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Abstract
The effect of hydrogen and nitrogen impurities on the physical properties of transparent conductive oxides is investigated 
in this study. Therefore, 5 wt.% of copper and 5 wt.% of nickel co-doped zinc oxide ((Cu–Ni)/ZnO) films were prepared 
using the sol–gel method. The (Cu–Ni)/ZnO films were annealed in an oven at 500 °C for 2 h under air, vacuum, nitrogen, 
and argon atmospheres. The synthesized zinc hydroxide film was transformed to zinc oxide film during the annealing by 
evaporating H

2
O . Films annealed under the mentioned atmosphere including as-prepared one were characterized by analyz-

ing with UV–Vis and FTIR spectra in addition to the 2D mapping electrical conductivity of the surface measured by the 
4-point probe. The annealed films under air, vacuum, and argon atmospheres led to generate H-related impurities bounded 
to the oxygen vacancy ( H

O
 ) which they act as shallow donor defects resulting in forming (Cu–Ni)/ZnO films into n-type 

materials. Whereas, the film annealed under a nitrogen atmosphere has N-related defects bounding to the zinc vacancy ( N
Zn

 ) 
which they act as shallow acceptor defects resulting in transforming the film from n-type to p-type. These defects affect the 
optical, electrical, and optoelectronic properties of the (Cu–Ni)/ZnO films.

Keywords  Transparent conductive oxides (TCOs) · Zinc oxide (ZnO) · Shallow donor defects · Shallow acceptor defects · 
Oxygen vacancy · Zinc vacancy · Optical and optoelectronic properties · Electrical conductivity

1  Introduction

Transparent conducting oxides (TCOs) are broadly used in 
electronic and optoelectronic devices, sensors, memories, 
batteries, and transistors due to their intriguing physical 
properties [1]. The n-type TCOs, zinc oxide (ZnO) in par-
ticular, have acquired much attention due to their physical 
properties, such as considerable bandgap energy (~ 3.37 eV), 

extensive exciton binding energy (~ 60 meV) at room tem-
perature, high electronic mobility, high transparency, high 
thermal conductivity, UV-shielding properties, and excellent 
photocatalytic activity [2–4]. These properties made ZnO 
films suitable for optoelectronic applications [5], solar cells 
[6], gas sensors [7], biosensors [8], photocatalysis [9], and 
light-emitting devices [10].

Doping ZnO films with different elements, such as group 
III, transition metals, and rare-earth metals, have variated 
the physical and chemical properties for various potential 
applications [11]. Copper (Cu) and nickel (Ni) are consid-
ered ideal dopants for ZnO films, since their atomic radius 
as well as electronic shells are comparable to those of Zn 
atoms. Therefore, the replacement of Zn by Cu and/or Ni 
does not lead to vary the lattice constants substantially [12]. 
Cu-doped ZnO films were used as a NO2 gas sensor [13], 
photocatalyst [14], and UV photodetector [15]. Moreover, 
Ni-doped ZnO films were used in spintronics applications 
[16] and UV photodetector applications [17]. Moreover, 
Cu has a deep impurity level, and Ni reveals ferromag-
netic nature at room temperature, thus the resultant doping 
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combination (Cu–Ni)/ZnO is a motivating candidate for 
attaining innovative properties [18].

A. Ahmad et al. [19] stated that the films prepared by 
sol–gel synthesis technique using zinc acetate dehydrated, 
ethanol, and ethanolamine are amorphous zinc hydroxide 
( Zn(OH)2 ), while the same film annealing at temperatures 
above 300 °C was transformed into crystalline zinc oxide 
(ZnO). However, G. Alvin Shi et al. [20] show that annealing 
ZnO films near 400 °C have H-containing defects that have 
the role as shallow donors. Hydrogen, oxygen, and nitrogen 
impurities are the main causes of defects in TCO films [21]. 
Hydrogen (H) is a widespread impurity in TCO films which 
affect optical, optoelectronic, and electrical properties of 
these films via shallow donors formation, since it forms a 
covalent bond with neighboring vacant oxygen atoms [22]. 
Hydrogen impurities in TCO films can be metastable and 
diffuse through the lattice [23]. The n-type conductivity of 
metal oxide films such as ZnO can be explained using H 
impurities that act as shallow donors [20]. The hydrogen 
impurity forms shallow donor defects in the ZnO structure, 
affecting the optical, optoelectronic, and electrical properties 
of ZnO [24–27].

Generally, there are various processes for defect creation 
in the TCO films during film deposition and post-annealing. 
Defects creation results in the incorporation of impurities 
from the ambient during the deposition and/or post-anneal-
ing. The defects vary the charge state of the film due to trap-
ping the electrons and holes. The defects interact mutually 
with each other causing the formation of various forms of 
defects that diffuse throughout the material.

The main objective of this study is to investigate the hid-
den impurities and the vacancies-related defects in TCOs 
by exploring the chemical and structural properties of as-
prepared and annealed (Cu–Ni)/ZnO film at 500 °C under 
1 atmospheric pressure of air, vacuum, nitrogen, and argon. 
The chemical and structural properties were investigated 
relying on using FTIR spectra and XRD pattern. In addition, 
the effect of these impurities on the optical, optoelectronic, 
and electrical properties of (Cu–Ni)/ZnO films were inves-
tigated by extracting the refractive index, bandgap energy, 
band structure from the UV–Vis spectra with addition to 
the electrical conductivity properties from 4-points probe.

2 � Experimental set‑up and sample 
preparation

(Cu–Ni)/ZnO in buffer solution form was prepared from (5 
wt.% Cu–5 wt.% Ni) co-doped ZnO. An amount of 4.380 g 
of zinc acetate dehydrated (ZnAc, Zn

(
CH

3
CO

2

)
2
.2H

2
O , 

183.48 g/mol, purity of 99.5%, Sigma–Aldrich), a 0.219 g 
of copper acetate (CuAc, Cu

(
CH

3
COO

)
2
 , 181.63 g/mol, 

purity of 99.99%, Sigma-Aldrich) and a 0.219 g of nickel 

chloride ( NiCl
2
 , 129.5994 g/mol, purity of 98%, Sigma-

Aldrich) were dissolved in 50 mL absolute ethanol (EtOH, 
99.85%, Sigma-Aldrich) under continuous stirring for 1 h 
at ambient conditions until attaining a milky solution. After 
that, 1.7 mL of ethanolamine was added as a stabilizer in 
dropwise addition with continuous stirring until reaching a 
homogeneous transparent solution. The final solution was 
centrifuged at 500 rpm for 10 min and then filtered using 
0.45 μm filter paper.

The (Cu–Ni)/ZnO films were deposited on fused silica 
substrates (UV grade, 220 ~ 2500 nm wave band, Double 
side optical-polished, and refractive index about 1.47) using 
dip coating technique. Each glass substrate was immersed 
in (Cu–Ni)/ZnO solution with the selected concentration 
for 2 h. Later on, coated films were dried using an oven at 
110 °C for 15 min and thickness were estimated from cross-
sectional SEM image and found to be around 500 nm. As a 
final step, annealing of the films was conducted at 500 °C for 
2 h and cooling down to room temperature at ambient condi-
tions under air, vacuum, nitrogen, and argon atmospheres in 
the vacuum oven (Electric furnace, SA2-2-12TP) in different 
individual experiments. The n/p-type was measured using 
Avometer after heating the films compared with an n-type 
silicon substrate. Remarkably, the film annealed under nitro-
gen atmosphere is a p-type, while other films are n-type.

Dissolving ZnAc in EtOH by adding ethanolamine as a 
stabilizer at ambient conditions produces a clear and homog-
enous solution of Zn(OH)2 due to reaction between the Zn2+ 
ions revealed from the ZnAc and OH− ions revealed from the 
interaction of EtOH with the ethanolamine. Adding CuAc 
and NiCl2 with calculated concentrations into the starting 
solution results in (Cu − Ni)∕Zn(OH)2 solution [28]. Moreo-
ver, the (Cu − Ni)∕Zn(OH)2 solution is deposited as a film 
and transformed into (Cu − Ni)∕ZnO film by annealing it 
at temperatures above 300 °C (Fig. 1). The main process is 
evaporating the H

2
O from the film producing metal oxide 

film from the metal hydroxide state. However, high tempera-
tures create defects such as hydrogen, oxygen, and nitrogen 
found in the air. These defects diffuse throughout the film 
structure via the post-annealing process.

X-ray diffraction (XRD) patterns were obtained at room 
temperature with XRD instrument (Malvern Panalytical 
Ltd, Malvern, UK) diffractometer using CuKα radiation 
(0.1540598 nm) with the incident angels between 30° and 
60° with a step of 0.02° and energy resolution of 20%. Fou-
rier transform infrared spectroscopy (FTIR) spectra were 
obtained with (Bruker Tensor 27) spectrometer in the wave-
number range of 4000–400 cm−1. The UV–Vis spectropho-
tometer (U–3900H) was used for conducting the UV–Vis 
spectra in the wavelength range of 250–700 nm. The 2D 
electrical conductivities at room temperature were obtained 
with a 4-point probe (Microworld Inc.) equipped with a 
high-resolution multimeter (Keithley 2450 Sourcemeter).
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3 � Results and discussion

The FTIR spectra of (Cu–Ni)/ZnO films exhibit three main 
bands of stretching Zn−O bonds (420 cm−1) [29], stretch-
ing Ni−O bonds (610 cm−1) [30], and stretching Cu−O 
bonds (670  cm−1) [31] (Fig. 2a). The weak stretching 
Zn−O bond in the as-deposited film increases of annealing 
under air and argon atmospheres. While, it disappears in 
the case of vacuum and nitrogen environments. Remark-
ably, Ni − O band does not appear in the as-deposited 
films; and showed up obviously after annealing regardless 

of the environment. The Cu − O band was shown up more 
strongly once annealing under nitrogen atmosphere while 
it is moderated when the annealing is under air, vacuum 
and argon. The vibrational bands (800 and 1200 cm−1) 
are associated to the acetate group (carbon, oxygen, and 
hydrogen), the residuals from the starting materials [32]. 
H impurities in the metal oxides was determined via the 
bending O−H bonds (1250–1700 cm−1) and the stretch-
ing ZnO ∶ H bonds (~ 3400 cm−1) (Fig. 2a). Annealing 
(Cu–Ni)/ZnO film at 500 °C in different environments 
reduces the H impurities [33]. However, the existence of 
bending O−H bonds and stretching ZnO ∶ H bonds in the 
annealed films suggests the existence of hydrogen shal-
low donors in the (Cu–Ni)/ZnO films, that bounds to the 
oxygen vacancy ( H

O
 ) [34]. The fact that(Cu–Ni)/ZnO 

film annealed under nitrogen environment switched from 
n-type to p-type explained the appearance of the band at 
450 cm−1, this band represents Zn–N bond, this appear-
ance confirms the existence of nitrogen shallow accep-
tors bounded to zinc vacancy ( N

Zn
 ) [35]. Generally, H 

and N impurities related to the oxygen atoms ( H
O

 ) and 
zinc atoms ( N

Zn
 ) influence the physicochemical proper-

ties of metal oxide films [36]. The effect of H-containing 
defects bounded to the oxygen vacancy ( H

O
 ) and N-con-

taining defects bounded to the zinc vacancy ( N
Zn

 ) on the 
microstructural properties of (Cu–Ni)/ZnO film, such as 
crystalline domain size ( D) and microstrain � , were also 
investigated using Williamson–Hall (WH) method and its 
modifications.

The XRD diffraction patterns of (Cu–Ni)/ZnO films 
(Fig. 2b) were indexed by qualitative phase analysis software 

Fig. 1   The schematic diagrams of synthesis method of 
(Cu − Ni)∕ZnO films

Fig. 2   a FTIR spectra, b XRD patterns c �
hkl

cos � versus 4 sin � and d D and � of (Cu–Ni)/ZnO film: as-prepared and annealed at 500 °C under 
air, vacuum, nitrogen and argon atmospheres
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(Qualx2). No diffraction peaks can be observed in as-pre-
pared film indicating that it has amorphous nature. Annealed 
film under air atmosphere exhibits peaks at 31.68° (ZnO-
100), 32.86° (CuO-110), 34.34° (ZnO-002), 36.16° (ZnO-
101), 47.60° (ZnO-102), and 56.58° (ZnO-110), that match 
the standard hexagonal wurtzite ZnO with the space group 
of P63mc according to the JCPSD card no. (036–1451) [12]. 
Annealed films under vacuum, nitrogen, and argon atmos-
pheres were led to enhance the crystallinity degree due to 
reducing the H-containing defects in the films [19].

The crystallinity degree ( Xcryst% ) is defined as the ratio 
between the integrated area under the diffraction peaks 
( Acrys ) to the total area ( Acrys + Aamorph ) (Table 1) [37, 38]. 
The film annealed under air atmosphere exhibit a lower crys-
tallinity degree (35%), while those annealed under vacuum 
or argon exhibited higher degree of crystallinity (66%). This 
is attributed to the lower H impurities in the (Cu–Ni)/ZnO 
film, as shown in Fig. 2a. However, the (Cu–Ni)/ZnO film 
annealed in nitrogen exhibits a lower crystallinity degree 
than the annealed samples in vacuum or argon due to N 
impurities, which appears at FTIR band of 450 cm−1 (Zn–N 
bond). The lattice constants of hexagonal structure were cal-
culated using a =

√
4∕3d

100
 and c = 2d

002
 (Table 1), where 

dhkl is the interplanar distance calculated from Bragg's law 
( n� = 2dhkl sin �hkl ) [39, 40].

The crystallite size ( D ) and microstrain ⟨�⟩ were cal-
culated using Williamsons–Hall (WH) method [40]. This 
method states that the total linewidth of the XRD peaks 
( �total ) is composed of a superposition of the particle size 
linewidth ( �size ) and microstrain linewidth ( �strain ), as [41]:

The values of D and ⟨�⟩ were investigated using the 
modified WH equation via the uniform deformation model 
(UDM) [42],

Plotting �hklcos� versus 4sin� illustrates the microstrain 
from the slope, while the crystallite size is calculated using 
the intercept (Fig. 2c). The average D and ⟨�⟩ deduced from 
WH-UDM as explained above are listed in Table 1. The 
obtained microstrain of the films was the lowest in the case 

(1)�
total

= �
size

+ �
strain

.

(2)�
hkl

cos � =
k�

D
+ 4� sin �.

of the annealed film under a vacuum, revealing that film 
has the lowermost H impurities. In comparison, the higher 
microstrain was observed in the film annealed under nitrogen 
atmosphere, suggesting that defects associated with the N 
have higher impact on the film microstructure comparing to 
the defects associated with H impurities (Fig. 2d).

The electrical conductivity of metal oxide films depends 
on many parameters, such as dopant type, dopant concen-
tration, impurities, and crystallinity degree [43]. The as-
prepared film has an average conductivity of 2.93 ± 0.2 μS/
cm, while the annealed film under air vacuum, nitrogen, and 
argon atmospheres has average electrical conductivities of 
3.77 ± 0.2, 6.71 ± 0.2, 6.48 ± 0.2, and 6.80 ± 0.2 μS/cm, 
respectively (Fig. 3a). The enhanced electrical conductivity 
in the annealed films is associated with the enhancement in 
the degree of crystallinity in addition to the reduction in the 
H impurities. In spite of  that the shallow hydrogen donors 
bounded to O-vacancies ( HO ) are the origin of the n-type of 
metal oxides [36], the annealed film under nitrogen atmos-
phere has lower electrical conductivity compared to those 
annealed films under vacuum and argon due to the exist-
ence of shallow nitrogen accepters bounded to Zn-vacancies 
( NZn ) that are the origins of the p-type of the film. The con-
ductivity mapping of (Cu–Ni)/ZnO film (Fig. 3b–f) shows 
variation in the surface conductivity due to the growth pro-
cess and the quality of the transfer process.

The transmittance spectrum of the as-prepared film has 
a rapid jump in the transmittance from 0 to 90% associ-
ated with the increase in the wavelengths only from 300 to 
400 nm, while no significant variation is observed in wave-
lengths between 400 and 700 nm (Fig. 4a). In the annealed 
films, the transmittance was decreased in the visible region, 
and the band edge was shifted to the red region (low energy), 
indicating a decrease in the bandgap energy. In addition, 
the reflectance was increased in all of the annealed films 
(Fig. 4b). The bandgap energies ( Eg ) calculated accord-
ing to Tauc equation (�hv)2 = �

(
hv − Eg

)
 , where � is the 

absorption coefficient ( � = (1∕d)ln((1 − R)∕T) ) [44], were 
decreased as the films were annealed (Fig. 4e). Moreover, 
the minimum occurrence in the obtained bandgap energy 
was associated with the film annealed under a nitrogen 
atmosphere, this can be connected to microstrain which has 
the highest value among all due to the defects induced by 
the nitrogen as it is presented above.

Table 1   The structural and 
microstructural parameters of 
(Cu–Ni)/ZnO film: as-prepared 
and annealed at 500 °C under 
air, nitrogen, vacuum, and argon 
atmospheres determined using 
XRD

Parameters Symbol and unit Air Vacuum Nitrogen Argon

Degree of crystallinity Xcrys% 35% 66% 57% 66%
Lattice constants a[Å] 3.26 3.26 3.26 3.26

c[Å] 5.23 5.23 5.22 5.22
WH method D[nm] 17 23 53 24

⟨�⟩ × 10
−4 6.2 1.7 24.4 4.9
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The H shallow donor and N shallow acceptor defects 
influencing the valance (VB) and conduction (CB) bands 
occurred due the disorders were investigated by Urbach 
energy ( EU  ) via the equation � = α

0
exp(hv∕Eu) [45]. 

Based on the findings in the literature, the obtained band 
structure was investigated using ionization and electron 
affinity energies [46, 47]. The band structure schematic 
diagram illustrated in Fig. 4f illustrates the shifts in the 
conduction bands (CB) toward less negative potential as 
well illustrates the shifts in the valance bands (VB) toward 
less positive potential in the annealed films compared to 
the as-prepared one. In addition, the as-prepared (Cu–Ni)/
ZnO film has higher Urbach energy, which means higher 
disorder, indicating a higher existence of H shallow donor 
defects [19]. However, Urbach energies of the annealed 
films under vacuum and argon atmospheres have similar 
and lowest values compare to the others, indicating lowest 
H shallow donor defects. While, the high Urbach energy 
value was observed in the annealed film under nitrogen 
atmosphere connected to the N shallow acceptor defects. 
Moreover, the average electrical conductivity and bandgap 

energy for the (Cu–Ni)/ZnO film annealed under vacuum 
is 6.71 μS/cm and 3.38 eV, respectively. However, the 
(Cu–Ni)/ZnO film annealed in argon has 6.80 μS/cm and 
3.39  eV, average electrical conductivity, and bandgap 
energy due to the low microstrain from the low H-related 
defects. Moreover, the average electrical conductivity and 
bandgap energy for the (Cu − Ni)∕ZnO film annealed in 
nitrogen is 6.48 μS/cm and 3.22 eV, respectively.

The extinction coefficient ( k ) and refractive index ( n ) 
w e r e  c a l c u l a t e d  u s i n g  k = ��∕4�  a n d 
n = (1 + R∕1 − R) +

√(
4R∕(1 − R)2

)
− k2 [48]. The abso-

lute values of k and n over the wavelength ranges from 250 
to 700 nm were observed to be the highest in the case of 
the film annealed under nitrogen atmosphere (Fig. 4c, d). 
Which means that the photon penetrates the films with 
higher decaying or damping (Fig. 4c). The n−spectra of 
the films (Fig. 4d) exhibits two behaviors, the anomalous 
type which occurs in the wavelength region (250 ≤ 𝜆 < 400

nm), where the incident photon frequency balances the 
plasma frequency [49]. Besides, the normal behavior 
occurs in the wavelength region ( 400 ≤ 𝜆 < 700 nm) where 

Fig. 3   a The average electrical conductivity of (Cu–Ni)/ZnO film: 
as-prepared and annealed at 500 °C under air, vacuum, nitrogen, and 
argon atmospheres. The conductivity mapping of the (1 cm × 1 cm) 

area on the surface of the (Cu–Ni)/ZnO films that is b as-prepared, 
and those annealed under c air, d vacuum, e nitrogen, and f argon 
atmospheres
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a normal decrease of the refractive index occurs as the 
wavelength increases [50].

Generally, there are many processes for defect creation 
in TCO films during film deposition and post-annealing 
(Fig. 5a). Defects creation results in the incorporation of 
impurities from the environment during the deposition and/
or post-annealing. These defects change the film charge state 
due to electron and hole trapping. In addition, defects can 
react with each other to form different defects, and the final 
process is defect diffusion [21]. Based on the above results 
and their interpretation, annealing (Cu − Ni)∕Zn(OH)2 film 
at 500 °C in an air environment produced (Cu − Ni)∕ZnO 
film through many processes (Fig. 5b). The main process 
that occurs is the H

2
O evaporation from the film to trans-

form the film from metal hydroxide to metal oxide. How-
ever, high temperatures created defects, hydrogen, and 
oxygen, in the air components. These defects diffused into 
the film structure through the post-annealing process. Con-
sequently, these defects could react with each other and/or 
changes the charge across the film. The annealing of the 
(Cu − Ni)∕Zn(OH)2 film at 500 °C in a vacuum or argon 
environment produces (Cu − Ni)∕ZnO film (Figs. 5c, 4e) 
was led mainly to evaporate H2

O from the film to produce 

zinc oxide film from zinc hydroxide, beside reaction between 
H impurities with oxygen to produce OH− . Finally, anneal-
ing the (Cu − Ni)∕Zn(OH)2 film at 500 °C in a nitrogen envi-
ronment produces (Cu − Ni)∕ZnO film with nitrogen defects 
(Fig. 5d). The main evidence of the existence of N-related 
defects bound to the zinc vacancy ( NZn ) is the transforma-
tion from n-type to p-type [35], in addition to evaporating 
the H

2
O from the film. Nitrogen impurities may diffuse into 

the film, creating N-containing shallow acceptor defects.

4 � Conclusions

The (Cu–Ni)/ZnO films were prepared using the sol–gel 
method and then annealed using an oven at 500 °C for 2 h 
in different environments (air, vacuum, nitrogen, and argon). 
The main process occurs through annealing the films is 
evaporating the H

2
O from the films to produce metal oxides 

from metal hydroxide material. The FTIR spectra confirm 
the existence of H-related defects bounded to the vacant oxy-
gen ( HO ) in the annealed film under air, vacuum, or argon 
atmospheres that acts as shallow donor defects. In contrast 
to that, the (Cu–Ni)/ZnO film annealed under a nitrogen 

Fig. 4   The a transmittance, b reflectance, c extinction coefficient, and 
d refractive index spectra °C under air, vacuum, nitrogen and argon, 
e The calculated bandgap energies according to Tauc plot and the f 

schematic diagram of the band structure of (Cu–Ni)/ZnO film which 
are as-prepared and annealed at 500 °C under air, vacuum, nitrogen 
and argon atmospheres
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atmosphere has developed N-related defects bound to the 
vacant zinc ( NZn ) that acts as shallow acceptor defects. The 
H-related defects shifts (Cu–Ni)/ZnO film to be an n-type 
material, while N-related defects shifts the film to be a 
p-type material. Consequently, the H-related defects were 
led to a high degree of crystallinity (66%) when films were 
annealed under vacuum or argon atmospheres. While the 
film annealed under nitrogen atmosphere exhibits a lower 
degree of crystallinity due to N-related impurities. Films 
were annealed under vacuum, nitrogen, and argon atmos-
pheres show higher electrical conductivity compared to 
the as-prepared one. The bandgap energies of the (Cu–Ni)/
ZnO film were decreased as a result of annealing regardless 
the atmosphere where the annealing was performed; how-
ever, the bandgap energy showed the minimum value in the 
film annealed under a nitrogen atmosphere due to the high 
microstrain due to the N-related defects. In the film annealed 
under air atmosphere, the induced defects were led to reduce 
the degree of crystallinity by 35%. Moreover, the average 
electrical conductivity and bandgap energy are 3.77 μS/cm 
and 3.41 eV, respectively.
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