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Femtosecond laser-induced nanofabrication in the near-field
of atomic force microscope tip
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The formation of nanocraters on the surface of metallic films under the tip of an atomic force
microscope by femtosecond laser pulses is demonstrated. The influence of laser polarization, pulse
duration, and tip—sample distance on threshold fluence for nanoprocessing is investigated. Analysis
of experiments shows that heating of the tip by laser radiation and its lengthening is the predominant
mechanism for laser-induced nanoprocessing.2@3 American Institute of Physics.
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I. INTRODUCTION with a radius of curvature~30 nm were used. The samples
The formation of nanostructures on the surface of differ-2€ metallic films(In, Au, Cu, magnetic material FefCwith

ent materials is a field of research activity that has attracted thlcl_<ness of 20-30 nmon a S'. substrate. The _f||ms are
much attention in recent years. One of the methods to proge_poSlted by the sputtgrmg_ technique. The scanning probe
duce nanostructures is to illuminate the gap between the tiHucroshcopeth:Jsed m.alnlt))/ In contact .mortlje. hold val

of an atomic force microscop@FM) or scanning tunneling When the fluence is above a certain threshold value, pro-

microscope and a substrate surface by laser radiation. In su@fSSing of craters on the film surface occurs. Figure 2 shows
a way, hillocks and pits with a diameter up to 20—30 nm on? ¢rater on an FeCr film produced by a pulse with fluence
the surface from different materials have been crektéd, © = 95 mJ/crf. The image was taken by the AFM immedi-

Two mechanisms explaining the observed nanostructuringtezly after processing. The craters are, typically, 3050 nm in

are discussed in the literature. One mechanism is the su liameter and 3-10 nm in height, similar to the results of

strate material ablation by a laser electric field enhanced ifjersch and L. The threshold fluence depends on the mate-

the vicinity of the tip apexX:* The other is mechanical stress rial of the film. In F_ig. 3, the dependen(_:e of the thre_shold
by the heated tip as a result of thermal expansion of the tiFf)luence on thg melting temperature for dlffergnt materllals of
due to absorption of laser radiati3f® Despite the large sample films is presented. The dependence is approximately

effort made to clarify the problem, there is still controversyIn€ar- It was observed that the threshold fluefigeis influ-

over the explanation of nanoproccessing. In this article, w ng:ed_ by th_e polarization of the laser radiation. qum
present results of several experiments performed with lasaf/1zation with respect to the substrate surface is used, the
pulses of femtosecond duration in order to contribute furtheV@U€ Of the threshold fluence is 1.5-2 times Iow%r than for
to the discussions on nanostructuring mechanisms. The uggrPendicular S polarization. - Thus, for Fechgw:75

of ultrashort laser pulses introduces a param@eise dura- 10 mJ/cr, 'S:th: 150+=15mJ/cnf, and for Au Ff,=34
tion), which is important for better understanding of the =2 mJjcnt, Fi,=67+10 mJ/cr.

problem. In addition, the femtosecond duration of laser The threshold fluence for femtosecond and nanosecond

pulses enlarges the range of materials that can be developé@?’er pulses was compared. To produce nanosecond pulses, a

Il. EXPERIMENTAL SETUP AND RESULTS

A simplified experimental setup is depicted in Fig. 1. t|p
The radiation from a femtosecond lagar=0.8 um, =100
fs, W=50uJ) is focused by a lens to a focal spot 30 in
diameter in a tip—surface gap. The angle of incidence is
®=17° relative to the substrate surface. The polarization of @

the laser radiation was varied during the experiments. A
commercial AFM systeniSmena model from NT-MD)Iwas

employed. Silicon tips covered by a 20—30 nm layer giCNV ’ Sample ’
dElectronic mail: step@ufp.appl.sci-nnov.ru FIG. 1. Diagram of the experimental setup.
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FIG. 2. AFM image of a crater made with M@-coated silicon tip on a FeCr 0
film, p polarization, and® =95 mJ/cm. 0 10 20 30 40
Distance, nm
regenerative amplifier of the laser system was used in the FIG. 4. Threshold fluence vs tip—sample distance.

regime of lasingwithout femtosecond pulse injectipnThe

pulse duration in this case wagss~9 ns. Threshold fluences o _ _
FP =46+5 mJ/cnt andF$,= 115+ 10 mJ/c for nanofabri- axially symmetric field were made in Ref. 9, and in a plane

cation on a gold film were measured with nanosecond puls@ave in Ref. 6. However, it is advantageous to write down a
duration (as compared td=P,=34+5 mJ/cn? and F},=67  Simple analytical model of the thermal lengthening of the tip,

+10mJ/cr for femtosecond pulsgsFor In film, FR=7 which will be more convenient for subsequent analysis. In

+2 md/cn? (femtosecond pulsgsand F§ =20+ 3 mJ/cnd this respect, some estimations have been made in the

(nanosecond pulsgsvere measured. Thus, for nanosecondliterature™® Below, we will develop a model that will in-

pulse duration the threshold fluences exceed the case wif{ude the main parameters of the materials of the tip and

femtosecond pulses by1.5-2.5 times. samples, as well as the characteristics of the laser field,
The dependence of the threshold fluence for a FeCr filn{vhich are essential for analysis of experiments.

on a distance between the tip and the sample surface for the Model of thermal lengthening of the tip

p polarization is depicted in Fig. 4. There is no dependence

within the experimental error, First, we will find absorption of laser radiation by a coni-

cal tip of the atomic force microscope. Using the Fresnel
formulas® we find the dependence averaged over the conical
IIl. DISCUSSION OF EXPERIMENTAL RESULTS surface intensity reflectivityA(5) for tungsten on polariza-

Let us now discuss our experimental results from theion (Fig. 5. The values of optical constants appearing in the

point of view of the two mechanisms of nanoprocessing thafresnel formulas(=3.7, k=2.7) are taken from Ref. 11.
have been considered in the Introduction. A quantitative deJhe dependence shows that the absorptiopia¥=0°) and
scription of the field enhancement in the vicinity of the tip S(6=90°) polarizations differs by no more than 20%.

apex requires a complex calculation procedure, which was 10 estimate heating of the AFM tip we assume that the
performed in certain approximations in the literatGfeNu-  conical slice with thicknesdz (Fig. 6) absorbs the energy of

merical calculations of thermal lengthening of the tip in an
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FIG. 5. Absorption averaged over conical surface as a function of polariza-

FIG. 3. Threshold fluence vs melting temperature for different materials. tion.
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z the tip apex that is equal to the melting temperature of the
sample. For threshold fluence this will lead to the following
expression:

therm_ TCPZmint 9o,

The second scenario relies on the following consider-
ations. The thermal lengthening of the tip can be estimated
by Eg. (2), and is resisted by an elastic force from the
sample. If pressure by the tip on the sample exceeds some
critical value, at which elastic deformation of the sample
transforms into plastic, then some traces are left on the
sample surface—the observed nanostructures.

In this model, the criterion for the nanostructuring
threshold may be obtained from the condition of equality of
thermal lengthening of the tip with elastic deformation of the
FIG. 6. Geometry underlying the model of a tip. conical tip under external force. The elastic deformation of a
conical layer with thicknesslz (Fig. 6) is given by the
Hooke's law dly,s=[0(z)/E]dz, whereE is the Young's

o o ) ) modulus of the tip material, and(z) is the tension on ele-
incident radiation according to the calculated absorption Coment dz for the conical tip. It can be expressed through

efficient, and that this energy heats the conical slice. In othefansione, at the tip apex with radius, o/(z) = oor 2/R(2)2
yvor.d's, we neglect '.the hgat flow along the tip axis, which is— oorglzztgaz. After integration with respect tpand equat-
justified for actual tips with relatively small vertex angles ating elastic deformation to thermal lengthening of the tip, we
times <10 ns(see, e.g., Ref.)6 Then, for the temperature qpiain the following expression for the nanostructuring

along the tip axis we will have: threshold:
FA(5)dS
T(2)= (d) , Fmech_ mCpr30g @
cpdV th T 2A(8)aE In(hzZyy)

vyhereF is the incident fluer)(?eﬁ,\(é) is the gbsorptlon quf' where g is some critical tension for sample material, start-
f!C|ent, ¢ z_;mdp are the specific heat Capa(_:|ty and density fOring from which the tip produces irreversible changes on the
tip material, angbIS ar_1ddV_ are 'Fhe effective area _and vol- sample. If there is a gap between the tip and the sample,
ume of the conical slice with thickneskz. Substituting ex- 4 o|astic deformation should compensate for the difference

pressions fodS anddV yields the foIIowing expression for Lierm—L, and the expression for threshold fluence will de-
the temperature dependence along the tip: pend on the distance:

— 2FACS) mCptgd

T(2)= , (1) mech | | _ Tof’s
mCpztgl R )= A G a Iz (Etge “)' ©

i.e., with decreasing, the temperature increases and the
maximum temperature will be at the very tip apex. The mini-
mum value ofz,,;, at which the formula(l) still works is
determined by applicability of Fresnel formulas and is frac-
tions of wavelengths of incident radiation.

Heating leads to tip lengthening, each conical layer with
thicknessdz being enlarged byl= aT(z)dz, wherea is the
coefficient of thermal expansion of the tip material. Integrat-
ing with respect t yields the total lengthening of the tip:

Let us present numerical estimates for the heating and
lengthening of the tip. For silicon, a material from which the
tip is made, «=2.5x10" K", ¢=0.71J/gK, p=2.3
g/cn?, and E=120 GPa'? Since optical constants for &
at the working wavelength are unknown, the absorption co-
efficient is estimated for W, which is justified by the fact that
data on electric conductivity of YC and W are very close.
Estimates ofz,,, and o, are difficult to perform. Let us
assume that,;;,=0.4um, i.e., equal to a half wavelength of

h 2aFA(S)In(h/zyn) laser radiation. Material science gives several parameters
Ltherm:f aT(z)dz= (2)  characterizing the beginning of nonelastic deformation of
min material, and these parameters are functions of temperature
In Eq. (2) his the length of the tip. and deformation rat& In estimations, we will use data on

Two scenarios of nanostructure formation by tip heatingthe dynamic limit of elasticity obtained in experiments with
and lengthening can be considered. The first is that the tiphock waves in steel, and assumg~1 GPal* However, it
apex is heated up to a temperature that exceeds the meltistpould be noted that plastic deformation within existing con-
temperature of sample materig},, then comes in close me- cepts is related to the motion of dislocations and faults with
chanical contact with the sample due to thermal expansiooharacteristic scales 6¢1 um.*® In our case, the affected
and melts the sample. In this case, the criterion for nanoarea is several tens of nanometers, so it is likely that plastic
structuring is the achievement of maximum temperature atleformation within this scale will be governed by other

mCptg
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mechanisms. Then, one should treat the presented estimatetbfeshold related to the heating and lengthening of the tip
the dynamic limit of elasticity with much caution, taking it as [formulas (3) and (4)]. When the formulas were derived,
a lower possible limit. Nevertheless, substituting the abovénowever, it was assumed that heat conductivity has too little
values into formulas for temperature and tip lengthening atime to equalize temperature along the tip axis. Estimates, as
fluenceF =100 mJ/cr yields the following estimate$,,,  Well as numerical computatiofisshow that this condition is
~3000 K, Lhern=20 nm. Thus, this simplified model shows obeyed up to times-10 ns, i.e., at pulse duratior=9 ns,
the heating of the tip up to several thousand K, and moreised in the experiment, one may expect some decrease in
importantly, it demonstrates tip lengthening in the order oftemperature of the tip apex, in comparison with femtosecond
tens of nanometers, well in accordance with more rigoroupulses, due to heat outflow. This probably accounts for the
calculations’ experimental fact that the nanostructuring threshold is by
Now, taking into account the found relations, let us re-~1.5—-2.5 times higher for nanosecond pulses than for fem-
turn to the discussion of experimental results from the pointosecond pulses. Thus, our comparative analysis of nano-
of view of mechanisms for nanoprocessing. structuring thresholds for nanosecond and femtosecond pulse
durations indicates the thermal-mechanical mechanism of

B. Polarization dependence of nanostructuring .
nanostructure formation on the sample surface.

threshold

In the ablation approach, the field enhancement in the
vicinity of tip apex is very sensitive to the polarization of D. Nanostructuring threshold versus tip—sample
laser radiation relative to the tip axis. pFpolarization en- distance
hancement in intensity just under the apex may reach several
hundreds timess polarization in the field enhancement is
almost not observeliTherefore, the nanostructuring thresh-

The field enhanced near the tip apex decays faster than
exponentially versus a distance from the®iJ.This should
C ; : lead to a strong increase in the nanostructuring threshold
old in this mechanism must strongly increase wipgpolar- o . : X
T o . with increasing distance between the tip and sample. In the
ization is changed te polarization. In the second mechanism S .

. ) o ._model, when nanostructures are formed by the tip’s heating
being discussed here, the effect of polarization on heatln% .

eyond the melting temperature of the sample matgEgl

and thermal lengthening of the_ tp 1s mc_au_nly determm{-}d k_)y 3)], the threshold does not depend on tip—sample distance.
the dependence of the absorption coefficient on polarizatio .
nanostructures are formed when the pressure of the tip

(Fig. 5. The dependence is very weak; therefore, the results

of the experiment, where nanostructuring thresholdspfor exceeds some I|m|t. valugEq. (4], a linear dependence of
o . : the threshold on distance should be observed. The depen-
polarization were only 1.5—-2 times lower than &ypolariza-

. ) - . dence of the nanostructuring threshold on distance, plotted
tion, speak for a higher probability of the mechanism of heat- : . S .
ing and thermal lengthening of the tip. by this form_ula,_ls shown in Fig. Bsolid line). Because of
the uncertainty in the values of some parameters,(and

0p), the line in Fig. 5 was fitted dt=0 to the experimental
value of the threshold, and the dependence on distance is
given for tip parameters and characteristics used in the esti-

In the two approaches being discussed here, changes mation of temperature and tip lengthening. Comparison of
pulse duration affect, in a different degree, the nanostructurthe above discussions with experimental findings shows that
ing threshold. In the ablation mechanism, optical radiation ighe effect of field enhancement cannot account for the ob-
absorbed by electrons in a metallic sample just under the tiperved dependence of nanostructuring threshold on distance.
with a characteristic spatial scale about the tip apex sizeMoreover, the behavior of the threshold that is almost inde-
During time 7; of several picoseconds, absorbed energypendent of the value of the tip—sample gap speaks for a high
transfers from electrons to the lattit&Then, due to elec- probability of melting of the material by the heated tip. In-
tronic heat conductivity, heat propagates to an area withtirectly, this is evidenced by the fact that the formation of
characteristic spatial scale- \/y 7, wherey is the coefficient craters and hillocks depends on the relation between the
of thermal conductivity of the sample material, anis the = melting temperatures of the tip and sample. If the melting
characteristic time. If the laser pulse durationris 7, (fem-  temperature of the tip is higher than that of the sample, the
tosecond pulsgs then for estimation of the characteristic tip melts the sample and produces a crater in it. If the melting
scale we can use;. But, if the laser pulse duration is more temperature of the tip is lower, then hillocks are formed on
than 7; (nanosecond pulsgsthen the characteristic spatial surface of the sample, which is probably due to shaking off
scale of the heated area will be determined by laser pulsthe melted material of the tip on the sample during mechani-
duration. The volume of the heated area in a thin metalliccal contact. This behavior was observed for different pairs of
film on the surface of a poorly conducting material is directly tip—sample materials in all experiments we knowrt®
proportional to the second power of the spatial scale. Thus, One more remark should be made concerning the effect
the volume of the heated area for nanosecond pulse duration$ field enhancement near the tip apex on the process of
will exceed that for femtosecond pulses by, q(l¢)? nanostructuring. Of no doubt, field enhancement does occur,
=(7/7)~10°-10 times. In other words, ablation of sample and its order of magnitude corresponds to that numerically
material by nanosecond pulses requires much higher energstimated in the literature® However, a more thorough con-
than by femtosecond pulses. On the other hand, pulse dursaideration of the structure of the electric field near the sample
tion does not appear in the criteria for the nanostructuringsurface under the tip shows that the main component of the

C. Influence of pulse duration
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field is the component that is perpendicular to the surfacecause of its thermal lengthening. The analysis of experimen-
This component, according to the boundary conditiong; is tal results shows that the sample material is likely to melt
times attenuated inside the sample, wheie the dielectric  during nanomodification. This, however, requires further ex-
constant of the sample material. In optie$~20-25 for  perimental verification. In summary, we believe that this in-
metals!? i.e., the intensity of the electromagnetic field, vestigation has made a next step for the creation of elements
which has been enhanced near the tip apex by 100-508f super-high-density optical and magnetic memory up to 1
times® is attenuated inside the metallic sample k> T bit/cn?.

=400-600times. Undoubtedly, one should consider the

field enhancement for dielectric samples when studying sur-
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