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Pulsed-laser assisted nanopatterning of metallic layers combined
with atomic force microscopy

S. M. Huang,a) M. H. Hong, Y. F. Lu, B. S. Lukỳanchuk, W. D. Song, and T. C. Chong
Data Storage Institute and Department of Electrical & Computer Engineering, Laser Microprocessing
Laboratory, National University of Singapore, 10 Kent Ridge Crescent, Singapore 117608

~Received 2 October 2001; accepted for publication 11 December 2001!

Pulsed-laser assisted nanopatterning of metallic layers on silicon substrates under an atomic force
microscope~AFM! tip has been investigated. A 532 nm Nd:YAG pulsed laser with a pulse duration
of 7 ns was used. Boron doped silicon tips were used in contact mode. This technique enables
processing of structures with a lateral resolution down to 10 nm on the copper layers. Nanopatterns
such as pit array and multilines with lateral dimensions between 10 and 60 nm and depths between
1.5 and 7.0 nm have been created. The experimental results and mechanism of the nanostructure
formation are discussed. The created features were characterized by AFM, scanning electron
microscope and Auger electron spectroscopy. The apparent depth of the created pit has been studied
as a function of laser intensity or laser pulse numbers. Dependence of nanoprocessing on the
geometry parameters of the tip and on the optical and thermal properties of the processed sample has
also been investigated. Thermal expansion of the tip, the field enhancement factor underneath the
tip, and the sample surface heating were estimated. It is proposed that field-enhancement mechanism
is the dominant reason for this nanoprocessing. ©2002 American Institute of Physics.
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I. INTRODUCTION

Continuing miniaturization of electronic and mechan
devices has led in recent years to an intense interest in
generation of nanometer-sized structures on the surface
the traditional masking approach in optical lithography
limited to a minimal resolvable feature size of half a wav
length of the light,l/2, many alternative techniques hav
been developed. One approach in this respect consiste
the illumination of the tip of a scanning tunneling micr
scope~STM! with a pulsed laser. Structures with lateral d
mensions below 30 nm and therefore well belowl/2 could
be produced underneath the tip.1–4 This method has limited
applications since it can only be used for special mater
and certain ambient conditions~e.g., vacuum!. The other ap-
proach is an atomic force microscope~AFM! combined with
a pulsed laser. This method, with much wider applicatio
compared to the first technique, was first suggested
Wessel,5 and was discussed in more detail by Stockman6

Recently, this method has been used to create hillocks
pits with dimensions down to 20 nm on materials includi
gold, gold/palladium, polymethyl methacrylate~PMMA!,
and polycarbonate.7,8

Despite the prominent interest in the photoassisted S
or AFM techniques, the main reason for the structuring p
cess remains unclear and is controversially discussed
many groups. On one hand field, enhancement in the vici
of the tip and subsequent field evaporation is proposed, w
the thermal effects are ruled out.1–4,7–9 On the other hand
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mechanical contact as a result of thermal expansion is
cussed as well.10–13

In this study, the nanostructure fabrication on meta
surfaces using a pulsed laser in combination with an AFM
reported. Nanopatterns such as pit and multilines were
ated. Dependence of pit apparent depth on the laser flue
and laser pulse numbers has been investigated. Chem
components of the modified features were analyzed by Au
electron spectroscopy~AES!. The morphologies of create
features were characterized by AFM and scanning elec
microscope~SEM!. Thermal expansion of the tip, the fiel
enhancement underneath the tip and the sample heating
estimated. Experimental results and mechanisms of na
structure formation are discussed. We hope that our exp
ments will contribute further to the study of mechanisms
the photoassisted nanoprocessing.

II. EXPERIMENTAL DETAILS

The experiments were carried out on a commercial sc
ning probe microscopy~SPM! system~Autoprobe CP, Park
Scientific Instruments!. The SPM probe head has an op
architecture, which allows an external laser beam irradiat
directly on the tip and sample. The sample is made o
copper or aluminum film with a thickness of 35 nm on
substrate. The metallic films were deposited by sputter
method. During imaging and nanoprocessing, the tip w
fixed and the sample was moved via a tube scanner. A
mn Nd:YAG pulsed laser with a pulse duration of 7 ns w
used. The maximum repetition rate of the laser is 10 Hz. T
laser beam is vertically polarized. The laser beam was
cused by a plano-convex lens~focal length f 520 cm!. The
laser spot diameter,Db , was estimated using the second h
il:
8 © 2002 American Institute of Physics
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monic divergence (a>1.531023 rad) as Db>a f
>300mm. The laser beam was focused on the tip apex.
laser alignment was performed under an optical cha
coupled device microscope with high resolution. It was a
justed by observing the diffraction ring from the tip. Th
laser beam hits the sample surface at an incidence ang
u i;80°, measured from the surface normal. The SPM w
operated in AFM mode. Boron doped silicon~0.001V cm!
tip ~Park Scientific Instruments! was used in contact mode

III. RESULTS

The laser beam is introduced to the gap between the
and the copper sample. When the laser intensity is abo
threshold value, one pulse can create one pit on the co
surface. We estimated a threshold level of;7.5 MW/cm2 for
the Si tips~Park Scientific Instruments, Ultralevels™, can
level type A and B! in contact mode. A Si tip B was used t
obtain pits. Figure 1 shows three pits created by laser pu
Each pit was induced by a single shot. The nanoholes, f
the left to the right, were created with pulse intensities of 7
8, and 8.5 MW/cm2, respectively. The height profile of th
nanoholes is also shown in Fig. 1. The depths of the th
nanoholes are 1.54, 2.43, and 3.20 nm, and their full wid
are 31.4, 39.2, and 43.1 nm, respectively. With higher pu
intensity, the created nanohole becomes even deeper
wider. Figure 2 presents the two pits created by two pul
with the laser intensities of 11 and 12 MW/cm2, respectively.
The height profile of both pits is also shown in Fig. 2. Th
depths are 5.47 and 7.05 nm, and their widths are 58.6
62.2 nm, respectively.

Dependence of the pit depth on the laser intensity
presented in Fig. 3. The depths were measured from the
created by single laser pulse with different laser intensit
for example, the pits shown in Figs.~1! and~2!. From Fig. 3,

FIG. 1. AFM image and the height profile of the nanohole created by
pulse with laser intensities of 7.5, 8, and 8.5 MW/cm2, respectively.
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the pit depth displays a linear increase with the laser int
sity. In addition, the pit depth can increase with more la
shots. The relationship between the depth of the pit and
pulse number is presented in Fig. 4. The depths were m
sured from the pit created by different pulse number but w
the same laser intensity. The depth tends to saturate
several laser shots.

In order to obtain continuous lines using a pulsed las
the scanning speed must be slow enough. Figures 5~a! and
~b! show AFM image and the height profile of a series
created lines on the copper surface, respectively. The l
beam with an intensity of 8 MW/cm2 and repetition rate of
10 Hz was used. The scanning speed was 0.02mm/s. An
Ultralevels™ Si tip A was used. The line width is about 1

e

FIG. 2. AFM image and the height profile of the nanohole created by
pulse with laser intensities of 11 and 12 MW/cm2, respectively.

FIG. 3. Dependence of nanohole apparent depth on the laser intens
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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nm and the depth is about 2.7 nm as shown in Fig. 5~b!. With
higher laser intensity, the continuous line created beco
wider and deeper. Figures 6~a! and ~b! present AFM image
and the height profile of the lines created with a laser int
sity of 10 MW/cm2, respectively. The line width is about 1
nm and the depth is about 5.0 nm shown in Fig. 6~b!. After
laser nanoprocessing, SEM analyses of the AFM tips w
done. No damages were found on the shapes of tips, e
after thousands of laser shots, if the laser intensity used
the parameter condition shown in Fig. 1. Chemical com
nents of created nanostructures were analyzed by AES.
line scan and point survey analyses were done. No Si si
was observed in all these AES analyses. Figure 7 shows
ger spectra from four points at centers or edges of a cre
nanostructure by laser.

IV. DISCUSSION

In this section we discuss several possible mechani
of nanoprocessing with the pulsed laser irradiation of
AFM tip–sample gap. To understand the basic mechanism
is necessary to calculate the temperatures of the tip and
sample. Because the size of the tip apex is smaller than
wavelength of the laser, macroscopic or geometrical optic
not applicable to the case any more. The electric fields on
tip, on the sample, and in the free space should be calcul
by an exact solution of the Maxwell equations. The tempe
ture distribution can be calculated by solving three dim
sional heat flow equations. The laser energy absorbed by
tip should be calculated using the theory of the light scat
ing and with knowledge of the exact geometry of the tip
surface junction.14,15 The thermal deformation of the tip
should also be considered. Moreover, the situation may
complicated by the surface polariton generation and vari
waveguide effects.16 To the best of our knowledge this com
plex problem has not been solved. In this work, we rest
ourselves by using simplified approaches that we believe
give correct order of magnitude estimation.

A. Tip heating by pulsed laser

When a laser beam is introduced to the gap between
tip and the sample, the absorption of the laser energy lead
an increase of the tip temperature. In this work, the la

FIG. 4. Dependence of nanohole apparent depth on the laser pulse nu
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incidence angle isu i;80°, measured from the surface no
mal. Three characteristic dimensions should be considere17

~i! the photon absorption length,labs59400 Å, for Si;~ii ! the
thermal diffusion length,l th;(xt)1/2>7937 Å, herex50.9
cm2 s21,18 the Si coefficient of thermal diffusion;~iii ! the
laser beam size,Db>300mm. SinceDb@labs.l th , steady
state heating cannot be established during the pulse dura
and the maximum transient temperature occurs at the en
the laser pulse and is approximately proportional to the la
fluence.17 SEM images of Si tips A and B before laser irr
diation are shown in Figs. 8~a! and ~b!, respectively. After
laser irradiation and AFM images of created nanostructu
being obtained, the shape of the tip showed no distort
except that occasionally a few fine and loose clusters w
found attached to the top of tip. These clusters on the tip
be cleaned using laser. The apex tip radius from Fig. 8r t

;(330– 820) Å, is much smaller thanl th , therefore, the

ber.

FIG. 5. AFM image and the height profile of multinanolines created wit
laser intensity of 8 MW/cm2: ~a! AFM image,~b! height profile.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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3271J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 Huang et al.
case is not strictly one dimensional. A three-dimensional c
with an azimuthal symmetry was considered by Miskov
et al.19 It was found that the temperature rise in the coni
tip due to surface generation of heat varies almost line
with laser intensity and heating time and depends strongly
the cone angle and thermal properties.

For an estimation of the transient temperature in thel th

vicinity of the tip apex, one may use a simple express
introduced by Ukraintsevet al.:10

DTtip>
6u0Ep~12R̄!

p2~12cosu0!l thDb
2cpr

, ~1!

wherecp andr are the heat capacity and the density of t
silicon, respectively,u0 is the tip cone angle in radians,Ep is
the laser pulse energy, andR̄ is the effective reflectivity of
the light averaged over the irradiated tip surface and he
over the different incidence angles.

FIG. 6. AFM image and the height profile of multinanolines created wit
laser intensity of 10 MW/cm2: ~a! AFM image,~b! height profile.
Downloaded 25 Feb 2002 to 137.132.3.10. Redistribution subject to AI
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According to Ukraintsev’s work, the coarse estimati
from Eq. ~1! is in good agreement with the comprehensi
3D calculation done by Miskovskyet al.19 Then for silicon,
R̄50.5, l th57.931025 cm, Db50.03 cm,cp50.71 Jg21

K21, and r52.33 g cm23. The tip cone angleu0 can be
estimated from SEM images of Si tip A and B shown in Fig

FIG. 7. AES from four points at centers or edges of a nanostructure cre
by laser.

FIG. 8. SEM images of two types of Si tips before laser irradiation:~a! tip
A. ~b! Tip B.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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8~a! and ~b!. For tip B, u050.49 rad~or 28°!, and for tip A,
u050.35 rad~or 20°!. From Eq.~1!, one can obtain

DTtipB>~1.03107 Ep! K or 10 K at Ep

51 mJ for tip B, ~2!

and

DTtipA>~1.43107 Ep! K or 14 K at Ep

51 mJ for tip A. ~3!

For the conditions of this experiment, a laser pulse pow
intensity 1 MW/cm254.9 mJ/pulse. From Eqs.~2! and ~3!,
the temperature rise of the tips is about 350–800 °C wit
our process window.

B. Tip thermal expansion

An expansion of the tip induced by laser at the vicin
of the thermal diffusion lengthl th , and at the tip apex will
have the strongest impact on the tip–sample gap induct
An expansion within the surface layer of the tip with a thic
ness of l th and separated from the apex by severall th

lengths will not affect the gap reduction, since its major e
pansion direction is virtually normal to the tip axis. Ther
fore, the tip thermal expansion may be estimated as:10

DStip>ahl thDTtip , ~4!

whereh is the tip geometry factor in the range from 1 to
depending on the tip cone angle,a is the coefficient of the
linear thermal expansion, andDTtip is the temperature rise o
the tip induced by laser irradiation. For silicon,a53.8
31026 K21.18 Assuming h52 and employing Eqs.~2!
and ~3!, one has DStipB>(6.03105 Ep) Å for tip B,
andDStipA>(8.43105 Ep) Å for tip A. The thermal expan-
sion of the Si tips is about 2–5 nm in our process windo
The thermal expansion of the tip is of the same order
magnitude as the depth of nanopits and nanolines prese
in the Sec. III. Despite this, it will be shown that the therm
expansion of the tip may not be a main reason for nanop
cessing in the following section.

C. Sample surface heating and field enhancement

Energy balance methods and a semi-infinite mode
conventionally used to estimate the temperature rise of
sample. With a metallic semi-infinite mode, heat produced
the sample spread quickly over a large volume, and the t
perature rise of the sample is only a few degrees. If it
considered that the sample is made of a thin metal sheet
a high thermal conductivity placed on a dielectric with
small thermal conductivity, one can expect a different res
The heat encounters a much larger thermal resistance w
spreading over the thin sheet, which leads to a higher t
perature in the sample surface.

Let us consider a Cu sheet having a thickness of 35
The sheet is placed on the semi-infinite Si support. The t
mal conductivity of Si is smaller than that of copper. A las
beam is irradiated on the sample surface with an incide
angle u i . Simulation of laser interactions with materia
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~SLIM©!20 of one layer and multilayer structures can be e
ployed to calculate the thermal effects of this problem.

Figure 9 shows the computed surface temperature for
Cu semi-infinite model and multilayer model with a las
intensity of 10 MW/cm2 and an incidence angle of 80°. Th
maximal temperature rise of the sample surface is 32 and
K for these two models, respectively. Figure 10 presents
computed surface temperature with a laser intensity of
MW/cm2 and an incidence angle of 0°. The maximal tem
perature of the sample surface is 492 and 931 K for these
models, respectively. The temperature rise using
multilayer model is two times larger than using the meta
semi-infinite model. In our work, we did find that nanopa
terning was hard to be realized in bulk metallic materia
From the multilayer model and for the normal incidence,
the intensity increases to 1.5 times 10 MW/cm2, the tempera-
ture can reach up to the melting point of Cu, if the intens
increases to 8 times 10 MW/cm2, the temperature can rise u
to the evaporation point of Cu.

FIG. 9. Computed surface temperature for the Cu semi-infinite model
multilayer model with a laser intensity of 10 MW/cm2 and an incidence
angle of 80°.

FIG. 10. Computed surface temperature for the Cu semi-infinite model
multilayer model with a laser intensity of 10 MW/cm2 and an incidence
angle of 0°.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Now, let us go back to our experiment. When a la
beam is introduced to the gap between the tip and the sam
with an incidence angle ofu i580°. An enhanced optica
field forms underneath the tip. The enhanced optical field
be expected to locally heat the sample surface in a very s
domain. The field enhancement factor near the irradia
AFM tip in nanoprocessing can be estimated by the w
known model of a small dielectric spheroid.21,22 The field
enhancement factorb has a simple expression:

b5U e

11~e21!AU, ~5!

wheree is the complex dielectric constant andA is the de-
polarization factor, which depends on the axis ratior 5a/b
of the spheroid,

A~r !5
1

2r 2 E
0

` 1

~s11!3/2~s1r 22!
ds. ~6!

The dielectric constant of Si is 17.1460.37 i. For the Si tips
A and B, the axis ratior is about 2.73 and 1.9, respectivel
From Eqs.~5! and~6!, Si tips A and B have optical enhance
mentb2 of 32 and 16.

The diffracted and scattered light beams from the
have different incidence angles for the sample surface.
problem is much more complicated than that ofSLIM©

model. However, SLIM model can be used to estimate
thermal effects in our system. If we consider the optical
hancementb2516 ~for tip B! and average effect of differen
incidence angles together, assuming these two factors ha
to be canceled, a temperature distribution similar to Fig.
can be obtained for our situation and for an intensity of
MW/cm2. The maximal temperature rise is about seve
hundred degrees.

In this work, we emphasize the phenomena observe
the interaction of the surface with laser irradiation. Figure
shows an AFM image of a Cu film without laser treatme
The surface is very smooth with an average roughnes
1.02 Å. The highest data point minus the lowest is 1.31
within the area shown in Fig. 11. At this surface conditio
we found that no nanopit could be obtained by one la
shot, even with an intensity high enough to cause damag

FIG. 11. AFM image of a Cu film surface without laser treatment.
Downloaded 25 Feb 2002 to 137.132.3.10. Redistribution subject to AI
r
le

n
all
d

l-

ur

e
-

en
0
0
l

in
1
.
of

,
r
to

the tip. Although this single pulse laser irradiation could r
duce the thermal expansion of the tip with the same orde
magnitude as the depth of the nanopit and nanoline descr
in Sec. III, no nanomodification was achieved at this con
tion. Therefore, the mechanical contact forces between
tip and the sample induced by the thermal expansion of
tip is not strong enough to do nanoprocessing of the surfa

In order to realize nanopatterning of the sample surfa
a few laser pulses are needed to modify the surface. Fig
12 shows an AFM image of the sample surface after sev
shots with an intensity of about 10 MW/cm2. Laser irradia-
tion of the sample induced its surface reorganization. I
lated crystals of 30–50 nm in size can be seen on the
surface. The surface is with an average roughness of 2.0
and the maximum peak-to valley distance is 2.83 nm, wit
the area shown in Fig. 12. The surface becomes relative
little rough, compared with the film without laser treatme
shown in Fig. 11. At the surface condition shown in Fig. 1
nanopit and nanolines can be obtained, as shown in Fig
2, 5, and 6. At this condition, the reflectivity of the samp
surface can be expected to decrease, compared with the
face shown in Fig. 11. On the other hand, the heat encoun
even higher thermal resistance while spreading over the
face than we mentioned in the system consisting of a t
and smooth metallic sheet attached to a massive diele
support with a smaller thermal conductivity. Therefore, ev
higher temperature rise in the sample surface can be
tained. The thermal effects over this kind of surface syst
were studied by Geshevet al.23,24They reported the tempera
ture distribution calculations on the laser-illuminated sca
ning probe tips using both an effective finite-difference alg
rithm and Fourier–Bessel transformation methods. Th
studies show that for the film layer with small thin confine
objects having nanometer size the temperature can reach
eral thousands of degrees while the tip is still far away fro
this temperature. Thus, the material can be success
nanoprocessed. Their theoretical study results greatly c
cide with our results. Based on Geshevet al.’s results and the
configurations of the nanopits and nanolines presented
Sec. III, we could attribute the formation of these nanostr

FIG. 12. AFM image of a Cu film surface after several laser shots wit
intensity of 10 MW/cm2.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tures to occurrence of rapid melting or evaporation in na
sized domains of the sample during the nanoprocessing

From the above discussion, there are various factors
may play roles in the photoassisted nanoprocessing. We t
that the field enhancement mechanism is the main reaso
this nanoprocessing. The enhanced field of the tip loc
heats the sample to the melting and evaporation tempera
in a nano-sized domain of the sample. We think the ther
expansion of the tip also make some contribution to the f
rication of the nanopatterns. The thermal expansion of the
decreases the gap between the tip and the sample an
creases the light intensity at the nanoprocessing point furt
resulting in higher temperature in a nano-sized domain
the sample. On the other hand, the thermal expansion o
tip decreases the distance between the tip and grains, lea
to an increasing repulsive force between them. It seems
this phenomenon includes another physical mechanism,
chanical contact mechanism.2,10–13 In our work, we did not
find distortion of the tip after thousands of laser pulses w
the intensity up to 12 MW/cm2. During the processing, if the
tip did contact the sample surface due to the thermal exp
sion of the tip, and a strong repulsive force did appear
tween the tip and grains on the sample, the tip should
worn down quickly. Moreover, even if the film surface w
at the condition shown in Fig. 12, no matter how the sett
point for the AFM tip was increased and the distance
tween the tip and the sample was decreased, no nanop
nanoline could be created without laser assistance. Fin
we find that it is very hard to pattern a sample whose surf
layer has high transmittance or low absorptance for the u
green laser. For example, a sample consisted of an Al
film on the Si substrate. The Al thin film has low absorptan
for the laser used. It is found that Al surface is hard to
modified unless the laser intensity is extremely high, res
ing in the damage of the Si tip. Thus, we think that mecha
cal contact force due to the thermal expansion of the tip m
not be a main reason for the nanoprocessing within our p
cess window. If the laser intensity is very high and out of o
process window, the mechanical contact force due to
thermal expansion of the tip might be a main reason for
patterning processing. From the nanoprocessing results u
different shape of Si tips described in Sec. III and the p
cessing results on different surfaces mentioned in this
tion, we can see that the nanoprocessing depends strong
the material properties of not only the tip but also the sam
surface. The geometry parameters of the tip, the curva
radius of the tip and the solid angle of the probe cone, a
have great influence on the final results.

V. CONCLUSION

Nanopatterning of metallic layers on silicon substra
were carried out by laser irradiation under an AFM tip. P
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cessing of structures with a lateral resolution down to 10
are realized on copper layers using this technique. Nan
array and multiple-nanoline patterns have been created.
created features were characterized by AFM, SEM, and
ger electron spectroscopy. The apparent depth of the cre
nanoholes can be controlled by laser intensity or laser n
bers. The nanoprocessing strongly depends on the geom
parameters of the Si tip, the optical and thermal propertie
the sample, including the properties of the metallic layer a
the substrate. The thermal expansion of the tip, field
hancement underneath the tip, and the sample surface
ing during the laser irradiation all have contribution to t
fabrication of the nanostructures, however the tip enhan
laser irradiation mechanism might be the main reason.
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