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ABSTRACT 
 
Amorphous and nanocrystalline ZnO thin films were synthesized by the sol–gel process at room temperature.  
The films were spin-coated on glass and silicon wafers and gelled in humid air. The ZnO films were synthesized 
by using zinc acetate dihydrate as the inorganic precursor. The samples were annealed at at 450°C for 15 
minutes to produce a polycrystalline ZnO thin films. The films were characterized using X-ray diffraction, 
Fourier transform infrared spectroscopy, scanning electron microscopy and transmission electronic microscopy 
and UV-Vis absorption spectroscopy. The experimental absorption spectrum of the crystalline ZnO film exhibits 
an absorption band located at 359 nm. Emission and excitation studies of the ZnO nanocrystallites were made in 
both kinds of materials to determine its luminescence response. Photoconductivity studies were performed on 
amorphous and crystalline (wurtzite phase) films. The experimental data were fitted with straight lines at 
darkness and under illumination at 355 nm and 633 nm. This indicates an ohmic behavior. Transport parameters 
were calculated. Results are discussed. 
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1. INTRODUCTION 
Zinc oxide (ZnO) has a wide and direct band gap of 3.36 eV at room temperature and a higher exciton 

binding energy (60 meV), which assures more efficient exciton emission at higher temperatures, compared with 
other wide band gap materials, such as GaN (28 meV) and ZnSe (19 meV) 1–3. In addition, ZnO can be deposited 
at lower temperature than GaN. Owing to these properties, ZnO has received much attention as a candidate 
material for opto-electronic devices such as UV laser diodes and UV-blue light-emitting diodes. 

ZnO has been studied in different growth forms such as nanoneedles, nanowires, nanorods, flowers, 
tetrapods, etc 4–8 for its luminescence properties. In particular, ZnO powders and thin films are very important 
materials in ceramic technology and thin films technology due to numerous properties 9. ZnO powder with 
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suitable dopants is used as a photoconductor in electrophotography, a varistor in ceramic technology, a sensor 
element in sensing combustible gases and additive in various ferrites. As a thin film exhibits piezoelectric 
properties which are used in various pressure transducers and acousto-optic devices, surface and bulk acoustic 
wave devices, solar cells, piezoelectric transducers 10. ZnO is a direct band gap semiconductor 11-13. 

In the present work, we described the synthesis and characterization of amorphous and nanocrystalline ZnO 
thin films. The films were produced by the sol–gel process at room temperature by using the spin-coating 
method and deposited on glass substrates. The samples were sintered at 520°C for 1 hour. The obtained films 
were characterized by X-ray diffraction (XRD), optical absorption (OA), infrared spectroscopy (FTIR) and 
transmission electronic microscopy (TEM) studies. Photoconductivity studies were performed on amorphous and 
nanocrystalline (wurtzite phase) films. Transport parameters were calculated. The emission properties of 
amorphous and nanocrystalline ZnO samples were studied by luminescence studies. 

 
 

2. EXPERIMENTAL 
Silicon and glass substrates were cleaned in boiling acidic solution of sulphuric acid-H2O2 (4:1) under 

vigorous stirring for 30 minutes. They were then placed in deionized water and boiled for 30 minutes, rinsed 
three times with deionized water and stored in deionized water at room temperature.  

All reagents were Aldrich grade. The sol was prepared using zinc acetate dihydrate (Zn-(OOC-CH3)2·2H2O), 
ethyleneglycol (C2H602), ethanol (CH3CH2OH), and glycerol (C3H8O3). 2.5 ml of ethylene glycol was added to 
10 g of zinc acetate dihydrate in a round bottomed flask fitted with a condenser and kept at 150 °C for 15 min 
over a hot plate to obtain a uniform transparent solution. On cooling to room temperature the content of the flask 
solidified to a transparent brittle solid which was dissolved in 20 ml ethanol, 0.5 ml of glycerol and 6.35 ml of 
triethylamine. The precursor solution was placed on the glass or silicon substrates (2.5 x 2.5 cm2) using a 
dropper and spun at a rate of 3000 rpm for 20 s (Figure 1).  

 
Figura 1. Spin-coating technique. 

 
After coating, the precursor films were kept in humid air (RH 40%) for 10 min to facilitate hydrolysis. The 

films were dried at 450 °C for 15 min in a muffle oven in order to make them crystalline. 
UV-vis absorption spectra were obtained on a Thermo Spectronic Genesys 2 spectrophotometer with an 

accuracy of ±1 nm over the wavelength range of 300-900 nm. The structure of the final films was characterized 
by X-ray diffraction (XRD) patterns. These patterns were recorded on a Bruker AXS D8 Advance diffractometer 
using Ni-filtered CuKα radiation. A step-scanning mode with a step of 0.02° in the range from 1.5 to 60° in 2θ 
and an integration time of 2 s was used. FTIR studies were done using a Bruker Tensor 27 FT-IR spectrometer. 

Another characterization of the morphology and microstructure was achieved from conventional 
transmission electron microscopy (TEM) by means of a JEOL FEG 2010 FasTem electron microscope with 1.9 
Å resolution (point to point). For TEM studies, the sample was suspended in ethanol in order to disperse the 
powders and a drop of the sample was deposited on a lacey carbon copper grid as a TEM support. From the 
TEM micrographs, mean particle size and particle size distribution were calculated, too. The thickness of the 
films was measured using a SEM microscopy Model STEREOSCAN at 20 kV. 

For photoconductivity studies9 silver electrodes were painted on the sample. It was maintained in a 10-5 Torr 
vacuum cryostat at room temperature in order to avoid humidity. For photocurrent measurements, the films were 
illuminated with light from an Oriel Xe lamp passed through a 0.25m Spex monochromator. Currents were 
measured with a 642 Keithley electrometer connected in series with the voltage power supply. The applied 
electrostatic field E was parallel to the film. Light intensity was measured at the sample position with a Spectra 
Physics 404 power meter (Figure 2).  

Emission and excitation optical spectra were collected at room temperature with a SPEX FLUOROLOG 
FL111 spectrofluorimeter equipped with a 450Wxenon lamp. Excitation and emission wavelengths were selected 
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by two monochromators (SPEX spectrometer 0.34m), and the detection was done with a HAMAMATSU R928 
photomultiplier tube.  

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 2. Schematic diagram of the photoconductivity technique. Superficial current was produced on the thin film when an 
electric field was applied to it. 
 
 

3. RESULTS AND DISCUSSION 
3.1 Optical absorption. Figure 3 shows the optical absorption spectra of the amorphous and crystalline ZnO 
thin films taken at room temperature in the range of 300-900 nm. The absorption spectrum of the amorphous 
film does not exhibit any band (grey line). The spectrum of the film calcined at 450 °C for 15 min (black line) 
shows an absorption band A located at 359 nm. This spectrum corresponds to the wurtzite phase. 
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Figure 3. Absorption spectra of the ZnO/TiO2 thin films. The spectrum for amorphous film corresponds to the gray line, and 
the nanocrystalline film sintered at 520 °C for 1 h corresponds to the black line.  
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The optical band-gap, Eg, was determined from the absorption spectrum (nanocrystalline film, Figure 3) 
using equation 14, 15:  

 
( ) ( )gEhCh −= ννα 2      (1) 

 
where α is the absorption coefficient, hν is the photon energy, Eg is the band gap energy and C depends on the 
electron-hole mobility.  

The (αhν)2 vs. hν plot is displayed in Figure 4. The value of Eg was determined plotting a tangent line 
(black solid line) to the curve. The obtained value of 3.18 eV (it is marked with a cross) is similar to the optical 
band-gap reported for similar monocrystalline ZnO films 16. 

 
 
Figure 4. Evolution of the (αhν)2 vs. hν curve of nanocrystalline ZnO film (grey solid line). The Eg value of 3.18 
eV is marked with a cross. 
 
3.2 Emission and Excitation Spectra. Room temperature luminescence emission spectra of ZnO 
nanocrystallites are shown in Figure 5. Their luminescent response is compared to those from amorphous films  
and the silicon wafer. The ZnO was excited at 359 nm, which corresponds to the maximum absorption value 
(Fig. 3). The samples show luminescence behaviour with a small violet emission A band located at 409 nm (3.03 
eV) and narrow blue emission B and C bands located at 455-476 nm (2.72-2.60 eV). The D band located at 561 
nm corresponds to the silicon wafer. The luminescence emission characteristics of ZnO films are strongly 
dependent on both the crystal quality of the film and the film stiochiometry 17. The bands from crystalline film 
are stronger than those from amorphous one. The visible emission of the ZnO films is related to different 
intrinsic defects, such as oxygen vacancies, zinc vacancies, zinc interstitials, oxygen interstitials, and anti-site 
defect OZn 17. 
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Figure 5. Emission spectra of nanocrystalline ZnO film (intense grey solid line) annealed at 450º C for 15 minutes, 
amorphous ZnO film (black dotted line) and silicon wafer (grey solid line). The spectra was obtained by using λexc = 359 nm. 
 

Sun 18 calculated the energy levels of the intrinsic defects in ZnO applying full-potential linear muffin-
tin orbital method and the results are depicted in Figure 6. From this figure, the energy of the transition from 
conduction band to the Zn vacancies (VZn) corresponds to the energy of 3.03 eV from the violet emission 
centered at 409 nm 19. These vacancies are probably located at the grain boundaries. Blue band emission located 
at 476 nm (2.60 eV) from ZnO has been reported, but unfortunately the exact origins are not clear yet. The blue 
emission band of 455 nm (2.72 eV) can be originated from the electron transition from the shallow donor level 
of oxygen vacancies to the valence band 20. Oxygen vacancies can produce two defect donor levels: one is the 
deep donor level located at 1.3–1.6 eV below the conductor band 21, 22, and the other is the shallow donor level 
below the conductor band at about 0.3–0.5 eV 23. The energy interval from the shallow donor level to the top of 
the valence band is about 2.8 eV, which is consistent with the photon energy of the 2.72 eV blue emission 
observed in our study. Then, the 2.72 eV blue emission originated from the electron transition from the shallow 
donor level of oxygen vacancies to the valence band. 

 
 

 
 

Figura  6. Schematic representation of calculated defect level in ZnO nanostructures. 
 

 
Zinc interstitials also can be produced in zinc-rich samples, which are expected to act as donor centres. 

Calculations indicated that both oxygen vacancies and zinc interstitials had low formation energies 24, 25. The 
energy level of zinc interstitials is located at 2.9 eV above the valence band for the samples with an energy gap 
of 3.36 eV 21. For our sample, the energy gap is 3.18 eV, the energy level of zinc interstitials should be around 
2.74 eV above the valence band, which is very close to the photon energy of the 2.72 eV blue emission observed 
in our study (Fig. 5). Therefore, the other origin of the blue emission can be the electron transition from the 
shallow donor level of zinc interstitials to the valence band. 
 Room temperature luminescence excitation spectra of ZnO nanocrystallites are shown in Figure 7. Their 
luminescent response is compared to those from amorphous film and the silicon wafer. The detection 
wavelengths λo were 410 nm, 455 nm and 475 nm. A broad band located around 350 nm is very close to the 
maximum absorption peak (359 nm). 
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Figure 7. Excitation spectra of nanocrystalline ZnO film annealed at 450º C for 15 minutes, and silicon wafer. The spectra 
was obtained by using λ0 = 410 nm, 455 nm and 475 nm. 
 
 
3.3 X-ray diffraction. The X-ray diffraction patterns of the amorphous and nanocrystalline ZnO films are 
presented in Figure 8. The spectrum of amorphous film did not show any band. The films calcined at 450 °C for 
15 minutes exhibit very good crystallization that corresponds to wurtzite form of ZnO formed by employing the 
sol-gel procedure. The diffraction peaks located at 2θ= 31.95, 34.60, 36.45, 47.65, 56.80, 62.95 and 68.00 can be 
indexed as (100), (002), (101), (102), (110), (103), (112) respectively. The position of the diffraction peaks in the 
film is in good agreement with those given in ASTM data card (#05-0664) for wurtzite form. The broad band 
located between 2θ = 20-40° corresponds to the glass substrate. 

The average nanocrystalline size calculated using the diffraction peak [100] from Scherrer´s formula 26 
was of 23 nm. 

θ
λ

cos
9.0

B
d =  

 
with λ=1.54056x10-10 m and B=0.4°=0.00628 rad.  
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Figure 8. X-ray diffraction pattern at high angle of the nanocrystalline ZnO film sintered at 450 °C for 15 minutes. 
 
 
3.4 HRTEM measurements. Figure 9 shows the HRTEM image of nanocrystalline ZnO film. It exhibits a 
population of small ZnO nanocrystallites. From HRTEM studies, the corresponding size-distribution histograms 
were obtained (Fig. 10). The distributions of the minor axis B and major axis A of the ZnO nanocrystallites are 
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very broad. The diameter values and standard deviations are A = 38.45 ± 15 nm (Fig. 10 a), B = 26.53 ± 9.54 nm 
(Fig. 10 b). 

100 nm100 nm
 

 
Figure 9. TEM image of nanocrystalline ZnO film. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Size-distribution histograms obtained from HRTEM analysis of ZnO nanocrystallites. 
 

The average diameter obtained by HRTEM is consistent with the value obtained by Scherrer´s formula. 
The maximum absorption peak located at 359 nm can be due to an exitonic peak which is related to the 

quantum confinement effect due to nanoscopic size of the crystallites. The position of this peak depends on the 
grain size by the relation 15, 27: 
 

D
c

D
ba −+= 22/1

1240
λ

   (2) 

 
where λ1/2 corresponds to the wavelength at 50% of the peak intensity and the constants a = 3.301, b = 294, c = -
1.09. These empiric values allow for a adequate description of the relation between λ1/2 and crystallite size, D. 
The average value of D = 38.45 nm calculated by HRTEM measurements is substituted in the eq. 2 to obtain a 
value of λ1/2 = 351.4 nm, which coincides with the maximum absorption peak. Therefore, not only a band gap is 
possible related with this absorption, but an exitonic transition. 

(a) (b)
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. 
3.5 FTIR spectra. Figure 11 shows FTIR spectra of amorphous and nanocrystalline ZnO samples prepared as 
KBr pellets. For both samples, the modes observed at 471 cm-1 (amorphous), 465 cm-1 (nanocrystalline) agree 
well with the the ZnO stretching mode 28. For amorphous sample, the peaks at 854 and 1042 cm−1, and for 
crystalline sample the peaks located at 865 and 1038 cm−1; are attributed to symmetric and asymmetric bending 
and stretching modes of ZnO · H2O, respectively 28.   

Acetate complexing ligand can form unidentate, bidentate (chelating) and bridging bonding structure 
with zinc ions 29, resulting in different stretching frequencies for the C=O (1557-1599 cm−1) and C-O (1410 cm−1) 
vibrations. Specifically, the band seen at 1557 cm-1 arises due to the bridging type metal-acetate bonding (M--
OCOO-M). The band at 1342 crn - l is due to weakly bound acetic acid molecule (HOOC-R). 

In addition to the ethyl groups, isopropyl groups, the bands located at 2900-2945 cm-1 are C-H 
stretching. Table 1 contains the bands of amorphous and nanocrystalline ZnO samples and their description. 

The band located at 1068 cm-1 corresponds to the solvent, ethanol. After the annealing treatment this 
band disappeared in the spectrum for nanocrystalline sample. 
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Figure 11. FTIR spectra of (a) amorphous ZnO sample, and (b) nanocrystalline ZnO sample annealed at 450 °C for 15 min. 
Both samples were prepared as KBr pellets. 
 

Table 1. IR frequencies [in cm-1], of the amorphous and nanocrystalline ZnO films. 

 
3.6 Photoconductivity studies. Usually 30  Ohm's law under light illumination is given by 

( )→++
→

=
→

EphdphJJ σσ , 
 
(3) 

where phJ
→

 is the photovoltaic current density, and  σph is the photoconductivity. When the current densities 

are assumed to be parallel to the electric field 
→
E  Eq. (3) becomes into the next one: 
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(4) 

 
with φ as the quantum yield of charge carrier photogeneration, l0 as the charge carrier mean free path, α as the 
sample absorption coefficient, I as the light intensity at the frequency ν of illumination, h as the Planck´s 
constant, and τ  as the charge carriers mean lifetime. The first term is the photovoltaic transport effect, the 
second one is the dark conductivity σd =en0μ, and the third one is the photoconductivity itself.  

Eq (4) can be written as: 

01 JEAJ +=  (5) 

 
From the absorption spectrum of nanocrystalline film (Fig. 3), the illumination wavelength for 

photoconductivity studies were chosen: 355 nm that corresponds to the maximum absorption band and 633 nm 
were there is no absorption. Photoconductivity results of amorphous and nanocrystalline ZnO films are shown in 
Figure 12. Current density as function of electric applied field on the film was plotted. The experimental data 
were fitted by least-squares with straight lines at darkness and under illumination (355 nm, 633 nm). This 
indicates an ohmic behaviour. The linear fit for all samples are shown in Table 2.  

In general, the slope A1 from crystalline films is bigger than that from amorphous films. It indicates that 
the crystallization of the films improves their photovoltaic and photoconductive properties. The fits are included 
in the Table 2. For crystalline samples, when the illumination wavelength decreases the slope decreases. On the 
other hand, for amorphous films this effect is opposite. 
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Figure 12. Current density vs. electric field spectra from  amorphous ZnO film (solid lines), and  nanocrystalline ZnO film 
(dotted lines). 
 

Table 2. Linear fittings of amorphous and nanocrystalline ZnO films. 
λ (nm) Film A1 J0 

633 Amorphous 
Nanocrystalline

2.93 x 10-9 
6.62 x 10-9 

4.73 x 10-6

8.84 x 10-6 
355 Amorphous 

Nanocrystalline
2.99 x 10-9

4.71 x 10-9 
6.46 x 10-6

1.24 x 10-5 
Darkness Amorphous 

Nanocrystalline
2.82 x 10-9

6.69 x 10-9 
2.86 x 10-6

5.59 x 10-6 
  

With the equation (4), by measuring I, the dark conductivity and the conductivity under illumination at 
633 and 355 nm, and fitting the experimental data by the least squares method, as it is shown in Fig. 12, the 
photoconductive (φμτ) and photovoltaic (φl0) parameters were obtained (Table 3).  
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Table 3. Photovoltaic and photoconductive parameters of amorphous and nanocrystalline ZnO films. 
 

Sample Parameter 633 nm 355 nm 
Amorphous φl0 (cm) 

φμτ (cm2/V) 
2.5 x 10-6

1.5 x 10-10 
2.2 x 10-6 

1.0 x 10-10 
Nanocrystalline  φl0 (cm) 

φμτ (cm2/V) 
8.8 x 10-6

0.0046 x 10-10 
0.2 x 10-6 

0.6 x 10-10 
 

 
The photovoltaic parameter (φl0) decrease when the wavelength diminishes. This also happens with the 

photoconductive parameter (φμτ) in the amorphous films, but it increases in the crystalline films indicating an 
efficient photoconductive behaviour. For amorphous films, φμτ parameter is bigger than that for crystalline one. 
This is probably due to the high content of solvents in the amorphous films, which increases their conductivity. 

 
 

4. CONCLUSIONS 
High optical quality amorphous and nanocrystalline ZnO films were obtained by sol-gel process. An 

energy band gap of 3.18 eV was obtained. FTIR studies indicate that the bands 1068, 1335, 1582 and 2851 cm-1 
disappeared after the annealing treatment. HRTEM measurements determined that the dominant specie of ZnO 
nanocrystals has diameters between 30- 40 nm. The nanoscopic size of the crystallites (D = 38.45 nm) 
determined the position of the exitonic peak 359 nm which is related to the quantum confinement effect. 

The intensity of the luminescent emission depends of the film crystallization. This is more intense in the 
nanocrystalline films than the amorphous ones. The strongest transitions are located at 409 nm, 455 nm and 475 
nm corresponding to the zinc vacancies (VZn), to electronic transitions of the oxygen vacancies and zinc 
interstitials, and unknown origin, respectively. 

Photoconductivity studies on these films were done. The wurtzite phase obtained in the ZnO matrix 
provides more stability that improves the photoconductivity. In the nanocrystalline films when the illumination 
wavelength decreases the photoconductive parameter increases. This effect indicates a strong photoconductive 
behaviour. For amorphous films, φμτ parameter is bigger than that for the crystalline ones. This is probably due 
to the high content of solvents in the amorphous films, which increases their conductivity. 
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