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Abstract. Metal- and nonmetal-doped ZnO samples, such as N-doped ZnO (NZO), Cu-doped ZnO (CZO) and Cu and N
co-doped ZnO (CNZO) crystals, were synthesized and analysed. These ZnO samples were prepared by mixing precursors,
such as zinc acetate, ammonia (A), ammonium acetate (AA) and copper acetate, at various proportions through thermal
treatment. Results showed that the morphology, crystalline size and light absorption of the Cu- and N-doped ZnO samples
were affected by different dopants. The bandgap energy (Eg) of the doped ZnO was determined and became narrow,
which was attributed to the presence of N and Cu dopants using UV–vis spectral analysis. The energy bands, including the
conduction band minimum (Ec) and valence band maximum (Ev), of the doped ZnO were determined using linear sweep
voltammetry and UV–vis data analysis. Both Ec and Ev values for CNZO reduced in the presence of Cu and N in ZnO.
The degree of energy-level variations among the doped ZnO samples was discussed and explained according to the
experimental analysis.
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Introduction

The modification of zinc oxide (ZnO) to improve its
material properties, such as optical, electronic and optoelectronic properties, is a crucial topic of research. Metal
and nonmetal doping in ZnO are taken as effective methods
to modify ZnO properties. Various doped ZnO materials
have been fabricated and applied in many modern optoelectronic devices, such as photo-catalysts [1–3], water
splitting [4], thin-film transistors (TFTs) [5] and light
emitting diodes [6]. Studies have revealed that the device
performance can be effectively improved through
modification.
Metal doping in ZnO has been widely studied in recent
years [1–3]. Group III elements, such as Al, Ga and In, are
conductive for ZnO doping. Al-doped ZnO (AZO) transparent film has been studied using sputtering or sol–gel
synthesis methods. Modified ZnO has been applied in
semiconductor devices to improve the electrical conducting
properties. Nomura et al [7] has studied In and Ga co-doped
ZnO (IGZO), which has been successfully applied for fabricating TFTs through low-temperature sputtering.
Stable electrical properties, e.g., charge mobility, of IGZO
films can enhance TFT device performance and operation.
Transition metals, such as Fe, Mn, Ni and Cu, are popular
dopants for ZnO [1–3]. The light absorption of metal-doped
ZnO can shift from the UV to visible region. The energy

bands of various metal-doped ZnO differ in the presence of
metal elements in ZnO. Cu-doped ZnO (CZO) crystals
exhibit excellent structural stability, because the atomic
radius of Cu is close to Zn. Thus, Cu can easily substitute
Zn in ZnO crystals. The photonic bandgap energy decreased
and electronic properties of CZO depend on the amount of
Cu added in our previous study [8]. Although excess Cu in
CZO can be used as a recombination centre, Cu-doped ZnO
exhibits high O 1s binding energy and hydroxyl group
content, which can suppress electron–hole recombination
[9].
P [10], S [11] and N [12–25] are popular elements in
nonmetal doping of ZnO. N doping in ZnO has received
considerable attention among researchers because the size
of the N atom is compatible to that of the O atom and the N
atom has the smallest ionization energy. N-doped ZnO
(NZO) was discussed by many researchers and applied in
several applications, such as photocatalyst [15–23]. The
photocatalytic activity of NZO can be improved in visiblelight region because NZO exhibits low bandgap energy and
electron–hole recombination. The NZO semiconductor
changes ZnO from n-type to p-type because of the presence
of N in ZnO. Several methods, including ion implantation
[26] and thermal treatment [12–25], have been implemented
to fabricate NZO. Among these, thermal treatment method
is a popular method of NZO fabrication. In this method,
NZO was prepared by passing N2 or NH3 gas through ZnO
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during high temperature annealing. However, NZO preparation using this strategy is time-consuming and requires
processing in high temperature. The other approach for
NZO preparation involves the addition of N-containing
additives in a Zn2? solution at low temperature treatment.
Common N-containing additives, such as urea [14–20],
ammonia (A) [23], ammonium acetate (AA) [12,13], melamine [22] and triethanolamine [24], were used to synthesize NZO effectively after thermal processing.
Although metal- and nonmetal-doped ZnO have unique
properties, metal and nonmetal co-doped ZnO has been
studied to modify the optical and electrical properties of
ZnO [20,27–29]. For example, AZO (Al-doped ZnO) and
NZO (N-doped ZnO) exhibit different properties and have
been applied to develop AZO/NZO homojunction photodiodes [24]. Al- and N-doped ZnO exhibited particular
optoelectronic properties. The optical and electrical properties of the co-doped ZnO were modified by co-doping
both Al and N in ZnO to improve system performance. Such
co-doped ZnO was applied in photocatalytic and water
splitting systems. Moreover, Co and N co-doped ZnO was
fabricated for enhancing the efficiency of a water splitting
system [30]. However, the influence of energy levels on the
properties of metal and nonmetal co-doped ZnO has not
been reported. Limited experimental studies have been
conducted on Cu and N doping in ZnO (CNZO). The
properties of CNZO and its potential application in optoelectronic application are yet to be analysed.
In this study, the influence of Cu and N doping in ZnO on
the properties of resultant ZnO was investigated. Sources of
N and metal ion additives in the precursor solutions were
prepared at various ratios to fabricate the doped ZnO
samples. The material properties of the prepared NZO and
CNZO samples were analysed to determine the influence of
Cu and N doping in ZnO. The energy band distribution of
the doped ZnO was determined to demonstrate the variation
in the energy levels for the doped ZnO samples. The
energy-level variations of N and Cu doping in ZnO were
analysed to explain the effects of the presence of the metal
(Cu) and nonmetal (N) on the properties of the ZnO crystal.

2.

Experimental

The ZnO and doped ZnO particles were prepared by mixing
precursor at various proportions through thermal treatment.
The precursor solution for ZnO was produced by preparation of 0.1 M Zn(CH3COO)2 solution at room temperature.
The ZnO sample was obtained by heating the prepared
solution by setting a heating rate at 2°C min–1 from 25 to
400°C. N-doped ZnO (NZO) samples were prepared by
adding N-containing materials. Two types of nitrogen species additives, namely ammonia (A), and ammonium acetate (AA), were added in the precursor solutions to prepare
the N-doped ZnO (NZO) samples. The first type of the NZO
sample was prepared from the addition of 10% ammonium
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acetate (CH3COONH4) in 0.1 M Zn(CH3COO)2 solution
(NZO-AA). The other type of NZO was produced by
mixing 0.1 M Zn(CH3COO)2 solution and adjusting the
solution to pH = 9.0 by adding 1 M NH3(aq) in the solution
(NZO-A). The samples were heated by setting a heating rate
at 2°C min–1 from 25 to 400°C.
The Cu-doped ZnO (CZO) precursor solution was prepared by adding 5 mol% Cu(CH3COO)2 into 0.1 M
Zn(CH3COO)2 solution, which was thoroughly stirred at
room temperature for 5 min. The solution was heated by
setting a heating rate at 2°C min–1 from 25 to 400°C to
fabricate CZO. Two types of Cu and N co-doped ZnO
(CNZO) were prepared in this study. The first type of
CNZO was prepared from the addition of 10% AA in the
CZO precursor solution (CNZO-AA). The other type of
CNZO was produced by mixing the CZO solution and
adjusting the solution to pH = 9.0 by adding 1 M NH3(aq) in
the solution (CNZO-A). All the prepared solutions were
then thermally treated by setting a heating rate at 2°C min–1
to 400°C to obtain the doped samples.
The doped ZnO samples were obtained and ready for
further analysis. The absorption of the produced samples
was characterized using a UV–VIS–NIR spectrometer
(V-670 JASCO) in the 0.3–2.5 lm wavelength region. The
crystal structure of the ZnO samples was measured using an
X-ray diffractometer (XRD, Shimadzu Labx XRD-6000),
which emits Ni-filtered Cu-Ka radiation with a 0.15418 nm
wavelength at 300 W that scans diffraction angles between
20° and 80° in 0.01° steps at a rate of 1° min–1. The surface
structures of the deposited films were analysed to investigate the sample morphology using a scanning electron
microscope (SEM, Jeol JSM-5600). The energy levels of
the prepared samples were analysed using a linear potential
scan method. The linear potential scan measurements were
performed using an electrochemical analyzer (type 6081C,
CH Instruments) with a three-electrode cell system. The
sample film was taken as the working electrode and Pt and
Ag/AgCl were used as counter and reference electrodes in a
0.1 M KCl solution as the electrolyte for this measurement.
The chemical bonds of the ECD films were analysed by
X-ray photoelectron spectroscopy (XPS) system (Thermo
Fisher Scientific Inc.) with a monochromatic Al Ka source
and charge neutralizer. The linear potential scan measurements were carried out by a potential setup range at a scan
rate of 100 mV–1. The data of current vs. potential were
collected and analysed to evaluate the energy bands for the
samples [8].

3.
3.1

Results and discussion
Characterization of N-doped ZnO

Nitrogen additives, namely ammonia (A), and ammonium
acetate (AA), were added in the precursor solutions to
prepare the N-doped ZnO (NZO) samples. The crystal
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Figure 1.

XRD patterns for the N-doped ZnO (NZO) samples.

structure of the prepared samples treated at 400°C was
characterized through XRD analysis. Figure 1 illustrates the
XRD patterns for the NZO samples. The main peaks in the
XRD patterns were observed at 31.7° (100), 34.4° (002) and
36.2° (101), which belong to the hexagonal crystal of ZnO
according to the Joint Committee on Powder Diffraction
Standards (JCPDS No. 89-0510) database. The annealed
crystal ZnO samples, which were originally synthesized in
base solution (pH[8), were reported in literature [8,31]. In
figure 1, small-angle variations for the samples were
observed in the XRD peaks (i.e., 36.5°). The angle shift
implied that the ZnO crystal structure varied because of the
N-element additives in ZnO.
The crystallinity of the samples was evaluated using XRD
data and the Scherrer equation. The average crystalline sizes of
the samples were estimated between 32 nm (ZnO) and 46 nm
(NZO-A), as listed in table 1. The size of NZO-A was the largest
among all the samples, because the XRD peaks of NZO-A
exhibited the sharpest, as shown in figure 1. This implies that
ZnO crystals grew the largest size in ammonia solution probably
because ZnO crystals formed in basic solution at low temperature and enlarged at 400°C during annealing process.

Table 1.
Sample
ZnO
NZO-A
NZO-AA
CZO
CNZO-A
CNZO-AA

Figure 2.

SEM images for (a) NZO-A and (b) NZO-AA.

The morphologies of the prepared ZnO samples were
analysed to demonstrate the influence of the additives on the
shape of the ZnO particle. Figure 2 depicts the SEM images
of NZO, which was produced in various additives after the
thermal treatments. Figure 2a illustrates the SEM image of
NZO-A in shapes of particles, including cubic, plate and
needle-like shapes, for the sample treated at 400°C. The
shape of the NZO-AA particles appeared coral-like and
porous, as shown in figure 2b. The SEM images indicate
that the morphology of the ZnO samples was influenced by
the additives. The difference in particle morphologies, and

Properties of the prepared ZnO samples.
Grain size (nm)

Bandgap (Eg) (eV)

Valence band (Ev) (eV)

Conduction band (Ec) (eV)

32
46
32
37
42
38

3.15
2.98
3.08
3.10
3.00
3.08

2.77
2.60
2.74
2.81
2.79
2.88

–0.38
–0.38
–0.34
–0.29
–0.23
–0.20

A: Ammonia; AA: ammonium acetate.
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Figure 3. Plots of (a) UV–vis spectra and (b) (aht)
photonic energy (s-plot) for the NZO samples.
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Figure 5. Plots of (a) UV–vis spectra and (b) (aht)1/2 vs.
photonic energy (s-plot) for the Cu- and N-doped ZnO samples.
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Figure 4. XRD patterns for the Cu- and N-doped ZnO samples.

grain sizes of these NZO samples were attributed to the
presence of the additives during the formation of ZnO.
The light absorption of the NZO samples was revealed
through the UV–vis spectra, as shown in figure 3. Figure 3a
exhibits the absorption spectra of different NZO samples
treated at 400°C. The peak position at 374 nm belongs to the
absorption of ZnO. For the NZO samples, the peak positions
moved to 377 nm (NZO-AA) and 379 nm (NZO-A),
respectively. Additionally, the absorption patterns of NZO-A
and NZO-AA between 400 and 600 nm are different from that
of ZnO. The results of the spectra analysis indicated a red shift
and different light absorption patterns in the visible region.
The results suggested that the addition of the additives, such
as ammonia, could be a possible approach to modify optical
property of ZnO after the thermal treatment.
The photonic bandgap energy (Eg) of the NZO samples
can be determined using the UV–vis spectral data. The
spectral data were transformed to s-plot curves, as shown in
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Core-level spectra of (a) Zn 2p, (b) O 1s, (c) Cu 2p and (d) N 1s for the doped ZnO samples by XPS survey.

figure 3b. The Eg of the produced ZnO sample without any
additives was determined at 3.15 eV. The Eg of the NZO
samples was estimated between 2.98 and 3.12 eV, as listed in
table 1. This implied that the light absorption of the N-doped
ZnO sample was not much affected by this type of the
N-source additives. The lowest Eg of NZO occurred for
NZO-A probably because the optical property of the ZnO
crystals were modified and influenced by the presence of N
species in ammonia. The N-containing species in the additives affected the formation of N-doped ZnO on the crystal
structure to vary the Eg value. Variations in Eg between ZnO
and NZO implied that this recipe of producing ZnO was an
influential factor to alter the optical property of ZnO.

3.2

532

Characterization of Cu and N co-doped ZnO

The crystal structure of the prepared CNZO samples treated
at 400°C was characterized through XRD analysis, as

shown in figure 4. The main peaks in the XRD patterns were
observed at 31.7° (100), 34.4° (002) and 36.2° (101), which
belong to the hexagonal crystal of ZnO. The average
crystalline sizes of the samples were estimated between 38
nm (CNZO-AA) and 42 nm (CNZO-A), as listed in table 1.
Variations of the crystal properties for the samples were
observed because of the influence of the different recipes on
CNZO fabrication during thermal processing.
The Cu-doped ZnO (CZO) sample, without N-element
sources, was prepared by adding 5 mol% Cu2? into a Zn2?
solution and heating to 400°C. CZO was prepared to evaluate
the influence of the presence of Cu on the property of CZO.
The average crystalline size of CZO was determined at 37
nm, which is larger than that of ZnO (32 nm). The UV–vis
spectrum of the CZO sample is displayed in figure 5a. The
peak for CZO was found at 374 nm. The Eg value of CZO
was estimated to be 3.10 eV using a s-plot curve, as shown in
figure 5b. The Eg value was lower than that of ZnO (3.15 eV)
probably because of the presence of Cu in ZnO.
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Figure 7. I–V curves of linear potential scan in a potential range
to determine the Ec values for (a) NZO and (b) CNZO samples.

The Cu and N co-doped ZnO samples, such as CNZO-A
and CNZO-AA, were fabricated by mixing Zn2? with Cu2?
and various N additives. The light absorption spectra of
these samples are illustrated in figure 5a. The peak positions
for the CNZO samples were found at 376 nm (CNZO-AA)
and 378 nm (CNZO-A). The peaks moved from 374 nm
(ZnO) to a longer wavelength, which indicate a red shift for
the CNZO samples. The Eg values of the CNZO samples
were 3.0 and 3.08 for CNZO-A and CNZO-AA, respectively, evaluated using the s-plot (figure 5b). The Eg data of
the CNZO samples were lower than those of ZnO (3.15 eV)
and CZO (3.10 eV). The lower Eg value implied that the
energy band of ZnO was altered by the presence of both Cu
and N co-doping in ZnO.
The chemical state of the doped ZnO samples were
analysed using XPS measurements. Figure 6 displays the
spectra of the binding energies for the elements of the
samples. Figure 6a shows the chemical state of Zn in the
CNZO samples in the energy range. The significant peaks
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for Zn element of the samples were shown at 1020.5 and
1043.6 eV, which were assigned to Zn 2p3/2 and Zn 2p1/2,
respectively [26]. The spectra of O 1s for these ZnO samples were detected, as shown in figure 6b. An asymmetric
broad peak for O 1s was observed probably because more
than one state of O is present. Two peaks at 529.4 and 531
eV were analysed for the ZnO case, as shown in figure 6b.
The peak at 529.4 eV belongs to the binding energy of Zn–
O structure, whereas the oxygen defect in ZnO, such as
oxygen vacancy, formed and appeared at 531 eV [26,32].
The spectra of Cu for the Cu-containing ZnO samples were
detected, as shown in figure 6c. The peaks at 931.7 and
951.6 eV, which were assigned to Cu 2p3/2 and Cu 2p1/2, for
Cu in CZO are displayed in figure 6c [33]. Additionally,
three peaks in the spectra of Cu-containing ZnO were
observed, as shown in figure 6b. The peak at 528 eV for the
CZO case appeared because of the presence of a small
amount of Cu in ZnO. This suggests that Cu–O structure
formed in the CZO case according to the spectral analysis.
In the previous analysis, the crystal data (XRD) and Eg
analysis of CZO varied from those of ZnO, which implies
that Cu was chemically bonded with ZnO.
The chemical state of both Cu- and N-containing ZnO
(CNZO) samples were further analysed by XPS data. The
chemical states of Cu and Zn species for CNZO are Zn–O
and Cu–O, according to the XPS spectral analysis using the
data in figure 6a–c. Furthermore, the spectra of N 1s for
CNZO were detected as shown in figure 6d. The intensities
of the XPS spectra for N 1s in the CNZO samples were
weak, which means a very small amount of N species was
detected in CNZO. Among the cases, CNZO-A exhibited
the most significant intensity of N species in the CNZO
samples. The peaks for the CNZO samples were shown at
399 (CNZO-A) and 398 eV (CNZO-AA). The variation of
the peak location indicated that N in CNZO, which was
fabricated using different N additives, formed various
chemical structures in the samples. The peak at 399 eV was
assigned to N bonded with Zn (O–Zn–N), whereas the
peaks at lower energies between 396 and 398 eV were
corresponding to several possible chemical structures, such
as N–Zn–N, N–C and N–H [34]. The presence of various
chemical states of N species in CNZO can be one of the
influential factors to alter the sample property, such as Eg
(optical absorption).

3.3

Energy-level variation for doped ZnO

The energy band levels of the prepared samples were
evaluated to study the influence of the presence of Cu and N
on the ZnO samples. The energy levels for the doped ZnO
samples, including the conduction band minimum (Ec) and
valence band maximum (Ev), were determined using both
linear potential scan measurements and UV–vis spectral
data. Figure 7 depicts the current–potential curves in the
potential range between ?0.5 and –1.0 V for the samples.
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Energy band diagram for various Cu and N doping in ZnO samples.

The current significantly increased after –0.3 V for the ZnO
and N-doped ZnO samples and –0.2 V for the Cu-doped and
Cu and N co-doped ZnO samples, as shown in figure 7a and
b. The Ec values of the samples corresponding to the
increase in the current were estimated according to the
current–potential curves. The Ec values of ZnO and CZO at
intersection of the two slopes at points A and B were –0.38
and –0.29 eV, respectively, in the current–potential curves,
as shown in figure 7. After the Ec values of the samples
were obtained, the Ev values can be evaluated using the Eg
value, which is the difference between the Ec and Ev values
and determined through the previous UV–vis spectral
analysis as listed in table 1. Hence, the influence of the
presence of N and Cu in ZnO crystals on the energy bands
was evaluated when the energy levels were determined.
The energy levels of the modified ZnO samples are
plotted in figure 8. With ZnO as reference, the Ec values of
N-doped ZnO, such as NZO-A and NZO-AA, were the
same as that of ZnO. This implied that the presence of N in
ZnO crystals did not affect the Ec distribution. However, the
Ev of N-doped ZnO was lower than that of ZnO in the
presence of N in the crystal. The Eg of N-doped ZnO
decreased because of the variation in Ev, as shown in the
band diagram (figure 8). Both Ec and Ev for Cu-doped ZnO
(CZO) were 0.05 and 0.04 eV, different from those of ZnO,
respectively. This indicated that the presence of Cu in ZnO
changed both energy levels, which reduced the Eg value of
ZnO. From the energy-level analysis, either N (nonmetal) or
Cu (metal) in ZnO revealed different energy-level
variations.
The energy levels of Ec and Ev values considerably
varied for the Cu and N co-doped ZnO (CNZO) samples,
according to the band distribution in figure 8. The Ec values
of CNZO were approximately 0.15 eV lower than that of
ZnO, whereas the Ev values were all higher than that of

ZnO, as shown in table 1. In the previous analysis, the
difference of Ec between CZO and ZnO was 0.05 eV, which
was mainly caused by Cu instead of N in ZnO. However,
the variation in Ec was 0.07 eV lower for CNZO than for
CZO because of the presence of both Cu and N. Similarly,
although the Ev values of NZO were lower than that of ZnO,
the Ev values of CNZO were larger than that of ZnO. The
variation in the energy bands of the CNZO samples was
caused by the presence of both Cu and N with ZnO. This
suggested that the interaction of Cu and N with ZnO could
probably result in considerably lower Ec and larger Ev
values. From the XPS analysis, various compositions of Cu/
N in ZnO were analysed and attributed to different fabrication recipes for producing CNZO. The degree of energylevel variations among the CNZO samples can be corresponding to its chemical composition of Cu and N in ZnO
crystals.

4.

Conclusions

Various types of doped ZnO crystals, including NZO, CZO
and CNZO, were fabricated and characterized. The morphology and crystalline size of the doped ZnO varied in the
presence of different dopants. The energy bands for all the
ZnO-doped samples were determined and varied because of
the presence of the dopants from linear sweep voltammetry
and UV–vis data analysis. The Eg values of the doped ZnO
samples decreased in the presence of Cu and N, which
caused the red shift of light absorption. The Ec value for
NZO maintained the same, whereas the Ev was lower than
that of ZnO in the presence of N in ZnO crystal. However,
both Ec and Ev distribution for CNZO considerably varied
in the presence of Cu and N in ZnO. The degree of energylevel variations among the CNZO samples can be
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corresponding to its chemical composition of Cu and N in
ZnO crystals, according to the XPS spectral analysis.
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