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SMALLEST (~10 nm) PHASE-CHANGE MARKS IN
AMORPHOUS AND CRYSTALLINE Ge;Sb,Tes FILMS

Keiji Tanaka
Department of Applied Physics, Graduate School of Engineering, Hokkaido University,
Sapporo 060-8628, Japan (keiji@eng.hokudai.ac.jp)

Electrical nano-scale crystallization and amorphization in amorphous and crystalline
Ge,Sb,Tes films have been studied using scanning probe microscopes. In scanning tunneling
microscopes, the phase changes can be induced, not by tunneling currents, but by conducting
currents flowing through contacted probes. In an atomic force microscope, metallic
cantilevers can produce phase-change marks with minimal sizes of ~10 nm. The
crystallization and amorphization processes show different dependences upon thickness of
Ge,Sb,Tes films. These features are discussed from thermo-dynamical and microscopic
structural points-of-view.

PACS codes: 81.05.Gc, 81.07.-b, 73.61.Jc, 65.60.+a



1. Introduction

The phase-change recording has markedly progressed in this decade, and its ultimate
characteristics lend considerable interest. Among those, the memory capacity is one of the
most important, which is determined in principle by a mark size. In optical phase-change
systems such as DVD-RAM, the size is greater than ~100 nm in diameter, which is governed
by diffraction or evanescent-wave characters of laser light [1,2]. Nevertheless, recording
materials, e.g. Ge,Sb,Tes films, appear to have capabilities of storing much smaller marks.
Actually, several studies have demonstrated such possibilities using electrical phase changes
[3-6], in which the mark size can be reduced using small electrodes. (Note that the
mechanisms of optical and electrical phase changes are both thermal; i.e. laser and Joule
heating.) However, most of previous studies deal with amorphous-to-crystalline (a—c) phase
changes, and the reverse c—a change has been little investigated. This is because the
amorphization can occur after melting at ~600°C, which is much higher than the
crystallization temperature of ~170°C [7]. It is therefore valuable to examine formation
characteristics of crystalline and amorphous nano-scale marks in amorphous (a-) and
crystalline (c-) Ge-Sb-Te films, respectively, under comparable experimental conditions.

In the present work, we will study electrical a—c and c—a phase changes from a unified
viewpoint. At the outset, the experimental results obtained for single Ge,Sb,Tes films using a
scanning tunneling microscope (STM) [8,9] and an atomic force microscope (AFM) [9,10]
are briefly summarized, which have been published separately (see, also reviews [11,12]). We
then compare several characteristics, including mark sizes and threshold powers of the phase
changes. We also compare these experimental results with recent calculations reported by
Wright et al. [13].

2. Experiments

Ge,Sb;yTes films with thicknesses of 1-900 nm were dc sputtered onto substrates such as
glass slides which had been coated by thin films of Au-Ni (20nm-thick) or Pt (50nm-thick),
which worked as bottom electrodes. Sputtered films were amorphous, and these were
employed for inspecting a—c changes. In addition, the films were crystallized to the cubic
phase by heat treatment at 200°C for investigating c—a changes. Crystallite size in the
annealed films was estimated at ~10 nm using x-ray diffraction. Electronic properties of these
films were evaluated previously [7], the results being consistent with others [14,15]. Surface
roughness of films, e.g., with thickness of 100 nm was smaller than ~5 nm, which was
important to production of nano-scale marks. It should be mentioned here that the crystalline
films were more susceptible to oxidize, and accordingly, phase-change experiments were
performed immediately (5 h) after sample preparations. Phase-change marks were produced
and imaged using an AFM (SPA300, Seiko Instruments) and STMs (Nanoscope E, DI and
SPA300, Seiko Instruments), through which voltage pulses with durations of 3 ns — 10 ms
were applied. The AFM was equipped with Si3Ny4 cantilevers (Veeco, DNP-S), which were
coated with Au-Ni, and homemade Au probes. On the other hand, STM probes were
homemade from W wires. Structural changes were inspected using micro-Raman and x-ray



diffraction systems.

3. Results
3.1. Comparison of STM and AFM characteristics

Before experiments, we had expected that an STM could produce smaller marks, because
in general it can provide atomic images with less difficulty [16]. However, observations were
opposite; e.g., minimal crystalline marks produced in a-Ge,Sb,Tes being ~50 nm for the STM
[8] and ~10 nm for the AFM [10]. This is because the tunneling current, which is practically
limited to be smaller than ~100 pA for Ge,Sb,Tes films, cannot provide sufficient Joule heats
needed for phase changes. In the STM, phase-change marks can be produced by conducting
currents (~3 V, ~1 mA, and ~10 ns) flowing through an inserted W tip, which has been
electrically-elongated by applied pulse voltages [8,11,12]. The inserted tip gives concave
(M-shaped) deformations on film surfaces and uncontrollable electrical powers, and
accordingly, the mark becomes necessarily greater. Note that this idea, i.e., the phase change
in the STM occurs after tip contacting, is consistent with similar dependences of mark size
and threshold power (or voltage) in the AFM and STM phase changes on film thickness
[9-11]. Therefore, for producing smaller marks, the AFM is more useful at present. It should
be mentioned, however, that a possibility of producing small amorphous marks using STMs
remains by shortening applied pulses to ~1 ns, which is a time scale of tip elongation [9].

On the other hand, reproducibility of mark formation by the STM is better than that by the
AFM. Actually, an STM tip could produce more than 25 marks (Fig. 1), but the AFM had
difficulties in producing 10 marks. This reproducibility difference arises from two reasons.
One is differences in elastic and thermal properties of the probe materials; Au(:Ni) for the
AFM and W for the STM. The AFM cantilever must be flexible for possessing small spring
constants [16], which makes the cantilever inevitably fragile. In addition, an Au(:Ni)-probe
apex tends to soften upon intense Joule heating. The other is, in the present AFM, the probe
always scratches film surfaces, which is likely to destroy the apex and enlarge the curvature,
which causes larger marks. It should be mentioned here that, by scanning tips with dc voltages,
the STM can provide electrochemical nano-lithography [17].

40 (nm)

/500 (nm)
Fig. 1. Arrayed amorphous marks produced in a 150nm-thick c-Ge,Sb,Tes film by applying
pulses with 10 V and 100 ps (nominal duration [8]) using the STM.



3.2. Comparison of a—c and c—a changes

Since the AFM is more appropriate to produce nano-scale marks, as described in 3.1, we
focus on its feature hereafter [9-11]. It should be mentioned first that the a—c and c—a phase
changes have occurred irrespective of the polarity of applied voltages, which is consistent
with an idea that the crystallization and amorphization are induced by Joule heats.

Interestingly, minimal marks produced in a—c and c—a are nearly the same in size. The
smallest crystalline mark obtained in a Inm-thick a-Ge,Sb,Tes film appears to be facet-like
with a diameter of ~10 nm [10], and the smallest amorphous mark obtained in a 250nm-thick
c-Ge,Sbh,Tes film is a mound type with a diameter of ~10 nm [9]. However, it has been
difficult to produce such small marks in reproducible way, and produced marks tend to
disappear within one day. Needed energies have been appreciably different. For instance, for
producing the smallest marks, the crystallization needs ~100 pJ (0.6 mW and 200 ns pulse)
and the amorphization needs 30 pJ (~1.5 mW and 20 ns pulse). Note that these energies are
contrastive to the relevant temperatures for the a—c and c—a processes, which are the
crystallization temperature (~170°C) and the melting temperature (~600°C). Produced marks
can be erased, while the reproducibility remains to be improved.

Dependences of the two processes upon the film thickness are markedly different as
shown in Fig. 2. In the a—c process, the mark size and the threshold voltage tend to increase
with the film thickness [10]. In thinner films than ~5 nm, however, the minimal size remains
at ~10 nm. In contrast, in the c—a, the mark size and the threshold energy decrease with the
film thickness at 20—100 nm and these become mostly independent at 100—-500 nm [9].
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Fig. 2. Dependences of mark diameter and threshold voltage (energy) upon the film thickness
in (a) a—c and (b) c—a changes using the AFM.

Dependences of the mark diameter on pulse duration T are common in the a—c and c—a
changes. The diameter increases in proportion to t'* at T = 20 ns-1 ms for crystallization
[10,11] and at T = 5~100 ns for amorphization [9].

Transient characteristics of the a—c and c—a changes are contrastive as shown in Fig. 3.
In the a—c change, after some incubation time, suddenly the voltage drops and the current
increases. On the other hand, in the c—a changes, the resistance continuously decreases. Here,



we should note the following important difference: The a—c phase change is assumed to
occur within pulse intervals [18]. In the c—a changes, however, a crystalline film is just
melted by an electrical pulse, and after termination of the pulse, the melt will be quenched
into an amorphous state. The quenching process is difficult to probe electrically.
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Fig. 3. Typical transient characteristics of the (a) a—c and (b) c—a changes in amorphous
and crystalline films with thickness of 250 nm. Voltage pulses are applied through load
resistances of 1 kQ in the a—c and 50 Q in the c—a.

4. Discussion

It is known that the crystallization and amorphization occur through different processes.
Electrically, a-Ge,SbyTes is nearly insulating (~10* Qcm [7]) at room temperature, and a
voltage pulse first produces an electrical conducting channel [18]. The transient can be
inferred from current changes, while the mechanism of channel formation remains
controversial [18,19]. Once the channel being formed, a higher current provides Joule heat,
giving rise to a substantial temperature rise, and the crystallization takes place. On the other
hand, a crystalline film is much more conducting (~10° Qcm [7]), so that electrical inputs can
directly heat the film to melting. These two electro-thermal processes cause the a—c and c—a
phase changes.

Taking these insights into account, we assume contrastive phase growths, as summarized
in Table 1. In the crystallization, after (or simultaneously with) the channel formation, the
crystallization starts at (or near) the probe-film contact, which proceeds as an exothermic
reaction at ~170°C. However, if the input electrical power is critical, when the crystalline
front reaches the bottom electrode, the growth will stop due to large heat dissipation to the
metallic electrode and so forth. Accordingly, the size of minimal crystalline marks is
proportional to the film thickness as shown in Fig. 2. On the other hand, a melting in the
amorphization process can start also at the probe-film contact, reflecting hemi-spherically
spreading electric fields from the contact. In addition, since the melting needs latent heats, its
growth tends to cease spontaneously, which is consistent with calculated temperature
distributions [13]. Then, after quenching, only a surface layer can be transformed to an
amorphous state. Note that the film thickness has no effect in this interpretation, which is
consistent with the observations. Or, more precisely, thicker films are more likely to be heated
due to small thermal conductivities of Ge,Sb,Tes films [20], which is consistent with the
decrease in the threshold energy with the thickness in the c—a process (Fig. 2).



Table 1 Comparison of a—c and c—a phase changes.

phase change a—cC c—a

process channel formation — heating direct heating
related temperature crystallization ( ~ 170°C) melting ( ~ 600°C)
thermal reaction exothermic endothermic
model

energy change DG, + DG, DG, + DGy = DGee
AG
P AGc_a
A
Es| L
\(‘:rystal growth i
]
|
0 , 0
| |
| |
r e

Why are the minimal mark sizes produced in the a—c and c—a processes by the AFM
commonly ~10 nm ? It may be plausible that the size is governed by transient behaviors of a
cantilever apex, which penetrates into the semi-conducting films when subjected to pulsed
voltages [21,22]. However, quantitative evaluation of this process is difficult.

Otherwise, this coincidence is subtle, which can be understood on thermodynamic and
structural ideas as follows (see Table 1): The free-energy change AG,_,. for crystallization in
amorphous films can be written as AG,—,. = AG, + AG,., where AG, (< 0) is a free-energy
stabilization with crystallization and AG,. (> 0) is an interfacial energy. Provided that the
mark is spherical with a radius r, AG. and AG,. are proportional to -~* and +*. Accordingly,
AG,_ can have a barrier (higher than ~30 meV, which is thermal energy at crystallization
temperature) at a certain r,, which appears to be 5-10 nm, when putting plausible values
[11,12]. This radius is consistent with the size (~10 nm) of minimal crystalline marks. It
should be mentioned that this scale is also comparable to reported sizes of crystalline grains
produced optically [23] and thermally [24], which may lend supports to this rough idea.

However, a simple extension of this model to the c—a change, AG .= AG, + AG,,



cannot be accepted. Because the free-energy change AG, for amorphization in crystalline
films is positive, and no energy minima appear. Then, we modify the equation as AG ., =
AG, + AGye - AG, where AG. (>0) is the interfacial energy between crystalline clusters [9],
assuming that a single crystallite, or its multiples, is converted to an amorphous cluster. Then,
if AGye < AGee, AG ., can have a minimum at the crystallite size, which has been estimated at
~10 nm from the x-ray analysis as mentioned in 2. That is, in this interpretation, the size of
amorphous marks is determined by the original crystallite size, which could not be modified
experimentally [9]. This interpretation may be consistent with the dramatic increase in the
threshold energy when the film thickness decreases to ~10 nm (Fig. 2(b)). In short, the
minimal sizes of amorphous and crystalline marks can be governed, respectively, by
nucleation kinetics and crystallite sizes. Of course, applications of thermodynamic theories
are limited at nano-scales, and more elaborate microscopic calculations are needed.

Finally, we note that the ultimate mark size of ~10 nm suggests a possibility of producing
phase-change memories having tera-byte capacities. The above model implies that this size of
crystalline marks is the smallest limit obtained at room temperature, although at cryogenic
temperatures an atomic memory (~0.1 nm) has been demonstrated by Eigler et al. [25].

5. Conclusions

Comparison of the a—c and c—a electrical phase changes using an STM and AFMs
suggests that the AFM is more suitable for producing nano-scale marks. Minimal crystalline
and amorphous marks obtained in Ge,Sb,Tes films are ~10 nm in diameter. Crystallization
and amorphization characteristics show different dependences upon the film thickness, which
can be ascribed to contrastive electrical conductivities of a- and c¢c-Ge,Sb,Tes films and
thermo-structural aspects of the phase changes.
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