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Abstract

The crystallization behavior of amorphous films embedded in substrates with thickness of several nanometers is investigated based on
a thermodynamic model. It is found that there is an optimum layer thickness where the crystallization speed of the films is maximized
with the lowest energy barrier for crystallization. This is induced by an energetic change from glass/substrate interface energy to crystal/
substrate interface energy as the crystal size is larger than the film thickness during the crystallization. Thus, the crystallization speed in

thin films is affected by its thickness.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Re-writable optical-recording media are based on so-
called phase-change materials where information is
recorded in the form of amorphous marks in a polycrystal-
line background. The phase-change materials can be
reversibly switched between crystalline and amorphous
states. The crystallization rate of the phase-change
materials determines the maximum achievable data-trans-
fer rate (DTR) since the previously recorded data should be
crystallized within the dwell time of the laser spot. Among
known alloys, the alloy GeSbTe exhibits a high crystal-
lization speed with a high DTR of amorphous marks in the
recording layer [1-3]. Since the alloy usually is in thin-film
shape and is sandwiched within dielectric substrates, it is
found that the thickness of the amorphous film d affects the
crystallization kinetics when the radius of the formed
nucleus r in the film is larger than d/2 [4,5]. This is because,
during the crystallization the nucleus has contacted
not only the surrounding amorphous phase, but also the
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substrate, which leads to a more rapid crystallization rate
of the amorphous thin film due to the drop of crystal-
lization resistance. The qualitative prediction of a theore-
tical model for the crystallization rates in thin fast-growth
phase-change layers shows the presence of an optimum
thickness where crystallization rate is maximized. This
qualitative prediction is in accordance with experimental
result [5].

In this contribution, through considering the Gibbs free
energy difference between crystalline phase and amorphous
phase of the film, interface energies of crystal/film and
crystal/substrate based on several known thermodynamics
models, the thickness-dependent crystallization rate of
GeSbTe thin films sandwiched between substrates is
determined quantitatively. It indicates a way to increase
the DTR by film-thickness consideration.

2. Model

When a spherical crystal nucleus embedded in the middle
plane of thin amorphous film sandwiched between di-
electric substrates with a radius r>d/2 is formed, which is
schematically indicated in Fig. 1, the nucleus has both the
crystal/substrate and the crystal/film interfaces with the
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Fig. 1. Schematic diagram for nucleation process of a nucleus with radius
r formed in an amorphous film (P) with thickness d sandwiched in two
dielectric layers (D).

corresponding interface energies of y.s and vy, respectively.
Let the unit volume Gibbs free energy difference between
the crystalline and the amorphous phase be Ay, then the
total Gibbs free energy change during the crystallization
G(r,d,T) is given by [5]

G(r,d, T) = =Au(T)Ve(r) + ¢ Ser(r) + AySes(r), (1)

where V.(r) = nd(r’—d*/4)+nd’/6 is the crystal volume,
S(r) = 2nrd and S.(r) = 2n(r*—d*/4) are the interface
areas of the crystal/film interface and crystal/substrate
interface, respectively, and

AV =7t — Veso (2)
with yg the film/substrate interface energy.

Because the amorphous phase can be considered as a
supercooled liquid, y.r is approximately assumed to be the
solid-liquid interface energy, which has been deduced by
use of the Gibbs—Thomson equation and a model for

the size-dependent melting temperature in the following
form [6]:

Yeor = 2hSvibHm/(3VmR), 3)

where /2 denotes the atomic diameter, R is the ideal-gas
constant, H,, is the melting enthalpy of crystals, Sy,
represents the vibrational part of the overall melting
entropy Sm, Syip 18 given by Sy, = 3R In vs/v;, where v
and v, are the characteristic vibration frequencies of the
particles in the solid and in the liquid, respectively, [7]. For
semiconductors, S, = R[1+31In(O,/@))], where @4 and 6,
are the Debye temperatures of the solid and the liquid
phases [8]. Since @;/O; = vy/vy,

Svb = Sy — R. 4)

A similar consideration can be utilized for the film/
substrate interface. However, since the film and the
substrate are different substances, as a first-order approx-
imation,

Vs ~ 2hSyinHim /(3VmR), (5)

where h, H,, S.» and V., are the mean values of
corresponding substances consisting of interfaces.

It is well known that a liquid may be regarded as a solid
with such a high concentration of dislocation cores that
they are in contact everywhere [9]. Based on this theory, the
solid—solid interface energy can be considered to be
approximately twice the solid-liquid interface energy [6].
If a solid—solid interface as concerned above consists of

different substances, as a first-order approximation, their
mean value is taken. Based on this consideration and in
terms of Eq. (3)

Ves A 4hSyivHin /(3V i R). (6)

In Eq. (1), Au(T) = gn(T)/Vm, where ¢g(T) is the
temperature-dependent molar Gibbs free energy difference
between liquid and crystal, V7, is the molar volume. For
semiconductors [6]

gun(T) = HoT(Tw — T)/ T2, (7)

where T}, is the melting temperature.

Since the considered temperature is room temperature
while liquid cannot exist below the ideal glass transition
temperature, or Kauzmann temperature Ty, 7 = Ty is
taken in Eq. (7) [as T< T, the function remains constant
because the liquid is now a glass which has a similar specific
heat as a crystal and leads to ¢g(T< T )~ gm(T)]. At T,
gm(T) reaches its maximum or dg,,(7)/dT = 0 [10], which
results in Ty = T,/2, or

In(Tx) = Hn /4. ®)

When the crystallization speed is the largest, the
maximum of dG(r,d,T)/dr function should take its
minimum at a certain d value. For dG(r,d,T\)/dr = 0, the
corresponding critical radius for nucleation rq;(7y) is
represented by

and
A(Tyd — Ay’

Substituting Eq. (9) and related functions into Eq. (1),
this equation becomes

Gmax(d, Ty) = =Au(T )V (rerit) + VerSnt (Ferit) + APSes(Ferit)-
(10)

Eq. (10) gives the crystallization energy barrier as a
function of d where the first term of Eq. (10) is the driving

rcrit(Tk) = (9)

10

8 ;; - d=7nm

6 \ d=8nm
t
> 0
2 2t
(G]

0

_2 -

-4 N 1 N 1 N 1

0 2 4 6
r (nm)

Fig. 2. G(r,d,Ty) functions of GeSbTe thin films sandwiched in two
dielectric layers in terms of Eq. (1). The related parameters are cited from
Table 1.
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Table 1
Thermodynamic parameters for ZnS and Ge,Sb,Tes

GeQszTe5 ZnS
I (nm) 0.601% [11] 0.234 [12]
M (g/mol) 1026.7 97.44
p (g/em?) 6.13 [11] 4.10 [13]
Ve (cm>/g-atom) 167.5 11.9
H,, (KJ/g-atom) 18.33% 22.0 [15]
Sm (J/g-atom-K) 22 [14] 10.46 [15]
Svip (J/g-atom-K) 13.69 2.15
Ay (J/m?) 0.059
Yea(d/m?) 0.027 x 10°
Ap (Jjm3) 0.072

Vi = M/p with M and p being the molecular weight per mole of atoms
and the density.

“h of Ge,Sb,Tes is taken as the lattice constant value of Ge,Sb,Tes
because Ge,Sb,Tes has the NaCl structure [11]. H,, of Ge,Sb,Tes is
Hy = ST (T = 833K [11]).
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Fig. 3. dG(r,d,Ty)/dr curve as a function of d for GeSbTe thin films
sandwiched in two dielectric layers.

force of the phase transformation, while the second and
third terms of Eq. (10) are phase-transition barriers.

3. Results and discussion

Fig. 2 illustrates G(r,d,Ty) functions of amorphous
GeSbTe thin film sandwiched within ZnS dielectric
substrate in terms of Eq. (1). The necessary thermodynamic
parameters of Eq. (1) are shown in Table 1. For
d = 8.7nm, the barrier height for crystallization reaches
its minimum where the crystallization rate is the fastest.

Substituting r.;, determined by Eq. (9) into Eq. (1), the
calculated barrier heights for crystallization as a function
of d are presented in Fig. 3. As d decreases, the energy

barriers for crystallization are minimum with the fastest
crystallization rate at d = 89 nm due to the contribution
of AyS.(r) to the G(r) function. Both the driving force Au
and the barrier Ay for crystallization increase with
increasing d. When the increase of the former is larger
than that of the latter, the crystallization rate increases;
when the tendency is reverse, the crystallization rate
decreases. Between them, there is a critical thickness where
the crystallization rate is the fastest.

4. Summary

In summary, the investigation of the crystallization rates
in thin fast-growth phase-change layers shows the presence
of an optimum thickness where the crystallization rate is
maximized. The barrier-height for crystallization as derived
from a Gibbs free-energy equation, including the phase-
change-dielectric interface-energy contribution, is in agree-
ment with the experimental results. It implies that
optimization of the phase-change-dielectric interfaces is
required to limit the barrier for crystallization and to
obtain optimum thickness where the crystallization rate is
maximized.
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