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Abstract: Femtosecond laser pulses are focused on a thin film of Ge,Sb,Tes
phase-change material, and the transfer of the illuminated material to a
nearby substrate is investigated. The size, shape, and phase-state of the
fabricated pattern can be effectively controlled by the laser fluence and by
the thickness of the Ge,Sb,Tes film. Results show multi-level electrical and
optical reflection states of the fabricated patterns, which may provide a
simple and efficient foundation for patterning future phase-change devices.
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1. Introduction

Phase-change chalcogenide materials have special optical and electrical properties in their
amorphous and crystalline states [1-4]. Among the numerous phase-change materials,
Ge,Sb,Te;s is typical with its short transition time, high thermal stability, large contrast of
conductivity and reflectance between different phase states, and nearly completed reversible
phase-change properties [5—7]. Also, some researches point out other interesting properties of
Ge,Sb,Tes such as partial crystallization and electrolytic switching (polarity-dependent
resistance). Optical and/or electronic multi-levels of Ge,Sb,Tes structures can be engineered
through careful modulation of the input energy for phase transition [8—14].

Among the applications of Ge,Sb,Tes, high-density optical data storage [3,15-18], phase-
change electrical memory [7,19-21], and phase-change device [22-26] are some of the useful
applications that have emerged in recent years. For patterning Ge,Sb,Tes some techniques are
proposed, but most of the processes are complex, expensive, and time-consuming [27-30]. A
production method with high efficiency and simplicity for Ge,Sb,Tes is needed. Laser-
induced forward transfer (LIFT) technique is a versatile and high-throughput fabrication
method. A range of materials has been patterned by the LIFT technique such as metals [31-
36], materials in liquid state [37,38], biomaterials [39], diamond powder [40], superconductor
[41], InOx [42], and various polymers [43,44]. The main idea behind LIFT is energy
transformation, in which the optical energy of laser pulses is transformed into the kinetic
energy of the forward transferred donor material. A schematic illustration of the LIFT setup is
shown in Fig. 1. The laser beam passes through the supporting transparent substrate and
focuses on the pre-coated thin film (called donor), creating an expansive pressure at the
interface between the film and the substrate. The donor material melts and expands during
illumination until the pressure goes over a threshold to detach and transfer the material. The
local material is thus ablated forward and deposited onto the opposite substrate (called
receiver). Because LIFT is a laser-direct-writing process, the required experimental setup is
fairly simple and operation is low-cost. There is no need for a clean room, chemical
compounds, and vacuum chambers. Most of the LIFT processes are carried out under ambient
atmospheric conditions. This simple, fast, one-step technique has great application potential in
research on micro- and nano-device fabrication.

In this paper, we report a process to fabricate phase-change Ge,Sb,Tes dots by utilizing
the LIFT process. Fabrication of the Ge,Sb,Tes patterns is carried out with different laser
fluences and with different thicknesses of the donor film. The electrical properties of LIFT
dots are investigated by conductive-tip atomic force microscopy (C-AFM), which is an ideal
tool for characterizing this particular class of materials [45—47]. Both electrical and optical
multi-levels of the LIFT dots are observed, and a three-dimensional partial crystallization
model is proposed. To the best of our knowledge, this is the first report on patterning phase-
change chalcogenide materials by the LIFT technique, showing the complex and interesting
phase compositions of the resulting patterns due to opto-thermal interactions and the mass
transfer inherent in the LIFT process.

2. Experimental

The as-deposited Ge,Sb,Tes films are sputtered on a transparent BK-7 glass (Matsunami
cover glass, 22 x 22 mm’ 0.15mm thickness) under Ar pressure of 5 x 10”' pa by a
conventional magnetron sputtering machine (Shibaura Mechatronics Corporation). The
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Ge,Sb,Tes thin film on glass substrate is treated as the “donor”. Another cover glass substrate
acting as the “receiver” is placed on the donor substrate. The donor-receiver pair is mounted
on the femtosecond laser lithography system, and a 100-nm-thick spacer is placed between
them. A Ti:sapphire femtosecond laser (Coherent Inc., A = 800 nm, pulse duration = 140 fs,
repetition rate = 80 MHz) is used as a light source. An attenuator and a shutter with switching
time of 30 ms are used for the control of the incident laser fluence and exposure time. The
laser beam is expanded to a diameter of 6 mm by a spatial filter. A A/4 wave plate transforms
the laser beam into circular polarization. Finally the laser beam is focused by a high-
numerical-aperture oil-immersion objective lens (Zeiss Plan-Apochromat, 100x, 1.4NA, 0.17
mm working distance) through the transparent substrate on the Ge,Sb,Tes donor film. A
charge coupled device (CCD) is used for real time monitoring. Subsequently, for the
measurement of the optical reflectance of the transferred dots, an optical microscope (Leica
MPV-SP, 50%, 0.5NA) is used to acquire an optical image (in reflection) for the analysis of
reflectance.

Fig. 1. Schematic illustration of the LIFT technique.

The C-AFM (Asylum Research, MFP-3D™) measurement scheme is depicted in Fig. 2a;
the microscope is operated in contact mode. The C-AFM applies a bias voltage of 1.5 V to the
ITO film of the receiver, and the local conductance is obtained by recording the current
passing through the conductive probe. The contact-mode C-AFM probe is coated with a 15
nm-thick layer of Ptlrs for electrical measurements, as shown in Fig. 2b.

(a) (b)

Conductive Probe
(coating with PtIrs;)

Receiver(with ITO film)

Fig. 2. (a) Schematic illustration of the C-AFM measurement. (b) Magnified SEM image of the
C-AFM probe.

3. Results and discussions

Figure 3 shows AFM images of 80-nm-thick as-deposited Ge,Sb,Tes donor film (Fig. 3a), the
corresponding receiver (Fig. 3b), and the zoom-in images (Figs. 3c to 3e). The interspace
between adjacent dots is 5 um, and the laser fluence is varied from 9 to 90 mJ/cm” for each
row. In Fig. 3a, bumps (9 mJ/cm?) and holes (18 to 90 mJ/cm?) surrounded by depressed rings
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are observed on the donor. The average depth of the rings is about 5 nm, and the diameters
increase with laser fluence. Ring formation is due to the phase transition from the as-deposited
(essentially amorphous) state to the crystalline state of Ge,Sb,Tes, which is accompanied with
some density variation [29]. As shown in Fig. 3c, bumps are formed at the center of the laser
spot, which originates from the redistribution of the molten material from the edge to the
center of the illuminated region [25,29,45]. The height and the diameter of the bump are about
15 nm and 800 nm, respectively; the 9 mJ/cm? fluence is considered as the threshold of film
ablation. In the fluence regime of 18-90 mJ/cmz, the diameter of the ablated holes varies
linearly from 1.5 to 2 um—the ablated parts of the donor are transferred to the receiver.

As shown in Fig. 3b, different Ge,Sb,Tes dots or rings found on the receiver depend on
laser fluence. The configurations and features of LIFT Ge,Sb,Tes dots and rings are divided
into three categories. The observed dot of first category is fabricated with the laser fluence of
9 mJ/cm®. The formation of dot array on the receiver is spotty and incomplete at this threshold
energy for mass-transfer, and the corresponding pattern on donor is not an ablated hole but a
bump structure. As shown in Fig. 3d, the height and diameter of the transferred dots are
around 4.5 nm and 2.0 um, respectively.

(a) (b)
0 9 81 72 63 54 4536 27 18 9(mJ/cm?) 0 9 18 27 36 45 54 63 72 81 90(mJ/cm?)

0 10 20 30 40 50

um
@)
9(mJ/em? 9 18 27 36(mlJ/ecm?) 63 72 81 90(mJ/cm?)

15

Fig. 3. (a) AFM image of the donor film (80-nm-thick as-deposited Ge,Sb,Tes) exposed to
different laser fluences. (b) AFM image of the corresponding receiver film. (c) Magnified AFM
image of the donor and the corresponding cross-sectional profile (red line) under the laser
fluence of 9-36 mJ/cm? bumps appear at 9 mJ/cm?. (d) and (e) Magnified AFM images of the
receiver under laser fluences of 9-36 mJ/cm?® and 63-90 mJ/cm’, respectively; LIFT dots and
rings can be seen on the receiver. The corresponding cross-sectional profiles of the dots/rings
are displayed below each AFM image.

Dots formed in the laser fluence regime of 18-72 mJ/cm” belong to the second category.
In this category, completed dots are observed on the receiver surface. The size of these dots
increases with an increasing laser fluence, the minimum dot diameter being ~2.2 um. A
significant amount of debris (on the order of tens of nanometers in diameter) is found on the
receiver surface, which is made of quenched Ge,Sb,Tes material. The debris formation may
be due to the fact that the Ge,Sb,Tes material is transferred as a mixture of solid and liquid
phases.

In the third category, rings are formed in the fluence regime of 81 to 90 mJ/cm’. Figure 3e
shows a magnified AFM image obtained in this regime. The inner and outer diameters of the
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rings are approximately 1.5 pm and 3.0 pm, respectively. Rings are produced when the laser
energy is well above the transfer threshold, perhaps because of the greater impact momentum
and lower surface tension of the material during landing and cooling; this is similar to the
results reported in Ref. [35].

(a) (b)

Receiver (From 50-nm-thick Ge,Sh,Tes) Receiver (From 20-nm-thick Ge,Sb,Tes)

90(mJ/cm?)

15 nm
1

20 ®From 50-nm-thick Ge,Sb,Te;
18 ™ From 20-nm-thick Ge,Sb,Te; % * | ® From 20-nm-thick Ge,Sh,Te;
.0

16
E 14
£12-
%’10
s 8
6

4

2

0

9 18 27 36 45 54 63 72 81 90
Fluence (mJ/cm?) Fluence (mJ/cm?)

©

@ From 50-nm-thick Ge,Sb,Tes

)

pm
[S]
wm

Diameter (|
S == bt
wm S n o

0 . . i y
9 18 27 36 45 54 63 72 81 90

35] @ From 50-nm-thick Ge,Sb,Te;
301 ™ From 20-nm-thick Ge,Sb,Tes

25
20
15
10
5

Volume (0.001pm?)

0
9 18 27 36 45 54 63 72 81 90
Fluence (mJ/cm?)

Fig. 4. (a) and (b) Three-dimensional AFM images of LIFT dots for 50-nm-thick and 20-nm-
thick Ge,Sb,Tes donor films, respectively. (c)-(e) AFM measurements of height, diameter, and
volume of LIFT dots as functions of laser fluence for donor films of differing thickness.

Figures 4a and 4b are three-dimensional AFM images of the LIFT dots transferred
respectively from the 50-nm-thick and 20-nm-thick Ge,Sb,Te; donor films. The dots in these
images are seen to be uniform, their sizes varying in proportion to the laser fluence. The
debris is absent from the receiver surfaces, which could indicate that the Ge,Sb,Tes material is
transferred in the liquid phase. Therefore, to prevent the formation of transferred debris on the
receiver, it appears that the thickness of the Ge,Sb,Tes donor film should be less than about
50 nm. Comparing Figs. 4a and 4b, one observes that, at a given laser fluence, the dots
transferred from the 50-nm-thick donor film are larger than those obtained from the 20-nm-
thick donor. The AFM-measured values of the dot size (height, diameter, and volume) from
different donor films (50 or 20-nm-thick Ge,Sb,Tes) are plotted against laser fluence in Figs.
4c to 4e. The size is seen to be linearly proportional to the laser fluence in the range of 9-90
mJ/cm’® with a step of 9 mJ/cm®. The minimum height and diameter of the LIFT dots are about
5.7 nm and 1.4 um for the 20-nm-thick Ge,Sb,Tes thin film. The minimum average volume of

the LIFT dots is found from AFM measurements to be around 4.4 x 10~ um’. The smallest
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transferred mass under 9 mJ/cm® laser fluence is estimated at around 25.6 femtograms [48].
For the 50-nm-thick donor film, a clear deviation of the transferred dot height from linear
dependence on the laser fluence can be seen in Fig. 4c. This deviation from linearity of the
AFM-measured values for the 50-nm-thick Ge,Sb,Tes donor film may be attributed to the
large impact momentum of the relatively massive transferred dot.

Receiver (from 50 nm Ge,Sb,Tes)
9 18 27 36 45 54 63 72 81 90(mJ/cm?)

(@) AFM
(b) Transmission " o * * . # ® & »

e W e e Saue e O ek o |
(©  Reflection EFSERE. FNE. SN0 0T S R SO, R T |

u

0.9+

0.8

Reflectivity
(arb. Unit)

0.7 T T T T 1

® " -

10 20
pm
5 -
-10 - - -
15 4 = -
-

20 | |

10 20

@ pm

Current (nA)

w
=l
-
=
2. &

4.5 a o 4
-4.0 7Y —
3.5 " —
-3.0 -
2.5 -

Avg. Current (nA)

1.5 - ————

2

36 45 54 63 72 81 90(mJ/cm?)
Iluminating Fluence (mJ/cm?)

Fig. 5. (a)-(d) AFM, optical transmission, optical reflection, and C-AFM images of LIFT dots
obtained from a 50nm-thick as-deposited Ge,Sb,Tes donor. The four images are shown on the
same scale. (e) Cross-sectional profile of LIFT dots extracted from the reflection optical-
micrograph. Background color indicates different states. (f) Cross-sectional profiles of LIFT
dots extracted from the C-AFM images—the arrow points to the conductivity at the center of
the dot. (g) Average current passing through each LIFT dot as a function of laser fluence.

The mechanism of crystallization of the once molten Ge,Sb,Tes is believed to be
formation and growth of nano-crystalline grains [8—11,45]. To understand the crystallization
behavior of the Ge,Sb,Tes dots fabricated by the LIFT process, we compare in Fig. 5 their
topography as well as their optical and electrical characteristics. The donor is the 50-nm-thick
as-deposited Ge,Sb,Tes film, while the receiver is a BK-7 glass slide coated with a 12-nm-
thick indium-tin-oxide (ITO) film, which is used as bottom electrode for C-AFM
measurements. The AFM and transmission optical micrographs are shown in Figs. 5a and 5b,
respectively. Transmittance of the LIFT dots is seen to vary with laser fluence. The phase-
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state of the dots may be inferred from the optical contrast of the Ge,Sb,Tes material [5,29].
The dot transferred with 9 mJ/cm® is believed to be amorphous because of its high
transmittance. The low-transmittance dots (formed in the regime of 18 to 90 mJ/cm®) appear
to contain nucleated fine crystallites. Figures Sc and Se show the reflection optical-micrograph
and its corresponding cross-sectional profile. Reflectance of the dots is seen to increase with
the laser fluence in the regime of 18-90 mJ/cm®. The cross-sectional profiles exhibit a four-
level reflectance, occurring at the laser fluences of 9 mJ/cmz, 18-27 mJ/cmz, 36-81 mJ/cmz,
and 90 mJ/cm’; these various reflection levels are attributable to different degrees of
crystallinity of Ge,Sb,Tes. The presence of a reflectance gradient is clear evidence that the
crystalline fraction of the LIFT dots primarily depends on laser fluence. However, considering
that for different thicknesses of the Ge,Sb,Tes donor film, the mass and the shape of the
transferred dots are dissimilar, the detailed behavior of the transferred Ge,Sb,Tes during the
process of cool-down and crystallization is expected to be different as well.

Figure 5d is the C-AFM image of the corresponding dots. The regions displayed in white
color are the low conductivity areas of the Ge,Sb,Tes material, which is considered to be
amorphous. The LIFT dots observed in C-AFM image can be divided into two categories. In
the first category, LIFT dots fabricated with fluence from 9 to 27 mJ/cm” show relatively low
conductivity, and they may be considered as amorphous. LIFT dots in the second category,
created under laser fluences of 36-90 mJ/cmz, display a conductive area in the middle, where
the GST material is either fully or partially crystalline. The non-conductive ring surrounding
the conductive center of each LIFT dot is believed to be in the melt-quenched amorphous
state. In this category, the conductive area of the LIFT dot gradually changes with increased
laser fluence from light-gray to dark, indicating an increase of conductivity (i.e., density of
crystalline grains) with laser fluence.

The LIFT dots in the C-AFM image show larger diameters than the corresponding ones in
the AFM and optical microscopic images. This indicates the presence of amorphous
Ge,Sb,Tes regions around LIFT dots, and these extremely-thin regions are transparent. The
highly sensitive electrical measurements by C-AFM provide excellent contrast for the
conductivity of this amorphous region [45-47]. Figure 5f is the corresponding cross-sectional
profile of the C-AFM image. These experimental data indicate that the change of the central
conductive region is closely related to the laser fluence.

Comparing Figs. 5c and 5d, we note that the LIFT dots fabricated with a fluence of 9
mJ/cm?, having poor conductivity and low reflectance, are predominantly amorphous. The
LIFT dots obtained with a fluence of 18 to 27 mJ/cm? are also weakly conductive, similar to
the dots obtained with a 9 mJ/cm” fluence, but the optical reflectance of these dots is higher
than the background. We consider that the dots transferred by 18 to 27 mJ/cm” are dominantly
amorphous Ge,Sb,Tes mixed with some crystalline grains. Moreover, the high-conductivity
areas of the LIFT dots shown in Fig. 5d in the regime of 36 to 90 mJ/cm” are somewhat
smaller than those of the corresponding high-reflectance LIFT dots shown in Fig. 5c, which
indicates that the optical contrast for the observation of partially crystallized regions is better
than the electrical conductivity of C-AFM.

We summarize our observations as follow: with enough laser fluence, crystalline grains
are formed in the central regions of each LIFT dot. The distribution of crystalline grains is
locally different for each dot; also dot density varies with the transfer fluence. When the
receiver is subjected to an electric field, filamentary pathways form within the dots that
contain a sufficient number of crystalline grains, thus allowing electrical currents to flow from
the conductive AFM probe through the receiver. Variations of conductivity and reflectance
originate from the various densities of crystalline grains within the dot. Figure 5(g) shows the
average C-AFM currents of dots formed with different laser fluences, and the electrical states
of dots can be divided into two regimes: 9 to 27 mJ/cm” and 36 to 90 mJ/cm®. The average C-
AFM current in the first regime is —1.74 nA; this constant value of the average current may be
due to the dominantly amorphous nature of the receiver dots. The average C-AFM currents of
the dots in the second regime are nearly linear functions of the transfer fluencies, varying
from —2.2 nA to —4.8 nA.
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The LIFT technique can fabricate designed patterns on arbitrary receivers such as flexible
transparency sheets [32] and optical fibers [34,42]. For these novel applications of phase-
change chalcogenides, complex structures can be fabricated by the LIFT technique with high
efficiency. We demonstrate in Fig. 6 the fabrication of a reduction venation pattern as a
biomimetic structure on a BK-7 glass substrate. In the original image file of the real leaf
shown in Fig. 6a, the length and width of the leaf are around 6.8 cm and 4.7 cm, respectively;
the picture is imported into a figure file for data processing. As shown in Fig. 6b, the image of
leaf is turned into monochromatic form (302 x 195 pixels), and the leaf veins are picked out.
We set the laser fluence to 63 mJ/cm®, the interspace between adjacent pixels to 250 nm, and
chose a 20-nm-thick Ge,Sb,Tes film as donor. Figure 6(c) shows three-dimensional AFM
images of the donor and the corresponding receiver. The size of the reduced veins structure is
around 75 x 31 pm’ The reduced venation pattern is complete and clean. Possible
applications for this kind of venation pattern are control of optical splitter and electrical shunt,
such as used in the field effect devices for optical fibers [49].

(b)

Leaf veins

<~ 47cm —>
(c) d
Donor: Receiver
GezsszeS (20 nm) &,;‘[

0 17.5 35um

Fig. 6. Fabrication of the venation pattern. (a) Optical image of real leaf. (b) Monochrome
image of venation. (c), (d) Three-dimensional AFM images of donor and receiver.

4. Conclusion

Patterned samples of the chalcogenide phase-change material Ge,Sb,Tes were fabricated and
analyzed utilizing a femtosecond-laser-induced forward transfer process. The size, shape, and
phase state of the transferred dots obtained in this LIFT process could be controlled by the
laser fluence and by the thickness of the donor film. Our experiments show that the smallest
mass transferred from a 50-nm-thick Ge,Sb,Tes film is about 25.6 femtograms. The multi-
level optical and electrical states observed in our optical and C-AFM measurements have their
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origins in the differing densities of the Ge,Sb,Tes crystalline grains. The non-uniform
distribution of crystalline grains within each Ge,Sb,Tes dot (revealed by C-AFM
measurements) plays an important role in the electro-optical properties of the LIFT dots. To
our knowledge, this is the first report on the fabrication of phase-change material structures by
the LIFT process. Our results have potential for application in the areas of optically- and/or
electrically-switchable phase-change devices.
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