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Introduction

Transition metal (TM) doped semiconductor nanoparticles have been studied due to their promising fluorescence
properties for technological applications [1]. ZnO is a unique material in 11-VI semiconductor with wide band gap
3.37 eV, large exciton binding energy 60 meV. Doped ZnO is of considerable significance for its use in industry as
information storage materials, fluorescence lamps, control panel displays, plasma display panels, field effect transistor
[2-6], gas sensors [7], solar cells [8], varistors [9], light emitting devices [10], photocatalyst [11], antibacterial agent
[12], cancer treatment [13], antireflecting coatings piezoelectric devices, surface acoustic wave propagator[14, 15]
and photonic materials [16]. Theoretical and experimental studies showed that ZnO doped with appropriate TM are
diluted magnetic semiconductors (DMS) [17] which have potential applications in spintronics [18]. The most
commonly used metallic dopants in ZnO based systems are Al, Co, Cu, Ga, Sn etc [19-23]. Among them Cu is
important because, (i) it can change the microstructure and the optical properties of the ZnO system [21], (ii) it has
many physical and chemical properties that are similar to those of Zn and (iii) it is a prominent luminescence
activator, which can modify the luminescence of ZnO crystals by creating localized impurity levels [24].

Different methods such as thermal decomposition, thermolysis [25], chemical vapor deposition, sol-gel [26],
spray pyrolysis, precipitation [27], vapour phase oxidation [28], thermal vapour transport, condensation [29], co-
precipitation [30], hydrothermal [31], auto-combustion method [32], ball milling method [33] and so on are available
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in literature to synthesize ZnO nanoparticles. In this paper, solvothermal method is used to synthesize Cu doped ZnO
nanoparticles with four different concentrations as this method has several advantages such as short reaction time,
small particles size, narrow size distribution and high purity [34-40]. Further, structural and optical properties of the
synthesized samples are also studied.

Experimental procedure
Materials and Reagents

Analytical grade precursor materials such as zinc acetate dihydrate [(CH3CO2).Zn.2H,0], copper (Il) acetate
monohydrate [(CH3CO,).Cu.H,0)], urea [H.NCONH_] were used to synthesize copper doped ZnO nanoparticles by
solvothermal method. Ethylene glycol [CH,OH.CH>,OH] was used as a solvent. In this process, zinc acetate, copper
acetate and urea in the proposed ratios were mixed well with ethylene glycol and the mixture was stirred well for 1
hour using a magnetic stirrer. The stirred solution in a bowl was placed in a domestic microwave oven at a
temperature of 80°C. The solution was microwave treated until the solvent evaporated completely. Further, the
substance deposited in the bowl was taken out and washed at least four times with double distilled water and acetone
to remove unwanted water soluble compounds and organic compounds present in the samples [41]. The synthesized
nanoparticles were filtered, dried in sun light for one week and annealed in muffle furnace at 350°C for 1 hour to
improve the crystallinity of samples.

Characterization techniques

The crystalline nature and the phase purity of our samples were analyzed by X-Ray Diffraction (XRD) recorded on a
PAnalytical model X’ Pert PRO diffractometer using Cu-K, radiation (1.5406 A°) operated at 40 KeV and 30 mA in
the angle range from 10° to 80° with step size 0.01°. The morphology of the sample was studied by Scanning electron
microscopy (SEM, Carl Zeiss EVO 18 model). The composition of the materials was estimated by energy dispersive
X-ray spectroscopy (EDX) (Quantax 200 with X — flash Bruker). The crystal size and morphology have been studied
by transmission electron microscope (TEM) using Philips CM 200 with a point resolution of 2.4 A° and operating
voltage 20 kV - 200 kV. The presence of chemical bonding in Ni doped ZnO nanoparticles was studied by Fourier
Transform InfraRed (FTIR) spectrometer (Model: Perkin Elmer, Make: Spectrum RX1) in the range of 4000 - 400
cm? by the KBr pellet method. Optical absorbance measurements were carried out using UV-Visible
spectrophotometer (Model: Lambda 35, Make: Perkin Elmer) in the wavelength ranges from 190 - 1100 nm to
determine the optical band gap, while the Photoluminescence (PL) studies were carried out between the wavelengths
ranges from 330 - 750 nm using luminescence spectrophotometer (Model: LS 35, Make: Perkin-Elmer). All
measurements were performed at room temperature.

Results and Discussion

Structural Properties
Powder XRD studies

Figure 1a shows the XRD patterns of Cu doped ZnO (Zn1.xCuxO, where x=0.001 to 0.004) powder samples annealed
at 350°C. All the diffraction peaks correspond to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004)
and (202) crystal planes showing hexagonal structure of pure ZnO. The diffraction angles of the peaks matched very
well with standard JCPDS card no. 89-0510 [42]. No additional peaks corresponding to any secondary phases such as
Cu0, Cu20 or Cu clusters could be observed from the XRD patterns. The average crystallite size Dy using Debye -
Scherrer’s formula, the micro strain €, bond length L and volume of unit cell V of the samples [43] can be calculated
as Dna=0.90/Bcos0; V=0.866*a%*c; L = *EJF ¢ —4)?ec?; &€= (BcosB)/4. Here u =a? (3¢?) + 0.25and 1, B, 6, u, a, and

c refer to wavelength of the X-rays (1=1.5406 A°), full width half-maximum (FWHM), Bragg angle, parameter for
wurtzite structure and lattice parameters respectively. The calculated values are listed in Table 1. The average
crystallite size of Cu doped ZnO nanoparticles is found to be in the range of 11 - 25 nm. The change in lattice
parameters clearly indicates the incorporation of Cu?* ions into the ZnO lattice without disturbing the structure of
ZnO. Varying peak position and lattice parameters reveal ionic size mismatch between Zn?* (0.74 A°) and Cu?* (0.73
A°) ions. The c/a parameter is found to be 1.6 which is close to the standard value of close packed hexagonal
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structure. The bond length decreases as the content increases up to x=0.002 and then increases for the further increase
of concentration. This variation in bond length may be due to the formation of Cu-O bonds in addition to Zn-O bonds
in ZnO lattice. This Cu-O bond length is smaller than that of Zn-O. A small change of 26 values for a prominent peak
corresponding to 101 plane observed in Figure 1b may be due to size or micro strain or size and micro strain of
nanoparticles [44]. Figure 1c shows the relation between particle size and micro strain with Cu concentration. From
this figure, it is observed that the micro strain of Cu doped sample decreases and the size of the nanoparticles
increases when Cu concentration is increased.
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Figure 1 XRD patterns of (a) Zn;.«CuxO nanoparticles annealed at 350°C (b) Diffraction peak for 101 plane and (c)
Relation between particle size, micro strain with Cu concentration
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Table 1 Lattice parameter, Particle size, Volume of unit cell, Bond length and Micro strain of Zn;xCuxO
nanoparticles.

Copper Lattice cla Particle Volume of Bond Micro strain
concentration  parameters (A°) size Dna unitcell V  lengthL ¢

a=b c (nm) (A%) (nm) (107 lines/m*)
x=0.001 3.2523 5.1977 15982 11.69 47.6113 1.9777 2.945
x=0.002 3.247  5.1968 1.6005 17.96 47.4480 1.9754 1.990
x=0.003 3.2482 5.2049 1.6024 23.61 475571 1.9769 1.516
x=0.004 3.2475 5.2041 1.6025 24.94 47.5293 1.9765 1.408

SEM & EDX studies

SEM image of the prepared Znog9sCuoo0:O nanoparticles is shown in Figure 2a and Figure 2b. The synthesized
nanoparticles are observed to be homogeneous, dense and distributed uniformly over the surface. The recorded EDX
spectrum of the sample is shown in Figure 2c. From this figure, the weight percentage of elements such as Cu, Zn and
O present in the synthesized sample is obtained. This result confirms that the weight percentage of Cu in the prepared
samples (0.08 %) is nearly equal to the stoichiometric weight percentage of Cu (0.1 %) taken for preparing the
sample. The Cu?* ions are replacing the Zn?* ions in the ZnO lattice site. The oxygen signal at 0.52 KeV, zinc signals
at 1.01 KeV and 8.66 KeV and the copper signal at 0.9 KeV and 8.02 KeV are observed.
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Figure 2 (a) and (b) SEM images of Zno.s99CuUo.00:0 nanoparticles (c) EDX image of Zno.e99Cuo.00:O nanoparticles.
Inset, shows the elemental composition of samples

Chem Sci Rev Lett 2016, 5(18), 106-114 Article CSN152047049 109



Chemical Science Review and Letters ISSN 2278-6783

TEM studies

The TEM image of ZnggeCuoo01O nanoparticles is shown in Figure 3a. It is observed that Cu doped ZnO
nanoparticles are nearly hexagonal in shape with uniform particle size distribution having diameter range from 18.36 -
22.34 nm and this result is in good agreement with the one obtained from XRD patterns.

The Selected Area Electron Diffraction pattern (SAED) of the sample is shown in Figure 3b and is indexed to the
wurtzite ZnO structure for all planes and this result matches well with the XRD pattern of the samples. SAED pattern
reveals that no additional rings were observed besides the diffraction rings of wurtzite structure of ZnO.

| 20.34nm

g o 20 nm

Figure 3(a) TEM image and (b) SAED patterns for Zng.gesCuo.001O nanoparticles

Optical Properties
FTIR studies

Figure 4 shows the FTIR spectra of Cu doped ZnO nanoparticles annealed at 350°C in the wave number range of 400
cm?® — 4000 cm™. The peak observed at ~ 3429 cm™ and 1598 cm? are attributed to O-H stretching vibration and H-
O-H bending vibration respectively due to the existence of small amount of H,O in the surface of ZnO [45]. A weak
band observed at ~ 2921 cm™ might be due to some residual organic compound present in the samples. A peak is
observed at ~ 1392 cm™ due to carbonyl group present on the surface of ZnO [46]. In general, the peak observed
between 400 - 600 cm™ is ascribed to metal-oxygen (M-O) i.e. Zn-O stretching vibration. The absorption band located
around 550 cm™ is because of the stretching vibration of ZnO [47].
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Figure 4 FTIR spectra of Zn;.«CuxO nanoparticles
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UV-Vis absorption spectrum

The UV-Visible optical absorption spectrum of Cu doped ZnO nanoparticles annealed at 350°C and is shown in
Figure 5a and Figure 5b. The absorption edge of the sample increases with increasing Cu concentrations indicating
that Cu?* ions are incorporated into ZnO lattice. A red shift is exhibited due to the formation of shallow levels inside
the band gap by doping and change of electron exchange interactions between the band electrons and the localized d
electrons of the Cu?* ion [45].

The optical energy band gap E4 of samples was estimated using the Tauc relation [48],

(ahv) ~ (hv - Eg)?

where hv is the incident photon energy and a is the optical absorption coefficient near the fundamental absorption
edge. The absorption coefficients were calculated from the optical absorption spectra. The optical band gap of ZnO
was obtained by plotting (ahv)? versus (hv) and the linear region of the plots is extrapolated to (ahv)? = 0 as shown in
Figure 6a and Figure 6b. The estimated band gap energies of Cu doped ZnO nanoparticles are lower than that of pure
ZnO (3.37 eV) [45] and are listed in Table 2. The band gap increases from 2.59 - 3.159 eV with increase of Cu
concentration.
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Figure 6 a) and b) Band gap energy of Zn;xCuxO nanoparticles
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Table 2 Band gap value for Zn;xCuxO nanoparticles

Copper concentration Band Gap (eV)
x=0.001 2.596
x=0.002 3.013
x=0.003 3.074
x=0.004 3.159

PL studies

PL spectra for Cu doped ZnO nanoparticles annealed at 350°C are shown in Figure7. In general, ZnO exhibits one
peak near band edge emission (UV region) and one or more defect related emission peaks in the visible region. The
visible emission peak of ZnO occurs due to the intrinsic defects such as oxygen vacancies (V,), Zinc vacancies (Va),
oxygen interstitial (O;), zinc interstitial (Zn;), antisite oxygen (Oz,) and extrinsic impurities that form deep energy
levels in the band gap [49-52]. The PL spectra for our samples show two peaks, a weak intensity peak near 390 nm
(3.16 eV) and another strong intensity peak near 607 nm (2.04 eV). The UV emission peak with weak intensity at
3.16 eV is ascribed to the near band edge emission of ZnO which originates from the recombination of free excitons
through an exciton — exciton collision process [53-54]. The orange-red emission peak obtained near 607 nm indicates
the presence of excess oxygen in the samples such as defects of oxygen interstitials or oxygen vacancies [55- 58]. The
defects of oxygen interstitials (oxygen vacancies) represent an oxygen rich (oxygen deficient) state of ZnO. With
increasing Cu concentration up to x=0.003, the intensity of the peak gets decreased which may be due to the reduction
in the concentration of oxygen vacancies. This in turn decreases the concentration of recombination centre [59-60]. At
x=0.004, the intensity of the peak suddenly reaches a high value because of increase in the concentration of oxygen
interstitials (oxygen vacancies) and recombination centers.
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Figure 7 PL emission spectra of Zn;xCuxO nanoparticles.

Conclusions

Cu doped ZnO nanoparticles have been synthesized successfully by solvothermal method. The effect of Cu doping on
structural and optical properties was also studied using different characterization techniques. From structural studies
based on XRD and TEM, the nanoparticles have a single phase hexagonal structure of ZnO with particle size in the
range of 11 - 25 nm. Uniform distribution of nanoparticles has been seen from SEM studies. The elements present in
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the samples were recorded using EDX study which confirms the purity of the samples. From FTIR, the functional
group of the samples has been identified. The UV-Vis spectrum shows red shifted band edge emission indicating that
copper ions are substituted in ZnO lattice sites. A weak intensity near band edge emission peak and a high intensity
orange red emission peak were observed in PL spectra. The intensity of orange-red emission peak decreases with
increasing concentration up to x=0.003 and this may be due to reduction in the concentration of oxygen vacancies. At
higher concentration x=0.004, the intensity of the peak increases suddenly owing to the increasing concentration of
0Xygen vacancies.
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