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Laser-crystallized features were produced on as-deposited amorphous phase-change films by la-
ser irradiation through a microlens array, which is a highly efficient patterning method since arbi-
trary features can be created uniformly over a large area in a short time. An Nd:YAG laser and a 
femtosecond laser were used as light sources. The dependence of feature size on laser wavelength 
and laser dose was studied. By using the femtosecond laser, sub-100 nm features can be produced. 
The patterned phase-change films included 30 nm thick Ge1Sb2Te4, Ge2Sb2Te5, Sb2Te3, and GeTe 
films, at 30 nm thick. It was found that the amorphous and laser-crystallized phase states of different 
phase-change films had different reactions to alkaline solution. Three dimensional micro/nano-
structures, such as holes and bumps, in phase-change films were fabricated. 
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1. Introduction 
Phase-change materials have been attracting more at-

tention because of their unique optical and electrical prop-
erties. The phase-change materials have two phase states: 
amorphous and crystalline. Their different reflectivities 
allow phase-change materials to be applied extensively in 
optical data storage [1-3] and nonvolatile memory [4-6] for 
their unique optical and electrical properties respectively. 
The two phase states of phase-change materials can be 
converted to each other easily by laser heating. Around 
140°C is need for GeSbTe films to change from the amor-
phous to the crystalline phase state, while around 623°C is 
required for it to reverse back to the amorphous state 
through melting and quenching processes. Different kinds 
of laser systems, such as the Nd:YAG laser and the femto-
second laser, were used as light sources to irradiate the as-
deposited amorphous phase-change films for laser crystal-
lization.  

In this article, high-speed large-area nanopatterning of 
phase-change films through a microlens array (MLA) was 
introduced. A high-throughput and low-cost nano-
patterning method, which allows complete freedom in fab-
ricating nano-patterns, is the target of nanolithography 
techniques. Electron-beam nanolithography, ion-beam 
nanolithography, x-ray nanolithography, and near-field 
scanning probe nanolithography have been developed for 
such purposes [7-12], but they face the challenges of low 
throughput and high cost. Nanoimprinting lithography has 
attracted significant attentions recently for its high 
throughput [13], but it is easy to contaminate the expensive 

stamps used for contact patterning, which increases proc-
essing cost. The MLA patterning technique is similar to 
nanoimprinting technology, but it is a non-contact method, 
which is the advantage of optical patterning methods. MLA 
nanolithography has been demonstrated to pattern mi-
cro/nano-structures in polymer uniformly over a large area 
in a short time [14, 15]. The microlenses (same size and 
focal length in micron-order) in a MLA convert a laser 
beam into thousands of focal points, which act as an array 
of light “pens” to fabricate many tiny structures uniformly 
over a large area at a high speed.  

The MLA patterning method was used to laser-
crystallize phase-change films to fabricate nanofeatures 
uniformly over a large area in a short time. The patterned 
phase-change films were GeSbTe (Ge1Sb2Te4&Ge2Sb2Te5), 
Sb2Te3, and GeTe films. The dependence of feature size on 
laser dose and wavelength was studied. Making use of 
chemical etching, the 2D nanofeatures on the phase-change 
films were developed to form 3D nanostructures.  

2.   Experimental 
Phase-change thin films, GeSbTe, Sb2Te3, and GeTe 

films, were coated on 0.6 mm polycarbonate substrates by 
a Balzers Cube sputtering system. The system has three 
independent process chambers and three sputtering power 
sources (two DCs and one RF). The phase change thin 
films were sputtered by DC magnetron sputtering methods. 
The distance between the target and substrate was 4 cm. 
The chamber background pressure was set at 

mbar. The prepared phase-change thin films were 7102.1 −×
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not annealed and were in the amorphous phase state ini-
tially.  

Figure 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 401×401 in an 
area of 10×10 mm2. The diameter of each lens is 23 µm 
and the lenses are arranged in a hexagonal array with a 
pitch of 25 µm. The sag of each lens is 9 μm in height, 
which is equivalent to a focal length of 28.7 µm, thus giv-
ing a numerical aperture (NA) of 0.59. Different models of 
Nd:YAG laser: BMI 5000 (pulse repetition rate 10 Hz, 
pulse duration 7 ns) with fundamental and second har-
monic generation at wavelengths of 1064 nm and 532 nm, 
respectively; Lightwave laser (Series 210G, wavelength 
532 nm, pulse repetition rate 1 kHz, pulse duration 40 ns); 
AVIA laser (wavelength 355 nm, pulse repetition rate 1 
kHz, pulse duration 100 ns), and a femtosecond laser 
(Spectra-physics, wavelength of 800 nm, pulse duration of 
100 fs, pulse repetition rate of 80 MHz, and linearly polar-
ized), were used to irradiate the samples through the MLA 
at different laser doses. The laser dose is one important 
parameter in photoresist exposure, which is dependent on 
laser fluence and pulse number applied on photoresist. The 
features on the phase-change films were characterized by 
electrical force microscopy (EFM, DI 3100, Veeco) and 
near-field scanning optical microscopy (NSOM, Aurora-2, 
Veeco) in the transmission mode. 

 

 
Fig. 1   Optical image of a microlens array (MLA) and schematic 

diagram of the experimental setup. 
 
 

3.   Results and discussion 
3.1 Features fabricated by different lasers 
3.1.1 Nanosecond laser 

Different models of Nd:YAG lasers were used to irra-
diate the phase-change films through the MLA to study the 
effects of laser dose and wavelength on the pattern size. 
Initially amorphous phase-change films were crystallized 
by laser irradiation. For each wavelength of the Nd:YAG 

laser systems, different laser doses were tested for the laser 
nanopatterning. Since the transition temperature of phase-
change films from the amorphous to crystalline phase state 
is around 140 oC, the incident laser dose was controlled to 
avoid ablating the phase-change films to form holes.  

Figure 2 shows the dependence of the laser-crystallized 
feature size in the GeSbTe film on the incident laser flu-
ence of the BMI Nd:YAG laser (wavelength 532 nm) with 
single pulse of the laser irradiation. It shows that the fea-
ture size increases with laser fluence almost linearly. This 
was also observed when different wavelengths of the 
Nd:YAG laser systems, such as BMI laser with 1064 nm, 
Lightwave laser with 532 nm, and AVIA laser with 355 
nm, were used. Meanwhile, it is observed that the feature 
sizes obtained increase with the wavelength, which is simi-
lar to the dependence of focal spot size on wavelength. 
However, the smallest feature sizes fabricated are much 
smaller than the calculated minimum focal spot sizes, 
which are 1690 nm and 845 nm for the wavelengths of 
1064 nm and 532 nm, respectively. For 1064 nm wave-
length, the minimum experimental feature size is only 
around one third of the calculated focal spot size. For 532 
nm and 355 nm wavelengths, the minimum fabricated fea-
ture sizes are around 40% of the calculated minimum focal 
spot size. This comparison suggests that the feature size 
can be smaller than the minimum focal spot size. The con-
version of two phase states is produced by the heat treat-
ment. Laser irradiation is used to heat the phase-change 
films to reach the phase change critical temperature. The 
affected area can be smaller than the focal spot size of the 
lens by controlling the incident laser dose at a sufficiently 
low level such that only the peak power at the center of the 
beam heats the phase-change films to the critical transition 
temperature. 
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Fig. 2   Dependence of feature size on the GeSbTe film incident 
laser fluence under 532 nm Nd:YAG laser irradiation 
through a MLA. 

 
 
3.1.2 Femtosecond laser 

Although the minimum feature size defined by nano-
second laser irradiation is smaller than the minimum focal 
spot size, it cannot break through the optical diffraction 
limit of λ/2 by using this MLA. It was found that by mak-
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ing use of a MLA with 1 μm diameter lenses, λ/3 feature 
size can be achieved on photoresist by excimer laser irra-
diation (248 nm, 23 ns) [16], but it is difficult to get such 
high resolution by utilizing the MLA with 23 μm diameter 
lenses (Fig. 1) and nanosecond laser irradiation. Therefore, 
a femtosecond laser was used to study the possibility of 
breaking the optical diffraction limit by using this MLA. 

 The ultrashort pulse duration of the femtosecond laser 
is capable of producing different phenomena from the 
nanosecond lasers. Figure 3 shows the dependence of fea-
ture size on the number of pulses of femtosecond laser ir-
radiation. The dot features were fabricated by the femto-
second laser with 60, 70, 80, 90, and 100 pulses, respec-
tively. The laser power applied was 200 mW. The average 
feature sizes are 400, 680, 890, 1080, and 1220 nm, respec-
tively. Since the laser dose absorbed by the phase-change 
films is related to the number of pulses of laser irradiation 
applied, the feature size is observed to increase nonlinearly 
with the laser dose. The high peak intensity and short pulse 
duration of the femtosecond laser leads to the nonlinear 
effect. Many interesting nonlinear phenomena have been 
observed with the femtosecond laser pulses, such as super-
continuum radiation, the third-harmonic generation as the 
pulse duration is in femtosecond scale, and electrical con-
ductivity of plasma channels [17-22]. Therefore, nonlinear 
absorption induced by high-power femtosecond laser 
pulses makes the feature size on the phase-change films 
increase nonlinearly.  
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Fig. 3   Dependence of feature size on a phase-change film on the 
number of pulses of femtosecond laser irradiation at a la-
ser power of 200 mW.  

 
 

3.2 2D micro/nanofeatures produced by femtosecond 
laser 

Since the optical and electrical properties of the two 
phase states of phase-change films are different, optical 
microscopy, near-field scanning optical microscopy 
(NSOM) and electrical force microscopy (EFM) were used 
to characterize the laser-crystallized features on phase-
change films.  

Figure 4 shows 3D EFM images of single dot features 
in the accompanying optical images. The ring structures 
can be observed clearly in the EFM images. The features 
were fabricated on phase-change films with the femtosec-
ond laser at a laser power of 140 mW with 100 pulses irra-
diation at different MLA-to-sample distances. The rings 
observed are due to the diffraction effect of each lens in the 
MLA at the non-focal planes. Similar to atomic force mi-
croscopy (AFM), EFM uses a metal-coated probe to meas-
ure conductivity. By applying a voltage of 5 V on the pat-
terned phase-change films, the conductive probe detected 
different electrical forces from the laser-crystallized and 
amorphous phases due to their different resistivities. The 
amorphous phase state has a higher resistivity than crystal-
line state. The “phase” signal with unit in degree in EFM is 
the cantilever amplitude signal, which is proportional to 
the electrical force and resistivity as well. 

 
(a) 

 

(b) 

 

Fig. 4   3D EFM images of dot patterns on the phase-change thin 
films fabricated by the femtosecond laser irradiation 
through the MLA at an incident laser power of 140 mW 
and different MLA-to-sample distances. 

 
Figure 5 shows (a) 3D transmission NSOM image and 

(b) 3D topography image of an array of laser-crystallized 
dot features in the GeSbTe films. The crystalline features 
on the phase-change films were fabricated by femtosecond 
laser with 100 pulses irradiation through the MLA at a la-
ser power of 200 mW. The dot features in Fig. 5 were fab-
ricated by moving the nano-stage (Model: ALS130-100-
LTAS-NC, Aerotech), on which the phase-change films 
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were placed, at a step of 1 µm along x and y axes. The 
lower PMT output (in voltage unit, dark color) in the 
transmission NSOM image in Fig. 5(a) means that the la-
ser-crystallized phase features have lower light transmitiv-
ity than the amorphous phase state. The topography image 
shows that there is no morphology change but only phase 
change on the patterned phase-change films. 

 

 

 

Fig. 5   (a) 3D transmission NSOM image and (b) 3D topography 

 

3.3 D phase-change lithography by chemical etching 
e 

etch

3.3.  GST films 

image of crystalline dot features in the GeSbTe films pro-
duced by the femtosecond laser with 100 pulses irradia-
tion through a MLA at a laser power of 200 mW. 

 
3
In this section, the patterned phase-change films wer
ed by an alkaline solution to form 3D structures. It was 

found that the amorphous and laser-crystallized phase 
states have different reactions; meanwhile the phase-
change materials with different elements have different 
reactions to the alkaline etching solutions as well. The ef-
fects of chemical etching on GeSbTe, GeTe and SbTe films 
are described in the following sections. The alkaline solu-
tions used were KOH and NaOH solutions with 30% 
weight concentration. It was found that these two solutions 
have the same effect on different phase-change films. 

 
 
1

Figure 6 shows 3D AFM images of (a) bump-arrays 
with a period of 1 µm patterned by the femtosecond laser 
with 70 pulses of the laser irradiation by placing the GeS-
bTe film at the focal plane and (b) ring-wall features pat-
terned with 90 pulses of the femtosecond laser irradiation 
by placing the GeSbTe film at the non-focal plane at a laser 
power of 200 mW. Both of the patterned phase-change 
films were dipped into a 30% alkaline solution for around 
1 min. The heights of features in Figs. 6 are both around 30 
nm, which is equal to the thickness of the sputtered GeS-
bTe films. This means that the amorphous phase state of 
the GeSbTe films has been etched away completely, while 
the laser-crystallized features were left to form 3D struc-
tures.  

 

  

     
 
Fig. 6   3D AFM images of (a) pillar-arrays with a period of 1 µm 

patterned with 70 pulses of the femtosecond laser irradia-
tion by placing the GeSbTe film at the focal plane and (b) 
ring-wall features patterned with 90 pulses of the femto-
second laser irradiation by placing the film at the non-
focal plane at a laser power of 200 mW. 

 
Making use of a lower laser power and fewer pulses of 

the laser irradiation, sub-100 nm feature size was obtained 
on the GeSbTe film. Figure 7 shows the line profile of a 
bump feature with a size of 95 nm, a full width at half 
maximum (FWHM) of 55 nm, and a height of 17 nm. It 
was fabricated at a laser power of 80 mW with 50 pulses of 

  (a) 

(a) 

(b) 

(b) 
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the laser irradiation with the GeSbTe film subsequently 
dipped into a 30% alkaline solution for 1 minute. 

 

 
Fig.7   Line profile of a bump feature with a size of 95 nm and a 

full width at half maximum (FWHM) of 55 nm, and a 
height of 17 nm. It was fabricated at a laser power of 80 
mW with 50 pulses of the laser irradiation with the GeS-
bTe film subsequently dipped into a 30% alkaline so-
lution for 1 minute. 

 
 
3.3.2 SbTe films 

It was found that the SbTe film had a different reaction 
to alkaline solutions from the GeSbTe film. Figure 8(a) is a 
topography image of a SbTe film patterned with the femto-
second laser at a laser power of 200 mW with 50 pulses of 
the laser irradiation and then etched by a 30% alkaline so-
lution for 30 seconds. For the SbTe film, it was the laser-
crystallized features that were etched away in the alkaline 
solution. Holes instead of bumps were obtained in the film 
with full-width-at-half-maximum (FWHM) of around 160 
nm and depth of around 46 nm. The average roughness of 
the film in the amorphous phase state area after the etching 
was around 15.4 nm measured over an area of 20 × 20 µm2. 
It was found that for a longer etching time, the roughness 
increased greatly and the depth of the holes decreased, 
which implies that both the laser-crystallized features and 
the amorphous background were etched by the alkaline 
solution.   

 
3.3.3 GeTe films 

Patterned GeTe films were dipped into the same alka-
line solution and it was found that the laser-crystallized 
features were etched away, similar to the SbTe films. Fig-
ure 8(b) is a 3D AFM image of a GeTe film patterned with 
the femtosecond laser at a laser power of 200 mW with 100 
pulses of the laser irradiation and then etched by a 30% 
alkaline solution for 30 seconds. The average FWHM of 
the holes is 460 nm and the depth is 21 nm in average. The 
roughness measured is only 1.5 nm over a 20 × 20 µm2 
area in the amorphous phase state, and it increases much 
more slowly than the roughness of etched SbTe films. 

 

(a) 

 

(b) 

 
Fig. 8   (a) 2D AFM image of SbTe film and (b) 3D AFM image 

of GeTe film patterned with a femtosecond laser at a la-
ser power of 200 mW with 50 pulses and 100 pulses of 
the laser irradiation, respectively. The films were then 
etched by 30% alkaline solution for 30 seconds.  

 
 
3.3.4 Possible mechanisms 

It was found that the three kinds of phase-change films 
reacted to the alkaline solutions differently for their differ-
ent compositions. The amorphous background of GeSbTe 
films were etched away to form bumps. However, it was 
the laser-crystallized features of SbTe and GeTe films that 
were etched away, while the amorphous phase state is re-
mained to form holes. At the same time, the roughness of 
the GeTe film was much lower than that of the SbTe film. 
Although the mechanism of the reactions of phase-change 
films to the alkaline solutions is not very clear, it seems 
that the alkaline solutions act as a catalyst in these reac-
tions and the Ge component plays an important role in 
these different reactions. It is supposed that the Ge compo-
nent is most inert to the alkaline solutions in Ge, Sb, and 
Te components since the roughness of the GeTe film is 
much lower than that of the SbTe film. The mechanism 
behind the opposite reactions of GeSbTe films to GeTe and 
SbTe films is still under investigation.  
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4.   Conclusions 
In this paper, the MLA non-contact patterning tech-

nique on the phase-change films with Nd:YAG lasers and 
femtosecond laser was demonstrated. The dependence of 
feature size on the laser dose and wavelength was studied. 
The feature size increases with the laser dose and wave-
length when nano-second lasers were utilized to define 
patterns on the phase-change films. To overcome the opti-
cal diffraction limit and further reduce the feature size, 
femtosecond laser was applied. Due to the ultra-high peak 
power and ultra-short pulse duration of femtosecond laser, 
sub-100 nm feature size was obtained on phase-change 
films. Making use of different reactions of the two phase 
states of the phase-change films to the alkaline solutions, 
3D phase-change lithography was demonstrated. Bumps 
and holes structures were fabricated in the phase-change 
films after etching in the alkaline solutions. In conclusion, 
3D micro/nano-structures can be fabricated by laser irra-
diation through MLA and chemical etching over a large 
area with high efficiency. 
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