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Abstract

Thin films of TiO2 are deposited by magnetron sputtering on glass substrate and are irradiated by UV radiation using a KrF excimer laser

(248 nm). These thin films are patterned with a razor blade placed on the way of the radiation just in front of the TiO2 thin film. Just near the edge of

the razor blade on the thin film, diffraction lines are observed, resulting in the ablation of the film. These patterns are characterized by optical

microscopy, mechanical profilometry. Diffraction up to the 35th order is observed. The results are shown to be compatible with a model in which

electronic excitation plays the major role.
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1. Introduction

There is currently a large number of works dealing with the

scientific and technological properties of TiO2 [1]. Titanium

dioxide is used in applications as diverse as heterogeneous

catalysis, photocatalysis, solar cells, gas sensors, white pigments,

corrosion-protective coating, optical coating, ceramics, electric

devices. It plays a role in earth science, biocompatibility. It is

discussed as a component in microelectronics and in nanotech-

nology. There is also a need to better understand the physical and

chemical properties of the two main crystallographic structures

of TiO2, namely rutile and anatase.

Since TiO2 is expected to play a role in nano- and

microtechnologies, it is interesting to study various methods of

nano- or microstructuring it. Laser treatment is one of the main

techniques for designing nano- and microstructures. The

irradiation of TiO2 by laser sources has been reported on

powders, monocrystals [2–4]. This is shown to induce phase

transitions as well as colour changes, due to surface reduction.

We recently reported laser etching of TiO2 [5].

Laser interactions with thin films may lead to various

processes, like melting, ablation, texturing, hardening [6].

When laser irradiation is performed in air, plasmas may be

created at high fluence, giving rise to positive as well as

negative feedbacks. Moreover, the processes may be either

purely thermal, or photolytic. It is then necessary to perform

careful experimental studies, in order to better understand the

involved physico-chemical mechanisms.

One procedure is to study the effects of laser irradiations at

various fluences, F. It is also possible to vary F locally by

taking into account diffraction effects. It is the aim of this work

to study the effects of diffraction-assisted irradiation on the

structure of thin films.

2. Experimental details

TiO2 films are deposited on glass by magnetron sputter

deposition. The coating chamber is an industrial system (TSD

400-CD HEF R&D) with various diagnostic facilities such as

optical emission and mass spectrometers. The area of the

titanium target is 450 mm � 150 mm and its thickness 8 mm.

The target is sputtered in dc mode with a ENI RPG 100 generator.

The maximum power is 10 kW with a maximum voltage of

800 V. In the following, the experiments are performed on

208 nm thick TiO2 films on glass (area: 7.5 cm � 24 cm).

The films are irradiated in air, by means of a Lambda Physik

(Model Compex 205) excimer laser (l = 248 nm). The pulse

duration is given to be t = 25 ns. The laser fluence is changed

by varying the distance between a UV lens ( f = 250 mm), and

the sample.
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In order to produce non-uniform and well characterized

spatially resolved laser irradiation, a razor blade is placed in

contact with the films. The distance between the edge of the

razor blade and the film is measured to be 55 mm. This

experimental set-up gives rise to a border diffraction effect,

hence a non-uniform but well known irradiation pattern. The

irradiation fluence is varied between 100 and 1550 mJ/cm2.

After irradiation, the thicknesses of the irradiated films are

evaluated by means of a DEKTAK 3030ST profilometer.

3. Experimental results

Typical optical microscope images and the corresponding

profilometry measurements of the irradiated films are given in

Figs. 1 and 2, respectively. Four main regimes are observed. At

low F (<100 mJ/cm2), no transformation takes place, as seen

visually and measured by profilometry. Increasing F, at

F � 100 mJ/cm2, some transformation occurs, as seen visually.

The structure follows the local laser fluence. Profilometry

measurements indicate that the total thickness of the films

increase by 10–100 nm above the starting level. When F

increases further, a complex structure is observed. When F

attains a value of 1250 mJ/cm2, the regular structure appears,

with ablation of the films. At very high F (>1550 mJ/cm2),

films detach from the substrate. Altogether, it turns out that a

regularly structured system appears in two narrow fluence

regimes, between about 100 and 120 mJ/cm2, and about 1250

and 1550 mJ/cm2.

4. Discussion

Since the microsopy and profilometry measurements

indicate oscillations in the structure of the laser-irradiated

films, it is necessary to first evaluate the laser-diffracted fluence

at the film level.

4.1. Diffraction

In the present experiments, diffraction by a border occurs. In

this case, the intensity profile is given by the well-known

diffraction theory [7]. It is given by:

I ¼ I0

2
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In this equation, I0 is the incident fluence of the laser beam,

CðvÞ and SðvÞ are the real and imaginary part of the complex

Fresnel integral, respectively; v is the Fresnel parameter:

v ¼ x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
2

Dl

�s
(2)

l is the laser wavelength and D is the razor-sample distance. I is

calculated and plotted by the Maple 9.5 software for all our

experimental conditions.

Fig. 1. Optical microscopy and profilometry of the laser irradiated film

(F = 120 mJ/cm2).

Fig. 2. Optical microscopy and profilometry of the laser irradiated film

(F = 1550 mJ/cm2).

Fig. 3. Fitting of intensity profile vs. structure.
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The diffraction pattern is compared with the experimental

data, as shown in Fig. 3 and Table 1. It turns out that the

structure of the irradiated films compare very well with the

diffraction pattern up to the 4th order. This means that this

procedure allows to design structures in the micron range. It is

worth noting that, for F = 100 mJ/cm2, a structure is observed

up to the 35th order where the line width is equal to 269 nm.

4.2. Low fluence laser-induced transformation

In the 100–120 mJ/cm2 range, the laser-irradiated films are

thicker than the original films (Fig. 1). A similar behaviour is

observed in the same fluence range, in the case of uniform

excimer-laser irradiation [5]. This is tentatively associated with

the crystallization of the initially amorphous film. Although the

lateral characteristics of the structure mimics the diffraction

pattern, it is not yet possible to relate the thickness variations

with the fluence oscillations.

4.3. Laser-induced ablation

In the 1250–1550 mJ/cm2 range, the laser-irradiated films

are seen to be ablated. In order to understand the origin of the

ablation process, the ablated profile is fitted by the diffracted

fluence oscillations functions. Results are summarized in

Table 2. The fluence at the extrema of the diffraction pattern are

compared with the height variations at the corresponding points

of the films, as measured by profilometry. (Fig. 4 is displayed

only for explanation of calculus.)

In order to understand the origin of this phenomena we

would analyse how the variation of the height of the surface is in

accord with the variations of the intensity. unfortunately,

profilomertry give us information about topography of the

surface but only for the mount and not for the hole. So we work

only for the first peak of intensity who corresponds to the first

hole in the surface. The loss of intensity from the first peak and

the first minima represent the maximum variation of intensity,

this will be our reference for comparing the gain between B and

C. We assume in the same manner by profilometry that the

variation of height between A and B is the maximum variation

of height and we will compare the loss of height between B and

C with this maximum height variation (see Table 2), the ratio

between the theoretical fluence between points B and C and

points A and B (see Fig. 4) are compared with the

corresponding ratios of the profilometry. They are reported

in Table 2. It turns out that the variations agree quantitatively.

We also measured the ablated thickness as a function of the

local fluence. Results are given in Fig. 5. It turns out that, in this

regime, the ablated depth varies linearly with the local fluence.

Table 1

Theoretical and observed structure characteristics (see Fig. 3)

L1 Th. (mm)

� (0.05 mm)

L2 Th. (mm)

� (0.05 mm)

L3 Th. (mm)

� (0.05 mm)

L4 Th. (mm)

� (0.05 mm)

L1 Exp. (mm)

� (0.14 mm)

L2 Exp. (mm)

� (0.14 mm)

L2 Exp. (mm)

� (0.14 mm)

L4 Exp. (mm)

� (0.14 mm)

F = 100 mJ/cm2 2.16 1.23 0.82 1.69 2.00 1.14 0.86 2.29

F = 120 mJ/cm2 2.16 1.23 0.82 1.69 2.29 1.14 0.86 1.71

F = 1250 mJ/cm2 2.16 1.23 0.82 1.69 2.86 1.29 1.00 2.57

F = 1550 mJ/cm2 2.16 1.23 0.82 1.69 3.14 1.14 1.00 2.86

Table 2

Theoretical and observed ablated structure characteristics

Theory Profilometry

Fraction of the maximum intensity variation (AB)

for the gain of intensity between B and C (%)

Fraction of the maximum height variation (AB)

for the loss of height between B and C (%)

F = 100 mJ/cm2 10.4 � 0.01 12.2 � 1

F = 120 mJ/cm2 10.4 � 0.01 11.5 � 1

F = 1550 mJ/cm2 10.4 � 0.01 9.5 � 1

Fig. 4. Profilometry measurement (F = 1250 mJ/cm2) and theoretical diffrac-

tion fluence profile.
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In a previous work [5], it has been argued that the excimer-

laser ablation of TiO2 films may be explained either by a

thermal model or by electronic effects or by a combination of

both. Let us look at the possible mechanisms. The starting point

of any laser-induced effect is the absorption of electromagnetic

energy by the solid. Part of the electromagnetic energy is

reflected by the surface. The initial reflectivity, R, is easily

calculated via the knowledge of the complex refractive index of

the film at the irradiating wavelength [8]. In our case, R = 0.27.

The non-reflected energy is absorbed within a thin layer,

characterized by the optical absorption depth, d, obtained from

the optical constants of the film. Here, d = 15 nm. Since the

thickness of the films is higher (208 nm) than d, the energy is

absorbed within the film.

The absorption of light occurs by excitation of electrons

from occupied to unoccupied energy states. When the photon

energy, hn, is larger than the fundamental bandgap, Eg, the main

absorption paths couple delocalized states. When hn < Eg,

optical absorption involves either localized states (associated

with defects, impurities or the surface) or delocalized surface

states. In our case, hn = 5 eV > Eg � 3 eV.

The optically excited states are obviously unstable. The

system decays by a combination (spatial and temporal) of

various processes involving electrons, phonons and atoms (or

vacancies). This results in heating of the lattice. When both the

light absorption depth, d, and the mean free path of the electrons

are much less than the dimensions of the irradiated sample,

laser heating may be viewed as localized at the irradiated

surface. The equations governing the depth dependent

temperature, T, are now well known. When heating is sufficient,

phase transitions (melting, vaporization) may occur. The

energy absorbed in the irradiated zone serves to heat it, the

substrate and the surrounding atmosphere. Under our experi-

mental conditions, it is well established that absorption within

the plasma plume is negligible [6].

A correct evaluation of the energy effectively provided to

transform the sample requires careful calculations of the role of

the sample itself. When dealing with processes such as

vaporization, it is also necessary to take into account the fact

that it is a non-isothermal one, with a strong Arrhenius-type

temperature dependence of the evaporation rate constant, R.

However, it may be argued that the present results are not

explained by a purely thermal model. Indeed, the linear

dependence of the ablated thickness with F is observed when F

varies by a factor of .5. If the mechanism is dictated by an

Arrhenius laws, it would not be vary linearly over such a range.

Let us now examine the possible role of electronic effects. It

is known that TiO2 is a photocatalyst. This means that

photoexcited electrons play a role in surface reactions. There

are different mechanisms relevant to surface effects. One of

them is the breaking of surface chemical bonds, responsible for

evaporation. In the framework of the modeling of photo-

assisted surface effects, it has been argued [9] that the cohesive

properties of electronically excited states are different from the

ones of non-excited ones. In the case of covalent bonds, the

activation energy for bond breaking is expressed by [9]:

Eb ¼ Hb � TSb (3a)

Hb ¼ M þ Uð1� cnÞ (3b)

S is the associated entropy. M is a so-called metallic part. U is

related to the strength of the covalent bond. n is the electron

density associated with one excited covalent bond. n�1 is the

number of atoms among which the electronic excitation is

shared. In other words, it is a measure of the spatial extension

of the wavefunction of the excited state. Therefore, for the non-

excited state, Eb = Eb(n = 0) = M + U � TSb(n = 0). It has been

calculated that:

DSb ¼ SbðnÞ � Sbð0Þ ¼ �
�

3

2

�
kn�1lnð1� cnÞ> 0: (4)

Since Hb and Sb both decrease with increasing n (hence by

electronic excitation), Eb may either increase or decrease.

The overall desorption rate also depends on the number of

electronically excited states. This is expected to be proportional

to the instantaneous fraction of photoexcited electrons, f .

Altogether, the total evaporation rate, Rtot, is the sum of the

non-excited, Rne, and excited, Re, contributions:

Rtot ¼ Rne þ Re

¼ R0

�
ð1� f Þexp

�
Sbð0Þ

k

�
exp

�
�Hbð0Þ

kT

�

þ f exp

�
SbðnÞ

k

�
exp

�
�HbðnÞ

kT

��

¼ R0 þ fR00 (5)

Let us assume that the photoexcited sites are characterized

by a higher ablation rate than the non-excited ones, i.e.

R’’ > R’. In this case, the higher the number of excited

electrons, the higher the ablation rate. Moreover, the ablation

rate varies linearly with F, since F is proportional to f . This is in

agreement with other authors arguing that excimer laser

irradiation leads to photochemical ablation [10].

Altogether, the previous reasoning indicates that the

experimental results may be explained by electronic effects.

Theoretical and experimental works are in progress in order to

verify this on other experimental conditions.

Fig. 5. Variation of the ablated depth at various local fluences.
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5. Conclusions

The present work shows that, under KrF excimer laser

irradiation, sputter deposited TiO2 thin films on glass may be

ablated. At low fluence, nothing occurs. When the fluence

increases, one observes a transformation of the system to a

thicker and rougher film. This is tentatively associated with the

crystallization of the initially amorphous film. We showed that

it is possible to pattern a diffraction structure on TiO2 thin film,

that diffraction pattern could appear in the two regime observed

in TiO2 irradiation. There are two threshold observed, one for

each regime and between this two ones no structure appear, the

pattern is lost in the roughness of the surface. We proved that

the induced structures match correctly with the intensity

variations of the illumination field. We could conclude that

micro-structuring by diffraction could be controlled by

diffraction effects.
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