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On the crystallization of thin films composed of Sb 361€
with Ge for rewritable data storage

B. J. Kooi® and J. Th. M. De Hosson
Department of Applied Physics, Materials Science Center and Netherlands Institute for Metals Research,
University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

(Received 20 November 2003; accepted 5 February 2004

This article addresses the crystallization of amorphougsBbfilms (40 nm thick and 5 at. % Ge
containing ShgTe films (10, 20, and 40 nm thigkas studied with transmission electron microcopy
usingin situ annealing. These materials exhibit growth-dominated crystallization, in contrast to the
usual GgSh,Te; that shows nucleation-dominated crystallization. Particularly the crystal-growth
velocity in these systems has been measured as a function of temperature from which the activation
energy for growth can be derived. The strong effect of the 5 at. % Ge addition on the total
crystallization behavior is revealed by the following four phenomena: Ge increases the
crystallization temperaturérom 95 to 150 °Q, increases the activation energy for growfiom

1.58 to 2.37 eV, increases the nucleation rate and decreases the growth anisotropy. The crystallites
have a special transrotational structure and a mechanism responsible for the development of this
special structure is delineated. @004 American Institute of Physic$DOI: 10.1063/1.1690112

I. INTRODUCTION Sb-rich Sb—Te eutectic composition (Se), since it is
known that these Sb-rich alloys show highest crystallization

In phase change optical recording known from the reyates® Also the strong effect of the addition ¢6 at. % Ge
writable CD and DVD formats, G&b,Tes is most widely  has been scrutinized.

used as the active medium for the rewritable information  The crystallization process is studied by transmission
storage’™* Amorphous areas embedded in a crystalline surelectron microscopyTEM) usingin situ heating. Advantage
rounding act as bits of information. A relatively high laser of this technique is that it provides detailed information with
power is used to write these amorphous spots via a melty high spatial resolutiotuclei with a size of 5 nm are easily
quench process and medium and low laser powers are us@@tected] allowing nucleation(rate$ and growth(rate$ to
for both erasingcrystallization and reading, respectively. In  pe monitored separately. Most techniques for the determina-
particular the crystallization rate is becoming increasinglytion of crystallization kinetics measure the overall crystalli-
important because of the increasing demands on the dataation rate, which is an interplay of nucleation and growth,
transfer rates. Crystallization is the rate-limiting process, bebut are unable to unravel these separate contributions. Crys-
cause amorphization is inherently a much faster process thgdl structurés), crystal size distributions, crystal shapes, crys-
in principle can be performed within femtosecorids. tal orientations, and defects within the crystals grown can be
Ge,Sh,Tes shows nucleation-dominated crystallization, assessed using TEM. A disadvantage of TEM could be that
i.e., it nucleates easily and fast, but it shows only limitedthe electron beam of the TEM affects the crystallization pro-
growth, with final sizes of the crystallites within a disk of cess. In a previous study on &b, Te; the electron beam
10-30 nnf:® With the ongoing decrease of the amorphous-turned out to strongly enhance the nucleation rate, obscuring
mark sizes due to a decrease in laser wavelength and apnormal(isothermal or isochronphnalysis of the transfor-
increase in numerical aperture of the focusing lens, phasenation kinetic$ This article will show that the situation for
change materials showing very fast growdte., growth-  materials based on a Sbh-rich Sb—Te eutectic composition is
dominated crystallizationtend to become more preferable clearly more favorable, because crystallization is dominated
than GeSh,Tes, that is to say at least with respect to attain- by growth instead of by nucleation.
able data-transfer rat&<.1f the bit size decreases, the dis-
tance a fast growing crystal has to proceed from the edge of
the amorphous mark to its center decreases and consequenl{IyEXPERlMENT
the rewriting speed increases. For decreasing mark sizes, Homogeneous master alloys of Sffe and of SheTe
nucleation becomes less an issue since “nuclei” are alwaygontaining 5 at. % Ge were produced by mixing the pure
available near the edge of the mark. Therefore, phase-changemponents(Ge:6N, Sb, and Te, both 5Nin evacuated
materials showing very low nucleation rates, but fast growthquartz tubes at 750 °C. Pieces of the ingot were positioned in
rates become increasingly important. These kinds of materipockets for electron beam evaporation. As substrates 10-nm-
als are investigated in the present work. They are based ontgick Si-nitride membranes were used. These transparent
substrates were obtained by etching ¥a00 xm? windows
aAuthor to whom all correspondence should be addressed; electronic mail? & Si wafer containing the thin Si—nitride film on one side.
b.j.kooi@phys.rug.nl A Varian electron beam evaporator with thickness monitor
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was used for the deposition of 10-, 20-, and 40-nm thick
amorphous films. Specimens were stored in vacuum to pre-
vent oxidation of the films.

For TEM a JEOL 2010F operating at 200 kV was used.
A Gatan double tilt heating holdémodel 652 with a model
901 SmartSet hot stage contro)levas used that employs a

proportional integral differential controller for accurately o5 i ‘
control of the temperatur@vithin =1 °C) and for a fast ramp it v o E
rate to attain the desired final temperature without overshoot. - A y

Note that the temperature of the thin area that is imaged
using TEM is generally lower than the nominal temperature
indicated by the heating element within the specimen holder,
i.e., the higher the temperature, the larger the discrepancy.
If during crystallization, nucleation and growth is moni-
tored continuously using TEM, it is important to analyze the

possible effects the electron beam of the TEM have on this 5 e 2 Mgy 7)&- ;
nucleation and growth. This is possible, because the electron D ; N
beam irradiates only a part of the sample during heating. In Zame —')Qf‘ :

Sh, gTe the incubation time for crystallization was observed

to be about 5 min at 95 °C. At this temperature crystallization

took place both within and outside the area exposed by the

200 kV electron beam of the TEM, although the nucleation 500 nm

rate was observed to be clearly higher within the electron- — 56 min. 85 'C

exposed area. At 85 °C, crystallization was in several cases

observed to be complete within the electron-exposed aregIG. 1. Bright-field TEM images recorded during crystallization of a 40-
. . ni-thick Sk ¢Te film at 85 °C. Note that the growing crystal was prenucle-

whereas nucleation had not occurred at all in the much larg€fieq by heating 5 min at 95 °C.

unexposed area. Since this showed that the nucleation rate of

crystals is clearly affected by the electron beam of the TEM,

it was also analyzed if the electron beam had any effect ofhat irradiates a part of the sample during heating, clearly
the growth rate of the crystals. To this purpose crystals wergnfluenced the crystallization rate. Careful analysis, as elabo-
nucleated at 95 °C after which the sample was cooled back teated in the experimental section, showed that the electron
room temperature. At this temperature two nearly identicabeam only increases the nucleation rate, i.e., most prominent
crystals were selected. After reheating to 95°C one crystat low temperatures just above the crystallization tempera-
was monitored during 10 min growth while subjected toture T.. Nonetheless, the electron beam does not noticeably
electron-beam exposure whereas the other was outside thfect the growth rate during crystallization. The second
irradiated area. After cooling back to room temperature thﬁproblem is related to the anisotropy in growth rates. This
size of the two crystals was compared. This procedure wagnisotropy is a logical consequence of the growth of single
repeated several times and it turned out that in general n@fystals where different crystallographic directions exhibit
significant differences in size§n growth speedsbetween  (different growth rates. Fortunately, most crystals showed a
the two crystals could be observed, at least not more than tt’g@ng preference to nucleate with th@001] axis of the
intrinsic variation in growth velocities for the different ses- R3m structure perpendicular to the film surface. When ob-
sions. This showed that the electron beam does not affect th@ryed plan-view these crystals have a triangular shape with
growth rate, it only increases the nucleation r@rticularly  qten the{1120} planes connecting the center of the triangle
at the lowest possible crystallization temperature®f it the middle of the sides of the triangle. An example is
course the details in this behavior depend on the current deRy,own in Fig. 1. The dark region at the bottom in each image
sity within the electron beam. Highest current densities thafg e S; wedge present at the edge of the Si—nitride window.
we applied were 3 nAin an exposed area with a diameter of5re was taken that, when measuring the growth rate at dif-
about 2um. The smaller the current density the less thegerent temperatures, the same type of starting crystal was
phase transformation is influenced, although it appears iMyseq as depicted in Fig. 1. To obtain these starting crystals,
possible to avoid effects on gfie at 85°C. the 40-nm-thick amorphous $gTe film was heated for 5
min at 95°C. Then after cooling to room temperature the
I1l. RESULTS correct starting crystals were searched for and their growth
A Sb..Te was subsequently monitored isothermally at 85, 95, 105, and
P86 115 °C usingn situ TEM. An example, showing a few of the
The isothermal growth of SkTe crystals in a 40-nm- bright-field TEM images recorded during the 85 °C growth,
thick amorphous film was monitored by situ TEM in the is presented in Fig. 1. Analysis of such a sequence of TEM
temperature range 85-115°C. Two problems had to bé@nages allows the determination of the size of the growing
solved before growth rates of crystallization could be meacrystallite as a function of time. The result for all four tem-
sured properly. We noted that the electron beam of the TEMperatures is shown in Fig. 2. This graph clearly demonstrates
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3.5 for growth andk is the Boltzmann'’s constant. The slope in-
115°_105° dicates an activation energy for growth of 12581 eV/atom
(152+10 kJ/mo). Note the higher velocities correspond to
the square data points in Fig. 3. These velocities were ob-
tained by measuring the distance between two corners along
a side of the growing triangle and are thus for an equilateral
triangle |3 higher than the real growth-front velocity. This
measurement procedure was used, because it is the most ac-
curate one and does not affect the slope of the straight-line
regression in Fig. 3 and as a consequence gives the most
accurate assessment of the activation energy for growth.
Although the electron beam to some extent affects the
nucleation rate we can still draw a number of conclusions
about the effect of the temperature on the nucleation rate.
0 500 1000 1500 2000 2500 3000 3500 This is possible by analyzing at room temperature areas that
time (s) duringin situ heating were not exposed to the electron beam.
From these observations it is clear that the nucleation rate
FIG. 2._ Megsured-crystallite sizes in 40-nm-thicks §ke as a function of strongly increases with temperature. An important character-
annealing time at 85, 95, 105, and 115 °C. Lo . . . . .
istic is the final average grain size after isothermal crystalli-
zation as a function of temperature, because it shows the

. mpetition between nucleation and growth.
that a very constant growth rate holds, i.e., the growth front o peFtol betwee .uc_eato a d growthi.the average
rain size increases with increasing temperature then the ac-

of the crystal advances with a constant speed into the amo?.— . . .
. ivation energy for nucleation(,) is smaller then the one
phous area. Such a constant growth rate generally implies an

: ; e r growth nd if the aver rains siz r then
interface-controlled growth, in contrast to a diffusion- orgro (Qg) and e average grains size decreases the

. >Q,. -
controlled growth. In the latter case the growth size depend(sg’.1 Qg Note that this only holds f_or a co_ntln_uous nucle
. : . . ation rate. We observed that the typical grain size of about 4
usually on the square root of time. Using energy dispersive , L )
. . um did not change significantly as a function of temperature
x-ray spectrometryEDXS) in the TEM the composition on S A
. ) : d therefore the activation energy for nucleation is likely to
both sides of the amorphous-crystal interface was determin S
. L .. be similar to the one for growth.
and no difference could be detected. Therefore, it is quite . . o
In Fig. 4 a crystal grown after 12 min at 95 °C is shown

logical that interface-controlled growth occurs. in the central bright-field(BF) image together with four

At 85°C th? mtgrface velocity is about 012 nm/s, selected-area diffractiofSAED) patterns taken from four
whereas at 115°C it is 6.7 nm/s. So, the velocity is clearly d d by the circles 1—4 in the BE i Th
temperature dependent and it is likely that an Arrhenius tem‘:Jlreas enote _y_t e circles 1=4 in the 'mage. 1hese

SAED patterns indicate that the crystal can be assigned to

perature dependence holds. Therefore, the logarithm of th%e one of pure Sb, i.e., having tit8m structure witha

growth velocity, i.e. the slope of the straight-line regression§

in Fig. 2 is plotted as a function of the reciprocal temperature_ 0.43nm andc=1.13nm. Apparently the presence of al-

in Fig. 3. The slope of the linear fit to the data in Fig. 3 is “?OSF_Zl at. % substitutional Te in the Sb does not cause a
directly related toQ/k, whereQ, is the activation energy significant change of the crystal strut_:ture of Sh. The SAED_
pattern 1, taken at the center of the triangular crystal where it
nucleated, shows a 0001 zone axis pattern. The same pattern
is present in the center of the triangular crystal in Fig. 1 and

N
n

N

1.5

length (pm)

1/T (1/K)

0.00255 0.00265 0.00275 0.00285 as mentioned earlier refers to the strong preference of a crys-
3 : [ tal to nucleate with th¢0001] axis perpendicular to the film
surface. The strong favor for this orientation can be under-
4 stood since it corresponds to the one with the lowest surface
energy of SH? Apart from a rotation of 120° around the
-5 viewing direction, SAED patterns 2—4 are identical and can
be assigned as 1@1zone axes patterns. The angle between
_ -6 these(1012) directions and the centr@0001] is 11.8°. Ro-
< tation of the sample in the TEM shows that the zone axes and
T T the typical contrast features coming from the crystals in gen-
eral move their position across the crystals. This typical con-
-8 1 A trast that is always present in all crystals corresponds to the
well-known bend-contour contrast that can be observed quite
91 usually in bent TEM foils. However, the crucial difference
" here is that the sample, i.e., the film itself does not have a

bent shape, but remains flat. In contrast, the crystal planes
FIG. 3. Arrhenius plot showing the logarithm of the crystal growth velocity INside the flat 'CrVStal are pent. The Observa“'ons ShOW_ that
observed in 40-nm-thick SjgTe vs the reciprocal temperature. apparently during growth directly after nucleation a continu-
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e 2 i /]

FIG. 6. Bright-field TEM image showing crystallites grown after 10 min at
155 °C in 40-nm-thick SfgTe containing 5 at. % Ge.

vacuum on one side and the Si—N membrane on the other.
We checked the sign of the curvature for many crystals and
always found the same result. We also observed that the tilt
per unit of lateral distance, grafj is highest for the smallest
growth rateg(i.e., at the lowest growth temperatures

From the 0001 zone axis pattern with six-fold symmetry
that is present in the center of the crystals it may appear
contradictory that crystals with a trianguléthree-fold sym-
metry) shape develop instead of with hexagonal shape. How-
ever, theR3m structure, although described with hexagonal
axes, corresponds to a+b—c stacking of the basdD001)
planes and not to a hexagoratb stacking. In a crystal
structure with hexagonal stacking the symmetry of the
[000]] axis is truly six-fold, but otherwise like here with the
FIG. 4. Bright-field TEM image of a crystal grown after 12 min at 95 °C in R3m structure, because of the directions out of {0801
a 40-nm-thick SheTe film together with selected area electron diffraction plane it is three-fold. Therefore, due to the bending of the

patterns of four areas indicated. It shows the general result that crystall§|anes that occurs within the crystal, a true three-fold sym-
nucleate with(0002) planes parallel to the surface after which during growth . '
metry can arise.

a continuous internal bending of the crystal planes occurs.

B. Sb;gTe with 5 at. % Ge
ous rotation of the crystal occurs during the lateral advance

of the crystal. A schematic representation of a cross section OThe isothermal crystallization of ggre containing 5
through such a transrotational crystal is given in Fig. 5. It&t: % Ge for 10-, 20-, and 40-nm-thick films was monitored

only shows the orientation of th@001) planes. Typically, usingin situ TEM in the temper_ature range between_ 140 and
maximum tilts of about 25° are observed in the crystals.lmoc' Compared to the previous section these higher tem-

These tilts can be easily determined by rotating the Samplgeratures were needed since the addition of Ge increased the
until the central zone axis moves to the edge of the crystaﬁryStall'Zat'?n tehmp.erature. from_ abofut 95 to 1"50 O.C' .
Also from tilting experiments in the TEM the sign of the At 155°C the incubation time for crystallization in a

curvature depicted in Fig. 5 is obtained. This sign of the40-nm-thick film was observed to be about 5 min and after

curvature matters because the film is asymmetric witht0 Min the crystals shown in the BF-TEM image of Fig. 6
had developed. Again, like in the previous section these crys-

tals nucleate with th@0001] axis perpendicular to the film
surface, but in contrast they do not show triangular shapes
already for very small crystal sizes. Now, the small crystals
are circular and the larger ones show hexagonal shape. Ap-
parently the small amount of Ge suppresses the strong
growth anisotropy present in $fre. Therefore, it was not

FIG. 5. Schematic cross section of a transrotational crystal that has grown iﬂeeded to grow first starting CryStaIS whose growth was sub-

the amorphous film. Note the internal bending of the planes in a flat crystal.seque_mly monitore_d at the vario_us temperatures. Again crys-
For clarity only the(0001) planes are indicated. tals with the peculiar transrotational structure develop. We
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FIG. 8. Arrhenius plot showing the logarithm of the measured crystal-
growth velocity vs the reciprocal temperature fog gke with 5 at. % Ge for
three film thickness(10, 20, 40 nm

30'sec. 170 °C 45 sec. 170 °C electron-beam evaporation of alloys. The 20 nm film devi-
ates since it shows the lowest Gand Te and the highest 5b
FIG. 7. Bright-field TEM images recorded during crystallization of a 40- concentration of the three films. Based on this low Ge con-
nm-thick S ¢Te film containing 5 at. % Ge at 170 °C. centration, it is logical that the 20 nm film shows a deviation
towards the results obtained for “pure” $f¥e; i.e., a lower
activation energy and due to the lower crystallization tem-
perature a higher growth speed for a certain temperdiate

far) aboveT.. Following this reasoning the layer thickness
itself does not affect the growth velocity during crystalliza-
tion, but only the composition. On the other hand the final
crystal size that develops after the transformation clearly de-
pends on the film thickness. Figure 9 shows images obtained
. . > after 90 s crystallization at 155 °C for a 10 nm film in Fig.
ages recorded during the 170 °C crystallization of a 40—nmg(a) and for a 20 nm film in Fig. @). These images can be

thick film, is given in Fig. 7'. From these mt_easurement; thecompared with the 10 min crystallization of the 40-nm-thick
constant growth-front velocity was determined for variousg - shown in Fig. 6. Typical grain diameter that develops
temperatures and for the three different film thickness aﬂe(/vithin the 10 nm film is 300 nm. within the 20 nm film 500

which the logarithm of the velocity is plotted as a function of nm, and in the 40 nm film Lm. This 1xm in the 40-nm-

the reciprocal temperature in Fig. 8. The results for the 40thick film is already clearly smaller than thegn obtained

nm-thick film show least scatter and lead to an activatioq ; :
. n pure Sk gTe (when the same growth velocity ho)dg his
energy of 2.3%0.15 eV/atom(229+ 15 kd/mo). This can be allows us to draw the following conclusions: A strong in-

d_|rectly compared with the_l_.EiED.l ev of the PrEVIOUS SEC”  craase in the nucleation rate compared to the growth rate is
tion. It shows that the addition of Ge has increased the acti-

X ¢ h with 50%. Th h velocit fobserved if Ge is added to $f7e or if the film thickness is
vation energy for growth wit 0. The growth velocities o reducedfrom 40 to 10 nm. This increase in nucleation rate

) 0 .
Shygle with 5 at.% Ge in the temperature range betweeqor decreasing film thickness seems a paradox. If nucleation

140 and 165°C are very similar to the ones observed foB :
. ccurs homogeneously throughout the material volume, then
Sh, gTe in the temperature range from 85 to 115 °C, namely g y g

from about 0.12 to 6.7 nm/s. The result of the 10-nm-thick

film is, althou_gh showmg more scatter, similar to the Or_]e OfTABLE I. Composition of the various films used for the present work as
the 40-nm-thick film. However, for the 20-nm-thick film getermined using EDXS coupled to the TEM.

higher growth velocities, i.e., with a factor of 3—«{#vhen

measured that the tilt per unit of lateral distance, gbad
highest for the thinnest filnil0 nm and decreases with in-
creasing film thicknes§20 and 40 nm i.e., about 70%m,
55°/um, and 30°4m for the 10-, 20-, and 40-nm-thick films
crystallized at 155°C. As in the previous section g¢ai
highest for the lowest growth speeds.

An example, showing a few of the bright-field TEM im-

comparing the same temperatyrase observed, with lower Oat.% Gein5at.% Gein 5 at. % Ge in 5 at. % Ge in
activation energy of about 1.95 eV. To understand these de- ShysTe SbsTe ShssTe ShssTe
viations the precise compositions of the film are needed. Th&ilm thickness 40 nm 10 nm 20 nm 40 nm
results of EDXS measurements of the composition of various at. % at. % at. % at. %
film thicknesses are given in Table I. It shows that the filmS® %5'3 ;14'150 3684 ?;104
composition is not accurately reproduced during the different, 217 215 198 206

deposition sessions. This is an intrinsic problem using
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this way the overall crystallization rate increases for decreas-
ing film thickness and therefore the CET decreases.

IV. DISCUSSION
A. Influence of Ge

The addition of about 5 at. % Ge in ${Je increased the
crystallization temperatur@; from about 95 to 150 °C. We
observed that the addition of 15 at. % Ge resulted in an in-
crease to 220°C. These increasesTinare not surprising
since compared to the Sb—Sbh, Sbh—Te, and Te—Te bonds the
bonds involving Ge are clearly strongéraving more cova-
lent character The cohesive forces within the network pre-
dominantly determine the stability of a glass and thus the
glass-transition temperatufig, 11 Below Tq4 the structure is
frozen and atomic rearrangement not possible leading to a
stable amorphous structure. Crystallization can only occur
aboveTy and soTy can serve as the lower limit fof.
Indeed research has been devoted to the predictidn af
chalcogenide glassés'® and recentlyT, was predicted for
the whole ternary Sb—Te—Ge ternary composition rdnge.
Ty is then estimated as

Ty=Xgel g+ XspT g+ X1eT o',
T4(°C) = X525+ XgpL4 7+ X1 — 69), @

wherex; is the compositional fraction of elementin the
alloy andT'g is the glass-transition temperature of the pure
substance. Using Eq.(1) T, of Sh;¢Te with 0, 5, and 15
at. % Ge is predicted as 100, 121, and 164 °C, respectively.
FIG. 9. Bright-field TEM images of SpTe with 5 at. % Ge after 90is situ ~ The predictedT, of Sh; ¢Te is slightly too high. The reason
heating in the TEM at 155 °C fof@) a 10-nm-thick andb) a 20-nm-thick  fgr this is that the calculate'ﬂg of pure Sb as used in E()
film. is likely to be too high, because the calculation in Ref. 11
only considers covalent bonds whereas in Sb also some me-
) ) ) . tallic bonding character is prese’ﬁtOn the other hand the
the nucleation rate should decrease for decreasing film thicks¢o t of the addition of Ge is underestimated by the predic-

ness. If nucleation occurs heterogeneously at the sutice yjons These underestimations may of course still be correct,
interface with the Sl—_nltrldp then the nugleatlon r{?\te isiN- gince the predicted, should be a lower limit fofT .
dependent from the film thickness. Only if nucleation occurs

by a mechanism where the interaction between the surfac
and the interface is important, then the nucleation rate coul
increase for decreasing film thickness. Apparently, this last The special structure of the transrotational crystals we
case holds and nucleation is facilitated when the surface ansbserved was identified and studied in detail befdreyt a
interface approach each other. These results might be impoproper explanation why this structure develops/exists is still
tant for the explanation of the observed decrease in “comifacking. Note that we adopted the term trans-rotational crys-
plete erasure time{CET) with decreasing film thickness for tal as introduced by Kolosogt al, because it appears to be
AglnSbTe alloys:®7Although the present alloy is composed a proper description of the peculiar structure; not a transla-
of Ge—Sb-Te its composition is such that is shows growthtional symmetry only, but to a specific translation also a spe-
dominated crystallizatioiias can be seen in the present re-cific rotation of the structure is connected. We present an
sults like usually ascribed to AginSbTe® On the other hand  explanation based on the increase in density that occurs upon
Ge,ShTe; (Ge ShTe, and GgSh,Te;), sometimes confus- the amorphous-crystalline phase transformation and it is vi-
ingly shortened to GeSbTe, shows nucleation-dominatedualized in the schematic cross section shown in Fig. 10. Of
crystallization, because growth of the crystallites hardly oc-course it is a simplification of the actual transformation pro-
curs with typical final sizes of 10-30 nff. In these cess, but still attempts to reproduce the key simplified steps
nucleation-dominated materials the CET increases for deresponsible for the internal bending. For a thin film the in-
creasing film thickness. The explanation for the decreasingrease in density particularly occurs perpendicular to the free
CET with decreasing film thickness for growth-dominatedsurface, because only in this direction the shape change is
materials can be found in the present results. It shows thatnconstrained. Figure 18 shows that crystal planes that are
the growth rate does not depend on film thickness, but thanitially horizontal, i.e., parallel to the surface outside the
the nucleation rate increases for decreasing film thickness. Iregion where the densification of the structure occurs, grow

. Transrotational crystals
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greatly facilitated if the bonding between adjacent planes is
relatively weak, e.g., when dominated by van der Waals
forces like in graphiteAb initio electronic structure calcula-
tions have shown that rhombohedral ,Sb, Te; can indeed
] be considered as a layered structure with the presence of a

erystal — amorph weak bondinglow electron densitybetween the GeTe and
S TeSbTe layer® Also, it is known that pure Sb can be con-
sidered as aa—b—c stacking of close-packed planes. How-

' ever, it has not an fcc crystal structure, because an alternating
b / short and long distance is present between consecutive close-
g packed planes. Therefore, the structure is rhombohedral

(with six close-packed planes stacked within the unit cell
, along thec axis). Ab initio electronic structure calculations

1 . have shown that indeed alternating stronger and weaker
_ﬂ'.v_m-____ — bonding is present between close-packed pl&h&sin this
' respect the following statements in Ref. 22 are of interest:
“This stacking of pairs of plane&@long the trigonal axiscan
explain the easy cleavage properties of this type of monoc-
rystals. The anisotropy of these crystals is, however, less
obvious than for other two-dimensional materials, such as
graphite.” The presenR3m structure of ShgTe (with 0 and

§ crystal — amorph 5 at. % Ge is isomorph with the crystal structure of pure Sb

and also shows a similar layered structure as rhombohedral
Ge,Sh,Te;. The conclusion is therefore clear that these ma-
terials have a layered structure facilitating bending.

We expect that the relative high vacancy concentration
FIG. 10. Schematic illustration of the mechanism responsible for the interi these materials results in a further facilitation of bending.

nal crystal-plane bending present in transrotational crystals. First, cryst. . . i . . 3
planes advance predominantly unbent into the amorphous n{atrigec- ai-o give some rationalization to this expectation, the follow

ond, a(few) new crystal plan@) nucleatés) at the surface, where room is NG consideration can be given. For a flat graphite sheet it is
available, because due to the difference in specific volume the surface of tHenown that if the hexagon is locally replaced by a single

cry_stallite _is at a lower heighitevel) than of the amorphous_surroundi(‘tg:): gentagon a 60° disclination is introduc@dn the same man-
Third, during further advance of the crystal/amorphous interface shrinkag
associated with the transformation occurs causing a bending action on tHaer an Ordered structure of pentagons surrounded by he?(a'
advancing crystal plangs). gons result in the well-known curved structures present in
fullerenes. This illustrates the fact that based on a flat layered
structure, the presence of a vacancy can give rise to a rota-
more or less horizontally into the region where densificatiortional distortions. Particularly if the six-fold coordination
is not yet finished. This leaves room for nucleation ¢feav) due to a vacancyduring growth leads to adocally relaxed
new crystal plang) in an amorphous area on top at the sur-structure with five-fold coordination. Of course, the close-
face, because the surface of the amorphous region is highpacked plane in the phase-change materials are not built out
than the one of the transformdghrunk crystalline region  of hexagons, but still the high vacancy concentration present
[Fig. 1Qb)]. If the crystal front now proceeds into the amor- leads to a closer resemblance with graphite sheets.
phous area the shrinkage perpendicular to the surface occurs For the transrotationak-Fe,O5 crystals formed during
and causes bending of the already present crystal pJ&iges  the (electron-beamcrystallization of iron—oxide, it was also
10(c)]. Note that this bending effect only occurs if the crystal observed that the tilt per distance is highest for the lowest
front at the surface is ahead of the crystal front near thgrowth speed$> The explanation for this observation is, as
interface with the Si—nitride. Only in this way the crystal based on the mechanism proposed in Fig. 10, relatively
planes above can overgrow during bending the planes belowtraightforward. For bending it is essential that new planes
Because nucleation occurs at the film/vacuum interface anducleate at the surface in the region above the horizontally
not at the film/Si—ntride interface!®’it is also likely that advancing crystal planefcf. Fig. 10b)]. This region is
this requirement holds. So, there is a tendency for bending giresent because the surface of the amorphous region is
the crystal planes, but an additional requirement is that théigher than of the shrunk crystalline one. If as a function of
material has to be sensitive to the bending action. This is alstme the same total number of new planes can initiate at the
connected to the energetic stability of the internally bentsurface(which is most logical assumption, because nucle-
structure. ation is predominantly a statistical process with tintieen
In our opinion two factors make the material prone totheir density as a function of lateral distance is directly pro-
bending: characteristic for the crystal structurdlisits lay-  portional to the growth velocity. The higher the growth speed
ered nature where generally a close-packed six-fold coordithe lower the density of newly initiated crystal planes at the
nation holds within each layer an®) its high vacancy surface and the lower the tilt per unit of lateral distance,
concentratiort®!® Bending of crystal planes is of course grad$. The maximum grag is, according to this physical
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