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Ablation of solids by femtosecond lasers: Ablation mechanism
and ablation thresholds for metals and dielectrics
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The mechanism of ablation of solids by intense femtosecond laser pulses is described in an explicit
analytical form. It is shown that at high intensities when the ionization of the target material is
complete before the end of the pulse, the ablation mechanism is the same for both metals and
dielectrics. The physics of this new ablation regime involves ion acceleration in the electrostatic
field caused by charge separation created by energetic electrons escaping from the target. The
formulas for ablation thresholds and ablation rates for metals and dielectrics, combining the laser
and target parameters, are derived and compared to experimental data. The calculated dependence
of the ablation thresholds on the pulse duration is in agreement with the experimental data in a
femtosecond range, and it is linked to the dependence for nanosecond pulse802@merican

Institute of Physics.[DOI: 10.1063/1.1447555

I. INTRODUCTION: THE ULTRA SHORT PULSE the beginning of the laser pulse. Following ionization, the
LASER-MATTER INTERACTION MODE laser energy is absorbed by free electrons due to inverse

The rapid development of femtosecond lasers over thgrehmstrahlung and resonance absorption mechanisms and
last decade has opened up a wide range of new applica’[ioﬁé)es not de_pend on the_ initial state of the t.arget.. Conse-
in industry, material science, and medicine. One importanfluently. the interaction with both metals and dielectrics pro-
physical effect is material removal or laser ablation by fem-ceeds in a similar way, WhICh contrasts to the S|tua'F|on with
tosecond pulses, which can be used for the deposition of thif |0Ng Pulse where ablation of metals occurs at relatively low
films; the creation of new materials; for micro-machining; nteénsity compared with that for a transparent dielectric
and even in the arts, for picture restoration and cleaningVhose absorption is negligibly small. _ _
Femtosecond laser ablation has the important advantage in Anpther distinctive feature of the ultra short interaction
such applications compared with ablation using nanoseconiglode is that the energy transfer time from the electrons to
pulses because there is little or no collateral damage due 8ns by Coulomb collisions is significantly longépicosec-
shock waves and heat conduction produced in the materi@nds than the laser pulse duratiom,(-100 fs). Therefore,
being processed. In order to choose the optimal laser ani@e conventional hydrodynamics motion does not occur dur-
target parameter it is useful to have simple scaling relationdnd the femtosecond interaction time.
which predict the ablation condition for an arbitrary material. ~ There are two forces which are responsible for momen-
In this paper we present an analytical description of the abtum transfer from the laser field and the energetic electrons
lation mechanism and derive appropriate analytical formulasio the ions in the absorption zone: one is due to the electric

In order to remove an atom from a solid by the means ofield of charge separation and another is the ponderomotive
a laser pulse one should deliver energy in excess of the bindorce. The charge separation occurs if the energy absorbed
ing energy of that atom. Thus, to ablate the same amount dfy the electrons exceeds the Fermi energy, which is approxi-
material with a shorter pulse one should apply higher lasemately a sum of the binding energy and work function, so the
intensity approximately in inverse proportion to the pulseelectrons can escape from the target. The electric field of
duration. For example, laser ablation with 100 fs pulses reeharge separation pulls the ions out of the target. At the same
quires an intensity in the range10'°- 10" W/cn?,“?while  time, the ponderomotive force of the laser field in the skin
30-100 ns pulse ablates the same material at the intensitiégyer pushes electrons deeper into the target. Correspond-
~108-10 Wicn?.? At intensities above 18-10"W/cn?  ingly it creates a mechanism for ion acceleration into the
ionization of practically any target material takes place earlytarget. Below we demonstrate that the former mechanism
in the laser pulse time. For example, if an intense,dominates the ablation process for sub-picosecond laser
10"-10" W/cn?, femtosecond pulse interacts with a di- pulses at an intensity of 1®-10"* W/cn?. This mechanism
electric, almost full single ionization of the target occurs atof material ablation by femtosecond laser pulses is quite dif-
ferent from the thermal ablation by long pulses.

ATelephone:+ +61-2-6125-0171; fax:+ +61-2-6125-0732; electronic mail: Femtosecond ablation is also sensitive to the temporal
gam110@rsphysse.anu.edu.au and spatial dependence of the intensity of the laser pulse.

1070-664X/2002/9(3)/949/9/$19.00 949 © 2002 American Institute of Physics



950 Phys. Plasmas, Vol. 9, No. 3, March 2002 Gamaly et al.

The chirped pulse amplificatiofCPA) technique commonly wZe

used for short pulse generatfocan produce a maitshorb e=1— w(Tpiv);?’ +ie”, e'?=n+ik; 1)
pulse accompanied by a nanosecond pre-pulse or pedestal eff

that can be intense enough itself to ablate the target. Ther&erew .= (4me?n./me)*?is the electron plasma frequency,

fore, an important condition for the practical realization of andv is an effective collision frequency of electrons with a
the pure femtosecond interaction mode should be that thigttice (ions) that is defined below.
intensity in any pre-pulse has to be lower than the thresholds The main difference between the ultra short laser-matter
for ablation or ionization in the nanosecond regime. Therdnteraction mode and the conventional low-intensity case re-
are fortunately several methods for achieving high pulse consides in the fact that the plasma frequency, the effective col-
trast (nonlinear absorbers, conversion to second harmonidision frequency, and thus, the real and imaginary parts of the
etc).>8 dielectric permittivity, all are intensity and time-dependent.
A rather simple and straightforward analytical model canln what following we find the dependencies of all material
describe the ultra short pulse mode of laser-matter interag?@rameters on the electron and lattice temperature for the
tion. The main features of this model were developed morgonditions close to the ablation threshold. Then we obtain the
than 10 years ago in connection with the ultra short anclectron temperature dependence on the laser intensity and
super intense laser-matter interactfofiin what follows this ~ time by using the conventional skin-effect solution for the
model is modified and applied to the problems of the laseglectric field in a target. We also determine the conditions
ablation at relatively moderate intensities near the ablatiovhen the approximations used are valid. The finding of these
threshold for solids. The absorption coefficient, ionizationdependencies is the subject of the next sections.
and ablation rates, and ablation thresholds for both metals
and dielectrics are _e>_<pressed in terms of the_ laser and targm_ INTENSITY THRESHOLD FOR IONIZATION OF
parameters by explicit formulas. The comparison to the longy g, EcTRICS
pulse interaction mode and to the experimental data is pre-
sented and discussed. The large real and small imaginary parts characterize the
dielectric function in dielectrics at the low intensity of the
electric field. The imaginary part increases mainly due to
IIl. LASER FIELD PENETRATION INTO A TARGET. ionization. There are two major mechanisms of ionization in
TRANSIENT SKIN-EFFECT the laser field: ionization by electron impdetvalanche ion-
The pulse duration in the sub-picosecond laser interacization; and the multiphoton ionization. The time depen-
tion with a solid target appears to be shorter than all characdence of the number density of free electrogsstripped off
teristic relaxation times: the electron-to-ion energy transfethe atoms by these processes is defined by the rate
time, the electron heat conduction time, and therefore thequation:**
hydrodynamic or, the gxpansiqn time. Th_us, the femtosecqnd dne
laser pulse interacts with a solid target with a density remain- rT NeWimpt NaWmpis 2
ing almost constant during the laser pulse. The major process
during the laser-target interaction is the electron heating byere n, is the density of neutral atomsy;,, is the time
the laser field. The laser electromagnetic field in the targeindependent probabilityin s™?) for the ionization by elec-
can be found as a solution to Maxwell equations coupled tdron impact, andv,,,; is the probability for the multiphoton
the material equations. The solution is straightforward wheronization®'*2For the case of single ionization it is conve-
the material parameters are constant in time and space améent to present the probabiliti®g,,, andw,;, in the form:
independent on the incident intensity. In this case the inter-
action falls in framework of well-known skin-effeét? Wimp™
However, in the femtosecond laser-matter interaction the
electron number density, (and thus the plasma frequency e
wpe), the effective electron collision frequenayy, the ab- meﬁwng/hz( 2‘?;6) ; 4
sorption coefficienf\, and the skin-depth,, all are the func- '
tions of the laser intensity and time. A self-consistent solu-here g, is the electron quiver energy in the laser field,
tion for the coupled field and material equations becomes,,=J;/iw is the number of photons necessary for atom
rather complicated. In order to obtain physically sound scalionization by the multiphoton process; is the ionization
ing relations we use an alternative way. We employ the expotential, andv. is the effective collision frequency. It must
ponential dependence of the laser electric fielgk) with be emphasized that the effective collision frequency in Eq.
depth in a solid targeE(x) = E(0)exd —X/lg], as for the nor-  (3) accounts for the inelastic collisions leading to the energy
mal skin-effect; herd, is the field penetration lengttskin-  gain by the electrons. In general, it differs from the effective
depth. We suppose that the target fills half-spacexat0.  collision frequency in Eqg(1) and in the sections below,
The skin-depth,ls=(c/wk) is conventionally expressed which accounts for the momentum exchange due to elastic
through the imaginary part of the refractive indexand the  collisions.
laser frequencyo.g'10 The dielectric function in the Drude One can see from Eq$3) and (4) that the relative role
approximation describes well the initial solid state as well af the impact and multiphoton ionization depends dramati-
the ionized state just before ablation: cally on the relation between the electron quiver energy
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and the ionization potential. If,sc>J; then Wy, ,i> Wiy, ture up to the Fermi energyg, i.e., up to several eV. The
and the multiphoton ionization dominates for any relation-electron—electron equilibration time is of the order of mag-
ship between the frequency of the incident light and the efnitude of the reciprocal electron plasma frequency, i.e.,
ficient collision frequency. By presenting the oscillation en-~w,§el~ 102 fs that is much shorter than the pulse duration.
ergy in a scaling form: Therefore the electron energy distribution during the heating
| process is close to equilibrium and follows the laser intensity
gosd €V]=9.31+ a?) W()\[ﬂm])'z; (5) evolution in time adiabatically adjusting to any changes.

10" wicnr] The electron-ion collision frequency changes from the
here @ accounts for the laser polarizatioa=1 for the cir- low-temperature limit, when the electron-phonon interaction
cular anda=0 for the linear polarization it is evident that  is dominated by the lattice temperatdfep the high-energy
the multiphoton ionization dominates in the laser-interactionimit, where the electron-ion interaction is dominated by the
at intensities above ¥OWj/cn? (for the 100 fs pulse dura- €lectron temperatur€. The electron gas is nonideal in the
tion this condition corresponds to the laser fluence of 10ligh-density conditions: the energy of Coulomb interaction

Jlcn). is comparable to the electron kinetic energy and there are

The general solution to E@2) with the initial condition ~ only few electrons in the Debye sphere. There are no reliable
ne(t=0)=n, is the following: analytical expressions for the effective electron collision fre-
quency in the whole energy-density domain from low to high

ne(1,\,t)=1{ng+ M[l—EX[{—Wimpt)] temperatures. There are interpolation formulas for some ma-
Wimp terials are given in Ref. 14, and interpolation for Al is given

X eXHWimpt). 6) in Ref. 15. Physically sound estimates could also be made

for the maximum collision frequency near the Fermi energy
It is in a good agreement with the direct numerical solutionand therefore, close to the conditions for the ablation thresh-
to the full set of kinetic equationsElectron impact ioniza- o|d.

tion is the main ionization mechanism in the lofranosec- In the low-temperature limitTo,<T<Tg electron-
ond pulse regime. Thes,s<J; and w<vg, and one can  phonon collisions dominatéT, is the Debye temperature
neglect the second term in E(F) and the number of free  The probability for an electron to emit or to absorb a phonon
electrons exponentially increases with the producivgf, can be estimated at>Tp as follows®!?

and the pulse duratiomg~ngexpwinXty}. Therefore in "

the long-pulse regime the ionization threshold depends on ~<%) il
the laser fluencé=1Xxt,. In the case of high intensities ePhIM) K T
multiphoton ionization dominates and the number of free_ o )
electrons increases linearly with tinme;~n,wyit. The ion- Taking for examplel;=7.7 eV (first ionization potential for
ization time could be shorter than the pulse duration and thE°PPe/; TD(CU);3910 K, andMc,=63.54 am.u. one ob-
ionization threshold depends on the laser intensity and laséf!nS ver~9x10'° s™%. This estimate is very clé)s?lto the
wavelength. It is conventional to suggest that the ionizatiorfT€ctive frequency at room temperature of 8B s™* ex-
threshold (or breakdown threshojdbe achieved when the tracted from conductivity measuremertsee Ref. 16
electron number density reaches the critical density corre- N the opposite high-temperature limit the effective fre-

sponding to the incident laser wavelengt3The ionization ~ duency of electron-ion Coulomb collisions decreases with
threshold for the majority of materials lies at intensities inthe electron temperature. Thus, the effective collision fre-

between (18— 1014 W/cm? (A~1 um) with a strong non- quency has maximum at the temperature approaching the

linear dependence on intensity. For example, for a silica tart €M ENErgy.

get at the intensity 10" W/cn? avalanche ionization At high temperatured > ¢ the effective electron-ion
dominates, and the first ionization energy is not reached b§ellision frequency could be estimated by using the model

the end of the 100 fs pulse at 1064 nm. At‘4Qv/cn? or ideal plasma at solid state density. The collision is con-
multiphoton ionization dominates and the full first ionization Sidered as a 90-deg deflection of an electron path due to the

is completed after 20 fs. When the ionization is complete, thé~0ulomb  interaction with the ion, and the collision fre-
plasma formed in the skin-layer of the target has a freedUency is the frequency of the momentum exchange. Ac-
electron density comparable to the ion density of aboufOrding to Ref. 13:

10% cm™3. Hence, for the derivation of scaling relations the n.7

electron number densitand thus the electron plasma fre- Vei~3X107%IN A —g5. (8)
guency can be considered as being constant. It should be ev

also mentioned that the ionization threshold decreases withor example, from Eq(8) the electron-ion collision fre-

the increase in the photon energy. quency in copper at the electron temperature coinciding with
the Fermi energy (n,=0.845<107*cm 3, w,=1.64
X10% s Toy~7.7€eV, INA~2) is ve=2.38x10'6 571,

This value is about twice higher than that estimated from the
low-temperature case, and almost coincides with the plasma
In order to meet the ablation conditions the average elecfrequency,veq~ wpe=2.39X 10'® s71. The discussion and in-

tron energy should increase from the initial room temperaterpolation in Ref. 15 gives the maximum of the efficient

)

IV. ELECTRON COLLISION FREQUENCY AND
ENERGY TRANSFER FROM ELECTRONS TO IONS
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collision frequency for aluminum also close ég,.. There- x10%s71; @ pe=1.876X 10' s~ it amounts to 0.65. Thus,
fore, it seems reasonable to assume thgt~wpe for the  we assume in further calculations thsti =2w/c=4m/\.
further estimates of the ablation threshold, as it has been also

suggested in Ref. 1. The value of; can be corrected by
experimental measurements of the skin degéblation v/ ELECTRON HEATING IN THE SKIN LAYER
depth.

Thus, in the ablation conditions the inequality holds In the previous section we have demonstrated that elec-
>w. Therefore the electron mean free path is much smalleirons have no time to transfer the energy to the ions during
than the skin depth. That is, the condition for the normal skirthe laser pulserei>1t,. That means that the target density
effect is valid, and one can use the exponential spatial deemains unchanged during the laser pulse. The electrons also
pendence for the field. The electron-ion energy transfer timgannot transport the energy out of the skin layer because the
in dense plasma can be expressed through the collision fréeat conductivity time is much longer than the pulse dura-

quency Eq.7) or (8) as follows: tion. It is easy to see that the electron heat conduction time
theat (the time for the electron temperature smoothing across
Tei~ M V;l- (9) the skin-layel ) is also much longer than the pulse duration.
Me Indeed, the estimates for this time with the help of conven-
The estimation for copper yields the ion heating timg  tional thermal diffusiofl give
=4.6x10 125, which is in agreement with the values sug- |2 | v
gested by many authot$:*>!’A similar estimate for silica theat™ ;S K= %

gives 6.4 10 2 s. Therefore, for the sub-picosecond pulses
(tp~100 fs) the ions remain cold during the laser pulse in-wherex is the coefficient of thermal diffusiorte and v, are
teraction with both metals and dielectrics, and one can use the electron mean free path and velocity, respectively. Using
steplike density profile for laser absorption calculations.  copper as an example yiells=67.4 nm, k~1 cn?/s, and

the electron heat conduction time is in the order of tens of

V. ABSORPTION MECHANISM, ABSORPTION picoseconds. _ _
COEFFICIENT, AND ABSORPTION DEPTH The energy conservation law takes then a simple form of
the equation for the change in the electron endmgytem-

At intensities above 18 W/cn? the ionization time for peratureT,) due to absorption in a skin lay&r?

a dielectric is just a few femtoseconds, typically much

shorter than the pulse durati¢n100 f9. The electrons pro- (TN ITe _9Q Q=Al exp‘ 3 g] 13
duced by ionization in dielectrics then dominate the absorp- 7 ¢ € gt ax’ 0 lg ]’

tion in the same way as the free carriers in metals, and thﬁere Q is the absorbed energy flux in the skin layér
characteristics of Fhe laser-matter interaction become inde;”IO is the absorption coeﬁicientozcE2/47r is the inci—,
pendent of the initial state of the target. As a re;ult, thedent laser intensityj, andc, are the number density and the
inverse Bremsstrahlung and resonant absorptidar

. i . o : specific heat of the conductivity electrons. In general, Eq.
g;)ps(z:?;ﬂz:: rlrzgerc]:thzziosbrggli‘irlrl?)%?ﬁ?iif??&tzieeli(c):;w::m (13) describes the electron heating by the laser field in a solid

We have shown in the previous sections that near thWlth the time-dependent parameters,(t), A(L), 1s(1),

ablation threshold the conditions holgi~ w,e>w. The di- %E(t)' However, we can simplify EG13) by using the fol-

. ) L lowing physical arguments. Fir he electron ific h
electric function and refractive index then are as the foIIows;0 g phys c_a arguments st, the electron specific heat
increases with electron temperature from the low-

.o . Ope w? |\t g"\ 2 temperature degenerate stage- m°To/2¢e¢ for To<ep,®up
gm0z 8T, 1+ w2 | n~k= 5 to the maximum value of.~ 3/2 for the conventional ideal
pe pe

(10) gas at high temperatur,~er. We take the same specific
heat as for the ideal gas in E@L3) because the target be-
comes fully ionized early in the laser pulse and the electrons
are in conditions close to that of the ideal gas. For the same
4n reason, the electron number density rapidly increases in the
~ (n+1)2+n2’ (11 beginning of the pulse and for the rest of the pulse it remains

) ) o ) almost constant. It was shown in the previous section that the
The ratio of the absorption coefficient to the skin length that ztio of the absorption coefficient to the skin depth is also

enters into calculations of the electron temperature below is fime-independent. Thus, the only approximation we make in

weak function of material propertiés. This ratio reads order to obtain a convenient scaling relations is neglecting
A 20 1 1 \°1! the time dependence of the skin depth in the exponent while
—%—< tot o (12)  time-integrating Eq(13). This integration yields time and

space dependencies of the electron temperature in the skin

The function in brackets depends weakly on the material anghyer:

laser parameters. For example, for copper ablation at 780 nm

(0=2.415<10% 571 w,=1.64x10sY) it comprises T A Al p{ _ Q] e (14)

The absorption coefficient then immediately follows from
the Fresnel formula¥®

A=1-R

ls

=———exX
0.585, while for gold target ablation at 1064 nm=1.79 ¢ 3 lgne

ls
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The relationship Eq(14) represents an appropriate scalingtime necessary to accelerate and ablate ions could be esti-
law for the electron temperature in the skin layer. The exsmated with the help of the equation for the change of ion
perimental data correlate well with the prediction of Etf). momentum:

For example, the estimate of the skin depth in a copper target

irradiated by a Ti:sapphire lase(A=780nm, w=2.4 dp (19)
x10% s L Ve~ wpe=1.639X 101 571, n.=0.845 '
X 107 cm™3) givesl =69 nm. The maximum electron tem- _ o , _ ,
perature at the surface of the copper target under the fluendd!® 10N acceleration time, i.e., the time required for the ion
Algt,=1 Jien? reachesT,=7.5 eV, which is close to the to acquire the energy af, could be found with the help of

Fermi energy for copper. Eq. (19) as follows:

¢ [ D 2 ( m; ) 1/2( Te—€esc ) vz (20)
acc— —_— = | -
VII. ABLATION MECHANISM: IONS PULLED OUT OF Vi Wpe\Me Te—8esc &b

THE TARGET BY ENERGETIC ELECTRONS Below the ablation threshold, whél,~ .4+ &}, the accel-

It was shown in the preceding section that the free eleceration time is much longer than the pulse duration. How-
trons in the skin layer can gain the energy exceeding th€ver, when the laser fluence exceeds the ablation threshold
threshold energy required to leave a solid target during théhis time is comparable and even shorter than the pulse du-
pulse time. The energetic electrons escape the solid and création. For example, for copper &=1 J/_Cfﬁ this time is
ate a strong electric field due to charge separation with th&ss than 40 fs. This means that for high intensitfeeences
parent ions. The magnitude of this field depends directly onvell over the ablation threshold Eq13) for the electron
the electron kinetic energy,~ (Te— £esd (£osciS the work — temperature should include the energy losses for ion heating.
function) and on the gradient of the electron density alongThis effect of electrostatic acceleration of ions is well known
the normal to the target surfa¢assuming one dimensional from the studies of the plasma expanSidhand ultrashort

expansiop®18 intense laser-matter interactién.
£ go(t) dlnng 19 A. Ablation threshold for metals
a e iz -’ According to Eq.(20), the minimum energy that the

electron needs to escape the solid equals the work function.

In order to drag the ion out of the target the electron must

have an additional energy equal to or larger than the ion

2 I cuf,e binding energy. Hence, the ablation threshold for metals can

Vi= 2n6C|57' (16) be defined as the following condition: the electron energy
must reach, in a surface laydrl by the end of the laser

ulse, the value equal to the sum of the atomic binding en-

A ponderomotive force of the electric field in the target
is another force applied to the ions during the laser ptise:

2me
PI™ mecw?

=

Let us compare the force in the electrostatic field of the spac

charge to the ponderomotive force of the laser wave. Th rgy and the work function. Using E¢L4) for the electron

ele_ctro_stat|c forcd ., can be evaluatt_ed_usmg EQ5) an(_j temperature we obtain the energy condition for the ablation
taking into account that the characteristic space scale is De(hreshold'

bye length 5~ ve/ wpe, Whereve=[(Te—eesd/Me] Y2 is the
electron thermal velocity: 4 Algt,

Ee=Ept Eac== . 21
dlnng It o Th Teserg lsne 2y
Fest=€E= _8e(t) 9z = nide" (17) ) )
s'D The threshold laser fluence for ablation of metals is then
This force depends on time explicitly through the electrondefined as the following:
energy. It increases during the laser pulse. The ratio of two 3 In
forces at the end of the laser pulse reads FmEIOthZ(8b+8esc) % (22)
pr - 1 wpe Ve 18
Forsl 20t, o )\ (18 e assume that the number density of the conductivity elec-

, , _ 05 1. trons is unchanged during the laser-matter interaction pro-
For a solid state density plasmg,e/w~10; 0>10"S % coqq After insertio/I =4 /) into Eq.(22) the approxi-

and fort,~100 fs the ratio Eq(18) is much less than 1, SO ate formula for the ablation threshold takes the following
the ponderomotive force can be neglected for the calculatmpbrm:

of the ablation threshold. However, both electrostatic and

ponderomotive forces are of the same order of magnitude at 3 cne 3 AN

the beginning of the laser pulse, and both forces should be szbtp”g(gﬁges& jzg(skﬁsesa o (23
taken into account in calculations of the electron energy.

The field Eq.(15) pulls the ions out of the solid target if The formula Eq.(23) predicts that the threshold fluence is
the electron energy is larger than the binding energyof  proportional to the laser wavelengthk;,~\. We demon-
ions in the lattice. The maximum energy of ions draggedstrate below that this relation agrees well with the experi-
from the target reaches(t)~Ze(t)~(Te—eesc—€p). The  mental data.
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B. Ablation threshold for dielectrics propriate description of the heating and expansion processes

The ablation mechanism for the ionized dielectrics isgpg}'ja::er%me is given by the conventional two-temperature

similar to that for metals. However, there are several distinc- .
At the longer laser pulse duratiog> 10 ps the heat con-

tive differences. First, an additional energy is needed to cre- ! d hvdrod . tion dominate the ablati
ate the free carriers, i.e., to transfer the electron from th(gIuc lon and hydrodynamic motion dominate the ablation

valence band to the conductivity band. Therefore, the energ) rocess,tp>{rei_;nge?} ' Thel eI_e CttLonZ and Fhe I?t:;]o(ezhle
equal to the ionization potentidl , should be delivered to ong are in equilibrium early In the beginning ot the faser
the valence electrons. Second, the number density of fr ulseTe~T; . Hence, the limiting case of thermal expansion

electrons depends on the laser intensity and time during th hermal aplatioh Is suitable for _the description of the long .

interaction process as has been shown in Sec. IV. However, ulge ablation mgde. The ablation threshold for this case IS
the intensity during the pulse exceeds the ionization thres defined by cond_|t|on that the absorbed laser enérg_)\tp, IS

old then the first ionization is completed before the end or;fu_"y conve_rted into the energy .Of b_roken bonds in alllzayer

the pulse, and the number density of free electrons saturat th the thickness of the heat diffusion depiai(«tp)

at the levelh,~n,, wheren, is the number density of atoms uring the laser pulse’

in the target. Then the threshold fluence for ablation of di-  Algt,=(«t,)"%;n,. (25)

glectrlcs, taking |n.to 'account the above corrections, is de.—l_he well-knownt’2 time dependence for the ablation flu-
fined as the following: . L ) Lo

ence immediately follows from this equation:
<M 24
NG (24)

3
Fo=g (et 3) _ (kty) o,

A
Therefore, as a general rule, the ablation threshold for dielec- . -
tric in the ultra short laser-matter interaction regime must be Equations(23), (24), and(26) represent two limits of the

higher than that for the metals, assuming that all the atoms iﬁhort and the long pulse laser ablation with a clear demon-

the interaction zone are at least singly ionized. Because thlsetratlon of the underlying physics. The difference in the ab-

absorption in the ionized dielectric also occurs in a skin ation mechanisms for the thermal long pulse regime and the

layer, one can use the relatidy/ A~ \/47 for rough esti- nonequmbnum short pulse mode 'S two-fold. . .
. . First, the laser energy absorption mechanisms are differ-
mates and scaling relations.

Another feature of the defined above ablation thresholds(?m' The intensity for the long pulse interaction is in the

Egs.(23) and(24) is that they do not depend explicitly on the :g:}%i:fc;]ﬁf }[/(\)//crirjo\év(;t:otnh des pl_:.'ﬁg ?:;?Zt;;:)r?hiasngg flriort;le
pulse duration and intensity. However, it is just a first order P ' glgibie,

approximation. A certain, though weak, dependence is hid‘:’md the dielectrics are almost transparent up to the UV range.

) . . . .- The absorption is weak, and it occurs due to the interband
den in the absorption coefficient and in the number den5|t¥ " N .
of free electrons. ransitions, defects and excitations. At the opposite limit of

the femtosecond laser-matter interaction the intensity is in
excess of 18 W/cn? and any dielectric is almost fully ion-
ized in the interaction zone. Therefore, the absorption due to
It is instructive to compare the above defined ablationthe inverse Bremsstrahlung and the resonance absorption
threshold to that for the long laser pulses. This also helps imechanisms on free carriers dominates the interaction, and
considering a general picture of the ablation process in ¢he absorption coefficient amounts to several tens percent.
whole range of laser pulse duration. Second, the electron-to-lattice energy exchange time in a
The ultra short pulse laser-matter interaction mode corfong pulse ablation mode is of several orders of magnitude
responds to conditions when the electron-to-ion energy transhorter than the pulse duration. By this reason the electrons
fer time and the heat conduction time exceed significanthand ions are in equilibrium, and ablation has a conventional
the pulse durationsei~the.2>t,. Then the absorbed energy character of thermal expansion. By contrast, for the short
is going into the electron thermal energy, and the ions remaipulse interaction the electron-to-ion energy exchange time,
cold e,;n<<e., making the conventional thermal expansionas well as the heat conduction time, is much larger than the
inhibited. However, as shown above, if the laser intensity igpulse duration, and the ions remain cold. Electrons can gain
high enough, the electrons can gain the energy in excess ehergy from the laser field in excess of the Fermi energy, and
the Fermi energy and escape from the target. The electr@scape the target. The electric field of a charge separation
magnetic field of the charge separation created by the egulls ions out of the target thus creating an efficient nonequi-
caped electrons pulls the ions out of the target. Hence, thibrium mechanism of ablation.
extreme nonequilibrium regime of material ablation takes
place. This regime occurs at the laser pulse duratipn
<200 fs and at the intensities above'3010" W/cn?. The |y ABLATION DEPTH AND EVAPORATION RATE
escaped electrons accelerate the ions by the electrostatic field
of charge separation. The depth of a cratex=d,,, drilled by the ultra short
An intermediate regime takes place at the laser pulséaser with the fluence near the ablation threshBle |yt
duration 0.5 psit,<<100 ps and at the intensities less than>Fy, is of the order of the skin depth. According to Edj4),
10" W/en?, when 7gi~tpesrt, and Te~T;. The most ap- it increases logarithmically with the fluence:

Fin (26)

VIIl. COMPARISON TO THE LONG PULSE REGIME
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ls F 5
dev_ElnF_thr (27) 1
due to the exponential decrease of the incident electric field <
and electron temperature in the target material. Equ&fan
coincides apparently with that from Ref. 21. However, one
should note the difference in definitions of the threshold flu-
ence and skin depth in this paper from that in Ref. 21. The
skin depth calculated above for the laser interaction with
copper target of 69 nm qualitatively complies with the abla-
tion depth fitting to the experimental value of 80 nm given in
Ref. 21.

The average evaporation rate, which is the number of
particles evaporated per unit area per second, can be esti-
mated using the energy conservation law for the ultra short
interaction mode in the same way as it was done for the long o1 1 1o 100 1000
pulses. Namely, the total absorbed laser energy flux in the time, ps
optimum ablation mode balances by the outflow of ablated _ _
atoms times the energy expenses per atom that approfio; I Threshold laser uene for ataton o g tgemror anc
mately equals to the Fermi energy. Thus, the ablation rate foy,
the ultra short regime reads

Al
(NV) short™> —-
€F

W

P
e e
" |
bae

-

-

Threshold fluence, J/cm

(28) laser. The copper parameters are: density 8.96 ffsimding
energy, e.g., heat of evaporation per atom,

Taking as a characteristic parameters for the ultra short mode 3'155 eygatom* eesc—4.65 eV/atom,  n,=0.845
Al~10M Wicn? ande .~ 10 eV, one obtains from Eq28) 107 cm 3. The calculated threshol,,~0.51 J/cm (for

the typical ablation rate6x10% l/cm?s. Similarly, the A=1) is in agreement with the experimental figure 0.5-0.6

evaporation rate for the long pulse regime is as follG#f: Jient given in Ref. 21, though the absorption coefficient was
not specified. For the long pulse ablation taking into account

thermal diffusivity of copper 1.14 cffs Eq. (26) predicts
Fin [Jen?]=0.045x (t,[ ps]) 2
For a gold target £,=3.37 eV/atomgs—=5.1 eV,n,

=5.9x10?? cm™3) evaporated by laser wavelength 1053 nm
the ablation threshold from E§23) is F,,=0.5 J/cmd. That
figure should be compared to the experimental value of
.45+ 0.1 J/cn. 22 For the long pulse ablation assuming the
constant absorption coefficient &=0.74 one finds from

la

(nV)Iong% 8_b (29

Taking | ,~10° W/cn? ande,~4 eV,? the characteristic ab-
lation rate for the long pulse regime ef3x 10% l/lcm?s is
about 2< 10° times lower.

The number of particles evaporated per short puls
(V) Stk (Stoc is the focal spot argas of several orders of

magnitude lower than that for a long pulse. This effect elimi- 112
. ) o 0. (26) Fy,[J/enf]=0.049x (t,[ps])*% We should note
nates the major problem in the pulsed laser deposition of th ere that for the long pulse we take 1.3%snfor thermo-

thin films, which is formation of droplets and particulates Ondiffusivity value, which corresponds to equilibrium condi-
the deposited film. The effect has been experimentally obf. ith i d inated heat v, Th ) tal
served with 60 ps pulses and 76 MHz repetition rate by pro—'o.nS V;" |onf c;r;unade h eal Clapagl y- 1he exper|mendq
ducing diamondlike carbon films with the rms surface rough-p(.)mtS rom Ref. 22 and the calculated curve are presented in
ness on the atomic leval. Fig. 1.

One also can introduce the number of particles evapo-
rated per Joule of absorbed laser energy as a characteristic %f
ablation efficiency. One can easily estimate that this charac- An estimate for the ablation threshold for silica from Eg.
teristic is comparable for both the short-pulse and the long¢24) taking n=7x 10?2 cm™ 3, (e, +J;)=(3.7+13.6) e\¥®
pulse regimes. by a laser withA=1.053um [0=1.79x10"s!; and
|/A~1.6x10 ° cm—see Eq(12)] givesF,=2.35 J/crj,
which is in a qualitative agreement with the experimental
figures~2+0.5 J/cnd.* Formula Eq.(24) also predicts the

Let us now to compare the above formulas to the differ-correct wavelength dependence of the threshdfg;,
ent experimental data. Where it is available we present the=1.84 J/cmd for A=825nm andF;,=1.17 J/cd for \

full span of pulse durations from femtosecond to nanoseconer 526 nm (cf. Fig. 2. The experimental threshold fluences

Silica

X. COMPARISON TO THE EXPERIMENTAL DATA

range for ablation of metals and dielectrics. for the sub-picosecond laser pulseme: 2—-2.5 J/cf (A
=1053 nm), ~2 J/cnt (A=825nm), and 1.2-1.5 J/ém
A. Metals _
(N=526 nm).
Let us apply Eqg.(23) for calculation of the ablation Using the following parameters for the fused silica at

threshold for copper and gold targets ablated by a 780 niwavelength  of 825 nm (k=0.0087 cri/s, ¢,
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a

agreement with the measured in Ref. H;=1.4 J/cn.
Equation(24) predictsF,=1.34 J/cr for this experiment.

— Theory Eq.(24) It should be noted that the definition of the ablation
% Experiments Ref.[1,22] threshold implies that at the threshold condition at least a
mono-atomic layex<lg, of the target material should be
removed. Therefore, the most reliable experimental data for
J( A the ablation threshold are those obtained by the extrapolation
|

~

w

of the experimental dependence of the ablated depth versus
the laser fluence to the “zero” depth. As one can see from

/ above comparison, the experimental data on the ablation
)

\

threshold determined this way are in excellent agreement
P l with the formulas in this paper. It should be particularly em-

phasized that there were not any fitting coefficients in the
calculations presented here.

Threshold fluence, J/cm?

—_
P I

200 400 600 800 1000 1200
Wavelength, nm XI. DISCUSSION AND CONCLUSIONS

FIG. 2. Threshold fluence for laser ablation of fused silica target as a func- ~ We described here a new regime of material ablation in
tion of the laser wavelength for sub-picosecond laser pulses. The experimefihe yltra short laser-matter interaction mode. The regime is
tal points are from Refs. 1, 22. characterized by the laser intensity in the range of 16
10* W/cn? and the pulse duration shorter than the plasma
—3.7 eV/atom:n,=0.7x 107 cm™3: andA~3x10"3) one expansmn time, the hee_lt conduct_lon t|mg, and the electro_n—
fo-|on energy transfer time. The interaction at such condi-

obtains a good agreement with the experimental data col- LT . .
tions results in ionization of practically any target material.

lected in Ref. 1 for the laser pulse duration from 10 ps to ]The interaction with the metals and dielecirics 4s |
ns. The long pulse regime Ed26) holds: F[J/cn?] = : ; proceeas in a
= 1.29><(tp[ps])1/2 (see Fig. 3 smllar way in contrast tq the conyenﬂonal, Ipng pulse |nt.er-
The ablation threshold of 4.9 J/énfior a fused silica actlop mpde. The physics Qf th|s new regime Qf gblaﬂon
wih the lasert,=5 fs, A=780 nm, intensity- 101 Wjcn?  CONSISts In the fon acceleration in the electrostatic field cre-
has been reported in Ref. 23. This value is almost three time € yl 0 eelc_o |Sf escalp ]9 ?] ble a geh. E Ide he
higher than that of Refs. 1, 22 and from the prediction of Eq.t e explicit analytical formulas for the ablation threshold, the

(24). However, the absorption coefficient as well as the pre_electron temperature in the skin layer, and the ablation rates

pulse to main pulse contrast ratio was not specified in ReiI_or metals and dielectrics in terms of laser and target param-
53 eters. These formulas do not contain any fitting parameters

In the Ref. 24 the crater depth of 120 nm was drilled inand agree well with the available experimental data. In this

a BK7 glass by a 100-fs 620-nm laser at the intensity 1 dew regime the threshold fluence is almost independent on
x 104 W/cne. Assuming that the number density, the bind.- the pulse duration, and the material evaporation rate is much
ing and the ionization energy in the BK7 glass target are thé‘ngher t.han in the Iong pulse Interaction regime. .

same as in fused silica, E(7) for the ablation depth pre- An important condition for the ultra short pulse interac-

dicts the threshold value of 1.0 J/&rThis is in a reasonable 1" mode in the real experiments is the h'gh. contrast ratio of
the pulse: the target surface should not be ionized, damaged

or ablated during the pre-pulse action. For the nanosecond-
scale pre-pulse and the 100 fs main pulse the intensity con-
trast ratio must be of the order 6f1C°. The ultra short laser
ablation can do a variety of fine jobs without any collateral
damage to the rest of a target: cutting and drilling holes with
a high precision, ablating all available materials with the
ablation rate of several orders of magnitude faster than that
with nanosecond lasers. The application of the ultra short
lasers with high repetition rate for film deposition allows
totally eliminate the problem of droplets and particulates on
the deposited film. The theoretical background developed in
this paper for laser ablation allows the appropriate laser pa-
rameters to be chosen for any given material and the laser-
target interaction process to be optimized.

50 |

e 1053 nm

A 825nm
®x 526 nm

—_
o

Threshold fluence, J/cm?

0.01 0.1 & 1 10 100 1000 IM. D. Perry, B. C. Stuart, P. S. Banks, M. D. Feit, V. Yanovsky, and A. M.
time, ps Rubenchik, J. Appl. Phys85, 6803(1999.
2D. Du, X. Liu, G. Korn, J. Squier, and G. Mourou, Appl. Phys. Lé#,
FIG. 3. Threshold laser fluence for ablation of fused silica target versus 3071(1994); B. C. Stuart, M. D. Feit, A. M. Rubenchik, B. W. Shore, and
laser pulse duration. The experimental points are from Refs. 1, 22. M. D. Perry, Phys. Rev. LetZ4, 2248(1995.
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