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Abstract—Pure and Cu-doped zinc oxide (Zn; _,Cu,O with x = 0.00, 0.05, 0.10, and 0.15) nanoparticles were
prepared via hydrothermal synthesis using a solution of zinc sulfate (ZnSO,) as precursor, p-phenylenedi-
amine as structure-directing agent in the presence of different amounts of CuSO, and NaOH. XRD, Raman,
UV-Vis, and PL techniques were used to characterize the as-synthesized samples. The XRD analysis reveals
that the average particle size of pure ZnO is 13.50 nm. It decreased to 12.11 nm for the Cu-doped sample
Zn, 95Cu (50, then to 11.00 nm when x = 0.15 (Zn, 45Cu, 150). The optical band gap of pure and Cu-doped
ZnO nanoparticles was calculated from UV—Vis spectra. It turned out to have decreased from 3.18 to 3.11 eV
as the amount of Cu increases up from x = 0 to 0.15. The photoluminescence study shows that the introduc-
tion of Cu into pure ZnO causes a decrease in surface defects, such as oxygen vacancy and zinc vacancy.
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INTRODUCTION

The semiconductor nanomaterials are of great
interest. They have attracted much research in recent
years because of their possible applications in the
fields of such as gas sensors [1], solar cells [2], field-
effect transistors (FETs) [3], electronics and optoelec-
tronics [4, 5]. One of the most desired semiconductors
is zinc oxide ZnO which is an n-type 1I1-VI semicon-
ductor most stable when crystallized in wurtzite struc-
ture. In fact, it is a semiconductor with a large direct
gap (the energy gap between the valence band and the
conduction band is 3.37 eV) [6]. It plays a major role
in the development of new applications in photonics.
For example, it is a good candidate for transparent
electrical contacts in the visible spectral range (surface
electrodes of solar panels). It is also used in manufac-
turing lasers emitting in the blue or near ultraviolet
light. ZnO is also comparable with other large band
gap semiconductors, such as SiC and GaN [7]. In
addition, the high binding energy of the free exciton of
ZnO (about 60 meV) [8, 9] and its high melting point
(2250 K) make it potentially very effective in excitonic
emission devices, as this gives it good high tempera-
ture operating stability and makes it a better material
than GaN. However, the essential lock of ZnO is to
obtain stable and reproducible p-type doping. This
obstacle significantly hinders the development of ZnO
technology for optoelectronic components.

Currently, scientific researchers are interested in
the application of ZnO as a photocatalyst for the deg-
radation of organic pollutants, such as dyes, due to
photosensitivity of a non-toxic material and chemical
stability [10—12]. Several studies have shown that the
incorporation of certain dopants, such as transition
metals and rare earths in semiconductor oxides can
improve their optical, structural, and photocatalytic
properties [13, 14]. Indeed, doping causes the appear-
ance of new acceptor levels and electron donors in the
band structure of the doped material. These levels
appear in the gap, between the conduction band and
the valence band [15, 16].

For the last few years, several studies on ZnO dop-
ing have already been carried out on thin layers or
massive. Except for the works of Tsukazaki et al. [17]
who had successfully prepared ZnO-based LED, the
other obtained results are often unconvincing or not
reproducible. Crystalline defects, impurities and self-
compensation phenomena remain high and limit the
realization of p-type ZnO. Several methods have been
used to prepare Cu-doped ZnO, such as pulsed laser
deposition (PLD) and chemical vapor deposition
(CVD), which require relatively high temperatures
[18—20]. Copper-doped ZnO nanorods, were elabo-
rated by hydrothermal method without annealing
treatment [21].
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Fig. 1. (Color online) XRD patterns of undoped and Cu-doped ZnO.

This paper deals with the hydrothermal synthesis,
in simple one-step, without post-annealing of Cu-
doped ZnO nanoparticles. The study of their optical
properties was also reported. Although many methods
have been developed to elaborate copper doped zinc
oxide nanoparticles, to the best of our knowledge, this
is the first report of Cu-doped ZnO nanoparticles syn-
thesis using zinc sulfate and p-phenylenediamine as
structure-directing agent.

EXPERIMENTAL

The synthesis of pure nanorods ZnO was per-
formed using zinc sulfate (0.532 g), p-phynelynedi-
amine (0.200 g), and sodium hydroxide (0.735 g). All
reagents were mixed in order in 10 mL of distilled
water under agitation for one hour at room tempera-
ture. The pH of the reaction mixture was maintained
as 14. The aqueous solution was placed in a steel auto-
clave coated with Teflon in an oven for 4 h at 180°C.
The obtained powder was washed several times with
distilled water and ethanol to remove organic residues
and finally dried for 4 h at 80°C.

For the preparation of Zn,_,Cu,O nanoparticles,
zinc sulfate was mixed with copper sulfate, sodium
hydroxide and p-phenylendiamine, whose amounts
are indicated above, dissolved in 10 mL distilled water
and kept on magnetic stirrer for 1 h under vigorous
stirring. Then it underwent a 4-h hydrothermal treat-
ment at 180°C. The obtained precipitate was separated
from the solution and washed several times with dis-
tilled water and ethanol to remove any unreacted pre-
cursors. It was then dried at 80°C for 4 h. In order to
study the effect of doping on the optical properties, we
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have varied the value of x as follows x = 0.00, 0.05,
0.10, and 0.15.

The X-ray powder diffraction data (XRD) were
obtained on a X’Pert Pro Panalytical diffractometer
with CuK|, radiation (A = 1.5406 A) and graphite
monochromator. The XRD measurements were car-
ried out by a step scanning method (20 range from 3°
to 70°), the scanning rate is 0.01 s~' and the step time
is 15 s. Raman spectroscopy was performed using a
Jobin Yvon T 64000 spectrometer (blue laser exci-
tation with 488 nm wavelength and <55 mW power at
the sample). UV—Vis spectra were recorded on Shi-
madzu UV3101PC Visible spectrophotometer in the
wavelength range of 200—800 nm. The photolumines-
cence (PL) measurements have been carried out using
a Jobin Yvon luminescence spectrometer at the exci-
tation wavelength of 325 nm.

RESULTS AND DISCUSSION
Phase Structure

The XRD patterns of the as-prepared pure ZnO
and Cu-doped ZnO nanparticles (Zn, _ ,Cu,O with
x= 0, 0.05, 0.1, and 0.15) are shown in Fig. 1. The
well-defined diffraction peaks in the XRD diagram
clearly shows the crystalline character with peaks cor-
responding to (100), (002), (101), (102), (110), (103),
(200), (112), and (201) planes according to the stan-
dard JCPDS card no. 89-7102 and is indexed as the
hexagonal wurtzite with preferred orientation along
(101) plane in all the samples.

According to XRD patterns, the additional Cu,O
peak is observed in the doped samples. In fact, the

XRD patterns of the samples Zn, _ ,Cu,O (x = 0.05,
0.1, and 0.15) show the presence of all ZnO diffraction
peaks at the same time with a slight shift in the 20 posi-
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tions and the presence of additional peaks at 20 =
29.64°, 42.40°, and 61.46° which are related to the
planes (110), (200), and (220) of Cu,O phase with
cubic structure (JCPD no. 77-0199). Generally, when
it comes to the incorporation of the Cu?" ion, the dif-
fraction peak intensity (002) of Cu-doped ZnO
decreases with increasing Cu concentration, but their
total width at the half of the maximum FWHM
increases, and this can be explained by a degradation
of the crystallographic characteristics of Cu doped
ZnO and a shift in the position of the main peaks. So,
in our case, this suggests that this is a substitution of
Zn*" (0.074 nm) by Cu?* (0.072 nm) [22, 23].

The average crystallite size (L) of the as-synthe-
sized samples was estimated by using Scherrer’s for-
mula:

I = 0.89A ’
BcosO

where L is the average crystallite size, A = 1.5406 A, B
is the half maximum peak width, and 0 is the diffrac-
tion angle in degrees [24]. The average crystallite sizes
of pure and Cu-doped ZnO calculated from XRD pat-
terns was found to be about 11—13 nm (Table 1).

The lattice constants a and ¢ for hexagonal wurtzite

ZnO nanopowders are also estimated from the equa-
tion [25]:

[2
(c/a)’

a=—2 2P v nk+ k) +
2sin0Y3

and

S \/4_1((/12 + ik + kz)j 2
2sin©\3 (a/c)

Therefore, the analysis of the results reveals that the
average values of a and ¢ parameters are 0.3249 and
0.5209 nm, respectively.

Optical Properties

The UV—Vis absorption spectra of the as-synthe-
sized undoped and Cu-doped ZnO nanoparticles are
shown in Fig. 2. It is obvious that all the samples show
a strong absorption in the ultraviolet region near the
visible-light region, demonstrating that the obtained
ZnO samples have better UV absorption. In fact, the
pure ZnO spectrum has a characteristic absorption
band at 400 nm. However, absorption spectra of Cu-
doped ZnO show an offset of the absorption band at a
lower wavelength about 396 nm than that of pure ZnO.
This phenomenon suggests that the incorporation of
Cuinto ZnO causes a decrease in the absorption band.
Consequently, the absorption edge shifts towards
lower wavelength with the increase of Cu content
in ZnO.

The typical room temperature transmittance spec-
tra for undoped ZnO and different Cu doped ZnO are
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Table 1. Crystallite size (d) and average lattice parameter
(a, c¢) of as-synthesized undoped and Cu-doped ZnO
nanoparticles

Samples d, nm a, nm c, nm
ZnO 13.05 0.3250 0.5673
Zng 95Cuy 50 12.11 0.3251 0.5673
Zng ¢Cugy ;0 11.75 0.3250 0.5671
Zn, ¢5sCuy 50 11.00 0.3250 0.5671

shown in Fig. 3. The transmission spectra of the Cu
doped ZnO nanoparticles show just the opposite trend
of the optical absorption spectra. The transmittance
spectra reveal that pure ZnO has a 50% increased
reflectance compared to Cu-doped ZnO samples
which are decreased by increasing the Cu concentra-
tion in ZnO [26]. The optical band energy was calcu-
lated by extrapolation of the linear part of plot between
the (athv)? vs. hv (Fig. 2). The band gap values of pure
ZnO and Zn; ¢sCu, (sO are nearly identical and found
to be 3.18 and 3.14 eV, respectively. For Zn, ¢,Cu, ;0
and Zn,4sCu, 5O there is a slight offset of 0.02 eV
which are 3.13 and 3.11 eV, respectively. The band gap
values decreases slightly from 3.18 to 3.11 eV (almost
constant) when the amount of Cu (x) ranged from 0 to
0.15. This may confirm the substitution of Cu®" by
Zn** [27]. Regarding Cu-doped ZnO nanoparticles
samples, it was found that the band gap decreased by
increasing the dopant content, which is similar to the
results reported by Labhane et al. [28]. The systematic
decrease in the band gap could not be due to the struc-
tural changes by adding Cu into ZnO. The reduction
of gap energy could not be due to structural modifica-
tions resulting from the addition of Cu in the ZnO
matrix. Indeed, since Cu and Zn are neighbors in the
periodic table, they do not obviously modify the crys-
tal structure when they are replaced, as shown by our
XRD study.

The detected red shift in the gap energy (AE, =
0.07 eV) can be explained by the doping phenomenon.
An analogue decrease in the band gap was also
observed. It can be explained by the p—d interactions
of the spin swap between the band electrons and the
localized d one of the transition metal ion replacing
the Cu™ [29, 30]. Theoretically, using the second-
order perturbation theory, this phenomenon has been
explained by the exchange interactions s—d and p—d
[31]. They revealed that this shift asserts (confirms)
the uniform substitution of Cu?* ions in the ZnO lat-
tice. Furthermore, the effects of many bodies on the
conduction and valence bands could be the cause of
the reduction of the forbidden band [31], which can
reduce this band and result from the electron interac-
tion and diffusion of impurities. This has been
assigned to the fusion of a band of impurities with a
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Fig. 2. (Color online) UV—Vis absorption spectra and the (ochv)2 vs. hv plot (insert) of undoped and Cu-doped ZnO.
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Fig. 3. (Color online) Reflexctance spectra of undoped and Cu-doped ZnO.

conduction band, which, in turn, led to the reduction
of band gap.

A photoluminescence study was carried out at
room temperature in order to study the optical proper-
ties and the effects of Cu doping in ZnO. PL spectra of
pure and Cu-doped ZnO with different amounts of Cu
are illustrated on Fig. 4. All the spectra exhibit an exci-
tonic peak in ultraviolet region and defect related peak
in the visible region which is essentially related to ZnO

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 93

defects. All samples exhibit a peak around 398 nm
associated with near band ultra violet emission. This
ultra violet band corresponds to the near band-edge
(NBE) emission, which is related essentially to the
recombination of free excitations [32—34].

A strong blue band at 460 nm was also observed for
all samples with a slight offset for pure ZnO. In addi-
tion, the spectra show a weak blue-green emission
peaks around 490 and 530 nm [35]. For undoped ZnO
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Fig. 4. (Color online) Room temperature PL spectra of undoped and Cu-doped ZnO.
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Fig. 5. (Color online) Raman spectra of undoped and Cu-doped ZnO.

another broad deep-level emission (DLE) was
observed at 595 nm (yellow and orange emission),
which is usually attributed to the ionized oxygen
vacancies [36]. There is a decrease in the intensity of
the green band at 530 nm and that of the orange band
at 595 nm for Cu-doped ZnO samples compared to
pure ZnO. Therefore, the introduction of Cu into
ZnO matrix causes a decrease in surface defects, such

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 93

as oxygen vacancy and zinc vacancy [37], thus,
increasing the copper content during the doping pro-
cess reduces the optical quality of ZnO.

The Raman spectroscopy technique is essential
and allows determining the perfection of crystals and
structural defects. Hexagonal wurtzite ZnO structure

with space group Cgv(}’36mc) is characterized by two
formula units in the primitive cell [38, 39]. According
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to group theory, the following optical modes are
expected: A, + 2B, + E, + 2E,, whereabouts A4,, E|,
and E, are the first order Raman active modes, and B,
is forbidden [40]. Figure 5a shows the Raman spec-
trum of as synthesized undoped ZnO. The character-
istic peak of the E, (high) mode at 438 cm~! represents
wurtzite hexagonal structure of ZnO. The two peaks
located at 330 and 382 cm™~! can be assigned to the
E,y—FE,; and A, (TO) modes, respectively [41]. Fig-
ures Sb—35d display the Raman spectra of Cu-doped
ZnO nanoparticles with a variable amount of copper.
For all doped samples, the presence of the main peak
in E, mode (high) is observed around 427 cm~! with

another peak located at 318 cm™! attributed to the
E,y—E5 mode.

The spectral analysis revealed that when the Cu
doping concentration increases, the maximum inten-
sities decrease with the disappearance of the 4, (TO)
mode, which suggests that the ZnO bond breakdown
changes with Cu doping. TO and LO are optical pho-
nons, respectively transversal and longitudinal. The
modes A; and E| are in polar phonon mode and are
divided into TO and LO. They are also active in
Raman and IR. However, the £, mode is a non-polar
phonon and active with Raman only, while the B,
mode is Raman and the IR mode inactive [42].

CONCLUSIONS

Undoped and Cu-doped ZnO nanoparticles with
wurtzite structure were successfully prepared by a
hydrothermal method. Their structural and optical
properties were studied using XRD, UV—Vis, Raman,
and PL methods. XRD and Raman spectroscopy data
indicated that Cu-doping does not change the ZnO
wurtzite structure. The effect of Cu doping on particle
size, structure and optical properties were also studied.
XRD analysis reveals that the average particle size of
pure ZnO is 13.50 nm. It decreased to 12.11 nm for the
Cu—doped sample Zn;¢sCu,(sO, then to 11.00 nm
when x= 0.15 (Zng¢;Cu;;50). The photolumines-
cence study shows that the introduction of Cu into
pure ZnO causes a decrease in surface defects, such as
oxygen vacancies and zinc vacancies. The band gap
decreased from 3.18 to 3.11 eV as the amount of Cu
increases from x = 0 to 0.15. Cu doping influenced the
ZnO band gap, which is important for solar cell and
photocatalysis devices.
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