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1 Introduction The ultrafast laser ablation method has already been ap-

Pulsed laser depositicPLD), when applied in its conven-  Pliéd 1o produce atomically smooth, diamond-like carbon
tional form using low-repetition-rate lasers emitting films .' with total elimination of macroscopic pgrtlcles from
nanosecond-range pulsegenerally leads to poor-quality € Z”m surface. Recently, AS; chalcogenide optical
films contaminated by particles. As a result, the method is films” were produced with similar surface quality f‘“d h'gt}
not normally useful when films of the highest optical qual- homogeneity. A simple method to produce a flat “top-hat
ity are required such as for the fabrication of optical intensity distribution over the fogal spot r_]as been proposed
waveguides. It has been shown that particle contamination&nd implemented for the deposition of high surface quality
can, however, be a direct consequence of the use of thesilicon films using femtosecond pulses from a Ti:sapphire
conventional pulse parametétbat lead to a large volume laser” However, many parameters must be controlled that
of material being evaporated by each pulse. The plume so-affect the quality of the films produced by UFPLD, includ-

produced expands as a supersaturated vapor and, therefordd the laser intensity distribution on the target surface, the
condenses during the early stage of the expansion, resultin

canning speed of the laser focal spot over the target, the
in the formation of droplets from the vapor phase. These epetition rate of the laser, the energy level of the prepulse
are then deposited onto the substrate.

and postpulse, the pressure of any reactive gas in the ex-
A solution to droplet formation has been found with bet- Perimental chamber, and the physical properties of the tar-
ter insight into the physics of the laser ablation process. It

get material. Hence, a thorough understanding is needed of
has been shown that droplets can be eliminated by chang-the interaction mode and the effect of various parameters
ing the mode of operation of the laget.Similar average

on the creation of the laser-ablated plume. Many experi-
laser powers are employed, but the energy is delivered in

mental and theoretical studies of the ablation rate of solids
shorter pulse&10 to 100 ps rather thas 10 ns), containing with ultrashort pulses indicate the presence of two different
around six orders of magnitude lower enefgyicrojoules

ablation regimes, depending on the pulse durdtidfwith
rather than joulesbut at much higher repetition ratés 10 the transition between these regimes occurring for pulses in
MHz rather than~10 Hz). We call this mode of operation

the tens of picoseconds range. Thus, the laser-target inter-
ultrafast pulsed laser depositiofUFPLD). Each single action physics for pulse durations between a few hundred

C : ’ : femtoseconds and a few tens of picoseconds is such that in
short Iowo-lelnergyélh@h-lntensny pUIS%% evapora’Fes_rgl_atlvely both cases, nonequilibrium procre)zsses must be taken into
s B SEECUTE. 11 the purpose of s paper o lucidate e
expansion. To com ensZte for thegreduced ablate% mass eipteraction physics in conditions near the ablation threshold
P X P P&\hen high-repetition-rate trains of picosecond pulses are

pulse, high puIsg repetition rates are “S‘?‘?' to achieve.a h.ighused such that many successive pulses hit the same spot on
average deposition rate. The high repetition rate mamtamsthe target surface

the average atomic flow in a plume at a high level of’10 For most of our experimental work on UFPLD we used

0
10°atoms/s. ~10- to 100-ps-duration pulses as opposed to femtosecond
pulses for a number of practical reasons. Our major goal
0091-3286/2005/$22.00 © 2005 SPIE has been to develop UFPLD for depositing optical wave-
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guide quality glass films rapidly over very large areas  The analysis presented in this paper is aimed specifically
(>0.5 n). This inevitably requires high average power la- at the case of nonmetals—metals themselves behave quali-
sers and systems based on neodymium-doped crystals offetatively differently and are dealt with elsewhéfeNonmet-
the best average power scalability. This situation has als have two important properties. First, at low intensity,
changed very recently following the development of thin- their absorption is moderate and hence the absorbed energy
disk, ~a hundred femtosecond, mode-locked Yb lasers pro- is distributed over a relatively thick layer of material. This
ducing>60 W of average power. Neodymium lasers can  requires some clarification since to achieve ablation at all,
be efficiently converted to highefor lowen frequencies  the material must strongly absorb the incident light and,
using second-order nonlinear optical processes. Thus,therefore, the laser wavelength is generally chosen to be
neodymium-based systems offer the advantages of high avbelow the band edge of the material. In nonmetals, values
erage power, power scalability, short pulses, near Of complex dielectric constant at wavelengths close to, but
diffraction-limited beam quality, and frequency agility. below, the band edge generally correspond to absorption
We recently reported a new ablation laser based on alengths of a few micrometers. These are relatively large
master oscillator power amplifier system using the combi- compared with the case for metals where absorption occurs
nation of a variable repetition rate Nd:Y\®@scillator pro- N @ Skin layer only 30 to 40 nm thick. Second, these ma-
ducing about 3 W of average power and a Fraunhofer In- te_nals have poor thermal cond_uct|V|ty, again in comparison
noslab Nd:YVQ power amplifier, which boosts the with metals. As a result, the time gap between the pulses

average output at 1064 nm into the 40- to 50-W ratfge. from a laser producing a megahertz pulse train can be too

This system delivers 13-ps pulses at repetition rates as highShort for complete cooling of the iradiated spot between

as 28 and as low as 1.5 MHz in a near-diffraction-limited successive pulsgeas shown later, th'e cooling time for
beam M2<1.2:M2<1.4). Additionally we used a com- Asz_& chalcogenide glass=35 us). Since the speec_i at

L X STy ) which the beam can be scanned over the surface using me-
mercial Coherent Antares mode-locked Nd:YAG laser pro- panical scanners is limited, this means many hundreds or
ducing around 20 W at 1064 nm i#60-ps pulses at @  gyen thousands of pulses will hit the same spot on the tar-
76-MHz repetition rate in our experiments. For both lasers

; i e ' get. Thus, the laser irradiates a spot already heated by the
external frequency doubling using noncritically phase previous pulses and the surface temperature gradually rises
matched LBO crystals generated between 6 and 40 Win 5 stepwise fashion until it reaches a value sufficient for

guasi-cw power at 532 nm. thermal evaporation.

In this paper, we primarily describe the interaction phys- — powever, this is not the end of the story because once
ics for th(_e case of arsenic trisulphide chalcogenide.glass,thermau evaporation begins, it becomes possible for the
but also mclude_ for comparison some results fo_r S|I|_con. laser-target coupling to change markedly. After the onset of
For these materials, the cooling time of the laser-irradiated {hermal evaporation, the temperature continues to grow
surface can be relatively longp to several tens of micro-  near the target surface as does the vapor density in front of
secondsand comparable with the time between successive that surface. At a sufficiently high temperature, the vapor
pulses. Hence, irradiation with a high-repetition-rate pulse pecomes partially ionized, and this leads to a change in the
train can result in different interaction physics compared |aser-matter interaction mode from absorption in a layer
with the case of metals where the cooling tim¥is100  \yhose thickness is determined by the dielectric properties
ps. As a result, it is possible that the energy from several of the solid, to stronger and more localized absorption on a
pulses accumulates in the focal spot, raising the surfacemasma density gradient. The absorption length in the
temperature in a stepwise fashion. This is certainly the caseplasma is comparable with the skin depth in a metal, and
for chalcogenide glass, where we observe that when pulseshe |ocal temperature at the critical surface thus increases
are delivered as a high-repetition-rate pulse train, ablation apruptly. This makes it possible to reach the threshold for
occurs at single pulse fluences orders of magnitude belownpnthermal ablation, which is the normal process that oc-
the threshold expected for a solitary pulse. curs when single picosecond or subpicosecond pulses are

We develop a model that considers that coupling be- ysed to ablate solids** Therefore, ablation can occur due
tween the successive pulses gradually increases the surfacg both nonequilibrium processes during the pulse and ther-
temperature and eventually transforms the laser-matter in-mal evaporation after the pulse. Thus, when using high-
teraction into a regime where much stronger laser-target repetition-rate pulse trains, the temperature at the sample
coupling occurs. Therefore, the first pulses that hit the  surface is determined not only by the single pulse param-
same spot on the targétom the total number oN pulses/  eters but also by the time the beam “dwells” at a single
spod do not lead to ablation but heat the surface progres- point. This can result in complex changes in the nature of
sively until a threshold condition is reached. The remaining the laser-target interaction.

N—m pulses then produce ablation since the conditions at  Such accumulation effects using high-repetition-rate la-
the surface exceed this threshold. This situation applies insers have already been noticed during ablation of carbon by
particular to ultrafast ablation of chalcogenide glasses. Thea 76-MHz-repetition-rate lasér.The effects of high-
case of silicon is more complex because its physical prop- repetition-rate ablation, including cumulative heating, have
erties change drastically with temperature and hence thebeen observed in ablation and deposition of chalcogenide
laser-heated surface can behave very differently from thatglasseé. Cumulative heating in the bulk of transparent
predicted by the properties at room temperature. As a re-glass has also been reportéd.

sult, accumulation in silicon is a small effect and we ob- In this paper, we mainly focus on the ablation of,Bs
serve that the threshold for ablation by a high-repetition- chalcogenide glass using a 76-MHz Antares laser although
rate pulse train is close to the reported single pulse value. some results on the ablation of silicon targets using a 4.1-
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Fig. 1 (a) Ablation depth for As,S; measured as a function of fluence. The horizontal line represents
the thickness of a monolayer of As,S; in angstroms; the dotted line represents the maximum ablation
depth from energy conservation conditions assuming 100% absorption; the threshold as defined in the
text is shown by the arrow. (b) Equivalent data for Si.

MHz pulse train from the high-power mode-locked a 1-D process. The fluence at the ablation threshold can be
Nd:YVO, laser are also included. We analyze the experi- determined by extrapolating the ablation depth dependence
ments using a model that examines the conditions and con-to the zero depth, such as it was used in a number of
sequences of energy accumulation and compare its predicreports>1%2° However, it appears that the threshold ob-
tions with the experimental data. We conclude that tained in this manner may depend strongly on the extrapo-
accumulation dominates the interaction between the 76-lation procedure since the fluence dependence is not a
MHz pulse train and the AS;, while for silicon, the rapid simple linear function. Moreover, there is no physically
change in material properties with temperature results in reasonable scenario describing a process that results in the
the interaction mode remaining in the single-pulse regime. random removal of only a few of the surface atoms that
must then occur as the zero ablation depth is approached.
2 Experimental Results Therefore, it seems justifiable to define the ablation thresh-

We summarize here the results of experiments on ablationold as the average pulse fluence required to remove a single
of chalcogenide glass (AS;) and single-crystal silicon —atomic surface I{;\yer. Th_e horizontal Iine in Fig._ 1 repre-
performed using megahertz-repetition-rate lasers. The firstsents the approximate thickness of a single atomic layer for
experiments involved ablation of AS; chalcogenide glass ~ AS;S; of 2.28 A. As is apparent from Fig.(d) the thresh-
in vacuum using the 76-MHz-repetition-rate coherent An- old for removing a single atomic layer is extremely lev®
tares laser. The maximum pulse energy used in these exmJ/cnf and this is well below the predicted single pulse
periments was 70 nJ and could be varied by changing theablation threshold for AsS; (see latey. The ablated volume
pump power of the laser. The output beam was frequency per pulse also approaches the maximum value predicted
doubled using a noncritically phase matched lithium tribo- from energy conservatiopSec. 2.2—dotted line in Fig.
rate crystal and focused onto the samples using a 300-mm-i(a)] at fluences of only~20 mJ/cri. We therefore con-
focal-length lens. The focal spot was measured by reimag-clude that in AsS;, the accumulation of energy between
ing it onto a CCD camera using a microscope objective and py|ses within the pulse train must have a major effect.
had a beam diamet¢FWHM) of 15 um. The area of the The second experiments involved ablation of silicon us-
focal spot was thus fixed a&,.=1.8<10 °cn¥ and the  ing a 4.1-MHz-repetition-rate pulse train. The single crystal
beam was scanned over a lires mm long on the target  sj samples were exposéd in vacuum to 25 to 28 W of
surface at 555 Hz using an oscillating mirror. The average gyerage power from the mode-locked frequency-doubled
ablation depth per pulsgFig. 1(@)] was determined from  Ng:-yvO, laser at 532 nm with the energy per pulse on the
measurements of the volume of the crater formed in the target surfaceE,=6.5uJ, the pulse duration,=13ps,
target using a profilometer divided by the total number of P . P
pulses that hit the target (Z61F). The error bars indicate and the repetition rate 4.1 MHz. In this case, the energy per
: : pulse and pulse duration were fixed, while the focal area

f[he variance in val_u_es obtained for multiple measurementswas varied by moving the target surface relative the focus
in the same conditions and estimates of the accuracy to .
of the f=300mm lens in the range fron®; ;=5

which the absolute fluence was determined from the experi- s
x10 %cm?  (dj=25um FWHM) to  S;pac—1.2

mental measurements. . .
Since the focal spot diametdr~15 um) was much X 10" *cm?(d;=124um). This corresponds to fluences

larger than optical absorption depth, which at 532 nm is from 1.3 to 5.410 2J/cn? and intensities from 1.0
~few 10 % cm for As,S; ablation can be considered to be X 10 to 4.2x 10° W/cn?.
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The laser beam was again scanned over a region ap-2.2 Ablated Mass and Depth

groximategolk 13 mm. The amount ofdmgterial_ ar?late?h The ablated mass per pulsg, was determined by dividing
uring a du-s exposure was measured by WeIGNING €y, 1151 mass lost by the total number of pulses that hit the

i —4
sample with an accuracy 10 g.before and after the ab- target. The ablation depth per pulse was then calculated
lation. The ablated mass per single puisg, was deter- using:

mined by averaging the mass difference over the 2.46
x 108 pulses. Mgy

The data for these experiments are shown in Fig).1 IabI:S_p: ()
The focal spot diameter was again much larger than optical '
absorption depth, which at 532 nm 42X 10 "cm for wherep is the target mass density, aflis the focal spot
crystalline silicon and=100 nm for amorphous silicéh _
and, hence, ablation can be considered to be a 1-D process. Note that energy conservation defines an upper limit to

The horizontal line in Fig. (b) represents the thickness of & he mass that can be ablat@d equivalently the maximum

single atomic layer for Si of 2-3%'&- As is evident the genth ablatepto create a fully atomized plume by a single
ablation threshold is close to 0.3 J/gnwhich is consistent pulse with an energ§, (fluenceF ) as follows:

with values of the ablation threshold using short pulses re-
ported previously® This suggests that the experiments in

o . ; F,M
silicon appear to be little affected by the use of the high- |Ta*= CRELY (4)
repetition-rate pulse train and ablation occurs at close to €bp
conditions for a solitary pulse. E M
p a
mg]bzlixz ’ (5)
€p

2.1 Scanning Conditions: Dwell Time and Number
of Pulses per Focal Spot whereM, is the atomic mass, ang, is the binding energy.
Many laser pulses arrive at the same spot on the targetEquations(4) and (5) assume total absorption, i.éA=1.
surface because the scanning speed is too low to physicallyThe values are plotted in Figs(al and Xb) and are sig-
separate the beam from successive pulses when the repetinificantly higher than the experimental data. This indicates
tion rate is in the 1- to 100-MHz range. Since the scanners that the measured data are physically reasonable, and that
employed produced sinusoidal patterns, one can easily esthe difference can be explained by incomplete absorption
timate the maximunt,,,, and minimumt,,;, time that the by the target A<<1); energy lost to bulk heating or in the
laser beam “dwells” over a focal spot of a diamethrfor kinetic energy of the expanding plume.
2 given scanming requenays, repetiion falduy 3142 5 picgussion and Analysis
The laser beam spends maximum time near the beamThe laser energy is primarily absorbed by electrons, which
turning points because the scanning velocity passes througththen transfer their energy to the lattidehonong. The
zero while changing direction and because the beam electron-phonon energy exchange rate can be estiffatsd
crosses the same spot twice. For 1-D scanning the maxi-follows: v_ = (Ji/%)(me/M). HereJ; is the ionization
mum dwell time is expressed as follows ¢ max<1): potential. One can see that for silicod;€8.15eV and
M =28.086 au) this time is=4 ps. A similar estimate gives
the electron-lattice equilibration time for chalcogenide
1) glass between 1.2 and 3.7 fsulphur: J;=10.36 eV and
M=32au; arsenicJ;=9.81eV andM =74.92 au). Thus,
Similarly, the minimum dwell time near the center of the equilibration of the electron and lattice temperatures occurs

4 1/2

Wg

dy

tmax= a

line is before the end of the pulse for durations in the range 10 to
60 ps, as used in our experiments. Hence, the single tem-

2d; perature approximation is a valid description of heating and
tmm=a—. 2 ablation and is used in further analysis. Before proceeding,
@s we note also that it is well established that laser ablation

, , ) can proceed via two mechanisms: nonthermal ablation oc-

In the ablation experiments of AS; using the 76-MHz- ;s if the lattice temperature exceeds that corresponding to

repetition-rate  laser di=15um; a~6mm; s the binding energy of the material; while if the lattice tem-

~ 3487 rad/s) the number of pulses per spot lay in the rangeperature is below the binding energy, then equilibrium
~342 to 4400. Similarly for the silicon ablation using the evaporation can take place. Hence, the temperature in the
2-D scanning s~ 371 to 383 rad/sa~15mm,d;=25 to absorbing layer is a crucial parameter defining the nature of
124 um, Ryep=4.1MHz) the number of laser pulses per the laser-material interaction.

spot varied from~36 in the middle at the maximum flu- . .

ence t0~3.95x 10° at the turning points for the lowest 3:1 Temperature in the Absorbing Layer

fluence. Therefore ablation by high-megahertz-repetition- Let us estimate the temperature induced by a single pulse in
rate lasers using-100-Hz scanners, numerous pulses inter- the absorbing layer. The maximum temperature induced by
act with the same spot, which can make the interaction a single laser pulse can be estimated assuming that the
regime drastically different from the single-pulse case. losses due to material expansion and heat conduction are
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Table 1 Optical properties of silicon and chalcogenide glasses at
A=532 nm (0=3.54x10%s™ 1),

Crystalline Si  Amorphous Si As,S,
n 4.15 4.43 2.6
K 0.044 0.876 0.04
Lops (€M) 1.924x107%  9.66x10°% 2x10°*4
A 0.626 0.586 0.8
D (cm?/s) 0.907 0.907 1.15x10°3
Binding energy (eV) 4.118 ~2.2

negligible. In fact, as demonstrated later, the heat penetra-

tion depthly,=(Dt,)"2 (D is heat diffusion coefficient and

t, is the pulse durationduring the pulse for chalcogenide
glass is insignificant compared with the absorption length
and small even in the most unfavorable estimates for sili-
con. Thus, the maximum temperature in the absorbing layer
can be estimated as follows

2AF,

Th=c7
" CLlabJ"a

(6)

whereC, , n,, andA are, respectively, the lattice specific
heat, the atomic density, and the absorption coefficient;
| b= (C/wk) is the absorption lengtfw is the laser light
frequency,x is the imaginary part of the refractive index,
andc is the speed of light in vacuumandF_,=F, is the
total fluence of the laser pulse of durati

In experiments using the Antares laser to ablateSAs
a single pulsg532 nm,A=0.8, | ;,=2.1X10 *cm, n,
=0.39x10%%cm 3, and C; =3.73x 10 2J/K (Ref. 25]
results in a temperature increase per pulse aily=26 K
at 5x10 3J/cn?, while the average ablation depth of
~10 % cm/pulse was derived from the experiments! Such a

therefore use the optical parameters of amorphous silicon,
we find that a single pulse of 532-nm laser light at 0.3
Jicnt heats amorphous silicor (=97 nm; A=0.58) to

the temperature of 2:210%K (1.89 eV}, which is well in
excess of boiling temperatur@ {,;= 2628 K) and therefore

is sufficient for thermal evaporation but still less than the
binding energy. Note that in the preceding estimates, we
took into account only the lattice heat capacity considering
that all newly transferred into the conduction band elec-
trons are degenerate.

To further complicate the situation, the optical and ther-
mal properties of crystal silicon are strongly temperature
dependent. For example, by 1200 K hag® increased to
k~0.372° corresponding to a change in absorption length
| abs from =10 % cm to ~2X 10 ° cm—closer to the value
for amorphous silicon. Furthermore, at the melting tem-
perature it was reported that Si has already transformed into
a metallic state characterized by four conducting
electrong’’ in which casex~5.3,| 5,16 nm,A~0.3, and
the temperature rises to 10° K (8.6 eV), which is greater
than the binding energy. Hence, it is difficult to assign con-
stants for the optical parameters of an irradiated silicon
surface. As a result, although the very first pulse at the
threshold energy of 0.3 J/émay only just reach the melt-
ing temperature of crystalline silicon, the energy delivered
to the surface is sufficient to transform it from a crystalline
to an amorphous state. The following pulse is then able to
drive the system to much higher temperatures and in fact
reach the nonthermal ablation threshold whEree,,. As a
result, it becomes unlikely that it would be necessary to
invoke any accumulation effects to explain the measured
threshold.

3.2 Single-Pulse Ablation Threshold

The nonequilibrium ablation threshold is defined as
follows™*:

small temperature rise is too small to cause any changes in

the optical properties of A$; and completely rules out
any role for thermal evaporation for a single pulse at the
threshold fluence. Hence the use of the 76-MHz pulse train
must result in a dramatic increase in the ablation rate rela-
tive to the single-pulse case, indicating a strong role for
accumulation effects.

The situation with silicon is more complex because its
dielectric and thermal properties are strong functions of
temperature. For example, at room temperature the param
eters for single crystal silicéh correspond td ,,—=1.92
X 10”4 cm andA=0.63 at 532 nm. At the threshold fluence
of F,=0.3 Jlcn3, this gives a surface temperature of 1190
K, which is below the melting temperatureT
=1883K). Thus, at first sight ablation by a single pulse of
crystalline silicon should not occur and certainly nonther-
mal ablation would not be expected.

In the experiments, however, the laser beam was
scanned continuously over the surface and hence the irra
diated surface is modifieamorphized by many succes-
sive pulses and is likely to change from its initial crystalline
state. Amorphous silicon possesses optical properties close
to those of metalé? and it has lower thermal diffusivity of
0.13 cnf/s than crystalline silicon'see Table 1 If we

Optical Engineering
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n-eq_ CLNaépl abs

abl — 2A (7)

which corresponds to the condition that the average energy
of the atoms equals the binding energy. We assume that the
heat capacity near the nonequilibrium ablation threshold
(temperature-binding energy has attained a value close to
that of an ideal ga€, =1.5kg. The nonequilibrium abla-
tion threshold at 532 nm for amorphous silicon is then 0.4
Jlcnt, which is very close to the observed value consider-
ing the uncertainty associated with the complex behavior of
silicon at the elevated temperature already noted. On the
other hand, the nonequilibrium ablation threshold for chal-
cogenide glassA=0.8, | ,,&—=2.1X10 %“cm, C_ =1.5g,
e,=2.2eV, and n,=0.39x10%cm %) equals 2.7
Jlcnf—orders of magnitude higher than the observed mul-
tipulse threshold of 5 mJ/cmThus, the ablation of chalco-
genide glass can proceed only by thermal evaporation.
The thermal evaporation rate is expressed as fofltws

=

r
2T

M

€p

T/

®

(NV) themt™No
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The threshold for thermal ablation using our definition can 1 ([t
be defined using Eq(8) by setting the total number of Ithermalzn_f (NV) thermdit
atoms removed from the material equal to that in a mono- 0’0

atomic surface layer: % (2Tm>1/z ;{ €
m=1 | M Tm

tin
JO (NV) hermdt~ngy d, . 9)

R.1 (12)

rep*

It is convenient to introduce a relative temperatuig
=Tyn/T, and present Eq.12) in the form

This definition now can be applied to the ablation during

the pulse and after the end of the pulse. One can also use N €
Eqg. (9) in the case of multiple-pulse action if the time de- IthermaFle,_eé z Grlrfzexi{ o )
pendence of the temperature is known. m=1 1¥m

1[N €b
~viRp [ 077Xy — =] d6. (13
3.3 Temperature Accumulation During Multiple- 1 T10

Pulse Irradiation )
Th . hani hat lead ling b The threshold is reached aftdrpulses when the sum of
e primary mechanism that leads to coupling Detween .. 4 ation depths for all pulses up to théh equals the

successive pulses in dielectrics, such as chalcogenide,, . ; _ :
glasses, is due to a steady increase in the temperature wititr:)'lcukt?oenszfoééh(ig;poo ;Jgg‘; Iii)_/l_qr‘;‘_'lr_”afg 32 foNrugk])(laz;![?(?r!
. NT In/Ta™ 1

an increasing number of pulses. Cooling between the pulsesS ;
is small if the heat conduction is sufficiently slow. The ©°f chalcogerllde glass_ by the 7_6'MHZ Antares
growth in temperature can be estimated as follows. Let us25€7  €,/T1=80, Ry;=76MHz, T =26 K+293K

assume that the temperature drops after the end of the first=0-0275€V, d,~2.5x10 ®cm, v;~10°cm/s). Thus,
pulse due to 1-D linear heat conductiémecausd j<| 4 the ablation threshold can be reached due to temperature

<d;). Hence, accumulation  from Nthr:(TNthr/Tl)(ng K/IAT;+1)
—(293K/AT,)~77 pulses. This is far fewer than the av-
t 12 erage number of pulses hitting a single spot in most regions
T=T, _tn =aT,. (10 of the target determined in Sec. 2.1. Hence, we can con-
tint Rr‘e; clude that accumulation of the energy in the focal spot from

irradiation by a large number of pulses can explain the
The characteristic cooling timg,, of the absorbing layer ablation threshold observed in the experiments and that ma-
n terial removal commences as thermal evaporation at a tem-

with thicknessl sis ty=15,{/D. HereD is thermal diffu perature well below the binding energy.

sivity in square centimeters per second. The time gap be-
tween the successive pulses Rre@‘l. One can see that

the conditione<1 always holds. The temperature rise after 3.5 Change in the Interaction Regime
the N'th pulse hitting the same spot then can be written in

the form In the experiments using the 76-MHz laser we concluded

from the preceding reasoning that after several tens of
N pulses, the temperature at the ablation surface increases to
1-a (11) about 0.2 eV, which is sufficient for thermal evaporation
l-a and indicates why the ablation threshold occurs at the ex-
traordinarily low single-pulse value of 5 mJ/ém
Generally in the experiments, many more pulses hit the
same spot of the targéas many as 1) than required,
simply to reach the threshold for thermal evaporation. Fur-
thermore, the fluence used in the experiments was generally
several timeqtwo to four the threshold value. This has
two consequences. First, the temperature will continue to
rise beyond the “threshold” temperature of 0.2 eV as more
pulses hit the target until an equilibrium is established
where the losses associated with plume expansion and ther-
. . mal conduction balance the energy inflow from the laser.
3.4 Thermal Ablation Threshold for Multiple Puises Since thermal conduction remains insignificant until more
The ablation threshold can be calculated if the dependencethan 3000 pulses have arrived at the same spot on the tar-
of the temperature on time is known. In conditions when get, the surface temperature can rise well above the mini-
accumulation is strong, the temperature grows in a stepwisemum value and can approaehl eV. Second, the rate of
manner, being practically constant between the pulses. Therise of the surface temperature will be two to four times
temperature in the absorbing layer after tiéh pulse is  faster than that corresponding to irradiation at the threshold
then expressed aby=293 K+NAT;. The total thermal fluence, meaning that even for the smallest dwell time
ablation depth to the end dfth pulse can be presented as (=180 pulse} the surface temperature can rise well above
a sum of contributions from all previous pulses as follows: the minimum value for thermal evaporation.

Tn=Ti(l+a+a®+ - +a™)=T;

Let's consider the example of AS;, where heat con-
duction is slow and the absorption depth moderate. The
relevant parameters ar®=1.15<10 3cn?/s, |p=2
X 10 *cm, andty,=3.48x10 °s. Thus, the cooling time
is very much larger than the interpulse spacing, and in these
conditions, the temperature in the absorbing layer grows as
Tn~NX T, until the thermal ablation threshold is reached.
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As the temperature approaches 1 eV, the characteristicshe glass has very low thermal diffusivity ~2

of the laser-surface interaction can change markedly. At X103 cn?/s), which means that the energy from as many

such a temperature, which is about one tenth of the ioniza- .5 35 1ses can accumulate in the surface before cooling
tion potential for arsenic and sulphur, ionization becomes . L
due to thermal conduction becomes significant. In fact,

significant(~10%) and both the solid surface and the vapor . .
plume in front of the target converts into plasfiaThus when megahertz-repetition-rate lasers are used for ablation
the incident laser light will be absorbed on the plasma den- and when the focused beam is scanned over the target using

sity gradient rather than at the solid interface. Let us esti- Mechanical mirror scanners, up to several thousand pulses
mate the conditions for the efficient absorption in plasma. hit the same spot on the target surface. The accumulation of
We approximate the electron density gradient in plasma energy from consecutive pulses results in the laser material

near the solid-plume interface by a linear profile, interaction proceeding in several stages.

=n.(x/L) with characteristic space scalgn. is the criti- First, the temperature rises in a stepwise fashion due to
cal density for the incident laser radiatjoiThe absorption ~ accumulation of energy from successive pulses. Eventually,
in plasma will be significant whepLv(n.)]/3c>1 (Ref. the surface temperature reaches the value where thermal

30). Hereuv(n.) is the characteristic electron-ion collision evaporation becomes significant. At a fluence of only 5
rate taken at the critical density, airds speed of light in mJ/cnt at 532 nm, 77 pulses are required to reach this
vacuum. One can see that to have significant absorption inthreshold, which occurs when the surface temperature
plasma in the conditions of the experiments, the plasma at ayeaches 0.2 eV for AS; glass. This is many fewer pulses
densit_y equal to the criticgll dlensity must Pe on3|y about 0.1 {h4n even the smallest numb@40) that hit the same spot
pm thick [ve(ne) ~8x 10%°s ;nq~4x 102. cm . Even on the target in our experiments. Even once thermal evapo-
after one pulse, the vapor density at a distance ofu0rl ration has started, the surface temperature continues to rise

from the surface would be larger than the critical density, until the enerav in-flow is balanced by eneray losses due to
assuming adiabatic expansion occurs after the end of the 9y Y ay
heat conduction and plume expansion.-At eV, the sur-

pulse. Therefore, we can expect that the vapor very near the o
target surface will be ionized and of sufficient density for face and vapor temperatures are sufficient to convert to the

the laser-matter interaction to change to the laser-plasmaPlume into the plasma state. Thus, the laser-material inter-
mode. action changes to the laser-plasma mode, with absorption

When this change occurs, the absorption is localized atlocalized in a regior=100 nm thick near the critical den-
the plasma critical density surface and this significantly in- sity surface. This localization increases the rise in tempera-
creases the temperature in the absorbing region. The temture caused by a single pulse4®.8 eV, which is close to
perature can be estimated assuming that whole absorptiorthe binding energy of the atoms at the surface. This change

occurs at the critical density: to the laser-plasma interaction mode results in efficient ma-

12 terial removal by nonthermal ablation during the pulse,

M.nod~Al = 2_T) (14) which adds to the material removed by thermal evaporation
a''‘c ' . . . . .
Ma after the pulse. This scenario appears to describe the experi-

ments on the ablation of chalcogenide glass using the 76-
Then the temperature reads

MHz laser.
M. [ 1 23 In the case of silicon, the behavior is different and there
Te~ _a( abs ) (15) is little evidence that accumulation plays any role because
2 \Mgnc the measured multipulse ablation threshold using a 4.1-

, , _ MHz pulse train is very close to the single-pulse values
Thus, during a_blatlon 01(‘)8'02§3 g:rlgss Ma= 49)rﬁby the An-anorted by other workers. The dependence of the dielectric
tares laser at=2.65<10"W/cnr (~16 mJ/en) using A constants of silicon on temperature leads to conversion of

=0.8, a single pulse interacting in the laser-plasma mode s gqjig silicon surface to a solid density plasma during a
increases the temperature at the critical surface by 2.8 eV,

which is slightly larger than the binding energy. As a result, 'single pulse, and this results in energy being confined

ablation can then proceed by the nonequilibrium mecha- within a thin skin layer at the surface. The behavior then
nism with a maximum ablation depth per pul$B® mirrors that of metals where nonthermal ablation dominates
|

o ; and the surface cools rapidly between pulses, eliminatin
=(F,Ma/e,p), which is close to the values observed in the iy P g

. . - : .~ the possibility of energy accumulation even at high repeti-
experiments. This more efficient mode of ablation contin- . P y 9y 9 P
. | tion rates.
ues until the beam moves to the next point on the target

surface and may be the dominant mechanism since up to Thus, we _concll_Jde that_gccumulaﬂon of energy from
several thousand pulses hit the same spot. many pulses in a high-repetition-rate pulse train can lead to
strong ablation of materials with poor thermal conductivity

at pulse energies well below the threshold for a solitary
4 Conclusions pulse. This behavior must be taken into account when
The presented experimental results and analysis demon-£vaporating materials such as chalcogenide glasses since it
strate that evaporation of chalcogenide glass using high-eads to conditions in the plume that differ markedly from
repetition-rate 76-MHz lasers occurs even when the energythose achieved using single pulses. It is important to under-
in each pulse is several orders of magnitude below that stand the processes when depositing high-quality films of
required for nonthermal ablation. This is due to the fact that dielectrics using UFPLD.
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