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Abstract

The influence of nanostructuring on photo- and thermo-stimulated structural transformations and related changes of optical, ther-
modynamical and electrophysical parameters were investigated in Seg¢Teo4/SiO, nano-multilayer structures and compared with the
same changes in single amorphous Seg ¢ Teg 4 films. It was established that stimulated crystallization processes in an amorphous Seg ¢Teg 4
model material that easily undergo stimulated crystallization depend on the presence of matrix in the nano-layered structure which
enables additional operation of the optical recording in this type of chalcogenide materials for data storage.
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1. Introduction

Three main types of photo-induced structural transfor-
mations (PST) in amorphous chalcogenide semiconductor
layers can be distinguished: (i) structural transformations
within amorphous phase, (ii) photo-induced crystallization
or amorphyzation, (iii) photo-induced mass transport. The
first two types are widely investigated [1-4] while the third
is usually connected with silver diffusion [5] or interdiffu-
sion in Se/As,Ss;-type nano-multilayers [6,7] and is less
investigated up to now. The photo-induced crystalliza-
tion—-amorphyzation processes are in the focus of research
and development since they serve the basis for phase-
change optical memory devices [4,8]. These processes are
investigated in thin films, but the role of interfaces, hetero-
structure formation can be essential for the transformation
process [9]. The importance of interfaces is multiplied in the
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nano-layered films, nano-composites, especially for the
crystallization process, which has size- and interface-depen-
dent parameters [10,11]. Exploiting the peculiarities of
nanostructures related to the change of thermodynamical
parameters, conductivity and optical properties in nano-
sized objects, additional possibilities to improve the data
recording process are expected.

Inserting the light-sensitive glass, for example, from the
typical, easily crystallizing Se, Te;_, system, into the certain
matrix and changing the dimensions of these glass-elements,
as well as the type of matrix, new effects are expected: stimu-
lation of the solid-state reactions, crystallization, the shift of
optical absorption edge. For example, the crystallization
kinetics in thin Ge-Sb-Te films sandwiched between trans-
parent protective layers depends on the type of these layers
[9]. The establishment of interconnections between the
compositional modulation at nanoscale (~3-10nm) in
Sep¢Tep4 containing nano-multilayers (NML) and the
changes of the optical and electrical parameters as well as
the possible improvement of optical recording process in
comparison with homogeneous Sep¢Teg4 films were the
aim of the present work.
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2. Experimentals

Sep¢Teg4 composition can be considered as a rather
good glass former [10,12] which promotes obtaining amor-
phous film, that in turn can be easily crystallized by heating
or illumination. Se¢Teys glasses were synthesized from
pure Se and Te components in sealed quartz ampoules
and used for thin film and multilayer fabrication. First,
the single 100-700 nm thick Seg¢Teg4 and 100 nm thick
SiO, layers were thermally evaporated in vacuum onto
the Corning glass or Si wafer substrata to graduate the
technology process. Periodical multilayer structures were
fabricated by the method of successive thermal evaporation
of Seg.6Tep4 and SiO, materials from the separated sources
in a time- and mass-transport controlled deposition cycles
on the similar substrata. SiO, was used as an optically
transparent (in a visible spectral range) barrier material
between 3 and 10 nm thick Sey¢Teg4 layers. The total
thickness of the Sey¢Teg4/SiO, nano-multilayers (NML)
was usually 100-200 nm with a near equal thickness of
active Seg ¢ e 4 and barrier SiO, sub-layers, so the compo-
sition modulation period A was in the 5-10 nm range. The
modulation period and the quality of the NML were deter-
mined by low angle X-ray diffraction (XRD) method. At
the smallest periods (A =5-6 nm) the structure of the
NML most likely approaches the layer-arranged Se ¢Teq 4
clusters separated by similar SiO, layers.

Structural transformations stimulated by heating or illu-
mination in such samples were investigated at normal
ambient conditions by standard XRD method (Siemens,
Cugy, 4 =1.54 A) and by optical transmission, absorption
and reflection measurements. Optical parameters and DC
electrical conductivity were measured in a special chamber
also at different temperatures of 290-430 K range, in dark-
ness or at He—Ne laser illumination (A = 0.63 um, output
capacity 25 mW) that can be further focused to achieve
high intensity of illumination at the surface of the samples.
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The optical transmission change always was measured with
a very low intensity beam to avoid additional stimulated
changes. Electrical measurements were performed on sam-
ples with in-plain geometry of carbon electrodes, which
were deposited in two parallel scratches. The scratches were
as deep as the total thickness of the NML, so when filled up
with carbon paste they served as contacts to all parallel
Seo.sTep.4 sub-layers. Surface transformations of the sam-

ples were investigated by optical microscopy and
NT-MDT-type AFM.

3. Experimental results and discussion

The main results of our experiments consist in the dem-
onstration of the influence of the inert (non-chalcogenide)
matrix on the light- and thermo-induced crystallization of
SepsTeg 4 in a layered nanocomposite. Since the high crys-
tallization ability of homogeneous Sej ¢Teg 4 glass is known
[10], it is not surprising that the thin film, obtained during
deposition from vapor onto the cold substratum and so ini-
tially amorphous, can be easily transformed to the crystal-
line state either by direct heating up to the softening
temperature or by irradiation. XRD experiments directly
confirm it for annealed samples (see Fig. 1) and for illumi-
nated ones, although these experiments for illuminated
samples were less spectacular because of the small size of
the illuminated spot in comparison with the X-ray beam
diameter.

Stimulated crystallization causes correlated changes in
the optical and electrical parameters of Seg gTeg 4 thin films
and NMLs (Fig. 2). The electrical conductivity was mea-
sured in the in-plaine direction, so the results can be com-
pared in a single layer and in the NML, since in the latter
case the conductivity of the SiO, matrix is negligible in
comparison with the Seq ¢Teq 4 sub-layers. The temperature
dependence of the conductivity was exponential both
before and after the annealing and the corresponding acti-

100

N
=)
1

annealed

n
=]
1

o
n

30 40 50 60 70 80

Intensity (arb. units)

IS
o
!

as-deposited

20 30 40 50 60 70 80

(b) 20 (deg)

Fig. 1. X-ray diffraction picture for initial and annealed Se(¢Te 4 films (a) and Seg ¢Te(.4/SiO, nano-multilayers (NML) (b).


Harbutt Han
下划线


S. Kokenyesi et al. | Journal of Non-Crystalline Solids xxx (2006) xxx—xxx 3

In(). I'in A
S

-
[

0.5

T, arb. un

0.0

.2.7
10%T. K™

Fig. 2. (a) Temperature dependence of the DC conductivity current in
Seo.¢Tep 4 films before (1) and after (1’) annealing at 430 K, and the same
for Sep.¢Teo.4/SIO, MLS (2, 2); (b) temperature dependence of the optical
transmission t relative to the initial 7o at 2 = 0.63 pm for Seg ¢Teg 4 (1-4),
Seg.6Te.4/SiO, (1'-4"). Curves (1-4) and (1'-4’) were measured under He—
Ne laser illumination with intensities 0.1 W/cm?, 3.5 W/cm?, 7.0 W/cm?
and 14 W/cm?, correspondingly.

vation energies E, were determined from the semi-logarith-
mic plot of current vs. temperature Inf = f{1/T) (see Fig. 2
and Table 1). The activation energies correspond to the
half of the band gap of amorphous Sey¢Tey4 and in the
second cycle of the measurements, after the annealing,
decrease to the E, of the crystalline material.

The break points on the curves of temperature depen-
dence of the electrical conductivity and optical trans-
mission at 633 nm (Fig. 2(a) and (b)) correlate and both
are shifted by 10-15K to the higher temperatures in
Seo.¢Te.4/Si0,. nano-multilayers in comparison with a sin-
gle layer. This fact can be explained by the simple influ-
ence of the interface conditions on the crystallization
temperature in the NML, since the Sey¢Tey4 do not wet
the SiO, surface. But the situation is more complex
because the initial structure of the SeypgTegs film and
NML is little different. Thin SeggTeps film is initially
amorphous while the NML contains crystalline nucleuses
(Fig. 1(a) and (b)), so the stimulated crystallization pro-

Table 1
Activation energies for DC electrical conductivity

Material E,, eV (as deposited) E,, eV (annealed)
SegsTen 4 0.85 4+ 0.02 0.38 +0.02
Seg.6Teg.4/Si0 0.83 +0.02 0.37 £0.02

cesses start at different conditions and develop towards
the total crystallization of SeqgTeg4, resulting in a little
different structure of thin Seg¢Teg4 films and SeggTep4
sublayers of NML (upper spectrums of annealed samples
in Fig. 1(a) and (b)). As far as the XRD pikes for crystal-
line hexagonal Se and for Te are located very close (espe-
cially the pikes at 20 =23.2, 41.3) and only a pike near
260 =29 belongs to Se, not to Te, and all pikes are sup-
pressed in the NML, it may be concluded that the result-
ing composition of crystallites are similar in both cases
and that only their number and dimensions are different.
The mechanism of this process can be explained taking
into account the role of the illumination that essentially
stimulates the crystallization.

The increase of the illumination intensity P causes a
low-temperature shift of the crystallization threshold and
a simultaneous change of the shape and slope of the tem-
perature dependence of optical transmission 7 relative to
the initial one 7y at 2 = 633 nm (Fig. 2(b)). The calculated
according to [13] maximum increase of the temperature in
the layer caused by focused laser beam in our case was not
more than 8-12 K. At the same time the crystallization
threshold decreases to 30-50 K (see Fig. 2(b)). The domi-
nant role of the light and not of the temperature change
in the crystallization process was also supported by low-
temperature (190 K) measurements of t/ty, which were
not essentially changed in comparison with /7, measured
at 293 K. At the maximum illumination intensity P =
14 W/em? the shape of the curves 4, 4’ in Fig. 2 is almost
identical, which supports the similarity of the light stimu-
lated crystallization process in Seq¢Tey4 and in the NML
at these conditions. At low illumination intensities the
shape of the curves 1, 1’ in Fig. 2 reveals that in the single
Sep.¢Tep 4 layer the light induced nucleation process prevail
in the whole volume, while in the NML the prevailing pro-
cess is the crystallite growth, because the nucleuses exist in
the as-deposited NML (Fig. 1). These nucleuses in the
amorphous Sey¢Teg4 are well separated, the conductivity
is under the percolation threshold and is characterized by
the same temperature dependences (curves 1, 2 in
Fig. 2(a)). After the heating up to 350-380 K (or proper
illumination) crystallization occurs and the DC conductiv-
ity changes similarly in successive cycles of heating (curves
1’, 2" in Fig. 2(a)) or cooling (dotted curves in the same fig-
ure). The transformation is irreversible, since during the
successive cooling the optical transmission does not restore
(see the almost horizontal curve 5 in Fig. 2(b)).

The details of the photo- and thermo-induced crystalli-
zation process were analyzed in the framework of
Avrami—Kolmogorov model [14]. The fraction x of the
crystallized layer, measured by the change in the optical
density of the layer at 633 nm, may be written as

x=1—exp(—Ve), (1)

where Ve, = ndNv"t" and v is the one-dimensional growth
rate; n is the reaction order; N is the number of nucleation
sites and d, the film thickness.
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The growth rate can quite often be represented in
Arrhenius form v = vgexp(—E,/kT), where E, is the activa-
tion energy; vy, a constant and &, the Boltzmann constant.
Then

Vex = mdNvy exp(—nE,/kT)t" (2)
and
x =1 — exp(—ndNvy exp(—nE,/kT)t")

=1 —exp(—Kt"), (3)

where K = Kgexp(—nE,/kT) is the growth constant and 7 is
the time required to reach the x state.

So the E, can be determined and used together with n
for the definition of the transformation process.The reac-
tion order n depends in a complex and ambiquous way
on the nucleation and crystal growth, especially in a com-
plex heterogeneous material, but in general it is expected
that crystal grain growth dominates the process if # is in
the range 1.0-1.3, and » > 1.5 if a grain growth occurs
with nucleation. For 1.5 <n<2.5 the decrease of the
nucleation rate with a progress of the grain growth is
expected in Ge-Sb-Te amorphous thin layers sandwiched
between dielectric layers [9].

Since the following dependence can be written as

In(—In(1 —x)) = In(ndNvy) — nE, /kT + nlnt, (4)

n may be determined from the dependence In(—In(1 — x) =
flIn?) (Fig. 3), as well as the activation energy E, from the
dependence In(—In(1 — x)) = A1/7).

The results presented in Fig. 3 and Table 2 testify the
prevailing role of the nucleation processes (1.5 <n <2.5)
at low intensity irradiation and high temperatures in
SepsTegs (Fig. 3, 1”7). When the P increases two effects
are observable: nucleation and crystal growth (n <1.5).
What is more, crystallites are formed in the whole volume
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Fig. 3. Plot of In[—In(1—x)] vs In(7) at temperature 7= 293 K and power
density of the laser illumination P =28 W/em? for SeggTeo (1),
Seo¢Teo4/SiOy (2), as well as at T=343K and P =28 W/cm? for
SegsTeos (1), SepsTeg4/SiOy (2) and at T=373 K, P=0.1 W/em? for
Seo.sTeo.4 (1), Seg.6Te.4/SiOx (27).

Table 2

Rate orders of the crystallization processes

Material nat T=293K, natT=2343K, natT=373K,
P=28 W/em*> P=28 W/cm®> P =0.01 W/em?

SeosTeo 4 1.79 +0.07 1.86 +0.03 1.96 +0.03
0.66 + 0.05 1.08 £ 0.01

Seo.¢Tep4/SIO,  1.50 4 0.08 0.97 +£0.03 0.78 £+ 0.04
0.75+0.03 0.71 +0.05

of the layer, not from the surface towards the substratum,
which is supported by the slope of the increase of the opti-
cal reflection during the illumination. At the same time in
Seo.¢Tep.4/SiO, nano-layered composite the crystallites,
which were present in the as-deposited structure, start to
grow in the whole volume under the influence of the heat-
ing even without illumination (Fig. 3, curve 2'). Laser illu-
mination stimulates additional nucleation and the growth
of the crystallites as well (Fig. 3, curves 2, 2').

Our experimental data, presented in Table 2 refer to the
more dominant role of the crystalline grain growth and
enhanced transformations rates in Seg ¢Teo4/SiIO, NMLs
in comparison with single Se( ¢Te 4 layer. It is not surpris-
ing due to the definite presence of crystalline nucleuses or
even crystallites in as deposited NMLs (Fig. 1(b)), which
in turn may be explained by the influence of heteroge-
neous nucleation at interfaces in the as-prepared NMLs
as well as at the stage of MLS deposition, which inclu-
des a rather low-temperature evaporation of Seg¢Teg4
(~640 K) and a high-temperature evaporation of SiO,
component (~1000 K). The shape of the curve 1 in
Fig. 2(b) corresponds to the grain growth with nucleation
in a single Sey¢Teg4 layer. Under increasing illumination
intensity the character of such curves in Sey¢Teq4 become
very similar to the curves 3/, 4’ for Sey¢Tey4/SiO, NML,
which indicates the increasing role of the additional fast
nucleation and growth at the initial stage of the transfor-
mation up to the saturation of nucleus concentration and
the following slower crystal grain growth. In spite of the
presence of nucleuses in as-prepared Seg ¢Teg4/SiO, such
MLS is thermally more stable in comparison to a single
layer (curves 2 in Fig. 2(a) and 1’ in Fig. 2(b)), which
can be explained by the presence of additional stresses
and size restrictions, which influence phase change
temperatures in nanostructures [14], and also by the sur-
face reactivity and chemical affinity of the combined layers
[9].

The role of the illumination consists first of all in the
essential lowering of the activation energies of the struc-
tural transformations (see Table 3), i.e. stimulation of this
process even without heating, which is characteristic for
amorphous chalcogenides [1-4], especially due to the so
called photoplasticity and enhanced mobility of the struc-
tural elements under illumination [15].

So, making the initial state of MLS more stable with
respect to the temperature in comparison with a single
layer, we can get more fast switch at high illumination
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Table 3

Activation energies E, and growth constants K for thermo- and photo-stimulated crystallization

Material K, s (at T=293K) K, s (at T=343K) E,., eV (thermo) E,, eV (photo)
Seo.cTeo 4 (L.L1+0.1)x107* (414+02)x107? 1.0 +0.1 0.7+0.1
Seo.6Teo.4/Si0, (9.7+0.1)x107* (3.5+0.2)x 1072 1.2+0.1 0.6 +0.1
intensities in a steady state process. This effect may be used  Acknowledgements

for the development of thin nano-multilayer phase-change
memory element, which can be read-out either optically or
electrically. It will be interesting to see the backward pro-
cess of amorphization, but it needs special pulsed illumina-
tion and will be performed later on together with a pulsed
recording process. The present results support the possibil-
ity of efficient operation of the recording efficiency by
nano-structurization of the chalcogenide-based recording
material.

4. Conclusions

Photo- and thermo-stimulated crystallization of nano-
meter-thick Seq¢Teg 4 films embedded into SiO, matrix in
the form of nano-multilayer structure can be investigated
by the comparative measurements of optical transmission
and electrical conductivity change. It was found that the
as-prepared Sey ¢Te.4/SiO, nano-structure contains crys-
tallites which to a considerable extent determines the trans-
formation due to the grain growth limited process.
Illumination essentially enhances crystallization both in
the single Sey¢Te4 layer and in the Seq¢Te.4/SiO, struc-
ture, making the process more nucleation-dependent and
fast which results in the higher efficiency of the stimulated
transformation and optical recording in such a nano-lay-
ered structure.
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R&D co-operation Grant UKR-19/2004 and Hungarian
OTKA Grants # T046757 and D048594.
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