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Thls paper gives an overview on different types of instabillties and 
structure formation in various fields of laser processing. Among the examples 
discussed in detail are non-coherent structures observed in laser-induced 
chemical vapor deposition (LCVD), in laser-induced surface modifications, and 
in laser ablatlon of polymers. 

I 

INTRODUCTION 

Structures that develop on solid or liquid surfaces under the action of 
laser light can be classified into coherent structures and non-coherent 
structures. Coherent structures such as the so-called ripples, are directly 

I related to the coherence, the wavelength, and the polarization of the laser 
light. For non-coherent structures a direct relation to laser parameters is 
absent [ I ] .  

The ranges where different types of coherent and non-coherent structures 
are observed after W-laser irradiation of PET (polyethylene-terephthalate) 

, are shown in Fig. 1. 

Figure 1: Coherent (ripples) and 
non-coherent structures observed 
on PET after KrF-laser 
irradiation. The threshold fluence 
for ablat'ion is $th(PET,248nm) = 
40 rn.J/cm2. 
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INSTABILITIES IN DIRECT WRITING 

Non-coherent structures have been observed In different LCM systems during 
pyrolytic direct wrlting. The oscillations shorn 1n Fig.2a are neither 
related to the wavelength and polarization of the laser light nor to latent 

feedback which results In an increase in dcpositlon rate. However, the 
increase in cross sectlon of the stripe increases tht? heat loss due to 
conduction along the stripe, and the temperature drops again. Oscillations 
occur if in some temper~ture lnterval a sufficiently steep increase in 
absorptivity exists. This increase may be due to changes in surface chemistry 200- 
and/or morphology. -- 

The theoretical analysls of this phenomenon is based on the fact that the k 5 
heat conductivity of the deposit, ' is much higher than that of the 

i. e. K* = KD/K~ >> 1. In this case, the heat flux is directed 

mainly along the metal line and then gradually dissipates into the substrate. 
This allows to treat the problem in one dimension and to calculate the 
temperature distribution for the given parameters of the line. From the 
balance between the deposition rate and material removal from the reaction 
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Figure 2: Periodic structure observed for a W line deposited from 1.1 mbar 

WC16 + SO mbar H2 + 15 pbar O2 by 515 nm cw-~r+-laser direct writing (2w = 

15 pm) a) P = 650 mW, vs = 15 pm/s [21. a' Calculated time-dependent 

behavior of the height h (full curve, inner scale on left axis), and width d 
= 2r of stripes (dotted curve, outer scale on left axis) and the center 

temperature T (dashed curve) [31. b) The shaded area indicates the range of 

laser powers and scanning velocities where oscillations have been observed. 
The full curves have been calculated [41. 

P is the laser power and A(T)  the temperature-dependent absorptivity. The 
(relaxation) oscillations in (1) and (2) satisfactory describe the 
experimental results (Fig. 2a'). 

Detailed calculations demonstrate that oscillations occur only within 
certain parameter ranges - in agreement with the experiments (Fig.2b). 

Discontinuous deposition and bistabilities 

The first clear observation of discontinuous growth was made during 
PYrolytic direct wrlting of Si-lines. For low laser powers a uniform line 
with a height of, typically, a few pm is observed (Fig.3a lower part). When a 



0 
LASER POWER P [WI - 

0 I 1 I 
hcr 2 4 

CENTER HEIGHT h/w, 

Figure 3: a) SEM picture of Si deposited by ~r+-laser direct writing ( A  = 
515 nm, 2wo = 3 pm. p(SiH4) = 500 mbar). Lower trace: Constant scanning (vs = 

15 pm/s) from left to right with continuously increasing laser power from 
53 mW to 63 mW. Upper trace: Scanning from right to left with decreasing 
laser power. b) Maximum height of deposits as a function of laser power at 
constant scanning velocity v = 15 pm/s. A and refer to increasing and 

decreasing laser power 151. c; Normalized dependence of eh (full curves) and 
9; (dashed curves) on the (normalized) height in the :enter. h/wo . The 

deposit is a spot with parabolic shape with fixed radius r,/wo = 2, K* = Or 

1 and aD + m (surface absorption). The critical height, hcr , at which the 
temperature reaches a minimum, eh min , is shown for K* = 5. 
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certain laser pouer Is reached, the line becomes non-uniform. When the power 
Is Increased further, a discontinuous transition occurs. The deposit consists 
now of  slngle, almost equldlstant mds ti 1 ted into the scanning dlrect ion. 
The helght of these rods increases continuously with laser power. Flgure 3 b )  
show the height of deposlts as a function of laser power. I t  becomes evident 
t h a t  there is a uell-pronounced hysteresis (bistabillty). With Increasing 

power the transition occurs at a critical power of pCr = 59 mW, and with 
decreasing power at about 55 mW. pCr increases with v . A similar behavior 

has been observed when the scanning velocity is varied at otherwise constant 
parameters. 

Let us first consider the changes in temperature in the absence of 

scanning for K* > 1 and a + m. In the inltlal phase of growth the influence 

of the deposit can be ignored and the (stationary) linearized center 
h temperature rise, BD , induced at the surface of the deposit by a Gaussian 

laser beam can be approximated by 

where 8; is the temperature at the interface between the substrate and the 

deposit. When a thin relatively wide spot wlth radius rD z 2-3 wo is formed, 

the temperature decreases because of lateral heat spreading and the growth in 
h rD slows down with respect to the growth in h. If K* >> 1, eD decreases with 

increasing h up to a certain value, hcr , where 
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Subsequent 1 y, 13; increases because a temperature gradient bui lds up In 

vertical direction. With thermally thick deposits and h/wo >> hcr/wo we can 

use the approximation 

where 8; is given by ( 6 ) .  6 depends on the shape of the deposit and it is of 

the order of unity. The calculated behavior of 8: with h/wo is shown in Fig. 

3c for K* = 1 and 5 by the full curves. The temperature at the 

substrate-deposit interface, , always decreases (dashed curves). With K* 5 e; 
1 the temperature 8: increases for all values of h. With K* > 1 the minimal 

temperature 0 is reached with h = rn . If hcr/rD > 1, the growth rate at 
D min 

the tip of the spot strongly increases and a rod starts to grow towards the 
laser beam. The geometry of this rod can be estimated by assuming 
one-dimensinoal heat conduction. 

This model holds qualitatively also if the substrate is scanned. With 



thick stripes (h = rD) i.e. with high laser powers or low scanning 

velocities, a rod may start to grow. The growth of the rod ceases when the 
laser beah lntensity In the tip becomes too low. Then, the laser beam reaches 
the substrate again and the process repeats. 

When we consider the transition from a uniform line to a rod, h/r_ should 
h - Y 

exceed the critical ratio which corresponds to f lD min . In the opposite case 
(decreasing power or increasing scanning velocity) deposition will become 
continuous if for the power and laser-beam dwell time employed h < h in 

cr 
Fig. 3c. The hysteresis observed in the experiments can be understood along 
these lines: Roughly speaking, the transition occurs at a certain center 
temperature which requires a higher laser power for the transition line to 
rod than vice versa (in this latter case the heat loss by conduction along 
the line is absent). 

These considerations show, that it is impossible to produce uniform 
stripes with h/r > 1 by single-scan pyrolytic direct writing. 
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Figure 4: SEM micrographs of different types of structures observed on PI 

foils after ablation with KrF-laser radiation. a) Foil was uniaxially 
2 stretched before ablation ( #  0 136 m~/cm , 30 pulses). b) Foil was biaxially 
2 stretched before ablation ( #  115 mJ/cm , 50 pulses). c) Annealed foil ( 4  

2 120 mJ/cm , 50 pulses) 161. 
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STRESS RELATED INSTABILITIES 

Polymer surfaces ablated with W-laser light frequently show wall- or 
nap-type structures (Figs.4). These structures are related to internal 
stresses within the polymer foil. The surface of annealed (unstretched) foils 
remains smooth. Naps seem to be formed by "superposition" of walls aligned 
perpendicularly to the respective stresses. The average distance between 
walls or naps increases with both the number of laser pulses and the laser 
f 1 uence . 

A tentative explanation for the formation of these structures is based on 
a stress-release model. Here, craze formation is considered to be due to an 
externally applied or frozen-in stress, S, parallel to the surface (Fig.5). 
Formation of a craze significantly changes the stress field. The overall 
energy decreases after craze formation if 

I 
where a is the depth of the craze, Y Young's modulus, p the Poisson ratio and 

I LT the surface tension. For polymers, we find as "average" value a n 1 pm. 
1 The depth of the craze, which determines the volume of stress relaxation, is 

related to the thickness of the laser-heated surface layer. Thus, a 
quasiperiodic.surface structure with a mean period A E: 2a develops. The model 
also explains, qualitatively, the increase in A with the number of laser 
pulses. Irradiation of a quasiperiodic structure leads to preferential 
ablation of top-layers where the stress fields are relaxed. At the bottom 
both ablation and further extension of the craze increase the depth of the 

I structure. Simultaneously, the relaxed volume increases and the stabilization 
of the structure by the stress field becomes lost. Naps or walls drop over in 
random directions so that, for example, a new nap is formed out of two. Thus, 
the average period increases. 

DENDRITIC STRUCTURES 

Single-pulse W-laser irradiation of PET induces the growth of dendrites 
(Fig.6a). KrF-laser light amorphizes the PET surface within a depth eoI 
0.1 pm. This layer recrystallizes, in part. Dendrite formation can be 
suppressed by coating the surface with a thin metal layer. The growth of 
dendrites starts at different nucleation centers within the irradiated area. 
The growth rate G = lm/t (em = length of dendrite arms, t = time of growth) 

g g 
shows a maximum near the glass temperature, TG , as shown in Fig. 66. 

Figure 5: Schematic picture of quasiperiodic structures originating from 
formation in materials with frozen-in or externally applied stress 

field. 



Figure 6: Dendritic growth on PET after single-pulse KrF-laser irradiation in 
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2 vacuum. a) Atomic force microscope (AFM) picture of dendrite ( @  = 41 m~/cm ) .  
Such dendrites are elevated above the surface by, typically, 5 to 30 nm and 
extended into the surface by about the same amount 171. b) Growth rate G = 
lm/tg of surface dendrites on PET-surfaces after irradiation with a single 

-3 

: PET 
k=248 nm a 4  b) : 

j +=54 m ~ / c r n ~  1 
- N=l pulse f 

? I I f  f. ; 
If I @  

7 . I - 
0 

K~F-laser pulse of @ = 54 m~/cm~. after growth for 24 h in vacuum; . after 
2-24 h in 1 bar nitrogen atmosphere. 

15pm 
I i. 

20 30 40 50 60 70 80 90 

T [ O C I  

Dendrite formation may be related to the observation that the adhesion of 
metal films evaporated onto foils preirradiated with UV light is increased 
with respect to non-irradiated foils by up to more than a factor of ten [81. 
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