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In this work, electrodeposition was used to produce thin 𝑧𝑖𝑛𝑐 𝑜𝑥𝑖𝑑𝑒 layers on n-type 
silicon substrates. It has been investigated how annealing at 400 °C affects the deposit's 
morphological and structural characteristics. 𝑆𝐸𝑀, 𝑋 − 𝑟𝑎𝑦 𝑑𝑖𝑓𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛, and contact 
angle measurements have all been used to study the morphology and structure of non-
annealed and annealed 𝑍𝑛𝑂. Three intense peaks were visible in the 𝑋𝑅𝐷 patterns of 
non-annealed 𝑍𝑛𝑂 thin films along the (100), (002) and (101) planes, however these 
peaks' intensities were different in the 𝑋𝑅𝐷  patterns of annealed 𝑍𝑛𝑂  layers. 
Furthermore, the 2𝜃 diffraction angle shift can be seen in the 𝑋𝑅𝐷 patterns of annealed 
and unannealed 𝑍𝑛𝑂  layers. The contact angle measurements showed that the non-
annealed 𝑍𝑛𝑂  layers are ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 ; however, at a temperature of 400 °𝐶  for 
annealing, the 𝑍𝑛𝑂 layer surface becomes ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐. Finally, 𝑆𝐸𝑀 data validate the 
𝑋𝑅𝐷 and 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑛𝑔𝑙𝑒 findings by showing how 𝑍𝑛𝑂 structure changes from a sand 
rose shape to a granular structure. Additionally, the 𝑍𝑛𝑂/𝑛 − 𝑆𝑖 𝑚𝑖𝑐𝑟𝑜 − 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 
device has been developed and impedance spectroscopy (𝐸𝐼𝑆) has been used to evaluate 
it. Finally, a microcapacitor made of 𝑍𝑛𝑂 𝑎𝑛𝑑 𝑛 − 𝑆𝑖 showed a high specific capacitance 
of 128 𝑚𝐹/𝑔.  
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1. INTRODUCTION

Several studies on various semiconductor materials have
been conducted over the past few decades, including zinc 
oxide (𝑍𝑛𝑂), which has a wide band gap of 3.37 𝑒𝑉  and a 
high exciton binding energy (60 𝑚𝑒𝑉) [1]. 𝑍𝑛𝑂  has gained 
the consideration of numerous laboratories for its diverse 
properties such as structural and morphological, piezoelectric 
and pyroelectric and advantages:  non-toxicity and abundance, 
etc [2-4]. 𝑍𝑛𝑂 is a material that has found numerous uses in a 
variety of fields, including optoelectronics, sensing, energy 
storage or conversion as super capacitors, and solar cells, 
among others, as a result of its intriguing favorable features 
[5,6]. Recently, several studies have been oriented to energy 
storage devices such as super capacitors using   silicon 
material as a substrate combined with different materials 
especially carbon, transition metal oxides, polymer, etc [7,8]. 
Thanks to its good scalability and easy integration with current 
silicon technologies, Silicon presents several advantages for 
its application in energy storage [9,10]. Currently, a number of 
publications have been published about the remarkable 
pseudo-capacitive behaviors of transition metal oxides 
including 𝑁𝑖𝑂 , 𝑉 𝑂 , 𝑅𝑢𝑂 , 𝑀𝑛𝑂  and 𝐶𝑜 𝑂 on silicon 
surfaces [11,12]. It has been shown that these various 

𝑆𝑖/ 𝑇𝑀𝑂𝑠  designs were revealed as good super-capacitor 
electrodes [9,13,14]. Due to its intriguing characteristics, 
including high capacity, natural abundance, and lastly low cost, 
𝑍𝑛𝑂  has attracted the most attention among these different 
metal oxides as an electrode material for superconductors. 
Several methods of ZnO elaborations thin film were reported 
[15]. However, these techniques have a number of drawbacks, 
including the requirement for bulky, expensive equipment and 
certain operating circumstances [16]. The chemical approach, 
such as chemical vapor deposition (𝐶𝑉𝐷) , sol − gel , 
spin coating , spray pyrolysis , and electrodeposition , 
involves creating the film through chemical reactions or 
molecular decompositions [17,18]. The latter has been chosen 
in this work because of its several advantageous such as low 
cost, simple. In addition, the electrodeposition offers the 
possibilities to adjust the deposit properties such as the film 
thickness, shape, porosity, etc. improved interfacial bonding 
between the coating material and the substrate. With the use of 
an oxygen-rich media and a concentrated solution of 𝑍𝑛  + 
𝑖𝑜𝑛𝑠, thin films of 𝑍𝑛𝑂 can be electrodeposited [19,20]. 

In this work, a 𝑍𝑛𝑂 thin layer has been electrodeposited on 
n-type Si substrate and 𝑍𝑛𝑂/𝑛 − type 𝑆𝑖 structure has been
formed and studied. Calculations and evaluations have been
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done to determine how 400 °𝐶 annealing temperature 
affects various 𝑍𝑛𝑂 properties, including 𝑑  (inter −
planar spacing) , V  ( cell volume ), 𝐷  (𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑠𝑖𝑧𝑒) , Ф 
(𝑑𝑖𝑠𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦), and 𝜉 (𝑚𝑖𝑐𝑟𝑜 − 𝑠𝑡𝑟𝑎𝑖𝑛). 𝑋𝑅𝐷, 𝑆𝐸𝑀, 
𝐸𝐷𝑆, and contact angle measurements  were used to 
examine the structure and morphology of 𝑍𝑛𝑂 thin films at 
the annealing temperature. The electrical properties of the 
𝑍𝑛𝑂/𝑛 − 𝑆𝑖 diode construction have also been investigated. 
Through the use of the cyclic voltammetry method (𝐶𝑉) and 
impedance spectroscopy (𝐸𝐼𝑆) , the device's capacitance 
behavior was examined. The 𝑍𝑛𝑂/𝑆𝑖 − 𝑛  device 
demonstrated a good specific capacitance, according to the 
results. 

2. EXPERIMENTAL METHODOLOGY

2.1 Used chemicals 

The substances listed in Table 1 were employed to create 
the solutions, whereas the chemicals products used to clean 
silicon are listed in Tables 2. The substrate is an 𝑛 −
𝑡𝑦𝑝𝑒 𝑠𝑖𝑙𝑖𝑐𝑜𝑛 (𝐶𝑍) substrate with: 

 Orientation: (100) ± 0.5°,
 Resistivity: [0,007 − 0.013]𝑐𝑚, and
 Thickness: [275 − 325]𝜇𝑚.

Table 1. Chemicals employed in the solutions' preparation. 

𝐙𝐢𝐧𝐜 𝐍𝐢𝐭𝐫𝐚𝐭𝐞 𝐇𝐞𝐱𝐚𝐡𝐲𝐝𝐫𝐚𝐭𝐞 
𝑍𝑛(𝑁𝑂 ) − 6𝐻 𝑂, 𝑆𝐼𝐺𝑀𝐴 − 𝐴𝐿𝐷𝑅𝐼𝐶𝐻, 98%, 297.5105𝑔/𝑚𝑜𝑙 

𝐏𝐨𝐭𝐚𝐬𝐬𝐢𝐮𝐦 𝐍𝐢𝐭𝐫𝐚𝐭𝐞 
𝐾𝑁𝑂 , 𝐿𝐴𝐵𝑂𝑆𝐼, 99%, 101.11𝑔/𝑚𝑜𝑙 

𝐒𝐨𝐝𝐢𝐮𝐦 𝐒𝐮𝐥𝐟𝐚𝐭𝐞 
𝑁𝑎 𝑆𝑂 , 𝐿𝐴𝐵𝑂𝑆𝐼, 99%, 142.04𝑔/𝑚𝑜𝑙 

Table 2. The cleaning chemicals items for silicon. 

𝐓𝐫𝐢𝐜𝐡𝐥𝐨𝐫𝐞𝐭𝐡𝐲𝐥𝐞𝐧𝐞 
𝐶 𝐻𝐶𝑙 , 𝑃𝑟𝑜𝑙𝑎𝑏𝑜, 99%, 131,39 𝑔/𝑚𝑜𝑙 

𝐀𝐜𝐞𝐭𝐨𝐧𝐞  
𝐶 𝐻 𝑂, 𝐶ℎ𝑒𝑚𝑜𝑝ℎ𝑎𝑟𝑚𝑎, 99.78%, 50.08𝑔/𝑚𝑜𝑙 

𝐄𝐭𝐡𝐚𝐧𝐨𝐥 
𝐶 𝐻 𝑂𝐻, 𝐶ℎ𝑒𝑚𝑜𝑝ℎ𝑎𝑟𝑚𝑎, 95%, 46.07𝑔/𝑚𝑜𝑙 

𝐀𝐜𝐢𝐝𝐞 𝐅𝐥𝐮𝐨𝐫𝐨𝐡𝐲𝐝𝐫𝐢𝐪𝐮𝐞 
𝐻𝐹, 𝐶ℎ𝑒𝑚𝑜𝑝ℎ𝑎𝑟𝑚𝑎, 10%, 20.0063𝑔/𝑚𝑜𝑙 

2.2 𝒁𝒏𝑶 thin films electrodeposited 

Through this experimental research, the 
chronoamperometry  technique was used to 
electrochemically deposit zinc oxide layers on an n − type Si 
substrate. Prior to being cleaned in three ultrasonic baths, the 
silicon wafers are first sliced with a diamond tip into tiny 
silicon substrates measuring 1𝑐𝑚 by 1𝑐𝑚 . The first one 
includes tricloro − amine  that has been heated for 
20 𝑚𝑖𝑛𝑢𝑡𝑒𝑠  at 60 °𝐶 . The substrates were then heated in 
acetone and ethanol at 55°𝐶 for 10 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 each, followed 
by a DI water rinse  and nitrogen gas flow  drying of the 
wafers. Using a simple three − electrode  setup and a 
straightforward electrochemical  approach, the 
anodic electrodeposition  of the layers of ZnO was carried 
out using Si − n substrates  as the working electrode and 
𝐴𝑔/𝐴𝑔𝐶𝑙 as the reference electrode. The natural oxide layer 

on the silicon substrate  was removed by immersing it in 
10% hydrofluoric acid prior to each electrodeposition. The 
solution, which was made with deionized water  (𝐸𝐷𝐼), 
contains 6.10 𝑀 of zinc nitrate hexahydrate 𝑍𝑛(𝑁𝑂 ) −
6𝐻 𝑂,and 1.10 𝑀 of potassium nitrate 𝐾𝑁𝑂 . During the 
electrodeposition, the temperature (𝑇)  was maintained at 
68°𝐶 , and the deposition process took 30 𝑚𝑖𝑛𝑢𝑡𝑒𝑠.  An 
𝐴𝑢𝑡𝑜𝑙𝑎𝑏  128𝑁  𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑜𝑠𝑡𝑎𝑡 − 𝑔𝑎𝑙𝑣𝑎𝑛𝑜𝑠𝑡𝑎𝑡  and 
𝑁𝑂𝑉𝐴 1.8 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑜𝑓𝑡𝑤𝑎𝑟𝑒  were utilized in all 
experiments. According to Peulon et al. [21], the method of 
increasing the 𝑙𝑜𝑐𝑎𝑙 𝑝𝐻 at the level of the working electrode 
was primarily used to carry out the electrochemical synthesis 
of 𝑍𝑛𝑂. Several studies [19,22,23] claim that the reduction of 
nitrate ions  into hydroxide ions , which then results in the 
precipitation of 𝑍𝑛(𝑂𝐻) , is the first step in the 
electrochemical production mechanism of 𝑍𝑛𝑂. If the 
temperature is high enough; 68°𝐶 in the present investigation, 
Zinc II Oxide will develop from this hydroxide dihydrate, i.e., 
reaction 3. The equations 1, 2, and 3 can be used to 
summarize the order of 𝑍𝑛𝑂 deposition [24,25]. 

𝑁𝑂 + 𝐻 𝑂 + 2𝑒 → 𝑁𝑂 + 2𝑂𝐻  (1) 

𝑍𝑛 2𝑂𝐻 → 𝑍𝑛(𝑂𝐻)  (2) 

𝑍𝑛(𝑂𝐻) → 𝑍𝑛𝑂 + 𝐻 𝑂 (3) 

Cyclic voltammetry  has been used to determine the 
polarization voltage for the 𝑍𝑛𝑂  electrodeposition. Figure 1 
displays cyclic voltammetry with an 𝐴𝑔/𝐴𝑔𝐶𝑙 electrode at a 
scan rate of 10𝑚𝑉. 𝑆  in the potential range of −0.5 𝑡𝑜 −
1,6 𝑉. We see a peak around −1.2𝑉 during the return sweep, 
which is consistent with the production of 𝑍𝑛𝑂 [26]. No peak 
has been seen during the reverse scan direction, indicating the 
absence of metallic zinc [27]. According to numerous works 
[17,24,26], the applied voltage for the 𝑍𝑛𝑂 plating should be 
around −1.2𝑉, according to the results. 

Figure 1. Cyclic voltammogram produced at a rate of scan 
of 10𝑚𝑉  on an n − type silicon electrode (100) in an 

aqueous solution of [𝑍𝑛 ]  =  6. 10  𝑀. 

2.3 Characterisation of materials 

An X-ray diffractometer (𝑋𝑅𝐷, 𝑈𝑙𝑡𝑖𝑚𝑎 𝐼𝑉, 𝐼𝑡𝑚2036𝐸302) 
with a radiation of 𝜆 = 1.54059A° , and a voltage 
generator of 40𝑘𝑉 as well as a tube current of 40𝑚𝐴, were 
used to analyze the structural characteristics of the thin layer 
of 𝑍𝑛𝑂  with no annealing for 400°𝐶 . They scanned the 
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samples from 30 to 80 degrees  at a slew rate of 
5000 degrees per minute with a 0.05 degree step. They used 
a DGIDROP (GBX) to measure the contact angle, depositing 
3𝜇𝑙 drops of EDI  deionized water  on the substrate. An 
integrated digital camera that is managed by standard 
Visiodrop software is part of the system. Through the use of 
an electron microscope,  the 𝐽𝐸𝑂𝐿 𝐽𝑆𝑀 − 6360 𝐿𝑉,  the 
morphologies of the acquired films have been examined. 

3. FINDINGS AND ANALYSES

Figure 2 displays the XRD configurations of the ZnO layer
that was deposited without annealing using the PDXL2 
program that was included with the database (PDF −
2, release 2014, 01 − 073 − 8765).  

We can determine the ZnO  zincite structure 
( hexagonal phase,  space group P63mc  (186) ) from the 
identification bars overlaid on the peaks 31.7° , 34.35° , 
36.19°, 47.55°, 56.57°, 62.74°, 67.73°, 67.83°, and 68.97°. 
The mesh parameters are a = b = 3.254167A°  and c =
5.216132A° . According to the acquired XRD  patterns, the 
deposition of ZnO tends to have a preferred orientation (002) 
with the c axis vertical to the substrate [28]. These findings 
were supported by several works [20,29,30]. 

Figure 2. 𝑍𝑛𝑂 𝑋𝑅𝐷 structures, without annealing 𝑇. 

To achieve a good crystallinity following ZnO deposition, 
T  management during annealing is crucial. Figure 3(a) 
compares the XRD  structures of ZnO  generated at a 400°C 
annealing T  to the ZnO layer  with no annealing. The 
ZnO lattice layers  of alignments (100) , (002) , and (101) , 
respectively, produce 3 strong peaks in the XRD  data with 
reflections from the Bragg angles  at ~31.7° , 34.3° , and 
36.2°, which correspond to the hexagonal type phase. The 
database (PDF − 2, release 2014, 01 − 073 − 8765)  proved 
to be a good fit for the observed diffraction reflections. These 
findings further demonstrate that the formed ZnO layer  is 
oriented in the direction of the C (002) axis [28]. When the 
ZnO layer was annealed at 400 degrees Celsius, the peaks at 
31.7 , 34.3 , and 36.2  degrees became more pronounced, 
indicating good crystallinity and development of the 
ZnO thin layer. Figure 3(b) shows that the peak stations for 
the (100), (002) directions of the annealed ZnO layer were 
slightly displaced to better 2θ values, suggesting that greater 
crystallinity is attained and resulting in excellent accordance 
with that found by Shaban and Zayed [39]. 

Figure 3. (a) 𝑋𝑅𝐷 models 𝑍𝑛𝑂, (b) Comparison of peak 
angle values with and without, with/without annealing. 

The 𝑍𝑛𝑂 𝑙𝑎𝑦𝑒𝑟, which was electrochemically deposited in 
the absence and presence of annealing, respectively, is shown 
in Figures 4(a) and 4(b) together with 𝑆𝐸𝑀 pictures and their 
morphology. The silicon substrate's surface is thickly and 
uniformly coated with a 𝑍𝑛𝑂 deposit, as shown in Fig. 4(a-1). 

(a) 

(b) 

Figure 4. (a) SEM images of ZnO thin films (a) with no 
annealing and (b) with 400°𝐶 annealing at different 

magnifications. 
These can be seen as rosette-tufts of sand that are 

perpendicular to the surface and contain hexagonal micro-
pillars, as can be seen in the inset magnification of Figures 4 
(a-2) and 4(a-3), which shows how numerous writers came to 
this conclusion [22, 17]. Additionally, at a magnification of 
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1𝜇𝑚, Figure 4 (a-2) reveals that the ends of the micro-pillars 
are tapered and have a mean diameter of 0.46𝑚. The structure 
entirely transforms from a sandy pink model (see Figures 4(a-
1, 2, 3)) to a granular structure (see Figure 4(b-1, 2, 3) with the 
grains dispersed in various sizes and randomly aggregated in 
all orientations at the annealing temperature of 400°𝐶. 

Measurements of the contact angle are widely used in order 
to examine the effects of surface treatments, porosity, and 
texturing [31]. In our instance, we looked at how the 400°C 
annealing T  affected the surface of the ZnO.  These 
measurements are made using a drop of 3μl of ultrapure ID 
(deionized water) at room T. The ZnO layer was measured 
first with no being annealed, yielding an angle value of the 
contact of 122.1° (see Figure 4(a-4)). When the deposit was 
annealed at 400°C, the value of this same angle of the contact 
was 72.6° (see Figure 4(b-4)). In the case with no annealing, a 
quantity greater than 90 indicates that the surface of the ZnO 
is hydrophobic [32].  

Since DI is a polar substance that has a very high surface 
energy, this would mean that zinc oxide's surface is also polar 
but has a very small surface area. Energy coming into touch 
with the ZnO  surface and causing the production of beads. 
After annealing at  400°C , the contact value of the angle 
decreased from 122.1° to 72.6°, revealing that the surface has 
become hydrophilic. The reduction in the surface energy and 
the conversion of ZnO  bonds into polar bonds are further 
confirmed by this. 

The 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑠𝑖𝑧𝑒 𝑣𝑎𝑙𝑢𝑒 (𝐷) is calculated by [33]: 

𝐷 =
𝐾𝜆

𝛽 cos 𝜃

(4) 

With: 
𝐾: Scherer’s constant (= 0.9), 
𝜆 : Wavelength (0.15406nm), 
𝜃 : Peak position and the angle of Bragg diffraction in 

radians, and 
𝛽 : FWHM in radians (full-width-half-height). 

The inter − planar spacing (𝑑 ) is computed by [34]: 

𝑑 =
𝑛𝜆

2 sin 𝜃

(5) 

With: 
𝑛: Corresponds to the diffraction order (= 1), 
𝜆 : X − ray wavelength (1.5406 A°), and 
𝜃 : Angle of diffraction in radians, and 

The unit cell volume (V) is estimated by [35]: 

𝑉 =
3

2
𝑎 𝑐 

(6) 

Directly taken from the PDXL2 program, 𝑎 = 𝑏 =
3.254167A°, and 𝑐 = 5.216132A°. The dislocation density 𝛷 
is determined by [23]: 

Ф =
1

𝐷

(7) 

The micro-strain (𝜉) is reported as [31]: 

𝜉 =
𝛽

4 tan 𝜃

(8) 

Table 3 lists the 𝐷 , 𝑉 , 𝑑 , Ф, and 𝜉  values of the 𝑍𝑛𝑂 
layer both before and after annealing. Both with and with no 
annealing, the values for 𝑑 , 𝑉, and Ф were observed. 𝑍𝑛𝑂 
grains' crystal sizes  grew from 18𝑛𝑚  with no annealing to 
20.17𝑛𝑚  at a 400°𝐶  annealing 𝑇. On the other hand, the 𝜉 
decreased when the 𝑍𝑛𝑂 layer was annealed at 400°𝐶, which 
means that the crystal lattice was harder and less detachable 
for the layer annealed at 400°𝐶 than for an unannealed layer. 
These results explain the previous difference in the 𝑆𝐸𝑀 
image results (without annealing, see Figure 4(a-1); with 
annealing, see Figure 4(b-1). Which confirms that the reason 
for the difference in particle size (17.847 to 20.173𝑛𝑚 with 
and without annealing, respectively) is due to the change in 
their shape from the sand rose to the granular form. On the 
other hand, these results also lead to the change of the surface 
roughness, which changes the surface from hydrophobic to 
hydrophilic ( 122.1°  to 72.6°  with and without annealing, 
respectively) 

Table 3. Values of 𝑎, 𝑏, 𝑐, 𝐷, 𝑉, 𝑑 , Ф, and 𝜉 for the 𝑍𝑛𝑂 
layer, before and after annealing. 

Parameter Without 
annealing 

With annealing 
at 𝟒𝟎𝟎°𝑪 

Crystallite size (𝐷), 𝑛𝑚 17.847 20.173 
Inter planar spacing 

(𝑑 ), Å° 
2.63 2.63 

Lattice parameters 
(𝑎 = 𝑏, and 𝑐), Å  

3.25 𝑎𝑛𝑑 5.21 3.25 𝑎𝑛𝑑 5.21 

Cell Volume (𝑉), 𝐴°  47.836 47.836 
Dislocation density (𝛷), 

𝑛𝑚  
0.144 0.144 

Micro strain x 10  (𝜉) 6.76 5.86 

4. FABRICATION AND STUDY OF 𝒁𝒏𝑶/𝑺𝒊 − 𝒏
MICROCAPACITOR

In order to study the electrochemical performances of the 
prepared electrodes and to explore the advantages of the 
obtained morphologies and structure for the application of 
micocapacitors. Cyclic voltammetry (𝐶𝑉) and spectroscopy 
(𝐸𝐼𝑆) measurements were performed using a previously used 
three-electrode system with 1𝑀  𝑁𝑎 𝑆𝑂  as the electrolyte 
solution. The working electrode contains the 𝑍𝑛𝑂/𝑆𝑖 − 𝑛 
sample where the surface of the 𝑍𝑛𝑂 is in direct contact with 
the electrolyte, the backside is completely covered with an 
insulating glue. 

The 𝐶𝑉  is an interesting method to assess the capacitive 
behavior of electrode materials. It is a technique widely used 
to obtain a qualitative knowledge of electrochemical reactions 
[36]. The 𝐶𝑉 curves of the 𝑍𝑛𝑂/𝑆𝑖 − 𝑛 electrode without and 
annealed at 400°𝐶, at different scanning speeds (10, 20, 50, 
100, 200𝑚𝑣/𝑠), immersed in the 1𝑀 𝑁𝑎 𝑆𝑂  electrolyte in 
the voltage range from −0.8𝑉 to 0.2𝑉 are shown in Figures 
5(a) and 5(b), respectively. The same behavior is observed for 
both electrodes (with and without annealing). Also, it shows 
that at a constant bias potential, the current increases with 
increasing sweep rate without any distortion of the 𝐶𝑉 shape 
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at high sweep rate, which indicates an ideal capacitive 
property [37]. Moreover, the preservation of the shape of the 
𝐶𝑉 curves at higher sweep speeds is a good indication for a 
better reversibility as suggested by several authors [38, 39]. 

(a) 

(b) 

Figure 5. Cyclic voltammetry curves of 𝑍𝑛𝑂/𝑆𝑖 − 𝑛 
electrode: (a) without and (b) with annealing at 400°𝐶, for 
various scan rates (10, 20, 50, 100, and 200𝑚𝑉/𝑠), in 1𝑀 

𝑁𝑎 𝑆𝑂  electrolyte.  

The calculation of the specific capacitance 𝐶𝑝 in (𝑚𝐹/𝑔) of 
the 𝑍𝑛𝑂 layer was made following the relation (9) [40]. Where 
∫ 𝐼𝑑𝑣 implies the area of the 𝐶𝑉 curve, when the 𝑍𝑛𝑂 surface 
capacitor is in contact with the charged and discharged 
electrolyte, m designates the mass in ( 𝑔 ) of the active 
electrode, 𝑣 specifies the scanning speeds in (𝑉/𝑠), and 𝛥𝑣 is 
the potential window in (𝑉). 

𝐶 =
∫ 𝐼𝜕𝑉

2. 𝑣. 𝑚. ∆𝑣

(9) 

The specific capacities of the 𝑍𝑛𝑂/𝑆𝑖 − 𝑛 structure without 
annealing and with annealing at 400°𝐶  as a function of the 
scanning speed are represented in Figure 6. It shows, foremost, 
that the two curves present a similar shape and which 
decreases with the increase in the scanning speed [41]. At low 
sweep speeds (10𝑚𝑉/𝑠), the specific capacitance has large 
values of 218𝑚𝐹/𝑔 and 186𝑚𝐹/𝑔, the specific capacitance 
decreases to about 30 − 37𝑚𝐹/𝑔  as the speed increases to 
200𝑚𝑉/𝑠), respectively for the 𝑍𝑛𝑂 layer without annealing 
and with at 400°𝐶 . The accumulation of a high number of 

charges on the surface of the electrode, which leads to a high 
capacitance value, explains the behavior observed at low 
sweep speed. While at higher slew rates the charge mobility 
per unit time increases resulting in less charge accumulations 
at the electrode surface, which lower the capacitance value 
[42], it can be noted that the annealing of the 𝑍𝑛𝑂/𝑆𝑖 − 𝑛 
slightly increases the specific capacity except at the sweep 
speed 10𝑚𝑉/𝑠. 

Figure 6. Specific capacitance curves of 𝑍𝑛𝑂/𝑆𝑖 − 𝑛 as a 
function of scan rate, without and with annealing at 400°𝐶, 
for various scan rates (10, 20, 50, 100, and 200𝑚𝑉/𝑠), in 

1𝑀 𝑁𝑎 𝑆𝑂  electrolyte. 

The study of the charge transfer properties and the ionic 
diffusion of the 𝑍𝑛𝑂  thin layer as a working electrode was 
carried out by electrochemical impedance spectroscopy (𝐸𝐼𝑆) 
measurements under open circuit potential (𝑂𝐶𝑃) in 𝑁𝑎 𝑆𝑂  
electrolyte with a frequency range from 100𝑘𝐻𝑧 to 10𝑚𝐻𝑧. 
The Nyquist diagram, 𝑍” = 𝑓 (𝑍’)  of the 𝑍𝑛𝑂/𝑆𝑖 − 𝑛 
structure with annealing and without annealing and the fitted 
curve using a 𝑅𝑎𝑛𝑑𝑙𝑒𝑠 circuit are represented in Figures 7(a) 
and 7(b), respectively. The two figures exhibited a semicircle 
corresponding to charge transfer resistances 𝑅𝑐𝑡 and a straight 
line, inclined with respect to the 𝑍′ axis, corresponds to the 
electrode effect (Warburg impedance). According to the fitted 
curves obtained by using the 𝑅𝑎𝑛𝑑𝑙𝑒𝑠 equivalent circuits, the 
series resistance 𝑅𝑠  determined from the intercept of the 
Nyquist diagram with 𝑍 'axis in the high frequency region are 
found of about 0 (𝛺) for the two structures with and without 
annealing. However, the charge transfer resistance of the 
annealed structure is found higher ( 450𝛺 ) than the non-
annealed structure (126𝛺) indicated a better charge transfer 
from the solution to the non-annealed structure surface.  

5. CONCLUSIONS

On an n − type silicon  substrate, ZnO thin films  have
been successfully created using the electrodeposition 
technique. It has been designed and investigated to have a 
𝑍𝑛𝑂/𝑆𝑖 − 𝑛  structure. It is also investigated how the 
annealing temperature affects the morphology and structure 
of 𝑍𝑛𝑂 . The findings indicated that annealing at 400°𝐶 
increases crystallinity, resulting in a maximum grain size of 
20.17𝑛𝑚 for 𝑍𝑛𝑂. 
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(a) 

(b) 

Figure 7. Impedance spectroscopy (EIS) measurements 
under open circuit potential (𝑂𝐶𝑃) in 1𝑀 𝑁𝑎 𝑆𝑂  

electrolyte, and the Nyquist plot of the 𝑍𝑛𝑂/𝑆𝑖 − 𝑛 electrode 
(a) without and (b) with annealing at 400°𝐶, for frequencies

from 100𝑘𝐻𝑧 to 10𝑚𝐻𝑧. 

Our research has also revealed that the micro-strain is 
decreased at this annealing T , and that the inter −
planar spacing , dislocation density , and cell volume  are 
comparable to those of unannealed samples. Following 
annealing at 400°𝐶 , the 𝑍𝑛𝑂  layer underwent a structural 
transition from hydrophobic to hydrophilic, as seen by the 
contact angle measurements. It was concluded from 𝑆𝐸𝑀 
images that the annealing 𝑇 entirely alters the structure and 
morphology of the 𝑧𝑖𝑛𝑐 𝑜𝑥𝑖𝑑𝑒  films that were 
electrochemically produced. With no annealing, the 𝑍𝑛𝑂 layer 
displayed a sand rose type structure, which turns granular at 
400°𝐶 . The 𝑍𝑛𝑂/𝑆𝑖 − 𝑛  device's electrical properties, as 
determined by cyclic voltammetry  ( 𝐶𝑉 ) and impedance 
spectroscopy (𝐸𝐼𝑆), showed high specific capacitances of 218 
and 185𝑚𝐹/𝑔  for the two structures with and without 
annealing, respectively. Additionally, the specific capacitance 
for the two structures decreases to 30 and 37𝑚𝐹/𝑔 at low and 
high scanning rates, respectively. We also discovered 
excellent electrical properties for the 𝑍𝑛𝑂/𝑆𝑖 − 𝑛  structure 
without annealing, such as a very low series resistance (almost 
0) and a low charge transfer resistance of 126𝛺.
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