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Abstract— One-dimensional quasi-periodic nanogratings with spacings in the range from 160 to 600 nm are 
written on a dry or wet titanium surface exposed to linearly polarized femtosecond IR and UV laser pulses 
with different surface energy densities. The topological properties of the obtained surface nanostructures are 
studied by scanning electron microscopy. Despite the observation of many harmonics of the one-dimensional 
surface relief in its Fourier spectra, a weak decreasing dependence of the first-harmonic wavenumber (nan­
ograting spacing) on the laser fluence is found. Studies of the instantaneous optical characteristics of the 
material during laser irradiation by measuring the reflection of laser pump pulses and their simulation based 
on the Drude model taking into account the dominant interband absorption allowed us to estimate the length 
of the excited surface electromagnetic (plasmon—polariton) wave for different excitation conditions. This 
wavelength is quantitatively consistent with the corresponding nanograting spacings of the first harmonic of 
the relief of the dry and wet titanium surfaces. It is shown that the dependence of the first-harmonic nanograt­
ing spacing on the laser fluence is determined by a change in the instantaneous optical characteristics of the 
material and the saturation of the interband absorption along with the increasing role of intraband transitions. 
Three new methods are proposed for writing separate subwave surface nanogratings or their sets by femtosec­
ond laser pulses using the near-threshold nanostructuring, the forced adjustment of the optical characteristics 
of the material or selecting the spectral range of laser radiation, and also by selecting an adjacent dielectric.

1. INTRODUCTION

It was recently found that, by exposing the surfaces 
of solid materials to visible and near-IR femtosecond 
laser pulses, reproducible subwave (spacing A = 70— 
900 nm < /., where /. is the laser excitation wavelength) 
one-dimensional and two-dimensional quasi-periodic 
nanoscale structures (nanogratings) can be fabricated 
[ 1—8]. Such gratings on the surfaces of various materi­
als are of interest because the nanoscale relief with ele­
ments from 1 to 100 nm in size imparts to the surface 
layer unusual physicochemical properties continu­
ously changing depending on A [4] in the range from 
atomic/molecular to volume values for these materi­
als. The relief periodicity gives to the surface interest­
ing electronic and optical properties caused by a 
change in the spectrum of surface electromagnetic 
waves (SEWs or plasmon—polaritons) due to their par­
tial localization [9, 10]. As a result, materials with sur­
face nanogratings reveal superhydrophobic or super- 
hydrophilic behavior [11, 12], the giant amplification 
of nonlinear optical processes in adsorbed atoms or

molecules [10] and almost 100% absorption [13, 14] 
along with the absorption spectrum broadening [13]. 
Upon femtosecond laser writing of surface nanograt­
ings in liquids, the surface relief often serves as a 
source of chemically pure nanoparticles [15, 16] accu­
mulated as a sol, which can be used, for example, as 
nanoluminescent biomarkers [ 16].

The prospects for continuously changing the prop­
erties of one-dimensional surface nanogratings in a 
broad range by adjusting the grating spacing A by vary­
ing the laser radiation parameters and selecting proper 
writing materials has initiated a number of investiga­
tions . The value of A can obviously be varied by chang­
ing the laser radiation polarization (vector e), the laser 
pulse wavelength and duration, the laser fluence /•', 
and the number N  of incident laser pulses [1—8]. In 
particular, it was found that wavevector q of nanograt­
ings is in most case collinear to e, while the grating 
spacing A linearly increases with increasing /. for 
ultrashort (femto- and short picosecond) laser pulses I 
a rather limited range covering the visible and near-IR
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regions [6, 7]. The prolonged irradiation of a surface 
by short laser pulses usually makes it possible to 
develop only a nano- or microstructure produced ini­
tially on the surface. However, in the case of ultrashort 
laser pulses, the exposure time gives only additional 
possibilities for varying the type of interaction of laser 
radiation with matter (see, for example, [17]).

At first glance it would seem that, by varying 
parameters I [8] and N  [7] within a few orders of mag­
nitude, it is possible to change A quite efficiently. 
However, it has been shown in earlier papers that the 
value of A hardly changed at all with increasing expo­
sure time (the number N  of pulses), and only the 
development or degradation of the initially produced 
nanostructure was usually observed [7]. At the same 
time, a change in the laser fluence of femtosecond 
laser radiation had no effect on A for some materials 
[3,4], whereas for other materials this effect was con­
siderable (for example, the grating spacing doubled 
with increasing F  near the ablation threshold [8]). 
Such a relation between A and ^complicates the fab­
rication of one-dimensional gratings with minimal 
possible spacings (smaller than 100 nm) of interest for 
modern nanotechnologies, because the nanoscale 
transfer of matter drastically slows down at lower 
energy densities. Recently it was found that, on the 
contrary, the spacing of one-dimensional nanograt­
ings on a titanium surface decreased with increasing 
energy density [18], which can be tentatively 
explained by a change in the instantaneous optical 
characteristics of titanium during excitation by an 
ultrashort laser pulse.

Note that simulation of the spacing of one-dimen- 
sional surface nanogratings by the “interference” 
method [19, 20] assuming interference of the electric 
fields of the incident and surface electromagnetic 
fields and the equality of the surface nanograting spac­
ing A to the SEW length ASEW for different materials 
irradiated by femtosecond laser pulses (by neglecting 
variations in the optical characteristics during the laser 
pulse or taking them into account) has so far not 
resulted in reasonable agreement between the calcu­
lated values of ASEWand experimental values of A. This 
is evidently explained by the fact that the results of 
simulations of instantaneous optical characteristics of 
photoexcited materials are insufficiently reliable 
(without comparison with actual experimental char­
acteristics) and the choice of the characteristic spacing 
of surface nanogratings from a variety of gratings 
observed in experiments, including high harmonics of 
the nanorelief, is complicated [21—23].

In this paper, we studied the instantaneous optical 
characteristics of a titanium surface by measuring the 
reflection of femtosecond IR-laser pulses. The satura­
tion of interband absorption dominant in the unex­
cited material was found and the increase in the inten­
sity of intraband transitions was observed with increas­
ing incident radiation energy density. The calculated 
optical characteristics of excited titanium, which

agree well with the experimental dependence of the 
reflection coefficient of exciting laser pulses, allowed 
us to estimate the lengths of SEWs excited on dry and 
wet titanium surfaces, which coincide with spacings of 
the first harmonic of the observed quasi-periodic sur­
face nanorelief.

We selected titanium for investigations because it is 
one of the main construction materials for aircraft 
construction and ship building, as well as for medical 
bioimplants, so that the nanostructuring of its surface 
can impart new useful properties to it. In addition, as 
shown below in Section 3, being a transition metal, 
titanium has strong interband and considerable intra­
band absorption in the optical range, and therefore, 
similarly to semiconductors, its optical properties can 
change substantially (in the direction of metallization) 
upon intense excitation by femtosecond laser pulses. 
The latter effect is of interest for the femtosecond laser 
generation of one-dimensional periodic surface nan­
ogratings with spacings varying in a broad range.

2. EXPERIMENTAL

We used an experimental setup consisting of an 
Avesta Project Ti:sapphire laser emitting 8-mJ, 110-fs 
first-harmonic pulses at ^ lasl ~ 744 nm (the laser line 
FWHM was about 12 nm) and 0.5-mJ, 60-fs third- 
harmonic pulses at /Has3 ~ 248 nm  (the FWHM ~ 
1.5 nm) [24]. The transverse spatial distribution of the 
laser radiation intensity corresponded to the TEM00 
mode in both cases. Normally incident laser radiation 
was focused into a spot 0.5 mm in diameter (at the 1/e 
level) on the surface of a target (a rod 8 mm in diame­
ter) made of chemically pure multiply annealed and 
mechanically polished (rms < 50 nm) BT1-0 titanium 
with the mean grain size of 0.25 |im (Center of Nano­
structure Materials and Technologies, Belgorod State 
University) mounted horizontally on a three-axis 
motorized computer-controlled stage (Avesta Project) 
(Fig. 1).

The titanium target was irradiated by A  laser pulses 
in air or an in plastic cell under a thin layer of distilled 
water 1—1.5 mm in thickness (only for IR radiation). 
The laser pulse energy was controlled by means of a 
reflective polarization attenuator (Avesta Project) and 
a calibrated DET-210 photodiode (Thorlab) illumi­
nated by a weak laser pulse reflected from a steering 
dielectric mirror.

Nanostructured parts in the form of individual dots 
or strips were written, respectively, when the titanium 
target was in rest or by scanning its surface at a rate of 
20 |im/s. The writing was performed by low-energy 
laser radiation (less than 0.3 mJ, peak power W  < 
3 GW) to avoid noticeable distortion of the energy 
density distribution on the target surface caused by 
self-focusing in air (the critical self-focusing power 
was Wcr ~ 3 GW at a wavelength of 744 nm [25]) and
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Fig. 1. Diagram of the experimental setup for nanostructure writing by femtosecond laser pulses: FLS: femtosecond laser system; 
BS: beamsplitter; AC: autocorrelator; DA and PA: diffraction and polarization attenuators; PM: pyroelectric power meter; 
M: mirror; FL: focusing lens; CCD: CCD array for surface visualization; PD: fast photodiode for oscilloscope triggering; IL: illu­
mination lamp; SC: plastic sample cell; DO: digital oscilloscope; US: ultrasonic sensor; 3AS: 3-axis computer-controlled motor­
ized stage; DPC: data processing computer; DI: digital indicator.

the accompanying effects of refraction in a plasma, 
chromatic emission, and filamentation [25, 26], as 
well as by melting and ablation of the target (the melt­
ing and ablation thresholds in the IR range are Fmch « 
50—60 mJ/cm2 and FaU « 300 mJ/cm2 [27]).

The microscale structure of the target surface after 
irradiation was preliminarily studied with a Levenhuk 
Bio View 630 optical microscope (lOOOx magnifica­
tion) equipped with a CCD camera. The nanoscale 
relief was analyzed with a Quanta FEG 6000 scanning 
electron microscope with magnification up to 
200000x.

The instantaneous optical characteristics (optical 
quality) of the excited titanium surface were probed 
directly during the laser pump pulse by means of two 
calibrated pyroelectric power meters measuring the 
reflection coefficients R  of focused femtosecond IR- 
laser pulses at angles of about 20° (Rp, p polarization) 
and 45° (Rs and Rp, s andp  polarizations) in the single­
pulse regime for different incident energy densities F  
in “fresh” regions of the titanium surface.

3. EXPERIMENTAL RESULTS 
AND DISCUSSION

3.1. Self-Reflection o f Femtosecond Pump Laser Pulses 
and Simulation o f Instantaneous Optical Characteristics 

of Photoexcited Titanium

It is known that the general description of optical 
properties of titanium in the near IR, visible, and UV 
ranges is quite complicated [28]. This is caused prima­
rily by the presence of d bands with a high density of 
states gd « 2 eV-1, both filled (0.5 eV below the Fermi 
level) and unfilled (0.1 eV above the Fermi level), near 
the Fermi level EF (in the s band with the low density 
of states gs « 0.5 eV-1 at the Fermi level [29]). As a 
result, the allowed interband d —► s* transitions from 
the filled states of the d band below the Fermi level to 
the unfilled states of the s* band lying higher can occur 
in the energy range fm  > 0.3 eV. The probability of 
these transitions greatly exceeds the probability of the 
interband s —► d* transitions from the filled states of 
the s band below the Fermi level to the unfilled states 
of d* band lying higher. Correspondingly, the contri­
bution of intraband transitions (the Drude contribu­
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Res Ims

Fig. 2. Spectral dependences of the real and imaginary 
parts of the titanium permittivity [28] (dashed curves are 
approximations of these dependences using the Drude 
model). The interband transitions dominate in the hatched 
region.

(-Res) 1 (to Ims) 1

(ftco)2, eV2
Fig. 3. Quadratic and linear approximations of depen­
dences (—Res)-1 and (colms)-1 on //to2 in the region 
fm = 0—03 eV, where interband absorption is negligible 
compared to intraband absorption [28].

tion) 8intra to the permittivity 8 of titanium proves to be 
considerably smaller than the contribution sinter of the 
interband transitions (Fig. 2). Thus, titanium behaves 
rather like a semiconductor. Therefore, one of the 
tasks of our work was to estimate these contributions in 
the energy region /ko = 1—6 eV.

The contributions of intraband (sintra) and inter­
band (sinter) transitions to the permittivity 8 of titanium 
in the visible and UV ranges, including the corre­
sponding parameters copl and xee, were determined by 
approximating the permittivity using the Drude model 
in the IR region (ftoo < 0.3 eV), where absorption 
between the d and s bands is absent [28] (Fig. 2). Tak­
ing into account the expression

= fC,
1 + Qxp[-hm/kBTe] 

(nkBTe)2 + (ftco) 2

K„ =
7T2a/3

( 1 )
CDn

128#

for the relaxation time xee in the Fermi liquid [30], the 
general expressions for the Drude contributions 
Reeintra and Im sintra to the permittivity

R-e £ intra —

2 2

1 , 2 2 ’ 1 + 00
(2)

ImS;ntra ^pl^ee
oo(l + (ù2T 2ee)

can be written for the “cold” Fermi liquid (the elec­
tron temperature Te « 0) in the form of the second-

and first-degree polynomials with a variable x  = (fm )2 
(Fig. 3):

1
Res,,,

1
( h a j

-(h<o) ,

1
to Ims,„

K 7

(3)

CDr

This allowed us to directly determine the plasma fre­
quency C0pi = 3.9 x 1015 rad/s and the electron—elec­
tron scattering constant Kee = 4.5 x 1015 eV-2 s-1 for 
the unexcited material. The values of Resintra and 
Imeintra calculated by using these parameters were sub­
tracted from the total permittivity 8 (Fig. 2) and the 
interband components Resinter and Im sinter were cal­
culated in the range /ko = 1—6 eV.

Irradiation by intense femtosecond laser pulses 
induces interband transitions from the d band with the 
high density of states to the s band with the low density 
of states, resulting in the population of the latter. This 
leads, on the one hand, to the interband absorption sat­
uration and on the other hand to the increase in the 
number of carriers in the s band and in the plasma fre­
quency copl, while the relaxation time xee decreases. As a 
result, the role of intraband transitions drastically 
increases at the expense of interband transitions. The 
influence of photoexcitation on s is taken into account 
by using normalizing coefficients of the type 1— N /N intei 
and 1 + /V//Vintra describing the interband absorption 
saturation (N< /Vimer) and the increase in the density N  
of free carriers in the s band (N>  /Vimra), respectively. 
The components sinter and eintra were multiplied by 
these factors, respectively. Taking into account the 
interband absorption saturation, the density of photo­
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Fig. 4. Real (curves 1) and imaginary (curves 2) parts of the excited titanium permittivity e* for /.|as| = 744 nm (a) and Xlas3 = 
248 nm (b) with contributions Resintra (curves 3) and Resinter (curves 4) and positive contributions Imeintra (curves 5) and Imsinter 
(curves 6) as functions of the energy density.

excited carriers in the s band as a function of the effec­
tive (absorbed) energy density Feiï = [1 — R( F)\F was 
calculated from the kinetic equation

dN
dt

with the solution

= a N,inter

Nin

N(Feff) = N,nJ  1 -  exp

Jeff
h(ù

a nFf01  eff (5)

~Eis

Winter = ^ r  \ gd(E )dE *gd(-E ds)Aa
v M J

(6)

* M

where NA » 6 x 1023 mol 1 is the Avogadro constant, 
VM« 10.5 cm3/m ol is the molar volume of the titanium 
phase with hexagonal packing, —Ed is the energy level 
in the d band below the Fermi level (the Fermi level 
energy E  is set equal to zero), —Eds is the top of the d 
band with respect to the Fermi level, Es is the energy 
level in the s band above the Fermi level, and the inte-

gration intervals Ad = —Ed — (—Eds) and As = Es were 
determined by the expression

Ad + Fds + As = h(ù. (7)

where a 0 is the absorption coefficient of the unexcited 
material at the laser excitation wavelength, the factor 
a 0( 1 — JV/Njnter) is the effective absorption coefficient, 
and the integral of the effective radiation intensity / eff 
during the laser pulse is Fe ff- The calibration constant 
TVjnter (wavelength-dependent in the general case) was 
found in the form of integrals from the gd and gs com­
ponents of the electronic density of states [29]

(4) As a result, forgs(0) «0.5 eV-1, gd(—Ed) « 2 eV-1, As« 
0.7 eV, and Ad « 0.3 eV, the value of /Vintcr for radiation 
at X = 774 nm was 3.6 x 1022 cm-3 (1.3 x 1023 cm-3 at 
X = 248 nm). In turn, the calibration constant /Vimra 
related to the initial density of free carriers in the s 
band for the unexcited titanium was estimated based 
on its plasma frequency copl = 3.9 x 1015 rad/s, which 
gave the effective density of carriers N Jm s « 4 x 
1021 cm-3, where ms is the unknown mass of carriers in 
the s band. Note that the best fit of experimental data 
was achieved for /Vintra « 2 x 1021 cm-3, which corre­
sponds to ms» 0.5.

As a result, the permittivity 8* of the photoexcited 
titanium was considered in the form

Res* = Resinter| 1 -

+ ResinfJ  1 + N
N in

Ims* = Imsinterl 1

+ Im sintra| 1 +

N
N,

(8)

inter

N
N,intra

Note that the temperature of the Fermi liquid was 
assumed much lower than the laser photon energy 
ftoo(774 nm) = 1.7 eV because a narrow dielectric gap 
between the d and s bands (more exactly, between the
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Fermi level and the latter) Eds » 0.3 eV [28, 29] restricts 
the temperature rise due to impact ionization at the 
level on the order of Eds- Therefore, the influence of 
the electron temperature Te on the relaxation time xee 
of carriers until the complete saturation of interband 
absorption (N  < /Vintcr) was neglected.

Our calculations show that for A,lasl = 744 nm, the 
interband absorption (a0 = 6.6 x 105 cm-1 for the 
unexcited titanium [28]) disappears for FeiJ > 
0.05 J/cm 2 (F> 0.09 J/cm 2) together with the corre­
sponding contributions to s* from Resinter and Im sinter 
(Fig. 4a), whereas the intraband absorption increases 
together with — Resintra and Im sintra, saturating above 
the indicated threshold. On the contrary, for Â]as3 = 
248 nm, the interband absorption (a0 = 7.3 x 105 cm-1 
for the unexcited titanium [28]) disappears only for 
-̂ eff >0.3 J/cm 2 together with the corresponding con­
tributions Resinter and Imsinter into s* (Fig. 4b). How­
ever, although contributions —Reeintra and Imsintra 
related to intraband transitions increase by many 
times in this case (by /Vimer//Vimra » 60 times for /Vimer » 
1.3 x 1023 cm-3 and /Vin,ra « 2 x 1021 cm-3), their abso­
lute value proves to be insufficient even for excitation 
of surface plasmons (Res*, Resintra > —1).

The dependence Rp(20°, F), the reflection coeffi­
cient of pump pulses, on the energy density for À,lasl = 
744 nm monotonically decreases (Fig. 5), which is 
typical not only for titanium with its dominating inter­
band absorption in the optical range, but also for other 
metals, in particular, metals with the dominating 
Drude response (intraband absorption) [31]. For com­
parison, similar dependences of the reflection coeffi­
cients Rp s(45°, F) of pump pulses on the energy den­
sity in the initial region also monotonically decrease 
(inset in Fig. 5). At the same time, simulation of the 
optical properties of photoexcited titanium and, in 
particular, calculated curves Rp(20°, F) and Rps(45°, F) 
(Fig. 5) show that the initial decrease in the reflection 
coefficient of titanium with its increasing photoexcita­
tion level is explained by the saturation of interband 
absorption in titanium, whereas the subsequent 
decrease can be related to the heating of the Fermi liq­
uid [31].

The optical characteristics estimated for photoex­
cited titanium were used below to calculate the depen­
dence of the SEW length excited on its surface by fem­
tosecond laser pulses at 744 and 248 nm and to specify, 
according to the interference model, the period of the 
fundamental harmonic of its surface relief on laser 
energy density F.

3.2. Production of One-Dimensional Quasi-Periodic 
Nanogratings of a Titanium Surface Relief 

in Air and Water
3.2.1. Writing of one-dimensional nanogratings in 

air. In the writing of nanostructures on the titanium 
target surface using a scanning electron microscope at

RJ 20°)

F, J/cm2

Fig. 5. Experimental (points) and calculated (curves) 
dependences Rp(20°, F) for Xlasl = 744 nm. Inset: Depen­
dences Rs ^(45°, F) for the s (triangles, solid curve) and p 
polarizations (circles, dashed curve) of IR laser radiation.

low energy densities i 7« 0.01—0.15 J/cm 2 and a num­
ber of incident 744-nm laser pulses N  « 700, we 
observed the formation of distinct one-dimensional 
gratings oriented perpendicular to the polarization of 
laser radiation (q || v, e) with spacings in the interval 
from 0.1 to 0.6 (im (Fig. 6). The lower boundary of the 
range of lvalues is approximately equal to the thresh­
old F^s, ir ~ 0.018 J/cm 2 of the production of such 
grooves for TV« 700, because near this threshold the 
gratings have the form of quasi-periodic (with a mean 
spacing A « 0.5—0.6 j^m) narrow (with a width A < 
0.1 jam) grooves, which appear irregularly on the tita­
nium surface, even taking into account fluctuations of 
the radiation energy within 5% (Fig. 6a). The target 
surface itself outside grooves does not contain any 
traces of its own material removal, but is contaminated 
by the fragments of ablation products reprecipitated 
from grooves (Fig. 6b). When the threshold FNŜ IR is 
excited, surface nanogratings develop (cf. Figs. 6a and 
6b); however, above an optimal value of F (F « 
0.03 J/cm 3 for N  « 700 in our case) (Fig. 6b), the 
grooves of the surface nanograting gradually degrade 
(Fig. 6c), for example, due to their noticeable melting 
(Fig. 6d).

Note that gratings with small spacings (0.1— 
0.3 (im) are present on the surface mainly near the 
nanostructuring threshold (F > ^NS, IR), where the 
relief grooves are nonsinusoidal (Fig. 6a). However, 
such gratings disappear almost completely for larger 
values of / ’(Figs. 6c, 6d), which is manifested in the 
amplitude spectra S(q) of the fast Fourier transform in 
the form of the lower (mainly the second) harmonics 
of the nanorelief (Fig. 7) with a period multiple of the 
first-harmonic period Aj = 1 /q x. Such a behavior can 
be explained by the diffraction of incident laser radia­
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Fig. 6. Scanning electron microscope photographs of the titanium surface irradiated in air by IR 744-nm laser pulses for N x  700 
and the energy density i 7« 18 (a), 27 (b), 36 (c), and 150 (d) m J/cm 2. The arrows show the direction of polarization e and the 
sample scan rate v.

tion from the appearance of grooves of the intermedi­
ate nanorelief, according to the interference model 
[19, 20], due to interference of this radiation with an 
SEW (with the wavelength ASEW) excited on the ini­
tially flat target surface. In this case, the distribution of 
the total energy density iv  of the electromagnetic field 
on the target surface has a periodic form along the 
direction of laser polarization (coordinate x) [32]:

Fz(x) = F(x ) + J FFsEwsi n ( - ^ - x  + <|>), (9)
a sew

where /  and /  s , w are the surface energy densities of 
the incident laser radiation and SEW, respectively, and 
<|) is the initial phase. If the value of I \  at the interfer­
ence maxima exceeds the nanostructuring threshold 
/ \ s |R only slightly, then periodic shallow and narrow 
(width A <§ Ah Asew) grooves are produced (Fig. 8a), 
whereas for iv  > / \ s IR (but below the melting and 
ablation thresholds), the intermediate nanorelief £,(x) 
can have a quasi-harmonic character with period A, 
(Fig. 8b). It is important that in the latter case, for the 
quasi-harmonic reflecting surface grating (Fig. 8b) 
with a simple Fourier spectrum of the relief (Fig. 8d),

the phase matching condition for diffraction of inci­
dent laser radiation has a simple form [33],

kf + n% = ky, (10)

where k, and q,, are the projections of wavevectors of 
incident radiation k() ( |k,| = |k0| sinO) and the surface 
grating on the target surface, 0 is the angle between 
these projections, ky is the wavevector of the SEW, and 
the angular diffraction spectrum in each order n is rep­
resented by one component. On the contrary, in the 
first case, for the weakly modulated nonsinusoidal sur­
face grating (Fig. 8a), the diffraction of laser radiation 
will occur from all harmonic gratings with frequencies 
in the Fourier spectrum of its profile (Fig. 8c). For this 
reason, the angular diffraction spectrum will contain a 
number of corresponding components. It is known 
that the amplitudes of angular components are pro­
portional both to the amplitude (strength) of the inci­
dent laser wave and the amplitude c(| of the corre­
sponding surface grating [20]. The angular compo­
nents can propagate in a certain diffraction order 
along the surface and transform upon interference, 
according to (7), to surface nanogratings with spacings 
A,„ = Ax/m  <§ A, (m is the harmonic order) [34].

Thus, the production of a multiple spectrum of 
nanogratings on the surface of a material irradiated 
under certain conditions is most likely not caused by
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the generation of the higher optical harmonics of opti­
cal radiation on the material surface, as was assumed 
in [21—23], but only characterizes the relation 
between the effective energy density /v and the nano­
structuring threshold FNŜ IR. Obviously, the primary 
characteristic of the SEW excited on the initially flat 
target surface and of preceding material photoexcita­
tion processes and the subsequent development of the 
surface nanorelief is the fundamental (first) spatial 
harmonic of the nanorelief (Figs. 7 and 8) correspond­
ing to the spacing Ab but not a surface nanograting 
with a minimal spacing on the order of Am = A Jm  [8].

For different nanostructuring conditions for the 
titanium surface, primarily for different energy densi­
ties F, using the Fourier spectra on the surface nanore­
lief (including data in Fig. 7), we selected the wave­
lengths of the first harmonic of the nanorelief repre­
sented by the dependence A\(F) in Fig. 9. The period 
A, monotonically decreases with increasing F, like in 
[18], however, to a lesser degree. This discrepancy is 
probably explained by the better accuracy of the nan­
ograting spacing analysis using the fast Fourier trans­
form and by selecting the values of A, rather than the 
periods of higher harmonics, as in [18].

We recorded one-dimensional nanogratings on the 
titanium surface by femtosecond UV pulses (A]as3 « 
248 nm) with the energy density F& 0.025—0.1 J/cm 2. 
The number of incident pulses was TV« 102, 3 x 102, 
and 103 (Figs. 10a, 10b). Similarly to nanogratings 
written by femtosecond IR pulses, the produced nan­
ogratings were also oriented perpendicular to the 
polarization of laser radiation (q || v, e) and had sub- 
wave spacings in the range from 0.1 to 0.2 (im 
(Figs. 10a, 10b) and, as rule, the first and second relief 
harmonics with Aj « 0.18—0.2 j^m (Figs. 10c, lOd). 
The nanostructuring threshold for TV« 103 femtosec­
ond UV pulses was i rNS; uv « 0.025 J/cm 2, and the value 
of At was virtually independent o f /(F ig . 9).

3.2.2. Writing of one-dimensional nanogratings in 
water. Upon exposing a titanium target surface in 
water to TV« 104 moderate-energy IR laser pulses (F~  
up to 0.2 J/cm 2), we observed, instead of the titanium 
melting, the surface nanostructuring with the forma­
tion of regular one-dimensional gratings with q || v, e 
and the minimal spacing A « 0.09—0.11 (im (Fig. 11a). 
In this case, similar gratings with A « 0.1 |im are pro­
duced at the laser spot periphery for F « 0.1 J/cm 2. 
However, the irregular microscale modulation of the 
surface is also present in the form of curved and circu­
lar craters (Fig. lib ). The maximal spacing of one­
dimensional nanogratings in both cases was At « 0.18—
0.2 (im (Figs. 11c, lid ).

The observation of unusual circular craters on the 
irradiated wet titanium surface for F  « 0.1 J/cm 2 is 
probably a rather common manifestation of long-lived 
vapor/gas microbubbles [35] stabilized by the nanor­
ough titanium surface. It is easy to show that for the 
given value of F, the conditions for water boiling on a 
considerable part of the irradiated surface are known

S, rel. units

q, |jm

Fig. 7. Amplitude spectra of the fast Fourier transform for 
the surface nanorelief presented in Figs. 6a—6c. The 
arrows with numbers show the position of the correspond­
ing harmonics of the nanorelief.

to be satisfied (the threshold and melting point for tita­
nium are 0.05 J/cm 2 [27] and 1608°C [36], respec­
tively, while the critical temperature TCTit of water is 
only 374°C [36]). The external walls of microbubbles 
are a natural waveguide with a large jump in the refrac­
tive index An « 0.3 [30], while the microbubbles them­
selves form a negative lens redistributing the incident 
laser radiation to the bubble periphery. This effect 
explains the appearance of narrow circular ablation 
craters on the titanium surface in water at such low 
mean energy densities F « 0.1 J/cm 2, which are evi­
dently insufficient for direct ablation of the titanium 
surface (recall that the macroscopic ablation threshold
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Fig. 8. (a, b) Model surface nanogratings represented by sinusoidal profiles truncated at levels 10% (a) and 40% (b) (the truncation 
level corresponds to the surface position). The upper sinusoids in both figures show the distribution of the total laser fluence 
and their parts in the hatched region are subjected to the surface material ablation (the value of exceeds the ablation threshold), 
(c, d) Amplitude Fourier spectra of the surface nanorelief presented in Figs. 8a and 8b, respectively (integer lengths of the 
wavevector q represent the orders of the corresponding relief harmonics).

for titanium under our conditions is about 0.3 J/cm 2 
[27]).

3.2.3. Simulation of basic spacings of one-dimen- 
sional nanogratings of the titanium surface relief. The
spacings of one-dimensional gratings produced on the 
titanium surface by femtosecond IR and UV laser 
pulses were simulated using the interference model 
[19, 20] assuming that the basic spacing At of such 
gratings is equal to the length ASEW of an SEW excited 
on the initially flat target surface. In particular, when a 
SEW is generated that interferes with a light wave with 
the wavelength X incident on a metal—dielectric inter­
face, the Fourier component of the roughness with the 
wavevector q || e and period [33, 37]

A sew = x ( i ^ ^ t ± s in 0 "c) • <U)

increases, where sMand eD are the permittivities of the 
metal and dielectric at the wavelength X and 0inc is the

angle of incidence of radiation on the surface. Addi­
tional conditions of the SEW excitation have the form 
[37]

ResM+ Resi)< 0, Re8MReei)< 0. (12)

It was show earlier [18] that the estimates of periods 
At from (11) based on the optical parameters of the 
unexcited material were in poor agreement with 
experimental data and did not allow determining the 
optimal conditions for femtosecond laser nanostruc­
turing in the {A,, F, N} space. Therefore, in this paper 
we made such estimates by using calculated instanta­
neous (during the exciting femtosecond laser pulse) 
optical characteristics of the photoexcited titanium 
(Fig. 4) that were in good agreement with experimen­
tal data (Fig. 5).

As a result, studies of titanium nanostructuring by 
femtosecond 744-nm laser pulses showed quantitative 
agreement between experimental values of A, and cal­
culated values of ASEW in the range F = 0.03—
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Als nm Asew> nm

Fig. 9. Period A ( of the first harmonic of the nanorelief as 
a function of the energy density /Tor /.|as| =  744 nm (in air: 
dark circles, in water: open circles) and i las3 = 248 nm (in 
air: triangles). The solid and dashed curves are the model 
dependences of the SEW length ASEW on / ’for dry and wet 
titanium surfaces, respectively, for Xlasl = 744 m.

0.15 J/cm 2> i7NS IR(Fig. 9). In accordance with results 
obtained in [1—8, 32, 38], the basic spacings of nan­
ogratings produced in air (Ree^ «1) were weakly sub- 
wave (450—600 nm < 744 nm), according to expres­
sion (11) adapted to the case ResM Res0

ASEW 1
X es,

1 - 2 Res,
ResM

(13)

As result, the use of subwave nanogratings as one of the 
boundary dielectric media with high sD is promising. 
Indeed, for the same conditions of titanium nano­
structuring in water (Resx, «1.75 [36]) by femtosec­
ond IR laser pulses, both calculated ASEW and experi­
mental spacings At prove to be considerable smaller 
than A|as | = 774 nm (Fig. 9).

The exposure of the titanium surface in air to 
248-nm femtosecond laser pulses also leads to the pro­
duction of small-scale one-dimensional nanogratings 
with subwave spacings from 0.1 to 0.2 (im, which is 
qualitatively explained, taking (11) and (13) into 
account, by a smaller laser radiation wavelength. At 
the same time, the simulation of SEW parameters in

S, rel. units .S’, rel. units

q, (_im q, |_im

Fig. 10. Photographs of the titanium surface irradiated in air by 248-nm laser pulses for N  « 103 and F ~ 0.05 J/cm 2 (a) and
0.1 J/cm 2 (b). The arrows show the directions of polarization e and the sample scan rate v. (c, d) Amplitude Fourier spectra of 
the surface nanorelief presented in photographs above. The arrows with numbers show the position of the corresponding relief 
harmonics.
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S, rel. units S, rel. units
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Fig. 11. Photographs of the titanium surface irradiated in water by 744-nm IR laser pulses for JV« 104 and F x  0.2 J/cm 2 (a) and 
0.1 J/cm 2 (b). The arrows show the directions of polarization e and the sample scan rate v. (c, d) Amplitude Fourier spectra of 
the surface nanorelief presented in photographs above. The arrows with numbers show the position of the corresponding relief 
harmonics.

the UV region proves rather complicated, because the 
Drude approximation with a constant initial plasma 
frequency and wavelength-dependent initial elec­
tron—electron scattering time of carriers (expres­
sions (1) and (2)) in the mid-IR region (3—30 |im) 
(Fig. 3) is less accurate after its extrapolation to a 
broader spectral region including the UV range 
(Fig. 2). In particular, in this case it is necessary to take 
into account the unknown dispersion of the ,v-electron 
mass, which is probably quite considerable on passing 
from the mid-IR region to the UV region, which 
affects the initial value of the plasma frequency. As a 
result, for the Drude approximation of the titanium 
permittivity used here, the calculated value of 
ReSintra < — 1 extrapolated from the mid-IR region to 
the UV region proves to be insufficient even for excita­
tion of a SEW according to conditions (12).

4. CONCLUSIONS
We have studied the features of the quasi-periodic 

nanorelief written on a dry or wet titanium surface by 
femtosecond IR and UV laser pulses. It is assumed 
that oriented quasi-periodic structures (one-dimen- 
sional gratings) with subwave spacings are harmonics

of the surface nanorelief produced due to the diffrac­
tion of incident laser pulses from an intermediate non­
harmonic periodic surface grating. This intermediate 
surface nanograting is produced by the first laser pulses 
due to their interference by an SEW excited by them 
on a flat titanium surface and its subsequent ablation 
in spatial regions corresponding to the interference 
maxima. As a result, the spacing of the intermediate 
grating is equal, on the one hand, to the SEW length 
and, on the other hand, to the wavelength of the fun­
damental (first) harmonic of the nanorelief, which 
serves as a control parameter characterizing the SEW 
and its excitation conditions during a femtosecond 
laser pulse.

To understand the SEW excitation conditions on 
the titanium surface and the surface nanostructuring 
process, we simulated the instantaneous optical char­
acteristics of photoexcited titanium using the model 
taking into account the bottleneck effect in the density 
of electronic states below and above the Fermi level for 
the s and d bands. Model calculations and the mea­
sured reflection coefficients of exciting femtosecond 
IR laser pulses showed that titanium, which is a semi­
conductor at optical frequencies, transforms to a con­
ductor during ultrafast photoexcitation due to satura­
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tion of the interband d—s absorption and the corre­
sponding increase in the density of free carriers in the 
s band. As a result, the SEW length considerably 
changes. The SEW lengths calculated upon excitation 
of SEWs by femtosecond IR and UV laser pulses with 
different energy densities on the dry or wet titanium 
surfaces well agree with the periods of the first har­
monics of the surface nanorelief.

We have proposed and considered three new meth­
ods for producing subwave quasi-periodic surface nan­
ogratings by femtosecond laser pulses: (i) near (slightly 
above) the threshold nanostructuring energy density; 
(ii) in the region of the radiation energy density or 
radiation wavelength where the modulus of the real 
part of the permittivity of a photoexcited (conducting) 
medium approaches that for the permittivity of the 
adjacent dielectric (“laser field” and spectral tunings), 
and (iii) by the choice of the adjacent dielectric with 
the real part of the permittivity providing the condi­
tion indicated in (ii). These methods were not explic­
itly distinguished earlier probably because the physical 
nature of their basic processes was insufficiently clear. 
Note that these three methods in their entirety can be 
used to produce individual surface nanogratings or sets 
of them by laser pulses at different wavelengths with 
energy densities varying in a broad range.
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