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Selective triggering of phase change in dielectrics by femtosecond
pulse trains based on electron dynamics control∗
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In this study we experimentally reveal that the phase change mechanism can be selectively triggered by shaping
femtosecond pulse trains based on electron dynamics control (EDC), including manipulation of excitations, ionizations,
densities, and temperatures of electrons. By designing the pulse energy distribution to adjust the absorptions, excitations,
ionizations, and recombinations of electrons, the dominant phase change mechanism experiences transition from nonther-
mal to thermal process. This phenomenon is observed in quadruple, triple, and double pulses per train ablation of fused
silica separately. This opens up possibilities for controlling phase change mechanisms by EDC, which is of great signifi-
cance in laser processing of dielectrics and fabrication of integrated nano- and micro-optical devices.
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1. Introduction
Femtosecond laser interaction with material, especially

with dielectrics, has aroused increasing interest, and is con-
sidered to be a powerful and promising micromachining tech-
nique for ionization of most solid material with greatly re-
duced recasts, microcracks, and heat-affected zones.[1–3] In
addition to the direct ablation,[4,5] confined ablation[6,7] and
water-assisted ablation[8,9] have also been investigated. A
large number of studies on laser ablation structures[4,8,9] as
well as phenomena[10,11] in the ablation process and the effects
of different processing parameters[12–14] have been reported.
During femtosecond laser ablation of the dielectric, the com-
peting phase change mechanism including the thermal process
(nonequilibrium thermal vaporization and melting) and non-
thermal process (the Coulomb explosion and electrostatic ab-
lation), may coexist and/or transition to each other in material
removal.[15] It is generally considered to be a nonthermal pro-
cess during the ultrashort laser ablation due to the nonlinear
effect and short time scale. However, several studies on di-
electric ablation indicate the opposite scenario.[16–19] The exis-
tence of a molten zone is demonstrated, which can account for
the formation of rims around femtosecond laser ablated craters
on dielectrics.[16,17] The protuberance structure on a dielectric
surface is proposed to be a consequence of the laser-induced
thermal process.[19] The relative role of each phase change
mechanism has been intensively debated,[16,18–25] which re-
mains a challenge.

Compared with a long pulse, a femtosecond pulse in
some aspects fundamentally changes laser-material interac-
tion mechanism. A femtosecond duration is shorter than

or the same as many physical/chemical characteristic times,
such as the electron–phonon relaxation time (a few to hun-
dreds of picoseconds) and electron relaxation time (a few to
hundreds of femtoseconds), which makes it possible to ma-
nipulate/adjust/interfere with electron dynamics.[26–30] Hence,
temporally shaped femtosecond laser pulses with pulse delays
on a femtosecond time scale allow the exploitation of the elec-
tron dynamics control (EDC), which in turn realizes the selec-
tive triggering of phase change mechanism to modify structur-
ing processes. The feasibility of EDC by shaping femtosec-
ond pulse trains has been theoretically validated by us.[31,32]

Also, in our previous experiments, up to 56 times enhance-
ment in material removal rate and 3 times increase in max-
imum drilling depth were obtained by pulse train EDC com-
pared with conventional femtosecond laser drilling at the same
processing window.[33]

In this study, a detailed investigation is performed in ex-
ploring the phase change mechanism by designing pulse en-
ergy distribution for EDC during the pulse train processing
of fused silica. A femtosecond pulse train with a pulse delay
shorter than 1 ps makes the transient localized EDC possible.
It is demonstrated by shaping femtosecond pulse trains that
(i) the excitations, ionizations, densities, and temperatures of
electrons can be modified, (ii) the corresponding material op-
tical and thermal properties can be changed, and hence, (iii)
the phase change mechanism can be selectively triggered.

2. Experimental setup
The experimental setup includes a 35-fs, 800-nm Ti: sap-

phire laser system and a pulse shaper (BSI MIIPS BOX 640)
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system. The time delay (300 fs in this study) and pulse distri-
bution are shaped in the temporal domain by the pulse shaper.
All the subpulses have identical pulse duration and frequency
chirp. Methods to be embedded in the pulse shaper and cross
correlation are used to monitor the pulse trains as shown in
Fig. 1. A half-wave plate combined with a polarizer is used for
continuous energy adjustment. The total fluence per train used
in our experiment is 12 J/cm2. The shaped pulses are focused
by a 20× objective lens (N.A. = 0.45, Olympus) onto the front
surface of fused silica (0.5-mm thickness), which is driven by
a computer controlled 6-DOF nanomanipulation stage. The
surface of the sample is positioned normally to the direction
of the incident laser beam in air at atmospheric pressure and
temperature. A scanning electron microscope (SEM) and an
atomic force microscope (AFM) are used to characterize the
ablation sizes and surface morphologies.
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Fig. 1. (color online) Measured pictures of a shaped pulse train consist-
ing of two identical subpulses.

3. Results and discussion
The phase change mechanism is determined by the ab-

lated surface structure in this study. In order to gain an insight
into the modification factor, a single burst instead of multiple
bursts is used. Figure 2 shows the ablated structures of fused
silica by a single quadruple-pulse train excitation at the pulse

energy distributions of 4:3:2:1 and 1:2:3:4 respectively. The
corresponding diameters, depths, and recast heights of the ab-
lated structures are measured by an AFM as shown in Fig. 3.
It can be seen that both the ablation diameter and depth of
the structure produced by an increasing energy distribution are
smaller but with a larger recast height.

(a)

(b)

Fig. 2. SEM images of surface ablated by a single quadruple-pulse train
designed to trigger the phase change mechanism selectively through
EDC. The energy distributions are (a) 4:3:2:1 and (b) 1:2:3:4. The cor-
responding pulse train is shown in the inset.
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Fig. 3. (color online) Energy distribution dependences of diameter, depth,
and recast height of the ablation structure on the surface of fused silica.

In the case of 4:3:2:1, the fluences of the first two sub-
pulses are above the ablation threshold, and the fluences of
the subsequent two subpulses are below the threshold energy.
A high electron density created by strong subpulses can be
further increased by the subsequent weak subpulses. Because
the pulse delay is on the time scale of the electronic decay of
fused silica, some electrons excited by the former subpulse are
still in the conduction band before the next subpulse irradiates,
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which leads to more seed-free electrons and contributes to the
enhancement of avalanche ionization. In addition, the pulse
train technology prolongs the energy absorption time and pre-
vents electrons from overheating.[31] Therefore, the nonther-
mal phase change mechanisms, including Coulomb explosion
and electrostatic ablation, are the main phase change mecha-
nisms when the pulse energy distribution is 4:3:2:1, which will
take heat away by the removed debris. Thus the thermal phase
change mechanisms are inhibited due to less heat accumula-
tion.

However, in the case of 1:2:3:4, the initial weak sub-
pulses are not intense enough for efficient multiphoton ion-
ization (MPI). In addition, the recombination results in less
free electrons. Due to the absence of seed electrons, when the
subsequent subpulses irradiate, an increase of the free electron
density by avalanche ionization (AI) is not operative. Hence,
the final electron density is not sufficient for the effectiveness
of the Coulomb explosion or electrostatic ablation. On the
other hand, the ineffective nonthermal ablation contributes to
the heat accumulation in the process, owing to the fact that
the delay between two subpulses is 300 fs. On this time scale,
the heat generated by the former subpulse interaction with the
fused silica still has not dissipated when the next subpulse
irradiates.[17] Then the focal area is heated to a high tempera-
ture when the stronger subsequent subpulses irradiate the sam-
ple, which enhances the thermal ablation. A localized melt-
ing of the fused silica results from an accumulation of ther-
mal energy.[18] The recast is formed due to the generation of a
molten layer in the ablation process.[16,17,19]

Therefore, during femtosecond laser ablation of fused sil-
ica, the nonthermal processes (Coulomb explosion and elec-
trostatic ablation) are mainly triggered when the energy distri-
bution is 4:3:2:1. While the thermal process, such as melting,
becomes the main phase change mechanism when the pulse
energy distribution is 1:2:3:4.

The detailed ablation process related to the phase change
mechanism is investigated by a femtosecond pulse train with
less subpulses. A single triple-pulse train ablation of fused
silica is shown in Fig. 4. As shown in Fig. 4(a), the inner sur-
face of the ablated structure is clean in appearance at the en-
ergy distribution of 3:1:1. In this case, the nonthermal phase
change mechanism comes into play, which is similar to that
in Fig. 2(a), with a larger ablation size due to a higher elec-
tron density resulting from the relatively concentrated energy
distribution. When the pulse energy distribution is reversed,
the ablated structure shows a scaly surface, indicating a reso-
lidified splash of a molten layer generated in the ablation pro-
cess as shown in Fig. 4(b). A three-layer structure, indicated
by arrows in the figure, corresponding to three subpulses, is
formed. When the first weak subpulse with energy around the
breakdown threshold irradiates, by which critical electron den-
sity is produced due to the MPI and AI, a shallow crater with
clean surface is obtained, owing to the Coulomb explosion and

electrostatic ablation. Then when the second subpulse with the
same energy reaches the surface, the free electrons still in the
conduction band will contribute to the AI. Moreover, stronger
ablation occurs because the melting coexists with the Coulomb
explosion and electrostatic ablation. This is due to the reheat-
ing of the electrons produced by the first subpulse, which leads
to the heat accumulation. Finally, when the last strong sub-
pulse reaches the focal area, the thermal phase change mech-
anism becomes dominant and leads to the formation of the
recast, which is similar to the case in Fig. 2(b).

(a)
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Fig. 4. SEM images of surface ablated by a single triple-pulse train de-
signed to trigger the phase change mechanism selectively through EDC.
The energy distributions are (a) 3:1:1 and (b) 1:1:3. The corresponding
pulse train is shown in the inset.

By designing the pulse energy distribution based on elec-
tron dynamics, the phase change mechanism can also be selec-
tively triggered by a double-pulse train. As a result, the mor-
phology of the structure can be controlled [Figs. 4(a)–4(c)].
When the energy of the two subpulses is adjusted to be above
the threshold, a scaly surface is observed as shown in Fig. 5(a).
High electron mobility induced by the first subpulse enhances
electron screening. Electron screening reduces the accumula-
tion of positive charges during a femtosecond laser pulse, and
thus reduces the electric field, which weakens the effectiveness
of the Coulomb explosion. The rough surface indicates that
the thermal vaporization dominates the phase change mech-
anism during the irradiation of the second subpulse. At the
same total fluence, when the energy of the first subpulse is
adjusted to be slightly above the threshold, the Coulomb ex-
plosion dominates the material removal process[15,20,34] during
the first subpulse and melting comes into play during the sec-
ond subpulse as shown in Fig. 5(b). When the pulse energy
distribution is reversed, the clean surface as shown in Fig. 5(c),
indicates that the gentle ablation by the Coulomb explosion is
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the main phase change mechanism. Figures 5(c1) and 5(c2)
show the good repeatability of the results.

 

(c2)

(c1)

(c)

(a)
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Fig. 5. SEM images of surface ablated by a single double-pulse train de-
signed to trigger the phase change mechanism selectively through EDC.
The energy distributions are (a) 1:1, (b) 1:2, and (c)–(c2) 2:1. The cor-
responding pulse train is shown in the inset.

4. Conclusions
Based on the EDC, the phase change mechanism is se-

lectively triggered by designing the pulse energy distribution
of subpulses in a train with the pulse delay on a femtosec-
ond time scale. It is demonstrated that the transition between
the nonthermal and thermal phase change mechanisms can be
achieved by the EDC. By properly adjusting the electron dy-
namics during pulse train ablation with a decreasing subpulse
energy distribution, the nonthermal phase change mechanism
dominates the process. In contrast, when the energy distri-
bution is reversed, the thermal phase change mechanism is
dominant. The surface morphology of the ablated structure
can be modified by adjusting the subpulse energy distribution
to change the transient localized electron dynamics, which in
turn triggers the corresponding phase change mechanism. This
is validated by the experiments with different numbers of sub-
pulses in a femtosecond pulse train.
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