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ABSTRACT 
 

 

 

 

 

 

 

 

The synthesis of photodetectors for ZnO nanostructure films on various 
substrates, including p-type (100) silicon (Si), and porous silicon (pSi), has 
been achieved through the utilization of a straightforward technique known as 
the successive ionic layer adsorption and reaction (SILAR) method. To 
analyze the optical properties, surface morphology, and crystal structure of the 
ZnO layers, UV-Vis spectrometers, field emission scanning electron 
microscopes (FESEM), and X-ray diffraction (XRD) were employed. The 
characterization of the ZnO samples revealed that the number of SILAR 
cycles has a significant impact on the morphology and optical band gap of the 
synthesized layer. The Fourier-transform infrared (FTIR) spectrum 
successfully detected the distinctive extended vibration mode of ZnO. By 
conducting 20 cycles, high-quality hexagonal ZnO was obtained. The 
responsivity of the planar ZnO on silicon (ZnO/Si) and ZnO on the porous 
silicon (ZnO/pSi) surface exhibited variations depending on the substrate 
surface and bias voltage. The results indicated that the (ZnO/pSi) 
heterojunction demonstrated a high response in the visible range (350–850 
nm) at a low bias voltage. On the other hand, the (ZnO/Si) photodetector 
displayed a high sensitivity of 666.66% at a low voltage of 1V in comparison to 
the (ZnO/pSi) photodetector, which exhibited a sensitivity of 483%. 
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1. Introduction 
In recent times, due to its extensive commercial 
and technological application, the photodetection 
device has garnered significant attention. All 
applications require very sensitive devices with 
rapid response speed. There are various types of 
detectors available, with Si-based photodetectors 
and photomultipliers being the most common 
ones (Bayan, 2024). These devices exhibit 
exceptional sensitivity in the light spectrum, 
along with low noise and quick response. Owing 
to its extensive bandgap, affordability, robust 
radiation stiffness, and in-height chemical 
stability (Wisz et al., 2017; Jiang et al., 2023), is 
considered a highly promising candidate for 
manufacturing ultraviolet radiation detectors 
(Khokhra, et al., 2017; Boruah, 2019), high-
temperature lighting diodes (Rahman, 2019; 
Rahman et al., 2023) and visible-UV photo-
detection, (Guo, et al., 2020; Zhang, et al.,  
2020). Laser diodes (Lu, et al., 2019; Al-
Heuseen, Aljameel, and Hussein, 2024). ZnO 
thin nanostructure films were precipitated by 
various techniques, including spray pyrolysis (Al-
Rasheedi, et al., 2022), sol-gel (Al Abdullah et 
al., 2017) pulsed laser deposition (Nikov, et al., 
2017), chemical bath deposition (More, et al., 
2023), electrodeposition (Syrek, et al., 2023), 
successive ionic layer adsorption and reaction 
(SILAR) (Cruz, et al., 2018; Sreedev, et al., 2019; 
Ghos et al., 2021;). The SILAR technique is a 
simple solution process that does not need any 
complicated tools. In SILAR technology, the 
metal ion is adsorbed on the base surface as a 
solitary film, and then the compact film is shaped 
to do the chemical response with the adhesion 
ion and the hydrolysis of the ions (Govender, et 
al., 2014). For some reason, substrate surfaces 
might affect the construction, optical properties, 
and convenience of large-scale deposited films.  
   Nowadays, porous silicon has attracted a lot of 
attention due to its important optical properties. 
We know that crystalline silicon has an indirect 
gap of 1.1eV at room temperature. This leads to 
a very ineffective radiological absorption in the 
near-infrared spectrum. Therefore, the strong 
visible light absorption in porous silicon is quite 
surprising and such a structure can appear in a 
large variety of shapes and particle sizes. It is not 

easy to deposit a large area and high uniformity 
of ZnO nanocrystals on the polished Si 
substrates because of the large mismatch in 
thermal coefficient and lattice constant (Tripathy, 
et al., 2018). The growing of ZnO nanocrystals by 
the SILAR method is the lowest-top approach 
and the morphology of the base surface is an 
important factor in obtaining high-quality 
nanocrystal films. Our results agree with 
Shabannia and Naderi (Shabannia, and Naderi, 
2019); they prepared high-density ZnO on a 
porous surface using the chemical bath 
deposition technique. 
However, according to previous researchers, the 
direct growth or deposition of high-quality ZnO on 
Si substrates was found to be difficult (Wang, et 
al.,2012; Xu, et al., 2015). To overcome these 
problems, some surface pre-treatment 
techniques such as the pours of suffuses. The 
porous silicon (PS) is an intensively studied 
material, which has characteristics of high 
resistance, large internal surface, and strong 
absorbability (Shaoqiang, et al., 2004). 
In our research, the strong absorbability of PS 
was a benefit to us since it was believed that the 
bonding of ZnO on Si substrate could be 
enhanced by the increased surface area. 
Another important property of porous silicon is its 
superior optoelectronic characteristic. Hence, it is 
believed that the combination of ZnO films and 
pours silicon substrate will overcome the 
problems mentioned above and lead to a new 
type of potential functional material. 

2. Methodology 
2.1 Synthesis of porous silicon 
nanostructure  
Porous silicon nanostructures were fabricated 
electrochemically using a boron-doped Si (100) 
wafer. The deposition process employed a Teflon 
container, with the Si wafer serving as the anode 
and the Platinum wire as the cathode. The 

   In this work, ZnO nanostructures have been done 
by a modest, low-cost SILAR technique with various 
cycles of deposition on silicon and pour silicon. 
Substrates formed by electrochemical etching 
technology. The Planar (ZnO/Si), and (ZnO/pSi) 
heterojunction photodetectors were manufactured 
and analyzed. Here we established a high-
performance wide-band photodetector based on a 
(ZnO/pSi) heterojunction assembly. 



 

 
26 

Kakil et al.                                                                                                                                                                            ZJPAS (2024), 36(4);24-32       

 

ZANCO Journal of Pure and Applied Sciences 2024 

 

electrolyte consisted of a mixture of (Hydrofluoric 
acid, HF (49%), and (Ethanol (95%), at a ratio of 
1:4. A current with a density of 25 mA/cm2 was 
applied for 3 minutes. Following the 
electrochemical process, the specimens 
underwent a washing procedure using water 
deionized (DI) and were subsequently dried 
using a hairdryer. 
2.2 Growth ZnO on Si and pSi 

ZnCl2 + 2NH4OH ↔ Zn(OH)2 + 2NH+
4  +  2Cl-                                          

 
Zn(OH)2 + 4NH4+ ↔ [(Zn (NH3)4]

 2+ +2H2O + 2H+         
(zinc complex solution [Zn (NH3)4] 

2+    
                                                                

[Zn (NH3)4]
2+ + 4H2O → Zn(OH) + 4NH4+ +2OH-                

(makes Zn(OH)2 solid)  
   
Zn(OH)2→ZnO+H2O   (makes ZnO solid)                                                        
Varie cycles were prepared (S5, S10, S15, S20, 
Si20, and pSi20) for optical investigation, and 
selected the best cycle for fabricating 
photodetectors. S5 involved five cycles of 
ZnO deposition on a glass base, S10 involved 
ten cycles, S15 involved fifteen cycles, and S20 
involved twenty cycles. Two additional samples 
were prepared, one on a silicon base and the 

other on a porous silicon surface at a rate 
of  twenty cycles. The one-cycle process and 
the creation of a zinc composite [Zn (NH3)4]

2+ 
precursor solution is depicted in figure 1. The 
thickness of prepared ZnO films was measured 
by an optical reflectometer system  (model: 
Filmetrics  F20). The thicknesses of the films 
ranged from 450 to 500 nm according to cycles. 
 

 
 

 

 

  
 
 
 
 
 
 
 

 
 

Figure 1: Schematic illustration of formation of ZnO 

nanostructure using SILAR method. 
 

2.3 Manufacturing photodetectors 

Aluminum(Al) metal with (99.99%) purity was deposited 

using the thermal evaporation unit(model: JEE- 4B/4C) on 

the front surfaces of ZnO on Si and pSi to create the planar 

(ZnO/Si) and (ZnO/pSi) heterojunction photodetectors. The 

Al grid has been coated by using the metal shadow mask. 

The grid-metal contact was comprised of five fingers with 

two interdigitate (electrodes) contacts as shown in figure 1. 

The dimensions of every figure were 0.7 mm and 5.2 mm 

in width and length, respectively. The spacing distance 

between the two fingers was 0.6 mm. The produced 

photodetector has an active area of about 0.4175 cm
2
. The 

optical properties of samples were examined using an 

ultraviolet-visible (UV–Vis) Shimadzu-UV 1800 

spectrophotometer ranging from(200 nm–1200 nm). To 

examine the crystal structures of a sample, a radiation 

source with λ = 1.5406Å wavelength was used with a 

diffractometer, a Shimadzu (XRD) 6000. Cu (Kα). The 

morphology and size of pores were studied by FESEM 

analysis using a field emission scanning electron 

microscope, FESEM type(JEOLJSM-7900F). Fourier-

transform infrared (FTIR) spectra of the ZnO thin films 

   The ZnO nanostructure was synthesized on a glass, 
p-type Si, and pSi base via the SILAR procedure. 
Through utilizing 29% ammonium hydroxide (NH4OH,  
Merck Co. Germany) and 0.1M zinc chloride (ZnCl2, 

99.7%, Merck Co. Germany). To bring the pH of the 
zinc composite ([Zn (NH3)4]2+) solution down to 
roughly 10 ammonium hydroxide was used. Zn (OH) 
was changed into ZnO propylene glycol at 100 . The 
following steps were taken to deposit ZnO films on 
the bases: Immersion 1: For 20 seconds, the bases 
were submerged in zinc ammonia composite [Zn 
(NH3)4]

2+ to allow Zn(OH)2 to precipitate on the bases 
and adsorbed on the base surface. Immersion 2: For 
30 seconds, surface. The bases were submerged in 
hot deionized water to evacuate the ions that were 
adhered to the Zn(OH)2 grains from the surface. 
Immersion 3: ZnO formed on the bases after they 
were submerged in propylene glycol for 20 
seconds at 100 . Following that, the specimens were 
submerged in deionized water in a supersonic tub for 
30 seconds to evacuate propylene glycol, insecurely 
devoted ZnO, and Zn(OH)2 grains deprived of 
any responses. Responses are proceeding as follows: 

  

ZnCl2 
Zn Complex 

solution  [Zn 

(NH 3)4]
+2

 
 

Rinsed by DI 

water for 30 

seconds in 
 

Rinsed by 

propylene 

glycol for 20 

NH4

OH + 

Rinsed by DI 

water for 30 

seconds 
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were measured with an IR prestige-21 FTIR 

Spectrophotometer, Shimadzu 

3.  Results and Discussion 
3.1 ZnO Optical Characteristic 

 

(   )   (     )
 
       ( ) 

 

 
 
Figure 2: The optical bandgap and absorbance of ZnO 

nanostructures for various deposition cycles. 
 
Table 1: Optical band gaps of ZnO nanostructures for 

various number of cycles. 

 
3.2 Structure and Morphology of ZnO 

Current-voltage(I-V)measurements of 
photodiodes were made at various bias 
voltages ranging from 0 to 10 V. The Keithley 
source unit probes (4200 system, Cleveland, 
United States) were connected to the test fixture 
to measure the photodetectors' I–V relationship 
characteristics. For spectra photocurrent 
measurements, a halogen-tungsten lamp of 100 
mW/cm2 was used as a light source. The 
monochromator type (MP-1018B) which monitors 
manually between 100 nm and 1140nm at an 
interval of 10 nm is used. The intensity of the 
halogen lamp over the required range was 
controlled through a current-voltage source.  
 

Figure 2 shows the optical absorbance behavior of 
ZnO nanostructure layers at an annealing 
temperature of 400  on transparency glass as a 
relationship of wavelength, utilizing UV–Vis 
spectrophotometer. It demonstrates that the 
absorbance is increased with deposition cycles from 
5 to 20. In the UV–Vis spectrum, the peaks that 
represent maximum absorption changed depending 
on the cycle deposition from 5 to 20 cycles. 
This could be the result of additional band edge 
absorption that is cycle-dependent. The value of the 
energy band gap of ZnO thin film can be calculated 
from Tauc's plot using the relation: 

   Here, the optical band gap is represented by 
Eg, n=1/2 denotes straight permissible transmission, 
and A is a constant. The onset absorption is 
extrapolated to the energy axis (see the 
inset of Figure 2) to yield the optical band gap Eg. 
Table (1) has the values of Eg recorded. The results 
indicated that the sample with 20 cycles had an 
optical bandgap of 3.39 eV, which is confirmed by 
( Pon, et al., 2021). This occurs as a result of the ZnO 
thin film's initial nonuniform surface morphology, 
which becomes uniform with an increase in cycle 
count. Doing this propriety, these samples were 
selected to manufacture the photodetectors. 

Samples S5 S10 S15 S20 

Energy 

gap (eV) 

3.8 3.68 3.54 3.39 

   Figure 3 shows the x-ray analyses of diffraction of 
(ZnO/Si) and (ZnO/pSi) at a temperature annealing 

400 . The x-ray analyses of diffraction of ZnO grown 
on porous surfaces (ZnO/pSi) are shown in Fig. 3a. 
The patterns display no characteristic reflection of 
ZnO peaks clearly due to porous substrate. The 
broad bands and variations at 69.22° are caused by 
Si pore surface fluctuations. This is an agreement 
with (Shabannia, 2015). 
   Figure 3b shows the x-ray analyses of the 
diffraction of ZnO on silicon surfaces (ZnO/Si). The 
reflection peaks at 2θ= 31.8355°, 34.5207°, 36.2871°, 
47.5808°, 56.6487°, 62.8917, corresponding to the 
peak (100), (002), (101), (102), (110) and (103). It 
was observed that the account for the (002) directed 
peak's significantly higher intensity than other peaks 
because the ZnO nanostructure is high (c = 5.2069 Å) 
oriented and wurtzite crystalline in nature. Every peak 
corresponds to the Powder Diffraction Standards 
(JCPDS) card number. 13597-65-4), except a peak 
that was located at 69.22 which was related to the Si 
substrates. 
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Figure 3: X-ray diffraction of the  (a) (ZnO/pSi) pattern, and the 

(b) (ZnO/Si) pattern. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4: FESEM pictures of (a) (ZnO/pSi) and (b) (ZnO/Si). 

 

3.3 FTIR Investigation  
   Figure 5 depicts the FTIR curve of (ZnO/Si) and 
(ZnO/pSi) fabricated through 15 and 20 cycles and 
subjected to annealing at a temperature of 400  . 
Within the spectrum of (ZnO/pSi), the absorption 
peaks linked to the stretching of Si-O-Si can be 

observed within the interval of (1109-1106.10 cm-1) 
of Si-O-Si in the SiOx peaks of pSi is different 
compared with Si after pore surface by Hf and 
ethanol the area under the curve of Si-O-Si peak had 
been larger compared to Si surface due to oxidation 
during the process. The identification of peaks in the 
spectral range of 459-460 cm-1 is attributed to an 
asymmetrical distortion (Kayahan, 2010; Parler, et al., 
2001; Singh, et al., 2011). The intensity and the area 
under the peaks of this symmetric stretch vibration 
are increased with increasing the number of cycles of 
deposition. The amplitude and the integral of the 
peaks of this symmetrical stretching oscillation exhibit 

an increase as the number of deposition cycles 
progressively increases. 

 

 
 
Figure 5: The FTIR curve of (a) (ZnO/pSi), and (b) (ZnO/Si) by 15 

(red line) and 20 (blue line) cycles. 
 

3.4 I-V Characterization 

4. The relationship of current-voltage (I–V) of the 
planar (ZnO/pSi)  and (ZnO/Si)  photodetectors 

with and without illumination100 mW/cm-2 
(halogen lamp) is shown in Fig.6. The planar 
(ZnO/pSi) and (ZnO/Si)  photodetectors consist of 
two interdigitated Schottky contacts (‘‘fingers’’) 
deposited on top of the ZnO layer as shown in 
inset figure 6. The (I–V) curves were measured 

   Figure 4 shows the field emission scanning electron 
microscopy surface of the (ZnO/Si) and (ZnO/pSi) 

samples. It was found that the diameter of the ZnO 
nanocrystals was in the range of (20-50 nm) and 
nearly associated with the characteristics of the 
surface substrate. The density growth rate of ZnO on 
the pSi surface is smaller than Si due to the pore 
surface and some of ZnO has appeared inside the 
pore if we compare with figure 4b. However, the size 
of ZnO on each surface (Si and pSi) is the same. This 
means the surface of substrates is not affected by 
size ZnO only the rate of growth has been changed. 
In another way, the silicon substrate causes the 
particles ZnO to be grouped due to a mismatch 
between Si and ZnO. 

   In contrast, the FTIR curve of (ZnO/Si) exhibits 
notable distinctions compared to that of (ZnO/pSi). 
The peaks corresponding to Si-O-Si and Si-Si were 
observed to be significantly diminished, suggesting a 
reduced level of oxidation and distortion on the silicon 
surface. Furthermore, the Si-O band appeared to be 
smaller in magnitude when compared to the porous 
surface. Notably, a minute peak assigned to the Zn-O 
band was detected within the range of 459-460 cm-1. 
This particular band was only observed in the case of 
ZnO deposition on the porous base, indicating a 
higher affinity of the porous surface for capturing ZnO 
particles in comparison to the silicon surface. 

A B 
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using a bias of  0 to 10 V at room temperature. 
The dark (I–V) curve of the (ZnO/pSi) 
photodetector is different from the (ZnO/Si) 
photodetector. The photodetectors have different 
dark currents due to the different substrates. As 
the light reaches the photodetector, the ZnO 
nanostructure layer captures high-energy photons. 
Photon-produced charge carriers will be attracted 
to the metal contacts by fitting the bias voltage, 
and a photocurrent will be generated. The (I-V) 
characteristics of the (ZnO/pSi)  photodetector are 
shown in figure 6a; this system has a higher 
forward photocurrent than the (ZnO/Si)  

photodetector since it contains a large surface-to-
volume proportion and double heterojunction 
structures. Furthermore, a noticeable response 
has been observed at zero bias voltage. Figure 6b 
depicts the I-V curve of a (ZnO/Si)  photodetector. 
In this planar heterojunction package, the current 
passes through the interface between the Si and 
ZnO layer at a voltage greater than 3 V, which is 
due to the nonlinear I-V curve, as shown in 
comparison(Kayahan, 2010), while in the case of 
a (ZnO/pSi) heterojunction, there is a large 
forward dark current, which is maybe due to 
charge carriers moving through the porous layer 
and layer interfaces. 

 

   

 
Figure 6: The relationship (I-V) of (a) (ZnO/ pSi), and (b) (ZnO 

/Si) photodetectors at( forward bias voltage). 

 
 
 
 
 
 

 

 
 
Figure 7:  Photocurrent Spectral of planar (a) (ZnO/pSi), and (b) 

(ZnO/Si) photodetector at 5 volts. 
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   The photocurrent spectrum for (ZnO/pSi)  and 
(ZnO/Si)  photodetectors in the range (300-800 nm) 

wavelength are shown in Fig.7. The photocurrent 
spectral characteristics of both photodetectors were 
measured at 5 V bias voltage. The photocurrent (Iph)of 
each wavelength is equal to I-Idark, where I is a 
combination of photocurrent and dark current. In this 
spectrum under the UV light, the observed 
photocurrent has resulted from the generation of 
electrons in the ZnO layer so at 400 nm the current 
drops sharply due to heterojunctions between ZnO 
and Si, pSi also the photocurrent of (ZnO/pSi) is 
greater than (ZnO/Si). The best performance of each 

detector is the response to UV and visible light. The 
response of visible light of both lights with photon 
energy greater than the band-gap value is absorbed 
by the silicon and porous silicon, the photocarriers 
are excited through the metal-semiconductor-metal 
junction, giving rise to a change in electrical 
conductivity. 

   Table 2 displays the Responsivity of the (ZnO/pSi) 

and (ZnO/Si) under varying applied bias voltages of 1, 
5, and 10 Volts. The responsivity (R) is given by the 
ratio of photocurrent (Iph) to incident photon power 
(Pin). ( Lan, et al.,2015). 
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 ( )  
         

     
         ( ) 

 
 

Where Idark is the sample current in the dark, and Iph is 
the sample current when the sensor is exposed to 
light. The sensitivity of photodetectors was 
determined by using Eq.3. Figure 8 shows the 
photodetector’s sensitivity of (ZnO/pSi) and (ZnO/Si) 
by varying the bias voltage within the range of 0-10V 
under illumination. It is evident that as the bias 
voltage is raised, the photodetectors' sensitivity 
decreases. As the planar is mounted on a silicon 
base, it has a sensitivity of 680 % due to a small dark 
current and high dark conductivity, compared to a low 

voltage for (ZnO/pSi) equal to 270 %. Table (2) 
indicates the highest sensitivity at 5 V, which was 
compared to another comparison (Lam, et al., 2017).  

 

 
Figure 8: The photodetector sensitivity of (ZnO/pSi), and 

(ZnO/Si) as a varying of bias voltage. 

 
5. Conclusion  

Acknowledgments 

   Where (Iph) was the generated photocurrent (in mA) 
equal to Iph = Ilight -Igark and Pin was the input power of 

the Halogen-Tungsten light (in Watt).  The results 
stated that the responsivity of ZnO/Porous silicon 
photodetector is higher than ZnO/silicon. At low 
voltage, it is equal to 10.833 A/W and 3.607 A/W 
respectively. At high voltage (Voltage = 10 V) the 
responsivity is equal to     46.583   A/W for (ZnO/pSi) 
and 23.111 A/W for (ZnO/Si). The device reported in 

this article is better than the previously reported 
photodetectors (Mohammad, et al., 2015; Al-Hardan, 
et al., 2015; Shaikh, et al.,2016; Lam, et al.,2017).  

Table 2: The Sensitivity and Responsivity of (ZnO/pSi) 
and (ZnO/Si) (prepared by 20 cycles). 

Devices Voltage 
(V) 

Sensitivity% R 
(A/W) 

Ref. 

ZnO/porous 
silicon 

1 666.66 10.833  This work 

ZnO/porous 
silicon 

5 75 3.888 This work 

     

ZnO/porous 
silicon 

10 222 46.583 This work 

ZnO/ silicon 1 483 3.607 This    work 

ZnO/ silicon 5 305 16.278 This work 

ZnO/ silicon 10 223 23.111 This work 

ZnO/Au/ZnO 
 

1 71.4 2.5 
A/W 

 

(Mohammad, 
et al., 2015) 

P-
NiO:ZnO/Al:ZnO 
 

5 1834 5.4 
A/W 

 ( Al-Hardan, 
et al., 2015) 

ZnO 
Nanorodes/Cds 

5 140 3.83 
A/W 

 

 (Lam, et al., 
2017) 

Al/ZnO:ITO 
NW/Al 

5 - 28.2 
A/W 

(Shaikh, et al., 
2016) 

The sensitivity (S) is defined as the ratio of 
photocurrent and dark current, as expressed in Eq. 3 
below (Naderi, and Hashim, 2013) 

The thin film ZnO nanostructure was successfully 
developed on the pSi, Si, and glass substrates using 
the SILAR method at various substrate deposition 
cycles. The investigation focused on studying the 
impact of varying precipitation cycles on the 
morphology and optical characteristics of thin ZnO 
nanostructures. The optical band gap improved with 
the number of deposition cycles. The XRD 
measurements showed that a preferential orientation 
in the (002) direction, with a minimum of ZnO on the 
Si substrate and no reflection peak, appears of ZnO 
on pSi due to the pore surface. The nonporous 
structures play an important role in photodetector 
characterization, in which larger specific surface 
areas are a benefit for enhancing responsivity. 
Therefore, the planar (ZnO/pSi) has high 
responsivity10.833 A/W compared to (ZnO/Si) 3.607 

A/W, particularly in the long visible wavelengths at 
low bias voltage, but the sensitivity is opposite at the 
same voltage. The results evidence that the SILAR 
technique is a modest, low-priced process for 
producing high-responsivity and sensitivity 
photodetectors without the use of complex 
procedures. 
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