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The possibility of classifying the crystallization reactions of amorphous films according
to a number of structural and morphological features was revealed by electron-microscopic
investigation "in situ”. Layered polymorphic crystallization, islands polymorphic crystal-
lization, dendrite polymorphic crystallization and fluid-phase crystallization were distin-
guished. The first three types of crystallization reactions occur without changes in chemi-
cal composition corresponding to amorphous film. In the case of fluid-phase crystallization
the separation of the medium to crystalline and gas phases takes place. It is noted, that
the layered polymorphic crystallization can be regarded as a "coherent” crystallization
occurring in the accordance to the optical Huygens principle.

PaccMorpeHa BOZMOMKHOCTL KJacCU(PUKALUN PEAKIUN KPUCTALIU3ANUN AMOPMHBIX ILIe-
HOK II0 DAY CTPYKTYPHO-MOP(OJOrMYECKUX IIPUBHAKOB, BBIABJIAEMBIX NPU 3JIEKTPOHHO-
MUKPOCKOIIMYECKOM MCCaefoBaHun in situ”. BeigeseHsl caoeBasg moanMop(HAA KPUCTAJIIN-
3aIUsd, OCTPOBKOBaA IOJUMOP(HAS KPUCTANIU3ALUA, JCHAPUTHAA IOJAUMMODP(OHAA KPUCTAJ-
AU3ANMA U JEULKOMAsHAA KPUCTANIu3anud. IlepBble TPU TUIA PEAKIUI KPUCTANIU3AIAL
HPOUCXOTAT 0e3 M3MEeHeHUS XMMHUUYECKOr0 COCTaBa, COOTBETCTBYIONIEro aMop@uoil mieHke. B
caydae KUIKODASHON KPUCTANIM3AIUN HMMEET MECTO PACCJOEHUE CPeLbl HA KPUCTAJJIMYec-
KYyI0 u rasopyio ¢aspl. OTMeueHO, YTO CJ0eBas MOJAMMOPMHAA KPUCTANIU3ANUA MOMKET pac-
CMATPHUBATHECA KAaK KOTCPEHTHAS KPHUCTANIM3ANUA, NPOXOAANlas B COOTBETCTBUM C OIITH-
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1. Introduction

Today materials in amorphous thin-film
state attract considerable attention due to
their wide application in various technologi-
cal areas. In one case, the efficient funec-
tioning of electronic devices based on amor-
phous materials requires the stability of the
amorphous state (for instance, photovoltaic
devices), and in the other one, numerous
phase transformations like "amorphous
phase-crystal-amorphous phase”™ occurred in
local film area have a great impact on de-
vice working characteristics (optical regis-
tration systems). In the both cases the char-
acter of transformations from amorphous to
crystalline state as well as systematization
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of crystallization reactions on the based fea-
tures should be investigated.

The films in amorphous state can crystal-
lize spontaneously or under an influence of
physical factors providing transformation
from metastable non-crystalline solid state
(NSS) into a stable crystalline state. Accord-
ing to [1], in case of amorphous alloys (me-
tallic glasses), crystallization toock place
through the following reactions: 1. Poly-
morphic crystallization, whereas amorphous
substance transforms into crystalline with-
out change in composition. Polymorphic
crystallization is typical both for pure ele-
ments and for stoichiometric chemical com-
pounds. 2. Preferred crystallization of one
of the phases during the first process stage
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and the following crystallization of matrix
on the second stage. 3. Eutectic crystal-
lization in which an almost spontaneous for-
mation of two crystalline phases takes
place. The crystallization reaction type is a
function of free energy of various phases on
concentration of chemical elements.

In [2] it was shown that NSS formation
in Ge-Sb-Te and As—In—-Sb-Te crystalline
compounds used as optical registration de-
vices was accomplished by liquid phase al-
loying induced by local melting of substance
exposed to pulsed laser irradiation. It was
found that transformation rate of NSS area
into crystalline is determined both by crys-
tal growth rate and by crystallization center
formation rate. Dependent on dominated
process two types of crystallization is possi-
ble: the growth crystallization and the crys-
tal nucleation one.

In the case of amorphous substance in
thin-film state the crystallization process is
well revealed by using in-situ transmission
electron microscopy. In this case, the crys-
tallization process can be initiated either by
local heating of selected area of the film
under electron beam irradiation or by heat-
ing the total film surface inside a special-
ized adapter. The aim of the present activ-
ity is the study and systematization of crys-
tallization reactions of amorphous films
basing on their structural-morphological
features.

2. Experimental

The amorphous films were prepared by
vacuum condensation as well as by pulsed
laser sputtering of metallic and semiconduc-
tor targets in vacuum and in oxygen me-
dium. The substance was deposited on the
surface of KCI| crystal chip (001) at room
temperature. The obtained films were sepa-
rated from the substrates in distilled water
for the following electron microscopic inves-
tigations.

The films of 20-100 nm in thickness
transparent for an electron beam were in-
vestigated. The film thickness was defined
on a number of impulses of the laser irra-
diation influencing the sprayed target. Ad-
ditional local control of ¢t was carried out
after the film crystallization taking into
consideration the distance between interfer-
ential images of extinction contours in a
dark field according to [3]. The film struc-
ture was investigated by electronographic
methods and transmission electron micros-
copy. The phase transformations were initi-
ated either by local radiating influence of
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the electron beam on an amorphous film, or
by means of integrated thermal heating of
overall film surface in a specialized adapter
in a column of electron microscope. In the
second case, the samples temperature was
measured on changing the electric current
capacity of the adapter’s resistance furnace
used for heating. In the both methods of
physical influence on a substance the struc-
tural-morphological features of crystal-
lization reactions were almost identical.

3. Results and discussion

Basing on our own researches and taking
into consideration the literature data the
following classification of crystallization
types of amorphous films by their struc-
tural-morphological features is offered.

3.1. Layer polymorphic crystallization
(coherent crystallization)

In the case of layer polymorphic crystal-
lization (LPC), the crystalline phase (the
primary single crystal c¢f in Fig. la) is
formed in thin subsurface layer in film area
exposed to electronic beam (arrow “e " in
Fig. 1la). The crystalline phase composition
corresponds to the amorphous phase struc-
ture (af). (The amorphous phase — vacuum
interface as the crystalline phase incipient
place was experimentally proven in [4],
when investigating Ge,Sb,Tes; amorphous
films). Crystallization front rate v_ in a tan-
gential direction (parallel to the film sur-
face) considerably exceeds crystallization
front rate v, normal to the film surface.

The crystalline layer looks like spreading
over on the film surface. The movement of
crystallization front may be described as the
moving of line at v; velocity, which corre-
sponded to interaction of amorphous phase,
crystalline phase and vacuum (solid line g—g’
in Fig. 1a). During single crystal growth g—g’
line (crystallization line) is moved like light
wave front in accordance with Huygens-
Fresnel principle [5]. Each point of crystal-
lization line generates secondary flat crys-
tallization centers. Such secondary centers
have similar orientation with those of the
primary crystal (coherent with each other).
Intergrowing for the time At they provide
transition of every point of crystallization
line over a length of v At. New position of the
crystallization line (dotted line in Fig. la)
corresponds to envelope of secondary crys-
tallization centers. Therefore, formation of
single-crystalline nucleus and its following
growth according to LPC mechanism may be
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Fig. 1. Scheme of crystallization variants of amorphous films: (a) layer polymorphic crystallization;
(b) island polymorphic crystallization; (¢) dendrite polymorphic crystallization; (d) fluid phase
crystallization. af — Amorphous phase, ¢f — crystalline phase, If — liquid phase. Arrow e~ points

to the place of electronic beam irradiation.

considered as a type of coherent crystal-
lization of the amorphous film.

Layer growth according to Frank and
Van-der-Merve mechanism is similar to LPC
growth mechanism in the case of film
growth from vapor phase on a substrate [6].
According to [7] the energy criterion of LPC
mechanism can be described as:

G, 20,.+ 0, + €y, (1)

where o, is free surface energy of amor-
phous phase-vacuum interface, o, — free
surface energy of crystalline phase-vacuum
interface, o,., — free surface energy of
amorphous-crystalline phase interface, ¢; —
strain energy of growing crystalline layer.
The crystalline phase is tent to eliminate
the free surface of amorphous film with
high value of o, ("wetting” condition).

LPC mechanism is more inherent to Se,
Sb, Sb,S;, Sb,Se; semiconductors and
Cry,03, V503, Fe 03 oxides. An example of
the LPC, as a result of local electron beam
heating of Cr,O; amorphous film obtained
by Cr laser sputtering in oxygen medium is
shown in Fig. 2a. The film thickness is
21.7 nm. Only single Cr,05 flat crystal is nu-
cleated and grow on a surface of amorphous
film at v, = 1.2 pm-c’! in a spot exposed to
electron beam. Similar growth rate and LPC
mechanism took place during amorphous film
annealing in vacuum at T, = 930 K. When
growing, the crystal is bent due to stretch
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tensions, and TEM image revealed extinc-
tion contours. Zone-axis images are formed
in places where extinction contours are
crossed (Fig. 2a) (Zone-axis oriented along
[001] Cr203), and Fig. 2b.

As a rule, crystalline phase density is
higher then amorphous phase one. There-
fore, during growth the single crystal un-
dergoes stretch tensions, and splits into
band blocks. On a final growth stage the
single crystal transforms into spherulite
[8]. The band blocks are separated between
each other by low angle dislocation bounda-
ries. Dislocations are formed on the crystal-
lization line, and introduced into the bulk
during the crystal growth. Fig. 2¢ shows an
example of such a low angle dislocation
boundary which separates 1 and 2 bound
blocks in Sb,S; film. The image was taken
in high resolution mode for (020) type crys-
talline planes with d = 0.565 nm.

In Se, Sb,Sez, Fe,03 and Cry,O3 amor-
phous films a so-called "transrotational
structures” may be formed at distinct stage
of LPC. Such crystals have strong inner
crystalline lattice bending [9-11].

Decrease of free surface energy of the
amorphous film may be originated as a re-
sult of decreasing the surface roughness
during crystallization in accordance with
LPC mechanism.

This thesis was proven by atomic force
microscopy investigations on Fe,O5 films
carried out by V.Y.Kolosov in [9, 12]. Fig.
2d shows micro relief image of Fe,03 amor-
phous film surface (zone 1), obtained by

Functional materials, 19, 3, 2012



A.G.Bagmut / Structural and morphological features ...

i '.H"
14id¢

Fig. 2. Layer polymorphic crystallization of amorphous films: Cr,O5 crystalline phase formation
initiated by local influence of electron beam (a); Cr,O; crystalline phase formation as a result of
thermal annealing of the film (b); low angle dislocation boundary image, separating spherulite band
blocks under direct resolution of (020) Sb,S; crystalline planes (c); atomic-force microscopy image
of Fe,0, amorphous and crystalline films surface area [12] (d).

Fe(CO); thermal oxidation on NaCl sub-
strate. The film surface relief becomes
rough due to formation of 0.01-0.05 um
Fe,O5 amorphous globules. The crystallized
surface of the film after electron beam heat-
ing was smooth due to elimination of globu-
lar structure (crystal 2 at lower image
part).

Distinct relationship between the surface
relief change and crystallization phenome-
non is given in [13], where the decrease of
surface roughness accompanied with crys-
tallization of branches of Sb fractal clusters
deposited onto graphite was described.
When the deformation energy accumulated
in clusters branches increases critical value,
the transition 3D — 2D took place.

In the case when the amorphous film
composition differs from a stoichiometric
one, LPC mechanism starts after segrega-
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tion of crystals of exceeded elements in
amorphous matrix. Fig. 3a depicts primary
segregation of Sb microcrystals in amor-
phous matrix (marked with arrows) and the
following Sb,Sj; layer crystallization initi-
ated by electron beam heating in a column
of electron microscope. It should be noticed,
that the presence of Sb islands in amor-
phous layer didn’t affect on the structure
and morphology of Sb,S; growing crystals.

3.2. Island polymorphic crystallization
("non coherent” crystallization)

During island polymorphic crystal-
lization (IPC) the crystalline phase is
formed in a subsurface layer (Fig. 1b) hav-
ing the same amorphous composition like in
the case of LPC. However in consequence of
high formation rate of disoriented (non co-
herent) crystallization centers and due to
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Fig. 8. Transition from layer to island polymorphic crystallization in Sb,S; (a, b) and Ta,O4
amorphous films (¢, d). The primary precipitation of microcrystal of Sb in amorphous matrix of

Sb,S; are marked with arrows.

the fact that v, =v,, the fine-polycrystal-
line layer is formed on a final stage ("non
coherent”™ crystallization of amorphous
film). The IPC growth mechanism from
vapor phase is analogous to Folmer-Weber
island growth [6, 7]. Energy criterion of
IPC mechanism is the following relation-
ship:

G, <O, + Oyt €y. (2)

As o, is low, the crystalline phase is not
tent to eliminate the free surface of amor-
phous film ("nonwetting condition™).

The mechanism of IPC is inherent to
some amorphous metals and oxides (Ni, Re,
Al,O5 etc.) during crystallization. An exam-
ple of IPC after electronic beam influence
on Al,O3 amorphous film obtained by laser
sputtering of Al in oxygen medium is shown
in Fig. 4a. Fine crystallites (c¢f) correspond
to y-AlbO3; cubic modification. The similar
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structure is formed in the case of uniform
film heating in vacuum at T, = 1220 K.

The presence of active substance on the
surface of amorphous layer can change the
crystallization mechanism. For instance, the
layer mechanism is distinctly appears dur-
ing ecrystallization of Sb,S; amorphous
films (Fig. 3a). The islands of Au, revealed
on Sb,S; amorphous film surface, slow
down the motion of crystallization line. LPC
mechanism is changed into IPC one leading
to the formation of Sb,S; highly dispersed
polycrystalline structure (Fig. 3b).

The local electron beam irradiation and
integral thermal heating in wvacuum of
Ta,05 amorphous films obtained by Ta laser
sputtering in oxygen medium initiate their
crystallization according to LPC mechanism
(Fig. 3c¢). The origination rate of non-coher-
ent crystallization centers is increased due
to intensive heat release on the local film
area. In this case IPC mechanism is real-
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Fig. 4. Crystallization of amorphous films under electronic beam heating: Al,O5 island polymorphic
crystallization (a); HfO, dendrite polymorphic crystallization (b); Au-O fluid phase crystallization of

amorphous gas-saturated film (c, d).

ized. Fig. 8d shows an example of IPC for
Ta,05 amorphous film after heat release
during cooling of Ta liquid micro-babble
which was incorporated into the film from
laser sputtered target (so-called "spray ef-
fect”).

According to [4] intensive electron beam
heating of Ge,SbyTeg crystallized film
changes LPC mechanism into IPC one.

3.3. Dendrite polymorphic crystallization

In the case of dendrite polymorphic crys-
tallization (DPC) the dendrite crystals are
formed in subsurface layer of the amor-
phous film with composition similar to the
amorphous phase. The main morphological
features are the presence of branches of the
first and second orders. The progress of
DPC can proceed in two ways. In the first
case, a single-crystalline nucleus (cf 1 in
Fig. 1¢) of one of the polymorphic modifica-
tions of presented substance is formed in
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amorphous matrix. During growth process
as a result of the size factor effect the nu-
cleus is split in blocks with another type of
the crystalline lattice (ef 2 in Fig. lc),
which are the growth centers of dendrite
branches of the first order. Next, the den-
drite branches of the second order are
formed on them. Hereinafter, dominant
growth of dendrite branches of the first
order can be considered as layer polymor-
phic crystallization. In the second case, DPC
follows without change of the crystalline
lattice type of the growing nucleus. Fig. 4b
shows an example of DPC of HfO, amor-
phous film after electronic beam irradiation
which was obtained by Hf laser sputtering in
oxygen medium. When growing, HfO, crys-
tal with the monoclinic lattice turns to den-
drite structure in a spot exposed to the elec-
tronic beam. In Fig. 4b the 1 and 2 numbers
depict dendrite branches of the first and
second orders, respectively. An intensive
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crystallization of HfO, takes place during
thermal annealing of the films in vacuum at
T,=830 K. Some features of dendrite
structure formation during explosive crys-
tallization in Co and Co—Pd nano-crystalline
films were investigated in [14].

3.4. Fluid-phase crystallization

In the case of fluid-phase crystallizations
(FPC) occurred in the amorphous layer
being in non-equilibrium state, the liquid is
formed which is practically instantly crys-
tallizes (I1f and c¢f on Fig. 1d). The type of
FPC is inherent to gas-saturated conden-
sates obtained by laser ablation of noble
metals in gaseous medium [15, 16]. Fig. 4c
demonstrates an example of FPC for oxy-
gen-containing Au film (¢ = 90 nm) due to
an electron beam initiation. The image de-
picts the central area of a so-called explo-
sive crystallization of the amorphous film
at v, = 20 um-c”l. The oxygen which is not
dissolved nether in liquid nor in crystalline
Au is precipitated in a form of babbles in
the formed liquid. Next, the babbles turned
out to be incorporated inside the grains of
crystallized Au. According to the electric
resistance data of the film crystallization of
the amorphous Au-O layer takes place at T,
= 362 K. The presence of spherical babbles
and voids in the crystalline grains are
structural-morphological features of FPC of
amorphous gas-saturated films. In the case
of crystallization of amorphous gas-satu-
rated films according to layer-phase crystal-
lization, for instance Se—O amorphous
films, the spherical shape of gas-contained
babbles is no longer preserved after moving
the crystallization front [17].

Other structural-morphological features
of impact fluid-phase crystallization of
amorphous gas-saturated films are radial
crystal growth from the center of the elec-
tron beam localization and the presence of
concentric joints occurred by periodical
slowdown of crystallization front due to gas
babbles (Fig. 4d).

4. Conclusions

Basing on the structural-morphological
features of nucleation and growth of crys-
talline phase, the following classification of
the wvariety of crystallization reactions
forms of amorphous films is proposed [18].

1. Layer polymorphic crystallization (co-
herent crystallization). This type of crystal-
lization is similar to layer film growth on
substrate from vapor phase (Frank and Van-
der-Merve growth). The main structural-
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morphological features are as follows: low
density of crystallization centers, nuclea-
tion of flat crystals on amorphous film sur-
face, and their following oriented growth
parallel to the film surface. Due to phase
transformations the crystalline film is
formed in which the diameters of flat
grains oversized the film thickness.

2. Island polymorphic crystallization
(non-coherent crystallization). This type of
crystallization is similar to island film
growth from vapor phase (Folmer-Weber
growth). The main structural-morphological
features are following: high density of crys-
tallization centers; nucleation of equiaxed
disoriented crystals on film surface, and
their following growth into the bulk. As a
result of phase transformations, fine-dis-
persed polycrystalline film is formed.

3. Dendrite polymorphic crystallization.
In the case of dendrite polymorphic crystal-
lization (DPC) the dendrite crystals are
formed in subsurface layer of the amor-
phous film with composition similar to
amorphous phase. The main morphological
features are the presence of branches of the
first and second orders.

4. Fluid-phase crystallization in amor-
phous gas-saturated films. Structural-mor-
phological features of impact fluid-phase
crystallization of amorphous gas-saturated
films are radial crystal growth from the
center of the electron beam localization and
the presence of concentric joints occurred
by periodical slowdown of crystallization
front due to gas babbles. After FPC transi-
tion, the crystalline grains of the central
film area contained spherical babbles and
pores occurred as a result of gassing in liq-
uid phase.

The first three types of crystallization
reactions took place without change in
chemical composition corresponding to the
amorphous film. In the case of fluid-phase
crystallization, the bipartition into crystal-
line and gas phases occurred.
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CrpykTrypHO-MOP(hOIOTiUHI 03HAKH peaKIii
KpHucTajgizainii aMmopdHUX IJIIBOK 3TiIHO 3 JaHUMHU
€JIEKTPOHHOI MIiKpPOCKOIii

O.I''Bazmym

Posringuyro moxkameicTe Kiaacudikaimii peakimiin Kpucrasmisamii amopdHHX IIiBOK 3a
PAOOM CTPYKTYPHO-MOP(OJOriYHMX O3HAK, I[0 BHUABJIAIOTHCA I UYaC €IeKTPOHHO-MiKpo-

CKOIIIYHOTO mocaimmeHHa 'in situ”.

Bigoxkpemiaeno imiapoBy moaimMopdHy KpHcTaisaiiio,

ocTpiBIeBy moJaimMopdHy Kpucraiisaiiio, IeHAPUTHY IoJimMopdHy KpucTraaisamiio ta pigko-
dasny kpucraiaisamiro. Ilepmii Tpm Tunm peakniin Kpucrasaisamii npoxogsaTs 0e3 sMiHU
ximiubmoro ckiany, arkuil Bigmosimae amopdwint naismi. ¥V pasi pizrodasmol xkpucramisarii
BimOyBaeThbcs po3MIapyBaHHS CepPeIOBUINA HA KPUCTAJIIUHY Ta raloBy (asu. 3asHaueHo, II0
apoBa IOJIMOP(MHA KPHCTAII3AIis MOXMEe PO3rIALATACA AK  KOTEPEeHTHA KpucTaiisamis,
SAKa 3IIMCHIOETHCA 3rigHO 3 onTUYHMM HpuHIUNoM I'rolirexca.

Functional materials, 19, 3, 2012

377



