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In this work, we systematically study the surface modifications of femtosecond (fs) laser irradiated Nd:
YAG crystal in stationary focusing case (i.e., the beam focused on the target in the steady focusing geom-
etry) or dynamic scanning case (i.e., focused fs-laser beam scanning over the target material). Micro-sized
structures (e.g. micro-craters or lines) are experimentally produced in a large scale of parameters in
terms of pulse energy as well as (effective) pulse number. Surface ablation of Nd:YAG surface under both
processing cases are investigated, involving the morphological evolution, parameter dependence, the
ablation threshold fluences and the incubation factors. Meanwhile, under specific irradiation conditions,
periodic surface structures with high-spatial-frequency (<k/2) can be generated. The obtained period is as
short as 157 nm in this work. Investigations on the evolution of nanograting formation and fluence
dependence of period are performed. The experimental results obtained under different cases and the
comparison between them reveal that incubation effect plays an important role not only in the ablation
of Nd:YAG surface but also in the processes of nanograting formation.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

The interaction of ultrafast laser pulses with solids has gained
remarkable attraction over the past decades due to the increasing
availability of commercial ultrafast laser sources along with the
improvement in corresponding physical mechanisms [1–3]. Ultra-
short ablation exhibits advantages in terms of high resolution and
geometric flexibility of the fabricated structures. Through ultrafast
laser irradiation, the local intensity distribution can be engineered
via tailoring the irradiation parameters, achieving various kinds of
modifications on different materials. Micrometer-sized structures
in dielectric materials produced by laser irradiation, such as
micro-craters or micro-channels, have been investigated experi-
mentally and theoretically [4–14]. Upon ablation of these materials
with laser pulses, usually two cases are performed which are ‘‘sta-
tionary focusing case” with the beam focused on the target surface
in the steady focusing geometry and ‘‘scanning case” with focused
fs-laser beam scanning over the target material. It has been
revealed that, during multiple laser pulse micromachining, the
incubation effect, which is related to the laser induced defects,
influence the ablation threshold and thereby is partly responsible
for the formation of micro-structures [6,11–14]. For both practical
and theoretical reasons, it is crucial to determine the laser-induced
damage threshold of certain material. Such threshold relies on the
material properties together with the laser parameters such as
pulse number or scan speed. Several experimental approaches
have been established for the determination of the laser ablation
threshold of a material [10].

Since the pioneering work by Birnbaum early in 1965 [15], sig-
nificantly increasing research works have been focused on laser-
induced periodic surface structures (LIPSS, so called ripples),
among which nano-sized grating structures (i.e., nanogratings)
generated by direct femtosecond laser irradiation have been
widely reported. By irradiating with the tightly focused laser
pulses on the surface or in the bulk of materials, nanogratings
could be created in either stationary case or scanning case with
the nanoscale arrangement underlying in the central area of the
focal spot (for the former case) [8,16–21], in the cross-section of
irradiated line [22–25] or in the scanned volume (for the latter
case) [13,17,23,26–29]. Up till now, representative dielectric solids
utilized for nanograting formation is fused silica [8,13,16–20,24–
28] and sapphire [5,6,22,23,29], whilst a relatively small number
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of research activities are about materials such as TeO2, LiF, MgF,
BaF2, CaF2, ZnO [8,16,21,30–32]. Many investigations are con-
ducted to study the origin of nanograting on these materials as a
function of irradiation parameters. Apart from the laser wave-
length, repetition rate, pulse duration, pulse delay and focusing
condition, parameters including laser polarization, laser fluence,
pulse number, as well as the scan speed have been proved to be
essential for controlling the formation of the nanograting. For LIPSS
produced by linearly polarized laser beam in dielectrics, low-
spatial-frequency LIPSS (LSFL) with a period close to the irradiation
wavelength k or close to k/n (where n represents the refractive
index of the material) [18] or high-spatial-frequency LIPSS (HSFL)
which has spatial periods significantly smaller than k (under cer-
tain condition, equal to k/2n) [17,19,22–28,30] are usually
observed in the ablated area, showing an alignment either perpen-
dicular or parallel to the laser polarization. Additionally, hybrid
structures with LSFL surround by HSFL are obtained under either
stationary case [20,21,31,32] or scanning case [29]. Additionally,
LSFL with a novel annular morphology which is independent of
the laser polarization and universally observed for different focus-
ing geometries are demonstrated on fused silica [33]. However, the
nature of the formation of LIPSSs is still quite controversially dis-
cussed. Incubation effect, which is responsible for the ablation
threshold of the materials, has been found to be crucial during
the formation of nanograting [13,17,19].

Such micro-sized structures and nano-sized LIPSSs show
promising potential in micromachining for the realization of 3D
microchannels, nanofluidic devices, optical storage devices, polar-
ization converters and so on. In this work, we systematically
explore, for the first time to our knowledge, the evolution and for-
mation of fs-laser induced micro-sized structures and nano-sized
LIPSSs on the surface of Nd:YAG crystal in the stationary focusing
case as well as in the dynamic scanning case. In this latter case,
the fs-laser beam adopted is polarized either parallel or perpendic-
ular to the scan direction. The parameter dependence of laser
ablated regions on Nd:YAG surface under various conditions of
pulse energies and pulse numbers (or scan speed) are investigated
and analyzed by utilizing scanning electron microscopy (SEM). The
laser induced ablation threshold fluences and incubation factors of
Nd:YAG under two cases are obtained based on the diameter-
regression technique and incubation equation. More importantly,
LIPSSs are produced in both cases under certain parameters,
revealing that high quality LIPSSs could be produced by adjusting
incident laser in terms of laser energy as well as pulse number
(or scan speed). The periods of LIPSSs are measured, showing the
formation of high-spatial-frequency surface nanograting on Nd:
YAG crystal. Their dependences on irradiation parameters are also
investigated. We evidence that incubation effect plays a pivotal
role not only in the process of Nd:YAG ablation and but also in
the generation of nanogratings on Nd:YAG surface.
2. Experiments in details

The Nd:YAG crystal selected for this work is doped by 1 at.%
Nd3+ ions and optically polished. Several exposures are performed
on the sample surface by employing fs-laser either in the station-
ary focusing case or in the dynamic scanning case with different
parameters including pulse energy, number of shots, scan speed
and laser polarization. A commercial 120-fs Ti:Sapphire regenera-
tive amplifier (Spitfire, Spectra Physics, USA) is used as fs-laser
source to deliver linearly-polarized pulses at central wavelength
of 795 nm with 1 kHz repetition rate. The laser polarization and
the incident energy are adjusted with a half-wave plate and a lin-
ear polarizer placed before a calibrated neutral density filter. After
being focused by a 10� microscope objective, the laser beam is
irradiated on the target which is mounted on a computer con-
trolled XYZ motion stage. After irradiation, in order to remove
the debris from the laser modified regions for analyzing, ablated
sample is etched in 50% phosphoric acid for 5 min and subse-
quently cleaned in an ultrasonic bath. Afterwards, the sample sur-
face is analyzed by scanning electron microscopy.

In the stationary focusing case, the number of incident pulses
reaching each spot of the sample is controlled with a mechanical
shutter (Uniblitz). Fig. 1(a) shows the schematic of the laser irradi-
ation procedure in this case. A series of ablation spots are created
in the surface with different pulse energies from 0.2 lJ to 8.0 lJ
and the number of shots ranging from 5 to 10,000 per site. As
shown in Fig. 1(b), which is the optical microscope image of mod-
ified surface obtained on Nd:YAG surface in stationary case, the
ablation can be observed for all of the irradiating conditions. In
the dynamic scanning case, two different approaches are tested
with the electric field of the fs-laser E either parallel or perpendic-
ular to the scanning direction S, as illustrated schematically in
Fig. 1(c). The pulse energies used for both approaches are changed
from 0.032 lJ up to 4.0 lJ and the scan speeds are varied from 5
lm/s to 200 lm/s. Fig. 1(d) shows the optical microscope images
of the irradiated lines on Nd:YAG surface. It is found that when
pulse energy is lower than 0.11 lJ, the irradiated areas are very dif-
ficult to be observed.
3. Results and discussion

3.1. Micro-structures produced in stationary focusing case

In the stationary focusing case, four regimes of isolated modifi-
cations are induced by different pulse numbers and energies,
which can be located within a process window visualizing the dif-
ferent types of modifications and corresponding process parame-
ters (REGIME I-IV in Fig. 2(a)). The SEM micrographs in Fig. 2(b)–
(e) compare some femtosecond pulse laser-induced modifications
in REGIME I and IV for different parameters of: (b) 0.2 lJ, 5 shots;
(c) 0.6 lJ, 20 shots; (d) 8 lJ, 200 shots; (e) 8 lJ, 1000 shots. In
REGIME I, superficial and smooth modification is observed as
shown in Fig. 2(b)–(d). In contrast with REGIME I, well-shaped
LIPSSs are fabricated in REGIME III. Between REGIME I and III, a
transitional modification pattern (denoted RANGE II) is detected.
Both of the REGIME II and III will be discussed in detail later. In
RANGE IV, ultra-deep craters are induced by high pulse energy
and massive pulse number, as shown in Fig. 2(e).

Regardless of the emergence of LIPSSs, the damage size D
induced by fs-laser depends on the fluence used with respect to
the laser-induced ablation threshold (LIAT) of the material, which,
in turn, can be determined by measuring the diameter of the
ablated areas. The relation between them can be given by:

D2 ¼ 2x2 ln Ep=Eth

� � ð1Þ

where Ep is the experimentally measured pulse energy, Eth is the
LIAT energy and x is the effective radius of Gaussian beam. In
Fig. 3(a), squared diameters D2 are plotted as a function of the laser
pulse energy ln(Ep) for 5 pulse processing. By extrapolating the lin-
ear fit (blue line) to D2=0, the effective beam radius and surface LIAT
energy can be determined (so called the diameter-regression tech-
nique [10]). With 5 pulse irradiation, the effective radiusx = 1.7 mm
of the laser spot is calculated and the LIAT energy Eth is computed to
be 0.20 mJ, corresponding to a LIAT fluence Fth of 4.38 J/cm2. In this
work, the lowest laser energy utilized at 5 pulses is near the thresh-
old value, therefore yielding a superficial modification. Similar cal-
culations for values of pulse number up to 10,000 enable to
determine the effective beam radii and LIAT fluences at different
pulse numbers. It can be seen from Fig. 3(b) that the effective radius



Fig. 1. Schematic of fs-laser irradiation process and optical microscope observation of the writing areas on Nd:YAG surface in stationary focusing case ((a) and (b)) and
dynamic scanning case ((c) and (d)). The machining parameters are included in (b) and (d). K: Laser propagation direction; E: Electric field; S: Scan direction.

Fig. 2. (a) Process window of irradiation in stationary focusing case with localization of different types of modifications corresponding to REGIME I-IV. (b)–(e) Some SEM
images of Nd:YAG crystal surface after irradiation with laser pulses of different parameters.
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of the laser beam increases with the pulse number, revealing the
decrease of LIAT fluence, which is induced by multipulse related
incubation effect. However, the effective beam radii reach a satura-
tion at around 1000 pulses, indicating the saturation of the incuba-
tion effect. The red balls in Fig. 3(c) display the calculated LIAT
fluences as a function of pulse numbers. As expected, the LIAT flu-
ence of Nd:YAG crystal decreases dramatically for small pulse num-
ber and then becomes saturated at the pulse number of about 1000.

In stationary focusing case, the incubation effect could be
described by equation:

FthðNÞ ¼ Fthð1Þ þ Fthð1Þ � Fthð1Þ½ � exp½�kðN � 1Þ� ð2Þ
where Fth(1) is the threshold fluence at an infinite numbers of
pulses, Fth(1) is the single pulse ablation threshold and k is an
empirical parameter (so called incubation factor). According to
the incubation equation Eq. (2), the experimental data of threshold
fluence at different pulse numbers can be fit exponentially with a
single pulse ablation threshold of 4.46 J/cm2, an infinite pulse abla-
tion threshold of 2.46 J/cm2 and an incubation factor k of 0.005, as
shown with black line in Fig. 3(c). Therefore, compared with the sin-
gle pulse ablation Fth(1), the threshold reduced approximately 45%
when it reaches saturation value.

Additionally, the crater diameters can be plotted as a function of
pulse fluences for different pulse numbers as depicted in Fig. 3(d).



Fig. 3. (a) Squared diameter D2 of the ablated area as a function of the pulse energy ln(Ep) for 5 pulse processing. (b) Calculated effective beam radius versus the pulse
number. (c) LIAT fluence versus laser pulse number for Nd:YAG crystal in stationary focusing case. Ball symbols represent experimental data; solid line represents the fitting
result from following Eq. (2). (d) Fluence dependence of the diameters of the ablated areas on Nd:YAG surface. The lines guide the eye.
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As can be seen clearly that with increasing pulse fluences under
fixed pulse number, the diameters of irradiated craters increase
monotonously, following a semi-logarithmic representation.

3.2. Micro-structures produced in dynamic scanning case

In analogy to the study of static irradiation, the structures fab-
ricated in the scanning case are investigated with SEM. Based on
the SEM graphs of the modified structures, neglecting the forma-
tion of LIPSSs, the structural overall widths are investigated. In
consequence, the ablation threshold of micro-sized scanned line
can be calculated with the diameter-regression technique by sim-
ply replacing damaged diameter with structural width in Eq. (1). In
this situation, the ablation threshold fluences Fth for scan speed of,
for instance, 5 lm/s are determined to be around 1.83 J/cm2 (Eth =
0.18 lJ,x = 2.5 lm) and 2.4 J/cm2 (Eth = 0.19 lJ,x = 2.3 lm) corre-
sponding to the approaches with E parallel to S and E perpendicu-
lar to S respectively.

During the scanning process, different scan speeds result in dif-
ferent numbers of pulses irradiating the sample. The effective pulse
number Neff that impinges on each point can be determined as:

Neff ¼ x=d ¼ xf=v ð3Þ
in which d is the pulse-to-pulse space, f is the repetition rate of the
laser pulses (1 kHz in this work) and v equals to the scan speed.
Consequently, the surface LIAT fluence under scanning case as a
function of the effective pulse number can be obtained as shown
in Fig. 4(a) and (b). The incubation equation for scanning irradiation
is considered to be the same with Eq. (2) in which N represents
effective pulse number Neff, and thus the calculated data of LIAT flu-
ences can be fit accordingly (see exponential curves in Fig. 4(a) and
(b)). The incubation equation for the situation of E parallel to S is
determined to be FNeff = 1.82 + 0.62 � exp[-0.01�(Neff � 1)], deriv-
ing a single shot LIAT fluence of 2.44 J/cm2 together with an infinity
pulse LIAT fluence of 1.82 J/cm2. As for the case of E perpendicular
to S, the obtained single and infinity shot LIAT fluence are 3.1 J/
cm2 and 2.37 J/cm2 respectively and the incubation equation can
be described as FNeff = 2.37 + 0.73 � exp[�0.009 � (Neff � 1)]. The
factor k that characterizes the strength of incubation for two
approaches are thus estimated to be 0.01 and 0.009 which are
higher than that obtained from stationary case (k = 0.005). It is
therefore reasonable to conclude that the incubation is influenced
not only by the number of pulses that impinged on the sample sur-
face but also on the laser-irradiating approaches. The incubation
factor obtained in our work for Nd:YAG crystal is much smaller than
the previously reported values for, such as, sapphire crystals [6,29],
lithium niobate crystal [14] and glass [11,13]. Nonetheless, it would
be expected though, that the incubation factor is low but very
important for the ablation of Nd:YAG crystal.

Moreover, the development of structural overall width as a
function of pulse fluence is investigated, as documented in Fig. 4
(c) and (d) for two different approaches (E//S and E\S), which obvi-
ously show very similar variation trends. For fixed scan speed (i.e.,
fixed effective pulse number), the widths of the structures increase
with pulse fluences. Additionally, similar to the stationary focusing
case, a scanning laser beam results in a damage whose width scales
with a semi-logarithmic law which, in turn, indicates the identical
behavior of laser fluence deposition into the Nd:YAG crystal during
static and dynamic ablation process.
3.3. Nanogratings produced in stationary focusing case

In the stationary focusing case, periodic ripples are produced in
the laser ablated craters with processing laser energies from 0.4 lJ
to 4 lJ and pulse number equal to or greater than 100. With a
lower number of laser pulse of 50, only small grooves are initiated
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without clear indications of LIPSSs when pulse energy is higher
than 0.2 lJ, which can be considered as transition states between
smooth modification and LIPSSs. In Fig. 5, two transitions are
Fig. 4. LIAT fluence versus effective laser pulse numbers for Nd:YAG crystal in dynamic s
to the scanning direction. Balls represent experimental data; solid lines represent the fitti
with laser polarization parallel (c) or perpendicular (d) to the scanning direction. The li

Fig. 5. Nanogratings formed on Nd:YAG surface in stationary focusing case. (a) and (b)
nanograting structures correspond to pulse number of 100 and pulse energies ranging fr
either pulse energy or pulse number well above the critical value. (i) Nanograting perio
shown corresponding to 50 laser shots at pulse energies of 0.6 lJ
(Fig. 5(a)) and 0.8 lJ (Fig. 5(b)), respectively. Shallow grooves can
be recognized at the bottom of the crater, as indicated by red
canning case for approaches with laser polarization parallel (a) or perpendicular (b)
ng results. Fluence dependence of the widths of the ablated lines on Nd:YAG surface
nes guide the eye.

Transition states between smooth modifications and LIPSSs, (c)–(e) Well-organized
om 0.4 lJ to 0.8 lJ. (f)–(h) Three examples of slightly disordered nanogratings with
ds produced with different parameters in stationary focusing case.
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arrows. Consequently, with static irradiation, the critical number of
pulses for nanograting generation in Nd:YAG crystal can be esti-
mated to be around 50. Furthermore, as previously mentioned, at
the lowest laser energy of 0.2 lJ, the material only suffers a mod-
erate modification without the appearance of grooves. When the
laser energy increases slightly to 0.4 lJ, a pronounced change hap-
pens and obvious ripples appear at the bottom of the laser-
irradiated craters, as shown in Fig. 5(c) for instance. Obviously, at
a fixed number of laser pulses larger than 50, there is a critical flu-
ence threshold for the formation of LIPSSs, above which a transi-
tion from smooth modification to LIPSSs occurs. This threshold
for ripple formation on Nd:YAG crystal under our experimental
conditions is slightly higher than the laser-induced ablation
threshold, corresponding to pulse energy larger than 0.2 lJ but
lower than 0.4 lJ. According to our experimental observation, the
best three LIPSSs that feature distinct, uniform and parallel grooves
are obtained when the pulse number is 100 and pulse energies
range from 0.4 lJ to 0.8 lJ, as shown in Fig. 5(c)–(e). When the
pulse energy or pulse number is well above the critical value, deep
and rough craters are formed accompanied by slightly disordered
ripples, as shown in Fig. 5(f)–(h). Therefore, in order to fabricate
LIPSSs of high quality with a stationary focused laser beam on
Nd:YAG surface, the incident laser should be adjusted in terms of
laser energy as well as pulse number.

For a quantitative analysis of the LIPSS periods, the average
spacing of grooves at the bottom of each crater is measured (as
shown in Fig. 5(c)–(h)) and plotted in Fig. 5(i). It can be seen that
the periods are between 206.5 nm and 270.5 nm (0.25k–0.34k),
indicating the formation of high-spatial-frequency LIPSSs (i.e.,
nanogratings). The orientations of the created nanogratings are
perpendicular to the laser beam polarization.
Fig. 6. Evolution of nanogratings formed with pulse energy of 0.4 lJ on the surface of Nd
Generation of nano-craters; (b) Connection of nano-craters; (c) Development of interm
formed on the surface of Nd:YAG crystal in scanning case with laser polarization paralle
lines guide the eye.
3.4. Nanogratings produced in dynamic scanning case

3.4.1. Irradiation with the laser beam polarized along the scan
direction

Under this irradiating condition, the evolution of nanograting
formation experiences progressive stages involving the generation
of nano-craters, the connection of nano-craters, the development
of intermittent nanogratings and, finally, the formation of periodic
nanogratings, which can be evidenced by the SEM images of irradi-
ated regions with pulse energy of 0.4 lJ and scan speed ranging
from 200 lm/s to 40 lm/s as shown in Fig. 6(a)–(d). At the scan
speed of 200 lm/s, which corresponds to an effective pulse num-
ber of 12, isolated nano-craters are formed and distributed ran-
domly on the irradiated areas as can be seen from Fig. 6(a).
Nano-grooves are initially shaped at around 22 shots as shown in
Fig. 6(b). With a further increasing number of incident pulses, as
seen from Fig. 6(c), periodic structures emerge in certain fragment
of the scan line, which are transitions between smooth modifica-
tion and LIPSS morphologies. When the pulse number is increased
to 58 (corresponding to a scan speed of 40 lm/s), well-shaped
nanograting structures are formed as shown in Fig. 6(d).

By using this scanning approach, LIPSSs are produced with
pulse energy from 0.2 lJ to 4 lJ when the scanning speed is sys-
tematically varied from 5 lm/s up to 60 lm/s, corresponding to
an effective number of pulse of 500.84 to 37.78 at each point of
the sample. Fig. 6(e)–(m) show some SEM images of the irradiated
surface. Owing to the Gaussian shape of the laser beam profile, the
ripples are located in the center of the irradiated lines. Addition-
ally, long-range order is evident and the ripple direction is perpen-
dicular to the direction of laser polarization. At the lowest pulse
energy of 0.2 lJ and lowest scan speed of 5 lm/s, which corre-
:YAG in scanning case with laser polarization parallel to the scanning direction. (a)
ittent nanogratings; (d) Formation of periodic nanogratings. (e)–(m) Nanogratings
l to the scan direction. (n) Nanograting periods as a function of pulse fluences. The
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spond to a pulse fluence of 2.0 J/cm2 and an effective pulse number
of 500.84, very well-organized ripples that occupy the entire scan
line transversely are observed at the sample surface.

Quantitative evaluation of the LIPSS period is also performed by
measuring the mean distance between two adjacent grooves. The
periods of the transitions are measured by selecting regions with
continuous ripples. It is found that high-spatial-frequency
nanogratings are also obtained with periods between 274 nm
and 157 nm (0.20k–0.34k). Fig. 6(n) shows the corresponding
results of period measurement in terms of pulse fluence depen-
dence. One notes that at fixed scan speed, in general, the period
of LIPSSs decreases with the increase of pulse fluence. Such a flu-
ence dependence of period is coincident with that obtained from
nanograting structures on fused silica [27].

3.4.2. Irradiation with the laser beam polarized perpendicular to the
scan direction

Upon fs-laser pulse irradiation of Nd:YAG with E perpendicular
to S, ripple morphologies are observed under the irradiation condi-
tions with pulse energy from 0.2 lJ to 4 lJ and scanning speed
lower than 60 lm/s. SEM micrographs in Fig. 7(a)–(d) show the
LIPSSs generated on the bottom of the irradiated regions with dif-
Fig. 7. (a)–(d) Nanogratings formed on the Nd:YAG surface in scanning case with laser po
periods KS (f) as a function of pulse fluences. The lines guide the eye.
ferent parameters. As shown in Fig. 7(a), by irradiating with the
lowest pulse energy and translation speed, two parallel grooves
are induced, which are aligned along the scan direction (i.e., per-
pendicular to the writing laser polarization). At higher pulse
energy and scan speed, an interesting phenomenon shows up. As
can be seen in Fig. 7(b)–(d), the induced grooves tilt almost sym-
metrically from the central axis of the stripe region towards two
sides of the scan line. Despite this tilt, the grooves on the same side
of the central axis are parallel to each other and profiled equidis-
tantly. Consequently, the average distances between adjacent par-
allel grooves, as indicated with red lines in Fig. 7(d), are measured,
which is considered to be the period (K) of the ripple structures.
The results of measurement are plotted in Fig. 7(e), which indicates
the fluence dependence of LIPSSs. Identically, the period K, which
varies from 203.4 nm to 344.3 nm (corresponding to 0.25k–0.43k),
is decreased with the increment of the pulse fluence. Moreover, by
carefully investigating the profile of the ripples and the location of
each groove, it is not difficult to identify that, besides the main per-
iodK, a second periodKs that are parallel to the direction of trans-
lation is yielded by fs-laser scanning. The yellow arrows in Fig. 7
(b)–(d) point the tips of some grooves, which are the onset (or off-
set) of the corresponding cycles. Hence, the periodKs can be deter-
larization perpendicular to the scan direction. Nanograting periodsK (e) and second



Fig. 8. Comparison of the overall dimensions of modified areas (a) and nanograting periods (b) obtained with certain irradiation parameters in stationary focusing case and
dynamic scanning case.
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mined by measuring the space between adjacent groove tips along
the scan direction. As clearly shown in Fig. 7(f), the period Ks
decreases with both of the pulse fluence (for certain scan speed)
and scan speed (for fixed pulse fluence), suggesting an enlarge-
ment of the angle of grooves with respect to scan direction.

Furthermore, for comparison, the experiment results obtained
in stationary case and scanning case that related to similar param-
eters are shown in Fig. 8, where it is possible to notice that the lar-
ger overall dimensions of modified areas could be generated when
the incubation factor is greater (as seen from Fig. 8(a)). In the
meantime, compared with the stationary case, the spatial frequen-
cies of nanogratings obtained in scanning case are higher when E is
parallel to S due to larger incubation factor, as indicated in Fig. 8
(b). Consequently, it can be concluded that the incubation effect
plays essential role not only in the process of laser ablation but also
in the formation of surface nanogratings on Nd:YAG crystal.
4. Conclusion

In conclusion, comprehensive and parallel studies are per-
formed on the fs-laser induced micro- and nano-sized structures
on the surface of Nd:YAG crystal upon irradiation with stationary
focusing case and dynamic scanning case. The LIAT fluences and
incubation factors of Nd:YAG in both irradiation cases are experi-
mentally determined. In stationary case, the incubation factor of
0.005 is obtained. Meanwhile, the factors are derived to be 0.01
and 0.009, corresponding to two different approaches with E//S
and E\S in scanning case, respectively. High-spatial-frequency
nanogratings with the orientation perpendicular to the beam
polarization are produced in the laser ablated regions under both
cases. It is indicated that nanogratings of high quality can be fabri-
cated on Nd:YAG surface by properly adjusting the incident laser
beam in terms of pulse energy, pulse number or scan speed. In
our work, nanograting with period as short as 157 nm is obtained
on Nd:YAG surface. This work opens a way to achieve surface
nanogratings on Nd:YAG crystal.
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