
CHAPTER 6 
RESULTS AND DISCUSSION OF THE OPTICAL 

PROPERTIES 

6.1 The ITO case 

6.1.1 Optical transmittance 
A systematic study of the laser deposited ITO films was accomplished, to test 

their possible use as electrodes in DSC applications. As already mentioned in the 

previous chapter, the nature of the glass substrate is an important parameter as it 

determines the different properties of the films deposited onto it. For instance for 

optical transmittance measurements, the ideal substrate should be highly 

transparent and for Rutherford backscattering spectrometry thickness 

measurements, the substrate should be either elemental (e.g., Si) or of very simple 

composition (e.g., SiO2). In the present work, two kinds of substrate have been 

used. ITO films were deposited onto silica (SiO2) fused-quartz glass substrates, 

while TiO2 films were first deposited onto silicon (Si) substrates and later onto 

ITO films to form multilayered thin films. The optical transmittance and 

reflectance measurements were made using a double beam spectrophotometer 

Perkin Elmer Lambda 900 in the UV-visible-near IR region. All transmittance and 

reflectance values were normalised to the values of the bare substrates.  

 

 

6.1.2 Optical transmittance dependence on the pulse number 
Fig.6.1 shows the transmission spectra of the SiO2 and the Si substrates. The SiO2 

is about 95% transparent in the range 300 to 2400nm, while the Si is only ~ 22% 

transparent in the IR range (1000-3000nm). The optical transmittance of typical 

ITO films grown on SiO2 at room temperature and an oxygen pressure of 1Pa is 

displayed in Fig.6.2. The ITO films were prepared with different laser pulse 

numbers as, indicated in the figure, by the ArF (λ=193nm) excimer laser (Lambda 

Physik, LPX 305 i), operated with a repetition rate of 10Hz and a pulse length of 

τ=30ns (FWHM). For all the thin films discussed in this chapter, the energy of the 
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laser and the spot size were adjusted to maintain a fluence of about 4J/cm2. A high 

optical transmission, above 88%, has been measured in the visible region for all 

the films deposited at room temperature, except for the one deposited with 80000 

laser pulses. This later pulse number results in a film thickness higher than 

1500nm. Its low transmission is probably due to the roughness of the films as well 

as the multiple collisions between incident light and ITO particulates in the thick 

films. The different percentage of transmission and the corresponding pulse 

number are given in Table 6.1. 
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Figure 6.1 Transmission of Si (red curve) and SiO2 (black curve) substrates. 
 
 
 
It can be seen that the transmittance increase as the pulse number decreases. The 

pulse number determines the thickness of the films: the higher the pulse number, 

the higher the thickness of the films and the lower the transmission of the light. 

This is in accordance with the fact that the transmitted quantity of light is affected 

by the thickness of the film according to the formula 

 

( )dexpII 0 α−=   (6.1)

 

where I is the transmitted light intensity, I0 is the incident light intensity, d is the 

thickness and α is the absorption coefficient. 
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Figure 6.2 Transmittance spectra of ITO films deposited at room temperature 

with different laser pulse numbers. The transmission is higher where the pulse 

number is lower. 

 

Table 6.1 Percentage transmission versus pulse number 

 

ITO pulse numbers Percentage transmission 

80000 74.4 

50000 88.2 

40000 90.3 

20000 91.5 

15000 96.0 
            

 

The oscillations in the transmission spectra are caused by optical interference. The 

behavior of the interference fringes in the transmission spectra proves that the 

films thickness is very uniform. This is confirmed by measuring the transmission 

on the same sample but at different edges. 
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Figure 6.3 Transmittance measurement taken on ITO film deposited at room 

temperature. The measurement was performed at 2 different points of the sample. 

1- at the center, 2- at the corner. 

 

 

For instance, the Fig.6.3 shows the transmittances taken at the centre and at the 

edge of one of the film deposited at room temperature and at 1Pa. The uniformity 

is seen by the percentage transmission for both of the curves (~ 91%) and the 

behavior of the interference very similar for both graphs.  

 

6.1.3 Optical transmittance dependence on the oxygen pressure 

and substrate temperature 
The optical transmittance as a function of wavelength of the films deposited at 

room temperature (RT) under different oxygen pressure but same laser pulse 

number (20000) is shown in Fig.6.4. A high transmittance (above 84%) in the 

visible-near IR region of the solar spectrum was exhibited by the films prepared 

under oxygen pressure of 1Pa and above. Lower background pressure resulted in 

translucent films with dark brown color as already demonstrated in the previous 

chapter. Depositions of the ITO films were also performed at high temperatures 

(200 and 400°C) and at different oxygen pressures. 

 
 

130



400 600 800 1000
0

20

40

60

80

100

%
 tr

an
sm

is
si

on

Wavelength (nm)

 ITO P = 5 Pa
 ITO P = 2 Pa
 ITO P = 1 Pa

pulse number = 20000

 
Figure 6.4 Transmission of the ITO films deposited at room temperature and at 

different oxygen pressure. 
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Figure 6.5 Transmission of the ITO films deposited at 200°C and at different 

oxygen pressure. 
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Fig.6.5 shows the transmission curve and the corresponding O2 pressure. 

Depositions conditions other than temperature and oxygen pressure were 

maintained constant for each film. Transmittance for ITO deposited at 400°C and 

200°C were the same in the Vis region. The transmittance of ITO film deposited 

at 400°C decreases a little bit near the IR region. The transmittance showed 

similar characteristics to those of the films prepared at room temperature as regard 

the increasing of transmittance with increasing of the O2 pressure. The 

transmission is about 98% for the films deposited at 10Pa (300nm thick), while it 

is only 60% for the film deposited at 1Pa, whose thickness results to be a little bit 

higher (375nm) comparatively to the one deposited at 10Pa with 40000 pulse 

number. 

 

Table 6.2 resumes the different transmission percentage versus the oxygen 

pressure for ITO films deposited with the same pulse number (40000). It is 

important to note that the transmission is somewhat smaller (~ 88%) for the ITO 

films deposited at room temperature. However, a significant decrease in the near 

IR transmittance with increasing O2 pressure was displayed by the films. A high 

IR reflectance is a desirable feature in window layer coating, especially for 

application in energy-efficient windows for solar cells [203]. 

 

Table 6.2 Percentage transmission versus oxygen pressure of ITO thin films 

deposited with 40000 pulse number 

 

ITO oxygen pressure (Pa) Percentage transmission 

10 98 

5 88 

2 80 

1 60 

 

 

From the Fig.6.3 it can be seen that the films deposited at room temperature 

transmit from 450nm to about 1000nm and more (throughout theVis-NIR region), 
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whereas the films produced at 200°C exhibit a constant transmission from 400nm 

(the transmission shifts towards shorter wavelengths) up to 1300nm and more 

(Vis-NIR). A shift in the absorption edge towards longer wavelengths region with 

increasing O2 pressure due to increased free carrier absorption was noticed in the 

films prepared at room temperature and 200°C. The transmittance in the 

wavelength range beyond 1300nm for ITO deposited at 1, 5 and 10Pa decreased 

steeply by the plasma effect due to large carrier concentrations. 

 

The increase in transmittance with the increase of the substrate temperature during 

deposition can be explained by the fact that the grain size increases significantly 

with the increasing of temperature, thus reducing the grain boundary scattering. 

The shift observed is the well known Burstein-Moss shift and is related to the 

electron density and thus carrier concentration [306-308]. A wider shift to the 

shorter wavelength region is usually characterised by higher electron density as 

evidenced in Fig.6.5. These observations are closely correlated with what earlier 

reported in the literature for ITO and SnO2 films [206, 309, 310] and will be 

confirmed by plotting the optical density. This change in the absorption edge 

(small band-gap widening) is important in window layer coatings, since it can 

help to prevent unwanted absorption in the luminous spectra range. 

 

It is important to stress that when the thickness is very high (above 1000nm), the 

transmission decreases very abruptly (around 30%) when the O2 ambient pressure 

during the deposition is increased from 1 to 5Pa (Fig.6.6) This is most probably 

due to the fact that films thick 1000nm and more deposited at lower pressure are 

deficient in oxygen and, therefore are non stoichiometric films. The increase in 

the transmission with an increase in oxygen can also be explained by the number 

of oxygen vacancies in the ITO films. Increasing the oxygen pressure decreases 

the number of oxygen vacancies in the film and thus decreases the carrier 

concentration. This decrease leads probably to an improvement of the film 

crystallinity and increases the film transmission. These data show that the oxygen 

incorporation into the film is significant at high oxygen pressures, and that the 

mobility of the atoms on the growing film is more important at high temperature. 
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Figure 6.6 Transmission of the ITO films deposited at 200°C and at 5 and 1Pa, a 

decrease of about 30% transmission is observed. 

 

The data of the transmission through ITO films produced at 200°C in an oxygen 

atmosphere agree well with other existing data [206, 208, 209]. All the 

transmittance spectra exhibit interference in the visible and a tail in the IR. This 

last behavior is probably due to free carrier absorption. The overall trend is that 

the oxygen background gas is necessary to achieve a high transmission both for 

films deposited on room and high temperature substrates. 

 

6.1.4 Optical constants 
Refractive index, extinction coefficients and thickness of the ITO films were 

calculated using a home made code [78, 207], in which the measured optical 

transmission spectra are the main input. The model is suitable for dielectric films 

deposited onto weakly absorbing substrates (for instance SiO2) of well known 

refractive index. The schematic representation of a thin film for calculation of the 

transmittance T is drawn in Fig.6.7. Basically the theoretical transmission given in 

the Eq (6.2) is used to model the experimental transmission. The spectrum is 

divided into 3 different regions, the weakly absorbing region (UV), the transparent 

region (Visible), and the strongly absorbing region (IR), thus allowing to calculate 

the refractive index separately. We can write: 
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where the parameters A, B, C and D depend on the refractive index n and the 

extinction coefficient k, d is the thickness of the film and s is the refractive index 

of the substrate, α represents the absorption coefficient of the film. 
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Figure 6.7 Schematic representation of a thin film for calculation of the 

transmittance T. 

 

Since 1cos1 <ϕ<− , the theoretical transmission values vary between a 

minimum , for which mΤ 1cos −=ϕ  and a maximum MΤ , for which 1cos +=ϕ . 

Likewise, at the extrema we have π=λπ=ϕ mnd4 , where m is an integer, 

1cos,
DxCxB

Ax
2M =ϕ

+−
=Τ  (6.5)

1cos,
DxCxB

Ax
2m −=ϕ

++
=Τ  (6.6)
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MΤ  and  are the envelopes of the transmission spectrum tangent to the maxima 

and minima, respectively. They are calculated by a shape-preserving smooth path 

line interpolation algorithm [311]. 

mΤ
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Figure 6.8 Measured and calculated transmittance spectra. The fit between the 2 

spectra is regular. The upper (line passing by the maxima) and lower (line passing 

by the minima) envelopes are really tangent to the extrema. The line at the top 

shows the transmittance of the substrate. 

 

The refractive index can therefore be calculated knowing the values of the 

envelopes. Once n is known, the A, B, C and D parameters can be easily evaluated 

as well as the absorption coefficientα . Fig.6.8 shows an example of the calculated 

transmission that regularly fits the experimental transmission. When the fitting is 

done, optical coefficients such as the refractive index and the extinction 

coefficient of the films can be determined. The refractive index, (Fig.6.9. a), for 

the films deposited at room temperature and at 1Pa is found to be around 2 

through the visible region, close to that in bulk ITO. This means that the 

stoichiometry is preserved. 

 

The extinction coefficient remains low and almost constant (6x10
-3

) through the 
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visible region. This feature is a characteristic of a very high transparency of the 

film in that region. These coefficients are almost the same for all the ITO films 

deposited at room temperature and at oxygen pressure of 1, 2 and 5Pa. At 

PO2=10Pa, there is a decrease of the refractive index from 2.07 to 2.0 (Fig.6.9 b), 

which is a signal of a change in the stoichiometry of the films. The extinction 

coefficient in this case is about 3x10-4, which leads to an increase of the 

transmission of the solar light. 
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  (a)                                                           (b) 

Figure 6.9 Evaluated refractive index and extinction coefficient of ITO films 

deposited a) at PO2=10Pa. b) at PO2=1Pa. The values are consistent with bulk. 

 

6.1.5 Absorption and energy transition 
At shorter wavelengths, close to the optical Eg, scattering losses are dominated by 

fundamental absorption α which is often expressed as: 

 

( ) dTln−=α  (6.7)

 

where d is the film thickness. From the solid-state band theory, it is known that 

near the absorption edge, due to direct interband transition, the absorption 

coefficient, when scattering effects are neglected, can be expressed as a function 

of the incident photon energy according to the following formula 
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( ) ( )g0
2 Ehh −να=να  (6.8)

 

where α is the absorption coefficient, 0α  is a constant having a numerical value 

2x104 when α is expressed in cm-1 and νh  and Eg in eV. Eg is the band-gap 

energy. Direct interband transition is the mode in which light is absorbed in direct 

band gap semiconductor. Absorption of photon results in an excitation of an 

electron from the valence band up to the conduction band, leaving a hole in the 

valence band. In such transition, both energy and momentum must be conserved, a 

photon has quite a large energy ( νh ) but a small momentum λh . Because the 

photon momentum is small compared to the system momentum, the latter ITO is 

essentially conserved in the transition. 

 

By using Eqs. (6.7) and (6.8) α was calculated as a function of photon energy. It is 

found that absorption and energy transition are strongly affected by the thickness 

of the film, the oxygen pressure in the RPLAD chamber during deposition and the 

temperature of substrates. Fig.6.10 shows the plot of the absorption coefficient for 

different ITO films deposited at room temperature under different pulse number. 

The plot is linear in the region of strong absorption near the fundamental 

absorption edge. Therefore, the absorption takes place through direct transition 

and the extrapolation of the transition linear region on the photon energy-axis 

using Tauc’s plot [312] gives the value of the nearly direct band gap Eg. 

 

In Fig.6.10, the absorption is observed to be proportional to the thickness of the 

ITO films. The band gap is approximately 3.75eV for films deposited with 80000 

pulse numbers and 3.43eV for films deposited with 20000 pulse number. These 

values are coherent, since indium tin oxide is commonly referred as an n-type 

semiconductor with a large band gap between 3.5 and 4.3eV. The experimental 

values agree well with those quoted in the literature [313, 314]. The shift observed 

in the direct band gap, although not very significant, can be attributed to the 

different thickness of the films (due to the different laser pulse numbers). 
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(c) (d) 

Figure 6.10 Plots of (αhν)2 versus hν for ITO films deposited at room temperature 

with different pulse numbers. 
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Figure 6.11 Plots of (αhν)2 vs (hν) of ITO films deposited at different O2 

pressure; the extrapolation of the straight line of the curve gives the value of the 

transition energy Eg. 
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Fig.6.11 shows the variation of (αhν)2 versus hν for ITO deposited at 200oC and at 

different O2 pressure at constant pulse number (40000). The O2 pressure also 

affects the direct band gap. The direct band gap of the ITO films increases from 

3.54eV to 3. 95eV when the O2 pressure increases from 1Pa to 10Pa. This increase 

in the direct band gap with an increase in oxygen pressure is due to a decrease in 

carrier concentration. This is also explained by the Burstein-Moss shift [309, 310], 

which is related to the carrier concentration in the film. 

 

In Fig.6.12 the variation of (αhν)2 vs (hν) for ITO films deposited at room 

temperature and at 200°C is shown. As the carrier concentration increases with 

the increase of the substrate temperature, the direct band gap increases from 3.6eV 

at room temperature to 3.75eV at 200°C. As the photon energy increases, so does 

the value of the thin film momentum at which the transition occurs. 

 

3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 (α
hν

)2 ,  
(e

V/
cm

)2  fo
r I

TO
 d

ep
os

ite
d 

at
 R

T

 ( α
hν

)2 ,  
(e

V/
cm

)2  fo
r I

TO
 d

ep
os

ite
d 

at
 2

00
 C

 ITO at 200 C
 ITO at RT

, eV hν

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 

Figure 6.12 Plots of (αhν)2 vs (hν) spectra of ITO films deposited at room 

temperature and at 200°C. 

 

The energy away from the band edge also increases. The probability of absorption 

depends on the density of the electrons at the energy corresponding to the initial 

state (before absorption) as well as the density of the empty states at the final 

energy (after absorption). Since both of these energies increase with energy away 

from the band edge, a logical consequence is that the absorption coefficient 
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increases rapidly with increase of photon energy just above Eg. Since the light 

intensity drops to 1/e of its initial value in passing a distance 1/α through the thin 

film, Eq. (6.7) shows that photon of energy gEh ≥ν  is absorbed within the first 

few microns beyond the film surface. 

 

6.2 The TiO2 case 
The TiO2 thin films submitted to visual inspection were completely transparent, 

independently of whether they were deposited at room temperature or on heated 

substrates. From the transmittance spectra, the film thickness values were also 

determined with the aid of the interference fringes method [296]. Thickness 

values of about 300nm were found. Similar thickness values were obtained from 

RBS measurements. 

 

6.2.1 Optical transmittance 
In the framework of this research studies, TiO2 films were deposited on Si 

substrate for optical and structural characterisation. This work was done in order 

to study the properties of single layer of TiO2 and to compare it with multilayers 

of TiO2 deposited on the ITO pre-deposited thin film. Fig.6.13 shows the 

transmission spectra (1000-2500nm) of TiO2 thin films deposited on the the Si 

substrates at room temperature, 200°C and 400°C.  

 

Depositions were performed by using the ArF (λ=193nm) excimer laser (Lambda 

Physik, LPX 305 i), operated at a repetition rate of 10Hz and a pulse length of 

τ=30ns (FWHM). For all the oxide thin films, the energy of the laser and the spot 

size were adjusted to maintain a fluence of approximately 4J/cm2. Films were 

deposited under different substrates temperatures under oxygen pressure of 10Pa. 

Under the same deposition conditions, TiO2 films were also grown on quartz SiO2 

substrates. 
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 Figure 6.13 Transmission of TiO2 films deposited on Si at room temperature 

(black curve), at 200°C (red curve) and at 400°C (blue curve). 
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Figure 6.14 Transmission of TiO2 films deposited on quartz SiO2 substrates at 

room temperature, 200°C and at 400°C. 

 

The transmittance spectra of the TiO2 films deposited at room temperature, 200°C 

and 400°C substrate temperatures in the UV-Vis-near IR region are can be seen in 

Fig.6.14. Measurements were made using a double beam spectrophotometer 

Perkin Elmer Lambda 900 in the UV-visible-near IR region. As in the case of ITO 
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thin film transmittance measurements, the wave pattern is attributed to the light 

interference. It can be observe that the number of interference peaks increased 

with the thickness of the film. The sharp decrease in transparency of the thin 

films, in the IR region, for deposition done on Si, and in the UV-Vis region for 

deposition done on quartz SiO2, respectively results from the fundamental light 

absorption of the semiconductor. For both type of substrates, the best transmission 

is obtained for TiO2 thin films deposited at 400°C. 

 

A transmission higher that 92% in the Vis-NIR region has been obtained for TiO2 

deposited on quartz SiO2 substrates, while it is only ~20% in IR region for the 

films deposited on Si. However, in the case of TiO2 thin films deposited on Si at 

higher temperature, the transmission is practically the same as that of the bare 

substrate. The average transmission value of the TiO2 films are higher than those 

reported for tetragonal anatase phase TiO2 films, obtained recently by other 

deposition techniques [315-316] or even by the RPLAD of Ti thin films followed 

by thermal oxidation in an O2 atmosphere [317].  The absorption edge of the TiO2 

films deposited at high temperatures (200°C and 400°C) is observed at a higher 

wavelength range than that of the TiO2 films deposited at room temperature. 

 

The shift is ascribed to the difference in grain size as thin films which underwent a 

short-term heat treatment contained relatively small crystallites. The energy of the 

particles impinging on the substrate is taken as parameter to define regions where 

rutile, anatase and amorphous TiO2 films can be expected [318]. For particles with 

energies in the range 1-10eV, the energy of particle impacts influences the atoms 

in their near vicinity. Momentum transfer from impinging particles to growing 

TiO2 films is considered to cause nucleation of “crystalline” phases. In order to 

rearrange adsorbed particles at low temperatures, the impinging particle needs to 

have enough kinetic energy to exceed the specific potential barrier for 

crystallisation. This corresponds to the crystalline nucleation energy of TiO2. 

 

From a microscopic point of view, these observations are also considered to 

correlate with both the fundamental optical absorption edge characteristics and the 
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phase composition in TiO2 films. When the TiO2 thin film deposited at 400°C is 

further annealed at 300°C and 500°C for 3 consecutive hours, the transmission 

decreases considerably throughout the UV-Vis-NIR with the annealing 

temperature (Fig.6.15). The decrease in transmittance is most significant at the 

shorter wavelengths. This decrease in transparency in the visible region results 

fundamentally in a light absorption due to a change in a crystalline phase. It can 

also be explained in terms of the Burstein-Moss effect as the conduction band is 

pushed to higher energies by the increase in carrier concentration. 
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Figure 6.15 Transmission of TiO2 films, as deposited on quartz SiO2 at 400°C 

and annealed after deposition at 300°C and 400°C for 3 consecutive hours. 

 

6.2.2 Refractive index 
Fig.6.16 shows the wavelength dependence of the refractive index (n) for a TiO2 

films deposited on Si and quartz SiO2 at 400°C, while in Fig.6.17 the refractive 

index dependence on the wavelength (nm) is shown for the TiO2 films annealed at 

300°C and 500°C for 3 consecutive hours. The refractive index decreases as the 

wavelength increases. At long wavelength (above 600nm) there is no dispersion 

and the value of the refractive index varies very little. At short wavelength there is 

a high dispersion leading to an increase of the refractive index increases abruptly.  
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Figure 6.16 Wavelength dependence of the refractive index for a TiO2 films 

deposited on Si and quartz SiO2 at 400°C. 
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Figure 6.17 Wavelength dependence of the refractive index for a TiO2 films 

deposited on quartz SiO2 at 400°C, and annealed at 300°C and 500°C for 3 

consecutive hours. 

 

A high value of the refractive index measured at 550nm was 2.33 for the TiO2 

deposited on Si and 2.04 for TiO2 deposited in quartz SiO2. The refractive index 

of the TiO2 films deposited on Si is higher than that for TiO2 deposited on quartz 

SiO2. The increase of the refractive index is attributed to the crystalline structure 
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of the substrate, since the Si was <111> oriented while the quartz SiO2 substrate 

was amorphous. The refractive index of the TiO2 films deposited on quartz SiO2 

at 400°C increases with the post-annealing temperature: the value of n at 550nm 

was 2.26 for films annealed at 300°C and 2.37 for films annealed at 500°C. 

 

It is important to notice that the refractive index of TiO2, annealed at 500°C for 3 

hours is close to that of anatase phase TiO2. Values close to this one have been 

reported elsewhere [319, 320]. As already noticed above, the dispersion is more 

intense at short wavelength than at high wavelength (near IR and above). The 

annealing seems not to affect the refractive index of the TiO2 films. Since 

annealing of the films brings modification in structure, rendering the films more 

crystalline, one can deduce that the refractive index of TiO2 films is strongly 

affected by the crystal phase of the films, the crystalline size and the density of the 

films. These remarks have been evidenced by Brinker et al. [314], who reported a 

reciprocal relationship between the refractive index and the cluster size in silica 

sol prior to film deposition. They also reported that the higher refractive index of 

quartz SiO2 films stems from a smaller degree of porosity.   

 

6.2.3 Optical transmittance of multilayers TiO2/Au and 

ITO/TiO2/Au 
The transmission of TiO2/Au films is shown in Fig.6.18. TiO2 was deposited on 

quartz SiO2 at 400°C and annealed at 300°C and 500°C for 3 consecutive hours, 

while 500 laser pulses directed on an Au target produced some Au particles 

deposition on the layer at room temperature. As compared with the transmission 

curve plotted in Fig.6.15, there is a decrease of about 6% of the transmission in 

the UV-Vis range. This decrease is attributed to the Au layer deposited on top of 

the TiO2 thin films: the Au might have absorbed a part of light since in 

nanoparticles form its plasmon resonance lies in the visible region. 

 

TiO2 thin films were deposited on the ITO thin films that were earlier deposited at 

200°C. The TiO2 films were deposited at 200°C and at 400°C with 40000 laser 

pulses at a oxygen pressure of 10Pa. The TiO2 was deposited on top of the ITO 
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films so that only a part of the ITO film surface is covered by the TiO2 film. To 

this end, a mask has been designed to protect the remaining ITO film that should 

not be contaminated by the TiO2 film. On top of the as deposited TiO2 film a sub-

monolayer of Au was deposited with 500 laser pulses directed to the Au target. 
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Figure 6.18 Transmission of TiO2/Au films. TiO2 was deposited on SiO2 at 400°C 

and annealed at 300°C and 500°C for 3 consecutive hours, while a few pulses of 

Au were deposited at room temperature.  

 

Au was deposited at room temperature with a fluence (3J/cm2) somehow lower 

than that of the ITO and TiO2 deposition. The transmission measurements of these 

deposited multilayers, performed throughout the UV-Vis-near IR range, are 

shown in Fig.6.19 for the TiO2 films deposited at 200°C and in Fig.6.20 for the 

TiO2 films deposited at 400°C. The transmittance percentage values for each film 

are given in Table 6.3. The transmission of the ITO/TiO2 bilayer, where the TiO2 

thin film is deposited at 400°C, is higher than that of the bilayer ITO/TiO2, where 

the TiO2 thin film is deposited at 200°C. This is in accordance with the 

transmission of the single layer TiO2 thin film plotted in Fig.6.14. In both cases, 

the transmission of the bilayer ITO/TiO2 is higher the one of the single layer ITO 

thin film. The transmission decreases of about 10% when Au is deposited on the 

TiO2 layer. 
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Figure 6.19 Transmission spectra of multilayer ITO/TiO2/Au (500 pulses). The 

ITO thin film is deposited on quartz SiO2 at 200°C and the TiO2 thin film is 

deposited on the ITO at the same temperature. 
 

 

Table 6.3 Percentage transmission of ITO, multilayer ITO/TiO2 and ITO/TiO2/Au 

thin films. 

Films (ITO films are deposited at 

200°C for the samples) 

Percentage 

transmission (%) 

Wavelength 

range (nm) 

ITO ~ 90 415-830 

ITO/TiO2 (TiO2 deposited at 

200°C) 
~ 89 

400-900 

ITO/TiO2/Au (TiO2 deposited at 

200°C) 
~ 79 

400-900 

ITO/TiO2 (TiO2 deposited at 

400°C) 
~ 93 

400-1100 

ITO/TiO2/Au (TiO2 deposited at 

400°C; Au is deposited at room 

temperature) 

~ 83 

400-1100 
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Figure 6.20 Transmission of multilayer ITO/TiO2/Au (500 pulses). The ITO thin 

film is deposited on quartz SiO2 at 200°C, while the TiO2 thin film is deposited 

onto the ITO at 400°C.  
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Figure 6.21 Absorption curves of ITO/TiO2/Au multilayers deposited on quartz 

SiO2. Au was deposited with 100, 200 and 400 laser pulses. 

 

This is an indication that there might be absorption of the light intensity produced 

by the effect of Au deposited on TiO2 film. This can be confirmed by plotting the 

absorption spectra of the films (Fig.6.21). Indeed, the spectra show that the 
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absorption increases with the amount of Au deposited onto the TiO2 film. To 

better observe the effect of Au deposited on ITO/TiO2 bilayers, another series of 

depositions was performed, where the ITO and TiO2 thin films were deposited at 

200 and 400°C, respectively, and Au was deposited with 100, 200 and 400 laser 

pulses. 
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Figure 6.22 Transmission of ITO/TiO2/Au multilayers deposited on quartz SiO2. 

Au was deposited with 100, 200 and 400 laser pulses. 
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Figure 6.23 Transmission of ITO/TiO2/Au multilayers deposited on quartz SiO2. 

ITO/TiO2 films were annealed at 500°C for 3 hours. Au was deposited with 100, 

200 and 400 laser pulses at room temperature. 
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Fig.6.22 shows the transmittance of the different multilayers in the spectral range 

300-2000nm. It can be seen from Fig.6.22 that the transmittance decreases from 

92% to 70% in the Vis as the laser pulse number on the Au target increases from 

100 to 400 pulses. Moreover, there is a sharp decrease of the transmission in the 

IR range with the increase of pulse number on the Au target: This suggests that 

the absorption of light is more intense in that range. This result proves that, upon 

addition of Au particles to TiO2, the absorption of light intensity increases in a 

broader range which indicates that Au makes the ITO/TiO2 bilayers sensitive not 

only to visible light but also to UV and IR. When the Au is deposited onto the 

ITO/TiO2 annealed at 300°C and 500°C, the transmission decreases again steeply 

in the UV-Vis region, as shown in Fig.6.23. 

 

6.2.4 Optical absorption and energy gap 
As briefly mentioned in Chapter 3, both experimental results and theoretical 

calculations suggest that rutile TiO2 has a direct forbidden gap (3.03eV), which is 

almost degenerated with an indirect allowed transition (3.05eV) [320, 321]. Due 

to the weak strength of the direct forbidden transition, the indirect allowed 

transition dominates in the optical absorption just above the absorption edge. In 

contrast, anatase and brookite TiO2 are known as indirect band gap 

semiconductor. The fundamental absorption edge of anatase crystals was 

determined to be 3.2eV at room temperature and 3.3eV at 4K [322]. We are not 

aware of any reported experimental data for brookite. 

 

However, since there are only minor differences in local crystal environment 

between anatase and brookite, the electronic structure and properties should be 

similar between the two phases. The calculated indirect band gap of brookite was 

2.22eV [323] while the one of anatase crystal was found at 2.04eV, which is by 

far (~1.16eV) lower than the experimental value. In indirect band gap 

semiconductor, the absorption occurs in a different way as compared to that in a 

direct band gap semiconductor. In the case of an indirect band gap semiconductor, 

the minimum energy in the conduction band and the maximum energy in the 

valence band occur at different values of crystal momentum. 
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Photon energy, much larger that the forbidden gap, is required to give direct 

transitions from the valence to the conduction band. However, transitions can 

occur at lower energies by a two step process involving not only photons and 

electrons, but also a third particle, a phonon. A phonon is just a fundamental 

particle corresponding to the coordinated vibration of the atoms making up the 

crystal structure. As opposed to photons, phonons have a low energy but relatively 

a high momentum. An electron can make a transition from the maximum energy 

in the valence band to the minimum energy in the conduction band in the presence 

of photon of suitable energy by the emission or absorption of a phonon of the 

required momentum. Thus the probability of light being absorbed by this process 

is much less and gives rise to an absorption edge that is less steeped than in the 

direct band gap case. Hence, the absorption coefficient is low and light can pass a 

reasonable distance into the semiconductor prior to absorption. 

 

For indirect allowed transition, the absorption coefficient, when scattering effects 

are neglected, can be calculated from the following formula [322]: 

 

( ) ( )g0
2/1 Ehh −να=να  (6.10)

 

where α is the absorption coefficient, 0α  is a constant having a numerical value 

2x104 when α is expressed in cm-1 and νh  and Eg in eV. 

 

The optical band gap Eg of the single layer TiO2 thin film was determined from 

Eq. (6.10). The band gap has been investigated by plotting (αhν)2 vs hν (for direct 

allowed transitions) and (αhν)1/2 vs hν (for indirect allowed transitions) for the 

different films. In the present study, the best straight line plot extended over most 

of data points. Fig.6.24 shows plots of (αhν)1/2 vs hν (a) and (αhν)2 vs hν (b) for 

TiO2 deposited on quartz SiO2 at 400°C and annealed at 500°C for 3 hours 
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Figure 6.24 Plots of (αhν)1/2 vs hν (a) and (αhν)2 vs hν for TiO2 deposited on 

quartz  SiO2 at 400°C and annealed at 500°C for 3 hours. 

 

These TiO2 films present a direct band gap of 3.51eV and 3.37eV for the as 

deposited and annealed films, respectively. The indirect band gap is found to be 

3.55eV and 3.26eV for TiO2 films as deposited and after annealing, respectively. 

These results suggest that the TiO2 films annealed at 500°C have the anatase 

structure (3.2eV) [245]. This agrees well with the XRD and Raman measurements 

(previous chapter). 

 

It was already reported [248, 324, 325] a decrease in band gap as annealing of the 

film is performed. Such shift cannot be explained only in terms of phase transition 

of the film. One possibility is that the structure of TiO2 films may be strongly 

affected by the strain effect from lattice distortion [248]. At high temperatures, 

particles have enough migration energy to rearrange after the adsorption. In such 

case, the shift might be caused by a change in the film optical density, i.e., the 

product of refractive index and thickness, which probably results from film 

densification and change in refractive index of mixed phases [325].  

 

Fig.6.25 shows plots of (αhν)2 vs hν for ITO, ITO/TiO2 and ITO/TiO2/Au films. 

The ITO has been deposited at 200°C, TiO2 films were deposited at 200°C (a) and 

400°C (b). 500 laser pulses were used to deposit Au on top of TiO2 layer at room 
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temperature. As can be seen in Fig.6.25, there is a shift of about 0.1eV between 

the ITO film deposited at 200°C and the ITO/TiO2 layers deposited at 200°C. The 

shift (0.1eV) decreases by half when TiO2 film is deposited at 400°C onto an ITO 

layer. Plots of (αhν)1/2 vs hν did not show a good enough linear region. This 

decrease of the band gap is in agreement with the transmittance data of both 

samples. 
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Figure 6.25 Plots of (αhν)2 vs hν for ITO, ITO/TiO2 and ITO/TiO2/Au films. The 

ITO has been deposited at 200°C; TiO2 was deposited at 200°C (a) and 400°C (b). 

Au was deposited on top of TiO2 at room temperature using 500 laser pulses. 

 

A low transmittance (thus a high absorption) for ITO/TiO2 bilayers deposited at 

200°C indicated that part of the photons impinging on the surface of TiO2 film 

was absorbed, as compared with the ITO/TiO2 films where the TiO2 is deposited 

at 400°C, which shows higher transparency (low absorption). This is likely due to 

a higher concentration of crystalline defects that smear the band edges and 

introduce mid-gap states, thereby lowering the band gap of the material.  

 

It is important to notice the shift towards shorter wavelengths from 3.56 to 3.63eV 

for the ITO/TiO2/Au and ITO/TiO2 multilayers, respectively, where TiO2 is 

deposited at 200°C and from 3.66 to 3.70eV for ITO/TiO2/Au and ITO/TiO2 
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multilayers, respectively, where TiO2 is deposited at 400°C. In this case, the 

increase of Eg can be attributed to a reduction of the oxygen vacancies with 

increasing substrate temperature at which ITO film has been previously deposited.  

In this regard, the quantum-size effect influenced the position of the absorption 

edge. The smaller the particle sizes, the higher the band-gap energy [304]. 

Fig.6.26 shows plots of (αhν)2 vs hν for ITO/TiO2/Au multilayers. TiO2 was 

deposited at 400°C and Au was deposited with 100, 200 and 400 laser pulses on 

top of TiO2 film at room temperature. Fig.6.26 (a) refers to as deposited film, and 

(b) to a film annealed at 500°C for 3 hours. Interesting features are shown in these 

graphs. A high optical band gap is found for all the films 
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Figure 6.26 Plots of (αhν)2 vs hν for ITO/TiO2/Au multilayers. TiO2 was 

deposited at 400°C and 100, 200 and 400 laser pulses were used to deposit Au on 

top of TiO2 at room temperature. (a) as deposited and (b) after annealing at 500°C 

for 3 hours. 

 

One can first note the shift toward smaller wavelength with increase of Au pulses 

for multilayer films deposited without annealing. The band gap is 3.80, 3.81 and 

3.89eV, respectively, for 100, 200 and 400 laser pulses on the Au target. The shift 

is quite insignificant from 100 to 200 pulses, but it is more pronounced when the 

pulses are 400. In contrast, when the ITO/TiO2 is annealed at 500°C before 
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depositing the Au nanoparticles, the gap energy is not affected and remains 

3.73eV, close to that of the bilayer ITO/TiO2 (deposited at 400°C). This suggests 

that the ITO/TiO2 bilayer crystalline structure is not much affected by the gold 

deposition. The fact that Eg is the almost the same after Au deposition with 100, 

200 or 400 pulses on ITO/TiO2 means that the films may also have a common 

short-range order at a nanoscale. The details regarding the electronic state of the 

produced ITO/TiO2 bilayers remain unclear. However, the change in the shape of 

the fundamental absorption edge is considered to reflect the variation of density 

and the short-range structural modifications undetected by the structural analysis. 

 

In heavily doped semiconductor, the absorption edge lies at much shorter 

wavelength as compared to the intrinsic case. This is known as a Moss-Burstein 

shift. Interband optical transitions, which can be described by wave functions 

localised over distances of the order of the lattice constant, are relatively 

unchanged by disorder [325-328]. Therefore, optical Eg estimated from (αhν)2 vs 

hν and (αhν)1/2 vs hν reflects the electronic structure of the material, which in turn 

reflects its local atomic structure that may not be detected by structural 

characterisation. That is, these parameters can be correlated with the short-range 

order at the nanoscale and particularly with an amorphous phase, alone or 

coexisting with crystalline materials in films grown at low temperatures. 

 

6.3 Conclusion 
ITO films of different thicknesses have been produced by PLAD at different 

oxygen pressure and different temperature substrates. It was proved that the ITO 

films have a very high transmittance in the visible range. The transmittance, in the 

wavelength range above 800nm, decreased steeply by the plasma effect due to 

large carrier concentrations. All films produced at room temperature within the 

pressure range 1 to 10Pa were very transparent. The transmission of visible light 

is above 88% for films produced at room temperature and above 95% for the one 

deposited at 200°C, the transmission for the films produced in oxygen is about 

90% above 400nm. Decreasing oxygen pressure leads to an increase of oxygen 

vacancies and thus increased conductivity of the films. However, this increase in 
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oxygen vacancies also leads to a decrease in the optical transmittance due to an 

increase in free carrier absorption.  

 

The band gap and the refractive index for the ITO films were strongly affected by 

deposition conditions such as oxygen pressure. An increase in the band gap was 

observed by increasing the oxygen pressure. The change is due to an increase in 

carrier concentration in the films. A reduction of the refractive index for ITO 

films can be achieved by raising the electron density in the films, which can be 

obtained by increasing deposition temperature or increasing oxygen pressure. An 

increase of band gap has also been observed by increasing the temperature of 

substrate. This has been attributed to the Burstein-Moss shift also related to the 

carrier concentration. 

 

On the other hand, optical properties of TiO2 thin films deposited on heated and 

unheated quartz SiO2, as well as the Si substrates, in oxygen atmosphere have 

been investigated. The transmission of the light intensity is lower in Si than in 

SiO2. This is due to the fact the used Si wafers transmit only ~22% of the light in 

the near IR region. It has been found that increasing the SiO2 substrate 

temperature from room temperature to 400°C resulted in an increase of the 

transmission mostly in the Vis-near IR from about 70 to 92%. After annealing at 

500°C for 3 consecutive hours, the transmission of TiO2 film sharply decreases 

toward shorter wavelengths. This behaviour is explained in terms of change in 

crystallinity of the TiO2 thin film. It can also be explain in terms of the Burstein-

Moss effect as the conduction band is pushed to higher energies by the increase in 

carrier concentration.  

 

The refractive index measured at 550nm was 2.33 for the TiO2 deposited at 400°C 

on Si and 2.04 for TiO2 deposited in SiO2. The refractive index of TiO2 thin film 

deposited at 400°C on SiO2 was found to increase with annealing temperature. 

This is in agreement with a decreasing band gap observed for the same films. 

Analysis of the transmittance curve of TiO2/Au shows a decrease of about 6% of 

the transmission in the UV-Vis range. This decrease is due to the Au nanoparticles 
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deposited on top of the TiO2 thin films. The Au particles might have absorbed a 

part of light, since their plasmon resonance lies around 520nm. The transmission 

of the ITO/TiO2 bilayer, where the TiO2 thin film is deposited at 400°C, is higher 

than that of the ITO/TiO2 bilayer where the TiO2 thin film is deposited at 200°C. 

When Au is further deposited on the above bilayer, the transmission decreased 

about 10% from it initial value. 

 

The optical absorption edge analysis showed that the optical density could 

sensitively detect the film growth behavior, and correlate the film structure and 

the absorption edge. The TiO2 films present a direct band gap at 3.51eV and 

3.37eV for TiO2 as deposited and after annealing, respectively, while the indirect 

band gap is found to be 3.55eV and 3.26eV for TiO2 films as deposited and after 

annealing, respectively. There is a shift of about 0.1eV between ITO film 

deposited at 200°C and ITO/TiO2 bilayers deposited at 200°C. The shift (0.1eV) 

decreases by half when the TiO2 film is deposited at 400°C onto ITO layer. A 

shift towards shorter wavelengths from 3.56 to 3.63eV for ITO/TiO2/Au and 

ITO/TiO2 multilayers, respectively, where TiO2 is deposited at 200°C, and from 

3.66 to 3.70eV for ITO/TiO2/Au and ITO/TiO2 multilayers, respectively, where 

TiO2 is deposited at 400°C, has been observed. In this case, the increase of Eg 

could be attributed to a reduction of the oxygen vacancies with increasing 

substrate temperature at which ITO film has been previously deposited. 

 

The enlargement of band-gap energies of semiconductors is apparently a 

detrimental effect when these are employed as photo catalysts under visible 

irradiation, due to the significant decreasing of photon absorption by the 

semiconductors. Meanwhile, the increase of the band-gap energies of 

semiconductors used in DSSC may be advantageous to suppress the charge 

recombination between the reduced electrolytes and the photo-excited holes in the 

valence band of TiO2 substrates and enhance the open-circuit potential of the cell. 

In addition, the enlargement of band gap semiconductor enhances their stability 

and corrosion resistance. When ITO/TiO2 bilayers were annealed before 

depositing Au, the gap energy remained constant. 

 
 

158



CHAPTER 7 
GENERAL CONCLUSION AND PERSPECTIVES FOR 

FUTURE WORK 

7.1 Theoretical investigations 
In this work, the birth of pulsed laser ablation deposition has been investigated 

and the basic mechanism that rules the reactive ablation process has been 

extensively explained. It has been demonstrated that the use of a reactive gas 

pressure makes the method versatile. The possibility of additionally changing 

laser features, such as wavelength, repetition rate, pulse length, fluence and target-

substrate distance, and the deposition conditions, such as substrate temperature 

and substrate orientation with respect to the deposited material, further 

demonstrates the enormous versatility of  Pulsed Laser Ablation Deposition 

(PLAD).  

 

Numerical, theoretical models and experimental techniques employed in the 

analysis of the laser-ablation process were reviewed. It has been explained that 

when nanosecond laser pulses are used, ablation occurs from both the melt and 

vapor phases and a considerable amount of material can be produced in a single 

shot. In this case, heat conduction into the solid target is the main source of energy 

loss. The combined Two Temperature Model-Molecular Dynamics (TTM-MD) 

model emerged as the most efficient tools for analysis of the short pulse laser 

interaction with metals. The method combines the advantages of TTM and MD 

for a realistic description of the diverse range of processes induced by short-pulse 

laser irradiation of a metal target. In addition, Monte Carlo simulations were 

proved to be the best method to handle laser plasma interaction. Monte Carlo can 

best handle this analysis. The model can be applied to any gas combination. 

 

7.2 Experimental investigations 
A coherent enhanced system for film growth by the PLAD and RPLAD has been 

described and improved. Large area approach makes use of the central part of the 

plume, which sweeps across the whole substrate. This situation was improved 

 
 

159



when the target-substrate distance was increased, since the plume becomes wider 

when expanding away from the target. Uniform heating of the substrate was 

another challenge, because it is difficult to obtain a proper thermal contact over a 

large area. An alternative approach in designing a multi-substrate holder was 

investigated. The new system comprises three different substrate holders. The first 

one is a fixed holder accommodating one 60mm diameter flat substrate, which can 

be heated up to 800°C by a resistive heating system. The second substrate holder 

can translate independently along the x and y axes, to allow a uniform film 

deposition. It can accommodate a 100mm diameter flat substrate, which can be 

heated up to 400°C. The third substrate holder can accommodate three-

dimensional substrates with a maximum length of 100mm and a maximum 

diameter of 50mm. It can translate and rotate simultaneously and can be heated up 

to 300°C by a lamp system. 

 

7.3 Thin film deposition 
In order to optimise film deposition conditions, a series of samples were deposited 

and many laser and chamber parameters were studied. Particularly, It was 

observed that: 

- for the same pulse number, the thickness increase with the fluence. In this 

case, the ablation rate decreases slowly with increasing successive pulse 

number; 

- the thickness uniformity was obtained; the thickness varies very little, the 

maximum variation in thickness was less than 10%; 

- for the same pulse number, the thickness of the ITO film increases 

considerably with a decrease of laser wavelength. The effect was attributed 

to the photon energy in the laser pulse, since it is inversely proportional to 

the wavelength of the laser, which increase the absorption probability; 

- the oxygen pressure was found to play a very important role on the film 

thickness, stoichiometry and resistivity. 

 

One of the main features of this work was the achievement of a maximum 

deposition rates of 12nm/min for ITO and 21nm/min for TiO2 thin film 
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deposition. These investigations allowed optimising the number of pulses used for 

the deposition and, therefore, to obtain a constant film thickness in the desired 

range. Best ITO and TiO2 films were deposited under 1 and 10Pa of oxygen 

pressure with a thickness of 400 and 800nm, respectively. The best fluence was 

found to be 4J/cm2 for both films, while it was 3J/cm2 for the gold deposition. The 

oxygen pressure had a strong influence on the properties films deposited. In 

particular, films deposited in UHV without oxygen pressure were found to be 

thinner and non stoichiometric. 

 

7.4 Structural and electrical properties 
Another achievement of this work was the successful use of the RPLAD for ITO, 

TiO2 and multilayers ITO/TiO2 thin films, in UHV and O2 atmospheres. 

Deposition was performed at room and high temperature on quartz SiO2 (100) and 

silicon (111) substrates. Experimental conditions necessary to obtain crystalline 

layers with a high porosity and roughness were investigated. The deposited ITO 

films were highly orientated nanocrystals with their a-axis normal to the glass 

substrate surface. ITO films deposited at 200 and 400°C, were well crystallised 

with mean grains size of ~10nm and 15nm for ITO film deposited at 200 and 

400°C, respectively. The onset of crystallisation resulted in the formation of a two 

layer structure containing a defective layer that decreased the carrier mobility.  

 

Atomic Force Microscopy (AFM) studies revealed that the ITO thin films 

deposited were highly porous with a density of ~125holes/µm
2
 samples deposited 

at 400°C. The porosity decreases with increasing the substrate temperature during 

deposition. The mean roughness was as high as 29.9nm, obtained in samples 

deposited at 400°C. Correlating the results between AFM and X-rays Diffraction 

(XRD), one can observe that for the ITO thin films deposited at 400°C, large 

grains correspond to well crystallised films with a preferential orientation along 

the (400) axis. This not withstanding, the ITO films remain very rough and porous 

at high temperatures. These morphological changes contributed to the improved 

optical and electrical properties through reduced scattering. The morphological 

properties observed for ITO films deposited at room temperature, 200 and 400°C 
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are shown to be well adapted for solar cell applications. 

 

Low values of resistivity and high values of mobility were observed for the 

deposited ITO films. The resistivity of the film increases with increasing 

thickness, while it decreases when increasing the deposition temperature. It was 

found that the specific resistivity varies strongly 

- with the oxygen pressure for the ITO films deposited at room 

temperature with a minimum value around 3x10
-6

 Ωm, corresponding 

to pressure of 1Pa; 

- with the substrate temperatures; at 200°C the resistivity is lower with 

values around 1.5x10
-6
Ωm for a film thickness of 400nm. 

 

The achievement of the lowest possible resistivity is of practical significance 

because it provides some freedom in selecting the film thickness to achieve a high 

optical transmission, while still maintaining low resistivity. In fact, as the 

substrate temperature increases, there is formation of crystalline grains which 

reach a diameter of about 10nm at 400°C, thus reducing collisions of the charge 

carrier with the grain boundaries. Hall mobility was found to increase with 

substrate temperature. In this investigation, the highest Hall mobility at room 

temperature was estimated to be 22.3cm2/Vs under PO2 of 1Pa and 52.1 and 

51.3cm2/Vs for films deposited at 200 and 400°C, respectively. 

 

TiO2 films, with a high specific surface area due to porosity, were annealed at 300 

and 500°C for 3 consecutive hours. Raman spectra showed that annealing 

produced formation of pure anatase TiO2 films, both on quartz SiO2 glass 

substrate and on ITO predeposited films. Scanning Transmission Electron 

Microscopy (STEM) measurements suggested that TiO2 films deposited at room 

temperature are rougher than the films deposited at 200 and 400°C. Moreover, 

TiO2 film deposited on the predeposited ITO film present a porous surface, with 

an average pore diameter of ~ 40nm, and excellent uniformity. It is interesting to 

note that the pores are randomly arranged, in contrast to the ordered structures 

reported for dip-coated films. The random arrangement of the pore network may 
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actually be beneficial for producing uniform electrodes. The cross-sectional 

analysis of the films showed a columnar structure, but no evidence of voids in the 

structure. 

 

The present results indicate that highly orientated nanocrystalline ITO films can 

be prepared on a SiO2 glass substrate without post annealing treatments. 

Rutherford backscattering spectrometry investigations showed that ITO films free 

of any kind of contamination were deposited. The obtained films were uniform 

and highly stoichiometric over a large area. Porous oxides represent an interesting 

material for Dye Sensitised Solar Cells (DSSC). Nanoporous titania with a large 

surface area is usually required to support a large amount of dye for obtaining a 

high energy conversion efficiency. If the electrode used in a dye-sensitised solar 

cell is nano-porous, the pores are expected not only to provide a huge surface 

area, which can support a larger amount of functional materials of titania and dye, 

but also to decrease the thickness of titania layer. Consequently, the large surface 

area formed by the porous electrodes may increase photoelectric device’s 

functions such as the energy conversion efficiency drastically. Moreover, the 

specific surface area of TiO2 is closely related with its particle size. The smaller 

the particle sizes in TiO2 films, the larger the specific surface area thereof. 

 

7.5 Optical properties 
The transmission of ITO films in visible light was above 88% for films produced 

at room temperature and above 95% for the ones deposited at 200°C. in addition, 

the transmission for the films produced in oxygen was about 90% above 400nm, 

whereas the value lies between 70 and 80% for films produced in rare gases. The 

bandgap and the refractive index for the ITO films were strongly affected by 

deposition conditions such as oxygen pressure. An increase in the bandgap was 

observed with increasing the oxygen pressure. This change is due to an increase in 

carrier concentration in the films. An increase of band gap has also been observed 

with increasing the temperature of substrate. This has been attributed to the 

Burstein-Moss shift which is also related to carrier concentration. 
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On the other hand, optical properties of TiO2 thin films deposited on heated and 

unheated quartz SiO2, as well as the Si substrates, in O2 atmosphere have been 

investigated. The transmission of the light intensity is lower in Si than in SiO2. 

This was due to the fact that the Si wafers used transmit only ~22% of the light in 

the near IR region. Increasing the SiO2 substrate temperature from room 

temperature to 400°C resulted in an increase of the transmission mostly in the 

Vis-near IR, from about 70% to 92%. After annealing at 500°C for 3 consecutive 

hours, the transmission of TiO2 films further sharply decrease toward shorter 

wavelengths. This behavior has been explained in terms of change in crystallinity 

of the TiO2 thin film. 

 

The refractive index measured at 550nm was 2.33 for the TiO2 deposited at 400°C 

on Si and 2.04 for TiO2 deposited on SiO2. The refractive index of TiO2 thin film 

deposited at 400°C on quartz SiO2 was found to increase with annealing 

temperature. This is in agreement with a decreasing band gap observed for the 

same films. Analysis of the transmittance curve forTiO2/Au shows a decrease of 

about 6% of the transmission in the UV-Vis range. This decrease was attributed to 

the Au nanoparticles deposited on top of the TiO2 thin films. The Au particles 

might have absorbed part of light, since their plasmon resonance lies in the visible 

region. The transmission of the ITO/TiO2 bilayer, where the TiO2 thin film is 

deposited at 400°C, is higher than that of the ITO/TiO2 bilayer where the TiO2 

thin film is deposited at 200°C. When Au is further deposited on the ITO/TiO2 

bilayer, the transmission decreased about 10% from its initial value. 

 

The optical absorption edge analysis showed that the optical density could serve 

to sensitively detect the film growth behavior, and to correlate the film structure 

and the absorption edge. The TiO2 films obtained present a direct band gap of 

3.51eV and 3.37eV for TiO2 as deposited and after annealing, respectively, while 

the indirect band gap is found to be 3.55eV and 3.26eV for TiO2 films as 

deposited and after annealing, respectively. There was a shift in the direct band 

gap of about 0.1eV between ITO film deposited at 200°C and ITO/TiO2 bilayers 

deposited at 200°C. A shift towards shorter wavelengths from 3.56 to 3.63eV for 
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ITO/TiO2/Au and ITO/TiO2 multilayers, respectively, where TiO2 is deposited at 

200°C, and from 3.66 to 3.70eV for ITO/TiO2/Au and ITO/TiO2 multilayers, 

respectively, where TiO2 is deposited at 400°C, has been observed. In this case, 

the increase of Eg was ascribed to a reduction of the oxygen vacancies with 

increasing substrate temperature at which the ITO film had been previously 

deposited.  

 

The change in the shape of the fundamental absorption edge is considered to 

reflect the short-range structural modifications undetected by structural 

characterisations. The enlargement of band-gap energies of semiconductors, 

which to some extent may be a detrimental effect when these are employed as 

photocatalysts under visible irradiation, may be advantageous when used in DSSC 

to suppress the charge recombination between the reduced electrolytes and the 

photo-excited holes in the valence band of TiO2 substrates and enhance the open-

circuit potential of the cell. However, when ITO/TiO2 bilayers were annealed 

before depositing Au nanoparticles, the gap energy remained constant. 

 

7.6 Perspectives for future work 
The films prepared were extremely well adherent, quite hard, and show good 

electrical and optical properties. The present work demonstrated the feasibility of 

preparing multilayer ITO/TiO2/Au by the RPLAD method in a single deposition. 

The incorporation of Au particles on the ITO/TiO2 films under selected conditions 

was found to shift the energy gap of the multilayer. In order for this method to be 

more widely utilised, further work must be done, primarily in the areas of 

apparatus optimisation and sample characterisation. If completed, both areas 

would yield a wealth of information about the process itself, and how to prepare 

multilayer films with specific properties in view of industrial applications. 

 

The possible applications in DSSC of films deposited in this investigation were 

extensively demonstrated throughout thesis. However, it is of great interest that 

DSSC can be built based on the films deposited and the spectral response be 

measured to evaluate the energy efficiency. 
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