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ZnO is considered as a prominent semiconductor material in the II-VI metal-oxide group due to its ex-

ceptional optical properties that persuade many researchers to use it in the fabrication of photodetectors 

for ultraviolet (UV) sensing applications. The sensitivity of a photodetector is measured in terms of its re-

sponsivity. In this article, the authors have reported a p-n homojunction based on nanostructured ZnO thin 

film for application as a photodetector in the UV region. The p-type nature of ZnO was obtained by selec-

tive doping of ZnO with copper. Hall and hot point probe measurements confirmed that the deposited Cu 

doped ZnO (CZO) thin film poses p-type conductivity with a resistivity of 0.9 Ωcm, carrier concentration of 

1.0287  1018 cm – 3 and mobility of 6.5 cm2/Vs at room temperature. The crystalline, morphological studies 

of ZnO films have been performed by X-ray diffractometer (XRD), atomic force microscopy (AFM), energy 

dispersive spectrum (EDAX). The current-voltage (I-V) measurements under dark and illuminated condi-

tions have been carried out using Semiconductor Device Analyzer (SDA). The fabricated device shows good 

rectification property with low reverse leakage current and high rectification ratio. The device has been 

found to be stable and exhibiting a high value of responsivity (3.2 A/W) at 376 nm for a reverse bias voltage 

of 3 V. The performance of the new p-n junction ZnO based UV detector is found to outstrip the existing 

ZnO based Schottky diode photodetectors. 
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1. INTRODUCTION 
 

Photonics has been hailed as the technology of prom-

ise for generating and harnessing light. In reality, pro-

gress towards a photonic driven circuit is disturbed by 

the downscaling of optoelectronic components. The pre-

sent developing one of the fields of optoelectronics is 

known as photodetector. Over the last few decades re-

search has been motivated towards the fabrication of a 

multilayer substrate with good interconnectivity in the 

field of detectors. The optosensing field must have the 

potential to advance existing structure along with saga-

cious future innovation system. These days, application 

of p-n junction as a photodetector goes through a broad 

selection of wavelength range, including X-rays, infra-

red, and ultraviolet (UV) [1]. Conventional photodetec-

tors are used to sense a selected wavelength region and 

to turn into blind in the rest of the regions. Exposure of 

UV radiation for making photodetectors is found suita-

ble for several non-telecommunication applications, 

involving missile warning systems, furnace control, 

aerospace, flame detection, biomedical applications, and 

also space to space communication [2-5]. Consequently, 

there is a scope for the development of different photo-

diodes for UV sensing applications. Several researchers 

have developed UV detectors based on thin film hetero-

junctions [6-8]. Oxide semiconductors are becoming 

attractive for the development of a variety of thin film 

based devices for UV sensing applications [9]. 

Among various oxide semiconductors, ZnO has been 

studied extensively by the researchers in view of sever-

al interesting properties of the material such as high 

exciton energy (~ 60 meV) and a large band gap with 

low-cost manufacturing. 

A large number of ZnO thin-film and nanostructure-

based devices have been reported in the literature for a 

variety of electronic and optoelectronic applications 

[10-12]. One of the major areas of ZnO based devices is 

photodetection in the UV region. Most of the ZnO based 

devices uses either a Schottky junction or a heterojunc-

tion for photodetection applications. This is because 

ZnO has inherent n-type conductivity, and it is ex-

tremely difficult to produce high quality and stable p-

type ZnO films (due to the presence of defects) [13, 14]. 

In view of the complication coupled with the attain-

ment of p-nature in ZnO with high stability, numerous 

ZnO based p-n heterojunction and Schottky junction 

photodetectors have been reported in the literature [15, 

16]. In this context, Chen et al. [15] reported the ZnO 

based photodetector with IrO2 as Schottky contact on 

ZnO thin film. The photocurrent was observed to be 2 

orders higher than the dark current. The reported 

responsivity is 0.011 A/W at 360 nm for a bias of 5 V. 

Ali et al. [16] reported the Au/Cr Schottky junction UV 

photodetectors, using ZnO thin film deposited by sol-gel 

spin coating method. The maximum responsivity re-

ported for the proposed metal semiconductor metal 

(MSM) structure was 0.056 A/W. Further, Lin et al. 

[17] fabricated the Schottky junction between Rutheni-

um (Ru) and ZnO films. The reported responsivity was 

found to be 0.01 A/W. The reported responsivity of UV 

photodetectors based on ZnO Schottky contacts is ob-

served to be poor because of the large barrier height at 

the metal semiconductor junction [18]. 
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It is clear from the literature that the use of p-n 

heterojunctions can improve the responsivity of a pho-

todetector at the cost of speed of response. In this con-

nection, Rana et al. [19] investigated the effect of UV 

light on the p-NiO/n-ZnO structure and the measured 

responsivity was 0.29 A/W at 365 nm. Zhang et al. [20] 

observed a UV photoresponse on GaN/ZnO nanorods  

p-n heterojunction structure. The peak response of 

138.9 mA/W was observed at 362 nm. Although some 

advantages such as low dark current and improved 

responsivity were observed in ZnO heterojunction pho-

todetectors, the peak responsivity is still much lower. 

Further, the n-ZnO/p-Si heterojunction photodetectors 

reported by Chen et al. [21] showed a photoresponse in 

the UV and visible regions due to the large difference 

in the band gap of ZnO and Si. The difference in the 

band gap creates a discontinuity at the junction, which 

limits its application in UV detection. Therefore, to 

achieve a high photoresponse in the UV region, study 

of a new junction structure is essential which can over-

come the large barrier height of Schottky junction and 

band discontinuity of heterojunction. 

Based on the literature, it is observed that the use 

of a conventional p-n junction can significantly improve 

the responsivity of a photodetector [22]. In this paper, a 

new approach was proposed for the fabrication of a 

stable ZnO based p-n homojunction UV photodetector 

on ITO coated glass. The junction was formed between 

RF sputter deposited n-type ZnO thin film and sol gel 

spin coated p-type ZnO thin film. The p-type nature in 

ZnO was obtained by selective doping of copper in ZnO 

[23]. Further, simulations were carried out by using 

SILVACO AtlasTM to validate the experimental results. 

The surface morphological study of the CZO and ZnO 

thin films was performed by atomic force microscopy 

(AFM), while the structural study was carried out us-

ing X-ray diffraction. The type of conductivity of the 

deposited films was also determined using Hall meas-

urement set-up. The electrical properties of the pro-

posed detector such as barrier height, ideality factor, 

responsivity, were evaluated by using a semiconductor 

parameter analyzer. 

 

2. FABRICATION STEPS OF THE PROPOSED  

PHOTODETECTOR 
 

The proposed photodetector is a homojunction be-

tween ZnO and CZO (copper doped ZnO). For this, ini-

tially ZnO thin film with a thickness of about 300 nm 

was deposited by RF sputtering method on the ITO 

coated glass substrate. Afterwards, the deposited sam-

ple was annealed in argon ambient to form nanostruc-

tures. The nanostructures increase the transmittance 

property of thin films. Further, to form a junction, the 

5 mol % CZO sol was prepared using zinc acetate dehy-

drate, isopropanol, diethanolamine and copper acetate 

dehydrate. After aging, the prepared sol was spin coated 

on the grown ZnO nanostructured thin film. To reach 

the desired thickness of CZO thin film, the coating pro-

cess was repeated sequentially for five times. After-

wards, the deposited film was annealed at 500 °C in a 

muffle furnace for 1 h. The 5 mol % CZO layer was cho-

sen, since it shows stable p-type conductivity with a 

high hole concentration of 1.0217  1018 per cm3, and 

mobility of 6.5 cm2/Vs. The elemental and weight com-

position of CZO thin film was studied by energy disper-

sive analysis (EDAX). Fig. 1 shows the EDAX spectrum 

of the deposited CZO thin film on undoped ZnO. Table 1 

shows the elemental composition of CZO. EDX analysis 

confirms the presence of copper in the ZnO lattice. 

Afterwards, the top metal contacts of the p-n homo-

junction were engineered. To accomplish this, alumi-

num metal dots were fledged over the ZnO layer by the 

thermal deposition method. The area of the deposited 

contact is 0.25 cm2. The aluminum dots form an ohmic 

contact with ZnO thin film; simultaneously ITO forms 

an ohmic contact with CZO thin film. The resultant 

structure is termed as a diode. The schematic of the 

CZO/ZnO diode is shown in Fig. 2. 
 

 
 

Fig. 1 – Energy dispersive spectrum of CZO thin film 
 

Table 1 – Elemental composition 
 

Element Weight % 

O K 15.68 

Cu L 5.77 

Zn L 78.55 

 

 
 

Fig. 2 – Schematic of the fabricated p-n homojunction device 

 

3. RESULTS AND DISCUSSION 
 

3.1 Structural Analysis of Nanocrystalline Films 
 

X-ray diffraction (XRD) patterns of ZnO and CZO 

thin films are shown in Fig. 3. XRD peaks of the depos-

ited films show the same pattern as reported for ZnO 

wurtzite structure (JCPDS, 36-1451) [24]. The deposited 

films exhibit a hexagonal wurtzite structure with a 

SDA 

ITO coated glass 

ZnO (n-type) 

CZO (p-type) 

 

Light illumination 
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preferred (101) orientation. XRD spectrum peak intensi-

ty also shows that the incorporation of copper into the 

ZnO lattice increases the grain growth rate. The equiva-

lent crystal size and lattice constants of the deposited 

thin films were extracted from the XRD pattern and are 

listed in Table 2. It is observed from Table 2 that there 

is a slight decrease in the grain size of CZO thin film 

due to the presence of Cu atoms in Zn interstitial sites 

which decreases the nucleation points and hence reduc-

es the crystal size [13]. Further, the thickness of the 

deposited thin films was evaluated from the ellipsome-

ter, and the results are given in Table 2. Fig. 4 shows 

the AFM images of the deposited ZnO thin film on ITO 

coated glass substrate and CZO thin film on ZnO, re-

spectively. It can be seen from Fig. 4a that a uniform 

nanostructure has been grown on ITO coated glass. The 

grain size of the nanostructured thin film is the same as 

the grain size calculated from the XRD results. Further, 

the roughness profile was analyzed and calculated 

whose value is 3.43 nm. This low roughness value sug-

gests that the deposited film is uniform, which confirms 

the high transmittivity of undoped ZnO thin film [25]. 
 

 
 

Fig. 3 – XRD spectrum of undoped and CZO thin films 
 

Table 2 – Structural parameters evaluated from XRD results 
 

Sample 

Film 

thickness 

(nm) 

Lattice 

constant 

a (Å) 

Lattice 

constant 

c (Å) 

Crystal 

size  

(nm) 

Values (JPCDS 

card no: 36-1451) 
 3.25 5.207  

ZnO 220 3.253 5.206 52 

CZO 198 3.256 5.198 36 
 

Fig. 4b shows the AFM image of the CZO thin film. 

As can be seen from Fig. 4b, many large voids formed 

which may be due to the incorporation of Cu ions into 

ZnO interstitials [13]. This leads to a reduction in the 

crystal size, which reduces optical scattering, thereby 

resulting in high optical reflectivity. High reflectivity is 

desired from the top surface of the photodetector to 

confine the light within the junction. 
 

 
 

 
 

Fig. 4 – AFM images of (a) undoped ZnO thin film, (b) CZO 

thin film 

 

3.2 Electrical Characterization of Deposited 

Thin Films 
 

a. Hall Effect and Hot Point Probe  

Measurement 
 

Hall-effect measurements and hot point measure-

ments have been done in order to obtain the conductivi-

ty of the deposited thin films. Hall measurements have 

been done at room temperature in vacuum to calculate 

the conductivity, mobility and carrier concentration of 

the deposited thin films. The obtained data from the 

measurements is listed in Table 3, which shows that 

the undoped film shows n-type conductivity, while CZO 

film shows p-type conductivity. To validate the results 

obtained from the Hall measurements, hot point probe 

measurements based on the Seebeck effect have been 

carried out with the help of a voltmeter and soldering 

iron. The calculated negative Seebeck coefficient of 

550 V/K confirms the p-type nature of CZO thin film. 
 

Table 3 – Electrical parameters evaluated from the Hall 

measurements 
 

Sample 
Carrier concentration 

(cm – 3) 

Mobility 

(cm2/Vs) 

Conduction 

type 

ZnO 2.0954  1021 25.5 n 

CZO 1.0217  1018 6.5 p 

 

 

(a) 

(b) 
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b. I-V Measurement 
 

The current-voltage (I-V) characteristics of the fab-

ricated p-n homojunction device structure (as shown in 

Fig. 2) have been obtained from the semiconductor 

device analyzer (SDA). Fig. 5 illustrates the I-V charac-

teristics of the fabricated ZnO p-n homojunction under 

dark conditions and UV illumination. From Fig. 5, it is 

observed that under dark conditions, the current in-

creases nonlinearly with the forward bias and negligi-

ble amount of current during reverse bias which shows 

the rectifying behavior of a typical p-n junction device. 
 

Table 4 – Electrical parameters of the fabricated photodetector 
 

Parameters 
Cut-in 

potential 

Rectification 

ratio 

Reverse satu-

ration current 

Under dark 

condition 
1.12 V 10012 3.2 nA 

Under UV 

illumination 
0.98 V 10 0.6 A 

 

 
 

Fig. 5 – I-V characteristics of the fabricated p-n homojunction 

photodetector 
 

This increase is usual for wide band gap p-n homo-

junction due to the recombination-tunneling mecha-

nism [17]. The fabricated photodetector shows a for-

ward current of 7 mA under UV illumination and 

~ 6.4 mA under dark conditions at a bias voltage of 3 V. 

The reverse current increases from 0.05 A in the dark 

to 2.5 mA under UV illumination at a reverse bias 

voltage of – 3 V. The increase in reverse current is due 

to the generation of excess charge carriers because of 

incident photons. To verify the stability and consisten-

cy of the result, the authors made 20 devices, and 95 % 

of them showed good rectifying behavior. The behavior 

of all devices remained the same even after they were 

exposed to the atmosphere for more than 450 days. 

The diode ideality factor was evaluated from the di-

ode current equation as given below: 
 

 0 1

qV

kTI I e
 
  
 
 

, (1) 

 

where k is the Boltzmann constant, and T is the abso-

lute temperature,  is the ideality factor, I0 is the re-

verse saturation current at V  0. The ideality factor 

derived from Eq. (1) is 3.1. It is higher than for ideal  

p-n junction device. A higher ideality factor suggests 

that there are multiple current transport mechanisms 

at the junction, such as carrier recombination in the 

space-charge region, deep-level-assisted tunneling and 

parasitic rectification within the device [26]. The other 

evaluated electrical parameters from the fabricated 

photodetector are indexed in Table 4. 
 

 
 

 
 

Fig. 6 – Simulated and experimental I-V characteristics of the 

photodetector under (a) UV illumination, (b) dark conditions 
 

To simulate the proposed photodetector structure 

and validate the experimental results, two-dimensional 

(2D) simulations were carried out using standard 

commercial software SILVACO Atlas. The simulated 

results were plotted by using Tonyplot. The I-V charac-

teristics of the simulated device were obtained by solv-

ing 2D Poisson and Laplace equations. Auger model 

was incorporated during simulation for carrier genera-

tion and recombination. Further, a field-dependent 

mobility model was used to evaluate the charge circula-

tion in the proposed structure. To incorporate the light 

beam illumination on the photodetector, the optical 

model of the light beam was also incorporated in the 

simulation. ZnO and CZO materials were not available 

in the Atlas library, hence a library was created for 

ZnO and CZO. The variation of the I-V characteristic 

under UV illumination and dark conditions are plotted 
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in Fig. 6a and Fig. 6b, respectively. It can be observed 

that the simulated results followed the same trend as 

experimental data. Hence, further studies were carried 

out to observe the optical characteristics of the pro-

posed device. 

 

3.3 Photoresponse 
 

An ITO coated glass substrate was used as a “low 

pass filter” which absorbs light below wavelength of 

320 nm [22]. Therefore, light passes through the glass 

side of the fabricated device to transmit a higher order 

wavelength at the junction. Further, the absorption 

spectrum was plotted (using ellipsometer) to visualize 

the absorption region of the device shown in Fig. 7. An 

absorption peak is observed at a wavelength of 376 nm. 

This wavelength corresponds to the band gap of ZnO. 

From the results, it can be inferred that by varying the 

doping element, it is possible to adjust the band gap of 

the device, and therefore selective photodetectors with-

in the specified range. 
 

 
 

Fig. 7 – Absorbance characteristics of the fabricated photode-

tector 
 

Fig. 8 depicts the photoresponse characteristic of 

the fabricated homojunction photodetector at a reverse 

bias of 3 V. As the responsivity is measured at a specif-

ic wavelength, a diffraction grating monochromator is 

used which selects a narrow wavelength from a broad 

band lamp source such as a tungsten lamp. The wave-

length is tuned continuously in order to measure the 

responsivity of the photodetector. As can be observed 

from Fig. 8, the photoresponse of the device begins 

around 300 nm in the UV region and extends into the 

visible region. The responsivity increases steadily, 

reaching a peak around 376 nm which corresponds to 

the effective band gap of ZnO. 

The responsivity increases from 0.6 A/W and reach-

es 3.2 A/W in the UV region and decreases for higher 

order wavelengths. Since ZnO shows the transparency 

of more than 90 % in the visible region, therefore, most 

of the photons will be absorbed by p-type CZO that 

generate EHPs. As evaluated from Fig. 5, a high poten-

tial barrier of 0.98 V is created at the n-ZnO/p-CZO 

interface. 

When a reverse voltage is applied across the junc-

tion, the Fermi level of the p-CZO thin film rises to a 

higher value, which leads to further expansion of the 

potential barrier across the interface. This in turn en-

hances the induced electric field across the space 

charge region that opens up a large number of availa-

ble states for the holes to be injected into CZO. Under 

illumination, a decrease in the potential barrier gives 

rise to electron-hole pair generation that are finally 

separated by this increased electric field and hence a 

high responsivity is obtained. In addition, simulations 

were carried out to validate the experimental results. It 

can be observed from Fig. 8 that there is good agree-

ment between experimental and simulation results. 
 

 

 

Fig. 8 – Photoresponse characteristic of the photodetector 
 

The responsivity peak at 376 nm is not commonly 

observed in most ZnO-based photodetectors reported 

earlier [16, 18]. The occurrence of the peak may be due 

to two features of the device such as introduction of the 

p-ZnO layer and ITO/glass substrate. The ITO/glass 

substrate filters light with higher energy, while the 

ZnO layer absorbs light with energy close to its band 

gap. Further, the aforementioned photoresponse spec-

trum can be understood by studying the charge 

transport mechanism in homojunction structures. 

The photoresponse of the fabricated photodetector 

can be further analyzed by measuring the specific de-

tectivity (D) of the device. Specific detectivity is a Fig-

ure of Merit (FOM) for device application, whose large 

value certifies the photodetector for low noise applica-

tions. Mathematically it can be expressed as [26]: 
 

 

0.5

0

4

R A
D R

kT

 
  

 
, (2) 

 

where R is the responsitivity, R0A is the zero-biased 

resistance area product of the device, which can be 

obtained from the J-V characteristics as: 
 

 

1

0

1
J I

R A a
V V

 
    

    
    

. (3) 

 

The value of R0A product obtained from Fig. 5 is 

approximately 8.96 Ωcm2 at zero bias. The evaluated 

specific detectivity of the photodetector from Eq. (2) is 

2.9  109 mHz1/2/W. 
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4. CONCLUSIONS 
 

A low-cost ZnO homojunction photodetector fabri-

cated by sol-gel spin coating and RF sputtering method 

has been proposed in this paper. The forward cut-in 

voltage of the fabricated device is 0.98 V with a reverse 

leakage current of 3.2 nA and a rectification ratio of 

10012. The fabricated device exhibits good rectification 

properties in the dark region. The proposed device can 

work as a UV photodetector when light passes through 

the glass side. The photodetector shows a forward cur-

rent of 7 mA and a reverse current of 2.5 mA under UV 

illumination. The photodetector also shows an excellent 

responsivity of 3.2 A/W at a wavelength of 376 nm with 

a reverse bias of 3 V. Further, the detectivity of the 

device was calculated, the value of which is equal to 

2.9  109 mHz1/2W – 1 at zero bias. This work suggests 

that an efficient UV photodetector can be fabricated 

based on ZnO homojunction with simple design steps. 

Finally, simulations were carried out whose results are 

in-line with the experimental results of the proposed 

device structure. This gives confidence that the pro-

posed device can be used for commercial applications. 
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Високоселективна поведінка фотодетектора з гомопереходом на основі  
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ZnO вважається важливим напівпровідниковим матеріалом у II-VI групах метал оксидів завдяки 

винятковим оптичним властивостям, які переконують багатьох дослідників використовувати його у 

виготовленні фотодетекторів для ультрафіолетового (УФ) зондування. Чутливість фотодетектора ви-

мірюється через його сприйнятливість. У статті автори повідомили про p-n гомоперехід на основі на-

ноструктурованої тонкої плівки ZnO для застосування його як фотодетектора в УФ-області. ZnO  

p-типу був отриманий селективним легуванням ZnO міддю. Вимірювання Холла та зонда гарячої то-

чки підтвердили, що осаджена тонка плівка ZnO (CZO), легована Cu, має провідність p-типу з пито-

мим опором 0,9 Омсм, концентрацією носіїв 1,0287  1018 см – 3 і рухливістю 6,5 см2/Вс за кімнатної 

температури. Кристалічні морфологічні дослідження плівок ZnO проводили за допомогою рентгенів-

ського дифрактометра (XRD), атомно-силової мікроскопії (AFM), енергодисперсійного спектру (EDAX). 

Вимірювання залежності струму від напруги (I-V) у темряві та при освітленні проводили з викорис-

танням аналізатора напівпровідникових пристроїв. Виготовлений пристрій має гарні властивості ви-

прямлення із низьким зворотним струмом витоку та високим коефіцієнтом випрямлення. Виявилося, 

https://doi.org/10.1109/TNANO.2020.3049055
https://doi.org/10.1109/LPT.2018.2836978
https://doi.org/10.1063/1.4852136
https://doi.org/10.1109/TNANO.2015.2513102
https://doi.org/10.1109/TNANO.2015.2513102
https://doi.org/10.1088/1361-6641/ab7b0a
https://doi.org/10.1088/1361-6641/ab7b0a
https://doi.org/10.1109/ICSENS.2018.8630303
https://doi.org/10.1109/ICSENS.2017.8234120
https://doi.org/10.1080/03772063.1997.11415985
https://doi.org/10.1109/ICEDSS.2017.8073678
https://doi.org/10.1109/ICEDSS.2017.8073678
https://doi.org/10.1109/ICEDSS.2017.8073678
https://doi.org/10.1007/s12648-009-0019-x
https://doi.org/10.1007/s12648-009-0019-x
https://doi.org/10.1080/03772063.2020.1822762
https://doi.org/10.1016/j.jcrysgro.2009.04.005
https://doi.org/10.1016/j.jcrysgro.2009.04.005
https://doi.org/10.1166/mat.2018.1470
https://doi.org/10.1166/mat.2018.1470
https://doi.org/10.1080/03772063.2018.1506268
https://doi.org/10.1016/j.jallcom.2009.01.26
https://doi.org/10.1016/j.jallcom.2009.01.26
https://doi.org/10.1088/0022-3727/43/41/415103
https://doi.org/10.1088/0022-3727/43/41/415103
https://doi.org/10.1016/j.jcrysgro.2005.04.056
https://doi.org/10.1063/1.1769595
https://doi.org/10.1364/OE.430132
https://doi.org/10.1007/s13391-015-5128-4
https://doi.org/10.1051/epjap:2008153
https://doi.org/10.1051/epjap:2008153
https://doi.org/10.1063/1.3299269
https://doi.org/10.1021/jp063239w
https://doi.org/10.1016/S0254-0584(02)00454-6
https://doi.org/10.1016/S0254-0584(02)00454-6
https://doi.org/10.1063/1.121475
https://doi.org/10.1063/1.121475
https://doi.org/10.1016/j.proeng.2013.11.046
https://doi.org/10.1016/j.proeng.2013.11.046


 

HIGHLY SELECTIVE BEHAVIOR OF THIN FILM ZNO BASED … J. NANO- ELECTRON. PHYS. 14, 02009 (2022) 

 

 

02009-7 

що пристрій стабільний і демонструє високе значення сприйнятливість 3,2 А/Вт при 376 нм для на-

пруги зворотного зміщення 3 В. Виявлено, що продуктивність нового УФ-детектора з p-n переходом на 

основі ZnO перевершує існуючі фотодетектори з діодами Шотткі на основі ZnO. 
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