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Laser-induced ripple structures on material surfaces have been observed by a number 
of workers for various materials including metals, semiconductors and dielectrics. A 
model has been proposed [1] which co rrectly accounts for the spacing and polarization 
dependence of the ripples, and the association of the ripples with material defects. In 
this model the ripples are associated with the interference of the incident field with the 
nonradiativ e fi e ld induced by the interaction of the incident f i eld with the material 
defects. The association of these fea tures with defects is often difficult to see since 
real optical surfaces hav e many defects having a range of sizes and ori entations. In this 
paper experimental r esults whi ch unambiguously show the association of these featu res with 
defects are presented. Quantitative measurements of laser-induced damage thresholds and 
photoacoustic ab sorption measurements show a reduction of damage thresholds and increa sed 
optical absorption for surfaces with controlled, 1 inear defects aligned orthogonal to the 
incident 1 aser fie l d (as predi c t ed in ref. 1). 
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1. Introduct ion 

Laser-generated ripple patterns (LGRP) have been observed in laser-induced damage (LID) to 
surfaces of various wid e bandgaps dielectri cs [ 1-14), semiconductors [14-26], and metals 
[1 ,2,14, 25,26,28- 36 ]. Th ese featu r es have also been observed in di e lec tric film s used as anti
reflection coa tin gs [6 - 9]. Ca reful examin ation of micrographs in a numb er of earlier LID papers 
reveal LGRP on surfaces which were initially unnoticed or were wrongly inter preted as fea tures which 
were caused by multiple r efl ections within the sampl e [37-41]. Recent work has shown these features 
to be common artifacts of laser anneal ing experiments , whil e other experi ments have revea l ed LGRP 
associ ated with laser-assisted thin film deposition [36]. The observati on of LGRP over such a large 
range of wave lengths (0.17 to 10.6 JJm) and such a wide range of materials has prompted Van Or iel to 
speculate that LGRP are a univ ersal phenomenon common to al 1 l aser- surface interacti ons [42]. 

Most of the LID expe ri ments referenc ed abov e were conducted us i ng optical ly poli shed sur faces. 
Such surfaces, particularly those on exot ic materials such as the alkali-hal ides, contain a high 
density of defe c ts, e.g., scratches, digs and residu a l polishing material . LGRP are found to be 
di rec tly associated with these pre-existing surface defects. Figure 1 shows LGRP running parallel 
to scratches which are orthogonal t o the impressed 1 aser e lectric fi e l d, whereas no LGRP ar e 
produced by the same .type defect parallel to the field. Similar features have been observed for 
point defects and grain boundaries in polycrystall ine materials . 

The observat ions above l ead to a mode l by Temple and Soileau [1,2] for t he f ormation of LGRP 
that assumes that these features ar e initiated by the interaction of the impressed fiel d with pre
exist ing surface def ec ts . A similar, much more r igorous, model ha s be en proposed by Sipe et al 
[43). In that work, the authors show that rippl e formati on may be in i tiated by the componentsOT 
the surface sub-microscopic roughness which are oriented for optimum coupl i ng with the i mpressed 
fi e ld. Othe r mode l s [ 12,36 ,44] hav e been recently proposed and these. all have the common feature 
that LGRP result from some sort of scattered wav e 1 aunched by surface roughnes s (i.e ., submi cro 
scopic surface de fects) which then constructive 1 y interferes with t he impressed fie 1 d to produce 
ripples. 



The recent models have the common feature that they predict that LGRP are initiated by surface 
roughness [12,36,43,44]. The model proposed by Temple and Soileau [1,2] predicts that defects of 
specific sizes and orientation with respect to the incident field should have maximum efficiency for 
creating LGRP (the model by Sipe et al [43] has a similar provision wh ich they refer to as the 
"efficacy factor"). Reference 1 preoicts that LGRP are easiest to form for scratches of width equal 
to the laser wavelength and oriented orthogonal to the electric field of a 1 inearly polarized beam. 
The effects of scratch orientation on LGRP generation on dielectric surfaces have been reported in 
measurements of the LID thresholds of diamond-turned optical surfaces [10] and more recently in 
specially prepared Si surfaces [23]. 

In this paper we report the results of measurements of the thresholds for LGRP formation on 
NaCl surfaces. We attempted to make the defects nearly "resonant" with the impressed 1 aser field by 
grinding the NaCl surface with particles of average diameter approximately equal to the laser 
wavelength (10.6 11m). In addition, we made the observation of LGRP in ZnS, ZnSe, CdTe and other 
materials. 

2. Experimental 

A single crystal NaCl specimen was fir st etched to remove most residual, randomly oriented 
scratches, due to polishing by the crystal vendor. The sample was then ground on the edge of a 
polishing wheel using 10 11m alumina grit so as to produce a high density of para l lel scratches. A 
1 inearly polarized co2 TEA laser operated in the TEMoo spatial mode at 10.6 11m was used to irradiate 
this specially prepared sample. The laser was gain-switched with a partially mode locked temporal 
profile. The laser was operated without N2, and the temporal width of the gain-switched envelope 
was approximate 1 y 100 nsec ( FWHM). The 1 aser was focused onto the exit surface of the samp 1 e. The 
fluence was varied using a set of Brewster angle polarizers arranged so as to keep the orientation 
of the laser electric field vector constant at the sample surface. The threshold fluence for the 
onset of LGRP formation was then measured for the cases where the surface scratches were oriented 
parallel to and orthogonal to the laser electric field. 

This same laser system was used to produce LGRP on the exit surfaces of optically polished ZnSe 
and ZnS. In addition, a Nd:YAG laser was used to produce LGRP on various materials. The Nd:YAG 
laser was linearly polarized and operated at l.0611m in the TEMoo spatial mode (this laser is more 
complete ly described in ref. 45). 

The co 2 1 aser system described above was also used as the source for orientation dependent 
absorption measurement for anal um inum diffraction grati ng. The grating spacing was 9 ~Jm. The 
absorbed energy was monitored using a photoacoustic technique. The laser-induced acoustic signa l 
was detected by a piezoelectric tranducer pressure contacted with vacuum grease to the rear surface 
of the metal grating. The absorption, as determined by the piezoelectric peak voltage output, was 
measured for the cases wh ere the grating grooves were para 11 e 1 to and orthogona 1 to the 1 a ser 
e l ectric field. 

3. Results and Discussion 

Figure 2 is a Nomarski micrograph of LGRP on the specia lly prepared NaCl surface . The micro
graph on the right corresponds to the situation for which the parallel scratches are orthogonal to 
the incident field vector. Note that as a scratch enters into the high field region it seems to 
"grow" unti 1 its width is approximately equal to the wavelength of the 1 ight in the materia 1. A 
wel 1 coordinated ripple pattern results si nce adjacent ripples are optimumly spaced for max imizing 
the induced surface field. The micrograph on the right is a picture of a damage sight for the 
situation where the scratches are paral l e l to the incident field. The only ripp l es seen in this 
micrograph are associated with a scratch (pr obab ly left over from the original polishing) which is 
nearly normal to the impressed field. 

We measured the thresho 1 d fl uence for the onset of LGRP with the 1 aser fie 1 d para 11 e 1 to and 
orthogona l to the paral l el scratches. The results of these measurements are shown in figure 3. 
Note that the threshold f or ripple formation is 40~ higher for the case where the scratches are 
oriented parallel to the impressed e lectric field. ---

The above result is consi stent with the model presented in reference 1 and can be understood in 
terms of the well known phenomenon of t he orientat i on dependence of absor ption of a diffraction 
grating [46] . Figure 3 i s a plot of the 10.6 11m absorpti on of an aluminum grating with 9 11 m grating 
spacing. The absorption was measured for the cases where the grooves are parallel to and norma l to 
the laser electric field for linearly polarized light. As can be seen in figure4 , the absorption 
i s 4.6 times larger for the case where the grating 1 ines are ortogonal to the impressed fie ld 
compared to the case where the grat ing 1 in es are parallel to the . inc ident 1 aser field. So, for this 



spec imen the surface absorption is 4.6 times greater for the case whe r e the defects (i .e ., the 
grating lines) are normal to the incident fi e ld. By comparing the results shown in figure 4 with 
those shown in figure 3 we see that the threshold for initiati ng LGRP is lowest for t he same 
orientation of the surface defec ts (scratches) whi ch lead to maximum su r f ace absorptio n. As the 
r ipp les form, coupli ng of li ght in to the surface increases, and this in turn enhances the formation 
of more rippl es. In fact, an exponenti a l growth of LGRP has been observ ed [ 12). 

LGRP observed in dielectrics , semiconductors, and metals are very simil ar in that th ey r un 
normal to the impressed field and are associated with surface defects. They differ in one important 
way: the rippl e spacing is the free space wavelength ( A o) for semiconductors and me tals , whereas 
their spacing is Ao/ n, (n is the index of refraction), in the wide bandga p dielec tri cs. Table 1 
summarizes the materia l s for whi ch LGRP have been observed in our lab and the observed r ipple 
pattern spacings. One may specul ate about the reason for the difference. One possibil ity is tha t 
the semi conductors undergo a semiconductor to meta 1 phase transition pri or t o ri pp 1 e formation. The 
model given in reference 43 predicts that a transition from Ao is A o/n spac i ng occurs for index of 
r e fraction between 4 and 1.5. We attempted to observe the occurance of LGRP with both spacings by 
examining materials of intermediate i ndex. CdTe and ZnSe were exami ned at 1.06 ~m . and ZnSe and ZnS 
we re ex amined at 10.6 ~m. In add ition ZnSe has been studied at 3.8 ~ m. In all cases the LGRP 
observed had spacings of A o for these materials. 

4. Surrmary 

We have studied LGRP on surfaces with oriented defects (parallel scratc hes). The threshold 
for i ni ti at ion of LGRP was 40'1', 1 ower for the case whe re the defects are no rma l to t he impr essed 
l aser elec tri c fi e ld. Scratches normal to the field produce well coordi nated r ippl e patterns which 
are clearly associated with the sc ratches. Photoaco ustic measurements of absorpt ion at 10~ ~m of 
anal uminum grating with 9 ~m spacing show t hat surface absorpt i on is 4.6 t imes l a r ger fo r the 
grating 1 ines normal to the f i eld vec t or. Thus, we see that LGRP formation is easiest for defect 
orientation for which surface absorption is maximum. 

Ri pp 1 e pa tterns were produced on surfaces of CdTe and ZnSe at 1.06 ~m and on surfaces of ZnSe 
and ZnS at 10.6 ~m. In all cases the rippl e spac ing was Ao, the free space wavelength. Ri ppl es 
observed on metals and sem iconductors all have a spacing of A o, whereas t hose obse r ved on wide 
bandgap dielectrics are spaced at Ao/n. 

This work was supported by the Offic e of Naval Research, the Na ti onal Sc ience Foundation, The 
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INaCII 

Figure 1. Laser Generated Ripple Patter ns (LGRP) in NaCl. The above patterns were produced by 
normally incident 10.6\Jm l aser light~on the exit surface of NaCl. The laser light was linearly 
polarized in the direction shown by E. The hi9..her powe r photo on the right ill~strates that the 

· ripples are assoc iated with defects norma l toE whereas scratches parallel toE have no ripples 
associ a ted with them. 
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Figure 2. LGRP's on the exit surface of a NaC l specimen . The laser waveleng!;_h was 10.6 ).J m. The 
1 ase r was 1 inearally pola rized in the dir ect ion indicated by the arrow (E). Each site wa s 
irradi at ed only once. 
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Figure 3. Threshold for Formation of LGRP's . The above is a plot (in relative units) of the 
fluence required to produce the LGRP for the cases where the linearly polarized electric field is 
parallel to and normal to the surface scratches . Measurements were made on a NaCl sample (exit 

1 surface) using 10.6 ].J m radiation. 
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Figure 4. Grating Absorption. The bar graph on the right is the PAS signal (in relative sites) for 
normally incident, 1 inearly polarized, 10.5 ].J m las er radiation. The micrograph on the right shows 
the surface of the Al grating. 
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~laterial 1.06)J 2. 7u 3.8u 1 0. 6u 

KC R. 'A/n >.i n 

NaCR. 'A/n 'A /n 'A /n 

KBr 'A/n 'A /n 

Si02 (fused) 'A/n 

BaF2 'A/n 'A/n 

SrF 2 'A/n 

MgF2 'A/n 

Si 'Ao 

CdTe Ao 

ZnSe 'Ao 'A 
0 

ZnS 'Ao 

CdS 'Ao 

Cd(s. 25se. 75 ) 'Ao 

ZnTe 'Ao 

M 'Ao 'A o 

Cu 'A o 

Ag 'A o 

Tabl e 1. The above is a li sti ng of the materials , wavel ength , and LGRP spacing 
observed in this l·lork. Additional materials have been studied by other workers 
(see the references li s ted in t he introduction ) . 


