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Abstract
Transparent conducting Copper oxide CuO thin films were successfully synthesized 
on glass and n-type Silicon substrates by successive ionic layer adsorption and reaction 
method. The crystal structure, surface texture, optical and electrical properties were stud-
ied. The results revealed that the deposited CuO thin films at different cycles number (5, 
10, 15), have polycrystalline structure nature with monoclinic phase, and the crystallite 
size increases with the increase of cycles number. The average roughness and the root 
mean square values increase with increasing cycles number. The optical energy band gap 
and Urbach energy was decrement from 2.33 eV and 1.2 eV for 5 cycles to 2.1 eV and 
0.82 eV for 15 cycles. The electrical properties of Ni/CuO/n–Si pn junction were studied 
using current–voltage (I–V) measurements. The barrier heights (�

B
) of Ni/CuO/n–Si thin 

films were calculated and its values are (0.716, 0.736, 0.723) eV, for 5, 10 and 15 cycles 
respectively with an applied bias voltage of 3 V.

Keywords CuO nanostructure · Thin films · SILAR method · Surface topography · CuO/n–
Si junction

1 Introduction

A semiconductors pn junction plays very important roles in the newest of electronic appli-
cation technology and in understanding the act mechanism of other semiconductor devices 
(Sze 2002; Shinde et al. 2018). Copper oxide CuO is one of the most important compo-
nents of the metal oxide semiconductor, involving both IB and VIA group elements in the 
periodic table, where IB and VIA represent group 11 and group 16 of the periodic table of 
the elements (Gençyılmaz and Taskoprü 2017). P-type, monoclinic structure with narrow 
band gap (1.2–2.1) eV at room temperature (Sahu et al. 2019; Du et al. 2019). In recent 
years CuO thin films attracted scientific research attention in a wide range of applications 
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in optoelectronic and microelectronics fields such as glucose, gas and bio sensors (Cavu-
soglu and Aydin 2019; Han et  al. 2018), solar hydrogen production, photodegradation 
and solar energy transformation (Chang et al. 2011), catalysis (Teng et al. 2008), batter-
ies (Chen et al. 2019), and magnetic storage media (Gao et al. 2010). A variety of growth 
techniques have been used to synthesize CuO nanostructure such as sputtering (Feng et al. 
2011), electrodeposition (Wang et al. 2014), thermal oxidation/physical vapor deposition 
(PVD) (Valladares et  al. 2012), chemical vapor deposition (CVD) (Albores et  al. 2012), 
sol–gel (Das et al. 2011), chemical bath deposition (CBD) (Bayansal et al. 2012), and suc-
cessive ionic layer adsorption and reaction (SILAR) method (Taysioglu et al. 2009).

Within these techniques, the new solution method modified Chemical bath deposi-
tion (m-CBD) called SILAR method, which has many advantages such as a very simple 
method, low cost, deposition at low temperature, safe, environmentally friendly and suit-
able for large areas deposition (Cavusoglu and Aydin 2019; Kovacı et al. 2018). Moreover, 
SILAR method is a very easy way to adding impurities of any element to the material of 
the thin film, the high-quality substrates and the vacuum at any stage does not required, the 
cycles number and the cycle time can control the thickness of the deposited films, and dif-
ferent types and dimensions of substrate material can be used (Shinde et al. 2018; Taysioglu 
et al. 2009; Bayansal et al. 2013). The thin films growth using SILAR method takes place 
only heterogeneously on the solid–solution interface because of the rinsing step between 
the cation and anion immersions. In (m-CBD) SILAR method the main disadvantage is 
the formation of hydroxide phase firstly which is converted to the oxide after the annealing 
process (Bayansal et  al. 2013). In the present work, Ni/CuO/n–Si pn junction structures 
were fabricated by a simple method which the semiconducting layers were deposited by 
SILAR method. The effect of deposition cycles number on the structure, surface texture, 
optical and electrical properties of CuO nanostructure thin films was investigated.

2  Experimental details

Copper oxide thin films have been deposited on two substrate types glass and (111) orienta-
tion n-type Si. The glass substrates were chemically cleaned in an ultrasonic bath using sulfu-
ric acid solution  H2SO4:H2O, 1:5, v/v, acetone, and deionized water for 10 min for each one. 
Whereas the Silicon substrates were cleaned with wet chemical etching using the RCA clean-
ing method prior to deposition (Selman et al. 2014). In the first step, to remove organic con-
taminants and heavy metals from the surface a 1:1:5 by volume solution of  NH4OH:H2O2:H2O 
was used. In the second step, to remove aluminum, magnesium, and light alkali ions a 1:1:5 
by volume solution of HCl:H2O2:H2O was used. Each step was performed with placid heating 
at 75–80 °C on a hot plate for 10 min. After each step, the wafer was rinsed with deionized 
(DI) water. The native oxide on the Si surface was subsequently removed in the third step. The 
wafer was immersed into the plastic container containing diluted HF solution (HF:H2O, 1:50 
v/v) for 20 s. The Si substrate was then directly removed from the solution and stored in DI 
water for 5 min. Finally, the sample was dried using nitrogen gas before deposited CuO thin 
films. SILAR (m-CBD) method was used for the deposited of CuO thin films on the glass and 
polished n-Si substrates. 0.1 M copper chloride solution was obtained by dissolved 1.7048 g 
of  CuCl2.2H2O copper (II) chloride dihydrates in 100 mL of deionized water under stirring in 
a magnetic stirrer at room temperature for 10 min. The pH value of the solution was adjusted 
to 10.0 by adding dropwise aqueous ammonia  (NH3 30%). The solution was heated up to 
90 °C and during the experiments the temperature was kept constant. One SILAR cycle can 
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be described as reported previously (Ali et al. 2018; Alkhayatt and Ali 2018): (1) A previously 
cleaned glass and Si substrates were dipped into the solution for 20 s, (2) then it was rinsed 
into deionized water for another 20 s to remove large and loosely bonded ions, (3) finally the 
substrates were dried in hot air atmosphere (simple hair dryer can be used) for 20 s. These 
steps were repeated for 5, 10 and 15 times. Then the prepared samples were cleaned in the 
ultrasonic bath for 10 min in order to detach bigger and tightly bonded particles before the 
analysis. Pure Ni metal was evaporated on CuO deposited films (using shadow mask), and 
on the back of the Si wafer (Ohmic contact) in a vacuum system of (1.3 × 10−5 mbar) using 
Edwards Auto 306 thermal Evaporator. The Ohmic sides (Si back sides) were covered with 
photo-resist to prevent the growth of CuO on it. In this way, Ni/CuO/n–Si pn junction struc-
tures were fabricated. The structural, surface texture, optical and electrical properties of the 
prepared samples were studied by using X’Pert Pro MPD x-ray diffractometer, AFM atomic 
force microscope CSP model AA3000, Mega 2100 UV–Vis spectrometer and Keithly model 
2400 respectively. Moreover the thickness of the deposited films was calculated using weight 
method.

3  Results and discussion

3.1  Structural studies

3.1.1  X‑ray diffraction

The crystal structure of the deposited films were investigated by x-ray diffraction. The X-ray 
diffraction patterns of CuO thin film deposited on glass substrate at different cycles number 
(5, 10 and 15) cycles by SILAR method are depicted in Fig. 1. The deposited CuO film at 5 
cycles number reveals very low crystallinity and the crystallinity enhanced with increase of 
cycles number. CuO films deposited at 10 and 15 cycles number was found to have polycrys-
talline nature and grown in the monoclinic crystal structure and match well with JCPDS card 
41-0254. It is observed that the main peaks appeared at 2θ = 32.5°,35.19° and 38.7° which are 
belong to (110), (002), (111) planes, respectively. The preferred orientation is a long (002) 
and (111) plans at 2θ = 35.5° and 38.7°, the intensities of these peaks increased with increase 
cycles number which can be attribute to the increase of films thickness where the crystallite 
size increase and the film crystallinity enhanced. The broadening of diffraction peaks can be 
attributed to the nanocrystalline nature of CuO materials. The value of the full width at half 
maximum FWHM decrease with increase cycles number as illustrated in Table 1. The inter 
planer spacing  (dhkl) can be calculated using Bragg’s law (Quinn and Soo Yi 2009):

The crystal phases available for CuO are monoclinic structure. Monoclinic phase is char-
acterized by determining the (a, b, c) lattice constant from X-ray differaction pattern using 
the following formula (Waseda et al. 2011):

The values of interplaner spacing  dhkl and the lattice constants was in good agreement with 
standard values as shown in Table 1 and they are well matching with standard values. The 
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crystallite size (D) of CuO thin films was calculated from FWHM, using Scherrer’s For-
mula (Kahraman et al. 2012):

where (k) is the shape factor (0.94), (λ) is the X-ray wave length, (θ) is Bragg angle of the 
diffraction peaks and (β) is the FWHM in radian. The crystallite size (D) of CuO thin films 
increased with increase cycles number, which can be attribute to the increase in the deposi-
tion time and film thickness, as shown in Table 2. The crystal defects such as dislocation 
density (δ) which was defined as the number of dislocation lines cross the unit area in the 
crystal, was determined using the formula (Callister 1997):

(3)D =
kλ

βcosθ

(4)δ =
1
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Fig. 1  XRD patterns of CuO thin films deposited at different cycles number (5, 10, 15)

Table 1  XRD data of CuO thin films prepared at different cycles number

Cycles number 2θ
Degree

d(Å)
Observed

d(Å)
Standard

(hkl) a (Å) b (Å) C (Å) FWHM
(degree)

5 32.355
38.751

2.7670
2.3237

2.7520
2.3230

(110)
(111)

4.761 3.424 5.132 0.11
1.57

10 31.996
35.133
38.337

2.7971
2.5543
2.3479

2.7520
2.5310
2.3230

(110)
(002)
(111)

4.915 3.424 5.179 0.11
0.47
0.94

15 32.535
35.192
38.209

2.7521
2.5502
2.3554

2.7520
2.5310
2.3230

(110)
(002)
(111)

4.688 3.421 5.171 0.11
0.31
0.39
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The value of dislocation density decreased with increase cycles number and it is obvious 
that the enhancement in the crystallinity reduce the dislocation crystal defects as illustrated 
in Table 2. The crystallites number (N) was determined using formula (AliYıldırım and 
Ateş 2010):

The value of the crystallites number (N) decrease with increase cycles number which 
related to the increase of crystallite size as illustrated in Table 2.

The lattice micro-strain (ε) is the percentage of deformation of the material during the 
growth of the film or arises from expansion or compression and can calculate from the fol-
lowing relation (Ashraf et al. 2011):

The lattice micro-strain (ε) deposited at different cycles number is found to be expansive 
in nature and decreased with increase cycles number. The strain represents the shift of the 
constant  cXRD value from JCPDS standard value which can be calculated by using equation 
(Thahab et al. 2016):

The value of strain at different cycles number was decreased with the increase of the cycles 
number as shown in Table 2.

3.1.2  Atomic force microscope (AFM)

Atomic force microscopes (AFM) is suitable for display images the surface topography 
of the deposited CuO thin films when the surface grains sizes are far below one micron. 
Figure 2a–c reveals the AFM images of CuO thin films deposited at different cycles num-
ber. The results showed that deposited CuO thin films exhibit variable surface texture. The 
obtained results of the deposited films retrieved from the possibilities on tailoring the sur-
face texture of the CuO thin films by changing cycles number. At different cycles num-
ber, the average roughness and the root means square (RMS) values increases with the 
increase of cycles number as shown in Table 3. From Fig. 2 and Table 3 the RMS rough-
ness for CuO deposited at 5 cycles number was 0.59 nm and increases to 42.5 nm with the 
increase of cycles number to 10 cycles. This big difference can be attributed to following, 
the nucleation process was began and occurred at low cycles number with a low surface 

(5)N =
t

D3

(6)ε =
β cos θ

4

(7)Strain =
||||

CXRD − CASTM

CASTM

||||
× 100%

Table 2  The thickness, crystallite size, dislocation density, no. of crystallites, micro strain and strain of 
CuO thin films as a function of deposited cycles number

Cycles Number 
For (111) plane

Film thick-
ness (nm)

Crystallite 
size D (nm)

� × 10
14 
(
m

−2
)

N ×10−22 (
line ⋅m

−2
) ε* 10−3 Strain ×10−3

5 97.37 5.85 320.08 557.606 6.47 1.013
10 140.64 9.30 115.5 174.604 1.96 0.915
15 302.07 22.32 20.07 27.163 1.30 0.759
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area, whereas with the increase of cycles number to 10 cycles the growth process occurred 
and take place with high surface area. As well as the increase in deposition cycles number 
lead to increase of film thickness and large grain formation with high porosity (Abdallah 
et al. 2018; Ganesan et al. 2019). Therefore the RMS roughness was increased and reach 
48.6 at 15 cycles number.

3.2  Optical studies

The deposition cycles number in the SILAR method, effect on the optical characteristics of 
the prepared CuO films. A plot of optical transmittance of CuO films as a function cycles 
number in the wavelength range of 400–1000 nm was shown in Fig. 3. The film has low trans-
mittance about 28% in the visible region (400–700) nm at cycles number more than 5 cycles 
whereas the film deposited at 5 cycles has the highest transmittance which about 76% in the 
NIR region (800–1000) nm. The transmittance was decreased gradually with an increase in 
deposition cycles number and increase the film thickness. The low transmittance in the visible 
range can be attributed to a high absorbance and the highest absorbance values are observed at 

Fig. 2  AFM Images of CuO thin film at cycles number: a 5 cycles, b 10 cycles, c 15 cycles

Table 3  The average roughness, 
root mean square roughness 
and the average grain diameter 
of CuO thin films deposited at 
different cycles number

Cycles number Roughness aver-
age (nm)

Root mean 
square (nm)

Avg. 
diameter 
(nm)

5 0.499 0.59 97.45
10 36.5 42.5 98.15
15 41.4 48.6 84.06
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the highest deposition cycles number and highest film thickness (Table 4). On the other hand, 
CuO film is suitable as an absorber layer in solar cell construction and applications (Moumen 
et al. 2017).

For the direct semiconductor materials the optical energy band gap Eg was calculated from 
the absorption spectra using Tauc relation (Polat et al. 2011):

Where α is the absorption coefficient, hυ is the incident photon energy and (C) is an energy 
independent constant. Hence, in order to study the effect of cycles number on the optical 
energy band gap, (αhυ)2 is plotted versus ( hυ) as shown in Fig. 4. The linear nature of the plots 
indicates the present of direct transitions, at high photon energy from the obtained straight 
line, the direct allowed energy gap could be determined as listed in Table 4. It can be noted 
that Eg values of the films have a linear dependence on cycles number which mean that the 
increase of cycles number lead to decrease in the Eg values of prepared films from 2.33 eV for 
5 cycles to 2.1 eV for 15 cycles. This can be related to the increase of the crystallite size and 
the enhancement in the crystallinity by increasing of film thickness which leads to increase the 
localized density of states with in the band gap as increase of cycles number.

In energies lower than the optical energy gap there is an absorption tails which is called 
Urbach energy ( Eu ), such tails in films are formed mainly by volatility in bond angles and 
length.

In the fundamental absorption edge at the exponential region, Urbach rule can be expressed 
as (Alkhayatt and Hussianb 2017):

(8)(αhv) = c
(
hv − Eg
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Fig. 3  Optical transmittance spectra of CuO films at different cycles number
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where (αo) is constant and (Eu) is Urbach energy, which represent the slope of the expo-
nential region by plot the curve between (ln α) as function of (hv)(Ilica et al. 2008). This 
equation can describe the optical transition between the occupied valence band tails levels 
to the unoccupied extended levels in the conduction band edge. From Table 4 it can be seen 
that ( Eu ) decreases with the increase cycles number. Amorphous and disorder are usually 
related to the crystal structure defects in the material, which leads to a widening of the den-
sity of states in the band edge tails. Where the decrease in Urbch energy tails can be attrib-
ute to the decrease of density of states and the localized state within the band gap from the 
increase of film thickness by increase of cycles numbers (Alkhayatt and Hussianb 2017; 
Alkhayatta et al. 2016) (Fig. 5).
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3.3  Electrical studies

The I–V characteristics of p-CuO/n-Si hetero-junctions measured under dark current at a 
different cycles number were shown in Fig. 6. As shown in this figure, the reverse currents 
are very weak and the forward currents increase sharply with the bias voltage, the current 
increase with the increase cycles number and increase voltage above (1.5 to − 1.5) volt 
becomes increasing current none gradually. This testifies that the samples show apparently 
a rectifying behavior, and a built-in potential is formed in all the samples.

Figure  7 shows the I–V characteristics of Ni/p-CuO/n-Si hetero-junctions measured 
under light current at a different cycles number. From the figure, the forward currents 
slightly increase and the reverse currents are not very weak, with the increase of bias volt-
age, the current increase with the increase of cycle number and increase voltage above (2 
to − 2) volt becomes increasing current un gradually. This certifies that the samples show 
obviously a rectifying behavior, and a built-in potential is created in all the samples.

These results can be attributed to the improvements in the crystallinity and the crystal 
structure of the prepared thin films which lead to a narrow energy band gap and therefore, 
the electrons need lower energy to traverse the band gap so, it can be noted that the photo-
current be higher after increasing cycles number.

Table 4  The optical properties 
of the CuO thin films at different 
cycles number

Cycles number Thickness (nm) Eg (eV) Eu (eV)

5 97.37 2.33 1.2
10 239.47 2.28 0.53
15 302.07 2.1 0.82
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ferent cycles number
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Schottky barrier height was specified from I–V characteristics, for thermionic emis-
sion and 

(
V > 3kBT∕q

)
 , the general diode equations are as follow (Akosoy et al. 2010; 

Sze 1989):

Where 
(
I◦
)
 : saturation current, (n): ideality factor, (kB) : Boltzmann constant, (T): absolute 

temperature, (�B) : barrier height, (A): area of the Schotkky contact and ( A∗) : effective 
Richardson coefficient. The theoretical value of ( A∗) can be calculated using the following 
equation (Abud 2014; Ng 1995):

where (h): Planck constants, (m∗ ∼ 7.9m◦ ) is the effective hole mass.
The plot of ln I versus V showed a straight line, and (I◦ ) is determined from the inter-

cept with ln I (y-axis) as shown in Fig. 8. It was found that the barrier height for Ni/
CuO/Si was increased with increase cycles number and has a lower value 0.716 eV at 5 
cycle as compared to that of Ni/CuO/Si deposited at 10 cycles 0.736 eV and at 15 cycles 
0.723 eV. This can be attributed to the fine surface texture of CuO thin film deposited on 
Si substrate and the impact of the Si substrate background conductivity on the surface 
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sheet resistivity of CuO film which leads to enhancement the CuO–Ni thin film-metal 
interface properties after the increase of deposition cycles number (Table 5).

4  Conclusion

In this work, Ni/CuO/n–Si pn junction was synthesized by SILAR method. The crystal 
structure, surface texture and optical characteristics of CuO thin films, as well as the junc-
tion electronic parameters, were studied as a function of cycles number (5, 10 and 15). 
The crystillinity was enhanced and the crystallite size (D) increase, with increase cycles 
number with less dislocation density and crystal defects. Whereas the transmittance and 
the absorption edge red shifted. The optical band gap ( Eg ) and Urbach energy  (Eu) decrease 
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Fig. 8  ln I versus V for forward bias of dark for the prepared p-CuO/n-Si heterojunction at 5, 10 and 15 
cycles

Table 5  η, γ, ΦB and Is values of 
CuO/Si heterojunction

Ni/CuO/Siat η γ (V)−1 ΦB Is (μA)

5 cycles 1.62 0.427 0.716 2.17
10 cycles 1.69 0.558 0.736 0.97
15 cycles 2.22 0.647 0.723 1.61
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with increase of cycles number, so the prepared films was suitable material for prepara-
tion of solar cells and other optoelectronic devices. Smooth surface texture and the aver-
age roughness were increase with increase cycles number. I–V characteristics revealed the 
lower barrier height on Ni/CuO/n–Si pn junction at 5cycles and increase with the increase 
of deposition cycles. These results related to the improvement of CuO/Si thin films inter-
faces with Ni contact surface. The results reveal that the low-cost SILAR technique is a 
suitable method for deposited CuO thin film.
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