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NANO-SCALE PHASE CHANGESIN Ge-Sh-TeFILMSWITH ELECTRICAL
SCANNING PROBE MICROSCOPES
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Characteristics of amorphous-to-crystalline structural changes obtained using an electrica
atomic force microscope and a scanning tunneling microscope have been investigated with
smple models. A minimal mak size of ~10 nm is consistent with an empirical
thermodynamic model. The mark size increases with eectrical power and film thickness,
which can be accounted for using therma and crystal-growth models.
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1. Introduction

Continuous studies have been performed since the discovery of optical phase changes
between amorphous and crystalline states in telluride films by Ovshinsky's group [1], and now we
have a so-called re-writable DVD (digital versatile disk) system with a memory capacity of 50 GB
per disk [2]. The system utilizes a blue laser with wavd ength of 400 nm, which can write and erase
one-bit marks of 150 nm in diameter. More advanced systems have already been explored [3-6], in
which scanning near-filed optical microscopes or nonlinear optical films are utilized for producing
smaller (~100 nm in diameter) crystaline marks in amorphous films. However, these mark sizes are
still governed by the wave ength of laser light, and an ultimate material-limited mark has not been
obtained by these optica systems.

To produce smaller marks, the dectrical phase change [1,7] may be more promising, since
the mark size can be reduced using smaller éectrodes. Actudly, several studies using smal
dectrodes have dready been done [8-12], in which the mark size is reduced to ~100 nm [9]. On the
other hand, utilization of eectrical atomic force microscopes (AFMs) and scanning tunneling
microscopes (STMs) also seems to be interesting [13,14], since as is known these microscopes can
provide atomic resolution [15]. Actually, very recently the authors have produced crystaline marks
of ~10 nm and ~100 nm in diameter using an dectrical AFM and an STM [16,17]. However, for
understanding the nano-scal e e ectrical phase change, it is necessary to investigate mark-formation
mechanisms.

In the present work, therefore, we will consider the nano-scale dectrical phase change
characteristics using simple models. The AFM and STM results have been published separately
[16,17], and accordingly, we briefly summarize the experiments and compare some results for
discussion. We will also consider contrastive features of eectricd and optical phase-change
recordings.

2. Experiments

Fig. 1 shows AFM and STM experimenta setups. In brief, samples had bilayer structures
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consisting of amorphous Ge,Sh,Tes films [18] with thickness of 1 nm— 1 um and metalic dectrodes
such as Au-Ni film or highly-oriented pyrolytic graphite (HOPG). The GeSh,Tes films were
prepared using a dc sputtering apparatus. For inducing dectrica phase changes and mark probing,
two commercia scanning probe microscopes (SPA-300, Seiko and Nanoscope E, DI) operating at 1
atm were employed with some modifications and peripherals such as external pul se generators. AFM
cantilevers were prepared through depositing Au-Ni onto commercial SisN,4 probes (DNP-S, Veeco),
and STM tips were made through € ectro-chemical etching of W wires. Phase changes were induced
by applying pulse voltages of 1 — 10 V with duration of 5 ns - 1 ms to the sample through these
metallic probes.
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Fig. 1. Schematic illustrations of (a) an electrical AFM and (b) an STM for mark production.
LDis an laser diode, PD aphotodiode, PG a pulse generator. When probing marks, the
pulse generator is replaced to ad.c. voltage supply.

3. Results

Fig. 2 compares the smalest crystalline marks obtained using the AFM and STM [16,17].
The AFM mark, which is imaged with a flowing current at abias of 1 mV, is ~10 nmin diameter, in
which we see facet-like faces. No topographic change has been detected for this mark. On the other
hand, the STM mark is topographic, in which we see a doughnut-like deformation with outer
diameter of ~100 nm. For larger marks of ~500 nm, we can obtain images using current-imaging
tunneling spectroscopy, which manifest that the mark is dectrically more conductive than peripheral
amorphous regions. Note that these marks can be produced only when applied pulse voltages are
higher than thresholds (see, Fig. 4).
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Fig. 2. (a) A current image of an AFM mark produced in a1 nm-thick film with a pulse of
1V,1mA,and 100ns, and(b) a topographicimageof an STM mark producedin
6 nm-thick film with a pulse of 3V, acurrent smaller than 1 mA, and ~20 ns.

The dectrical facet-like and the tunnding-spectroscopy image strongly suggest that the
AFM and the STM mark are crystaline Actually, using larger marks (0.5 - 50 um), which were
produced by applying higher and longer pulses to thicker films, structurd changes from
amorphous to crystalline have been detected using x-ray diffraction and Raman-scattering
spectroscopy [16,17]. To the authors knowledge, this is the first and direct (structurd)
demongtration of nano-scale dectrical phase changes. Since the AFM mark is smaller and simpler in
shape, it may be valuable to see the detailsfirst.

Mark stability should be noted at the outset. That is, 10 nhm marks were unstable,
disappearing with a single imaging scan with a probe voltage of 10 mV. However, the mark could be
imaged at least after 1 h from the preparation. 20 nm marks gradually reduced the size with imaging
scans, completdy disappearing after three-times scans. 100 nm marks were more stable, while the
size decreased to ~10 nm with a storage of ~3 h. These size reductions may be caused by some mark
instability, film oxidation, and/or apex deterioration of the dectricd AFM cantilevers. It should be
mentioned here that the reversible phase change between amorphous and crystaline has been
demongtrated for 50 nm marks [19].

Fig. 3 shows dependence of the mark diameter D upon the input dectrical power P and the
pulse duration T. The films employed here are 10 - 25 nm in thickness. We see very roughly
D O Pt*?, whichis similar to afeature obtained in an optical phase change[20].
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Fig. 3. Dependence of the mark diameter upon the input power and the pulse duration in
films with thicknessof 10-—25nm. Thesix kinds of circles represent the marks with
approximate diameters of 30 nm, 70 nm, 200 nm, 700 nm, 2 pm, and 5 pm.
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Fig. 4(a) shows dependence of the mark diameter D and threshold voltage V; upon the film
thickness L. The figure shows that, whenL <5 nmand L >5 nm, D =10 nm and D > 2L. Note that
thinner films than 1 nm could not be inspected, due to rapid resistance increases (within ~10 min
after film preparation), which probably suggested oxidation. On the other hand, we seethat \; O LY2.
Thisresult is contrastive to V; O L, which is reported for Teg;GesSh,S; films [1] and in the present
STM experiment, as shown in Fig. 4(b) [17]. In the figure for the STM, we may aso seeD [ L.
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Fig. 4. Diameter and threshold voltage of AFM (&) and STM (b) marks as a function of the
filmthickness. Pulsevoltage (also, current, and durationin () is selected so that small
mearks can be produced. Note that the scalesin (a) and (b) are logarithmic and linear.

4. Discussion

Mechanisms of electricd phase changes have not been ducidated, while it is assumed in
general to be dectro-therma [7]. That is, when a pulse voltage is applied to a semi-insulating
amorphous sample, a so-called conducting channel is formed between éectrodes through some
eectronic process such as avalanche breakdown or trap filling [7]. Then, a high current flows
through the channd, which generates Joule heats, risng the channd temperature above the
crystallization threshold, which is ~140 °C in Ge,Sh,Tes; [21]. Crystal nucleation and growth occur
under this heated condition, which will continue until the pulse voltage is terminated.

The rdation V; O LY in Fig. 4(a) can be explained very simply. We assume that the shape
of the conducting channel is cylindrical with a cross-sectional area of S and alength, which is equal
to the film thickness L (seg, Fig. 5). The dectrical power P is fed into the volume of 9., so that the
temperature rise AT can be written as P [0 SL AT, where heat dissipation is neglected in avery initia
stage. Since P O ;2 provided that S is independent of L and V;, we obtain V; O L*?, which is
consistent with the observation.

Under the heated condition, the crysta growth is assumed to start at the probe-film contact
(see, Fig. 5). This is because the sharp apex can generate a hemi-spherical dectric fidd with the
origin at the contact, which will trigger the conducting-channd formation and temperature rise. The
apex must also exert some strains, which may assist crystallization [22]. In contrast, since the sample
is deposited onto metallic eectrodes on glass substrates, having greater thermal capacity, the
sample-eectrode interfacial temperature tends to rise more slowly. These features possibly cause
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crystdlite nucleation and successive growth at and from the probe-film contact.

S

Fig. 5. A schematic il lugtration of a conducting channe and a hemispherical crystalitewith a
radius being equal to the film thickness.

The above assumption can explain the observed rlation D = 2L in Fig. 4(a). That is, we can
assume that the crystal grows hemi-sphericaly, and when the crystal front reaches to the bottom
dectrode, asillustrated in Fig. 5, the growth will be quenched with a sudden temperature drop dueto
large thermal conductivity and capacity of the metal dectrode and substrates. The growth kinetics
must change at this instance from three- to two-dimensional, which may also suppress the growth
rate [23]. Accordingly, the minimal mark diameter becomes to be seemingly 2L.

Alternatively, we may assume that the relation arises as aresult of AFM measurements. That
is, smaler marks might be produced, while if the crystaline mark originating from the probe-film
interface does not reach the bottom eectrode, the electrical AFM measurement cannot detect the
mark due to higher resistance of remaining amorphous layer. Then, the diameter of minimal and
detectable marks becomes to be 2L. However, since the cylindrical d ectrically-conducting channel
musgt exist through the film thickness and the crystalization is an exo-thermd reaction, it is difficult
to envisage that the hemispherical crystal growth stops in a hdf way. In addition, the AFM has
substantial accuracy in d.c. current measurements, and accordingly, this possibility can be ignored.

On the other hand, for the ultimate mark diameter of ~10 nm, severa interpretations may be
possible. For instance, it may be governed by the curvature size of cantilever apex, which can be
estimated a ~50 nm, which gives a nominal diameter of contact areas of ~0.5 nm [16]. Otherwise,
the mark size may be related with the conducting channel diameter.

A thermo-dynamical model can provide a quantitativdy plausible explanation for the
minima mark size [24]. A spherical crysta with a radius of r grown in an amorphous network
changes the free energy by 4G, which can be expressed as

AG = - (413) Ir* AGy + 4 Tir®d AGs,

where the suffices V and S indicate volumeric and interfacial contributions, and d is an interfacial
layer thickness. Then, we see that the two conditions are needed for a crystal growth at around the
crystalization temperature Te. Oneisr > r¢ for the critical radius rc = 2d AGs/4G,, and the other is
Es > KT, for the barrier height Ez= (16/3) td® 4AGs’/ AG,. We here tentatively assume that AGs=
AGy, sinceit is difficult to estimate AGs. In addition, we can envisage d = 1 ~ 3 nm from two kinds
of studies. That is, in an experiment on cha cogenide multi-layers [25], when a layer thickness
becomes smaller than 1 - 2 nm, the multi-layer structure disappears. This result impliesthat 1 - 2 nm
isaminimal thickness needed for producing interfacial structures. We aso note, eg., Refs. 26 and
27, which show that the interfacial layer thickness of amorphous SiO, on crystalline Si is afew nm.
Then, using these values, we obtain very roughly 2r. = 10 nm, which is consistent with the observed
minimal mark size. This size may aso be consistent with the observed instability of smal
(20 - 50 nm) marks. It should be mentioned here that the minimal size of ~10 nm is reported aso in
other structural changes produced at room temperature [28-30], to which the present mode can be
applied with some modifications.

If the input dectrical power P is greater and the pulse duration t is longer, the crystal
growth will continue after reaching to the bottom dectrode. Or, as shown in Fig. 1(b) in Ref. 16,
nucleation-type crystdlization appears in a region, where temperature is higher than the
crystalization temperature In this case, the temperature distribution, which can be calculated from
the heat-diffusion equation, isimportant. A simple anaysis shows that the radius r of heeted circular
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disk increases with r O P T2, which is actually demonstrated for optical phase changes [20]. This
proportiondity is consistent with the present observations in Fig. 3. We can conclude therefore that,
upon high energy input, the dectrical and the optical crystallization give similar features.

In STMs, asillustrated in Fig. 6, the existence of tunnedling gaps is essential. When a pulse
voltage of ~5 V is applied to a tunndling gap through an STM tip, an dectric filed of 10" VV/em (or
10° V/cm) is applied to the gap between an STM tip and the film surface (or the electrode surface
provided that the amorphous filmis insulating). Then, the tip dagtically € ongates due to Coulombic
attraction by ~10 nm [17,31]. A smple mechanicd analysis using an estimated tip mass suggests
that the e ongation occurs with a time constant of ~10 ns, which may be compatible with observed
dectrica transients [17]. It is reasonable to assume that the minimal threshold voltage, ~3 V
(Fig. 4(b)), corresponds to the tip eongation which terminates the tunnding gap. As illustrated in
Fig. 6(b), the tip may intrude into the film with some inertia or the tip-electrode force, making an
dectrical contact. This insertion is assumed to be responsible for the doughnut-like deformation
shown in Fig. 2(b). Afterwards, in similar ways to those in the AFM case, the conducting-channel
formation and crystallization process follows.

(@) (b) (c) (d)

tip \
= '@% ‘~

Fig. 6. Transients of STM crystallization.
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It is noted that phase changes by tunneling currents have not been attained due to limited
flowing currents. Upon application of 1 V to a tunneling gap of 1 nm, which is a typical STM
imaging condition, a tunneling current between an STM tip and ametal surfaceis practicdly ~uA
[15]. Since an amorphous Ge,Sh;Te; is semi-insulating (10 S/cm), the current still decreases. This
current levd is smaller by several orders than that (~mA) needed for Joule hegting up to the
crystallization temperature in the present experimentd condition [17]. On the other hand, if we may
increase the voltage to ~10 V, a high dectric fidd existing a the tunnding gap is liable to induce
field effects such as dectro-chemical reaction and field evaporation [32-34].

5. Comparison and summary

Comparing these AFM and STM characteristics in the present work, we can concl ude that
AFMs are more suitabl e to dectrical nano-scal e phase changes. In the present STM, the tip intrudes
into the film when a voltage is higher than ~3 V, and accordingly, the tip necessarily gives drastic
effects upon the film. Since fast (~ns) control of the tip motion is more-or-less difficult, the STM
with a metallic tip seems to be less appropriate for producing small marks. Otherwise, it will be an
interesting challenge to employ STMs with flexible and shape-controlled tips.

Finaly, it seems to be valuable to compare some characteristics of optical and dectrical
phase changes. In the present work, we have mainly dealt with the mark size, which governs the
memory capacity. However, another important key factor of the phase-change recording is the
response time, which includes writing, erasing, and reading times. Here, it is known that the
crystallization, which is the erasing process in commercial DV Ds, needs the longest time.

Fig. 7 summarizes a historical overview of the phase-change recordings in the bit size and
the response speed. In the Ovshinskys era, when films such as Tes; GesSh,S, were employed, a bit
size was a few microns, but slow response time of s - ms was very problematic in practicad usage.
Then, Yamada et al. has demonstrated that such slow response in the amorphous-to-crystalline phase
change is caused by long-range atomic diffusion leading to phase-separated crystalline
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structures in the non-stoichiometric film [21]. They also discovered a new system, quasi-binary
GeTe-Sh,Te;, which has response time of 10 - 50 ns due to short-range atomic migrations upon
crystdlization. In addition, red or blue semiconductor lasers with combination of a high
numerical-aperture focussi ng-lens have reduced the one-bit size to 400 - 150 nm [2].
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Fig. 7. Historical development of response time and mark size of eectrical and optical
phase-change recordings. The star shows the present AFM crystallizati on.

Then, what is the future? We bdieve that the optical and the dectrica system will develop
toward different extremes. Asis demonstrated in the present work, the dectrical system can produce
10 nm marks, while dectrical circuits possess an intrinsic response time limit of ns to sub-ns, which
is governed by stray capacitance. On the other hand, in the optical system, the light wavdength will
pose a mark-size limit at ~100 nm, provided that evanescent optical systems could be employed
[3-5]. However, we already have ps - fs lasers, and some studies have demonstrated that ultra-short
laser pulses can produce some phase changes [ 35,36]. Although such observations do not necessarily
suggest that the phase change is completed within ps time scales, the study implies some possibility
of ultra-fast operation. We may then predict that the phase change will provide a dramatic progress
in memory devices, which started from the Edison's record about a century ago.
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