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Abstract. The formation of interference gratings generated by 
pulsed UV-laser irradiation of polyimide is discussed on the 
basis of recent experimental investigations on laser-induced 
surface topology changes. The model suggested permits one 
to interpret row doubling and to estimate both the range of flu- 
ences where periodic surface structures are formed and the 
ratio between the period and width. Formulas for the en- 
ergy deposition in the interference arrangement and for the 
influence of heat diffusion are presented. This allows us to 
distinguish between thermal and non-thermal processes. 

PACS: 42.60; 8 1.60 

Laser-light irradiation of materials frequently results in the 
formation of coherent or non-coherent structures [I]. The 
period of coherent structures, A, depends on both the laser 
parameters and the physical properties of the material. The 
most well-known coherent structures of this type are the 
so-called ripples. In polymers, ripples originate froin the inter- 
ference between the incident laser light and the light scattered 
along the surface. Well-pronounced ripples are formed in only 
a small range of fluences, mainly below the threshold fluence 
for ablation, @th,  and with a large number of laser pulses, typi- 
cally some lo3 [I-  111. Another type of coherent structures are 
large-area interference gratings, which are studied mainly with 
respect to applications in microelectronics [12- 151. Because 
high contrast is generated by interfering laser beams from the 
beginning of irradiation and ablation does not necessarily de- 
stroy the interference pattern, well-pronounced gratings can 
be fabricated by using, typically, some 10 pulses only. For 
the generation of both types of structures, mainly excimer 
lasers (2 = 193 and 248 nm; zf = 10-4011s) and harmonics 
of Nd:YAG lasers (4-th harmonic: A =  266 nm; zl = 3-5 ns) 
have been employed [5- 151. 

In this paper we suggest for the case of polyimide (Kap- 
ton H) an explanation for structure formation as observed 
in 113- 151. For subthreshold fluences these authors observed 

single raised ridges with no ablated valleys. The heights of 
the ridges were in the range of some 10 nm. For fluences 
well above @a, ablated valleys were observed, and the raised 
ridges were split into double rows. The explanation is based 
on recent investigations of surface topology changes ob- 
served under pulsed UV-laser irradiation (center wavelength 

= 302 nm; 140 ns 5 ps) [16,17]. Here, three differ- 
ent features, which are schematically shown in Fig. 1, were 
found: swelling of the irradiated volume (hump formation), 
lowering of the irradiated area below the level of the untreated 
surface (dent formation), and real material removal (ablation) 
with hole formation. Ablation was tentatively interpreted on 
the basis of a thermal process and a (thermal or non-thermal) 
mechanism that diminishes the apparent activation energy for 
the desorption of species from the surface. Hump formation 
may be related to the amorphization (random coiling) of crys- 
talline domains and to the (thermal or non-thermal) scission of 
polymer chains [16], or to non-elastic deformations caused by 
the gases produced within the irradiated volume. Dent forma- 
tion may originate from plastic deformations caused by surface 
tension effects. Due to the small depth of dents, typically a few 
nm, this process will be subsequently ignored. 

1 Structure formation 

1.1 Interference gratings 

Interference gratings are periodic surface structures produced 
by the interference of two beams that are superimposed at the 
sample surface [I]. Let us consider two identical a-polarized 
beams with angels of incidence O i ,  and with equal fluences, 
@o (measured perpendicularly to their direction of propaga- 
tion). At the gas-solid interface, the average fluence normal 
to the surface is then @i = 2@0cosOi. The distribution of the 
fluence, defined as the z component of the energy flux below 
the surface, is then given by 

@(x,z) = A(Oi)@i (1 + V C O S ~ X )  exp (-Pz) 
- 
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k is the wavevector of this pattern and 

4K p = - Im (iicos o t )  , 
il (2) 

where /Z is the laser wavelength in vacuum, ii the complex 
index of refraction, and 0t the complex angle of refraction. If 
the substrate is a weak absorber, then P = a l c o s  0 ,  where a is 
the absorption coefficient and 0 is the real angle of refraction. 

Let us consider first a photochemical process where the 
surface transformation is related to the deposited energy per 
unit volume. 

The energy absorbed per unit volume is given by the 
derivative of (1) with respect to Z. Near the surface z = 0 
this yields 

Alternatively, one can consider the deposited energy to be pro- 
portional to the square of the electric field and the imaginary 
part of the dielectric constant, and obtain: 

where ti is the amplitude transmission coefficient at the 
interface. The upper dash denotes complex conjugation. 

Assume that at normal incidence a particular surface trans- 
formation takes place if $ > 4 t h  = $th(Oi = 0). At oblique 
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Pig.la,b. Schematic drawings of the surface topology observed on 
polyimide afler focused single-shot UV-laser-beam irradiation with 
@(r) = @ ~ e x ~ ( - ( r / w o ) ~ )  [16]. The dashed line indicates the initial polymer 
surface. a $0 < $th. b $0 > gth  

incidence the transformation at pointx takes place if the energy 
deposited per unit volume near the surface is H (O~,X) 2 H(O), 
where at the threshold the energy deposition is given by 

From (3) and (5) we obtain the condition for the surface 
transformation at the point x: 

where B can be derived with (2) and (4): 

where t ,  is the transmission coefficient for normal incidence. 
B depends on 0; and reflects the changes in energy deposition 
for oblique incidence with respect to normal incidence, if the 
fluences just above the surface are the same. 

I 
According to the surface topology changes exhibited in 1 

Fig. 1, we can distinguish two cases for which humps are 
formed. Here, we introduce $hU r $(rh,), which is the fluence 
above the sample at r = rhu in single-beam experiments at 
normal incidence and $,,, = B$i ( 1 + V )  . 
Case (0):  $hu $Inax < 4 t h  
Figure 2 shows the interference pattern (6) for V < 1 (dashed 
curves) together with the surface-topology changes expected 
from Fig. 1. In regions where the fluence of the interference 
pattern exceeds $hu, the surface is elevated. The height of 
humps is some 10 nm [16]. With (6) the width of humps can 
be estimated from 

The ratio whu/A is plotted in Fig. 3 as a function of di, and 
with Oi = 48", V = 0.9, and B = 0.933 (dashed curve). Here, 
we employed $hU = 0.7$th, as found with Art-laser radiation 
(2  E 302 nm) in [16]. 4 t ~  was taken to be 52 mJ/cm2 and 
B was calculated from (7) with fi = 1.8Sf0.6i [18]. Note, 
that with the parameters employed the value of B is close to 
unity, which was used in [14]. This explains why the value of 
$th = 55 mJ/cm2 found in [14] is in good agreement with the 
value employed in the present analysis. 
Case (5): 2 4th  
For fluences of the interference pattern above $th, ablation 
takes place, and it will lead to the profile shown in Fig. lb. 
The widths of the holes, who, can be calculated from: 

The ratio who/A as a function of $i is included in Fig. 3 1 
by the full curve. Ablation will lead to hump splitting, 1 
as shown in Fig. 2b. If $,,, is further increased, neigh- 1 
boring humps will almost merge and form double rows 
(Fig. 2c). This can explain the experimental data in [14] 
which are in reasonable agreement with the full curve in 
Fig. 3. However, there exists a discrepnncy between the value 
@th x 52 m ~ / c m ~ ,  necessary to fit the daul 1 13.1. and the value 
&(/Z = 248 nm) FZ 40 m ~ / c m ~  [19.7,01 observcrl for normal 



incidence and single beam experiments. Let us show that 
this may indicate that pattern formation is mainly thermal 
in nature. 

Consider a model, that relates surface transformations to 
the temperature induced in the specimen. The source term 
in the corresponding linear heat conduction problem can be 

I written in analogy to (1) and (3) as 

Fig.2a-c. Schematic drawings of the interference pattern $(x) with V = 0.9 
and period A (dashed curve) and the corresponding surface topology changes 
of the interference pattern. a @,,,;,, < 4th. b $Inan 2 $111. C 4rn;tx > $t11 

Here, Ii is the average intensity of the two beams above the 

single row doubling , - 
row ] 
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Fig. 3. C;llcul;~ted width of h u m p  till,,, (daslicrl c~~rve),  and hnlcs ,1111,~ 1strlirI 
curve, cl<~tetl curvc) of intcrkrence gratings nr>rniulilcti to A, i I S  8 ~ ~ l l c ' l i ~ n  

of gi. I11 :,I1 cuscs R = 0.933. Solitl crlrvs: ++I, = 5 1  ~ r i ~ f c m ' ,  V = O.!!. I311sh~'d 
curve: fir,,, z 0.7. pll, 3 3h rn~/c~n ' ,  \I = 0.l). Ilo~tcrl cu~,vc: QIh :: 40 ~nl /cm?.  
VVT = 0.45. The vclzicnl dotted l in t  marks rile rn~nsitir,t~ I'lnrn single todtrt~hlr 
rows. The filled circle shows the width of a raised ridge. The experimental 
data (open circles, filled circle) are taken from [14, 151 

sample surface. The solution can be found by describing the 
overal temperature rise, AT, by a uniform and an oscillating 
part o: coskx (see Appendix). With a rectangular laser pulse 
the solution at the surface z = 0 can be written as 

Here, K is the thermal conductivity, D is the heat diffusivity, 
f i  (t*) is a dimensionless surface temperature rise for finite 
absorption, and t* - DP2t is a dimensionless time. TI (t*) is 
given by 

2 
6 (t*) = -t*1/2+exp(t*)erfc(t*'/2) fi - I . (1 1) 

VT in (10) is the decrease in visibility caused by heat diffusion. 
In other words, VT accounts for the fact that the "visibility" of 
the temperature distribution is smaller than that of the energy 
deposition. VT is given by (see Appendix) 

t -  

VT(t*) = exp(-qt*) + / exp (-qi) TI ( r  ) d r  , (12) 
Ti (t*) 

or, in the general case of a time-dependent pulse shape, 
characterized by the temporal intensity profile I(t*): 

with 

VT monotonously decreases with time, from VT(0) = 1 to 
VT(OO) = 0. The typical dependence Vi(t*), together with 
the intensity and the temperature rise, normalized to their 
maximum values, are shown in Fig. 4. 

From (10) it is clear that heat diffusion decreases the 
overall visibility for a thermal process, and thus increases 
the threshold fluence. For mainly thermally induced surface 
transformations we can rewrite (6) in the form 

with 
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Fig.4. Calc~~lated dependence of visibility V + ( t s )  (solid curve) togethel. with 
the intensity I ( r )  cx (t/zl)exp[-(t/rl)+ I] (71 = 10 ns 1211, dashed curve), 
and the corresponding surface temperature rise (dotted curve), normalized by 
their maxilnuni values. For normalization of the time t s  we have employetl 
( D P ~ ) - '  = 25 11s 

For the derivation of (14) we used (10) and the relation be- 
tween the threshold fluence for normal incidence and the 
threshold temperature rise 

The width of the ablated valleys follows from (14) in the same 
way as (8b) follows from (6). 

Note that (8c) which describes the thermal process is similar 
to (8b). The main difference is that B has been substituted by 
BT, and V by VVT. As a consequence the optimal fit to the data 
in Fig. 3 yields a value of @th  T which differs from $th .  

The threshold fluence for surface transformations in the 
interference arrangement, $th (Oi ) ,  can be determined experi- 
mentally. For transformations based on energy deposition it is 
related to the $[I, ( 0 ;  = 0) via 

If the transformation occurs above a certain tenzyerature, the 
threshold $[I,(@~) corresponds to a threshold fith T(Oi = 0) < 
$th (Oi = 0). The relation between $th (Oi) and T(O, = 0) 
follows from (14) 

Equations (17) and (18) allow one to elucidate the underly- 
ing mechanisms by changing the angle of incidence, O i ,  or the 
laser pulse duration T I .  The ratio of the threshold values calcu- 
lated from (1 7) and (1  8) for the same experimentally measured 
$[~l(@i) is 

With the numbers employed for Oi = 48", a = P  and con- 
sequently B = BT. Thus, the main difference arises from the 
change in the overall visibility. With V = 0.9 ,  D = 0.45 x 
10-bm2/s,  i l  = 30 ns, and /3 = a = 3 x lo5 cm-I, the val- 
ue of Vr calculated from (12) is VT = 0.5 ,  and we obtain 
$th T(@i = 0) = 0.76$t11(01 = 0) [a similar value of VT is ob- 
tained for the time-dependent intensity at the moment when 
the maximum temperature is reached (see Fig. 4)]. Thus, 
heat diffusion significantly decreases the effective visibility 
VVT which is essential for processes that are governed by 
the temperature. This may explain the differences between 
the threshold fluences gtl1 = 40 mJ/cm2 and $lh = 52 mJ/cm2. 
The first value was measured in a single-beam experiment at 
normal incidence. The value $lh = 52 mJ/cm2 was derived 
by fitting the experimental data obtained in the interference 
experiments (Fig. 3) by the (photochemical) Eq. (8b). For 
a thennal process the data should be fitted by formula (8c) 
which yields a smaller value of $,h. Heat diffusion will lower 
tlze ovevall visibilit?, for all fluences. A good fit to the ex- 
perimental data in Fig. 3 at low fluences can be provided by 
using (8c), with the overall visibility VVT = 0.45, BT = 0.933 
and = 40 m ~ / c m ~  (dotted curve). At higher fluences how- 
ever, significant differences between the data and the dotted 
curve are revealed. The reason for this discrepancy may be re- 
lated to the ablation process itself. When ablation takes place 
within the valleys, it requires additional energy. As a result, 
the temperature near the edges of the valleys decreases. Corre- 
spondingly, the width of the ablated valleys becomes smaller 
than that calculated from (10). The hump width in Fig. 3 re- 
calculated on the basis of a thermal model (14) practically 
coincides with the dashed curve in the region of low fluences 
where the hump exists. The filled circle shows the width of 
a raised ridge taken from [ I  51. The absence of systematic in- 
vestigations into the width of ridges does not allow a detailed 
co~nparison of the dashed curve with the experimental results. 

The formation of ripples is based on the interference of 
a (single) incident laser beam and the light scattered with- 
in the surface [l] .  With insulators, the scattered intensity is 
small compared to the incident intensity, so that $, << (b,. 
Thus, the interference pattern is mainly determined by $;. 
It has a much smaller visibility, and the fluence on the sur- 
face can be described, in the simplest approximation, by 
$(x)  = C(oi ) (b i  [ 1 + 2 y ( $ ~ ~ / $ ; )  'I2 cos(krx)] where k ,  = 2n/A,. 
y < 1 describes the mutual coherence and polarization dif- 
ferences between the incident and scattered light. C(Oi) is 
of the order of unity, and A,. depends on the wavelength and 
the angle of incidence of the laser light and on the materi- 
al properties. Ripples are formed within a certain range of 
fluences $1 .r The upper limit is determined by 
ablation which destroys the interference pattern. The lower 
limit, $ 1 ,  may again be related to hump formation. How- 
ever, with the laser fluences employed for ripple formation 
(8 mJ/cm2 5 $i 5 11 m ~ / c m ~  [22]), it becomes evident that 
this mechanism can not form ripples in a single-shot ex- 
periment, because even in the maxima of the interference 
pattern, the intensity is much lower than required for hump 
formation (about 0.7$th = 30mJ/cm2, as derived from the 
experiments [16]). On the other hand, the fluence for hump 



formation in multiple-shot experiments can be lower, due to 
a laser-induced increase in absorption, an accumulation of the 
ripple profile, etc. Ripple lirrmntinn rluc to rnulliple-4101 lasein 
ir~ttliarion m:iy b t  initialed also hy Iht. depressinn or tllc sulq- 
Fact nriginaiing Trnm l l l c  slow cIiminntinn of small 1'1~1gfi1ents 
pmrl L ~ C C C E  w itliin 111e hnl k or the material. Thermoclegl-acl:~t inn 
(II' PI is more efl'cctivc in the presence oi' oxypctl 1231. The 
small fragments leave the surface by diff~~sion. This may result 
in a decrease in the thickness due to free volume relaxation, 
as observed for multiple-pulse irradiation of PI [24]. Another 
reason for such a depression can be thermal etching of PI in 
the presence of oxygen, as reported for millisecond Ari-laser 
pulses [25]. 

2 Conclusion 

Interference gratings generated on polyimide by pulsed UV- 
laser radiation can be interpreted via surface topology changes 
previously observed in single-shot experiments. Interference 
gratings are formed if the maximum fluence of the interfer- 
ence pattern exceeds the fluence for hump formation. With 
fluences $,,,,, > $th, ablation in the center of the humps can 
cause row doubling. Analytical formulas for the energy de- 
position and the temperature distribution in the interference 
arrangement are provided. By comparing the threshold con- 
ditions for irradiation at normal incidence and for the oblique 
two-beam interference arrangement, additional information 
on the mechanisms mainly responsible for structure formation 
can be obtained. 
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Appendix 

Let us consider the heat equation 

Here, indices denote the corresponding derivatives. The source 
term Q is given by (9). If the temperature is referred to the 
background value, the boundary and initial conditions are: 

T,(z=O)=O, T(z=oo)=O,  T ( t = 0 ) = 0 .  (A.2) 

We search for a solution of (A.l)-(A.2) in the form 

Then, for both rT and Tv, the conditions (A.2) should hold, 
and and Tv satisfy the equations 

.. 
Here, Q, is the spatially homogeneous part of (9). With the 
substitution T, = pv e x p ( - ~ k ~ t )  one obtains 

Both (A.4a) and (AS) are one-dimensional time-dependent 
heat equations. Their solutions can be written in terms of the 
solution TI (z,t) for finite absorption P and unit intensity. T, 
can directly be expressed via T, : 

For the time-dependent source term in (AS) f,, can be obtained 
from TI by using Duhamel's formula: 

We express Tv via Tv given by (A.7), introduce z = t-t ' ,  and 
integrate the result. Subsequently, we combine z, and T, ac- 
cording to (A.3) and introduce t* = DP2t. This yields (10) to 
(12). 
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