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Abstract 

 

Picosecond mid-IR USPL induced surface damage on a Gallium Phosphate (GaP) and Calcium Fluoride (CaF2) is 

reported. A semiconductor GaP and a dielectric material CaF2, that are transparent over 3~10μm, were exposed to one 

picosecond mid-IR light (4.7μm) to investigate laser-induced surface morphological changes on the target.  The 

initiation of damage along the polishing scratch line of GaP and the random location of damage digs on the CaF2 

suggests that the mid-IR picosecond laser-induced damage on targets started from intrinsic surface defects. Multiple 

pulse irradiations produced periodic corrugated surface structures (ripples) perpendicular to the polarization of light on 

both GaP and CaF2.  In terms of the orientation and the spacing between ripples, observed ripples have common 

features with previously reported ripples.
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1. Introduction 

An ultrashort pulse laser (USPL) emits pulses with 

duration less than the time required for an energy 

exchange between electrons and material lattices 

(Kittel, 1996). Typical heat diffusion time from 

absorbing electrons/lattices to the neighboring lattices 

in metal is a few picoseconds and that in semi-

conductors and dielectrics is in the range of tens or 

hundreds of picoseconds. Due to its short pulse 

duration, the interaction between USPL and material 

can be highly localized, allowing us to (1) achieve 

more precise ablation, (2) minimize thermal and 

mechanical damage to the surrounding region, and (3) 

avoid interaction between the laser pulse and the 

ablated plume (Chichkov, 1996; Neev, 1996; Orae-

vsky, 1996; Stoian, 2000). These advantages over 

longer pulsed lasers have generated significant interest 

for potential application of USPL in many fields, 

including pulsed laser deposition of thin films(Vas-

quez, 1999), machining(Chang, 2004), and biome-

dical applications.  It has been reported that ablation 

using near IR (wavelength up to 1064nm) USPL is 

initiated by multiphoton ionization, followed by elec-

tron avalanche. As a consequence, ablation threshold 

and ablation rate are less sensitive to the linear 

absorption of the material, and may be governed by a 

nonlinear interaction between the laser pulse and 

material. Most previous studies involving the USPL 

focused on the near IR USPL ablation.  

The interaction between the mid-IR laser with 

matter has been an interesting topic, since the 

development of the Free Electron Laser (wavelength: 

3 μm~30 μm, the macropulse width ~3 μsec). That is 

because most polymers and the biological tissues 

have linear absorption peaks in the mid-IR regime. 

The interaction between the matter and mid-IR USPL 

has not been studied due to the lack of a laser source. 

A separate paper had reported on the mechanism of 
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the mid-IR USPL induced breakdown (Simanovskii, 
2003). In this paper, picosecond mid-IR USPL 

induced surface damage on a Gallium Phosphate 

(GaP) and Calcium Fluoride (CaF2) is reported. A 

semiconductor GaP and a dielectric material CaF2 

were exposed to the one picosecond mid-IR light 

(4.7μm) to investigate laser-induced surface mor-

phological changes on the target. The initiation of 

surface damage and the periodic surface structure on 

both materials are reported.  

 

2. Methodology 

An amplified optical parametric amplifier (OPA) 

was employed as the laser source for ablating targets. 

This laser can generate a picosecond pulse with 

energy of 60 μJ over the mid-infrared spectrum (4-8 

μm) with a repetition rate of 10 Hz and pulse duration 

of 1 ps. One of the drawbacks of the employed OPA 

system is that the output power can dramatically 

decrease due to the absorption of water vapor in the 

ambient air. A wavelength of 4.7 μm was chosen for 

the experiment,  because the absorption of water 

vapor at 4.7 μm is lower than other wavelengths. 

A semiconductor GaP and a dielectric material 

CaF2, were selected as targets. Both of them are 

typically used as the optical windows for mid-IR and 

transparent for 4.7 μm. The surface quality of GaP 

and CaF2 is specified as 60/40(scratches/digs) and 

40/20, respectively. Mid-IR transparent materials 

were selected to eliminate the effect of linear ab-

sorption during the laser-target interaction.  

A linearly polarized laser beam was focused on the 

material surface using a concave and a convex mirror 

(Fig. 1). Beam diameters were measured by a knife-

edge method at the focal spot. Measured beam 

diameters were 12 μm. The pulse energy was moni-

tored with an energy probe and a joule meter that 

received a fraction of the laser pulse reflected from a 

beam splitter. Surface morphological changes after a 

single pulse and a sequence of pulses were observed 

by using optical and electron microscopes. The single  

 

 
Fig. 1. A schematic diagram of the experiment. 

pulse-induced damage threshold was defined as any 

surface modification detectable under optical and 

electron microscopes. 

 

3. Results  

3.1 Surface damages on gallium phosphate 

3.1.1 Single pulse induced damage.  
Single pulse-induced damage threshold fluences 

(Fth) for GaP measures 1.2J/cm
2
. Typical SEM images 

of single pulse-induced surface damage on GaP are 

presented in Fig. 2. The fluences are normalized by  

 

 

(a) F/Fth=1.1 

 

(b) F/Fth=2.2 

 

(c) F/Fth=4.0 

Fig. 2. Single pulse induced surface damage on GaP. F/Fth is 

the fluence normalized by the damage threshold fluence. 
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the damage threshold fluence(F/Fth). Near the damage 

threshold fluence, a single pulse created randomly 

oriented trenches that are believed to be along pre-

viously non-visible polishing scratches [Fig. 2 (a)]. As 

fluence increases, the damage expands from the initial 

trench to the neighboring region [Fig. 2 (b)]. With the 

highest fluence tested, laser-induced damage develops 

over the whole laser spot, causing it to look as if a 

thin layer in the middle is ablated, which visualizes 

the edge of the spot [Fig. 2 (c)]. 

 

3.1.2 Multiple pulse-induced damage 
With normalized fluence (F/Fth) of 2.0~4.0, mul-

tiple pulse (typically 50~100pulses) irradiations on 

GaP produced periodic corrugated surface structures 

(ripples) perpendicular to the polarization of light. 

Figure 3 provides typical examples of these ripples. 

Arrows indicate the polarization of the incident laser.  

The periodicities (the spacing between ripples) of  
 
 

 

(a)  F/Fth=2.2, Number of pulses: 100 pulses 

 
(b)  F/Fth=4, Number of pulses: 50 pulses 

Fig. 3. Multiple pulse induced periodic surface structure on 

GaP. F/Fth is the fluence normalized by the damage threshold 

fluence. The arrow indicates the polarization of the incident 

light. 

ripples are approximately 3.5 μm. 
 

3.2 Surface damage on calcium fluoride 

3.2.1 Single pulse induced damage 
Single pulse-induced damage threshold fluences 

(Fth) for GaP measures 6.5 J/cm
2
. Typical SEM 

images of single pulse-induced surface damage on 

CaF2 are presented in Fig. 4. The fluences are nor-

malized by the damage threshold fluence (F/Fth). Near 

the da-mage threshold fluence, a single pulse made 

small digs that were randomly distributed over the 

whole laser spot [Fig. 4(a)]. As fluence increased, the 

num-ber of digs increased[Fig. 4(b)]. It should be em-

phasized that these digs were elongated along the 

polarization of the beam. They measure approxi-

mately 1 μm and accompany the re-deposition of melt 

material. Polishing scratches on CaF2 should be 

distinguished from those on GaP, since scratches on 

CaF2 were visible prior to the laser irradiation.  

 

 

(a) F/Fth=1.1 

 

(b) F/Fth=1.3 

Fig. 4. Single pulse induced surface damage on CaF2. F/Fth is 

the fluence normalized by the damage threshold fluence. The 

arrow indicates the polarization of the incident light. 
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(a) F/Fth=1.3, Number of pulses: 50 pulses 

 

(b) F/Fth=2.0, Number of pulses: 20 pulses 

Fig. 5. Multiple pulse induced periodic surface structure on 

CaF2. F/Fth is the fluence normalized by the damage threshold 

fluence. The arrow indicates the polarization of the incident 

light. 

 

3.2.2 Multiple pulse-induced damage 
With normalized fluence (F/Fth) of 1.3~2.0, 

multiple pulse (typically 50~100pulses) irradiations 

on CaF2 produced ripples perpendicular to the 

polarization of light. Typical examples of these 

ripples are shown in Fig. 5. Arrows indicate the 

polarization of the incident laser. The periodicities  

(the spacing between ripples) are about 2.5 μm. 
In case of irradiation of more than 300 pulses, the 

laser produced bulk material removal (Fig. 6), and the 

bulk material removal occasionally accompanied 

chippings at the rim of the crater. 

 

4. Discussion 

Figures 2 and 5 suggest that the mid-IR picosecond 

laser-induced damage on GaP and CaF2 started from 

the intrinsic surface defects. Intrinsic surface defects, 

such as digs and scratches, on the surface drama-

tically reduce the damage threshold energy, since they 

enhance the absorption efficiency by introducing 

additional energy states between conduction and 

covalence bands. This phenomenon is called incuba-
tion effect and the surface defects are referred to as 

incubation centers (Baurele, 2000a; Koechner, 2000; 

Ashkenasi, 1997; Stoian, 2000). Upon the irradiation 

of the laser pulse, the electric field is enhanced around 

the incubation center.  This results in the onset of 

laser-induced surface damage.  Once the laser-

induced damage starts around the incubation center, 

the damage expands around it.  

A single pulse irradiation produced randomly ori-

ented lines on GaP Fig. 2(a). These lines are con-

sidered to be the damage along the polishing scra-

tches that were not observable prior to the laser pulse.  

The laser-induced damage made the polishing lines 

visible as if it engraved scratches on the surface.  

The damage digs on CaF2 (Fig. 4) also suggest the 

incubation effect. The damage spot consists of a large 

number of small digs elongated in the direction of the 

laser electrical field vector (polarization). Randomly 

located digs, associated with ‘‘weak’’ points on the 

surface served as incubation centers. 

Particularly interesting is the elongated shape of 

these digs. The elongation of the digs has been 

explained in a separate paper based on the breakdown 

mechanism and can be summarized as follows 

(Simanovskii, 2003). It is generally accepted that the 

USPL-induced breakdown in the solid is initiated by 

the generation of seed electrons by either multiphoton 

ionization (MPI) or tunneling ionization (TI). Once 

seed electrons are generated, they collide with nearby 

unexcited electrons. Through this collision process, 

the number of free electrons is multiplied (avalanche 

ionization), eventually forming dense plasma. The 

relative role of these ionization processes depends on 

the material properties and on the pulse duration and 

wavelength.  

Upon the irradiation of mid-IR USPL, the 

tunnelling ionization alone leads to the dense plasma 

formation on the semiconductors. On the other hand, 

the plasma on the dielectric materials is initiated by a 

combination of the tunneling ionization and the 

avalanche ionization. The drifting of electrons 

associated with the avalanche ionization on the CaF2 

is considered as the cause of the elongation. As the 

free electrons travel within the electric circuit, the 

laser-induced free electrons can be drifting within an 

electric field of the laser.  The observed elongation is 

attributed to the drifting along the electric field (the 

polarization) of the laser. The drift distance estimated 
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for the applied electric field (laser fluence) is a 

fraction of 1 μm, which corresponds quite well to the 

length of elongated digs. 

Once the damage initiated around the intrinsic 

detects, the laser produced bulk material removal with 

additional pulses. The bulk material removal 

occasionally accompanied chippings at the rim of the 

crater (Fig. 6). The chippings around the craters 

indicate that laser-induced photomechanical effects 

are strong enough to produces fractures around the 

crater. The photomechanical effect can be initiated 

separately by two different processes or a com-

bination of both. First, the rapid temperature increase 

at the surface induces the thermoelastic expansion 

that results in the escalation of the shear stress 

(Oraevsky, 1997). Initiation of fracture occurs when 

this shear stress exceeds the local tensile strength.  

Secondly, the photomechanical effect can be initiated 

due to the laser-induced plasma. Once the plasma 

forms, the plasma expands through the absorption of 

the laser pulse. The rapid expansion of plasma 

induces a shock wave that causes the additional bulk  
 

 

(a) F/Fth =1.33, Number of pulses: 300 pulses 

 

(b) F/Fth =2.0, Number of pulses: 300 pulses 

Fig. 6. Multiple pulse induced deep crater and chips on CaF2.  

F/Fth is the fluence normalized by the damage threshold 

fluence. 

material removal (Gusev, 1993). 

Laser-induced ripples, as shown in Figs. 3 and 5, 

have been widely observed and studied, since 

Birnbaun first observed them after irradiating 

semiconductors with a ruby laser with irradiance of 

10
4
~10

5 W/cm2 (Birnbaun, 1965). It has been pos-

tulated that these coherent structures (termed ‘laser-

induced ripple’) on the surface are induced by a 

standing wave that is produced by the interference of 

incident, reflected and/or scattered light by the 

microscopic non-uniformity of the target surface 

(Baurele, 2000b; Akhmanov, 1985; Keilmann, 1982). 

The standing wave results in the spatially periodic 

laser intensity on the target surface. This non-

homogenous energy deposition induces spatially 

periodic melting and re-solidification, leading to the 

corrugated structures (ripples). These ripples on 

various materials including metal, semiconductor and 

insulator are characterized by two features. (1) The 

spacing between ripples (periodicity) is in the order of 

the wavelength and increases with the wavelength. (2) 

The orientation of laser induced ripples is mainly 

perpendicular to the polarization of laser, while under 

certain conditions ripples are parallel to the pol-

arization. The periodicity of observed ripples on GaP 

and CaF2 is about  2~3 μm which is similar to the 

wavelength of the incident light. The ripple orien-

tation is perpendicular to the polarization of the 

incident laser. These suggest that mid IR picosecond 

pulse-induced ripples on GaP and CaF2 have similar 

features with previously reported ripples produced 

with different laser parameters (wavelength and pulse 

duration).  

 

5. Conclusion 

We have examined mid IR picosecond laser-

induced surface morphological changes on GaP and 

CaF2.  The initiation of damage along the polishing 

scratch line of GaP and the random location of 

damage digs on the CaF2 suggests that the mid-IR 

picosecond laser-induced damages on targets started 

from the intrinsic surface defects. Once the damage 

was initiated around the intrinsic detects, the laser 

produced deep craters with additional pulses. The 

bulk material removal occasionally accompanied 

chips at the rim of the crater. 

Multiple pulse irradiations produced periodic 

corrugated surface structures (ripples) perpendicular 

to the polarization of light on both GaP and CaF2.  In 
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terms of the orientation and the spacing between 

ripples, observed ripples have common features with 

previously reported ripples on different materials with 

distinct laser parameters. 
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