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Mechanisms of ultrafast laser-induced deep-subwavelength gratings on graphite and diamond
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Deep-subwavelength gratings with periodicities of 170, 120, and 70 nm can be observed on highly oriented
pyrolytic graphite irradiated by a femtosecond (fs) laser at 800 nm. Under picosecond laser irradiation, such
gratings likewise can be produced. Interestingly, the 170-nm grating is also observed on single-crystal diamond
irradiated by the 800-nm fs laser. In our opinion, the optical properties of the high-excited state of material
surface play a key role for the formation of the deep-subwavelength gratings. The numerical simulations of the
graphite deep-subwavelength grating at normal and high-excited states confirm that in the groove the light
intensity can be extraordinarily enhanced via cavity-mode excitation in the condition of transverse-magnetic
wave irradiation with near-ablation-threshold fluences. This field enhancement of polarization sensitiveness in
deep-subwavelength apertures acts as an important feedback mechanism for the growth and polarization
dependence of the deep-subwavelength gratings. In addition, we suggest that surface plasmons are responsible
for the formation of seed deep-subwavelength apertures with a particular periodicity and the initial polarization
dependence. Finally, we propose that the nanoscale Coulomb explosion occurring in the groove is responsible

for the ultrafast nonthermal ablation mechanism.
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I. INTRODUCTION

In laser ablation, a universal phenomenon is the appear-
ance of laser-induced periodic surface structure.'~ It is gen-
erally accepted that the classic ripples, which always exhibit
the characteristic periodicity close to the laser wavelength,
arises from the interference of incident laser with scattering
waves from surface roughness.z’5 In recent decade, as fem-
tosecond (fs) laser is widely used in the field, a new kind
ripple with the periodicity significantly smaller than the laser
wavelength is observed.®~?” The morphological characteristic
of such a novel deep-subwavelength ripple resembling the
grating fabricated by advanced micro/nanofabrication tech-
nologies is greatly different from that of classic ripples
which always have smooth profiles.!”?46 In addition, the
reported periodicities of such gratinglike structures, which
vary from one half to tenth of laser wavelength, and the strict
polarization dependence of the grating orientation cannot be
deduced from the classic scattering wave model.’ By far,
some theoretical models for qualitative description of the
phenomena have been proposed, whereas the origin of the
deep-subwavelength gratings (for brevity, the deep-
subwavelength grating is called as nanograting'”? in the fol-
lowing) is still not very clear. The periodicities of the nan-
ogratings cannot be derived quantificationally; the main
causes of the distinct polarization dependence of grating ori-
entation are still ambiguous.

Recently, the extraordinary transmission phenomenon
through subwavelength structure has given rise to consider-
able interest?®3* because it shows that orders of magnitude
more light than prediction can be transmitted through the
structure. In general, these investigations are focused on me-
tallic films, which can offer free electrons to excite surface
plasmons (SPs) for generating extraordinarily enhanced
transmission.”®=3? In addition, for one-dimensional grating,
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the cavity(waveguide)-mode excitation is important for the
enhancement.3'=3* At first glance, this phenomenon appears
to bear no relation to the laser-induced nanogratings, which
are apt to appear on dielectric or semiconductor rather than
on metal. Nevertheless, actually, such nanogratings have a
similar morphological characteristic of the gratings fabri-
cated by other nanomachining technologies for enhanced
transmission. Therefore, we can expect light enhancement in
the groove under laser irradiation. In addition, as is well
known that high fluence irradiation can excite abundant free
electrons and form plasma on dielectric surface or in
dielectric,3>° which exhibits metallic characteristic, we can
further expect extraordinary light enhancement in nanoaper-
tures of dielectric surface under such an irradiation condition
via the excitation of SPs or cavity mode such as the cases in
metallic film. In short, we propose that the optical properties
of nanogratings on nonmetallic materials irradiated by ul-
trafast laser pulses with a fluence near the ablation threshold
resemble that on metallic film irradiated by a low fluence
light.

Nowadays, we have carried out ablation experiments on
graphite and diamond and observed nanogratings on the ab-
lated areas with similar topographies and periodicities. The
phenomenon that nanogratings can appear on opaque graph-
ite by fs and picosecond (ps) laser irradiations is interesting
and significant. Moreover, the similarity of the nanogratings
on graphite and diamond can give us new insights to the
exact physical mechanisms of nanograting formation and
promote our understanding of ultrafast interactions.

In the following, we first introduce the experimental de-
tails in Sec. II and then demonstrate the experimental results
of laser-induced nanogratings on graphite as well as diamond
in Sec. III. Based on these results, in Sec. IV, we give some
simulations about the optical properties of the nanograting at
normal and high-excited states and discuss the mechanism of
extraordinary light enhancement via cavity-mode excitation,
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which acts as an important feedback mechanism for the
growth and polarization dependence of nanogratings. Fur-
thermore, in Sec. V, we discuss the two main origins for the
polarization dependence of nanogratings in detail, talk of the
effect of surface roughness on nanograting formation, and at
last describe the picture of nanoscale Coulomb explosion
(CE) occurring in the groove, which is responsible for the
ultrafast nonthermal ablation mechanism.

II. EXPERIMENTAL DETAILS

A highly oriented pyrolytic graphite (HOPG) sample (SPI
Supplies, Grade SPI-II) with dimensions of 10X 10
X1 mm?® and a natural single-crystal bulk diamond sample
(De Beers Diamond Corporation) with optical surface polish-
ing were used in this study. Note that HOPG is not a single
crystal but has an extremely high degree of c-axis orientation
of small graphite crystals along the normal of the flake. As is
well known, graphite has physical properties of high aniso-
tropy, such as the high conductivity in the a-b plane and the
low conductivity in the c-axis direction.

A regenerative Ti:sapphire oscillator-amplifier system
(Spectra Physics Hurricane) based on the chirped-pulsed am-
plification (CPA) technique at a central wavelength of 800
nm with pulse duration of 125 fs and repetition rate of 1 kHz
was used to perform fs ablation experiments. 400-nm-fs
pulses were obtained by frequency doubling with a KDP
crystal (I mm thick). A mode-locked Nd:YAG laser (EK-
SPLA, PL2143B) with pulse duration of 30 ps and repetition
rate of 10 Hz was used for implementing ps experiments.
The ps pulses of different wavelengths were obtained by
the optical parametric generators (EKSPLA, PG411/511)
pumped with the Nd:YAG laser. A variable neutral density
filter was utilized to adjust the pulse energy for approaching
the ablation threshold. Then the linearly polarized Gaussian
laser beam was focused with a convex lens (Newport, UV
fused silica precision planoconvex lens; focal length 300
mm). The samples were mounted on an electric
XYZ-translation stage and observed real time by a charge-
coupled device (CCD) monitor equipped with an objective
lens of long focus. The number of laser pulses imposed per
site on sample surface was determined by an electric shutter,
which can control the irradiation time of laser pulses with
definite repetition rate. All experiments were performed in an
ambient air with sample surface perpendicular to the direc-
tion of laser beam propagation. The ablation spots were ana-
lyzed with scanning electron microscopy [(SEM) JEOL
JSM-6380 and Quanta 400F].

III. EXPERIMENTAL RESULTS
A. Nanogratings on graphite

Figure 1(a) shows the SEM images of graphite surface
irradiated by 3000 fs pulses of 800 nm with a fluence of
0.17 J/cm?, which is near the ablation threshold of graphite.
Therefore, the ablation rate is very low, as demonstrated by
the complanate profile of the whole ablation crater. It is ob-
vious that the nanograting with the periodicity about 180 nm
and orientation perpendicular to the laser polarization covers
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FIG. 1. SEM images of graphite surface irradiated by 800-nm fs
laser with a fluence of 0.17 J/cm? and different pulse numbers. (a)
3000 pulses. Double arrow: the polarization of incident laser.
Circles: the low-lying regions with ridges broken off. (b) 1000
pulses. Arrow I: a ridge with a length of about 8 um partially
broken off its original location. Arrow II: the original location of the
ridge. Arrow III: a thin sheet. (c) 100 000 pulses. Arrow I, II, and III
denote nanogratings with periodicities of 70, 120, and 170 nm,
respectively. (d) 10 000 pulses. The fine nanograting of 120 nm
independently appears in the classic ripple areas.

the ablated area with few redeposited materials, demonstrat-
ing little collateral thermal effect. The profile of the nan-
ograting, exhibiting a wide planar ridge and a narrow groove
with very sharp brinks in a period, differs greatly from that
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of classic ripples with smooth surface envelop and indicates
distinct physical mechanisms.

In detail, the surface topography is not absolute even:
some regions are depressed with low-lying ridges, as denoted
by the circles in Fig. 1(a). It appears that a part of the ridges
have broken off these regions. As shown in Fig. 1(b), an
8-um ridge has partially broken off its original location and
some thin sheets which look like the debris of the sheddings
distribute randomly. It seems that a strong localized shock
exists in the grooves during ablation and causes the ridge
shedding.

With pulse number being very large, an interesting phe-
nomenon can be observed—the periodicity at the brim may
be different from that in the central area. As shown in Fig.
I(c), at the brim the nanogratings modulated by classic
ripples appear with periodicities of 170, 120, and 70 nm. The
minimum periodicity is only 1/11 of the laser wavelength.
Considering the facts that the periodicity 170 nm remains
almost unchanged in various craters ablated with pulse num-
bers in a wide range and the simultaneous appearance of
three different periodicities in one crater, we can conclude
that the 120-nm and 70-nm gratings should not evolve from
the 170-nm grating via gradual decrease in periodicity along
with the increase in pulse number. In other words, it is plau-
sible to suggest that the periodicities of 170, 120, and 70 nm
are all the viable periodicities of nanogratings on graphite.
This proposition is further confirmed by Fig. 1(d), which
demonstrates that the 120-nm grating independently appears
in the classic ripple area. The occurrence of simultaneous
multiperiodicities for deep-subwavelength ripples is an inter-
esting property for nanogratings on graphite, which is some-
what similar to certain results reported in Refs. 10 and 21.

With the ps laser irradiation, such nanogratings can also
be formed. As shown in Fig. 2(a), the nanogratings of 130
and 80 nm can be observed on the wall of the crater ablated
by the 532-nm ps laser. Although the nanogratings tend to be
produced by fs laser multiphoton irradiation,!! lately the nan-
ogratings induced by ps laser have also been reported.?>*
Our results of nanogratings produced by the 30-ps laser on
opaque graphite further confirm that the pulse duration of fs
time scale is an appropriate condition rather than the neces-
sary condition for nanograting formation.

Note that the nanogratings of 130 and 80 nm induced by
the 532-nm laser should correspond to the gratings of 170
and 120 nm rather than 120 and 70 nm induced by the
800-nm laser, respectively. In other to confirm this, we have
carried out ablation experiments with different laser wave-
lengths. In a wide wavelength range [the cases of 400-nm
and 1300-nm wavelengths are shown in Figs. 2(b) and 2(c),
respectively], the coarse nanograting (the 170-nm grating at
800-nm wavelength is ascribed to) can be easily observed.
The linear relationship between the laser wavelength and the
periodicity of coarse nanograting is shown in Fig. 2(d),
which resembles the result on ZnO.?*

B. Nanogratings on diamond

The surface morphology of diamond irradiated by the
800-nm fs laser is demonstrated in Fig. 3. For the fluence
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FIG. 2. Nanograting characteristics of graphite surface irradi-
ated by lasers with different pulse durations and wavelengths. (a)
SEM image of graphite surface irradiated by 532-nm ps laser with
2000 pulses at a fluence of 46 J/cm?. Area I and II show nanograt-
ings with periodicities of 130 and 80 nm, respectively. (b) SEM
image of graphite surface irradiated by 400-nm fs laser with 50 000
pulses. (¢) SEM image of graphite surface irradiated by 1300-nm ps
laser with 300 pulses. (d) The relationship between the laser wave-
length and the periodicity of coarse nanograting.

near the ablation threshold [Fig. 3(a)], in the whole ablation
area, a quite regular nanograting with abrupt verges between
ridges and grooves appears with a periodicity of 170 nm. At
a slightly higher fluence [Fig. 3(b)], the orderly grating near
the crater center is somewhat different from that at the brim.
The grating profile is smoother and the periodicity of 190 nm
is larger than the periodicity of 170 nm at the brim due to
stronger thermal effect. At the outmost brim, an ultraregular
nanograting with groove terminal size of about 10 nm can be
observed. Comparing Fig. 3 with Fig. 1, we can see that the
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FIG. 3. SEM images of diamond surface irradiated by 800-nm fs
laser with different fluences and pulse numbers. (a) 3000 pulses at a
fluence of 1.9 J/cm?. At the brim, the nanograting with a periodic-
ity of 170 nm appears in accurate order. (b) 8000 pulses at a fluence
of 2.8 J/cm?. The nanogratings at the wall and the brim of the
crater with periodicities of 190 and 170 nm, respectively, are both
highly regular.

nanogratings formed on the two carbon allotropes have simi-
lar morphological characteristics—identical periodicity and
grating features, which imply that the dynamic process of
nanograting formation on these carbon allotropes is the
same. In fact, in view of the similar laser-induced nan-
oripples on diamondlike carbon (DLC) film,'?!32! a further
universality for the above-mentioned proposition can be ob-
tained.

C. Some insights

Summing up the experimental results, we can see that the
formation of nanogratings on graphite and diamond under
ultrafast laser irradiation with near-threshold fluences is a
universal phenomenon. These results are significant for the
understanding of the formation mechanism of various laser-
induced nanogratings, as it can give us some insights for
laser-matter interactions. First, the nanogratings formed on
graphite that is opaque definitely demonstrate that the one-
photon transparency is not the necessary condition for that.
Actually, the fs laser-induced nanoripples with periodicities
far smaller than laser wavelengths on Si,!%!%!° InP,'® and
Cu,?® which are all opaque to the respective incident lasers,
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likewise approve the conclusion. It implies that ultrafast
laser-induced deep-subwavelength ripple is a universal phe-
nomenon in laser-solid-matter interaction, which should re-
late to some basic physical processes and mechanisms. Sec-
ond, the appearance of simultaneous ultrafine nanogratings
with different periodicities shows that the periodicity is not
always singleness and implies the fluence effect (at the brim
the fluence is low), certain resonant characteristics, or self-
organization characteristic.!'® Third, from the morphologies
of nanogratings on graphite and diamond, it can be seen that
the nanogratings are formed on intrinsic surface rather than
on amorphous carbon layer induced by thermal effects. This
conclusion is further confirmed by micro-Raman spectrum
results,* which reveal that nanograting areas maintain
mainly bulk crystal structures covered by an ultrathin amor-
phous layer (similar to the structural character of that on ZnO
reported in Ref. 24). Thus, an ultrafast nonthermal mecha-
nism should be responsible for the nanograting formation.
Fourth, as is well known, at normal-state graphite and dia-
mond have very different physical properties, especially the
optical property—one opaque, the other transparent. Consid-
ering these facts and the resemblance of nanogratings on
graphite and diamond, we can conclude that the formation of
nanograting is not determined by the physical properties of
materials at normal states, i.e., we should consider the high-
excited states of materials for these problems.

IV. SIMULATIONS

As described in the foreword, we can expect light en-
hancement in the groove. In order to evaluate the enhance-
ment for the actual samples at different surface states, we
carried out numerical simulations of the grating structure
with trapezoid grooves [Fig. 4(a)] imitating the real nan-
ograting induced by the 800-nm fs laser.

A. Simulation details

The numerical simulations were implemented by the finite
difference time domain (FDTD) method*' with a monochro-
matic plane wave of vertical incidence. At normal state, i.e.,
the irradiation fluence is far lower than the ablation thresh-
old, we used the dielectric constant of graphite for the ordi-
nary wave with a modified Lorentz-Drude model,*> which
can be expressed as

e(w) = e(w) + eP(w). (1)
The intraband part £)(w) is described by Drude mode

" 0
ellw)=1- iTy)’ @

where Qp:\s’%wp, w, is the plasma frequency, f; is the os-
cillator strength, and I';, is the damping constant.

The interband part £*)(w) is described by modified Lor-
entz mode
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FIG. 4. (Color online) Simulations of the optical properties of
the nanograting induced by 800-nm fs laser at normal and high-
excited states. (a) A schematic view of the nanograting under study
with the definition of different parameters involved. The diagonal
areas | and II denote the groove and ridge areas for the average
enhancement calculation, respectively. The field amplitude distribu-
tions under different irradiation conditions in one period (periodic
boundary condition): (b) the E, at the high-excited state with
800-nm TM wave; (c) the E| at the high-excited state with 800-nm
TE wave; (d) the E, at the normal state with 800-nm TM wave; (e)
the E, at the high-excited state with 200-nm TM wave; (f) the E, at
the high-excited state with 2000-nm TM wave; and (g) the E, at the
high-excited state with 800-nm TM wave.
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k

(0 =-3

J=1

F,

= wjz) + iwrjf ’ ®)
where k is the number of employed oscillators, F = f jwlz,, and
the frequency-dependent damping constant 1"]( is expressed
as

ho-fo; >
F;:l"j exp{—aj(Tl) ] (4)

J

The values of the fitting parameters I’ » @) fj, aj, and other
parameters are listed in Ref. 42.

At the state that the surface electrons are highly excited,
i.e., the irradiation fluence is near the ablation threshold, we
propose that the graphite surface has the optical properties
similar to liquid carbon that behaves the metallic character-
istic, and the dielectric constant is described with the Drude
model, which is expressed as

2
% (5)

o(w+il)’

where the parameters &,=2.726, wp=2.910 X 100 rad/s,
and I'=3.147 X 105 Hz are obtained by fitting to the param-
eters of liquid carbon*? with ensuring the best fitting result in
the wavelength range of our investigation.

(W) =8,—

B. Cavity-mode excitation

At the high-excited state, the amplitude distribution of E
fields in one period under the irradiation of transverse-
magnetic (TM) wave and transverse-electric (TE) wave of
800 nm is shown in Figs. 4(b) and 4(c). The polarization
effect is prominent. The field in the groove is strongly en-
hanced in TM wave case, which is agreed with the charac-
teristic of light transmission enhancement of subwavelength
slit, for waveguide mode is only allowed for TM wave when
the slit has a subwavelength width. In nature, this field en-
hancement of polarization sensitiveness in the nanostructures
of high-excited surface should be a universal phenomenon.
Consequently, we consider that this effect acts as an impor-
tant feedback mechanism for the growth of nanogratings and
the polarization dependence of nanograting orientation. In
the following, we only discuss the TM wave case.

Figures 5(a) and 5(b) displays the average absolute and
relative enhancement for the groove area, respectively
[|ES|?/|Eol> and |ES|*/|E"|* and ES and E’ are the electric
fields in the groove and near the ridge surface, respectively,
as the diagonal areas shown in Fig. 4(a)]. At the high-excited
state, the two peaks located at about 800 and 355 nm are due
to cavity-mode excitation. The high peak at about 800 nm is
consistent with the laser wavelength used for our experi-
ments. Comparing the amplitude distributions of E, at wave-
length of 800, 200, and 2000 nm [see Figs. 4(b), 4(e), and
4(f)], we can see that at the resonant wavelength, the E, field
is intensively enhanced and localized in groove area; the
relative enhancement factor can be larger than 100. Never-
theless, at normal state we cannot observe resonant charac-
teristic in this wavelength range [Figs. 5(a) and 5(b)], and the
enhancement of E, at 800 nm [Fig. 4(d)] is far lower than
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FIG. 5. (Color online) The average absolute (a) and relative (b)
enhancements of E, field in the groove for the normal and high-
excited states in the wavelength range from ultraviolet to near in-
frared in the TM wave case.

that at the high-excited state. These results confirm our
proposition that the optical properties of the high-excited
state of materials determine the formation of laser-induced
nanogratings. Based on this conclusion, it is easy to explain
why the nanogratings on diamond and graphite have the
same characteristics. Under laser irradiation with fluences
near respective ablation thresholds, their surfaces present the
same state similar to metallic liquid carbon. Furthermore,
actually, such a high-excited state may be responsible for the
similarity of laser-induced deep-subwavelength ripples in
various materials®2® involving dielectrics, semiconductors,
and metals with great different physical properties at normal
state.

V. DISCUSSION
A. Origin of polarization dependence of nanogratings

As the simulation demonstrated, the strong polarization
sensitiveness of field enhancement in the groove can explain
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the polarization dependence of nanograting orientation. Fur-
ther, it means that once there are nanoscale apertures in the
surface irradiated by a laser with the threshold fluence, the
extraordinary field enhancement of polarization dependence
will induce a positive feedback process for the groove for-
mation. Whereas, we suggest that the cavity-mode excitation
is an important factor rather than the lone reason for the
origin of the polarization dependence of nanogratings®® be-
cause the cavity mode, whose characteristic is mainly deter-
mined by the structural parameters of the cavity, is an extrin-
sic property for material and cannot spontaneously appear on
a smooth surface. As a matter of fact, the laser-induced
plasma influences the process of laser-matter interactions
through a variety of different ways. It is well known that at
the interface between a dielectric and a conductor, the cou-
pling of the electromagnetic fields to oscillations of the elec-
tron plasma can support a highly confined surface electro-
magnetic wave called SP.* The SP is a solution of Maxwell
equations that represents a TM wave propagating at the in-
terface, so only TM-polarized light can excite SP. Thus, the
polarization dependence of SP excitation may be another key
factor, which is responsible for the initial polarization depen-
dence of nanogratings.?® Lately, the models of interferences
between the light and plasma waves® and growth of
nanoplasma®® for the formation of planar nanostructures in-
side fused silica have been proposed. In addition, the mecha-
nism of laser-induced microvoid is also suggested to be a
plasma phenomenon.*> In view of these studies, we consider
that the surface or body nanoplasmons act an important role,
especially at the initial stage, for the formation of nanograt-
ings. The nanoplasmons can induce local-field enhancement
and permanent structure changes?®*® and grow with a feed-
back mechanism.?®*” When the localized field-enhanced by
nanoplasmons reaches the damage threshold, the nanoscale
apertures, such as nanohole and nanogroove, will be pro-
duced via nanoscale explosions*’*® or nanocrack.?® For the
TM characteristic between exciting light and plasmons, the
orientation of plasmon-induced nanogroove is dependent on
light polarization automatically. Once the nanoapertures are
formed, the mechanism of extraordinary field enhancement
via cavity-mode excitation will work, and the nanostructures
will act as a seed for further ablation. Furthermore, the
formed nanoapertures can act as a launcher for the SPs (Refs.
29-33, 44, and 49) and interact with SPs to form standing SP
wave™® for producing the initial grating profile via periodic
energy deposition. Thus, the ablation process—groove deep-
ening and expanding—will be more and more efficient by
the self-fulfillment of resonant condition of cavity mode and
standing SP wave, and the strong feedback of polarization
sensitiveness of field enhancement in the groove. In short, in
the nanograting formation, the initial polarization selection
germs by the TM wave characteristic of plasmons and then
reinforces by the cavity-mode excitation and standing SP
wave formation.

B. Effect of surface roughness

Since surface nanostructures can induce high-localized
field enhancement via exciting cavity mode and launching
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FIG. 6. (Color online) A schematic picture of CE occurring in
the groove irradiated by ultrafast laser with the fluence near the
ablation threshold.

SPs, we consider that the surface conditions of materials,
such as surface roughness and stains that will induce local-
ized field enhancement, have a crucial influence on the abla-
tion. The effect that the surface roughening can reduce the
threshold fluence for the formation of laser-induced fine
ripple has been reported.? In our opinion, the cavity-mode-
induced localized field enhancement in the surface nanor-
oughnesses is the most important cause for this effect.

C. Nanoscale Coulomb explosion in the groove

As the simulations exhibited, at the resonant wavelength,
the light can be extraordinarily localized and enhanced in the
groove. What will happen for such a high light intensity in
such a small region and short-time scale? This question
should be meaningful for us to understand the ablation
mechanism for nanograting formation. Considering some as-
pects as follows, we propose that the nanoscale CE occurs in
the groove under this condition, as the physical picture
shown in Fig. 6. First, the occurrence of CE is dependent on
the local charge density in an ultrashort time scale. Consid-
ering the fs timescale and localized ultrahigh field in the
groove, we consider that this condition can induce CE. In
detail, the ultrahigh field in the groove of nanoscale can ac-
tivize an ultrafast localized photoionization and excite a
mass of superhot surface electrons. Then the high-density
electron ejections will induce localized transient surface
charges, and abundant surface charges accumulating in an
ultrashort time scale will build up of a strong electric field on
the surface and bring on CE. Second, CE mechanism cannot
only describe the ultrafast nonthermal formation of nanograt-
ing but also promote the understanding of CE experiments
for bulk materials. To our knowledge, the investigations of
CE in bulk materials are always based on the experiments in
a macroscopical view;’!”? the micromechanism of CE for
bulk materials is not absolutely clear. How the localized tran-
sient surface charges occur and why the CE is prominent for
the laser fluence near the ablation threshold (“gentle”
phase’!) are still problems for these investigations. From our
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investigation, these questions can be answered qualitatively.
Owing to the strong localized fields in the nanoapertures as
our simulations have shown, CE tends to occur localized in
the surface nanoapertures,'®! which are prone to appear
with the laser fluence near the ablation threshold (at higher
fluence, the thermal effects will baffle the formation of nano-
structures). Third, the abnormal phenomenon—high occur-
rence possibility of nanogratings on opaque graphite—can be
understood by the CE mechanism. In our opinion, this espe-
cial property should relate to the high anisotropic physical
properties of the plane graphite structure. The nonthermal
ablation mechanisms of removal intact graphite sheets*®>3
and a burst of high-excited components®> were observed and
considered rooting in CE.0710:154851 Dye to the weak bonds
between the planes, the surface charge density of graphite
being able to ignite CE (Ref. 48) is approximately 1 order of
magnitude lower than that of Si.** This low CE threshold
property of graphite can explain why nanograting can be
produced easily on graphite that is absolutely opaque to the
incident laser. Since the occurrence of CE is dependent on
the local charge density at short-time scale, the nonlinear
processes, such as the multiphoton ionization, can enhance
the nonlinear localized distribution of excited electrons and
touch off CE more easily. For graphite, it has such a low CE
threshold that it does not need very strong multiphoton non-
linear effect to induce CE. Therefore, the nanogratings can
form in the opaque range of laser wavelength. In contrast, for
the general materials with symmetrical physical properties,
the higher CE threshold makes it hard to ignite CE by single-
photon excitation. Therefore, strong multiphoton nonlinear
effect, which is easier to occur in transparent materials under
laser multiphoton irradiation with near-threshold fluence, is
needed for these materials to ignite CE. This is a main reason
why laser-induced nanostructures are prone to appear in wide
band-gap materials ablated by near-infrared fs laser. Finally,
the nanoscale CE occurring in the groove is responsible for
the strong localized shock effect that induces the sheddings
shown in Fig. 1(b).

VI. CONCLUSION

Our results indicate that the nanograting formation comes
of interaction and intercrossing of a few physics fields. This
investigation can give some insights to the phenomenon of
laser-matter interactions. Above all, the formation of laser-
induced nanogratings is not determined by the physical prop-
erties of materials at normal state but the high-excited state
induced by ultrafast laser irradiation with the fluence near the
ablation threshold. With this irradiation condition, in an ul-
trashort time scale, abundant electrons are excited and high-
density plasmas are produced, which will change the surface
physical properties greatly—especially the optical property.
Such a change in optical properties will, in turn, intensively
affect the laser-matter interactions by modulating the electro-
magnetic intensity distribution, inducing localized strong
fields, and even arising CE in nanoscale as a result of excit-
ing plentiful localized transient charges, which is responsible
for the nonthermal ablation mechanism of ultrafast laser.
This process is dominantly occurring in the intrinsic defects
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or preformed nanostructures, especially the nanogroove for
the cavity-mode enhancement of polarization dependence.
Thus, via a positive feedback process, the polarization de-
pendence nanograting will be formed. In addition, we pro-
pose that at the initial stage of nanograting formation, SPs
act an important role for producing the seed nanoapertures
and initial polarization dependence. Furthermore, the period-
icity of the grating that cannot be obtained from the cavity
mode may come from the standing SP mode. Nowadays, the
theoretical work dealing with optical breakdown of diamond
via first-principles electron dynamics has been reported.’
Interestingly, their simulation shows that a coherent plasma
oscillation persists for tens of femtoseconds, which may be
meaningful for us to understand the dynamic process of
laser-induced plasma and get some clues for the origin of
nanogratings.

In short, we have demonstrated the experimental results
of ultrafast laser-induced nanogratings on graphite and dia-
mond, discussed the two main mechanisms for the polariza-

PHYSICAL REVIEW B 79, 125436 (2009)

tion dependence of nanogratings—cavity mode and SP exci-
tation, and described the picture of nanoscale CE occurring
in the groove. This study can offer some insights for the
exact physical mechanisms of laser-induced nanogratings
and promote the understanding of ultrafast laser-matter inter-
actions. On the other hand, the nanogratings on graphite and
diamond might be of interest for the applications in nanopho-
tonics or nanomechanics. In future, further experimental and
theoretical investigations should be carried out to settle the
outstanding issue: the origin of the periodicity of nanograt-
ings.
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