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ABSTRACT  
This study focuses on the fabrication and investigation of the properties of the heterojunction p-NiO/n-Al-
doped ZnO via the radio frequency magnetron sputtering method. We conducted a detailed evaluation of 
the crystal structure, optical properties, and electrical properties of the NiO and Al-doped ZnO monolayers 
using advanced techniques such as X-ray diffraction, ultraviolet-visible spectroscopy, and Hall effect 
measurements. X-ray diffraction results show that the NiO thin film crystallizes in the (111) and (200) peaks 
with a characteristic NaCl-type cubic structure, while the Al-doped ZnO thin film preferentially develops  
in the (002) peak, exhibiting a hexagonal wurtzite structure. UV–Vis transmission spectrum analysis 
indicates that the NiO and Al-doped ZnO thin films exhibit transmittance rates of 52 and 92 % in the visible 
light region, respectively. The optical band gap energy was determined to be 3.45 eV for NiO and 3.36 eV 
for Al-doped ZnO, respectively. In addition, the carrier concentration in both single layers reached a high 
level, around 1019 cm-3. The J-V characteristics under optimal conditions confirmed the formation of the 
NiO/AZO heterojunction with a turn-on voltage of 0.67 V, an ideality factor of 4.44, and a barrier potential 
height of 0.5 eV. Especially, the influence of light with a wavelength of 365 nm, this heterojunction clearly 
exhibited the characteristics of a photodiode. These results demonstrate the remarkable potential 
applications of the p-NiO/n-AZO heterojunction in the fields of optoelectronics and light sensors. 
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Introduction 
UV photodiodes based on semiconductor materials with a large bandgap energy 
(Eg > 3 eV) are becoming a focal research area due to their widespread applications in the 
ultraviolet region [1]. Typical materials in the class of transparent conducting oxides 
(TCOs) include TiO2, ZnO, NiO, SnO2, and Ga2O3. Among these, ZnO and NiO stand out 
with their unique optoelectronic properties. They not only have an impressive 
transmittance (up to 80 %) in the visible region but also possess a low resistivity, around 
10−3 Ω∙cm at room temperature [2–4]. Moreover, their abundant availability, low cost, 
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and environmental friendliness make them highly attractive for potential large-scale 
industrial applications. In practice, however, the fabrication of photodiodes based on 
ZnO/NiO heterojunctions faces significant challenges, particularly in achieving stable p-
type ZnO (doped with N, P, As, or Sb) and n-type NiO (doped with Al, Li, Ag, or Cu). These 
difficulties arise from the low solubility of dopants, the self-compensation effect, and the 
limited ability to maintain the desired conductivity type [5–7]. Consequently, 
heterojunctions employing ZnO or NiO are being actively investigated for optoelectronic 
applications [8–10]. 

Zinc oxide (ZnO) is an n-type semiconductor belonging to the II-VI group, exhibiting 
a hexagonal wurtzite structure with space group P63mc and lattice constants a = 3.25 Å 
and c = 5.20 Å [1]. Moreover, its direct bandgap energy of approximately 3.37 eV and a 
large exciton energy of 60 meV make ZnO highly suitable for a wide range of applications, 
including UV sensors, UV photoconductive detectors, and white light-emitting 
devices [11–16]. The n-type semiconductor properties of ZnO are primarily formed by 
intrinsic defects such as zinc interstitial and oxygen vacancy. However, increasing the 
defect density in the ZnO crystal lattice to enhance its electrical properties inevitably 
deteriorates both its crystalline quality and optical characteristics. Therefore, to preserve 
the structural integrity and optoelectronic performance, the carrier concentration of 
intrinsic ZnO is typically maintained in the range of 1016 – 1017 cm-3 [17]. This procedure 
causes high resistivity, significantly limiting the performance of the device. To overcome 
these problems, group IIIA metals like Al, Ga, and In are often added to the ZnO crystal 
lattice to increase the number of carriers while keeping the crystal's high transparency in 
the visible range [18–20]. Al is the most common dopant because it works well to replace 
Zn atoms and is cheaper than In and Ga [21]. Furthermore, high-quality Al-doped ZnO 
(AZO) thin films can be readily fabricated using various techniques, including radio 
frequency (RF) magnetron sputtering, metal–organic chemical vapor deposition, and 
atomic layer deposition. 

Nickel oxide (NiO) is a highly promising material for forming p–n junctions with 
ZnO. It crystallizes in a face-centered cubic rock-salt structure (space group Fm-3m) with 
a lattice constant of a ~ 4.17 Å [1]. Owing to its oxygen sublattice having a hexagonal 
symmetry similar to that of Al-doped ZnO, NiO can be effectively deposited on this 
substrate [22]. As an intrinsic p-type semiconductor with a wide direct bandgap  
of 3.4–4.0 eV, NiO is an attractive candidate for UV sensor applications [23]. Its hole 
conductivity arises primarily from nickel vacancies and oxygen interstitials; however, its 
carrier concentration is generally limited. In our previous work, RF-reactive magnetron 
sputtering was employed to self-dope NiO by controlling the reactive gas flow and the 
Ni³⁺ content, which serves as a source of free carriers. This approach enabled the carrier 
concentration to exceed 1019 cm-3 [24]. 

Up to now, research on the fabrication and application of NiO/AZO-based 
heterojunctions remains limited. Shu-Yi Tsai et al. fabricated NiO/ZnO heterojunctions via 
RF magnetron sputtering, reporting carrier concentrations of 7.52 × 1018 and 
4.29 × 1019 cm⁻³, mobilities of 2.26 and 6.02 cm²/V·s, and ~ 80 % transmittance in the 
visible range for single-layer NiO and ZnO, respectively. The resulting heterojunction 
exhibited an open-circuit voltage of ~2.5 eV and UV sensitivity at 365 nm [25]. Similarly, 
Gupta R.K. et al. produced p-NiO/n-ZnO heterojunctions by pulsed laser deposition, 
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achieving transmittances of 64 and 87 %, carrier concentrations of 7.1 × 1018 and 
6.5 × 1019 cm⁻³, and an open-circuit voltage of 0.45 eV with an ideality factor of about 4.1 
and a barrier potential of about 0.35 eV (determined by Norde’s method) [26]. However, 
the large carrier concentration mismatch between NiO and ZnO resulted in a non-optimal 
electric field distribution in the depletion region, limiting photo-generated carrier 
collection. NiO/ZnO heterojunctions have been investigated for applications such as 
photocatalysis, formaldehyde and trimethylamine sensing, UV photodetectors, and 
supercapacitors [27–31]. 

In this work, we fabricated a p–n NiO/AZO heterojunction via RF magnetron 
sputtering–a widely adopted method offering good uniformity, deposition rate, adhesion, 
and industrial scalability [32]. Film thickness and properties can be precisely tuned by 
controlling oxygen flow rate, sputtering power, substrate temperature, and annealing 
temperature, as demonstrated in our previous studies. Here, we successfully prepared the 
heterojunction for ultraviolet light sensing applications. While the crystal structure, 
optical, and electrical properties of the AZO and NiO single layers have been reported 
previously, this study focuses on investigating the carrier transport mechanism under dark 
and UV-illuminated (365 nm) conditions through J–V characterization, which points to 
possibilities for the potential for practical device applications. XRD, UV–Vis, and Hall 
effect results are taken from our earlier publications [33, 34]. 
 
Materials and Methods 
The AZO thin film was fabricated on a glass substrate using the radio frequency (RF) 
magnetron sputtering, with Al-doped ZnO lab-made targets (2 at. % Al). The glass 
substrate was thoroughly cleaned with acetone, ethanol, and isopropyl alcohol (IPA), each 
solution for 5 mins, and then heated in a vacuum chamber at a pressure of 5 × 10−3 Torr 
to completely remove impurities and moisture. The AZO film deposition process was 
carried out at a temperature of 200 ºC and a power of 50 W. Next, NiO thin films were 
sputtered onto the prepared AZO/glass structure, using a Ni metal target with a purity of 
99.95% in an argon and oxygen gas environment (Fig. 1). The optimal deposition 
conditions were established at a pressure of 5 × 10−3 Torr, an RF power of 70 W, and an 
Ar:O2 gas ratio of 7:3. The substrate temperature is maintained at a stable 250 °C 
throughout the sputtering process. Indium was used as the electrode material. The 
contacts were deposited by sputtering through a shadow mask, which allowed indium to 
contact both the NiO and AZO layers (Fig. 1). The NiO thin film exhibited a thickness of 
approximately 250 nm, while the AZO thin film showed a thickness of about 280 nm. The 
crystal structure of the films was analyzed using X-ray diffraction (XRD, D8-ADVANCE).  
 

 
 

Fig 1. The process of fabricating a p-NiO/n-AZO heterojunction using the RF-magnetron sputtering method  
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The optical properties were evaluated through UV-Vis (JASCO, V-550, Japan) transmission 
spectra, while the electrical characteristics were investigated in detail using Hall effect 
measurements (BIO-RAD HL5500IU). Finally, the I–V characteristics of the diode were 
measured at room temperature using a Keysight-U2722A current-voltage source. 

 

Results and Discussion 
The structural characteristics of AZO and NiO thin films fabricated using  
the RF-magnetron sputtering method were previously reported in references [33] and 
[34]. The AZO thin film exhibits a high-intensity difraction peak (002) at an angle of 
2𝜃= 34.54°, with a full width at half maximum (FWHM) of approximately 0.25°. This 
observation confirms that the AZO thin film crystallizes in the characteristic hexagonal 
wurtzite structure, with the c lattice constant (denoted as a2) determined to be 5.19 Å 
[33]. Meanwhile, the diffraction pattern of NiO thin film shows the appearance of two 
main peaks: (111) at 2𝜃 = 36.43° and (200) at 2𝜃 = 42.73° with corresponding FWHM 
values of 2.13° and 1.07°, respectively. These peaks represent the characteristic of the 
cubic structure of NiO, with the lattice constant a (denoted as a1) estimated to be 
approximately 4.25 Å [34]. Although the crystal structures of AZO thin films (hexagonal 
wurtzite) and NiO (NaCl-type cubic) are different, the deposition of high-quality ZnO 
layers on NiO substrates is still feasible because of the similar oxygen atom configuration 
(six-fold symmetry) [22]. 

To further confirm the electrical characterization results and support energy band 
alignment, an analysis of the lattice mismatch at the NiO/ZnO interface was conducted. 
The estimation was performed using equations commonly applied to materials with cubic 
crystal structures [35]. Based on this assumption, the lattice mismatch values were 
calculated using the following expression: 
𝛥𝑎 =

2(𝑎1−𝑎2)

𝑎1+𝑎2
 ,              (1) 

𝑁𝑠 =
4(𝑎1

2+𝑎2
2)

𝑎1
2𝑎2

2  ,              (2) 

𝑥 =
𝑎1𝑎2

√2 (𝑎1+𝑎2)
 ,              (3) 

where 𝑎1, 𝑎2 represents the lattice parameters of the contacting material, 𝑁𝑠 is the 
minimum concentration of surface states at the heterojunction, 𝑥 is the average distance 
between NiO and AZO thin films. 
 
Table 1. Lattice mismatch and interfacial parameters of AZO and NiO thin films at the heterojunction 

Sample 2𝜽, ° (hkl) 
Lactice parameter 

Δa, % x, 107 cm Ns, 10-13 cm-2 
a1, Å a2, Å 

AZO 34.54 (002) – 5.19 

-19.92 1.65 3.7 
Nio 

36.43 (111) 
4.25 – 

42.73 (200) 
 
The lattice constant deviation between NiO (cubic) and AZO (hexagonal) was 

calculated to be –19.92%, indicating a significant mismatch at the NiO/AZO 
heterojunction. In comparison, an ideal heterojunction typically exhibits a lattice 
mismatch below 7 % [35]. The significant mismatch leads to the formation of interfacial 
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defects, with an estimated surface state density of 3.7 × 10-13 cm-2. These defects facilitate 
the recombination of charge carriers during the charge transport process. The lattice 
parameters, mismatch values, and interfacial characteristics of the NiO and AZO thin 
films, as well as their heterojunction, are summarized in Table 1. 

In our previous report [33,34], the optical properties of NiO and AZO thin films were 
analyzed by using the UV-Vis spectroscopy in the wavelength range from 300 to 1000 nm. 
The average transmittance was determined to be 92 and 52 % in the visible light region, 
respectively. Based on the results of the transmission spectrum, the absorption coefficient 
was determined in the strong absorption region according to the Beer-Lambert law [36]: 
𝛼 = 𝑑−1 [ln (

1

𝑇
)],              (4) 

where T is the normalized transmittance and d is the thickness of the film (280 nm for 
AZO and 250 nm for NiO). The optical band gap (Eg) was then determined using Tauc’s 
formula [36]: 
𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − 𝐸𝑔)

𝑘
,              (5) 

where 𝛼 is the absorption coefficient, 𝐴 is the band edge constant, ℎ𝑣 is the photon 
energy, and 𝑘 = 1/2 for direct allowed transition, as in the hexangonal wurtzite structure 
of AZO and the cubic structure of NiO. The optical band gap energy is determined to be 
3.36 eV for the AZO thin film and 3.45 eV for the NiO thin film. 

Moreover, the electrical properties of AZO and NiO thin films were determined by 
Hall effect measurements [33,34]. Based on the values indicating the carrier 
concentration, the NiO and AZO films exhibit p-type and n-type semiconductor properties, 
respectively. The carrier concentration and mobility for the AZO thin film were 
determined to be 2.19 × 1019 cm-3 and 0.9 cm2/V∙s, respectively, while for the NiO thin 
film, they were 2.36 × 1019 cm-3 and 1.02 cm2/V∙s, respectively. The parameters 
characterizing the optical and electrical properties of the AZO and NiO single-layer films 
are summarized in Table 2. 
 
Table 2. Optical and electrical properties of AZO and NiO thin films 

Sample 
Thickness, 

nm 
T %, 

400–800 nm 

Optical 
bandgap, 

eV 

Carrier 
type 

Carrier 
concentration, 

1019 cm-3 

Mobility, 
cm2/V∙s 

Ref. 

AZO 280 92 3.36 n -2.19 0.9 [33] 
NiO 250 52 3.45 p +2.36 1.02 [34] 

 

 
 

Fig 2. Linear (a) and semi-logarithmic (b) J–V characteristics of the NiO/AZO diode 
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Indium metal was used for ohmic contact with the AZO and NiO thin films with a 
work function of 4.12 eV, as shown in the inset Fig. 2(a). The results show that the p-type 
semiconductor NiO has formed a heterojunction on the n-type AZO semiconductor 
substrate with the NiO/AZO/glass diode structure. The J–V characteristics in the dark 
mode and the changes in characteristics under illumination are shown in Fig. 2(a) (linear) 
and Fig. 2(b) (semi-logarithmic), with the open-circuit voltage Voc (dark) determined to be 
0.67 V, consistent with previous reports [37]. In addition, the relatively large leakage 
current due to the sputtering fabrication method causes the surface of the AZO film to 
suffer damage from ion bombardment before the NiO thin film is deposited [3]. 

The J–V characteristic curve represents the rectifying relationship between the 
current density through the diode and the voltage according to the thermionic emission 
theory given by the expression [24,38]: 
𝐽 = 𝐽0 ∙ exp (

𝑞𝑉

𝑛𝐾𝐵𝑇
− 1).             (6) 

Here q is the electron charge (1.6 × 10-19 C), 𝐾𝐵 is Boltzmann constant (J∙K-1),  
T is the absolute temperature (K) and 𝐽0 is the reverse saturation current: 
J0 = AA*T2exp (

−𝑞𝜙𝐵

𝐾𝐵𝑇
),              (7) 

where A is the area of the diode (1 cm2); A* is the Richardson constant of the p-NiO/n-ZnO 
heterojunction (0.062 A cm-2∙K-2) [39]. 

The effective barrier height is determined [24,38]: 

ϕB  = 𝐾𝐵𝑇

𝑞
𝑙𝑛

𝐴𝐴∗𝑇2

𝐽0
,              (8) 

with J0 determined from the extrapolated results in the linear region of the ln(J) curve 
with respect to V at the time V = 0. 

ln(J) is determined: 
ln 𝐽 =

𝑞𝑉

𝑛𝐾𝐵𝑇
+ ln 𝐽𝑜.              (9) 

The ideal factor (𝑛) is determined: 
𝑛 =

𝑞

𝐾𝐵𝑇
.

𝑑𝑉

𝑑𝑙𝑛𝐽
.             (10) 

Under dark light, the ideality factor (n) and effective barrier height (ϕB) are 
determined to be 4.44 and 0.50 eV, respectively. The diode operates based on two main 
mechanisms: thermal transport (TE) and the tunneling effect [40]. The TE mechanism for 
an ideal diode is the movement of charge carriers due to temperature. Conversely, 
tunneling allows charge carriers to pass through the energy barrier, often dominating 
when the diode has a low ideality factor or a large energy barrier. According to the Sah-
Noyce-Shockley theory, the ideality factor ranges from 1 to 2, indicating that the primary 
current mechanism is due to the tunneling effect [40]. If n = 2, the dominant mechanism 
is due to recombination and emission; if n > 2, the dominant mechanism is leakage 
current [40]. The high ideality factor value of the NiO/AZO diode is explained by the 
following reasons: (i) the high series resistance of the two material layers; (ii) the 
recombination of charge carriers in the depletion region; (iii) the surface morphology of 
the material; (iv) charge carriers tunneling between states in the bandgap; and (v) 
inhomogeneous potential barrier [41]. Furthermore, Table 3 shows that the p-NiO/n-AZO 
diode fabricated in this study exhibits a threshold voltage significantly lower than that 
reported in many previous studies on NiO/ZnO systems (1.0 – 3.0 V). This suggests that 
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the use of Al-doped ZnO, combined with a balanced carrier concentration between the 
two junction layers, contributes to lowering the threshold voltage, thereby reducing 
energy consumption and facilitating integration into low-voltage circuits. 

 
Table 3. Comparison of turn-on voltage (Von) and ideality factor (n) for NiO/AZO heterojunction diodes 

Heterojunction structure Method Von, V Ideality factor Ref. 
In/NiO/AZO/In Sputtering 0.67 4.44 This work 
Au/NiO/ZnO/Au PLD ~ 0.35 4.10 [26] 
Al/NiO/ZnO/Al Sputtering ~ 3.00 – [25] 

Au/ZnO/NiO:Li/ITO PLD 1.00 2.00 [22] 
Pt/NiO/ZnO/ITO Sputtering 0.5–1.1 1.36–1.41 [42] 
C/ZnO/NiOx/Au Inkjet printing 2.20 – [43] 
Au/NiO/ZnO/Au Sputtering 1.3 2.7 [44] 

 
Under the condition of illumination with a monochromatic light source at a 

wavelength of 365 nm (in the near-ultraviolet region), with a power of 10 W, the NiO/AZO 
heterojunction diode shows a significant increase in current in both polarities, especially 
in the reverse bias region. Illumination generates electron-hole pairs (e⁻–h⁺) in the p-n 
junction region, thereby increasing the carrier density and significantly contributing to 
the photocurrent. Under these conditions, the reverse current (photocurrent) increases 
significantly, reflecting the structure's ability to efficiently absorb photons and effectively 
separate charge carriers. This shows that the diode operates effectively as an ultraviolet 
photodiode, with high sensitivity in the light region where the photon energy is greater 
than the bandgap of the absorbing material. The analysis results show its potential 
application in optoelectronic devices such as photodiodes or solar cells. 

 

 
 

Fig 3. Band diagram of heterojuntion p-NiO/n-AZO 
 
The energy band structure of the NiO/AZO heterostructure is illustrated in Fig. 3. 

The work function of the indium electrode is 4.12 eV. The electron affinities (𝜒) of NiO 
and AZO are 1.64 eV and 4.60 eV, respectively; the corresponding bandgap energies are 
3.45 eV (NiO) and 3.36 eV (AZO) [45,46]. When two materials come into contact to form a 
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heterostructure, the rearrangement of energy levels leads to the formation of potential 
barriers at the interface. The conduction band offset (∆𝐸𝐶) and valence band offset (∆𝐸𝑉) 
are determined according to equations [35]: 
∆𝐸𝐶 = 𝐸𝐶1 − 𝐸𝐶2 =  𝜒2 − 𝜒1,          (11) 
∆𝐸𝑉 = 𝐸𝑉1 − 𝐸𝑉2 = (𝜒1+ 𝐸𝑔1) − (𝜒2 + 𝐸𝑔2).        (12) 

The conduction band and valence band offsets were determined to be 2.96 eV and 
2.87 eV, respectively, based on the Anderson model, consistent with previous 
reports [37,47]. These two quantities indicate that the NiO/AZO heterojunction belongs 
to type II (type-II band alignment), where both the conduction band and valence band of 
AZO are lower than those of NiO. These two quantities indicate that the NiO/AZO 
heterojunction belongs to type II, where both the conduction band and the valence band 
of AZO are lower than those of NiO [48]. The distribution of energy bands in this manner 
facilitates the separation of electron-hole pairs (e⁻–h⁺). Specifically, electrons in the 
conduction band of NiO will easily move to the conduction band of AZO with a lower 
energy level, while holes in the valence band of AZO will move to the valence band of 
NiO. This process helps prevent recombination, thereby increasing the efficiency of 
charge separation generated under illumination, contributing to the enhancement of the 
performance of optoelectronic devices. 
 
Conclusions 
The photodiode on a p-NiO/n-AZO/glass substrate was fabricated using the RF-magnetron 
sputtering method. The NiO film, which has a cubic structure and a thickness of 
approximately 250 nm, is deposited on the AZO film, which has a hexagonal wurtzite 
structure and a thickness of approximately 280 nm. The optoelectronic properties of the 
single-layer films were determined using UV-Vis and Hall effect, with the NiO thin film 
(T % = 52 %, Eg = 3.45 eV, nh = 2.36 × 1019 cm-3, μh = 1.02 cm2/V∙s) and the AZO thin film 
(T % =92 %, Eg = 3.36 eV, nh = 2.19 × 1019 cm-3, μh = 0.90 cm2/V∙s). The J–V characteristics 
in dark and under illumination with a wavelength of 365 nm show that a heterojunction 
p-n is formed with diode-like properties in the dark, such as turn-on voltage, ideality 
factor, and barrier potential, which are determined to be 0.67 V, 4.44 and 0.5 eV, 
respectively, and also demonstrate good photodetection capability under ultraviolet light 
(356 nm). The results indicate that the NiO/AZO transition has potential applications in 
photodetectors in the future. 
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