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Abstract
The effect of CuO doping of ZnO nanoparticles on the performance of dye sensitize solar cells (DSSCs) has been investigated. Initially
ZnO nanoparticles was synthesized using co-preciptation method then ZnO-CuO nanocomposite were fabricated by a novel Pechini
route using different CuO molar concentration ratios applied in dye-sensitized solar cells (DSSCs). The thermal, structural, optical and
electrical characterization were done using various techniques such as (TGA/DSC), XRD, HR-TEM, FT-IR, Raman, UV-DRS, PL, I-V.
The results of the XRD analysis showed that the CuO-ZnO composite has a nanometer size and the existence of new peak at 38.65O
corresponds to secondary phase of CuO, which informs the doping process. UV-DRS spectra of doped samples showed red shift of
reflectance band compared to pure ZnO NPs and PL spectra showed a strong emission band at 400 nm. At the optimized condition, the
thin films of undoped ZnO and CuO doped ZnO were pasted on ITO glass using Pulse Laser Deposition (PLD) technique and used as
working electrodes in dye sensitized solar cells (DSSCs). These working electrodes were sensitized with Eosin dye and coupled with
platinum coated cathode. I-V measurements showed improved performance of ZnO-CuO nanocomposite DSSC with the efficiency of
2.9% ± 0.22% at the optimum doping (ZC1.5) were observed as compared to ZnO DSSC 1.26% ± 0.08%.
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Introduction
Dye-sensitized solar cells (DSSCs), the third-generation photovoltaic technology, that holds significant promise for the
inexpensive conversion of solar energy to electrical energy compared to conventional silicon solar cells because of favorable
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environmental, low cost, nontoxic, good temperature stability, stable electrical generation and easy production solar cells [1],
their key components, including the photoanode, sensitizer, electrolyte and counter electrode. Nano size semiconductor
compound is used as photoanodes because of their functions in absorbing dye molecules and transferring electrons [2]. It
must have a high electron transport rate to decrease electron-hole recombination rate and increase conversion efficiency [35]. Zinc oxide is one of the semiconductor compounds with different nanostructure morphologies and high electron mobility
[6-16]. ZnO has been considered as a promising candidate for DSSCs due to its carrier mobility and direct band gap. ZnO is a
wide band gap semiconductor with 3.30 eV at room temperature. Low dimensional ZnO nanostructures have been
extensively investigated due to its unique structural, electrical and optical properties [17,18]. It is promising material for
many optoelectronic applications such nanoscale lasers piezo-electric devices, chemical sensors and solar cells [19,20]. On
other hand, copper oxide is one of the candidate materials. The features of copper oxide semiconductors are relatively higher
optical absorption, low cost of raw materials and non-toxic. CuO is p-type transition metal oxide with a narrow band gap (Eg
~ 1.2 eV), which close to the ideal energy gap of 1.4 eV for solar cells and allows for good solar spectral absorption. The low
band gap of CuO makes it possible to absorb throughout the visible spectrum. In order to obtain better crystallization quality,
better optical and electrical properties, researches have preferred doping in metal oxides. Zinc is an important transition metal
element and Zn2+ has close ionic radius parameter to that of Cu2+, which means that Zn can easily penetrate into CuO crystal
lattice or substitute Cu position in the crystal [21,22]. In this work, ZnO-CuO nanocomposite is used for increasing the
photovoltaic performance of Dye sensitized solar cell. Initially these materials were synthesized and then characterized using
TGA/DSC, XRD, HR-TEM, FT-IR, Raman, UV-DRS, PL and I-V measurements.

In this work, it is observed that the nanohole arrays could also be formed in nanoripples fabricated with the irradiation of an
800-nm femtosecond laser in an alcohol environment. The diameter of the holes ranges from 10 nm-30 nm. Note that the
nanoholes are much smaller than the wavelength of the incident laser, which is 800 nm. The structure is different with the
classical laser-induced nanostructures in two aspects. For one thing, the size is in order of tens nano-meter instead of
hundreds of nano-meters. For the other thing, the structures can only be formed under irradiation under irradiation in liquids
environment. Specifically, under irradiation in alcohol, more nanohole arrays are formed and the holes are more uniform, as
compared to those generated under irradiation in water. This method can be used for manufacturing deep-subwavelength
nanostructures using laser irradiation. The nanohole arrays are characterized using a scanning electron microscope (SEM). In
addition, we investigate the influence of the laser scanning speed to the deep-subwavelength nanohole arrays.

Experimental
Materials
The chemicals used are of analytic grade and used without further purification, zinc nitrate (Zn(NO 3)2.6H2O) {228737, 98%},
copper nitrate (Cu(NO3)2. 6H2O) {72252, >98.5%}, Citric acid monohydrate (C6H8O7.H2O) {1909, >99%} and ethylene
glycol (HOCH2CH2OH) {1.00949, >99%}, lithium iodide (LiI) {223816, 98%}, Eosin-Y {230251} and hydrogen
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hexachloroplatinate (IV) hydrate {81080, 38%} were obtained from Sigma-Aldrich Company as a powder material of high
purity of 98.85%, or better. Iodine (I 2) {13380, 99.8%}, ethanol {02875, 99.8%} and acetone {179973, 99.5%} were
obtained from Honeywell Company.

Synthesis
The fabrication process involves co-precipitation method [23] of ZnO nanoparticles, 7.44 mg of zinc nitrate Zn(NO3)2 was
dissolved in 500 ml deionized water and stirred for 30 min at 100°C. The pH was adjusted at 6 by using 1M NaOH and
stirring it for one hour. The mixture was centrifuged at a speed of 4000 rpm and the precipitates were collected. The white
powder obtained was washed several times with deionized water and ethanol. It was then dried at 80°C in an electric oven
and calcinated at 450°C for 4 h in the air to remove any organic residues.

The synthesis of CuO-ZnO NCs by Pechini method with different molar ratios (0.5, 1.0, 1.5, 2.0 and 2.5%) of CuO precursor
and donated as (ZC0.5, ZC1.0, ZC1.5, ZC 2.0 and ZC 2.5). The appropriated amounts of citric acid monohydrate
(C6H8O7.H2O) and ethylene glycol (HOCH2CH2OH) are dissolved completely in deionized water to form a sol at 60°C for 1
h in oil bath and further heated at 80°C for 1 h to remove excess water. The reagents (Zn (NO3)2. 6H2O and Ni (NO3)2. 6H2O
were added to the solution and heated at 110°C for 1 h in order to start esterification. The blue solution became more and
more viscous and finally a xerogel was obtained. The xerogel was dried at 80°C for 24 h in an electric oven and then it was
pyrolysised at 450°C for 4 h in nitrogen. Make TGA/DSC to identify the optimum temperatures for calcination. The obtained
powders were calcinated at different temperatures (400°C, 600°C and 800°C) for 4 h according to TGA/DSC results. Later,
they were ball milled for 30 min to break down the agglomerates.

DSSC Fabrication
The synthesized samples were deposited on quartz substrate coated with indium tin oxide (ITO) with thickness of 100-150
nm using Pulse Laser Deposition (PLD) at wave length of 1064 nm (Q-switched Nd:YAG laser). The prepared thin films
were considered photo-electrodes of DSSCs. The prepared photo-electrodes were immersed in 0.04 g of Eosin-Y organic dye
(C20H8Br4Na2O5) dissolved in 100 ml acetone for 24 h. The platinum-coated counter electrode was prepared by (4 mM
hydrogen hexachloro-platinate (IV) hydrate, H2PtCl6.aq in ethanol solution) depositing on ITO-glass and calcinated at 400°C
in the air for 1 h. The redox electrolyte consisting of 0.3 M LiI and 0.03 M I2 in polyethylene carbonate was injected into the
inter-electrode space from the counter-electrode side through a predrilled hole.

Experimental techniques
The Differential thermal analysis was carried out using Q600 DST simultaneous DSC/TGA apparatus at a heating rate of
10°C/min in temperature ranging from room temperature to 1000°C under air flow. The phase of the prepared samples was
examined by X-ray diffraction (XRD) using a diffractometer (Panalytical XPERT PRO MPD). CuKα radiation (λ=1.5418 Å)
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was used at a rate of 40 kV and 40 mA. The morphology was investigated by High Resolution Transmission Electron
Microscope (HR-TEM) – model JEM-2100, JEOL, Japan. The structural study of the prepared samples was investigated by
Raman spectroscopy with laser source 532 nm and power 10 mW (model Sentera, Bruker, Germany). The functional groups
were identified using a Fourier transform infrared spectrometer (FT-IR) model spectrum one (Perkin Elmer, USA) in the
wave number range of 400 cm-1-4000 cm-1. The optical reflectance was recorded using a UV-vis spectrometer (Perkin Elmer
Lambda 1050). The photoluminescence spectra were recorded using a Perkin Elmer LS 50B luminescence
spectrophotometer. The current-voltage (I-V) measurements of the fabricated DSSC were measured by using a solar
simulator (Solar-Light (Science tech SS150W-AAA) and an electrometer (2400 Keithley Source Meter SSIVT-60WC), while
Air Mass1.5-filtered light from the 150 W-Xenon lamp of the solar simulator the DSSC at a power density of Pi=100
mW/cm2 and to calculate error, measurement was repeated three times.

Results and Discussion
Thermal analysis
For the thermal gravimetric analysis and differential scanning calorimeter (TGA/DSC), the prepared samples were heated at a
constant rate of 10°C/min under air atmosphere in the temperature range up to 1000°C. From the TGA curve of CuO-ZnO
NCs, the total weight loss approximately is 17.86% (0.7961 mg) of the total weight of the investigated sample at 127.78°C as
shown in FIG. 1.
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FIG. 1. TGA-DSC Curves of As-product CuO doped ZnO nanocomopsite as recorded at a constant heating rate of 10
°C/min.
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Structural morphological characterization
X-Ray diffraction analysis (XRD): FIG. 2 shows the XRD patterns of CuO-ZnO nanocomposite at expected molar ratio
ZC1.5 calcinated at different temperatures (400°C, 600°C and 800°C) according to the results obtained from TGA/DSC. It is
observed that the existence of strong and sharp peaks appeared at 800°C and confirm the optimum doped CuO-ZnO NCs
which agree with standard powder diffraction patterns (JCPDS card No.04-008-2755), but at lower temperature, the doping
of ZnO was not successfully occurred. FIG. 3 shows XRD diffraction patterns of all the prepared samples (ZnO, ZC 0.5,
ZC1.0, ZC1.5, ZC 2.0 and ZC 2.5) calcinated at 800°C and reveals that the diffraction peaks appear at angles (2ϴ) of 31.36,
34.03, 35.86, 47.16, 56.26, 62.54, 67.64 and 68.79 corresponding to the respective crystal planes of (100), (002), (101),
(102), (110), (103), (200) and (112) of the poly crystalline hexagonal wurtzite of zinc oxide NPs structure that matches with
(JCPDS card No. 01-080-4199). New peak appears at 38.65O corresponds to secondary phase of CuO matched with (JCPDS
card No. 00-048-1548) and the optimum doped CuO-ZnO NCs occurred with ZC1.5. At lower molar ratio (<1.5) of CuO
precursor, the two metal oxides are not successfully doped. At further molar ratio (>1.5) the peaks of ZnO disappeared.

The crystalline size of the samples was calculated from the full width at half maximum (FWHM) of the XRD pattern FIG. 3,
using Williamson-Hull’s formula [24]:
β × cos (θ)=[K × λ/D]+[4 × S × sin (θ)]

(1)

Where β is FWHM in radians, λ is wavelength of X-rays used, θ is scattering Bragg angle, D is particle diameter and S is the
strain. The parameter K is the shape factor (taken as 0.94). The calculated particle sizes for the prepared samples are listed in
TABLE 1 and the results indicated that particle sizes increase with the increasing amount of CuO. FIG. 4 shows the most
intense XRD peaks of undoped and CuO doped ZnO NCs at molar ratio of 1.5% calcinated at 800°C. As shown, the peak of
CuO doped ZnO reveals a slight shift towards higher angles compared to ZnO NPs reported, because of the fact that ionic
radius of Cu2+ (rCu2+=0.73 Å) is very close to that of (rZn2+=0.74 Å), due to which Cu can easily penetrate into ZnO crystal
lattice.

Transmission electron microscope (TEM): FIG. 5(a-f) show the HR-TEM images of ZnO NPs and the nanocomposite
CuO-ZnO with different molar ratios from 0.5% to 2.5% respectively, with perfect morphology and crystal quality compared
to undpoed ZnO NPs, which shows an hexagonally shaped nanoparticles and larger rectangular platelets. The optimum
regular spherical and uniform particle size distribution was obtained at ZC1.5 and this result was compatible with the XRD
patterns FIG. 3. The crystallinity and preferential orientation of the NPs in the sample are further confirmed by the selected
area electron diffraction (SAED) pattern, as shown in FIG. 5(g) and the SAED pattern for the optimum sample ZC1.5, which
shows the diffraction rings of polycrystalline nature for doped sample.
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FIG. 2. XRD spectra CuO doped ZnO nanoparticles calcinated at different temperature.
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FIG. 3. XRD spectra of CuO doped ZnO nanoparticles at different concentration calcinated at 800°C.
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FIG. 4. Displacement of the most intense peak of the XRD pattern provoked by the doping of CuO on ZnO.

FIG. 5. HR-TEM images of undoped and CuO doped ZnO at different molar ratios (a: f) and SAED pattern at ZC1.5
(Photo g).

Fourier transform-Infrared (FT-IR) spectra: FIG. 6 shows FT-IR spectra recorded in the range of 400 cm-1-4000 cm-1 for
the ZnO NPs and CuO-ZnO nanocomposite at different molar ratio. The broad absorption peak near 3367 cm-1correspond to
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O-H stretching. The peaks at 1560 cm-1 and 1395 cm-1 attributed to the symmetric and asymmetric C=O stretching vibration
modes, whereas small peak at 913 cm-1 is attributed to C-H stretching. The peak at 430 cm-1 shows the stretching band of
ZnO. The spectra of CuO-ZnO NCs show a new vibration mode at 670 cm-1 corresponding to Cu-O stretching bond, which
indicated that CuO was successfully doped with ZnO NPs. Hence, it is a nice supporting result for the previous
investigations.
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FIG. 6. FT-IR spectra of undoped andCuO doped ZnO NPs for different molar concentration ratios of CuO.
Raman spectroscopy: Raman spectroscopy shows the vibrational modes of the prepared samples for detecting the
incorporation of dopant. As shown in FIG. 7, the spectrum of pure ZnO exhibits significant peak of E2(High) mode at 435
cm-1 representing wurtzite hexagonal structure of ZnO associated with the motion of oxygen atoms in ZnO lattice [25] and
other peaks observed at 322 cm-1, 578 cm-1, 1130 cm-1, 1368 cm-1 and 1525 cm-1. The two peaks at 322 cm-1 and 578 cm-1 are
assigned to be (E2H-E2L) and A1 (LO), respectively. The Raman shift of CuO – ZnO NCs as compared to undoped ZnO, blue
shift of the Raman peaks is observed at 322 cm-1, 435 cm-1 and 1130 cm-1 and red shift is observed at 578 cm-1. While the
intensity of peak 322 and 578 cm-1 increased, peak 435 cm-1 decreased, peaks at 1368 cm-1and 1525 cm-1 vanished and
observed peaks at 236 cm-1 and 1117 cm-1 increased and shifted to lower with increasing doping. According to literature, the
additional modes are induced by host lattice defects; the host lattice defects in ZnO are activated and implied with doping
content and then these modes appears [26]. The changes in the intensity of peaks confirm the successfully doped ZnO.
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FIG. 7. Raman spectra for the undoped and CuO doped ZnO NPs for different molar concentration ratios.
Optical characteristics
UV-vis spectrum analysis: The Diffuse reflectance spectra of the prepared samples were investigated using UV-vis optical
spectroscopy in the range of 200 nm-800 nm. As shown in FIG. 8, the optical band gaps of the prepared samples have been
estimated from the plots of reflection percentage versus energy (hʋ) and tabulated in TABLE 1 using the equation (αhʋ)2=A
(hʋ-Eg), where α is the absorption coefficient, hʋ the photon energy, A the constant relative to the material, E g the absorption
band gap [27]. There is an obvious red shift in doped samples compared with ZnO, the band gap decreases with the
increasing amount. The reflectance spectrum of undoped ZnO was observed at 370 nm and gets shifted towards longer
wavelength region for doped ZnO. The red shift in the band edge with the increasing copper oxide dopant is a clear indication
of the doping of CuO with ZnO [28]. The results display extended photo response range in visible light and the efficient
separation of electron-hole pairs might be achieved.
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FIG. 8. UV-vis diffuses reflectance spectra of undoped and CuO doped ZnO NPs at different molar concentration
ratios.
TABLE 1. Average crystal size and band gap of undoped and CuO doped Zno NPs.

CuO Conc.%

Eg (eV)

D (nm)

ZnO

3.32

25.71

ZC0.5

3.85

30.98

ZC1.0

2.75

55.53

ZC1.5

2.64

85.53

ZC2.0

2.48

105.80

ZC 2.5

2.32

106.69

Photoluminescence (PL) spectroscopy: The room-temperature PL spectra of the investigated samples at excitation
wavelength of 325 nm are shown in FIG. 9. The UV emission is attributed to the near-band-edge emission from the
recombination of free excitons through an exciton-exciton collision process [29]. The PL spectrum of pure ZnO reveals
strong and broad UV band peak centered at 354 nm. After CuO doping, the UV emission peaks shift to wave length at 400
nm, due to the irradiative transition from Zn interstitial to valence band, the optimum doping at molar concentration ratio 1.5
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(ZC1.5) and the intensity of UV peaks decrease indicates low recombination between electrons and holes. These results show
a great promise of the CuO doped ZnO NCs in optoelectronics devices.
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FIG. 9. Photoluminescence spectra of CuO doped ZnO Nanocomposites, the inset shows the undoped and the optimum
dopant content ZC1.5.

Current-voltage characteristics

FIG. 10 shows the current-voltage (I-V) curves of DSSC based on ZnO NPs and DSSC based on CuO doped ZnO NCs and
the detailed photovoltaic (PV) parameters obtained from I-V curves as a function of CuO precursor amount are summarized
in TABLE 2. As can be seen the performance of ZnO DSSC compared to CuO-ZnO DSSC with improvement of the short
circuit photocurrent (Jsc) from 0.82 mA/cm2 to 1.16 mA/cm2, fill factor (FF) from 32.25% to 46% and decrease the open
circuit voltage (VOC) from 0.47 V to 0.54 V. we find that the photovoltaic efficiency of DSSC using ZnO has been improved
significantly after the CuO doping at ZC 1.5 from 1.26% ± 0.10% to 2.96% ± 0.22% respectively. From these results, it was
concluded that CuO-ZnO nano composite has better photovoltaic performance and excellent long-term stability, which can be
a suitable candidate for commercial DSSC application [30].
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FIG. 10. I-V characteristics of ZnO and CuO-ZnO based DSSC.
TABLE 2. DSSC PV parameters at different CuO Precursor conc. mol.%.

CuO precursor
Conc. Mol.%
Jsc (mA.cm-2)

0.0

0.5

1.0

1.5

2.0

2.5

0.8276

0.77

0.99

1.16

1.20

1.22

Voc (V)

0.47

0.53

0.55

0.54

0.49

0.44

FF (%)

32.25

40.99

41.35

46.44

40.82

44.42

Ƞ (%)

1.26 ±
0.09

1.68 ±
0.12

2.25 ±
0.17

2.96 ±
0.22

2.40 ±
0.18

2.39 ±
0.18

Conclusion
CuO doped ZnO NCs were synthesized by a novel Pechini route with different precursor molar concentration ratios from 0.0
to 2.5 mol.% using citric acid monohydrate and ethylene glycol. The structural, morphologicaly, thermal, optical and
electrical characterizations were investigated. The success of the doping process was confirmed by the XRD patterns which
show the existence of new peak at 38.650 at (200) plane corresponding to secondary phase CuO. XRD also shows that the
optimum molar concentration ratio at (1.5 mol.%) for doping material. FT-IR spectra reveal the presence of new vibration
mode at 670 cm-1 corresponding to CuO stretching mode in CuO-ZnO NCs. Raman spectra showed that blue shifted to lower
frequencies due to increase of the doping content. UV spectra show red shifts in the absorption band edge upon the CuO
doping. PL spectra described the shift in near band edge UV emission at 400 nm stability between h+/e- in CuO-ZnO NCs.
The efficiency of DSSC using ZnO only is 1.26% ± 0.10%; whereas for CuO-ZnO NCs, the efficiency increases to 2.96% ±
0.22% at the optimum doping (ZC1.5), which can be a suitable candidate, for photovoltaic applications.
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