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Abstract

Phase change materials have been widely applied in optical data storage technique to produce rewritable versions of compact disks and digital
versatile disks random access memory and are still promising for higher capacity optical data storage. In optical data storage system, laser irradiation
is used to write and read information in phase change film. The original phase state of phase change film without annealing is amorphous state.
After laser irradiation, the laser energy transferred to phase change film increases temperature to create crystalline features. To study the effects
of laser wavelength and fluence on feature fabrication, different kinds of laser systems are used to irradiate non-annealing phase change film to
fabricate crystalline features in micro/nano-sizes. Electrical force microscopy and near-field scanning optical microscopy are used to characterize
the electrical and optical properties of phase change film, respectively. Two kinds of phase change film, Ge;Sb,Te, and Sb,Tes, are used. Alkaline
solution has the ability to etch the amorphous and crystalline states of phase change film selectively. The phase change film patterned by laser
irradiation is etched by alkaline solution to fabricate two- and three-dimensional structures. The etching selectivity and rate of alkaline solution for
the two phase change films are studied. It provides a novel approach to fabricate new functional micro/nano devices by combining further etching

or deposition techniques.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Phase change material; Electrical force microscopy; Near-field scanning optical microscopy; Alkaline solution etching

1. Introduction

A high-throughput and low-cost nano-patterning which
allows complete freedom in fabricating nano-patterns is still
the target of nanolithography techniques. Electron-beam nano-
lithography, ion-beam nanolithography, X-ray nanolithography,
and near-field scanning probe nanolithography have been devel-
oped for decades [1-6], whereas they are facing the challenge
of low throughput and high cost. Nanoimprint lithography has
attracted significant attention recently for its high throughput [7],
but it is easy to contaminate expensive stamps for its contact pat-
terning method, which increases processing cost. In this paper,
one novel parallel phase change nanolithography technique by
laser irradiation through a microlens array (MLA) is developed.
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MLA has been demonstrated to pattern micro-/nano-structures
in polymer uniformly over a large area at a short time [8,9].

The microlenses (same size and focal length in micron-order)
in MLA convert a laser beam into thousands of focal points,
which act as an array light “pen” to fabricate different tiny
structures uniformly over a large area at a high speed. This is a
non-contact parallel nanopatterning process in far field. Phase
change film s selected as patterned samples. Phase change alloys
have two phase states of amorphous and crystalline states, which
can transform to each other by the heat treatment. The differ-
ent optical and electrical properties of these two states of phase
change media make it not only widely used in optical data stor-
age, but also as a prime candidate for a random access memory
(RAM), which serves as a future alternative to a conventional
CMOS based memories.

2. Experimental

Fig. 1 shows the optical image of a MLA and the schematic diagram of the
experimental setup. The number of lenses, which are made of fused silica, is
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Fig. 1. Optical image of a microlens array (MLA) and schematic diagram of the
experimental setup.

401 x 401 in an area of 10 mm x 10 mm. The diameter of the lenses is 23 wm
and the lenses are arranged in a hexagonal array with a pitch of 25 wm. The sag
of each lens is 9 wm in height, which is equivalent to a focal length of 28.7 pm,
thus giving a numerical aperture (NA) of 0.59. Ge;SbyTes and Sb,Tes films
sputtered on a polycarbonate substrate, and its original state is in the amorphous
phase. Different Nd: YAG laser systems: BMI 5000 (pulse repetition rate 10 Hz,
pulse duration 7 ns) with fundamental and second harmonic generation at wave-
lengths of 1064 nm and 532 nm, respectively; Lightwave laser (Series 210G,
wavelength 532 nm, pulse repetition rate 1kHz, pulse duration 40ns); AVIA
laser (wavelength 355 nm, pulse repetition rate 1kHz, pulse duration 100 ns),
and femtosecond (fs) laser (Spectra-physics, wavelength of 800 nm, pulse dura-
tion of 100 fs, pulse repetition rate of 80 MHz, and linearly polarized), are used
to irradiate the samples through the MLA at different laser fluences. The features
on the phase change film are characterized by electrical force microscopy (EFM,
DI 3100, Veeco) and near-field scanning optical microscopy (NSOM, Aurora-2,
Veeco) in the transmission mode.

3. Results and discussion
3.1. Talbot effect

Fig. 2 shows the optical microscopy images of a series of dot
features fabricated in the Ge;Sby Tey film by Nd: YAG laser irra-
diation at a fluence of 39.4 mJ/cm? with the samples being placed
at different distances from the MLA. The crystalline features
display a higher reflectivity than the amorphous surroundings.
Since the separate distance between the MLA and the GST films
are only about tens of microns, it is difficult to measure the exact
distance, only the qualitative relationship between distance and
feature arrangement was considered in this paper. When the
film was placed at the focal plane, the dot features were pat-
terned by the foci of the lenses directly and the feature size
was around 1 pm, as shown in Fig. 2(a). When the sample was

Table 1
Calculated minimum focal spot sizes and smallest feature sizes fabricated by
Nd:YAG lasers with different wavelengths at 1064 nm, 532 nm, and 355 nm

Laser model

BMI Lightwave AVIA
Wavelength (nm) 1064 532 355
Minimum focal spot size calculated (nm) 1690 845 564
Smallest feature size obtained in 512 360 220
experiments (nm)
Experimental/calculated (%) 30 42 39

moved away from the focal plane, the multiple foci resulted in
extra dot features as well as different dot feature sizes, as shown
in Fig. 2(b—d). The largest dot features were created by the foci
of the microlenses, while the smaller features were produced by
the multi-sub-foci of foci of MLLA, which is due to interference
at fractional Talbot planes. Due to the theory of Talbot effect
[10-12], the foci number remains same at half of or one Tal-
bot length, and the shorter MLA-to-sample distance inside half
of Talbot length leads to greater interference and more multi-
ple foci, so the features shown in Fig. 2(b) were obtained at the
nearest distance to the focal plane, while those in Fig. 2(d) were
the furthest.

Talbot effect not only induces multi-sub-foci, but also
changes the dot feature structure. Fig. 3 displays the dot fea-
tures on GeSbrTes film obtained by fs laser irradiation at a
power of 140 mW with 100 pulses at different distances to MLA.
The arrangement of dot features was same to MLA. It suggests
that these dot features were produced by foci of MLA. The rings
appearing around the dots mean that the samples were not placed
at the exact focal plane, it may be at half of or integer times of
Talbot length. At these distances, no multi-sub-foci appeared,
diffraction phenomenon of etch microlens strengthened.

3.2. Laser fluence effect

When the radius of lens is much larger than the wavelength
used, the minimum focus spot size of the microlens depends on
the laser wavelength described as Eq. (1), where M? denotes the
laser beam profile quality, A the wavelength, fthe focus length,
and dj is the size of the lens. The laser beam was approximated
as a Gaussian profile, so M? is equal to 1. When the lens param-
eters are fixed, the minimum focal spot size increases with the
wavelength linearly:

AM>\f
n’do

min — (1)
Fig. 4 is the dependence of the crystalline feature size in
GeSbyTes film on the incident laser fluence of second har-
monic generation of BMI Nd: YAG laser (wavelength 532 nm).
The smallest size was around 350nm. It shows that the fea-
ture size increases with laser fluence linearly, which was also
observed when using other Nd: YAG lasers, such as BMI laser
with 1064 nm, Lightwave laser with 532 nm, and AVIA laser
with 355 nm.
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Fig. 2. A series of optical micropatterns produced on the Ge|Sb,Te4 film by the laser irradiation of BMI 5000 with wavelength 532 nm through the MLA at a laser
fluence of 39.4 mJ/cm? but different separate distances between the MLA and phase change film.

Table 1 displays the calculated minimum focal spot sizes and
smallest feature sizes fabricated by Nd: YAG lasers with different
wavelength at 1064 nm, 532 nm, and 355 nm. It appears that the
feature sizes obtained increase with the wavelength used, which
is same to the dependence of focal spot size on wavelength. But
the smallest feature sizes fabricated are much smaller than the
calculated focal spot size. For 1064 nm wavelength, the exper-
imental feature size is only around a third of calculated focal
spot size, which is the one reduces mostly in three wavelengths.
For 532 nm and 355 nm wavelengths, the percentages are around
40%. This comparison suggests that the feature size is not lim-
ited by the minimum focal spot size but will be much smaller.
The reason maybe relate to the mechanism of phase state con-
version of phase change film. It is using heat treatment to convert
the amorphous state to crystalline one by laser irradiation. The
laser beam can be assumed as Gaussian beam. When the inci-
dent laser fluence is low, only the peak power of the laser pulse is
able to heat the film to phase change temperature, which makes
the affected area smaller than the focal spot size of the lens.

The feature sizes obtained by the Nd:YAG lasers increased
with the laser wavelength used. However, it is completely differ-
ent for a fs laser. Fs laser with 800 nm was used to irradiate the
phase change film. Fig. 5 shows the dependence of crystalline
feature sizes in Ge;SbyTes film on the pulse number during
800nm fs laser irradiation. The feature sizes increased with

pulse number, but the trend was not linear, which is different
to the dependence observed using other laser system. Different
to conventional laser, fs laser has an extremely high inten-
sity with very short pulses, which leads to non-linear effects.
Many interesting non-linear phenomena have been observed
within the fs laser pulses, such as supercontinuum radiation [13],
third-harmonic generation [14-16], and electrical conductivity
of plasma channels [17,18]. It is believed that this non-linear
property of femtosecond laser pulses makes the increase of fea-
ture size non-linearly. Making use of fs laser, tiny structures can
be fabricated in photoresist [19]. In phase change film, FWHM
down to around 50 nm has been achieved [20].

3.3. Phase change film characterization

Electrical force microscopy (EFM) and near-field scanning
optical microscopy (NSOM) in the transmission mode were used
to characterize the electrical and optical properties of phase
change film, respectively. The amorphous phase has a much
higher resistivity than crystalline for the lower carrier mobility
and smaller carrier concentration in the amorphous phase [21].
On the other hand, reflectivity of crystalline state is higher, which
can be observed from the optical image shown in Figs. 2 and 3,
while the transmissivity is lower than the amorphous state [22].
Fig. 6 shows the EFM images of two dot features in Fig. 3(a and
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Fig. 3. Optical images of dot features on GeSb, Te4 film fabricated by fs laser
at a power of 140 mW with 100 pulses at different distances to MLA.

b). The EFM mode used is phase mode. The “phase” signal in
EFM is the cantilever amplitude signal, which is proportional to
the electrical force and resistivity as well. The applying voltage
on the phase change film was 5V, which was multiplied by the
“phase” difference to estimate the resistivity difference between
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Fig. 4. Dependence of feature size on incident laser fluence with 532 nm of
Nd:YAG laser irradiation.

amorphous and crystalline phase states. Since the “phase” differ-
ence between the crystalline and amorphous phases was around
0.4° (analyzed from line profile, not shown here), the resistivity
of amorphous was around two times over the crystalline features.
Fig. 7 shows 3D transmission NSOM image of crystalline
features in the GST film fabricated by the fs laser irradiation
through the MLA with a laser power of 200mW for 100 ms,
and the average dot feature size was around 1 pm. It appeared
that the crystalline features have lower light transmitivity for its
lower PMT output (in voltage unit, dark color). Calculated from
the ratio of the highest and lowest PMT output, the transmitivity
of crystalline is around 40% of amorphous phase in the film.

3.4. Chemical etching of phase change film

It was found that the phase change film has different reactivity
to alkaline solutions at different components. Fig. 8 was AFM
images of Ge|SbyTes and Sb,Tes films etched by 30% NaOH
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Fig. 5. Dependence of feature size on pulse number during 800 nm fs laser
irradiation.
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Fig. 6. 3D EFM images of one dot features in Fig. 3(a) and (b).

Opm jum

Fig. 7. 3D transmission NSOM image of features in the GST film fabricated
by the fs laser irradiation through the MLA with a laser power of 200 mW for
100 ms.

10.0 100.0 nm

5 50.0 nm

0.0 nm

0
0 2.5 5.0 7.5 10.0
1m

Fig. 8. AFM images of Ge| SbyTeq and Sby Tes film (30 nm thickness) patterned
by laser irradiation and then etched by 30% NaOH solution.

solution. The film thickness was 30 nm and patterned by laser
irradiation. The Ge|Sb,Tes film was patterned by different fs
laser pulse numbers, so the feature sizes were different. After
dipping into NaOH solution, the amorphous surrounding was
resolved. The height of each feature is 30 nm, which is exactly
equal to the film thickness. The reaction velocity of crystalline
features to NaOH solution was much slower than amorphous
phase, which resulted in the formation of dots in pillar shape.
Completely opposite reaction was found for SbyTes film. It was
crystalline features that were resolved for SbyTes film, so the
holes were left on the film.

It is found that other alkaline solution, such as KOH, has
a similar etching function on phase change film. Fig. 9 is the
dependence of crystalline feature height in Ge;Sb,Tey film on
the etching time. The film thickness was 100 nm, and the etching
solution was 30% KOH solution. It appears that at first 40 s, the
etching rate is very slow. But the slope become steeper suddenly
after 40 s, suggesting the etching rate increases faster from 40 s
to 120s. After 120 s, the etching rate becomes slower again and
the amorphous phase is resolved completely, which means that
it needs at least 2.5 min to resolve 100 nm phase change film in
amorphous state.
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Fig. 9. Dependence of height of crystalline feature in 100 nm Ge;Sb,Tes film
during etching process on the etching time, and the etching solution was 30%
KOH solution.

The etching condition for SbyTes film is quite different. The
experiments suggest that the crystalline feature of SbyTes film
is etched very quickly. The crystalline features with depth of
100 nm can be etched away in less than 30s. For longer time
dipped into alkaline solution, the roughness of the film increased
greatly, and the depth of the holes (left after crystalline features
are resolved) decreased. It suggests that not only crystalline
state of SbyTe3 film is solved by the NaOH solution, but the
amorphous phase also reacts to it though the reaction rate is
slower. Such great difference of reaction rate of amorphous and
crystalline phase states of Ge;SbyTey film and SbyTes film to
NaOH solution can lead to one conclusion that the Ge component
plays important function for the chemical etching selectivity
and rate. It seems that Ge drops the reaction rate of the phase
change film to alkaline solution. Making use of this chemical
etching method, three-dimensional rather than two-dimensional
structures in the phase change film can be produced.

4. Conclusions

In this paper, laser micro/nanopatterning through MLA is
demonstrated. The optical microscopy, AFM, EFM, and NSOM
are used to characterize the topography, electrical and optical
properties of phase change film. It suggests that the crystalline
features have a higher reflectivity, while a lower transmitivity
and resistivity than amorphous phase state. The characterization
of features shows that the feature size increases with laser flu-
ence linearly. The patterned phase change films are found to be
active to the alkaline solution. The reactions of Ge;Sb,Te4 and
Sby Tes film to alkaline solution are quite different. In Ge1 Sby Tes
film, the crystalline phase is inert to alkaline solution while the
amorphous one is resolved easily. The SbyTes film has not only
completely opposite etching selectivity, but it is more active to
alkaline solution as well. The reaction rate of two phase states of
GeSbyTey film is much smaller than the SbyTes film. It seems
that Ge component in phase change film is most inert to the alka-
line solution. In this way, 2D and 3D structures can be produced.
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