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a b s t r a c t

The effects of double pulse delay time and ambient pressure on femtosecond laser ablation of Si are
studied by means of photoluminescence and morphology analysis. Detailed scan of double pulse delay is
performed at vacuum (2 Pa) and atmospheric pressure, and detailed scan of pressure is performed at
three double pulse delay times of 0.2 ps, 53.13 ps and 106.47 ps. It is found that, at various fluences,
photoluminescence intensity and morphology change as functions of both double pulse delay and
ambient pressure. Especially, the shape of the splashing droplets also changes at different experimental
conditions, indicating higher or lower sample temperature. The observations are explained by the
efficiently energy coupling between the second pulse and the liquid layer produced by the first one, and
the pressure dependent energy coupling between plasma and liquid phase as well as ambient gas.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Laser ablation of material is a complex process involving several
phases and multiple length and time scales [1–3]. A sequence of
different events is initiated after the laser irradiation. The type and
order of these events are determined by the properties of the material
and the laser [4,5]. Micromachining with laser pulses of femtosecond
width has been shown to limit the amount of thermal diffusion due to
the very short heating duration and the rapid solid-to-vapor phase
transition. The absorption region is limited to penetration depth of the
optical pulse; thus collateral damage is limited.

Double pulses have been used to probe or control the ablation
mechanisms, such as energy deposition, heat transfer, material
removal processes in various materials of metal, semiconductor
or dielectrics [6–8]. It is shown that photoluminescence emission
during ablation is enhanced when the double pulse delay, defined as
the time between two sub-pulses, is set to a few tens of picoseconds
[6,7]. Compared with nanosecond and picosecond laser pulses, the
plasma reheating effect can be ignored in the femtosecond single
pulse ablation process [9–13]. However, with femtosecond double
pulses, plasma reheating does show some effect. For example, at the
fluence of 15.1 J/cm2, in copper ablation experiments [14], it is
observed that the plasma luminosity increases with double pulse
delay, while the ablation depth decreases. These results reveal that the
interaction of laser–plasma plays a prominent role during the whole
ablation process, and the results are in qualitative agreement with the

simulation result described in Ref. [15]. With the laser fluences of
1.6 kJ/cm2 and 1.2 kJ/cm2, maximum enhancement of ion density and
average ion energy in ablation plume of silicon is observed at the
double pulse delay time of 5 ps [16,17]. The results are explained by
the appropriate plasma density gradient with a properly positioned
critical surface, which interacts most strongly with the second pulse.

The effect of the surrounding gas and pressure on laser ablation of
solid sample has received much increased attention in recent years
because of its importance in pulsed laser deposition [18], nanoparticle
formation and growth [19], laser micromachining [20], and laser-
induced breakdown spectroscopy (LIBS) [21]. After the irradiation of
the surface of solid sample by high powered laser pulse, the produced
plasma expands as a shock wave into the surrounding atmosphere at
supersonic speed. The energy of plasma transfers into the environ-
ment gas through several processes [22,23], such as shock wave
heating, thermal conduction, radiative emission, and ion recombina-
tion. The selection among these interaction processes depends on the
pulse energy, pulse duration, laser wavelength, as well as composition
and condition of environment gas. With nanosecond laser pulse, Lobe
et al. studied the influence of the environment gas and gas mixture on
the ablation of steel [24]. The ablation efficiency can be increased not
only by increasing the laser fluence, but also by changing the ambient
pressure. The results are attributed to the enhanced interaction
between the plasma and the sample in certain ambient gas pressure.
Bashir et al. [25,26] analyzed the influence of the different gases at the
different pressures on optical emission intensity, electron temperature
and density. It is revealed that nanosecond LIBS performance is
strongly affected by the ambient condition due to the shielding effect
of plasma. For femtosecond laser ablation [27–29], at a certain back-
ground air pressure (around 500 Pa), the photoluminescence intensity
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can be significantly enhanced compared with the atmospheric pres-
sure, which is attributed to the further expansion of plasma into
ambient gas and not being cooled as rapidly by the surrounding
species. While at low pressure condition (around 0.4 Pa), the
decreased emission intensity is due to the decreased collisional
excitation and less energy transmission between the plasma and the
surrounding gas particle. In addition, more thermal energy is retained
in sample under gas environment, compared to lower pressure
condition as reported in [30–32], because the high-pressure plasma
can affect the coupling of the thermal energy with the sample. The
explanations of the results are based on two mechanisms: a certain
amount of the laser energy stored in the plasma can be transferred to
the sample surface; compared with vacuum condition, the increased
redeposition of the ablated material at higher gas pressure enhanced
the thermal energy coupling to the sample. In order to explain the
enhancement of retained thermal energy in a gas environment, a
combined model is developed to simulate the ablation process, which
is based on 2D thermal model of laser-induced heating and ambient
gas dynamics [33]. The simulation shows that the hot plasma moves
preferentially toward the sample and its thermal energy couples
efficiently with the sample. Time-resolved pump-probe shadow
graphic imaging results also show that the ambient air assisted in
dissipating the energy into the sample [34].

Silicon and its compounds are widely used in semiconductor
industries, the properties of which and their interaction mechanisms
with external fields have been the study subject of many experimental
as well as theoretical works [35–37]. The interaction of Si with laser
has received more and more interest [38,39]. In our previous studies
[6,7], we also used Si as the sample, which is ablated by femtosecond
double pulse at very low fluences and atmospheric pressure. It was
found that, with increasing double pulse delay, photoluminescence
intensity increases monotonically. However, the enhancement ratio of
photoluminescence intensity at longer double pulse delay to that at
shorter delay will decrease, with increasing fluence. The ablation
behavior under higher laser fluence will be studied in this paper. It
was also observed in our previous work that, with increasing double
pulse delay, the amount of resolidified liquid material increases.
However, the crater volume does not change much with double pulse
delay, which was attributed to the redeposition of materials back into
the crater. Under lower environment pressure condition, the behavior
of ejected material may be quite different. So the study of ablation
under different environment pressure conditions is important.

In this paper, in order to further reveal the mechanisms of
femtosecond laser interaction with materials, we investigate system-
atically the ablation of Si with double femtosecond laser pulses. At
different double pulse delays and ambient pressure values, besides
photoluminescence intensity, the morphology of ablation craters
(including splashing droplet shape, crater depth, width and volume)
is studied, which was not reported in other works. Especially, we do
careful analysis of the splashing droplet shape and show that the
shape changes under different experimental conditions, which reflects
the ablation mechanisms. A complete scan of all double pulse delays
and pressure values is not possible. We do detailed double pulse delay
scans at vacuum condition (2 Pa) and atmospheric pressure, which
will be discussed in Section 3.1; and then do detailed pressure scans at
three double pulse delay values of 0.2 ps, 53.13 ps, and 106.47 ps,
which will be discussed in Section 3.2.

2. Experimental

The experimental setup used in this paper is similar to that
described in Ref. [6], as shown in the schematic drawing in Fig. 1,
which consists of a femtosecond laser source, a Michelson interfe-
rometer to generate double pulse with a controllable delay, a sample
manipulator, and an optical detector. A regenerative amplifier laser

system (Spectra Physics Tsunami oscillator and Spitfire amplifier)
producing 800 nm, 110 fs (FWHM) pulses at a repetition rate of
1 kHz with pulse energy up to �0.7 mJ is used. Laser energy is varied
by adjusting the half-wave plate followed by a Glan prism. The laser is
then divided into two beams and later combined into one beam in a
Michelson interferometer setup, in which the optical length of one
beam can be adjusted, resulting in a varying double pulse delay from
�53.53 ps to 106.47 ps. For all the experiments the intensities of the
two pulses are equal. The overlapped pulses are focused onto the
sample by a 10� objective lens (Edmund Optic, NT59-877) with a
numerical aperture of 0.28, and working distance of 33.5 mm. The
focus size is measured using a moving knife-edge method [40] to be
0.97 μm in diameter, which results in 135 J/cm2

fluence with a 1 μJ
pulse energy. The sample is undoped Si/111S wafer (MTI Crystal),
which is mounted on a motorized XYZ high precision translation stage
(Newport, M-462-XYZ-SD stage and TRA25cc actuators) in a vacuum
chamber. The sample's normal axis is at an angle of 301with respect to
the laser beam direction. The laser is operated in single shot mode and
the stage moves the sample to a new location after each laser spot.
Photoluminescence perpendicular to the laser beam is collected by an
f/2.0 lens, focused into a spectrograph (Princeton Instruments, PI Acton
SP500i) and detected by an ICCD detector (PI-MAX, 1024�256 pixel).
The ICCD is operated in shutter mode with an exposure time of
100 ms which is long enough to collect any photoluminescence
generated. The spectrum intensity at all wavelengths in the spectrum
range studied (350–600 nm) follows the same trend as a function of
double pulse delay. So in this work, the strongest Siþ emission line at
505.6 nm, from 3s24pð2P3=2 Þ’3s24dð2D5=2 Þ transition, is measured.
An average of typically 25 shots is taken for each data point. Whenwe
investigate the effect of ambient pressure during the ablation process,
air is used as buffer gas. The morphology of the ablated crater is
measured by an Atomic Force Microscope (AFM, BenYuan, CSPM5500)
operated in contact mode. The maximum lateral resolution and
vertical resolution of AFM are 0.2 nm and 0.01 nm, respectively. The
scanning range is 50�50 μm.

3. Results and discussion

3.1. Double pulse ablation of Si with different delay values and laser
fluences in vacuum and atmospheric pressure

First, we ablate the Si sample in vacuum (2 Pa) and atmospheric
condition with different laser fluences and double pulse delays.
The photoluminescence obtained in atmospheric condition and in

Fig. 1. Schematic drawing of the experimental setup. The setup can be divided into
four parts: laser, laser beam manipulation, vacuum chamber, control and data
acquisition. Laser beam manipulation components include half-wave plate (HWP),
Glan prism (G), beam splitters (BS), high reflective mirrors (M), and microscope
objective lens (OL). Control and data acquisition components include 1D (Delay)
and 3D stages, lens (L), stage controller, DG535 delay generator, ST133 camera
controller, intensified CCD camera (ICCD), spectrograph, and computer.
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vacuum is of different intensities (which will be discussed in
Section 3.2), but follows same trends, so only data obtained in
vacuum condition are plotted. As shown in Fig. 2, the photolumi-
nescence emission intensity is found to increase with a monotonic
trend with double pulse delay at the lowest fluences, 40.6 J/cm2

and 135 J/cm2, which is consistent with the result obtained in our
previous double pulse experiments in air [6,7]. The small photo-
luminescence intensity peaks observed at about 30 ps for 40.6 J/
cm2 and about 5 ps for 135 J/cm2 are caused by fluctuations of the
photoluminescence intensity because of experimental uncertain-
ties, for example the random shape of generated plasma and thus
the influenced interaction of the plasma with the second pulse. In
order to avoid the interference of two pulses at exact zero delay,
the delay time of the point closest to zero delay is set to 0.2 ps.
A liquid layer is created after the first pulse irradiates the sample,
in the case of Si sample, the metallic liquid absorbs more laser
energy compared with the weak absorbing solid [41,42]. With
increasing double pulse delay, the solid–liquid phase front propa-
gates further into the bulk material, the liquid layer generated by
the first pulse absorbs energy more efficiently than the solid,
producing a higher energy density and therefore higher tempera-
tures within the material [43,44]. These higher temperatures will
then cause an increase in both the amount of material removed

and the concentration of excited species, giving an enhancement
of the photoluminescence. Compared with single pulse, at low
laser fluence, double pulse irradiation produces clean and smooth
structures on the surface of silicon, which is shown by a scanning
electron microscope image of the crater in Ref. [45]. This is an
obvious evidence for the second pulse coupling with a molten
layer [46]. However, when the laser fluence is in the range of 405–
947 J/cm2, with the increase of double pulse delay, the emission
intensity will decrease initially, reach a minimum at certain delay
time, then start to increase. The oscillation of data and offset of
maximum from zero delay are caused by fluctuations of the
measured photoluminescence intensity. When the double pulse
delay is close to 0 ps, the second pulse is absorbed strongly by the
free electron produced from the first one through the mechanism
of Inverse Bremsstrahlung (IB) [4]. The overall intensity of photo-
luminescence, including the background Bremsstrahlung conti-
nuum, increases because of the interaction between high-energy
electrons and atoms or ions [47]. As the double pulse delay
increases, significant expansion of free electrons reduces the
electron density in laser–sample interaction region, and weakens
the absorption of the second pulse by the electrons. The maximum
of electron and ion density has been observed at delay time of
5 ps, after which the density decreases with increasing double
pulse delay [16]. The overall emission intensity will decrease
because of the weaker collisions between electrons and other
particles. When double pulse delay increases to a certain value, the
plasma density becomes low enough so that the second pulse can
penetrate and irradiate on the liquid phase formed by the first
pulse. The stronger energy coupling thus enhances the emission
intensity [6,7,43–45].

Next, we study the morphology of ablation craters by using
AFM. Fig. 3(a), (b), (e) and (f) shows some typical AFM images at
two different fluences and two double pulse delays of 0.2 ps and
106.47 ps in vacuum. The crater obtained with fluence of 40.6 J/
cm2 has clear contour and smooth rim (Fig. 3(a) and (e)). Increas-
ing the delay time, the contour becomes a little irregular and some
structures appear on the rim (as seen in Fig. 3(e)). At the laser
fluences of 405 J/cm2 (Fig. 3(b) and (f)), a large portion of splashing
materials redeposits around the ablation craters as droplets, which
are shown by the solid line arrow. At the double pulse delay of
106.47 ps (Fig. 3(f)), compared with the delay of 0.2 ps (Fig. 3(b)),
we can see more clear tails following the droplets, which are
shown by the dashed line arrow in Fig. 3. The tails are short and
not clear at the double pulse delay of 0.2 ps. And, the size of
droplets with the delay of 0.2 ps is significantly different from that
of 106.47 ps with the same laser fluence. In Fig. 4, the cross
sections of the droplets selected randomly from the AFM images
for four different laser fluences are presented. At 106.47 ps, the
height of droplet is obviously greater than that at 0.2 ps. The
evolution of the height and width of the droplets is illustrated in
Fig. 5, as functions of four double pulse delays. The data from ten
droplets around a crater are averaged. The height is much smaller
than the width, and the shape of the droplet is more like a thin
slab, when double pulse delay is shorter (0.2 ps). At longer time
delay (106.47 ps), the shape becomes more congregated, where
the droplet width decreases, while the height increases. After the
irradiation of laser pulse, the sample will be in a mixed phase of
liquid and solid. Compared with shorter time delay, with longer
delayed double pulse, because of better coupling of laser pulse and
liquid phase created by the first pulse [6,7,43–45], the energy
density in the irradiated sample is high, resulting in high tem-
perature and larger ratio of liquid phase to solid phase. In this
higher temperature mixture, the size of solid phase pieces will be
smaller compared to that in lower temperature mixture. Hence, the
ejected droplets will contain smaller portion of solid phase covered
by larger portion of liquid phase. Because of surface tension of the

Fig. 2. Photoluminescence intensity from Si/111S at 505.6 nm as a function of
femtosecond double pulse delay, with different laser fluences of (a) 40.6 J/cm2,
(b) 135 J/cm2, (c) 405 J/cm2, (d) 676 J/cm2 and (e) 947 J/cm2. Different curves are
obtained with different gain of the ICCD detector and the intensities between them
are not comparable.
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liquid phase, the droplets will tend to form round shape. Thus, we
observe droplets with smaller width to height ratio at longer double
pulse delay. Moreover, after absorbing energy of the second pulse,
homogeneous melting is followed by rapid expansion of the super-
heated mixed phase material, the system is readily driven into the

liquid–vapor coexistence state which initiates phase explosion
[48,49]. The ejected liquid material then cools rapidly and resoli-
difies, leaving behind more radial structures as tails following the
droplets. Both the shape change and appearance of tails indicate
higher degree of melting at longer double pulse delay, because of

Fig. 3. AFM images of ablated craters in vacuum (a, b, e, and f) and in atmospheric pressure (c, d, g, and h). The laser fluences are 40.6 J/cm2 (a, e, c, and g) and 405 J/cm2 (b, f,
d, and h). Double pulse delays are 0.2 ps (left column) and 106.47 ps (right column). The splashing material as droplet is shown by the solid line arrow, the tail is shown by
the dashed line arrow.
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the stronger interaction between the second pulse and the silicon
liquid phase. At the same time, this stronger absorption of energy
from the second pulse also results in higher photoluminescence
emission, as seen in Fig. 2(a)–(d).

Fig. 3(c), (d), (g) and (h) shows some typical AFM images at two
laser fluences and two double pulse delays of 0.2 ps and 106.47 ps
in atmospheric pressure. With fluence of 40.6 J/cm2, at longer
double pulse delay (compare Fig. 3(c) and (g)), some tiny particles
can be observed to redeposit around the crater. As the fluence
increases to 405 J/cm2 (Fig. 3(d) and (h)), more quantity of tiny
particles redeposit on the sample surface, resulting in the blurred
AFM image. Due to the stronger confinement effect of environ-
ment gas under atmospheric pressure, compared to lower pres-
sure condition, more quantity of ejected materials during ablation
will redeposit back around the crater. It is difficult to study droplet
shape as a function of double pulse delay with the blurred image.
The differences of morphology of craters obtained with the same
fluence but under different pressures will be discussed in the next
section.

3.2. Ablation of Si under different ambient pressures

In the next experiment, the sample is ablated with a low laser
fluence of 40.6 J/cm2 and a high fluence of 676 J/cm2, environment
pressure is scanned from 2 Pa to atmospheric pressure, photo-
luminescence intensity is recorded at three double pulse delays,
0.2 ps, 53.13 ps and 106.47 ps. Firstly, the increase and decrease of

the photoluminescence intensity and crater dimension are caused
by the competition of two mechanisms, i.e. plasma interaction
with the sample and plasma interaction with environmental gas,
as discussed in detail in the following paragraphs. These mechan-
isms exist in higher fluence of 676 J/cm2 as well as in lower fluence
of 40.6 J/cm2. So the photoluminescence intensity and crater
dimension as functions of pressure obtained at two fluences follow
similar trends. Thus, only data obtained at 676 J/cm2 are depicted
in Fig. 6. Secondly, from the morphology, i.e. crater depth, width
and volume, in Fig. 6, the ambient pressure effect on ablation is
independent of double pulse delay. Therefore, only data obtained
at 0.2 ps are shown in Fig. 7–9.

As shown in Fig. 6(a), with increasing pressure, the photolumi-
nescence intensity increases and reaches maxima at around 103 Pa,
decreases in even higher pressure region, with a slight increase
at atmospheric pressure. The higher degree of plasma expansion in
the low pressure condition results in lower electron density and
temperature within the plasma. The weak interaction, including
thermal energy coupling and pressure between the plasma and the
sample surface, hence less energy transferred to sample surface,
results in relatively low emission intensity [30–32]. When the
ambient pressure is in the range of 2–103 Pa, the increasing
pressure of the ambient gas can restrain the expansion of the
ablated material, which enhances the thermal coupling to the
sample due to an increased redeposition of the ablated material
compared with the vacuum condition [30–32]. On the other hand,
the expansion of plasma is restricted too, i.e. the confinement effect

Fig. 4. AFM cross sections for droplets obtained at double pulse delays of 0.2 ps (black solid line) and 106.47 ps (red dash line), with laser fluence of (a) 135 J/cm2, (b) 405 J/
cm2, (c) 676 J/cm2 and (d) 947 J/cm2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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of plasma assists ablation [25]. At higher pressure in the range of
103 Pa to atmospheric pressure, the effective frequency of electron
elastic and inelastic collisions with the surrounding gas particle
increases [21,26]. The predominant non-adiabatic process delivers
more plasma energy to the surrounding gas particle. The decrease
of electron density and temperature weakens the energy coupling
between the plasma and the sample, which results in the lower
emission intensity. The ablation plasma, without being cooled
rapidly compared with the atmospheric pressure condition and
without being expanded too much compared with vacuum condi-
tion, achieves the optimum electron temperature and density at the
pressure of about 103 Pa, which interacts most strongly with the
sample [24]. The slight increase of emission intensity at atmo-
spheric pressure can be attributed to improved ablation efficiency
from air plasma assisted heat dissipating into sample surface
[33,34]. Due to the high fluence used in this experiment (676 J/
cm2), the differences between photoluminescence intensities
observed at three double pulse delay values are rather small, as
that can be expected from results obtained in our previous works
[6,7].

The crater depth, width (full width at half-maximum of cross
section profile), and volume are measured as a function of ambient
pressure, as shown in Fig. 6(b)–(d). In the calculation of the depth,
width and volume of a crater, the original sample surface level is
used as a base line. Each data point is the averaged result of data
from 3 to 5 craters. The cross section profiles of craters obtained at
different pressures at zero double pulse delay are also displayed
in Fig. 7. The curves of different double pulse delays in Fig. 6
follow similar trends. With increasing pressure, the crater depth

Fig. 5. (a) Average width and (b) height of droplets around the crater as functions
of femtosecond double pulse delay, with laser fluences of 135 J/cm2 (red circle),
405 J/cm2 (green square), 676 J/cm2 (black triangle) and 947 J/cm2 (blue diamond),
an average from 10 droplets is taken for each data point. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 6. (a) Photoluminescence intensity, (b) depth, (c) width and (d) volume of
ablation crater as a function of ambient pressure under three double pulse delays of
0.2 ps (red triangle), 53.13 ps (blue circle) and 106.47 ps (black square), with laser
fluence of 676 J/cm2. Solid curve, dashed curve and dotted curve correspond to
0.2 ps, 53.13 ps and 106.47 ps, respectively. Those curves in (b)–(d) are drawn to
guide the eye. An average from 3 to 5 droplets is taken for each data point. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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increases and reaches maximum around 104 Pa, then decreases in
even higher pressure region. The trend of width is reversed
compared to that of the crater depth, the minimum is around
104 Pa.

In the range of 2–104 Pa, the increasing crater depth can be
attributed to the greater interaction between ablation plasma and
sample [24,25]. Comparing Fig. 6(a) and (b), we see that in the
range of 103–104 Pa, crater depth increases while the photolumi-
nescence intensity decreases. Though the amount of removed
material and the concentration of excited species increase, the
enhanced electron elastic and inelastic collisions with surrounding
gas particles result in more plasma energy consumption [21,26],
giving an overall decline of photoluminescence. When the ambient
pressure is higher than 104 Pa, the crater depth begins to dec-
rease. This is due to two reasons. On one hand, the non-adiabatic
collision process between plasma and surrounding gas consumes
more plasma energy, weakening the energy coupling between
plasma and sample. On the other hand, redeposited ablation
material in the crater under higher pressure condition may also
reduce the crater depth. Increasing the pressure, expanding
plasma is not only confined in vertical direction but also in
horizontal direction. Thus, the increasing or decreasing coupling
between plasma and sample also results in a decreased or
increased width of the crater; hence a reversed trend of width to
that of depth in Fig. 6(b) and (c). The crater volume fluctuates
around 6.5 μm3 over the pressure range, with a slight increasing
trend as the pressure increases. The slight increase can be
attributed to the assisting effect of air plasma [33,34].

The crater dimension is found to be nearly independent of
pulse delay. In our previous works [6,7], we already found that
crater dimension does not change much with double pulse delay.
Based on other experimental evidences, the mechanisms were
proposed to be: more material undergoes transitions from solid
to liquid at longer double pulse delay, but most of the material
resolidifies and stays in the crater without being ejected. The
amount of the ejected material depends on the amount of laser
energy deposited into the material, which do not change when
changing double pulse delay. Other works also found similar
results. For example, in the study that silver foil was ablated by
femtosecond double pulse [50], it was found that the ablation
crater depth from double pulse is larger than single pulse at very
low laser fluence (for example, 0.65 J/cm2 and 2 J/cm2), but the
difference of crater depth from double pulse and single pulse is
small with larger fluences (for example, 16 J/cm2 and 20 J/cm2). In
the current paper, we are using large fluences of 40.6 J/cm2 and
676 J/cm2, it can be expected that crater dimension does not
change significantly with double pulse delay.

Fig. 8(a)–(d) shows some typical AFM images of craters
obtained under four pressures of 40 Pa, 1300 Pa, 4�104 Pa and

atmospheric pressure, with laser fluence of 676 J/cm2. In the range
of 2–1300 Pa, ablation material can eject freely from the crater
compared with higher pressure condition, more droplets with
irregular shapes redeposit around the ablation crater. As the
pressure increases in the range of 2600–4.0�104 Pa, a more
pronounced confinement effect of the plasma takes place. Certain
amount of the laser energy stored in the plasma can be transferred
to the liquid layer in sample surface. Enhanced interaction pro-
duces more clear tails following the droplets. In addition, the
increased pressure will prevent the ablated material ejecting from
the craters, which decreases the quantity of droplets and makes
the contour of crater clear. Under atmospheric pressure condition,
expansion of ablation plasma is strongly limited and the cooling
speed of plasma is very high. Nanometer sized tiny particles,
which are formed by the resolidification of recombined material in
plasma [51,52], redeposit on the sample surface [30], resulting in
the blurred AFM image.

The cross sections of each droplet are analyzed and the height
and full width at half-maximum are measured as a function of
ambient pressure, with laser fluence of 676 J/cm2, as shown in
Fig. 9(a). Each data point is the averaged result of data from three
droplets. The height and width values fluctuate in the pressure
range. An overall increased trend of height and overall decreased
trend of width are observed. This can be attributed to the
enhanced interaction between ablation plasma and sample, with
increasing pressure. The degree of melting increases, resulting in
high temperature and larger ratio of liquid phase to solid phase
in the irradiated sample. The congregated droplets with smaller
width to height ratio are formed because of surface tension
of liquid phase material, as discussed in Section 3.1. On the other
hand, decreased energy coupling between plasma and sample
under high pressure, which have been discussed in above para-
graphs, may result in an increase of droplet width and decrease of
height under pressures close to atmospheric pressure. This struc-
ture, however, is not observed in current experiment, probably due
to the fluctuation of data.

Fig. 8(e)–(h) displays the typical AFM images of craters
obtained under four pressures of 40 Pa, 1300 Pa, 4�104 Pa and
atmospheric pressure, with laser fluence of 40.6 J/cm2. Liquid
phase is produced after the laser radiation of the sample. In the
low pressure range of 2–640 Pa, because of weaker confinement
effect, the liquid material overflows freely from the crater, leaving
behind an ablation crater with wider rim and irregular contour.
As the pressure increases in the range of 1300 Pa to atmos-
pheric pressure, craters with narrow rim and clear contour are
observed. This is due to stronger interaction between plasma and
the liquid layer, hence higher pressure in the center region of the
crater. The liquid phase material is pushed out from the center,
forming a clear narrow rim. A resolidified liquid structure, as
shown by the arrows in Fig. 8(f)–(h), appears at the bottom of the
crater. Fig. 10 shows a cross section of one crater to further
illustrate the resolidified liquid structure, the edge of which is
indicated by the arrows. This structure may be produced by the
thermal energy coupling between plasma and liquid phase. The
shapes of ablation crater and resolidified liquid structure are
approximately elliptic, which has a major axis and a minor axis,
as illustrated in Fig. 8(h). In order to study the size of this
structure, the major axis length ratio and minor axis length ratio
are plotted as functions of pressure, as shown in Fig. 9(b). Length
ratio is defined as the ratio of the length of the resolidified liquid
structure axis to that of ablation crater in the same direction. Both
the maximum major axis length ratio and minor length axis ratio
appear at the pressure of the order of magnitude of 104 Pa, then
decrease in even higher pressure region. Again, the increased or
decreased thermal energy coupling between plasma and sample
results in more or & less absorbed energy into the liquid phase;

Fig. 7. Typical AFM crater cross sections obtained under different ambient
pressures with laser fluence of 676 J/cm2. The double pulse delay is 0.2 ps.
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Fig. 8. AFM images of ablated craters at various ambient pressures of 40 Pa, 1300 Pa, 40,000 Pa and 1 atm (atmospheric pressure), with the double pulse delay of 0.2 ps. The
laser fluences are 676 J/cm2 (left column) and 40.6 J/cm2 (right column). The resolidified liquid structures are shown by the arrows in (f–h). The major axis and the minor axis
of the crater are illustrated by the solid line and dashed lines in (h), respectively.
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hence a bigger or smaller inner structure is formed due to the
conduction of thermal energy.

4. Conclusion

Si is ablated by femtosecond double pulse under different
experimental conditions, including double pulse delay, ambient
pressure and laser fluence. Photoluminescence intensity as a
function of double pulse delay shows a different trend at higher
fluences compared to lower fluences, which is attributed to the
combined effect of plasma reheating and laser–liquid phase
interaction. The shape of the droplet is observed to be more like
a thin slab at shorter double pulse delay, and more congregated at

longer delay. This result demonstrates the better energy coupling
between the second laser pulse and liquid phase created by the
first pulse. The higher or lower energy coupling between ablation
plasma and liquid phase as well as ambient gas results in different
trends of photoluminescence, crater depth and width, as functions
of ambient pressure. A resolidified liquid structure inside the
crater can be observed at the lowest fluence. The structure may
be produced by the thermal energy coupling between plasma and
liquid phase, the size change of which as a function of pressure
also demonstrates that the energy coupling between plasma and
liquid phase as well as ambient gas is pressure dependent.

From the results obtained in this paper, we can see that, during
the ablation of silicon, splitting the energy of one laser pulse into
two produces quite different behaviors. The behavior is also
strongly influenced by other experimental conditions, such as
fluence and ambient pressure. Depending on specific application,
one might want to choose different combinations of experimental
conditions. For example, to achieve higher photoluminescence
intensity, as in some LIBS application, one needs to work under
the pressure around 103 Pa, choose a long double pulse delay at
low laser fluence or short double pulse delay at high laser fluence.
To achieve higher depth to width ratio, as in some hole drilling
application, one needs to work under the pressure around 104 Pa,
and choose appropriate double pulse delay according to the
fluence used.

This paper and many other works all reveal that the ablation
process is complex, both temporally and spatially. Femtosecond
double pulse is a simplified tool for studying the ablation process
and controlling it. In future studies, we recommend the use of
shaped femtosecond pulses, by which complete adaption of the
laser field to the ablation process can be achieved. As the first step,
a three pulse laser field can be used to control the ablation
behavior, in which, the first pulse initiates the ablation process,
the second coming after a short delay interacts with the generated
plasma, and the third coming after a long delay interacts with the
generated liquid phase sample.
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