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The article summarizes the results of electron microscopic studies of ‘in situ’
crystallization of thin amorphous films. Data analysis is carried out based on
the classification scheme of electron-beam crystallization of films, including
structural-morphological and numerical characteristics. Layer polymor-
phous crystallization (as the analogue of Frank-van der Merwe growth
mode), island polymorphous crystallization (as an analogue of the Volmer—
Weber growth mode) and dendrite polymorphous crystallization (as an ana-
logue of the Stransky—Krastanov growth mode) are identified. For each type
of crystallization a dimensionless parameter of the relative length §, is de-
termined. It is equal to the ratio of the characteristic length to the value, re-
lated to the size of the unit cell of the crystal. Based on the electron micro-
scopic video registration of the process, kinetic crystallization curves are
built for each type of the transformation.

Key words: crystallization kinetics, crystal growth modes, TEM, amorphous
films, relative length, video registration.

Y craTTi ysaraibHeHO Pe3yJIbTaTH eJeKTPOHHO-MiKPOCKOIIYHNX HOCJTiIKeHb
«in situ» xpucragisarmii TOHKMX aMOp(MHUX ILJIiBOK. AHaJIi3 TaHUX IPOBEAEHO
3a JOIOMOTOI0 Kjacu(ikaiiiiHol cxeMU eJIeKTPOHHO-IIPOMEHEeBOi KpucTaJrisa-
mii aMop(HUX ILIIBOK, IO MiCTUTH CTPYKTYPHO-MOpPQOJIOTiuHi i uncaoBi xa-
pakTepucTUKM. BumisieHo mapoBy moJiMopdHY KpucTadisaliiio (K aHaaor
Moau pocty PpamKa—BaH-mep-MepBe), OCTPiBIEBY MoJaiMOpPhHY KpucTadisa-
miro (A amajor moau pocty Poabmepa—Bebepa) i meHApUTHY moIiMOpPhHY
Kpucraiisamniio (ax arnagor mogu pocty Crpaumcbroro—HKpacramora). g Ko-
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*KHOTO THUIIYy KpHCTaJisallil BusHaueHo 0e3p0o3MipHUM mapaMeTp BiZHOCHOI J0-
BXKUHU 0, III0 JOPiBHIOE BiTHOIIEHHIO XaPAKTEPUCTUYHOI JOBKUHU JO BEJU-
YMHN, II0B’A3aHOI 3 POo3MipoM ejieMeHTapHOI KOMipKH Kpucraja. Ha ocHOBi
eJICKTPOHHO-MIKPOCKOIIIYHOI BifeopeecTpallii mpoIiecy OJs KOXKHOTO THILY
IIepeTBOPEeHb IO0YA0BAHO KiHeTHUHI KPUBi KpucTrajisarrii.

Karouosi croBa: KimeTuka Kpucraiisaiii, mogu pocty kpucraiis, IIEM, amo-
pdHi miIiBKY, BimlHOCHA JOBKUHA, BileopeecTparltis.

(Received December 5,2019; in final version, April 15,2020 )

1.INTRODUCTION

Amorphous materials in the film state are widely used in various
branches of technology. The stable operation of electronic devices
based on amorphous matter implies, in some cases, the invariance of
the amorphous structure (for example, photo electronic converters). In
some cases, the effective operation of the device is associated with the
possibility of multiple phase transformations of noncrystalline state—
crystal-noncrystalline state type (for example, optical recording me-
dia) occurring at the local site of an object. In all the cases, knowledge
of the features of the transition of amorphous substance to crystalline
substance and the systematization of crystallization reactions accord-
ing to the selected features are necessary.

Amorphous films can crystallize spontaneously or under the influ-
ence of the physical action, i.e. to pass from a metastable non-
crystalline solid state to a stable crystalline state. In general, crystalli-
zation occurs according to one of the following schemes [1]:

1. Polymorphous crystallization. This is the simplest type of trans-
formation in which the amorphous substance transforms into the crys-
talline one without changing of the composition. This is the character-
istic of both pure elements and stoichiometric chemical compounds.

2. The predominant crystallization of one of the phases on the first
stage of the process and the subsequent crystallization of the matrix on
the second stage.

3. Eutectic crystallization, in which two crystalline phases segre-
gate almost simultaneously. The implementation of the type of crystal-
lization reaction is predetermined by the type of dependence of the free
energy of various phases on the concentration of chemical elements.
The rate (speed) of the transformation is determined by both the crys-
tal growth rate and the rate of formation of crystallization centres.
Depending on the type of the process that prevails, the division is made
into the crystallization controlled by growth and the crystallization
controlled by nucleation of crystals [2].

Numerous ‘in situ’ electron microscopy studies have proved that
polymorphic crystallization of thin amorphous films can be adequately



‘IN-SITU’ ELECTRON MICROSCOPY OF THIN FILMS CRYSTALLIZATION 1067

described by phenomenological scheme that includes the following
types (modes) of crystal growth in the amorphous matrix [3—5].

1. Layer polymorphous crystallization (LPC), which is considered as
the analogy of layer-by-layer film growth upon condensation of vapour
on a substrate (Frank—van der Merwe (FM) growth mode). Similarly
with the Bauer criterion [6, 7], the LPC is realized when the inequality
0,20, + 0, + & takes place. Here c,, 6, and o,, are the surface energy of
the amorphous phase—vacuum interface, the crystalline phase—
vacuum interface, and the surface energy amorphous—crystalline
phase, respectively. g, is the strain energy of the growing crystalline
layer.

2. Island polymorphous crystallization (IPC), which is the analogy
of Volmer—Weber (VW) growth mode (island growth during vapour
condensation on a substrate). IPC is realized when the opposite ine-
quality o, <o, + o, + g, is satisfied.

3. Dendrite polymorphous crystallization (DPC), which can be com-
pared with Stransky—Krastanov (SK) growth mode (single-crystal lay-
er and the subsequent growth of islands on it). DPC is realized when
the inequality o,>0,+ 0, +¢&, is initially satisfied (a single crystal
grows in the form of a the first-order dendrite branch), and after
reaching the critical size of the crystal, islands grow on its lateral sur-
face (the inequality c,<oc,+ o,.+¢&,), which form a polycrystalline in-
terlayer. Dendrite branches of the second and higher order are formed
in the process of geometric selection of grains growing from this layer.
Table 1 compares the phase transformations of the amorphous phase—
the crystal (upon electron beam crystallization of the amorphous film)
and the vapour—crystal (upon vapour deposition on the substrate).

Observation and video registration of the processes of structure
formation directly in the column of the electron microscope (so-called
‘in situ’ technique) are an efficient method for studying crystal growth
upon vapour condensation on a substrate [8]. The results of studies us-

TABLE 1. Comparison of phase transformations ‘amorphous phase—crystal’
and ‘vapour—crystal’.

Amorphous phase—crystal Vapour—crystal
Type of . . Growth .
crystallization Requirement |Relative length §, mode Requirement

LPC G,20,+ Gy +&q 2500-4700 FM Yo = Vit Vet
IPC G,<G,+ G, + &4 100-900 VW Vs <Y+ Yot
Initially Initially
Gazcc+cac+8d’ ~ YSZYf+YSf’

DPC then 3900 SK then

c;agGc—"_csac-f_gd YSSYf+YSf
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ing video recording ‘in situ’ crystal growth in amorphous films are
currently very small and incomplete. The purpose of this work is the
electron microscope study with ‘in situ’ video registration of crystal
growth in amorphous films and the systematization of crystallization
reactions according to structural and morphological features.

2. EXPERIMENTAL METHOD

Amorphous films are obtained on KCI substrates at room temperature
by thermal evaporation of substance in vacuum, by pulsed laser sput-
tering targets in oxygen atmosphere and by ion-plasma deposition of
metal in argon-oxygen mixture. After deposition and after depressuri-
zation of the chamber, the films are separated from the substrates in
distilled water and transferred onto subject grids for electron micro-
scopic studies. Structural analysis is performed by methods of electron
diffraction and transmission electron microscopy, using electron mi-
croscopes EM-100L and PEM-100-01 operating at the accelerating
voltage of 100 kV. The film thickness ranged from 25 to 30 nm. The
phase transformation is initiated by irradiating of the film with the
electron beam in the microscope column with the beam current of
~20 pA. The crystallization rate is set by changing the electron current
density through the sample, which is 1.1-6.5 A-mm 2, depending on
the beam focusing. The process of crystallization of the film is record-
ed from the screen of the electron microscope with Canon Power Shot
G15 camera in the video recording mode with the frame rate of 30s™
[5].

Determination of the crystallization type is made on the value of the
relative length 5, defined as

8o=Dy/ay 1)
in the case of LPC, and as

0
o @
in the case of IPC.

The characteristic unit of length D, is the crystal size at time ¢, af-
ter which the volume of the amorphous phase decreases by e=2.718; a,
in the expression (1) is the cell parameter of the growing crystal; QQ in
the expression (2) represents the volume of elementary cell of the
growing crystal. The difference in the definition of 3, is explained by
the fact, that in the case with LPC a single crystal is formed in the in-
vestigated area (with a, cell parameter), and in the case with IPC—
polycrystalline film with disoriented grains.
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3. RESULTS AND DISCUSSIONS

3.1. Layer Polymorphous Crystallization as the Morphological
Analogue of the Frank—van der Merwe growth Mode

LPC mode is mostly typical for amorphous films of semiconductors
(Se, Te, Sb, Sb,S;, Sb,Se;, etc.) and oxides (ReO;, Cr,05, V,0,, Fe, 04,
Nb,O;, etc.) [8]. As the result of thermal (or radiation) exposure in thin
surface layer of the amorphous film, a crystal is formed which is grow-
ing is such a way, that its growth rate in the tangential direction (v.)
significantly exceeds its growth rate in the normal direction to the film
surface (v,). The crystalline layer ‘spreads’ over the surface of the
amorphous film. As in the case of the FM growth mode of the crystal-
line layer upon vapour condensation on the substrate, the LPC mode
assumes the presence of steps and layers moving at different speeds
parallel to the film surface [10]. Figure 1 illustrates the motion of the
two-layer crystallization front in the amorphous Cr,0; film. Initially,
the S, layer moves with a speed v,;~0.06 um-s™, and S, layer with the
lower speed v, ~0.03 pm-s'. Two seconds later this layers merge
(Fig. 1, ¢), after that a single crystallization front S,, is formed.
During electron beam crystallization of amorphous films under the
conception of the LPC mode, the major morphological forms are disk-
shaped, sickle-shaped and needle-shaped crystals [8, 11, 12]. Disk-
shaped crystals grow with the constant speed v, and with a constant
morphology. Figures 2, a—c show the video registration pictures of the
disk-shaped crystal, growing in amorphous film of V,0; disk-shaped
crystal. The tangential crystal growth rate v, (defined as the time de-
rivative of the diameter D)) is 0.235 um-s'. A quadratic dependence of
the fraction of the crystallized space x on time ¢ is performed, since the
experimental points fit satisfactorily on the curve x(¢)=0.006¢>+
+0.022 (Fig. 2, d). The dependence of the diameter of the disk-shaped

Fig. 1. Film shots of layer crystallization of amorphous film of Cr,0,. Photo-
micrographs correspond to the periods of time ¢, that passed after the video
registration had started: t=0s (a), t=0.83s (b), t=1.67s (c), I—amorphous
phase, S; is the crystallization front, moving with the velocity v,.. S, is the
crystallization front, moving with the velocity v,,, S;,—crystallization front
after the merger of S; and S,,.
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crystal on x is parabolic: D(x) = 2.95x°° (Fig. 2, e).

The characteristic time ¢, (after which the fraction of the crystalline
phases x=1-¢'=0.632) is 10.08s. In this case, the characteristic
length is Dy=v.t,=2.37 um. For V,0, crystal with [001] zone axis, the
projection of the unit cell onto the film plane is a rhombus with the side
a,=0.492 nm and an angle at the apex of 120°. In this case, according to
(1), the relative length is 8,~4817. It is comparable with 3,~ 3200 for
LPC mode of amorphous Cr,0, films, obtained by laser evaporation [5].

In a number of research works, the analogy is noted between the ge-
ometric method of constructing the front of the light wave (Huygens
principle) and the crystallization front of amorphous film [13—15]. The
experimental observation of the envelope of an obstacle (in the form of
a hole in the film) by the crystallization front and the subsequent for-
mation of a single crystal layer behind this hole in the same orientation

0.68 um

0.0/ .0
: 2 4 6 8 10 12 0. 0.2 04 0.6 0.8 1.0
t, s X

d e

Fig. 2. Layer polymorphous crystallization of amorphous film of V,05. Micro-
graphs of the growth of the disk-shaped crystal (with the speed of
v, =0.235 um-s™) correspond to the periods of time ¢, that passed after the video
registration had started: t=0s (a), t=1.43 s (b), t=3.19 s (¢). Microscopic pho-
tographs correspond to kinetic crystallization curves, describing the depend-
ence of the fraction of the crystalline phase x(¢) (d) and the dependence of the
crystal diameter D(x) (e), I —amorphous phase, 2—V,0, disk-shaped crystal.
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as before the hole, is a confirmation of the above analogy. The single
crystallinity of the layer is ensured by the same orientation (‘coher-
ence’) of the secondary crystallization centres. By virtue of the noted
analogy, the term ‘coherent’ crystallization is applicable to the crystal-
lization of thin films by the LPC mode. The video registration pictures
in Fig. 3 illustrate a similar situation. In amorphous film of Cr,04
(space 1) a disk-shaped crystal (crystal 2) is growing. In its path there
is an obstacle in the form of a needle-shaped Cr,0; crystal (crystal 3).
Figure 3, c illustrates the by-pass of the obstacle with the crystalliza-
tion front, that is similar to the diffraction phenomenon in optics
(penetration of the light into the area of geometric shadow).

3.2. Island Polymorphous Crystallization as the Morphological
Analogue of the Volmer—Weber Growth Mode

When the secondary crystallization centres are misoriented (‘incoher-
ent’), island polymorphic crystallization is realized, which is the anal-
ogy of island film growth on a substrate from the vapour phase accord-
ing to the Volmer—Weber mechanism. For IPC mode the term ‘non-
coherent’ crystallization is applicable. In this case as the result of
phase transformation a polycrystalline film is formed. The crystalline
phase does not reduce the free surface of the film (‘not wetting’ condi-
tion). This type of crystallization mode is inherent for some amorphous
metals and oxides (Ni, Re, Al,O,, ZrO,, etc.)[4].

Figure 4, a shows the selected area electron diffraction (SAED) pat-
tern of the amorphous film, obtained by electron beam evaporation in
vacuum of a YbS sample. The SAED pattern of the film after its partial
crystallization and the corresponding electron-microscopic image are
shown in Fig. 4, b and ¢, respectively. The result of decoding the SAED
pattern after crystallization of the film (Fig. 4, b) is summarized in
Table 2. The interplanar distances d, calculated from the measured
ring diameters, are compared with the literary works data contained in
the tables of the International Center for Diffraction Data—JCPDC. A

Fig. 3. Bypassing the obstacle by the crystallization front. Photomicrographs
correspond to the periods of time #, that passed after the video registration
had started: t=0s (a), t=0.42s (b), t=1.40s (¢), I—amorphous phase, 2—
disc-shaped crystal Cr,05, 3—needle-shaped crystal Cr,0;.
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TABLE 2. The results of the decoding of the selected area electron diffraction
pattern, shown in Fig. 5, b.

Ri Data of this work JCPDC table data
nml;]loir Ipterplanar _Mi!ler Phase I_nterplanar _Mi!ler Phase
distance, nm | indices distance, nm | indices

1 0.643 001 0.650 001
2 0.323 002 0.324 002
3 0.289 101 0.2887 101
4 0.228 102 Yb,0,S 0.2287 102 Yb,0,S
5 0.186 110 0.1861 110
6 0.164 200 0.1613 200
7 0.146 105 0.1450 105

satisfactory agreement between the experimental data and the data in
the tables took place only for Yb,0,S (ytterbium oxide sulphide) hex-
agonal modification with the unit cell parameters a=0.3722 nm and
¢=0.6496 nm (JCPDS file 26-0614).

Figure 5 illustrates the kinetics of the IPC of amorphous Yb,0,S
film. Electron microphotographs correspond to the moments of time ¢,
that have passed from the beginning of the recording crystallization
process: t=1.40s (a), t=2.03s (b), t=2.80s (c). The average tangen-
tial growth rate of crystals <v> (defined as the derivative on time of
the average crystal diameter < D >/) is 0.297 um-s™. A linear depend-
ence of the density of crystallization centres on time N(t) is fulfilled,
since the experimental points fit satisfactorily on the straight line
N(t)=(3.93-10%t + 9.54-10") cm 2 (Fig. 5, d). The straight line is con-
structed according to the measurement of N using the least squares
method. The nucleation rate N, (the tangent of the angle of inclination

Fig. 4. Electron-beam crystallization of the amorphous Yb,0,S film: selected
area electron diffraction pattern of the initial state (a) and after partial crys-
tallization of the film (b); electron microscopic image of the film after partial
crystallization (c).
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of the line to the abscissa axis) is constant and is equal to
3.93-10%cm2s™".

Figure 5, e shows the dependence of the fraction of the crystallized
area x(t) in coordinates In[-In(1 — x)]-In¢. The straight line is plotted
from the experimental values of x using the least squares method. The
correlation coefficient characterizing the tightness of the linear rela-
tionship between In[-In(1 — x)] and Int¢ is close to unity. The fact that
the kinetics of crystallization of the amorphous phase of Yb,0,S in
these coordinates is described by a straight line indicates the applica-
bility to the process of phase transformation of Johnson—Mail—
Avrami—Kolmogorov (JMAK) formula[16]:

x=1-exp(-nt"), (3)

where k and n are the kinetic parameters of crystallization. To deter-
mine them, expression (3) is written in the form

0
?.’ = 0 A
2 R /
— |
.25 2 - -1 !
= = L~
T -2 //
1.5 4 =
-3
re
0.5 - . —4
0.0 0.2 0.4 0.6 0.8 -1.5 -0.5 0.5 15
t, s Int
d e

Fig. 5. The kinetics of Yb,0,S crystals growth in the amorphous film. The pho-
tomicrographs correspond to the periods of time t that passed after the video
registration had started: t=1.40s (a), t=2.03s (b), t=2.80s (¢). The depend-
ence on time of the crystallization centres N(¢) density (d) and of the fraction of
the crystalline phase x(t) (¢), I —amorphous phase, 2—Yb,0,S crystal.
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In[-In(1 — x)] = kInt + Inn. 4)

According to (4), the coefficient % is the slope of the line to the ab-
scissa, and Inn is the intersection point of the line with the ordinate
(Fig. 5, e). In this case, the kinetic parameters of crystallization are as
follows: kE=1.8 and n =0.5s"". According to (3), the characteristic unit
of time t,=1.47 s and the characteristic unit of length D,=t,<v.>. The
volume of unit cell of Yb,0,S Q=7.793-10""! um?®. In this case, according
to (2), the relative length 8,~1030. It is comparable with the value
8y~ 904 for the special case of the IPC of amorphous ZrO, films, deposit-
ed by laser evaporation of zirconium in the oxygen atmosphere [9]. The
smaller the grain size of the crystallized film, the smaller the dimen-
sionless parameter 3,. Amorphous films of ZrO,, deposited by ion-
plasma evaporation of Zr in an argon-oxygen atmosphere, during crys-
tallization formed finely crystalline regions with 5, ~ 118 [9].

3.3. Dendrite Polymorphous Crystallization as the Morphological
Analogue of the Stransky—Krastanov Growth Mode

The impact of the electron beam on amorphous HfO, film initiates the
amorphous phase—crystal transformation, which is accompanied with
the formation of rhombic and monoclinic modifications of HfO, crys-
tals [12, 17]. At the final stage of crystallization, the dominant com-
ponent is the monoclinic modification represented by dendrite HfO,
crystals. Dendrites are formed from HfO, nuclei of both monoclinic
and rhombic modifications. In the second case, the size-phase effect
takes place. The rhombic modification HfO, crystal, having reached
the critical size (0.15-0.21 um), undergoes structural transformation,
which is apparently of martensitic nature. The low-temperature mono-
clinic modification of HfO, is formed in the form of plates or needles in
the rhombic matrix of HfO, as the result of shear diffusionless phase
transformation [17].

Figure 6 illustrates the film frames of the dendrites growth in HfO,
amorphous film. The frames of the micro-film, presented in Fig. 6, a,
b, correspond to one-stage transformation of the amorphous phase—
the monoclinic modification of HfO,. There is linear dependence of the
diameter of dendrite D on time ¢, which indicates its growth with a
constant velocity v,~0.084 pm-s™ (line I in Fig. 7, a). The dendrite
growth corresponds to the quadratic dependence of the fraction of the
crystallized region x(t) ~ 0.002¢* (parabola I in Fig. 7, b).

The frames in Figures 6, d, e present the two-stage transformation,
which corresponds to the amorphous phase—orthorhombic modifica-
tion of HfO,—monoclinic modification of HfO,. The moment of the
structural transformation of the crystal from the orthorhombic to
monoclinic modification of HfO, corresponds to the film frame, shown
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in Fig. 6, d.

Crystal of HfO,, that has reached the critical size of D", splits into
blocks. The kinks on the dependences D(t) and x(¢) correspond to this
time. The growth rate increases from 0.057 um-s' to 0.244 pm-s™
(lines 2 and 3 in Fig. 7, a). The quadratic dependence x(¢) ~ 0.006%* be-
fore the structural transformation (parabola 2 in Fig. 7, b) passes into
the quadratic dependence x(t)~0.044t* after the structural transfor-
mation (parabola 3 in Fig. 7, b). The result of statistical processing of
D" values, measured in the number of movies, is presented as the histo-
gram of the frequencies f in Fig. 7, c¢. The curve corresponding to the
Gaussian distribution is also provided there. At the reliability level of
0.5, the critical crystal size is D*=0.18 £ 0.03 um.

Figure 8 illustrates the formation of dendrite branches during crys-
tallization of the amorphous HfO, film.

On the lateral surface of the first-order single-crystal branch (1 in
Fig. 8, a), a small-crystalline interlayer 2 is formed, from which the
second-order dendrite branches are formed during the geometric selec-
tion of grains growing from this interlayer (3 in Fig. 8, a).

Similarly, on the lateral surface of the second-order single-crystal
branches a fine-crystalline layer is formed, from which the third-order
dendrite branches will be formed during the geometric selection of
grains. And so on. The graph in Fig. 8, b illustrates the dependence of

Fig. 6. Dendrite polymorphous crystallization of amorphous film of HfO,. The
single-stage transformation of the amorphous phase—monoclinic modifica-
tion of HfO,. The photomicrographs correspond to the periods of time ¢, that
passed after the video registration had started: +=3.63s (a), t=9.70s (b),
t=13.67s (c). The two-stage transformation of the amorphous phase—the
orthorhombic modification of HfO,—the monoclinic modification of HfO,. The
photomicrographs correspond to the periods of time ¢, that passed after the
video registration had started: t=2.30s (d), t=2.37s (e), t=4.13s (f), 1—
amorphous phase, 2—crystal.
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Fig. 7. Kinetics of dendrite polymorphous crystallization of amorphous film
of HfO,. Dependence of the diameter of the dendrite D on time ¢ (a). The de-
pendence of the fraction of the crystalline phase x on time ¢ (b), 1 —single-stage
transformation (amorphous phase-monoclinic modification of HfO,), 2—the
first part of the two-stage transformation (amorphous phase—orthorhombic
modification of HfO,), 3—the second part of the two-stage transformation (or-
thorhombic modification—monoclinic modification of HfO,). Histogram of the
relative frequencies f of the critical diameters D" of HfO, crystals and the
curve, which corresponds to the Gaussian distribution (c).

the fraction N of ‘surviving’ crystals on the distance S to the inner
boundary of the crystalline interlayer located close to the first-order
dendrite branch.

4. CONCLUSION

1. The commonality of crystal growth processes from the vapour phase
and from the amorphous state is that in both the cases there is disor-
der—order transition. This determines the structural and morphologi-
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Fig. 8. Geometric selection of second-order dendrites branches during poly-
morphic crystallization of amorphous film of HfO, (a), I —dendrite branch of
the first order, 2—fine-crystalline layer, 3—second order dendrite branch.
Dependence of the fraction N of ‘survived’ crystals on the distance S to the
internal boundary of the fine-crystalline layer.

cal analogy (Table 1) between the main forms of crystal growth on sub-
strates (FM, VW, and SK growth modes) and the main types of crystal-
lization of self-sustained amorphous films (LPC, IPC and DPC).

2. Frank—van der Merwe growth mode corresponds to the type of layer
polymorphous crystallization, since in both the cases a single crystal
layer is formed. In the case of LPC under the action of the electron
beam, the crystals with different morphology (disco-shaped, sickle-
shaped and needle-shaped crystals) can be formed in the amorphous
film, and each film has its own kinetics of evolution. At the fixed den-
sity of the electron beam going through the film, the disk-shaped crys-
tals grow at the constant rate and invariable morphology, for which
x(t)~t? and §,~2600—4700. As in the case of the FM growth mode,
steps and crystalline layers moving at different speed into the depth of
the amorphous matrix may accompany the LPC of amorphous films.

3. Volmer—Weber growth mechanism corresponds to the type of the
island polymorphic crystallization, since in both the cases the poly-
crystalline layer is formed. In the case of LPC of Yb,0,S, the average
crystal diameter <D> ~ ¢, x(t) is described by the exponential relation
and 3, = 1000.

4. The implementation of Stransky—Krastanov growth mode is similar
to the type of dendrite polymorphous crystallization, since in both cas-
es the surface of the single-crystal layer serves as the place for the
formation of crystals of different orientation. In the case of DPC of
HfO, single crystals in the form of dendrite branches of the first order
are the site of formation of branches of the second and third order. The
branches are formed from the series of randomly oriented crystals in
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the process of geometric selection.

The author is grateful to the Engineer Nikolai A. Reznik for tech-
nical assistance in conducting of the electron microscopic studies and
to Maria A. Sokol for the assistance in the design of the article.
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