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Surface Charging and Impulsive Ion Ejection during Ultrashort Pulsed Laser Ablation
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We report time-resolved studies using femtosecond laser pulses, accompanied by model calculations,
that illuminate the difference in the dynamics of ultrashort pulsed laser ablation of different materials.
Dielectrics are strongly charged at the surface on the femtosecond time scale and undergo an impulsive
Coulomb explosion. This is not seen from metals and semiconductors where the surface charge is

effectively quenched.
DOI: 10.1103/PhysRevLett.88.097603

The need for enhanced controllability and reduced
collateral damage in laser micromachining is pushing
femtosecond (fs) lasers to the forefront of material pro-
cessing. Concomitantly, this has stimulated an increased
interest in probing the nature of excitation, the dynamics of
the energy redistribution in irradiated solids, and the pre-
cursor mechanisms for material removal [1]. Recently, the
observation of fast ions in the initial, so-called gentle phase
[2] of fs laser ablation of sapphire was reported, where
ions of different mass have the same momenta. This was
interpreted as originating from an impulsive, macroscopic
Coulomb explosion (CE) of the charged dielectric surface
[3]. Under conditions where this mechanism is dominant,
the irradiated surface appears smooth and material removal
can be accurately controlled on the nm scale [2]. This has
been termed the gentle ablation phase. After a number
of incubation pulses the ablation behavior changes (to
what has been termed the strong phase [2]), an order of
magnitude more material is removed per laser pulse, the
majority of ions are slower, and the emitted species tend
to have the same kinetic energy [3]. Here, we explore
the dynamics of the initial stages of excitation in solids
leading to charging, heating, and material expulsion and
emphasize the material-dependent competition between
nonthermal and thermal mechanisms. The excitation,
energy redistribution, and material removal dynamics are
studied by fs pump-probe techniques where the positive
ion and electron emission is monitored as a function
of the delay between two subthreshold 100 fs, 800 nm
laser pulses. We compare the behavior of dielectrics,
semiconductors, and metals. We find confirmation of the
CE mechanism for dielectrics and quantify the magnitude
and time scale of the charging process.

A Ti:sapphire laser beam was divided into two beams
with equal energies that lay just below the ablation thresh-
old for the second pulse [4]. The probe passed through a
variable delay line and was then aligned collinear with the

097603-1 0031-9007/02/88(9)/097603(4)$20.00

PACS numbers: 79.20.Ds

pump beam. Positive ion mass spectra or electron spectra
were recorded with a time-of-flight (TOF) mass spectrome-
ter as a function of the time delay between laser pump and
probe. The charged particles were allowed to drift in a
65 mm field free region before they were extracted with a
pulsed electric field with a variable delay (us time scale)
with respect to the laser pulses. The extraction field had a
length of 9 mm. All ions (or electrons) present in this nar-
row region at the time of pulsing the extraction field were
detected. (The shortest delay possible for the pulsed ex-
traction voltage technique is 150 ns, corresponding to an
electron kinetic energy of ~0.5 eV.) By changing the de-
lay time between laser pulse and electric field it is possible
to map out an arrival time distribution for the ions at the
extraction region. This can then easily be converted to an
ion velocity distribution. Each laser pump-probe scan was
carried out for a fixed delay of the electric field, i.e., for
a narrow ion velocity range. The TOF distribution of the
“prompt” electrons (see below) was measured by apply-
ing a negative bias to the sample and measuring the arrival
time of the electrons at the detector without the application
of any intermediate electric fields. The extraction grids of
the spectrometer were arranged parallel to the substrate
surface with a 25° incidence of the laser (measured with
respect to the surface normal).

Figure 1(a) shows the TOF spectra of the electrons emit-
ted from Al,O3 in the gentle phase (4 J/ cm?, 200 fs),
normalized to the individual maxima. There are two con-
tributions to the signal: prompt electrons [5], with ener-
gies on the order of eV, and slower (meV) plume electrons.
The slow, plume electrons overlap in time with the positive
ions (shown on the plot), and they can thus be regarded as
plasma electrons, being trapped by the positive charge in
the plume [3]. The prompt peak is shown on an expanded
scale in Fig. 1(b). Here, the prompt electrons from Al,O;
are plotted, as are the prompt electrons from metallic Al (at
1.1 J/cm?). The arrival time of the electrons from Al,O3 is
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FIG. 1. Electron and ion TOF data for Al,O5. (a) Full range.
Squares: both prompt electrons and slow, plasma electrons.
Solid line depicts the TOF of the corresponding positive ions
(O" + Al"). (b) Expanded scale showing prompt electrons.
Squares (thick line): from Al,Os3; dashed line: from Al.
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delayed compared to the Al case due to surface charging.
Kinetic energy analysis shows that the electron energies
from Al,O3 (but not from Al) are lower than the applied
bias voltage, clearly indicating surface charging effects.
The prompt electron energies were determined by measur-
ing their arrival time for different bias voltages.

The prompt electron peak is most likely due to photo-
emission and leads to neutrality breakdown and strong sur-
face charging inducing the electrostatic surface breakup.
Daguzan et al. [6] have associated such fast electrons, ob-
served from quartz, with free carrier absorption in the con-
duction band and photoemission.

Pump-probe measurements for both prompt electron
and Al* production from Al,O; are shown in Fig. 2.
The ion data were obtained by choosing two different
velocity windows for the detected ions and scanning the
pump-probe delay in both cases. The velocity windows
were chosen to select fast, Coulomb exploded ions
observed predominantly during the gentle ablation phase
(2 X 10* ms™') and the slower, thermal plasma ions
(1.2 X 10* ms™') seen predominantly during the strong
ablation phase [3]. The pump-probe signal from the faster
ions (squares) shows a double-peak structure, illustrated
by the full lines drawn to guide the eye. The slower ions
(circles) have a single, broad peak at 20 ps. The ions
within the first peak seen for the fast ions are present on
a sub-ps time scale, too fast for a thermal mechanism
to develop, they have mass-independent momenta [3],
and have been associated with an impulsive electrostatic
ejection. The inset shows the ion velocity distributions
measured at pump-probe delays of 0.6 and 12 ps, respec-
tively, confirming high velocities for the ions appearing at
short pump-probe delays and a shifting of the distribution
towards slower velocities for long delays. The second
peak from the fast ion signal is due to the high energy
tail of the thermal ions. The pump-probe data are not
directly related to the time of ejection but give information
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FIG. 2. Pump-probe measurements on Al,O; (a) Al* yield as a
function of delay between two equal, subthreshold 100 fs pulses.
Squares: “fast” ions with a velocity of 2 X 10* ms™! showing
a double-peak structure. Full lines are drawn to guide the eye.
Circles: “thermal” ions with a velocity of 1.2 X 10* ms™!. In-
set: velocity distributions for Al™ measured at two pump-probe
delays: Circles: 12 ps; squares: 0.6 ps. (b) Prompt electron
signal under the same pump-probe conditions.

on the time scale for energy coupling and redistribution
within the sample. It can be seen from Fig. 2(b) that
the prompt electron pump-probe data correlate very well
with that of the first peak in the fast ion signal, indicating
that prompt photoemission is indeed the origin of the
observed ion CE. The prompt electron photoemission
rate decreases on a time scale of 1 ps due to the relaxation
of the highly excited free electrons created by the first
laser pulse in the conduction band of Al,Os. If the hot
electron population produced by the pump pulse decays,
transferring electronic energy to lattice excitation, there
may not be sufficient charging from the second laser pulse
to produce the macroscopic surface CE. The thermal ions
appear on the ps time scale given by the electron-phonon
coupling and subsequent increase in the lattice tempera-
ture followed by heat dissipation, thus confirming the
picture of the excitation and relaxation dynamics.

Pump-probe measurements of the Si* ions produced
from a-SiO, behave similarly, as shown in Fig. 3(a), with
fast CE ions observed for sub-ps delays as before. The
main difference compared to Al,Os3 is that the thermal ions
onset for an earlier time delay. This is consistent with the
fast (150 fs) electron relaxation and self-trapping in fused
silica leading to an efficient early transfer of energy to the
lattice [7].

The situation is different for Si and Au samples
[Fig. 3(b)]. We observe almost no fast ions from Si within
the sub-ps delay range of the CE peak for our conditions
(pump fluence 80% of the single-shot ion emission
threshold). Instead, we see an increased positive ion yield
when the Si lattice has thermally melted, on the time scale
of 4-10 ps, in very good agreement with time-resolved
x-ray diffraction detection of the thermal response of the
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FIG. 3. (a) As Fig. 2(a) but yield of Si* from a-SiOs;

(b) pump-probe measurement for positive ion emission from
Si (full circles, 0.45 J/cm? per pulse) and Au (open squares,
0.5 J/cm? per pulse). The data have been normalized to the
same maxima.

Si lattice [8]. The ion emission on this time scale can be
explained by the more efficient photon energy coupling in
molten Si compared to solid material.

Figure 3(b) also shows the results of pump-probe mea-
surements on a 1 wm thick Au film on quartz. Again,
we have not found any evidence of CE from the Au film.
As for Si, the ion yield is enhanced after the surface has
melted on the 10—100 ps time scale. Recent results on the
pump-probe dynamics of fs ablation of metals (Al, Fe, and
Ni) have shown similar ion emission for delay times on
the 10-20 ps time scale attributed to the development of a
liquid surface layer [9]. This time is expected to be longer
for Au due to the lower electron-phonon coupling [19].

To explain the observed behavior we have calculated the
electronic dynamics including surface charging effects for
Al,O3, Si, and Au. The bulk substrate is divided into layers
each of depth 5 A and the time dependence of charging and
relaxation is calculated for each layer using appropriate
boundary conditions. For the purposes of this Letter we are
mainly interested in the induced charge at the outer layer
of the bulk material. Other plasma-related effects such as
the spatial charge distributions and the buildup of a double
layer within the bulk material do not play an important
role for the macroscopic CE discussed in this Letter but
will be described in detail in a forthcoming publication.
We use a slightly different approach for metals compared
to dielectrics and semiconductors.

For Al,03, we write the continuity equation for free
electrons generated by the laser pulse as

one, 1 8J
_l’_
Jat e dx

n
= (o6l® + an,J) —*+—
’ (g + ;)

— R, — PE, (D

where o710 is the rate of multiphoton ionization, n, is the
density of particles (a: neutral atoms, i: positive ions, e:
electrons), [ is the laser intensity, J is the electric cur-
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rent density, an.l is the avalanche term, R, is the re-
combination term, and PE is photoemission. The rate of
multiphoton ionization and the avalanche coefficient were
based on a fit to the experimental results for the optical
damage thresholds at different pulse durations [4] follow-
ing a similar approach to [10] (taking into consideration
the observed decay in the threshold electron density at
longer pulse durations [11]) and estimated for Al,O3; with
o6 =8 X 10° cm 3 ps~! (cm?/TW)® and @ = 6 cm?/J.
The spatially and temporally dependent laser power in-
side the dielectric is determined by the optical response
of a free electron plasma and the vacuum-plasma inter-
face, being given by the complex dielectric function and
Fresnel formulas [10,12] with a damping term w7 = 3 to
match reflectivities of 70% for supercritical electron den-
sities [13]. We consider a statistical distribution of free
electronic momenta in a wide band-gap dielectric, where
the vacuum level is close to the conduction band minimum
and only electrons with a momentum component normal
to and in the direction of the surface can escape. Thus, we
assume that on average half of the free electrons produced
by multiphoton ionization and avalanche are immediately
photoemitted from the top surface layer. Maximum photo-
emission occurs from the surface and decreases exponen-
tially towards the bulk giving the photoemission term

PE = —(061 + an I)ﬁexp(—%) )

with the electron escape depth, / = 1 nm [14].

The hole density is given by a similar equation as (1)
disregarding photoemission. Hole transport is negligible
for dielectrics. The current density is then described as

J = —en.u.E — eDVn, 3)

with the electron mobility x, = 3 X 107> m?/(Vs) (10
times lower than reported in Ref. [15] for a better match
to the measured diffusivities [16]). The drift term was
calculated using the Poisson equation. Since we consider
transport in the local electric field, calculated from the
Poisson equation, plasma screening effects within the bulk
material are automatically accounted for. The diffusion
coefficient D = kpT,u./e is considered to be negligible
for dielectrics compared to semiconductors and metals.

We use basically the same approach as described
above for Si. We consider both one- and two-photon
ionization. The cross sections for photoionization were
taken from Ref. [12] as was the reflection coefficient.
We consider both the electron and the hole current den-
sity [, = 0.15 m?/(Vs); uj = 0.045 m?/(Vs)]. The
photoemission term was treated analogously to that for
metals [17,18]; see below.

The metallic case is considered as a plasma with a su-
percritical electron density. The system of equations used
to describe the electric field generation consists of the heat
flow equation for electrons (4) [19] (lattice coupling was
neglected on this short time scale), the equation for the
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FIG. 4. Calculations of net surface charge density as a func-
tion of time for a laser fluence slightly above the one-shot ion
emission threshold for each material. Laser pulse centered at
t = 0 (FWHM = 100 fs). Note the change in the scales.

electric current density, the continuity equation (1) with-
out source/sink terms, and the Poisson equation.

K.y 92
T2>=L—T2+2S 1),
€ T] 8x2 € (X)

“)

&<8T2+ii

T, ar ¢ en, 0x

where 7, and 7T; are the electron and lattice tempera-
tures, respectively, and C, is the electron heat capacity.
K. o(T./T;), the thermal conductivity of the electrons, and
the energy source term S are given as in [19]. The photo-
emission condition was given as Jg = 1S3 [17].

First results of the modeling are shown in Fig. 4 where
the buildup of the net positive charge on the surface of
Al,O3, Si, and Au targets is plotted as a function of
time. The Gaussian laser pulse is centered at + = 0 with a
FWHM of 100 fs. The laser fluences used to calculate the
charging dynamics are slightly above the experimental ion
emission threshold [4,12]. It is clear that the net charge
is much larger for the dielectric target than for the metal
or semiconductor. Sufficient charge can be accumulated
at the dielectric surface to initiate CE on the 100 fs time
scale. With semiconductors and metals, the higher elec-
tron mobility and higher density of available free electrons
ensure effective screening and a much smaller net positive
charge accumulation during the laser pulse. This is not suf-
ficient, by orders of magnitude, to induce a macroscopic
electrostatic breakup of the outer layers of the substrate.
The charging also shows quite different time behavior for
Al,Os3, being retarded, instead of roughly following the
laser pulse envelope as for metals and semiconductors.
If we estimate the magnitude of the electric field at the
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surface of Al,O3, due to the net accumulation of posi-
tive charge, and assume that this field exists for 50 fs
(FWHM), we can estimate the velocity with which the CE
Al™ ions are emitted from the surface based on momentum
conservation laws. This is 2.3 X 10* ms™!, in excellent
agreement with the experimentally determined values for
AL O3 [3].

In conclusion, we have studied, both experimentally and
theoretically, the dynamics of electronic and lattice exci-
tation and material removal in ultrafast laser ablation of
dielectrics, semiconductors, and metals. Different dynami-
cal behavior is observed that has important consequences
for the mechanisms of material removal. In particular, it
is possible to obtain a very high charging of dielectric sur-
faces that can lead to a macroscopic CE of the top surface
layers. The calculations are in good agreement with fs
pump-probe studies and measurements of velocity distri-
butions of emitted ions.
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