agreement with previously 

reported work in the literature [20]. The inset of Fig. 1(b) shows the fast Fourier 

transform (FFT) pattern of NiO, which revealed a crystal structure belonging to cubic 

phase (similar to NaCl structure) and Fm3m space group as illustrated in Fig. 1(c). TEM 

and HRTEM images of the ZnO film are shown in Fig. 1(d) and (e), respectively. The 

lattice fringe spacing of crystal plane (101), (100) and (002) was 2.47, 2.79 and 2.59 Å, 

respectively and is consistent with previously reported work [4]. The FFT pattern of the 

ZnO film is shown in the inset of Fig. 1(e). It revealed a hexagonal wurtzite structure, 

which belonged to hexagonal phase (e.g., 6mm point group) and P63mc space group 

[21]. A schematic diagram of ZnO crystal structure is depicted in Fig. 1(f). 
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Fig. 1. (a)-(b) TEM and HRTEM (inset: FFT pattern) images of the NiO film. (c) Schematic diagram 

showing crystal structure of NiO. (d)-(e) TEM and HRTEM (inset: FFT pattern) images of the ZnO 

film. (f) Schematic diagram showing crystal structure of ZnO. 

AFM topography images of the films are shown in Fig. 2(a)-(d). The AFM images 

of NiO and ZnO films showed uniform granular surface topography with relatively 

small root-mean-square (RMS) surface roughness of 1.12 and 0.61 nm as observed in 

Fig. 2(b) and (d), respectively. The RMS roughness of ZnO film was smaller than that 

of NiO film. Hence, the relatively smooth surface of ZnO film was suitable for 

deposition of electrodes for device characterization as it would increase the interfacial 

area between the ZnO film and Al electrodes [22]. This could enhance device 

performance as the electrodes can effectively collect the separated photogenerated 

carriers. UV-Vis absorption spectra of NiO and NiO/SiO2/ZnO are shown in Fig. 2(e). 

Both samples exhibited strong UV absorption between 190 and 380 nm, and almost no 

absorption in the visible light band, thus implying they are suitable for detecting UV 

band. It is worth noting that the absorption edge of NiO (~ 350 nm) was slightly steeper 

than that of NiO/SiO2/ZnO (~ 389 nm). The cutoff edge corresponding to the structure 

of NiO/SiO2/ZnO was red shifted after the deposition of ZnO film. This is mainly due 

to the optical bandgap of ZnO is smaller than that of NiO, therefore resulting in a 

significant increase in the absorption cutoff wavelength of NiO/SiO2/ZnO in the range 

of 325 to 400 nm. Fig. 2(f) shows the XRD patterns of ITO/NiO/SiO2/ZnO, ITO/NiO 

and ITO-coated quartz substrate. It is important to note that the unmarked diffraction 

peaks in the XRD patterns of ITO/NiO/SiO2/ZnO (purple line) and ITO/NiO (blue line) 

belonged to ITO-coated quartz substrate. By comparison, there were two characteristic 

peaks associated with NiO (111) (as shown in the inset) and (200) crystal planes of 

cubic phase in the ITO/NiO sample. Hexagonal ZnO (002) and (102) crystal planes 

were observed in the ITO/NiO/SiO2/ZnO sample. The observed patterns are consistent 

with previous works reported by Zhang et al [18]. These characteristic peaks suggest 
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that the ZnO film has preferential orientation along the (002) crystal plane. This is in 

good agreement with the above TEM results. 

 

Fig. 2. AFM topography images of (a)-(b) the NiO and (c)-(d) ZnO films. (e) UV-Vis absorption 

spectrum of NiO and NiO/SiO2/ZnO, and the inset shows optical images of as-grown (left) and 

annealed (right) NiO films on ITO-coated quartz substrate. (f) XRD patterns of ITO/NiO/SiO2/ZnO, 

ITO/NiO and ITO coated quartz substrate. Inset shows a partially enlarged pattern from ITO/NiO. 

A UV photodetector, consisting of NiO/SiO2/ZnO heterostructures, was fabricated. 

Fig. 3(a) shows a schematic diagram illustrating the fabrication process of the 

photodetector. Firstly, NiO film was sputtered on an ITO coated-quartz substrate by RF 

magnetron sputtering. This was followed by sputtering of SiO2 film as an insulating 

layer having a thickness of ~22 nm. Finally, ZnO film was sputtered on the SiO2. Same 

sputtering conditions were used as described above. After deposition, the films were 

annealed in air at 300 ℃ for 30 min at a rate of 10 °C/min. Al electrode (2×2 mm2) was 

then vapor-deposited on to the surface of ZnO film. Gold wires were attached to the 

ITO and Al electrodes using silver paste. Fig. 3(b) shows the vertical structure of the 

UV photodetector comprising of ITO/p-NiO/SiO2/n-ZnO/Al. Cross-sectional SEM 

image of the photodetector is shown in Fig. 3(c). The thickness of each deposited layer 

can be estimated from the image. The thickness of the NiO, SiO2 and ZnO films was 

estimated to be about 134, 22 and 103 nm, respectively. Fig. 3(d) illustrates an energy 

band diagram of the photodetector. The wide bandgap of the NiO and ZnO films is 

sensitive to UV light. Furthermore, the optical bandgap energy (Eg) of these films can 

be calculated using Eq. (A.1) [23, 24]. According to the film thickness estimated by 

SEM, the Eg of NiO and ZnO films can be determined from Fig. A.1(a) and (b) of the 

Supplementary material, which revealed a value of 3.63 and 3.23 eV, respectively. 

These values are very close to the theoretical bandgap of the films [2, 25, 26]. 

Under UV illumination (hν), valence electrons obtain enough energy to transit into 

the conduction band, hence generating electron-hole pairs. These photogenerated 
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electron-hole pairs are separated by the built-in electric field and collected by the 

respective electrodes. The generated carriers could tunnel through the ‘potential barrier’ 

(introduced by the SiO2 layer) between the NiO and ZnO films. It is possible that there 

are some intrinsic defects in the NiO and ZnO films, which can introduce gap states in 

the band gap. Since these gap states are close to the band edges, some carriers from the 

valence band and conduction band can be captured by the gap states and these carriers 

will be constrained at the interface [27]. However, the SiO2 interlayer can suppress the 

surface defects of the film, thus inhibiting carrier recombination at the interface and 

improving the transport efficiency of carriers [33]. This would limit the leakage current, 

therefore improving the photoelectric performance of the device. 

 

Fig. 3. (a) Schematic diagrams illustrating the fabrication process of the ITO/NiO/SiO2/ZnO/Al 

photodetector. (b) Schematic diagram showing the device structure of the UV photodetector. (c) 

Cross-sectional SEM image of the photodetector. (d) Energy band diagram of the photodetector. 

Prior to performing I-V measurements on the NiO/SiO2/ZnO photodetector, the 

contact behavior between the Al electrode and ZnO film was examined. As shown in 

Fig. 4(a), the I-V plot acquired from the Al/ZnO/Al structure was linear, thus indicating 

an ohmic contact was formed between the Al electrode and ZnO film. I-V characteristic 

curves under dark and light conditions of the NiO/SiO2/ZnO photodetector and a 

separate I-V curve of the dark condition are shown in Fig. 4(b) and (c), respectively. 

Measurements were performed on the backlight incident device under 365 nm UV light 

with photo power densities of 0.3, 1.6, 3.6 and 5.7 mWcm-2. The rectification ratio (e.g., 

Idark(+2 V)/Idark(-2 V)) was approximately 57 without irradiation. Accordingly, the dark 

currents were 183.2 μA and 3.2 μA at 2 V and -2 V biases, respectively. An increase in 

the dark current was observed under positive bias. This demonstrated the typical 
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rectifying behavior and the formation of the NiO/SiO2/ZnO heterostructures. The 

results showed excellent rectification characteristics and photoresponse of the 

photodetector. When the photodetector was exposed to 365 nm UV illumination, the 

photocurrent increased sharply. As shown, an increase in the photo power density has 

resulted in an increase in the current. Therefore, the p-NiO/SiO2/n-ZnO photodetector 

can produce photogenerated carriers under UV illumination. 

The effect of bias voltage on the responsivity (R) of the device is shown in Fig. 4(d). 

R is related to the photocurrent density (Jph) according to the following equation [4, 28]: 

ph

opt

J
R

P
=                            (1) 

where Popt is photo power density, such as 0.3, 1.6, 3.6 and 5.7 mWcm-2. A decrease in 

R was evident from Fig. 4(d) as photo power density of incident light was increased 

under fixed bias voltage. The maximum value of R was 5.77 AW-1 at bias voltage of 2 

V and low photo power density of 0.3 mWcm-2. 

Detectivity (D*), which describes the smallest detectable signals, is another 

important figure of merit when evaluating the performance of photodetectors. It can be 

calculated using the equation as follows [29]: 

*

d2

R
D

e J
=                          (2) 

where e is electron charge and Jd is dark current density. By calculation, the maximum 

value of D* was 1.51×1011 cmHz1/2W-1 (Jones) under 365 nm illumination at low photo 

power density of 0.3 mWcm-2 and bias voltage of 2 V as shown in Fig. 4(e).  

To further evaluate the performance of the NiO/SiO2/ZnO heterostructure 

photodetector, we measured the transient photoresponse behavior to the incident square 

light with a frequency of 0.1 Hz by turning on or off light source as shown in Fig. 4(f) 

and (h). Under 365 nm light illumination, the photodetector displayed good stability 

and reproducibility. To compare the response time in more detail, the rise and decay 

curves, which consist of a fast-response and a slow-response components, can be fitted 

by a biexponential relaxation equation below [30, 31]: 

                      1 2/ /
A Be

-t -t

0I I e
 

= + +                    (3) 

where I0 is steady state photocurrent, t is time, A and B are two constants, and τ1 and τ2 

are two relaxation time constants. As shown in Fig. 4(g) and (i), the rise and decay 

curves were well-fitted. It is worth noting that the rise time (τr) was relatively short 

having a duration of 0.048 s (Fig. 4(g)) and 0.051 s (Fig. 4(i)). The decay time (τd) 

consisting of two components, such as τd1 and τd2, were estimated to be 0.108 s and 

1.660 s, respectively at -0.1 V bias; 0.116 s and 1.727 s, respectively, at 0.5 V bias. 

Hence, the p-NiO/SiO2/n-ZnO photodetector exhibited a fast response at low power 

consumption. 

External quantum efficiency (EQE), which represents the ratio of the number of 

electrons collected to the number of incident photons, can be calculated by the equation 

[32]: 
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EQE
hcR

e




=

                                       

(4) 

where h is Planck constant, c is light speed, λ is wavelength of incident light and Rλ is 

responsivity under specific wavelength. The photodetector exhibited remarkable EQE 

of 1.96×103 % under 365 nm illumination, which indicated a high optical gain inside 

the device. This optical gain could due to the inclusion of SiO2 interlayer that 

suppressed surface defects at the NiO film and therefore improving the interface of p-

NiO/n-ZnO heterojunction [33]. This would allow more photogenerated carriers to be 

collected by the electrodes across the interface, resulting in a high optical gain. Thus, 

the p-NiO/SiO2/n-ZnO photodetector demonstrated excellent sensitivity in the 

detection of UV light. Table 1 compares the main characteristic parameters of 

NiO/SiO2/ZnO photodetectors reported in this work and other UV photodetectors based 

on metal oxide heterostructures. 

 

Fig. 4. (a) I-V plot of Al/ZnO/Al structure. (b) I-V curves of the NiO/SiO2/ZnO photodetector under 

365 nm light at different power densities. (c) I-V curve of the dark condition. (d)-(e) R and D*, 

respectively, of the photodetector at different bias voltages under 365 nm light. (f) and (h) 

Illuminated by 365 nm light of the NiO/SiO2/ZnO photodetector with an intensity of 0.6 mWcm-2 

by on/off switching at -0.1 V and 0.5 V biases. (g) and (i) Enlarged views of the rise/decay edges 

and exponential fitting curves corresponding to (f) and (h), respectively. 
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Table 1 

Comparison of characteristic parameters of UV photodetectors based on metal oxide 

heterostructures. 

Detector Preparation method Wavelength (nm) R (AW-1) D* (Jones) Ref. 

NiO/SiO2/ZnO Magnetron sputtering 365 5.77 1.51×1011 This work 

NiO/SiO2/ZnO 
Magnetron sputtering/ 

PECVD/Hydrothermal 
365 — — [19] 

β-Ga2O3/SnO2 CVD 250 1.15 5×1012 [34] 

β-Ga2O3/ZnO Magnetron sputtering 254 0.35 — [35] 

CuO/SnO2 Sputtering 290 10.3 — [36] 

NiO/ZnO Low-temperature sputtering 370 0.19 3.8×1012 [37] 

NiO/IGZO Magnetron sputtering 370 0.02 — [38] 

NiO/TiO2 Two-step anodization 365 86 2.2×1010 [39] 

4. Conclusions 

In summary, UV photodetector based on p-NiO/SiO2/n-ZnO heterostructures was 

successfully fabricated using RF magnetron sputtering method. The device 

demonstrated good rectification characteristics (e.g., Idark(+2 V)/Idark(-2 V) ~ 57), low 

reverse saturation dark current of 3.2 μA, good stability and fast response with rise time 

of 0.048 s at a low power consumption of -0.1 V bias. It also exhibited a remarkably 

high R of 5.77 AW-1 under 365 nm illumination at photo power density of 0.3 mWcm-

2 with device biased at 2 V. The maximum D* and EQE were 1.51×1011 Jones and 

1.96×103 %, respectively. Importantly, the photodetector demonstrated excellent 

performance while consuming low power. 
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