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A B S T R A C T  

An ultraviolet photodetector based on hydrothermally grown ZnO nanorods (NRs) on a 

ZnO thin film sandwich structure is reported here. A thin film of ZnO is deposited on a p-

Si(100) substrate by means of RF sputter. ZnO NRs are prepared by the hydrothermal 

method on n-ZnO/p-Si at a molarity (10 mM) and growth times (2 and 3 h) at 90 oC. The 

surface texture is also investigated by scanning electron microscopy. The diameters of the 

ZnO-NRs are found to be in the range of 36 nm to 63 nm. Current versus time (I(t)) 

measurements are performed under the high illumination intensities (50 and 100 mW/cm2) 

and the bias voltages (1, 5, and 10 V). The parameters responsivity (R), sensitivity (S), 

decay time (τd), and rise time (τr), are calculated. Despite the slow τd and τr, the samples 

prepared at 2 h in 10 mM solution perform best due to their high S and R. In particular, the 

S for the Z2 varies between 0.12 and 1.93, while for the Z3 it varies between 0.10 and 0.94. 

The R is 1.36 AW-1 for the Z2, and 0.69 AW-1 for the Z3.
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1. Introduction 

Ultraviolet photodetectors (UV PDs) have become an 

important research topic in recent years due to their wide range 

of civil and military applications such as imaging systems, 

flame detection, atmospheric ozone detection, space 

communications and early missile warning systems (Hirano et 

al., 2001; Sandvik et al., 2001; Pau et al., 2006; Torres et al., 

2007; John & Blum, 2011; Jeong et al., 2013; Chen et al., 2015; 

Chen et al., 2018; Liang et al., 2020). UV PDs based on wide 

bandgap materials such as GaN (Jiang et al., 2015), SiC (Chen 
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et al., 2007) and ZnO (Echresh et al., 2015) have a visible-blind 

advantage over silicon photodiodes. Among these materials, a 

large number of studies in the literature have focused on ZnO 

as a promising semiconducting material for a possible UV PD 

(Li et al., 2013; Ali et al., 2014). In particular, ZnO can be 

grown as various types of one-dimensional (1D) nanostructures 

such as nanocombs, nanorods (NRs), nanobelts, nanoflowers 

and nanopillars. Among them, ZnO NRs have received the most 

attention due to their electron confinement properties, high 

surface-to-volume ratio, good crystallinity and the polar nature 

of the 1D nanostructure (Alsultany et al., 2016; Ozturk et al., 
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2022). Despite their remarkable advantages, ZnO NRs based on 

PDs have a long decay time in the second scale due to the 

oxygen-related hole trap states at the nanorod surface (Soci et 

al., 2007; Hu et al., 2012). The performance of PDs can be 

improved by varying the morphological structure of ZnO NRs. 

For example, Lin et al. (2016) prepared hydrothermally grown 

ZnO NRs PD on Si (100) substrate using a range of precursor 

concentrations. The sensitivity and responsivity are observed to 

increase with an increase in the precursor concentration 

increased. Lee et al. (2016) developed ZnO NR-based PD on 

SiO2 passivation layer. The experimental results show that the 

PD exhibits a slow rise/decay time (55.5/33.1 s), a responsivity 

(0.102 AW-1) at a bias of 5V. The passivation layer is also 

applied to improve the light response of the PDs. Compared to 

non-passivated devices, the passivated device exhibits faster 

rise and decay times. 

In this context, we have investigated the photodetector 

properties of ZnO NR-based PDs. The hydrothermal method is 

used to fabricate ZnO NRs on n-ZnO/p-Si with a molarity (10 

mM) and growth times (2 and 3 h). The photodetector 

properties such as decay time (τd), rise time (τr), responsivity 

(R) and sensitivity (S) parameters are investigated by applying 

solar light illumination intensities (50 and 100 mW/cm2) and 

bias voltages (1, 5 and 10 V). 

2. Materials and Methods 

ZnO seed layers with a thickness of 100 nm were deposited 

on p-Si(100) substrates with a resistivity of 1-10 Ω.cm using 

RF sputter (NVTS 400, Nanovak). Prior to RF sputtering, the 

substrates were immersed in a solution of HF+20.H2O for 30 s 

to remove native oxides and quenched in deionized (DI) water. 

The substrates were then ultrasonically clean using ethanol and 

DI water. The RF sputter was performed at a temperature of 50 
oC with a ZnO target. The pressure of the Ar:O2 (80:20) gas was 

set at 10 mTorr. The RF power output was fixed at 100 W. The 

base vacuum pressure of the sputtering system was set at 1x10-

6 Torr. Immediately after deposition, the samples were 

immediately annealed at 600 oC for 30 min in an air ambient 

air. 

A hydrothermal method was used to grow ZnO NRs on the 

ZnO seed layer. The n-ZnO/p-Si substrates were placed in 30 

ml of a growth solution of DI water with zinc acetate dihydrate 

(Zn(CH3COO)2.2H2O) and hexamethylenetetramine (C6H12N4) 

in an equimolar molar concentration (10 mM). The autoclave 

was kept in an oven at a temperature of 90 oC for a period of 2 

h and 3 h. At the end of the reaction, the samples were washed 

with DI water to remove any residual salts and organic matter. 

They were then dried in an oven at 90 oC. 

100 nm of aluminum (Al) metal was deposited as a Schottky 

or rectifier contact by DC sputter (NVTS 400, Nanovak) on the 

top of a ZnO NRs/ZnO seed layer. These were circular dots 

with a diameter of 2 mm. The deposition chamber was 

evacuated to a pressure of 40 mTorr under Ar gas and the DC 

power was fixed at 135 W. The samples were classified 

according to growth times (2 and 3 h). They were referred to as 

Z2 and Z3 PDs. 

The dimension and orientation of the NRs were evaluated 

by scanning electron microscopy (SEM; FEI Quanta FEG 250). 

The current-time (I(t)) measurements as a function of solar light 

intensity (50 and 100 mW/cm2) and bias voltage (1, 5, and 10 

V) were performed using a Keithley 2400 source meter and a 

solar simulator (Scientech SF300A). The wavelength of the 300 

W Xenon lamp of the solar simulator was in the range of 300 

nm to 2000 nm, which was used to measure the photocurrent. 

The solar light with a frequency of 1.62 Hz was dropped by a 

mechanical chopper. A schematic illustration of the fabricated 

Al/ZnO NRs/n-ZnO/p-Si based PD under the illumination of 

solar light is shown in Figure 1(a).  

3. Results and Discussion 

Top view SEM images of the Z2 and Z3 PDs are shown in 

Figure 1(b) and (c). ZnO NRs grown on ZnO layer/p-Si are 

seen. The average diameters of the NRs of the Z2 and Z3 

samples are 63 nm and 36 nm, respectively. Although prepared 

at the same molarity and temperature in terms of production 

parameters, the diameter of the NRs is reduced by half when 

the growth time is increased from 2 h to 3 h. At the same time, 

these SEM images show that the NRs grow both vertically and 

tilted. The main reason for this situation is that the grains of 

ZnO used as the seed layer is not all in the (002) direction, 

which is the growth orientation of the nanorods. This causes the 

NRs to grow in a tilted form. Furthermore, the quality of ZnO 

NRs is affected by several factors such as precursor 

concentration, growth time, seed layer thickness, pH of the 

growth solution, and growth temperature (Khan & Kim, 2017; 

Abdulrahman, 2020).
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Figure 1. (a) Schematic illustration of the n-ZnO/p-Si PD, SEM images of (b) Z2, and (c) Z3 PDs. 

 

Important parameters used to evaluate the performance of 

the fabricated PDs are R, S, τr and τd. The photocurrent (Iph) 

suddenly increases and reaches saturation as the solar light 

drops onto the PD at an average frequency of 1.62 Hz. The 

photocurrent is expressed as: 

( )pphnphph pnAqI  −=
                                        (1) 

Where; ∆nph and ∆pph are the mean electron and hole 

densities generated by the solar radiation, and ʋn and ʋp are the 

mean electron and hole velocities. As the electric field strength 

in the depletion region increases with an increase in the bias 

voltage, the average velocity of the electrons and holes will be 

higher. This leads to higher photocurrents at higher bias 

voltages (Luo et al., 2006). The current returns to its initial 

value when the solar light is switched off. It has been observed 

that the amount of photocurrent generated increases as the 

intensity of the illumination is increased.  

S, defined in Eq. (2) (Farooqi & Srivastava, 2019), is the 

ratio of the photocurrent (Iph) to the dark current. R is defined 

in Eq. (3) (Abdulrahman, 2020) as the ratio of the photocurrent 

(Iph) to the optical power (Popt) incident on the active area of the 

PDs device.  

drk

drkph

I

II
S

−
=                                                                  (2) 

AP

I
R

opt

ph
=                                                                           (3) 

τr is defined as time taken to increase photocurrent from 

10% to 90% of its maximum increase value in Eq. (4), while τd 

is time taken to reach 10% of 90% maximum increase in Eq. 

(5) (Khokhra et al., 2017; Farooqi & Srivastava, 2019). 

10%90%  −=r                                                                      (4) 

90%10%  −=d                                                                 (5) 

Figure 2 shows the I(t) measurements of the Z2 at a light 

intensity of 50 mW/cm2 and 100 mW/cm2 and a bias of 1, 5 and 

10 V. When a 1 V bias is applied, the dark current is 0.85 μA. 

At 50 mW/cm2 and 100 mW/cm2, it increases to 93 μA and 96 

μA, respectively. At 5 V bias, the dark current is 0.6 mA. The 

currents are 0.99 mA and 1.01 mA as the light intensity 

increases. At a bias of 10 V, the dark current is 1.40 mA, but at 

a light intensities of 50 mW/cm2 and 100 mW/cm2 it has values 

of 3.50 mA and 3.90 mA, respectively (Table 1).     

The I(t) curves obtained at 1, 5, and 10 V bias under 50 

mW/cm2 and 100 mW/cm2 for the Z3 are shown in Figure 2. At 

1 V bias, the dark current is 63 µA. At 50 mW/cm2 and 100 

mW/cm2, it increases to 70 µA and 71 µA, respectively. The 

dark current is 0.57 mA at 5 V bias. At 50 mW/cm2 and 100 

mW/cm2, it is 0.76 mA and 0.80 mA, respectively. While it is 

1.20 mA in the dark at 10 V bias, it is 10.0 mA and 12.0 mA 

when illuminated at 50 mW/cm2 and 100 mW/cm2. 

The values of R, S, τr, and τd, parameters of the fabricated 

PDs calculated from the I(t) measurements in Figure 2 are listed 

in Table 2. When 1 V bias is applied to the Z2 under 50 

mW/cm2 and 100 mW/cm2, the τr is 63.3 ms. When 10 V bias 

is applied, it is 73.6 ms and 62 ms. The τd is 96 ms and 117 ms 

with a bias of 1 V at the light intensities of 50 mW/cm2 and 100 

mW/cm2 respectively, while they are 77 ms and 78 ms with a 

bias of 10 V. The τd decreases with increasing bias at both light 

levels. The S increases with increasing light intensity and bias 

from 0.12 to 1.84 at a light intensity of 50 mW/cm2 and from 

0.13 to 1.93 at a light intensity of 100 mW/cm2. The R increases 

to 1.36 AW-1 and 0.82 AW-1 with increasing light intensity and 

bias. The R increases with increasing light intensity and bias to 

1.36 AW-1 and 0.82 AW-1. 

a b c
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Figure 2. The I(t) measurements of  (a) 1 V at 50 mW/cm2, (b) 1 V at 100 mW/cm2, (c) 5 V at 50 mW/cm2, (d) 5 V at 100 mW/cm2, 

(e) 10 V at 50 mW/cm2, and (f) 10 V at 100 mW/cm2. 

Table 1. Current values depending on light intensity and bias voltage. 

Name Bias (V) Dark current (mA) Current (mA) at 50 mW/cm2 Current (mA) at 100 mW/cm2 

Z2 

1 0.085 0.093 0.096 

5 0.60 0.99 1.01 

10 1.40 3.50 3.90 

Z3 

1 0.063 0.070 0.071 

5 0.57 0.76 0.80 

10 1.20 10.0 12.0 

At light intensities of 50 mW/cm2 and 100 mW/cm2, when 

a bias voltage of 1 V is applied to the Z3, the τr is 32 ms and 26 

ms respectively, while it increases from 60 ms to 69 ms at a bias 

of 10 V. As the bias increases, the τr increases. The τd is 59 ms 

and 22 ms at 1 V bias, and 65 ms and 69.6 ms at 10 V bias for 

50 mW/cm2 and 100 mW/cm2 light intensities, respectively. 

The τr increases with increasing bias. The R increases to 0.69 

AW-1 and 0.41 AW-1 with increasing light intensity and bias.  

Table 2. Photoresponse properties of ZnO NR-based PDs. 

Name Power density (mW/cm2) Bias (V) Rise time (ms) Decay time (ms) Sensitivity Responsivity (AW-1) 

Z2 

50 

1 63.3±6.0 96.0±7.0 0.12 0.006 

5 70.6±0.3 83.0±3.5 0.76 0.25 

10 73.6±1.8 77.0±6.2 1.84 1.36 

100 

1 63.3±5.7 117.0±7.8 0.13 0.003 

5 73.0±1.5 91.0±6.7 0.72 0.13 

10 62.0±1.1 78.0±6.2 1.93 0.82 

Z3 

50 

1 32.0±4.2 59.0±5.8 0.10 0.004 

5 43.0±3.0 63.6±3.0 0.33 0.12 

10 60.0±0.3 65.0±2.9 0.78 0.69 

100 

1 26.0±3.7 22.0±1.6 0.11 0.002 

5 35.0±7.6 61.0±10.6 0.39 0.07 

10 69.0±2.0 69.6±5.7 0.94 0.41 
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4. Conclusion 

A hydrothermal process is used to successfully grow ZnO 

NRs on n-ZnO/p-Si. The diameters of the ZnO NRs are found 

to be in the range of 36-63 nm from the SEM images. Under 

solar illumination intensities (50 and 100 mW/mm2) and bias 

voltages (1, 5 and 10 V), the photoresponse characteristics of 

the ZnO NRs based PDs are investigated. It is observed that the 

parameters R, S, τr, and τd are influenced by the fabricated PDs 

at 90 oC with a molarity (10 mM) and growth times (2 and 3 h). 

The Z2 and Z3 reach the saturation level of the photocurrent at 

all the bias voltages below 50 mW/cm2 and 100 mW/cm2, 

respectively. In comparison, the τr and τd of the Z2 are 62-73.6 

ms and 77-117 ms respectively. The τr and τd of the Z3 are 26-

69 and 22-69.6 ms, respectively. The S for the Z2 is between 

0.12 and 1.93, while for the Z3 it is between 0.10 and 0.94. The 

R is 1.36 AW-1 for Z2 and 0.69 AW-1 for Z3. The sample 

prepared at 2 h in 10 mM solution performs best due to its high 

S and R, despite its slow τd and τr. 
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