
 

 

Abstract. Interaction of an Nd:YAG laser, 
operating at 1064 nm and pulse duration of 40 ps, 
with tungsten-titanium (WTi) film deposited on 
silicon (Si) substrate was studied. The used WTi 
film had thickness of 190 nm whereas Si-substrate 
was n-type with (100) orientation. Surface damage 
threshold was estimated on ~0.5 J/cm

2
. The WTi 

thin film/silicon system modification was studied 
by the laser beam of energy density of 5.7 J/cm2. 
The energy absorbed from the Nd:YAG laser beam 
is partially converted to thermal energy, which 
generates a series of effects, such as melting, 
vaporization, shock waves, etc. The following WTi 
thin film/silicon target morphological changes 
were observed: (i) ablation of the WTi thin film (in 
the central zone of irradiation) and creation of the 
crater especially for the number of pulses > 10. (ii) 
Partial modification of the silicon substrate with 
formation of mosaic structure and sporadic 
appearance of cracking effects and, (iii) 
appearance of hydrodynamic features in the form 
of resolidified material as well as the creation of 
nano-globules. The formed nano-globules are 
derived from redeposited film material.  

 
PACS code: 68.55.Jk, 52.38.Mf, 79.20.Ds 
Key words: WTi thin films, laser ablation, 

picosecond laser pulses.  

 

1. INTRODUCTION 

OME important aspects of the use of lasers 

in material processing, particularly those that 

involve surface material removal and heat driven 

processes, are: melting, vaporization, 

condensation of vapor, diffusion, segregation, 

resolidification, laser-plume interaction, etc. 1,2. 

A laser beam solid state interaction is complex 

process which depends on many parameters, 

such as the target nature, the chemical and 

physical properties of its surface, the wavelength 

of the laser beam, the beam energy density, the 

duration of irradiation, the nature and pressure of 

the surrounding atmosphere, etc. 3,4. In context 

of this, the laser material ablation/modification  
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attracted much attention as a relatively original  

technique for processing on micro- and nano- 

level. This technique is especially desirable for 

machining in microelectronics 5 and for forming 

stable nano-sized forms (nanoparticles) 6. 

The WTi alloy as a refractory material possesses 

very good physico-chemical characteristics such 

as thermochemical stability, high melting 

temperature, high hardness, etc. 7. From these 

reasons the WTi thin film can be applied in 

microelectronic industry as diffusion barrier layers 

contact layers and a silicon substrate 8, for gas 

sensor technology 9, for protective coatings 

10, etc. Tungsten and titanium also as nano 

particles can enhance mechanical properties of 

metallic alloys 11. Conventional processing of 

this material is extremely difficult, because of its 

hardness and brittleness, and the use of a laser is 

a possible solution. 

According to available sources, there is little data 

about the interaction between pulsed laser 

systems and WTi thin film. The main objective of 

the present work was to study the WTi thin film 

surface modification induced by a picosecond 

Nd:YAG laser.  The laser was emitting in the 

near-infrared region at 1064 nm. The special 

attention was paid to observation of 

morphological effects on a target induced under 

medium laser fluence regime.  

2. EXPERIMENTAL 

The tungsten-titanium thin films were deposited 

on silicon substrate by sputtering of the 90%W - 

10%Ti w.t. target by Ar+ ions. The silicon 

substrate was n-type wafer with (100) orientation. 

Before deposition process, Silicon substrate, 

thickness of 0.5 mm, was cleaned by standard 

HF etch and a dip in deionized water and then 

mounted in the chamber. The deposition was 

carried out in a Balzers Sputtron II vacuum 

system. The conditions during the deposition 

process were: acceleration voltage, 1.5 kV; used 

current, 0.7 A; base pressure in chamber, 1x10
-3

 

Pa whereas the partial pressure of argon, 

1.33x10-1 Pa. Under these experimental 

conditions the constant deposition rate was 0.14 

nm/s. The thickness of produced a WTi thin film 

was 190 nm.  
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The samples were irradiated by focusing 

Nd:YAG laser beam using a quartz lens of 12 cm 

focal length. The laser employed is an active-

passive mode-locked Nd:YAG system model SYL 

P2 by Quanta System Srl.-Solbiate. The 

experimental conditions were: energy density  i.e. 

fluence  (), 5.7 J/cm
2 

(corresponding power 

density/intensity, 13.5 10
10

 W/cm
2
); pulse 

duration, ~40 ps; laser wavelength, 1064 nm; 

TEM00 output; linear polarization; pulse repetition 

rate, 2 Hz. Variation of the pulse-to-pulse energy, 

 5 %. Irradiation was performed perpendicular to 

the surface in air at normal atmospheric pressure. 

Pulse duration of about 40 ps is obtained by 

using a saturable absorber dye and an Acuosto-

Optic standing wave modulator.  

Various analytical techniques were used for 

characterization of WTi thin film before and after 

laser irradiation. Identifying the target crystal 

phase/composition was done by an X-ray 

diffractometer. Surface morphology, induced by 

laser irradiation, was monitored by optical (OM) 

and scanning electron microscopy (SEM; Zeiss 

Supra 35VP). The SEM was coupled to an 

energy-dispersive analyzer (EDX) for determining 

sample surface composition. Specific geometry of 

the ablated areas was characterized by 

Profilometry (Taylor – Hobson Talysurf 2).  

 

3. RESULTS AND DISCUSSION 

The phase composition analysis of as-
deposited WTi thin film, before laser irradiation, 
has confirmed that thin film had tungsten phase 

with body-centered cubic (b.c.c.) structure 12]. 
The thin film exhibited dominant preferential 
orientation of W (110). In the main, the produced 
WTi thin film was solid solution of titanium in a 
tungsten matrix with increased W- lattice 
parameter (3.2237 Å). The estimated grain size of 
the WTi thin film was about 14 nm according to 

the W- peak width 12. The surface morphology 
analysis, by SEM, also confirmed that WTi thin 
film is polycrystalline with fine grains, uniformly 
covering the substrate. The initial mean value of 
surface roughness was estimated at 0.5 nm 
which corresponded to the roughness of silicon 

substrate 13.  
The irradiation of the WTi thin film was done 

with sets of successive laser pulses. The pulse 
count varied from 3 to 50 pulses whereas the 
laser pulse energy density kept constant at value 
of 5.7 J/cm2. The morphological changes induced 
by the laser on WTi/Si system showed its 
dependence on the number of accumulated 
pulses at the same place. At the given fluence 
(5.7 J/cm

2
) the damage of the WTi target can be 

clearly recognized even after one laser pulse. The 
damage threshold, defined as the minimum laser 
radiation energy density required for creating 
detectable damage on the material, was 

determined. The damage threshold of ~0.5 J/cm
2
 

was recorded for picosecond Nd:YAG laser (1064 
nm) - WTi target interaction. 

Morphological changes of complex WTi/Si 
system for five and fifty accumulated laser pulses 
are presented in Figure 1. These surface 
modifications include the following effects: (i) 
ablation/exfoliation of WTi thin film with 
appearance of crater like forms, (ii) partial 
modification of silicon substrate with formation of 
mosaic structure and sporadic development of 
cracking effects and, (iii) appearance of 
hydrodynamic features (like resolidified material) 
as well as formation of nano-globules.  

In details, after action of five laser pulses (Fig. 
1A), central part of irradiated area/spot showed 
removal of WTi thin film from substrate/silicon 
(Fig. 1A1) whereas at the periphery it was kept 
but damaged (Fig. 1A3). Micro cracking effects 
on silicon substrate, in the central region, are 
present (Fig. 1A1). The cracks are arranged 

under the angle of 90, which corresponds to the 
initial orientation of silicon substrate. The specific 
mosaic structure (Fig. 1A2) with sub-micron 
dimensions were registered on silicon substrate 
too, but in form of resolidified materials. 
Modification of WTi surface, at the periphery of 
the irradiated area (Fig. 1A3, 1A4), can be 
attributed to redeposited of ejected and then 
condensed material from the central region.   

Increasing number of accumulated laser pulses 
(e.g. 20 or 50 pulses) on the target resulted in 
more expressed damage. Accumulation of 20, in 
contrast to 50, laser pulses showed the similar 
surface morphology features (as for 5 pulses). 
The different morphology (after 50 pulses) is 
manifested in intensive modification/ablation in 
central zone with crater characteristic (Fig. 1B) 
and modified periphery without removal of the 
film. In the central zone, zone in which the film is 
ablated, the melting and subsequent 
resolidification of silicon substrate are visible (Fig. 
1B1, 1B2). Close to the border of resolidified 
material (Fig. 1B3) the micro-cracks occur as a 
consequence of preserve silicon single structure. 
Melting point of silicon is 1690 K and it is to 
assume that surface temperature induced by the 
laser was higher. In this context appearance of 
melting/remelting zones in the center (Fig. 1B2) 
as well as silicone micro cracking were 
experimentally confirmed. On the periphery (Fig. 
1B4) redeposited material as well as sporadic 
nano-globules (with diameters from 200 to 500 
nm) are recorded. Generally, formation of nano-
globules can be attributed to the recrystallization; 
also tohydrodynamic processses, to surface 
instabilities, condensation, etc.  

Elemental chemical analysis of the WTi/Si 
system, carried out after accumulation of 50 laser 
pulses by EDX/SEM, is shown in Figure 2 A-C.  



 

 
  

 

 
Figure 1 SEM analysis of the WTi/Si system induced by Nd:YAG laser (λ= 1064 nm;  = 5.7 J/cm

2
). (A) 

and (B) entire irradiated area after 5  and 50 laser pulses, respectively . (A1, B1) corresponding central 
part of ablation; (A2, B2) central part details with higher magnification; (A3, B3) periphery of damaged area 

and; (A4, B4) periphery details with higher magnifications. 
 
The spectra were recorded in three different 

locations, i.e. at the WTi thin film surface (A), at 
central zone where the film was removed (B) and 
at the surface of nano-globule (C), Fig. 2. The 
WTi film content was: W, 78.6 %; Si, 14.2 %; Ti, 
5.5 % and O, 1.7 %. All percentage data are by 
weight. The complete analysis was normalized. 
Also, the modified substrate showed the 100 % 
content of Si. The surface composition of nano-
globules is similar to the thin film. These results 
confirm assumption that the film material is 
ejected and then redeposited on the target. In 
contrast, the substrate material was not 
registered to redeposit in form of nano-globules. 
The formation of nano-globules is accompanied 
by additional oxidation what is expected because 
the irradiation process was done in air 
atmosphere.  

 A profilometer analysis of the ablation depth 
as well as crater volume and volume of heaped-

up material, in function of number of accumulated 
laser pulses, are presented in Figures 3 and 4, 
respectively. In the first step of laser acting, after 
3 and 5 pulses (Fig. 3), the ablation depth was 
low. The dominant process on the target surface 
was melting, probably. The significance depth of 

the crater (18.2 m) was obtained after 10 pulses 
which reach saturation at about 30 pulses (Fig. 
3). Under this conditions the measured depth was 

~23 m. Volume of the crater and volume of the 
heaped-up material on the surface were 
increased with number of pulses, too (Fig. 4). For 
the pulse interval over 10, the displayed volumes 
are increased linearly with the number of pulses. 
The difference between volume of the crater and 
volume of the heaped-up material can be 
attributed to the ejected or vaporized material. 
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Figure 2 The chemical composition of the WTi/Si system after laser irradiation with 50 pulses. Analysis 

was carried out by EDX/SEM at three different locations: (A) surface of WTi thin film; (B) the surface of 

nano-globule and (C) central part (area of ablated film). 

 
 

 
 

 
 

Figure 3 Ablation depth of the craters as a 

function of the number of accumulated pulses. 

 

 
 
 

 

Figure 4 Volume of the ejected material from the 

crater and, volume of heaped-up material on the 

surface as a function of the number of 

accumulated pulses. 

 
 

4. CONCLUSION 

A study of morphological and structural 

changes of a WTi thin film/silicon system induced 

by a picosecond Nd:YAG laser (pulse duration of 

40 ps), operating at 1064 nm, is presented. The 

used WTi film had thickness of 190 nm and it was 

deposited on a silicone substrate (n-type with 

(100) orientation). Laser energy density, i.e. 

fluence of 5.7 J/cm
2
 was found to be sufficient for 

inducing structural and morphological features on 

the target system. Laser-induced changes on 

WTi/silicon target can be summarized:  

(i) Ablation of the WTi thin film (in the central 



 

zone of irradiation) and creation of the crater 

especially for the number of pulses greater than 

ten.  

(ii) Partial modification of the silicon substrate 

with formation of mosaic structure and sporadic 

appearance of cracking effects.   

(iii) Appearance of hydrodynamic features in 

the form of resolidified material as well as the 

creation of nano-globules. The formed nano-

globules are derived from the redeposited film 

material. 
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