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bstract

A near-field scanning optical microscopy (NSOM) and a double-frequency femtosecond laser (400 nm, 100 fs) were applied to push the optical
esolution further down to sub-50 nm on thin UV photoresist. A 20-nm feature size can be obtained. It is at a resolution of λ/20 (λ: laser wavelength)
nd a/2 (a: NSOM probe aperture diameter), respectively. It is proved that laser power and exposure time can affect feature size of lithography

atterns. In this paper, the effect of probe-to-sample distance on dot-pattern features is studied, and different dot-pattern shapes are generated:
umbbell-dot, ellipsoid-dot and circle-dot. The simulated light field spatial distributions across the nano-aperture based on Bethe–Bouwkamp
odel is found to agree with experimental results very well.
2006 Elsevier B.V. All rights reserved.
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. Introduction

During the last two decades, there has been an upsurge of
nterest in ultrahigh-capacity optical data storage. The field of
ptics is entering an exciting new phase due to the rapid develop-
ent of near-field optical techniques, such as near-field scanning

ptical microscopy (NSOM). It offers a high resolution to over-
ome the optical diffraction limit [1], which is one of the main
ottle necks in further development of optical microscopy, opti-
al projection lithography, integrated optics, and optical data
torage. Due to small optical fiber probe aperture and short
robe-to-sample distance at a scale of dozens of nanometers,
here is high enough intensity of evanescent light across the fiber
robe arriving onto the sample surface before disappearing. On
he other hand, the rapid development of femtosecond lasers over

he last decade has opened up a wide range of new applications
n material science and has been used in photoresist lithography
or tiny feature structuring [2–5]. Compared with nanosecond
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ulsed lasers, femtosecond laser has important advantages of
xtremely high laser peak intensity and small heat affected zone
or high quality surface nanostructuring.

Combining unique features of femtosecond laser and NSOM,
ifferent patterns can be produced on a spin-coated thin film
f UV photoresist. With different laser powers and exposure
ime, pattern sizes (width and depth) vary greatly. In this paper,
he effect of probe-to-sample distance is discussed. Three nano-
atterned shapes of dumbbell, ellipsoid, and circle are observed
t different probe-to-sample distances. Numerical simulation of
aser light intensity distribution across the NSOM probe based on
he Bethe–Bouwkamp model shows that there are different light
ntensity distribution at different probe-to-sample distances,
hich agrees well with our experimental results. Nanoline pat-

erns with a width of 20 ± 5 nm, which are a half of the fiber
robe aperture size and 1/20 of irradiation laser wavelength, are
chieved.
. Experimental setup

The photoresist thin film used in this study is ma-P 1205
MicroResist), which is sensitive to light irradiation ranging
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�Ev(x, y, z) = 1

4π2

∫∫
�Ev(�k, z)exp(i�k · �r)d�k
ig. 1. Schematic drawing of experimental setup for femtosecond laser/NSOM
ano-lithography.

rom 300 to 400 nm. It was spin-coated on a cleaned silicon
ubstrate by a series of spin coating processes: Firstly, a thin
ayer Hexamethiyl disialne (HDMS) primer was deposited. Then
hotoresist (diluted with thinner T-1050 by a factor of 1:4) was
pin-coated at a rotation speed of 6000 rpm. Finally, the sample
as baked at an environment temperature of 100 ◦C for 30 s. The
nal film thickness got is around 40 nm. Fig. 1 shows the experi-
ental setup for the femtosecond laser/NSOM nanolithography.
aser beam from a second-harmonic generation of femtosecond

aser (Specra-physics, 400 nm and 100 fs, pulse repetition rate
f 80 MHz) was coupled into a NSOM (Aurora-2, Veeco) probe
ber through a 15 m long fiber (Einst, PCS fiber). After the laser
ano-patterning, the sample was put into a developer ma-D 331
Micro Resist) for 20 s, washed in DI water, and then dried by
itrogen gas. The sample was characterized by a scanning elec-
ron microscopy (SEM Hitachi S4100) and the profiles were also

easured by atomic force microscopy (AFM DI3000).

. Theoretical study

A rigorous calculation of the emission electromagnetic field
rom a small aperture of probe has not been solved yet though
here were many models developed up to now. The simplest

odel for an aperture probe is to suppose that the properties of

robe can be described as a small circular aperture in a metal-
ic screen, which is a classic problem in diffraction theory. The
ell-known Kirchhoff approximation is to suppose that the field

n the aperture is the incident field. This approximation, how-
ver, is no longer valid when the diameter of aperture is smaller
han wavelength because the boundary conditions cannot be
olved. In 1944, Bethe [6] presented a more rigorous method:

[E0(�k)]x = −8

[E0(�k)]y = −8
he diffracted field was derived from a fictitious magnetic charge
nd currents in the hole. And in 1950, Bouwkamp [7] improved
ethe’s equations for the near field. So Bethe–Bouwkamp model
pproximates the radiation emitted from a tapered metal-coated

w

k

ig. 2. Schematic diagram of the coordinate system used in the calculation.

ptical fiber probe to that produced by monochromatic light
ncident upon a subwavelength circular hole in a perfectly con-
ucting metallic screen [8].

More realistic models about field distribution from NSOM
robe have been proposed, such as multiple–multipole method
9] and finite-difference time-domain (FDTD) method [10]. But
hese methods are quite complicated and restricted to 2D studies
ue to time and memory constraints. To illustrate the experimen-
al results in Section 4, Bethe–Bouwkamp model is used for tip
mission simulation in this paper.

Here the NSOM probe is considered as a circular aperture of
adius a in a perfectly metallic thin screen. The aperture plane is
n the x–y plane. The incident field arrives along the z-axis and
s polarized along the x axis, and its amplitude is Ei, as shown in
he Fig. 2. Making the original of the coordinates at the center
f the aperture, the electric field in the aperture is given by [8]:

E0(x, y)
]
x

= −4ik0

3π

2a2 − x2 − y2

(a2 − x2 − y2)1/2 Ei,

E0(x, y)
]
y

= −4ik0

3π

xy

(a2 − x2 − y2)1/2 Ei

his gives:

3Ei

(
− cos(ak)

3k2
y

a2k4 + sin(ak)
a2k4

x + 3k2
y + a2k2

xk
2
y

a3k5

)
,

3Ei

(
cos(ak)

3kxky

a2k4 + sin(ak)
kxky(−3 + a2k2

x + a2k2
y)

a3k5

)

here k0 = 2π/λ is wave vector of laser light from a near-field
robe, k = (kx, ky) wave vector of laser across probe. The electric
eld at a point r in a vacuum is given by
here �Ev(�k, z) = �E0(�k) exp(izkv(�k)),

v (�k) =
√

k2
0 − k2.
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ig. 3. 3D and bottom contour images of light intensity distributions across an
d) 20 nm.

This electric field equation gives rise to both evanescent
k2 > k2

0) and propagating waves (k2 < k2
0). In near-field zone,

he strength of evanescent field clearly exceeds propagating one.
ut these two fields cannot be separated physically and they
oth contribute to laser process. Therefore, the simulation fol-
owing is the calculating result of evanescent and propagating
eld together.

Fig. 3 shows the simulation results of light intensity distri-
ution along x–y planes at different distances of (a) 5 nm, (b)
0 nm, (c) 15 nm, and (d) 20 nm to the sample surface. It is
lear that the light intensity distribution varies greatly with dif-
erent probe-to-sample distances. At a small distance (smaller
han 10 nm) double-peak intensity generates. And with increas-
ng distance, double-peak is replaced by single-peak and peak
ntensity decreased (from 10−3 order to 10−4). There is also dif-
erence for single-peak intensity distribution: the bottom contour
mages changes from ellipse to circle shape.

. Results and discussion
Making use of femtosecond laser/NSOM set-up, different
ano-patterns can be designed and produced, such as line-and-
pace period, dot arrays, and orthogonal gratings. Fig. 4 shows

T
b
n
s

probe at the probe-to-sample distances of (a) 5 nm, (b) 10 nm, (c) 15 nm and

ositive and negative MOS patterns produced by the femtosec-
nd laser/NSOM nano-lithography approach with the full width
t half maximum (FWHM) of a channel line around 80 nm (pos-
tive) and 400 nm (negative).

From the light intensity distribution simulation according to
ethe–Bouwkamp, it is found that probe-to-sample distance

hould affect the pattern features greatly. In this section, the
ffect of probe-to-sample distance on pattern feature size was
iscussed. In NSOM systems the shear-force method is widely
pplied to control the probe approaching the sample surface
11,12]. For our NSOM system, shear force feedback is repre-
ented as a set-point value at the operation panel, which is varied
o change the probe-to-sample distance. The set-point value is
ot set constant at operation. At first, one set-point value was set
ccording to feedback signal and made the probe approach the
ample automatically. To reduce the probe-to-sample distance
urther, set-point value was increased gradually while avoiding
rash sample. The difference of the set-point values during the
robe approaching process is called “set-point gain” hereafter.

o make the probe closer to the sample, the set-point gain would
e higher. To study the probe-to-sample distance effect on laser
ano-patterning results, dot-patterns are produced with different
et-point gains at a same laser power in this paper.
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experiment. It is believed that the double-peak and ellipse-peak
intensity result in dumbbell and ellipsoid dot pattern shapes,
respectively. Since it is difficult to detect the accurate probe-
to-sample distance at operation, the exact relationship between
Fig. 4. Positive and negative MOS patterns produced by NSOM.

Fig. 5 shows dot array patterns with different set-point gains
nd exposure time but same laser power coupling to probe. Since
he probe-to-sample distance increases with reducing set-point
ain, the distance for pattern (b) is smaller than pattern (a).
he line profiles show that photoresist have been both exposed

hrough to the substrate surface for two patterns, but the shapes
re much different. The dot cross shape in Fig. 5(a) is like “V”
hape, while one plane appears at dot bottom in Fig. 5(b), which
s like inverse trapezoid. The plane appearing at the bottom
mplies that at smaller probe-to-sample distance there was more
nergy arriving at and exposing the sample although the expo-
ure time is shorter. Therefore, probe-to-sample distance plays
greater effect than exposure time on pattern structure.

It is also found in our study that at the same laser power
nd exposure time, different probe-to-sample distance will lead
o different shapes of dot patterns. Fig. 6 shows the 3D AFM
mages produced at the same laser power (0.02 mW coupled
nto NSOM probe) and exposure time (100 ms), but at differ-
nt set-point gains of (a) 3.9 nA, (b) 2.5 nA and (c) 1.5 nA,
hich corresponded to smallest probe-to-sample distance for (a)

nd largest for (c). There are three kinds of dot pattern shapes

enerated: dumbbell, ellipsoid and circle, with increasing probe-
o-sample distance.

Such distinctive dot-patterns shapes at different probe-to-
ample distances should be due to different light intensity distri-

F
p
2

ig. 5. Line profiles and AFM images of dot arrays with exposure time and
et-point gains of (a) 150 ms, 1.1 nA and (b) 100 ms and 1.5 nA.

utions under the NSOM probe. Compare the dot patterns with
ight intensity distribution simulation in Section 3, it is found
hat the peak shapes of the light intensity across the NSOM
robe agree well with the dot pattern shapes obtained in the
ig. 6. 3D AFM images at a laser power of 0.02 mW (coupled into NSOM
robe), an exposure time of 100 ms and the set-point gains of (a) 3.9 nA, (b)
.5 nA and (c) 1.5 nA.
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ig. 7. Line profiles and 3D AFM images of dumbbell shape dots produced at
he exposure time of (a) 100 ms and (b) 200 ms.

istance and set-point gain cannot be told. From the comparison
etween theoretical simulation and experimental results, how-
ver, it is proved that probe-to-sample distance decreases with
arger set-point gain.

It is also found that these special dot patterns, dumbbell and
llipsoid, were obtained only when laser power and exposure
ime were low enough. Fig. 7 shows line profiles and 3D AFM
mages of dumbbell dot pattern with different exposure time (a)
00 ms and (b) 200 ms while keeping laser power and probe-to-
ample distance unchanged. Dumbbell shape has been unclear at
onger exposure time although the edge between two holes still
an be told. The ellipsoid shape will also become circle shape if
xposure time or laser power is large.

Besides the probe-to-sample distance, laser power and expo-
ure time also affect the patterns created [13]. It was found that
arger laser power and longer exposure time lead to larger pattern
ize (width and depth). With fine tuning of the laser power and

he writing speed, sub-30 nm feature size can be achieved. Fig. 8
hows nano-line with a width of 20 ± 5 nm. It is at a resolution
f λ/20 (λ: laser wavelength) and a/2 (a: NSOM probe aperture

ig. 8. SEM image of the nano-sized line created by femtosecond laser/NSOM
anolithography.
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iameter), respectively. Such high resolution can be compared
ith E-beam lithography and be used for ultrahigh density data

torage.

. Conclusions

Integration of NSOM and femtosecond laser can produce
ear-field optical nanolithography on the UV photoresist. It is
ound that laser power, exposure time and probe-to-sample dis-
ance affect the pattern feature sizes greatly. Furthermore, the
robe-to-sample distance not only affects the pattern size, but
lso leads to different pattern shapes, which is proved by the
xperimental results and theoretical simulation. By proper tun-
ng of the nanolithography processing parameters, sub-30 nm
esolution can be obtained. With a smaller aperture NSOM probe
nd higher order non-linear effect optical crystals for shorter
emtosecond laser wavelength, this lithography resolution would
e pushed down further to around 10 nm for a high resolution
ptical detection and nanoprocessing.
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