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ABSTRACT 
 
Nanocrystalline TiO2 films doped with gold nanoparticles were synthesized by the sol–gel process at room 
temperature. The TiO2 films were synthesized by using tetrabutyl orthotitanate as the inorganic precursor. The 
films were spin-coated on glass wafers. The samples were annealed at 100°C for 30 minutes and sintered at 
520°C for 1 hour to generated anatase and rutile phases. The films were characterized using UV-Vis absorption 
spectroscopy, X-ray diffraction, Fourier transform infrared spectroscopy and scanning electron microscopy. An 
absorption peak located at around 651 nm is due to the surface plasmon resonance of the gold nanoparticles. 
Optical absorption spectrum was fitted by Gans model by using a high refractive index  (nlocal = 2.6). This high 
index is related to the high content of anatase nanoparticles embedded in the film. Photoconductivity studies 
were performed on nanocrystalline (anatase phase) films. The experimental data were fitted with straight lines at 
darkness and under illumination at 515 nm and 645 nm. This indicates an ohmic behavior. Transport parameters 
were calculated. Results are discussed. 
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1. INTRODUCTION 
Titanium dioxide (TiO2) is a non-toxic material. TiO2 thin films exhibit high stability in aqueous solutions 

and no photocorrosion under band gap illumination and special surface properties. TiO2 thin films are already 
widely used in the study of the photocatalysis and photoelectrocatalysis of organic pollutants 1, 2. 
Photoelectrocatalytic system has received a great deal of attention due to drastically enhanced quantum 
efficiency 3. By applying small bias, recombination of generated electron–hole pairs is retarded. 

TiO2 is the subject of intensive research, especially with regard to its end uses in solar cells, chemical 
sensors, photoelectrochemical cells, photocatalysis and electronic devices 4, 5. Due to its wide-ranging chemical 
and physical properties (electrical conductivity, photosensitivity, aqueous environments) TiO2 has a large variety 
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of potential applications. As a wide band gap semiconductor, TiO2 shows a diverse heterogeneity of crystalline 
phases, whereby it is possible to find it in anatase, rutile or brookite form 6. 

TiO2 are almost impossible to measure in great detail in powder form, due to the difficulty in manipulating 
grain sizes in the range of 1–50 nm 7. Furthermore, measurements carried out on powder represent only an 
average value for many grains oriented in all possible directions. This difficulty in working with powder 
samples, together with the ongoing search for new applications, has compelled many researchers to work with 
TiO2 thin films instead. 

In the present work, we described the synthesis, characterization and photoconductivity behaviour of 
nanocrystalline TiO2 films doped with gold nanoparticles (NP’s). The films were produced by the sol–gel 
process at room temperature by using the spin-coating method and deposited on glass wafers. The samples were 
sintered at 520°C for 1 hour. The obtained films were characterized by X-ray diffraction (XRD), optical 
absorption (OA), Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) 
studies. Photoconductivity studies were performed on nanocrystalline films (anatase and rutile phases).  
Transport parameters were calculated.  
 

 
2. EXPERIMENTAL 

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.  
 
Preparation of TiO2 solution. All reagents were Aldrich grade. The precursor solutions for TiO2 films were 
prepared by the following method. Tetrabutyl orthotitanate and diethanolamine (NH(C2H4OH)2) which prevent 
the precipitation of oxides and stabilize the solutions were dissolved in ethanol. After stirring vigorously for 2h 
at room temperature, a mixed solution of deionized water and ethanol was added dropwise slowly to the above 
solution with a pipette under stirring. Finally, Tetraethyleneglycol (TEG) was added to the above solution. This 
solution is stirred vigorously to obtain an uniform sol. The resultant alkoxide solution was kept standing at room 
temperature to perform hydrolysis reaction for 2h, resulting in the TiO2 sol.  
 
Preparation of Au stock solution. 0.03 M of Hydrogen Tetrachloroaurate(III) hydrate (HAuCl4·aq) was dissolved 
in a mixture of deionized water and ethanol. It was stirred for 5 minutes. 
 The Au stock solution was added to 20 ml of TiO2 solution. This final solution was stirred for 17 hours 
at room temperature to obtain a purple colour. The final chemical composition of this solution was Ti(OC4H9)4 : 
NH(C2H4OH)2 : C2H5OH : DI H2O : TEG: nitric acid: HauCl4 = 1:1: 14.1:1:1.028:0.136:0.024. The TiO2 with 
gold NP’s solution has a pH = 6.0. The TiO2 films were prepared by the spin-coating technique. The precursor 
solution was placed on the glass wafers (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 film was dried at 100 °C for 30 min in a muffle oven and sintered at 520 °C for 1 h in a 

muffle oven in order to remove organic components. The procedure was repeated two times to achieve the film 
thickness with two layers. The films show a light blue colour.  

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 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 spectra were obtained from a KBr pellet using a Bruker Tensor 27 FT-IR 
spectrometer. Pellets were made from a finely ground mixture of the sample and KBr at a ratio of KBr:sample = 
1:0.019. The thickness of the films was measured using a SEM microscopy Model STEREOSCAN at 20 kV. 
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For photoconductivity studies 9 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).  
 

 
 

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 X-ray diffraction patterns. The X-ray diffraction pattern of the nanocrystalline TiO2 film with gold NP’s is 
presented in Figure 3. The films sintered at 520 °C for 1 hour exhibit very good crystallization that corresponds 
to anatase and rutile phases. The anatase phase was identified by the diffraction peaks located at 2θ =25.33, 
38.17, 48.01, 53.96 and 55.20 which can be indexed as (101), (112), (200), (105) and (211) respectively. The 
rutile phase was identified by the diffraction peaks located at 2θ = 27.47, 36.10, 40.03, 44.35, 64.62 and 77.65 
which can be indexed as (110), (101), (200), (210), (310) and (202) respectively.  The position of the diffraction 
peaks in the film is in good agreement with those given in ASTM data card (#21-1272) for anatase and ASTM 
data card (#21-1276) for rutile. 
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Figure 3. X-ray diffraction pattern at high angle of the nanocrystalline TiO2 film with gold NP’s sintered at 520 °C for 1 hour. 

 
 

The average nanocrystalline size (D) was calculated from Scherrer´s formula 10 by using the diffraction 
peak (101) for anatase phase and the peak (110) for rutile phase: 
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with λ=1.54056x10-10 m. Table 1 contains the results. 

The weight fractions of rutile (xr) and anatase (xa) present in the film samples can be calculated by the 
following equations respectively 11: 
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where Ir and Ia are the integrated intensities of rutile (110) and anatase (101) peaks. These calculations are shown 
in Table 1. 
 

Table 1.Summary of nanoscopic characteristics of nanocrystalline TiO2 film with gold NP’s. 
 

 
 
3.2 Optical absorption. Figure 4 shows the optical absorption spectra of the nanocrystalline TiO2 thin films 
with gold NP’s taken at room temperature in the range of 300-900 nm. The spectrum of the film calcined at 450 
°C for 15 min shows an absorption band A located at 402 (3.08 eV) corresponding to the TiO2 and a second band 
B located 651 nm (1.93 eV) corresponding to the surface plasmon resonance (SPR) of the gold NP’s. 
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Figure 4. Absorption spectrum of the nanocrystalline TiO2 film with gold NP’s. 
 
Literature 8, 9 reports an absorption peak for surface plasmon resonance (SPR) of gold nanoparticles 

around 500-550 nm. In our samples, a red-shift of absorption peak from 550 to 651 nm was observed. This fact 
is originated to the increase in the diameter of Au nanoparticles and an increment of the refractive index of TiO2 
matrix with increasing the heat-treatment temperature 12, 13. It is known that the refractive index of TiO2 films is 
related to the crystal phase (anatase or rutile), the crystalline size and the densities of the films 14.  

The optical absorption spectrum (Fig. 4) was fitted very well using Gans theory 15 with a local refractive 
index nlocal = 2.6 (Figure 5). This index has a value close to the refractive index reported for the anatase phase 
(nanatase = 2.54) 16. This is consistent with the fact we have anatase phase in a proportion of 83.5 wt% according to 
the X-ray diffraction pattern (Fig. 3), while the rutile phase (nrutile = 2.75) 16 has a proportion of 16.5 wt%.  
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Figure 5. Experimental optical absorption spectrum (black dotted line) of the nanocrystalline TiO2 film with gold NP’s. The 
calculated optical absorption spectrum (grey solid line) obtained by Gans theory. 
 
  The optical band-gap, Eg, was determined from the absorption spectrum, (Fig. 4) using equation  17:  

 
( ) ( )gEhCh −= ννα 2      (4) 

 
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 6. The value of Eg was determined plotting a tangent line 
(black solid line) to the curve. The value of 3.57 eV (it is marked with a cross) is slightly bigger than the optical 
band-gap reported for similar monocrystalline TiO2 films 8. 
 
 

 
 
Figure 6. Evolution of the (αhν)2 vs. hν curve of nanocrystalline TiO2 film with gold NP’s (grey solid line). The value of Eg 
of 3.57 eV is marked with a cross. 
 
 
3.3 SEM measurements. The thickness of the films was measured by SEM technique. Figure 7 shows the SEM 
image for nanocrystalline TiO2 film with gold NP’s, the thickness is 1.7 ± 0.3 μm. 
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Figure 7. Cross-sectional SEM image of nanocrystalline TiO2 film with gold NP’s sintered at 520 °C for 1 hour. 
 

. 
3.4 FTIR analysis. Figure 8 shows FTIR spectrum of nanocrystalline TiO2 film prepared as KBr pellet. The 
band seen at 438 cm-1 and 490 cm-1 correspond to the νTi-O-Ti stretching vibration in the anatase phase 18, 19. The 
strong bands centered at 1263 and 1113 cm−1 originate in the C-O-C bonds of TEG 19, 20. The peak located at 
2926 cm−1 is due to asymmetric C–H bond in existence of DEA 21. Table 2 contains the bands of nanocrystalline 
TiO2 sample and their description. 
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Figure 8. FTIR spectrum of nanocrystalline TiO2 film with gold NP’s annealed at 520 °C for 1 hour. The sample was 
prepared as KBr pellet. 
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3.5 Photoconductivity studies. Usually 9  Ohm's law under light illumination is given by 

( )→++
→

=
→

EphdphJJ σσ , 
 
(5) 

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. (5) becomes into the next one: 

 

E
h

Iq
dh

Ilq
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ν

φμτα
σ

ν
αφ 0 , 

 
(6) 

 
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 (6) can be written as: 

01 JEAJ +=  (7) 

 
From the absorption spectrum of nanocrystalline film (Fig. 4), the illumination wavelength for 

photoconductivity studies were chosen: 645 nm that corresponds to the maximum absorption band and 515 nm 
were there is no absorption. Photoconductivity results of nanocrystalline TiO2 films with gold NP’s are shown in 
Figure 9. 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 (515 nm, 645 nm). This 
indicates an ohmic behaviour. The linear fits are shown in Table 3.  

For these samples, when the illumination wavelength decreases the slope A1 increases. On the other 
hand, when the illumination wavelength decreases, J0 decreases. 

 

Table 2. IR frequencies [in cm-1] of the nanocrystalline TiO2 film with gold NPôs. 
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Figure 9. Experimental data of current density vs. electric field spectra from nanocrystalline TiO2 film with gold NP’s. Linear 
fits correspond to the dotted lines. 
 
 

Table 3. Linear fittings of nanocrystalline TiO2 films. 
 

λ (nm) A1 J0 

645 3.14 x 10-7 1.40 x 10-3

515 3.64 x 10-7 1.07 x 10-3

Darkness 3.73 x 10-7 6.66 x 10-4

  
With the equation (6), by measuring I, the dark conductivity and the conductivity under illumination at 

645 and 355 nm, and fitting the experimental data by the least squares method, as it is shown in Fig. 9, the 
photoconductive (φμτ) and photovoltaic (φl0) parameters were obtained (Table 4). The photovoltaic parameter 
(φl0) increases when the wavelength decreases. This indicates a strong photovoltaic behaviour. The 
photoconductive parameter (φμτ) decreases when the wavelength is changed to maximum absorption. This 
indicates a strong photoconductive effect.  

 
 

Table 4. Photovoltaic and photoconductive parameters of nanocrystalline TiO2 films with gold NP’s. 
 

Parameter 645 nm 515 nm 
φl0 (cm) 

φμτ (cm2/V) 
9.71 x 10-4

7.87 x 10-8 
1.41 x 10-3

3.42 x 10-8 
 
 

4. CONCLUSIONS 
High optical quality nanocrystalline TiO2 films with gold NP’s were obtained by sol-gel process. XRD 

measurements reveal the presence of the anatase and rutile phases, which were produced after sintering treatment 
of 520 °C for 1h. The anatase phase has a bigger proportion (83.5 wt%) than the rutile phase (16.5 wt%). 

The optical absorption spectrum was fitted very good using Gans theory by using a local refractive 
index nlocal = 2.6. This index is related to the major crystal phase, anatase. 

Photoconductivity studies on these films were done. The experimental data was fitted by straight lines 
corresponding to an ohmic behaviour. The φl0 and φμτ parameters indicate a strong photovoltaic and 
photoconductive behaviour. 
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