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Abstract: Pure ZnO and copper incorporated ZnO thin films with various Cu®* concentrations have been
prepared using a new chemical bath deposition route on glass substrate immersed in ammonium solution bath, in
which zinc acetate heptahydrate acts as a complexing agent and urea acts as a source of oxide ions. The
chemical composition of films was determined by energy dispersive X-ray analyzer (EDAX). The prepared
films are very close to ZnO stoichiometry and no impurity compounds such as Zn(OH), or CuO species were
observed. The pure and Cu doped ZnO structures were characterized by X-ray diffraction (XRD), and
transmission electron microscopy (TEM). The XRD results revealed that prepared nanocrystalline films have
wrutzite structure and the unit cell volume increased with increasing Cu concentration. Optical properties of the
synthesized nanocrystalline were investigated by UV-Vis. spectroscopy and room temperature
photoluminescence (PL) spectroscopy. It is seen that the optical band gap increases when the ZnO is doped with
copper. Room temperature PL spectra of these structures showed a strong UV emission peak and a relative
broad emission peak, and the UV emission peak of the doped ZnO nanocrystalline films was red-shifted with
respect to that of the pure ZnO nanocrystalline film.
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1. Introduction

Zinc oxide (ZnO) is one of the most promising materials for the application of piezoelectric,
optoelectronics, chemical sensors and solar cells [1, 2, 3] and for the fabrication of optoelectronic
devices operating in the blue and ultra-violet (UV) region, owing to its direct wide band gap (3.37 eV)
and large exciton binding energy (60 meV) [4]. Apart from the technological significance of the ZnO
nanostructures, their quasi-one-dimensional structure with diameters in the range of tens to hundreds
of nanometers makes them interesting from a scientific point of view. ZnO nanocrystalline films may
have more novel optical and electrical properties than bulk crystals owing to quantum confinement
effects. So far, more unique behaviors are continuously being explored [5,6,7,8]. Further
understanding the structural and optical characterizations of ZnO nanoparticles is important for
fundamental science and photonic application. For the wide variety of applications and novel
properties, various methods have been used to prepare ZnO nanocrystalline films. Sputtering [9],
thermal evaporation [10], and chemical vapor deposition (CVD) [11] need expensive equipments,
which increase the costs. Compared with these physical methods, chemical bath deposition (CBD)
method is widely adopted for the fabrication of ZnO due to its simplicity, safety, no need of costly
vacuum system and a cheap method for large area coating [12, 13].

Many researchers [14,15,16] observed that a small amount of doping would create additional carriers
in doped ZnO, and its optical properties would be greatly enhanced in bulk samples. A lot of
evidences of electrical and magnetic behavior have been reported for ZnO doped with transition metal
(TM) like Mn, Co, V, Cu and Fe, indicating significant influence of the TM ions on the ZnO based II
— VI semiconductor nanoparticles [17,18,19]. The role of copper as a luminescence activator and a
consequence of n-type material is of considerable significance for II-VI semiconductor compounds
for its use in industry as information storage materials, coating materials of fluorescent lamps, control
panel displays, plasma display panels, field effect transistor, solar cell panel etc. Recently, many
researchers have tried to dope different concentration of TM ions into the ZnO based semiconductors
to change their optical and magnetic properties by introducing additional carriers [20,21,22]. Cu**
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doped ZnO (ZnO:Cu®*) thin films are the most attractive materials, as they can substitute the
transparent conducting material (TCO), which can be largely used in optoelectronic devices and solar
cell panels. However to our knowledge little work has been devoted to Cu®* doped ZnO
nanocrystalline films.

In the present work, we report the influence of different concentration of Cu** doping on the structural
and optical properties of ZnO nanocrystalline films prepared by chemical bath deposition technique.

2. Experimental

2.1. Preparation of Cu2+ doped ZnO Nanocrystalline Films

The different concentration of (2.5, 5.0, 7.5 and 10.0 mole %) cu? doped ZnO nanocrystalline films
were prepared by using chemical bath deposition method. The raw materials ~ Zn(CH;COO),.7H,0,
CuCl,, NH,OH and CO(NH,), were analytically pure grade purchased from Sigma-Aldrich Company
and used without any further purification. The depositions take place on commercial glasses. These
were cleaned with detergent in an ultrasonic cleaner and finally dried with N,. Firstly, proper
quantities of Zn(CH3;C0OOQ),.7H,0 and CuCl, (2.5, 5.0, 7.5 and 10.0 mole %) were thoroughly mixed
with CO(NH,), according to the desired stoichiometry (1:1). Then the mixture was dissolved into 50
ml deionized water to get homogeneous mixture solution. With stirring, few drops of NH,OH solution
were added into the mixture solution in order to maintain the pH at 9. Heating the liquid phase at 60
°C with continuous stirring for about 70 minutes to produce ZnO:Cu’* nanoparticles. After that the
solution was stirred for few seconds and then transferred into another beaker containing cleaned glass
substrate placed vertically inside the beaker. The bath was kept at room temperature (30 °C) for 3 h.

In order to maintain uniform thickness of the ZnO:Cu** nonocrystalline films for all the concentration
of dopant, the coating time is maintained as 3 h. After the deposition, the substrate coated with films
was taken out, washed with double distilled water and acetone, and then dried in hot oven at 60 °C for
an hour. The photograph of the synthesized pure and Cu** doped ZnO nanocrystalline films are shown
in Fig. 1.

Fig. 1. Photograph of the synthesized (a) pure ZnO (b) 2.5 mole % Cu** doped ZnO (c) 5.0 mole % Cu®* doped
ZnO (d) 7.5 mole % Cu** doped ZnO (e) 10.0 mole % Cu** doped ZnO nanocrystalline films

2.2. Reaction Protocol
This method is based on the sequence of reaction on the glass substrate surface. ZnO:Cu** is formed
by the following reaction

(CH,C00),Zn — 2CH,COO™ + Zn**
Urea has been used as the O* source through hydrolysis in alkaline medium:

NH,-CO=NH, + H,0 — 0" + H,07,> + 0> _ 7nO
ZnO:Cu™* precipitation can take place even at the lowest Zn**/Cu** and O> ion concentration. The
deposition process depends upon bath temperature, metal ion concentration, pH of solution, etc. In the
present work, the pH of bath solution was maintained as 9.0 with addition of NH;OH solution. It was

found that with increasing pH, the ZnO:Cu** formation resulted in to ZnO:Cu®* precipitate in the
bulk of solution with no or nonuniform film formation on the substrate. Depending upon bath
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temperature, the ZnO:Cu** film formation was started in about 10 min and completed within 180
min. The solution color was changed from whitish to greenish after deposition.

2.3. Characterization of ZnQ:Cu** Nanocrystalline Film

X-ray diffraction patterns of the synthesized samples were recorded in PANalytical X-Pert Pro
diffractometer with Cu Ka radiation (A = 1.54056 A) source over the diffraction angle 20 between 20°
and 80°. The film composition was determined by energy dispersive X-ray analyzer (EDX). The
surface morphology of as-deposited ZnO and Cu”* doped nanocrystalline films was studied using NT-
MDP (Russian Made) Solver Pro-47 (in tapping mode), atomic force microscopy (AFM). The
absorption measurements were made by SHIMADZU UV-2400 PC spectrometer with a medium scan
speed sampling interval 0.5 nm in the wavelength range 200-800 nm. The photoluminescence (PL)
spectra were obtained on a FLUOROLOG-FL3-11 Spectroflorometer with wavelength resolution of
0.5 nm at room temperature. Xenon arc lamp of 450 W was used as the excitation light source. All the
PL spectra in this study were acquired at an excitation wavelength of 300 nm.

3. Results and Discussion

3.1 Composition Analysis

Chemical composition of pure ZnO and different concentration of Cu** doped ZnO nanocrystalline
films were analyzed by energy-dispersive X-ray analyzer (EDX). The EDX spectra’s of the
synthesized undoped and doped ZnO films are shown in Fig. 2a and the corresponding composition
data (atomic %) are shown in Fig. 2b. It is understood from the data that our synthesis approach
provides more reliable products with respect to the chosen composition. EDX analysis indicated the
presence of zinc, copper and oxygen for all the synthesized doped films. It reveals that the different
concentration of dopant (Cu®") clearly incorporated with the host matrix. Furthermore, few weak
peaks were observed which are related to their presence in the glass substrate.

(a) (b) o
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Cu
Zn 1.74%
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Fig. 2. Material composition (at. %) in the prepared pure and Cu doped nanocrystalline film. (a) pure ZnO (b)
2.5 mole % Cu** doped ZnO (c) 5.0 mole % Cu** doped ZnO (d) 7.5 mole % Cu** doped ZnO and (e) 10.0 mole
% Cu”* doped ZnO

3.2. Structural Analysis

Fig. 3 shows the XRD patterns of pure and Cu** doped ZnO nanostructures. The positions of the
diffraction peaks showed that all the films were polycrystalline with a structure that belonged to the
ZnO hexagonal wurtzite type (JCPDS no. 36-1451). The broadening of the peaks indicates the
prepared film is the nanocrystalline nature. The phases have been clearly indexed, and are shown in
Fig. 3. The higher intensity of the (1 0 1) diffraction peak compared with the (1 0 0) and (0 0 2) plane
suggested that the nanoparticles exhibited a c-axis preferred orientation. By increasing the copper
doping concentration, the reflected intensity at (1 O 1) plane appears to increase. This indicates that
most of the have a strong c-axis orientation along (1 0 1) plane normal to the substrate. However, the
film deposited with 10 mole % has the higher (1 0 1) intensity. In the recorded XRD spectrum no
other peaks are observed, suggesting that only single-phase ZnO has formed. Also, from the recorded
spectrums, one can understand that the degree of crystallinity improves with the increasing
concentration of dopant in the host ZnO. The observed structural data from the XRD measurements
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are summarized in Table 1. From Fig. 3 it reveals that the diffraction peaks gradually shift to lower
diffraction with the increase of Cu®* concentration in ZnO lattices. The continuous peak-shift may rule
out the phase separation or separated nucleation of CuO and other byproducts of Zn and Cu, the peak
broadening and shifting clearly indicates that the addition of dopant may replace the Zn>* site or enter

into the interstitial position.
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Fig. 3. XRD spectras of pure and different concentration of Cu** doped ZnO nanocrystalline films

The variation of c/a ratio and unit cell volume expansion features with respect to concentration of
Cu®* in ZnO lattices is shown in Fig. 4. The c/a ratio also confirms that the variation is much
noticeable particularly for the concentration such as 7.5 and 10.0 mole %. More interestingly, when
‘a’ is seen enhanced ‘c’ seems to have dropped, which suggests that the non-uniform lattice expansion
in the ‘c’ axis with respect to ‘a’ axis of the unit cell. It can also be attributed to the more directional
incorporation of the substituting dopant atoms in one axis than the other axis. However when the host
atoms (Zn) are substituted by dopant atom (Cu*) the cell structure with different lattice parameter
could occur, such behavior is clearly brought out here. It suggests that Cu** plays a crucial role in the
stacking of substituting atoms in the host lattice, probably through influencing the mobility of
substituting atoms.

The variation in the unit cell volume of pure ZnO when adding Cu** by 2.5, 5.0, 7.5 and 10.0 mole %
matrixes has been verified. The variation of unit cell volume with dopant concentrations is shown in
Fig. 4. It is clearly observed in Fig. 4 where the unit cell volume is increasing when going from 2.5
mole % to 10.0 mole %, for Cu®" is assigned to replace Zn*" sites. In spite of the decrease in ‘a’ or‘c’,
the overall cell volume has never been observed to drop. If directional growth occurs during
substitution, the lattice parameter decreases in one direction would be compromised by the increased
lattice in other direction. Therefore it is logical to presume that the lattice growth is more towards ‘c’
direction than ‘a’ direction. This nice trend of almost uniform cell volume expansion (see Fig. 4)
revzeals Cu®* as a chemical species playing a role in the stacking but does not hinder the occupancy in
Zn~" sites. 172 125
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Fig. 4. The variation c/a ratio and unit cell volume expansion with various Cu**concentrations (mole %) in ZnO.

The crystallite size (D) for pure and Cu®* doped ZnO nanocrystalline films are calculated by using the
Debye-Scherrer’s formula [23]. The calculated average crystallite sizes of pure and doped ZnO.
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Table 1. The observed structural data from XRD measurements for pure and doped ZnO nanocrystalline film.
(*obtained from JCPDS file No. 36-1451)

Dop ant- Calculated parameters
Sample concentration
name a=b C Volume
Mole % A) @) (A)
ure ZnO 3 3.2414 5.1887 47.212
P ¥32498  *52066  *47.621
2.5 3.2576 5.2074 47.857
94 5.0 3.2918 5.1911 48.714
Zn0:Cu
7.5 3.2784 5.3751 50.031
10.0 3.2657 5.5912 51.640

nanocrystalline films are given in Table 2. The crystallite sizes are found to increase with the increase
of dopant concentration in the host ZnO. With the increase of dopant concentration in the host ZnO
solutions larger number of Cu®* ions are enter into unit cell and replace the host Zn*" site resulting in
the increase of crystallite sizes. It is found that the unit cell volume of the pure ZnO nanocrystalline
film deviates from its bulk value (47.62 A3).

Table 2. Calculated crystallite sizes for pure and doped ZnO nanocrystalline films (from XRD)

Crystallite size Particle size

Sample Dopant concentration
rame Mole % nm nm

pure ZnO - 7.21 10.2
2.5 7.83 -
5.0 9.18 -

ZnO:Cu**
7.5 10.36 -
10.0 11.29 14.12

As the incorporation of Cu”" in the host ZnO lattices, the diffraction peaks become narrower due to an
expansion in the grain size. The highest value of crystallite size calculated for ZnO:Cu** (10 mole %)
was found to be 11.29 nm. It is also noted that the intensity of the diffraction peaks decreases after
doping also slightly shifted in lower angle side (see Fig. 3). This can be attributed to doping induced
structural disorder in the parent ZnO lattices. This confirms the formation of ZnO:Cu**; because
when Cu®* occupies the Zn®* sites in the lattice , the lattice would undergo a expansion due to higher
jonic radii of Cu** (0.91 A) than that of the ionic radii of Zn** (0.83 10\). Therefore the crystallite size
of doped ZnO was slightly increased when compared from the host ZnO nanocrystals. The
substitution of Cu** for Zn** sites in parent material is of significant importance in few areas.

Apart from the crystal structure and crystallite size analysis, yet another important structural
characteristic of nanomaterials relates to the gross structural/morphological properties. Smaller
sized nanoparticles, with their high surface energy often adhere to the neighboring particles, thus
appear like bigger particles [24]. The AFM images were recorded for pure ZnO and 10.0 mole % Cu**
ZnO doped nanocrystalline films. The two dimensional images, three dimensional images and particle
size distribution histograms are shown in Fig. 5. From the AFM images it reveals that the prepared
nanocrystalline films are uniform, dense and well packed between particles. Particle sizes have been
calculated from the particle size distribution histograms. From the particle size histograms (Fig. 5) it
reveals that the presence of small sized particles is dominant in all the cases, there is a small variation
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in the overall particle sizes. This is the clear indication that uniformity is indeed a big case in all
samples regardless of what the dopant concentration is employed in the host ZnO lattices. Clearly,
from the comparison of AFM images it is clear that, there is only a small variation of height and
depth which is the indication of smooth surface morphology of the nanocrystalline films. The
calculated particle sizes are given in Table 2.

Fig. 5. AFM images of pure and 10 mole % Cu** doped ZnO nanocrystalline film. [a] 2D image of pure ZnO [b]
3D image of pure ZnO [c] particle size distribution histogram of pure ZnO [d] 2D image of 10 mole % Cu*
doped ZnO [e] 3D image of 10 mole % Cu®* doped ZnO [f] particle size distribution histogram of 10 mole %
Cu** doped ZnO
3.3 Optical Analysis
UV-Vis. absorption spectroscopy is an important and useful technique to study the optical properties
of semiconducting nanoparticles. The absorbance is expected to depend on several factors such as
band gap, oxygen deficiency, size and structure of nanoparticles, surface roughness and impurity
centers [25]. A plot of optical absorbance spectra of undoped and Cu** doped ZnO nanoparticles as a
function of the wavelength is shown in Fig. 6. It shows strong absorption in UV region. The
absorption edges are found to shift towards higher wavelengths i.e. lower energies with increase in
Cu®* concentration in ZnO. The excitonic absorption peak for pure ZnO nanocrystalline film is
observed at 341 nm. This is lower than the band gap wavelength of 388 nm for bulk ZnO [26]. Fig. 7
shows the plots of (ochu)2 vs ho for pure ZnO, and Cu** doped ZnO nanocrystalline films. The linear

variation of ((xhu)2 vs hv at the absorption edge, confirmed the semiconducting behavior of the film
with direct band gap. Extrapolating the straight line portion of the plot (ghv)* versus hv for zero

absorption coefficient value gives the optical band gap (E,). The ‘E,’ value of pure ZnO thin film is
3.37 eV and Cu** doped ZnO film is decreases with the increasing dopant concentration. The obtained
energy gap values are in good agreement with ZnO nanoparticles [27]. The shifting of band gap
towards lower energy value (red shift) confirms the dopant entered into the host Zn®* lattices. Also it
reveals that the addition of dopant increases the particle size of doped crystalline film. The
substitution of dopant (Cu**) in Zn** sites continuously leads to red shift and results in low band gap
energy (3.30 eV). The substitution of Cu** in Zn* sites reduces the band gap value of host ZnO.
While the concentration of dopant (Cu®") in the host ZnO crystalline film increases from 2.5 mole %
to 10.0 mole % the bandgap energy to vary from 3.64 eV to 2.77 eV. The pure ZnO nanocrystalline
film has no remarkable absorption in visible light region with a wavelength above 400 nm, whereas
the Cu®* doped ZnO nanocrystalline film extends the absorption spectrum obviously into the visible
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region. The result indicates the ability of doped ZnO crystalline films to harvest the visible component
of solar radiation.

Pure ZnO
2.5 mole% doped ZnO
5.0 mole% doped ZnO
7.5 mole% doped ZnO

10.0 mole% doped ZnO

°
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Fig. 6. UV-Vis. absorption spectra of pure and different concentration of Ccu* doped ZnO nanocrystalline films.
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Fig. 7. Plots of (ahv)® vs hv for evaluating the E, (optical bandgap) values of pure and different concentration of
Cu”* doped ZnO nanocrystalline films

As seen in Fig.7, by the addition of Cu™ in host ZnO, the optical band gap energy is greatly reduced
when compared to the pure ZnO at all concentration (2.5, 5.0, 7.5 and 10.0 mole %) of dopant. Also it
reveals that the decreasing band gap energy of doped nanocrystalline film increases the crystallite
sizes. It suggests that Cu®* help to slightly tuning the optical bandgap energy of ZnO. Our optical
bandgap energy calculation suggests, for the fabrication of any optical devices which require optical
bandgap ranging from a minimum of 2.77 eV to maximum 3.64 eV, the composition and the methods
we have described will lend a clue to choose an optimum composition. The E, value shifted to the
longer wavelengths depending upon a number of factors. The shift to the longer wavelength (red shift)
generally occurred when the particle size increased [28]. When the particle size was smaller than the
Bohr’s radius, the blue shift can be explained by the size effect or the effect of quantum confinement
[28]. However, the size of all the synthesized films in this experiment is beyond the Bohr’s radius,
thus the change in E, values might be influenced by other parameters also. The decrease in E, for
increasing the Cu®* content is attributed to the s—d and p—d interactions giving rise to band gap
narrowing and it has been theoretically explained using the second-order perturbation theory [29].

Fig. 8 is the photoluminescence (PL) spectra of pure and Cu** doped ZnO nanocrystalline films. From
the Fig. 8 the PL spectrum of all the as synthesized samples shows the existence of two peaks, a
narrow ultra-violet (UV) emission and a broad visible light emission extending from approximately
480 nm to 680 nm with a strong defect emission peak. The narrow ultra-violet emission peak centered
at 350 nm (3.54 eV) due to the near band edge emission (NBE) in the wide band gap of ZnO
nanoparticle, which resulted from the direct recombination of photo generated charge carriers and is
attributed to an exciton- related activity [30, 31]. In the Cu** doped ZnO nanocrystalline films, the
position of near band edge emission peak shift systematically from 364 nm to 392 nm (red shift) with
the increase of dopant concentration from 2.5 to 10.0 mole % in steps of 2.5. This significant red shift
provides clear evidence for the formation of Cu®* doped ZnO nanocrystalline films. The intensity of
ultra violet emission was high for pure and Cu doped ZnO nanocrystalline films, indicating
improvement of the crystallinity of pure and doped ZnO nanocrystalline films due to free exciton
emission [32]. Moreover, the band edge emission of pure and doped ZnO nanocrystals has a line
width (full-width at half maximum) less than 34 nm. This small line width indicates that the as
synthesized nanocrystals have a very narrow size distribution.
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The strong and broad visible light emission peak (green emission) centered at 541 nm for pure ZnO
nanocrystalline film is attributed due to oxygen interstitials and vacancies [33], donor—acceptor
transitions [34], zinc vacancies [35] and surface defects [36] in the ZnO lattices. The broad visible
light emission band for doped ZnO nanocrystalline film is slightly shifted from 549 nm (green
emission, 2.26 eV) for 2.5 mole % Cu** doped ZnO to 591 nm (orange emission, 2.10 eV) for 10 mole
% Cu** doped ZnO with respect to the varying concentration of dopant (2.5, 5.0, 7.5 and 10.0 mole
%) in the host ZnO lattices. As can be noticed in Fig.8 the broad visible light emission peak intensity
decreases with increasing dopant concentration in host ZnO films. This can be referred to the fact that
the surface per volume ratio of doped ZnO nanocrystals is lesser than that of pure ZnO nanocrystals.
This confirms that the binding between Zn ions and surface ligand is different from that of Cu ion.
The obtained results not only prove that the dopant entered into the host lattices also show that their
optical properties can be effectively tuned for desired emission wavelengths.
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Fig. 8. Photoluminescence spectra of pure and different concentration of Cu** doped ZnO nanocrystalline films.

Fig. 9 shows the variation of PL intensity of band-edge emission and defect state emission (visible
light emission) with different and different concentration of dopant in ZnO nanocrystals. From the
figure it reveals that the intensity of all the synthesized nanocrystalline films were high. The strong
room-temperature UV emission intensity should be attributed to the high purity and perfect
crystallinity of the synthesized nanocrystalline film [37]. The presence of small amount of doapnt
greatly affects the PL intensity of ZnO nanocrystalline film. The 2.5 and 5.0 mole % Cu** doped ZnO
nanocrystalline film leads to strong enhancement in photoluminescence yield compared to pure ZnO.
The doped ZnO nanocrystalline films are the new useful materials for photonic applications.
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Fig. 9. Variation of PL intensity with concentration of Cu®* in ZnO nanocrystalline film

4. Conclusions

In the present work, we have attempted to prepare and characterize pure and Cu**doped ZnO
nanocrystalline films with different dopant concentrations viz. 2.5, 5.0, 7.5 and 10.0 mole % were
prepared by the simple chemical bath deposition method with the easily available chemicals. The
stoichiometric concentration of dopant in ZnO nanocrystalline film is also estimated from EDX
analysis. The addition of Cu®* slightly decreases the bandgap energy values and is found to be varied

www.gtia.co.in 52



International Journal of Physical, Chemical & Mathematical Sciences, Vol. 2; No. 2: ISSN: 2278-683X (July-Dec. 2013)

from 3.45 to 2.77 eV with the increasing dopant concentrations. The Cu** doped ZnO nanocrystalline
film extends the absorption spectrum into the visible region and harvest the visible component of solar
radiation. The PL spectrum shows the existence of two peaks, a narrow ultra-violet (UV) emission
and a broad visible light emission extending from approximately 480 nm to 680 nm with a strong
defect emission peak. The position of near band edge emission peak shifts systematically from 364
nm to 392 nm (red shift) with the increasing dopant concentration. The 2.5 and 5.0 mole % Cu**
doped ZnO nanocrystalline film leads to strong enhancement in photoluminescence yield compared to
pure ZnO. The doped ZnO nanocrystalline films are the new useful materials for photonic and solar
cell applications.
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