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PHASE-CHANGE OVONIC SWITCHING.
A MODELLING INVESTIGATION OF THE STRUCTURAL TRANSITION
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The transition from amorphous to a more ordered structure was simulated in the frame of a
modd with disordered As,Te; layers containing Si and Ge. The layers are interlinked by
Si(Ge)-Te-Si(Ge) bonds. By breaking the bonds between layers and elimination of S and Ge
from the disordered layers a new phase is obtained. The S and Ge remains isolated as
dimmers or assmall clustersin-between the layers.
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1. Introduction

The ternary or quaternary systems Si-As-Te and Ge-Si-As-Te have very interesting features
from the viewpoint of both basic physics and technological applications. They are good ovonic
materials for memory devices. Si(Ge) — As — Te consists of mixed combinations of tetravalent,
trivalent and diva ent bonding and exhibits a large structural flexibility for constructing continuous
random networks, yidding a large glass formation region in which various physical constants are
controlled. For example, the energy gap can be tailored in the range 0.6-2.5 eV, which covers the
energy gap of conventional crystalline semiconductors: Ge (0.66 €V), Si (1.0 eV), Ga As (1.4 V)
and Ga P (2.25 eV). This means that the system is suitable for exploring the atomic and dectronic
properties of random bonding in solids. Due to the importance of the system, amorphous sampl es of
this compaosition have been prepared on the space station in microgravity environment [1] and the
pressure effect on the dectrica and optical properties has been investigated [2].

The phase change technology based on the so-caled ovonic materias, developed by
Ovshinsky [3,4] earlier in’70, is now one of the most important technology for memory devices and
applications in computers, CD, DVD, etc.. The amorphous ovonic material characterised by phase-
changes under the influence of dectrical fiedd or opticd beam is based essentially on a combination
of As, Te and other covalent semiconductors. The amorphous alloy must crystalise very rapidly,
and, to be able to become again amorphous under the influence of the dectrical fidd and optical
beam with parameters different from those used for crystallisation. Many papers have been
dedicated to ovonic phase change materias but in spite of the tantamount studies and researches,
their structure, transformations and physical properties are not completely understood [5-11]. In
parald stuidies were conducted on various chacogenides based on Te atoms tha are good
candidates for ovoni c switching materials [12-26].

Inthis paper we report the results of a moddling approach of the ovonic switching material:
SiGepAssy Tes. The structural phase change in this material has been modelled on the basis of an
original idea.
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2. Experimental

The glassy dloy of composition Si;,GepAssTess has been prepared from raw materials of
5 n purity, by heating the powdered dements weghted in right proportions, and encapsulated in
quartz ampoules. The quartz ampoul es have been cleaned and outgased in vacuum at 900 °C. Before
heating the ampoule was evacuated at 1 X 10° Pa for 30 minutes, then seded. The synthesis was
carried out in a rotating furnace at the temperature of 650 °C for 24 h. The glassy sample was
obtai ned by rapid coadling of the alloy when the ampoul e was thrown in cold water.

The experimental measurements have been performed by X-ray diffraction using a
conventional 6 — @ diffractometer in the Laboratory of X-ray diffraction of the Institute of Physics,
TU Chemnitz, Germany. An X-ray tube with molybdenum target has been used in order to reach
high scattering vector, thus improving the resolution of the radial distribution function calculated
from the diffraction pattern. The sample was prepared by transforming severa chunks of glass in
fine powder, using a porcdain mortar and a pestle. The powder was pressed in a support of
rectangular shape with the dimensions: 2 x 3 cnm®. The thickness of the powder sample was 2 mm. In
order to iminate the influence of the support on the X-ray diffraction pattern, we have carried out
the measurement on the support without powder. This measurement has been used to correct the
fina pattern registered with the pressed powder in the sampl e support.

All the measurements have been carried out at room temperature.

3. Results

The X-ray diffraction pattern of Sii,GenAssoTess has been corrected for various factors:
Compton scattering, air scattering, absorption, and polarisation. After normalisation, the reduced
intensity function, i(s), (s=2sin(6)/A) of theinvestigated ovonic glass has been calculated. This curve
isrepresented in Fig. 1.
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Fig. 1. The reduced intensity curve of the glass Fig. 2. The atomo-electronic radial distribution
SiGepAsz Tess (Mo K, radiation). function of glassy Si;;GewAssTess

The curve is characterised by two intense, rdaivdy narrow diffraction peaks followed by
other broader peaks of low intensity. The first sharp diffraction peak (FSDP), typica for a large
number of glasses and amorphous chal cogenide films, is practically absent. A very faint peak in the
position of Q=4tsin@/A = 0.952 A, corresponding to the quasi-distance of 6.600 A could be
observed on the diffraction curve.

In Fig.2, the atomo-dectronic radial digtribution function (AERDF) for Si;.GepAssTess has
been calculated form the reduced intensity curve (Fig.1), by a Fourier transformation.

The AERDF is characterised by well-defined pesks. The first peak is situated at 2.623 A.
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This maximum corresponds to the first order distances, or bonding distances, in the glassy
aloy. In this positions the main contributions could be that of Ge-Te and As-Te bonds: 2.59A and
2.58 A, respectively.

A weak dehybridization of the bonds, specific to amorphous networks with distorted bonds,
that leads to longer bonding distances, could explain the differences between the experimental
bonding distance and the crystallochemical bonding lengths. From the area under the first maximum
we have calculated, taking into account the major contribution of the As-Te pairs, the mean co-
ordination number of 2.4.

The second peak in the AERDF is situated at 4.062 A and from the area under this peak one
estimates the mean co-ordination number in the second sphere of co-ordinaion: N, = 4.91. The N,
for crystalline As,Te; is 4 and for amorphous germanium (or silicon is 12). If one calculates the
position of the second neighbour peak on the basis of a mode with dominance of the As-Te bonds,
one gets 3.95 A, a value approaching the experimental value. The second peak in AERDF is much
broader than the first peak because the contribution of different distances in the second co-ordination
is situated in a much larger range.

All the experimental data support the idea that the most important bonds in the
Si1,GepASsy Teyg glass are those specifics for amorphous As, Tes,

4. Modelling

Taking into account the experimental results obtained on Si;pGepASpTess glass we have
developed a modd for the structure of this glass and for the possible transformation during
excitation (heating or illumination) of the material .

Theinitial mode consists of an arrangement of three disordered layers of type As;Te;. These
layers are doped randomly with silicon and germanium. The modd has 202 atoms. Silicon and
germanium takes the places of tdlurium atoms. They bind two neighbouring layers through the
intermediation of the telurium atoms released from the bonds occupied by Ge or Si. Thus two
disordered As,Te; type layers are linked by sguare bridges S — Te -Si(Ge)-Te The modd was
relaxed by computer using the standard Monte Carlo-Metropolis procedure and appropriate force
constants. The results, after 600 billions of iterations with a variabl e step, are shown in Fig. 3a and
4a In the following simulation step we moddled the phase transformation induced by externa
factor acting on the glass. The excitation of the stressed bonds in the glass lead to breaking and
reforming the bonds in a new configuration. The breaking of the bonds between disordered layersis
most probable due to the stressed bonds Si-Te and Ge-Te. Tdlurium takes the place of germanium
(or silicon) in the layers and forms strong As-Te bonds that fit the network of type As,Tes. The
remaining Si and Ge atoms form separated dimmers or small clusters in-between the As, Te; layers.
The model of the new phase was relaxed by computer and is shown after rdaxation in Fig. 3b. The
structura data cal culated from the model are shownin Fig. 4.
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Fig. 3. The model of Si;,GenAsoTess glass (a) and the model of the new phase got by
structural transformation (b). In the last case the Si and Ge atoms are not shown.
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It isinteresting to remark (Fig. 3) that the structure of the modelsis strongly different in the
origind state and phase-transformed state. In the last model the formation of waved layers could be
followed.
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Fig. 4. The structural data caculated from the spatiadd model with interconnected layers
(initial phase) (1) and from the model with decoupled layers and interstitial Ge, Si atoms (2).
a—bond angle distribution; b —histogram of pair distance distribution; ¢ — structure factor

Fig. 4-a shows the bond angle distribution in both models. When the quasi-layers with
silicon and germanium are bonded between them, the angle distribution is very large. The bonding
angles extend from 82 to 128 °. The structure is stressed and its total free energy is very high: 4.396
x 10™ eV. For the phase-transformed mode, the angles are situated in a narrow distribution around
the values for 98° and 105° for As, respectively Te. The free energy of the model strongly
diminishes: 5.403 x 10° eV.

In the radia digribution function, the modd with interlinked layers shows a broad
distribution of the peaks, centred on the positions got from the experimental radia distribution
function. The second peak is very broad. The modd with decoupled layers shows a split second peak
based on two narrow distributions of distances (Fig. 4-b2).

The structure factor of the model with interlinked layers does not show a first sharp
diffraction peak. Nor the experimental structure factor exhibits a significant FSDP.

After transformation, the new phase shows an intense FSDP in the structure factor
(Fig. 4-c2), situated at 0.169 A™, that corresponds to a quasi-distance of 5.903 A and an interlayer
distance of 7.261 A.

Melting and quenching the phase obtained by annealing the glass would induce the reverse
transformation to a higher free energy state.

5. Discussion

The structure of the quaternary glass Si;;GepAoTess IS given by a random network of
atoms linked by covalent bonds. The atoms retain the covalence known from their crystalline
compounds. Neverthdess the As-Te bonds are favoured. The composition with Aszy and Tey,
approaching As,Te; composition, supports the idea that the main configuration in this glassis based
on As;Tes. Therefore the idea to embed Si and Ge in As,Te; layers seemed attractive.
Interconnection of the As,Te; layers containing Si and Ge atoms is possible if Si(Ge)-Te-Si(Ge)
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bonds are considered in-between the layers. The phase change under heat consists in the separation
of thelayers by breaking the interlayer bonding and €limination of Geand Si from the As,Te; layers.

Thus, the new phase becomes more ordered and more stable than the initial phase. A
possible return back to the old glassy phase is possible only by strong excitation (melting and
guenching). Regarding the interlayer distance, after decoupling the layers during the formation of the
new phase, an expansion is produced in the materia in order to reach the distance specific to van der
Waals forces and to dlow for accommodation of the Si (Ge) clusters.

The structure of complex glasses seems to be complex. As early as 1969, R. Roy and V.
Caslavska [27] demongtrated the di-phasic structure of switching and memory device glasses. A
clear phase separation can be followed in Fig. 5. Two-phase glass of composition 25% As, 15 %Ge,
40% Te, 20% Ga looks inhomogeneous in the e ectron microscopy picture (Fig. 5).

A

Fig. 5. Carbon/platinum replica of 25% As, 15% Ge, 40% Te, 20% Ga glass etched in fumes
of HNO; (magnif. 13.000 x), after [27].

The minor phase is disseminated in the main matrix as small grains (~0.1 — 0.2 pm in
diameter). We bdieve that this phase corresponds to Ge-Ga clusters while the glassy matrix is based
on As,Te;. During switching the Ge-Ga clusters increases on the account of the matrix and they
could eventually pass over the percolation threshold, thus determining a strong modification of
eectrical conduction. By switching back, the ball-like minor phase is partialy dissolved into the
matrix and the ball size decreases, thus triggering the material in the non-conductivity state (the
material moves toward a structure situated bel ow the percolation threshold of the minor phase).

The diphasic, findy interpenetrating structure, has been earlier shown to be characteristic of
other important eectric glasses [28]. C. A. Angell remarked the recognition of polymorphism within
the glassy state [29] and P. H. Gaskell [30] showed that thereis a growing evidence that the structure
of glasses and crystas may be more similar even at medium-range leve than had been supposed.

The above discussed literature results gives a strong support to our modd of switching based
on structural transformations in a complex glass.

Firstly, before switching the initia (Si-Ge)-(As-Te) glass has a non-conducting structure
based on di-phasic structure: one Si-Ge rich glass (minor phase) and other As-Te rich glass (major
phase).

During switching the phase based on As-Te transforms in a glass more nearer to the As,Te;
glass, while Si-Ge is rdeased and diffuses to form bigger Si-Ge clusters. Thus a conducting
materials is obtained. When an erasure impulse is given to the materid, it mets and returns to the
initial more disordered glass (non-conducti ng).

The switching can be repeated indefinitdy for very short triggering times, if aging, i.e
strong cluster separation and growth, does not take place.

6. Conclusions
The structure of Si;,GenAssTess glass has been determined. A modd of the glass, based on

disordered A,Te; layers with Si and Ge situated on the tellurium sites and interlinked layers through
telurium has been built and relaxed by a computer-assisted procedure. The phase change in this
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materiadl was simulated. During strong dectrical pulse the links between layers break and the
telurium atoms occupy the right places within the disordered As,Te; layers. The new structure
exhibits low distortion energy and is more stable than the original one. Thus a phase change
explanation could be done. This change can be (or not) related to crysta lisation.

The change of structure is made only by small displacements of the aoms after bond
breaking. Thetransformationis, therefore, very rapid. No diffusion a long distances is needed.

Acknowledgement

Thanks are due to Dr. hab. M. S. lovu, Center of Optodectronics, Chisinau, Moldova for
preparing the sample. Partial financement under the grants: CERES Grant No. 4-118 / 2004 and
CERES Grant No. 3-117 / 2003 is kindly acknowl edged.

References

[1] Y. Hamakawa, W. S. Kolahi, K. Hattori, C. Sada, H. Okamoto, J. Jap. Soc. Microgravity Appl.
12, 27 (1995).
[2] Wahid Shams-Kdlahi, M. Kobayashi, H. Hanzawa, H. Okamoto, S. Endo, Y. Kobayashi,
Y. Hamakawa, Jap. J. Appl. Phys. 35, 4713 (1996).
[3] J. Feinleib, S. R. Ovshinsky, J. Non-Cryst. Salids 4, 564 (1970)
[4] J. Feinleib, J. deNeufville, S. C. Mass, S. R. Ovshinsky, Appl. Phys. Lett. 18, 254 (1971).
[5] H. Jain, J. Optod ectron. Adv. Mater. 5(1), 5 (2003).
[6] P. Zaheerudeen Saheb, S. Asokan, K. Appaji Gowda, J. Optod ectron. Adv. Mater.
5(5), 1215 (2003).
[7] M. L. Trunov, V. S. Bilanich, J. Optod ectron. Adv. Mater. 6(1), 157 (2003).
[8] V. M. Kryshenik, V. 1. Mikla, V. P. Ivanitsky, J. Optod ectron. Adv. Mater. 6(2), 429 (2003).
[9] M. Stabl, L. Tichy, J. Optod ectron. Adv. Mater. 6(3), 781 (2003).
[10] M. Popescu, F. Sava, A. Lérinczi, J. Optod ectron. Adv. Mater. 6(3), 887 (2003).
[11] K. Tanaka, T. Gotoh, K. Sugawara, J. Optod ectron. Adv. Mater.6(4), 1133 (2004).
[12] A. Lérinczi, J. Optodectron. Adv. Mater 5(5), 1081 (2003).
[13] A. K. Pattanaik, P. S. Robi, A. Srinivasan, J. Optodectron. Adv. Mater. 5(1), 35 (2003).
[14] P. Petkov, M. Wutting, P. llkev, T. Petkov, J. Optod ectron. Adv. Mater. 5(5), 1101 (2003).
[15] A. K. Pattanaik, A. Srinivasan, J. Optodectron. Adv. Mater. 5(5), 1161 (2003).
[16] S. R. Luki¢, D. M. Petrovié, S. Y. Skuban, Lj. Radonji¢, Z. Cvgi¢, J. Optod ectron. Adv. Mater.
5(5), 1223 (2003).
[17] V. Sharma, A. Thakur, P. S. Chandd, W. Goyal, G. S. S. Saini, S. K. Tripathi, J. Optoe ectron.
Adv. Mater. 5(5), 1243 (2003).
[18] J. Teteris, M. Reinfe de J. Optod ectron. Adv. Mater. 5(5), 1355 (2003).
[19] J. Gutwirth, T. Wégner, T, Kohoutek, Mir. VI¢ek, S. Schroeter, V. Kovanda, Mil. VI¢ek,
M. Frumar, J. Optod ectron. Adv. Mater. 5(5), 1139 (2003).
[20] V. M. Rubish, P. P. Shtets, V. V. Rubish, D. G. Shmak, B. R. Tsizh J. Optod ectron.
Adv. Mater. 5(5), 1193 (2003).
[21] X. Zhang, H. Ma, J. Lucas, J. Optod ectron. Adv. Mater. 5(5), 1327 (2004).
[22] N. Mehta, M. Zulfequar, A. Kumar, J. Optod ectron. Adv. Mater. 6(5), 441 (2004).
[23] M. Popescu, F. Sava, A. Lérinczi, R. Savastru, D. Savastru, R. Radvan, |. N. Mihail escu,
G. Socol, J. Optod ectron. Adv. Mater. 6(3), 883 (2004).
[24] V. S. Kushwaha, A. Kumar, J. Optodectron. Adv. Mater. 6(4), 1159 (2004).
[25] M. Popescu, J. Optod ectron. Adv. Mater. 6(4), 1147 (2004).
[26] N. Mehta, R. K. Shukla, A. Kumar, J. Optod ectron. Adv. Mater. 6(4), 1185 (2004).
[27] R. Roy, V. Cadlavska, Solid State Comm. 7, 1467 (1969).
[28] V. Cavdlaska, D. Strickler, D. Gibbon, R. Roy, J. Mater. Sci. 3, 440 (1968).
[29] C. A. Angdl, Proc. Natl. Acad. Sci. USA 92, 6675 (1995).
[30] P. M. Gaskell, J. Non-Cryst. Solids 222, 1 (1997).



