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Abstract In this work we have studied the influence of laser
modification on the composition and structure of tungsten ti-
tanium (WTi) thin films, deposited on n-type (100) silicon
wafers. After deposition, the samples were multi-pulse laser
irradiated in a nitrogen, oxygen, and helium ambient. The
composition of the WTi/Si sample was determined by Elas-
tic Recoil Detection Analysis (ERDA). Surface morphol-
ogy was monitored by Atomic Force Microscopy (AFM). In
the experiment, typical laser output parameters were: wave-
length 1064 nm, pulse duration 150 ps, and laser pulse en-
ergy 30 mJ. Surface concentrations of W and Ti, as well
as the concentration of gas components nitrogen and oxy-
gen were determinated before and after the action of laser
radiation in different ambient conditions. The contents of
W and Ti decreased after irradiation due to adsorbed gases
from the surrounding atmosphere. After surface irradiation
in the inert ambient (He), the concentrations of the compo-
nents were not significantly changed. In other cases, oxygen
was the dominant component at the surface, probably due
to the high affinity of thin film components. Also, the mor-
phological changes occurred at the surface of WTi, as an
increase in the surface roughness and formation of the gran-
ular structures are a result of laser-induced surface oxidation
and recrystallization.
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1 Introduction

Nano-structured materials compared with materials com-
posed of a coarse granular structure have significantly im-
proved properties. These properties are determined by the
constituent domains at the surface and by their interaction
at the grain boundary [1, 2]. Synthesis and modification
of nano-structured materials can be carried out with laser
processing. Laser processing of the materials are changed
composition, chemical state, and structure of the irradiated
surface. Use of a laser has many advantages in processing of
materials with respect to conventional procedures, primarily
due to confining the process on a small area, short process-
ing time, and formation of new types of compounds [3].
Laser irradiation of metals and alloys leads to surface oxida-
tion in air or in a controlled oxygen rich atmosphere [4–6].

The tungsten–titanium alloy as a refractory material has
very good physicochemical properties such as thermochem-
ical stability, high melting temperature, and low friction co-
efficient [7]. On the other hand, mixture of nano-structured
tungsten–titanium oxide is an opto-electronic material and
can be used for solar cell windows, in electrochromic de-
vices, for information displays, and for color memory de-
vices [8–10]. Photo-catalyst WOx–TiO2 can carry out se-
lective catalytic reduction of air pollution and degradation
of some organic compounds [11]. Conventional processing
of the WTi alloy is extremely difficult because of its hard-
ness and brittleness, and the use of a laser is a potential so-
lution to achieve the desired physicochemical properties on
the surface.

To our knowledge, the interaction of tungsten–titanium
thin film deposited on silicon substrate (WTi/Si system) with
pulsed laser systems is insufficiently studied in literature.
Particularly, the studies of the picosecond laser-WTi/Si sys-
tem interaction in different ambient conditions are not con-
ducted. The purpose of this paper is to explore the impact
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of laser irradiation on the surface composition and morpho-
logical effects of the WTi/Si system. Modifications of WTi
thin films were induced by picosecond Nd:YAG laser pulses
with a relatively high pulse energy in a nitrogen, oxygen,
and helium ambient.

2 Experimental

Thin film of WTi was deposited by dc sputtering (in Balz-
ers Sputtron II system) of W:Ti = 90:10 wt% target. The
used substrate was a (100)n-Si wafer, cleaned in an HF solu-
tion and in dedeionized water before mounting in the cham-
ber. Before deposition, the sputtering chamber was evacu-
ated by a turbomolecular pump, down to a final pressure
1 × 10−3 Pa. The substrate surface was cleaned by bias
sputtering. The cleaning procedure included Ar+ bombard-
ment of the substrate during 2 minutes at I = 50 mA and
V = 1 kV. The sputtering deposition was performed at room
temperature and the partial pressure of argon 1×10−1 Pa.
Under such conditions, the deposition rate was approxi-
mately 0.14 nm/s. The thickness of deposited WTi thin films
was 190 nm, measured by Talystep.

In the experiment, the samples were irradiated by a defo-
cused Nd:YAG laser beam with energy of 30 mJ per pulse
(fluence is estimated about of 2 J/cm2). The Nd:YAG laser
(model EKSPLA SL212P) was operated in the fundamen-
tal transverse mode (TEM00 mode). The irradiations of the
WTi/Si system were performed in a flow atmosphere en-
riched with nitrogen, oxygen, or helium. The incidence of
the laser beam was at an angle of approximately 45° to
the sample surface. The laser beam output characteristics
were: wavelength 1064 nm, pulse duration about 150 ps;
linearly polarized. The pulse-to-pulse energy variation ≤5%
and a typical pulse repetition rate 10 Hz. The irradiations of
the same surface area were done with 100 successive laser
pulses with the constant energy.

The WTi/Si system composition was analyzed by Elas-
tic Recoil Detection Analysis (ERDA) which has several
advantages compared to similar methods such as a non-
invasive method without matrix effect and it provides ab-
solute concentration values. Measurements were performed
using a TOF-ERDA spectrometer developed at the Rudjer
Boskovic Institute in Zagreb, Croatia [12, 13]. All measure-
ments were obtained using the I6+ ion beam with an energy
of 25 MeV before and after laser treatments. The incidence
angle toward surface plane was θ in = 20° and the scattering
angle between the beam and the TOF-ERDA telescope was
θ sc = 37.5°. The telescope is consisted of two timing detec-
tors separated by 523 mm. The particle energy was detected
using an ULTRA ion-implanted silicon detector with an area
of 300 mm2. The time detectors were electrostatic mirror as-
semblies by the Busch design. Energy and time of flight of

the recoiled atoms are measured in coincidence which en-
ables us to separate all elements by energy and mass. The
accuracy percentage of the TOF-ERDA analysis is mostly
limited by statistical error of the spectra and uncertainties in
the stopping power values.

The changes of surface morphology induced by laser ir-
radiation in different ambient conditions were examined by
atomic force microscopy (AFM), model Solver PRO 47.

3 Results and discussion

The composition of as-deposited WTi thin film obtained by
ERDA analysis (Fig. 1a) showed that the distribution of
components is approximately uniform throughout the de-
posit. The ratio of tungsten vs. titanium in the film was

Fig. 1 Composition (a) and morphological (b) analysis of a deposited
WTi thin film (thickness 190 nm) on the Si substrate: (a) ERDA spectra
and, (b) AFM micrograph
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nearly equal to initial composition (W:Ti = 70:30 at.%)
of the target used for deposition. Minor changes in the
composition with respect to the initial values were found
in the subsurface region. On the surface of the WTi thin
film, oxygen was detected, with relative concentrations of
NO = 5.6%. The concentrations of the main components
were NW ≈ 68.8% and NTi ≈ 25.6%. The distribution of
components in the subsurface region indicated an effect of
surface contamination due to exposure of the sample to air
after deposition. On other hand, WTi thin film contained a
very low concentration of Ar, which was incorporated dur-
ing the process of deposition. The initial non-irradiated WTi
thin film deposited on Si(100) showed its polycrystalline na-
ture with fine grain structure uniformly covering the sub-
strate, as presented by the AFM micrograph (Fig. 1b). The
mean surface roughness of the WTi thin film is very close to
the value of the roughness of the Si substrate (Sa = 0.5 nm),
indicating that the deposited film follows the substrate mor-
phology [14].

The irradiation of the WTi thin film was done with ac-
tion of 100 successive pulses and the laser pulse energy was
kept at a value of E = 30 mJ. Irradiation with picosecond
pulses was accompanied by plasma appearance in all cases.
During the laser treatment in an atmosphere of nitrogen and
helium plasma was red, while in the atmosphere of oxygen
blue plasma appeared. The plasma was created after the first
several successive pulses. After laser irradiation, surface of
the high reflective WTi thin film were in the form of a broad
blurred area, visible with the naked eye.

The ERDA depth profile analysis of WTi thin films af-
ter laser treatments in helium, nitrogen, and oxygen at-
mospheres are shown (Fig. 2a–2c). Subsurface part, which
included depth of about 40 nm was analysed. In these graph-
ics can be seen that the dominant component was oxygen in
all three cases, while the concentration of major constituents
(W and Ti) were reduced. As could be expected, the lowest
amount of oxygen was detected in the case of laser treatment
in helium (Fig. 2a) and the highest concentration of oxygen
was registered in an oxygen-rich atmosphere (Fig. 2c). Only
after laser irradiation of the WTi/Si system in nitrogen-rich
ambient, a relatively low concentration of nitrogen has been
recorded mainly on the surface (Fig. 2b). The ERDA depth
profile analysis indicated that probably a oxide layers were
formed at the surface. Formation of the surface oxide layer
could be connected with a faster diffusion of oxygen than
diffusion of the thin film components and other gases, as
well as high oxygen solubility in tungsten and titanium [14].
Also, the components of WTi thin film possess a high affin-
ity to the oxygen, especially titanium, which suggests the
formation of oxides.

The heat affected zone (HAZ) which was calculated [15]
for WTi alloy (thermal diffusivity 0.65 cm2/s) and laser
pulse duration of 50 ps, was about 98 nm, for a single

Fig. 2 ERDA spectra of the WTi/Si system after action of 100 laser
pulses in: (a) helium, (b) nitrogen, and (c) oxygen enriched ambients
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laser pulse. Multi-pulse action on the WTi surface caused
reduction of high initial reflectivity (81%) and the fraction
of the absorbed laser energy increased. The absorbed ra-
diation energy involves thermalization within the electron
subsystem. Due to electron thermal diffusion, energy trans-
fers to the lattice and heat is transported into the metal
or alloy. Depending on laser pulse energy, effect of laser
irradiation comprises surface temperature risses, thin film
melts/decomposition, resolidifaction of molten material, va-
porization, ionization gases in front of target, etc. In our ex-
periments, the WTi/silicon target was irradiated with rela-
tively high energy per laser pulse. It could be concluded, that
the absorbed energy was sufficient to cause surface melting,
the formation of oxides on the surface, and plasma appear-

ance.
Exposure of the WTi/Si samples to the laser radiation in

various atmospheres produced different distribution of the
components on the surface. Distributions of components on
the surface and in subsurface region on depth about 25 nm
are shown in histograms (Fig. 3). Concentration of oxygen
is relatively high at the surface and exceeds 50% in case of
laser action in an oxygen-rich ambient. The surface concen-
trations of tungsten and titanium were found to be reduced
from the initial values (Fig. 3a) and gradually increased in
the interior of WTi thin films when the oxygen concentra-
tion decreased (Fig. 3b). The ratio of surface concentration
of tungsten and titanium in the as-deposited WTi thin film
was NW/NTi ≈ 2.7. This ratio remained almost unchanged
after laser action in different atmospheres. These results in-
dicated that in all cases, there was a balanced appearance
of titanium and tungsten oxides. Thermodynamically, the
formation of TiO2 (�H form = −944 kJ/mol) is energeti-
cally favored over formation of the WO3 phase (�H form =
−841.3 kJ/mol) [16]. After treatment by the laser beam, it
can be assumed that the WTi/Si target was covered with an
ultra-thin layer of WO3–TiO2 oxides.

Morphological changes of the WTi thin films induced
by successive action of 100 laser pulses in various ambi-
ents were registered by AFM microscopy and presented in
Fig. 4. The surface has changed differently in the case of
irradiation in helium than in nitrogen and oxygen ambients.
After laser irradiation in a helium-rich ambient (Fig. 4a), the
most expressed effect was the appearance of micro-cracking
with pores as well as vacancies which can be a consequence
of vaporization or heating/cooling of the WTi/Si system. It
could be assumed that the oxide layer was formed along the
edge of micro-cracks during the irradiation in an inert he-
lium ambient on the basis of surface morphology without

Fig. 3 Histograms of the components distribution on the surface and
in depth about 25 nm of the WTi/Si system after laser action in different
ambient conditions

Fig. 4 AFM micrographes of WTi surface after the action of laser radiation in: (a) helium, (b) nitrogen, and (c) oxygen ambients
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Fig. 5 Histogram of the mean surface roughness WTi thin films after
irradiation in different ambient conditions

granular structure and a relatively low concentration of oxy-
gen.

Otherwise, the WTi thin films were fairly uniformly mod-
ified after treated by laser radiation in nitrogen and oxy-
gen ambient conditions (Figs. 4b and 4c). A common fea-
ture of both cases was the formed granular structure at the
surface, but with different grain sizes. The lateral dimen-
sions of the grains at the surface after laser modification
were estimated at about 1 µm in a nitrogen-rich ambient,
and even up to 5 µm in an oxygen-rich environment. The
mean surface roughness of the irradiated areas were signifi-
cantly increased (Fig. 5) compared to the initial value of as-
deposited WTi thin film. The mean surface roughness was
determined from irradiated areas which the dimension was
40 µm × 40 µm, in all three cases. The mean surface rough-
ness reached values of 204 nm and 302 nm in nitrogen and
oxygen enriched ambients, respectively. Changes of the sur-
face roughness were caused by increasing the temperature
of the WTi surface after laser treatment, which generates a
series of effects. It is known that these effects include sur-
face hydrodynamic instabilities of the melt, redeposition of
the material, condensation, etc. [3]. Also, the material evap-
orates during the laser pulse action and recondensed on the
solidified surface as clusters, whereby the clusters chemi-
cally reacted with the surrounding gases [3]. In the present
experiment, clusters reacted with oxygen, which was con-
firmed by high concentrations of oxygen on the surface and
in the subsurface region after irradiation.

4 Conclusions

A study of laser-induced surface oxidation on nano-sized
WTi thin film deposited on Si substrate is presented. The
irradiation process was carried out with the picosecond
Nd:YAG laser operated at 1064 nm in the different ambi-
ent conditions. Laser pulse energy of 30 mJ was found to

be sufficient for inducing chemical and structural changes
on the target system. The distribution of components on the
surface and in subsurface region was indicated that an ox-
ide layers were formed at the surface due to reduction of
the W and Ti concentration and a relatively high concentra-
tion of oxygen; however, the irradiation in the inert ambient
(He), the concentration of the components were not signifi-
cantly changed, as well as morphological changes were not
indicated to the uniformly formation of the granular struc-
tured oxide layer. In the nitrogen- and oxygen-rich ambients,
the oxide layers were generated in the form of the granu-
lar structure. The lateral dimension of grains were approxi-
mately 1 µm and 5 µm in the nitrogen- and oxygen-rich am-
bients, respectively. The mean surface roughness increases
which causes an increase of the oxygen content at the sur-
face, wherein it is at least 155 nm in an inert He ambient and
reached a value of 302 nm in the oxygen-rich ambient.
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