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INTRODUCTION

Currently, there is a significant intensification of research on the struc-
ture and properties of amorphous (non-crystalline) materials in the form of
thin-layer coatings and films. Amorphous materials are used in almost all areas
of electronic instrumentation. The reliable and trouble-free operation of elec-
tronic devices is directly dependent on the stability of the amorphous structure
of the substances that make up the elements of an electronic device.

However, for most materials the amorphous state is metastable. Hence,
amorphous films can crystallize spontaneously or due to physical actions,
transforming into a more stable crystalline state. The transition between amor-
phous and crystalline states has no fixed transformation temperature (as op-
posed to melting or boiling temperature) and can occur at different rates in a
wide temperature range. Crystallization of an amorphous substance is a first-
order phase transition. One of its types is polymorphous crystallization,
whereby a substance converts from the amorphous into the crystalline state
without changes in composition. This is typical for both pure elements and
stoichiometric chemical compounds.

Spontaneous polymorphous crystallization of an amorphous layer (nat-
ural aging) can take a long time (years and decades). This complicates the pre-
diction of the reliability and durability of an electronic device. However, there
is a possibility of a comprehensive study of the structural transition from the
amorphous to the crystalline state of matter outside the device. It is possible to
model and analyze the phase transition by means of a controlled physical im-
pact on the substance.

Electron irradiation is effective in causing the crystallization of amor-
phous films. Crystallization modeling can be done inside a transmission elec-
tron microscope (TEM). In a certain mode of operation of the microscope, the
electron beam that forms an image can initiate the crystallization of an object
with an amorphous structure. In this case, film crystallization can be observed
visually (“in situ” method). The combination of different TEM operating



modes and electron microscopy provides comprehensive information on the
structural, morphological, and kinetic parameters of the crystallization process.

Each substance reveals its transition path from an amorphous state to a
crystalline one. The classification of these pathways carried out according to
the most appropriate parameters, provides both qualitative and quantitative
systematization of the phase transformation. As applied to thin amorphous
films that crystallize under the influence of electron irradiation, the appropriate
parameters are structural and morphological characteristics. These are the size,
shape, structure, orientation, and number density of crystalline nuclei growing
in an amorphous medium. They make it possible to attribute the reaction qual-
itatively to one or another crystallization mode.

The relative length 8, considered in this work, can serve as a quantita-
tive characteristic of the crystallization mode. This is a dimensionless number
equal to the ratio of the characteristic unit of length to the value of the geomet-
ric parameter of the elementary cell of the crystal. Determination of d is possi-
ble using the electron microscopic method “in situ” and video recording of the
fast crystallization process.

This monograph is devoted to the results of experimental studies of thin
films, associated with the use of transmission electron microscopy only. It con-
sists of nine sections.

The first section "Structural and phase transformations at “in situ” im-
pacts" is devoted to radiation and thermal initiation of structural and phase
transformations, as well as the destruction of thin amorphous films. Particular
attention is paid to the electron microscopic method for determining changes
in the density of a substance during crystallization of an amorphous films.

The second section "Polymorphous transformation in Ni and Ni-Pd
films". Phase, structural, magnetic and volume transformations in thin-film la-
ser condensates of Ni and Ni-Pd alloys under thermal and electron beam expo-
sure were investigated.

The third section "Crystallization of oxygen-containing amorphous
films" is devoted to the preparation and study of amorphous oxygen-saturated
gold and selenium films. Crystallization is accompanied by stratification of the
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medium into crystalline and gas components. In Au-O films electrical re-
sistance decreases abruptly.

The fourth section "On the classification of crystallization reactions in
thin amorphous films". Crystallization of amorphous films is classified based
on electron microscopic analysis of the process. Four crystallization modes are
identified and their qualitative (structure and morphology) and quantitative (di-
mensionless length §¢) characteristics are given. These are layer, island, den-
dritic polymorphous crystallization, as well as fluid-phase crystallization.

The fifth section "Layer polymorphous crystallization mode". The re-
sults of studies of the layer polymorphous crystallization of amorphous films
of Cr,03, V203, Nb,Os and Ti-Zr-Ni alloy are presented. The kinetics of disk-
shaped, sickle-shaped, needle-shaped growth and epitaxy of Cr,O; crystals are
described in detail.

The sixth section "One-stage and two-stage crystallization of amor-
phous films of antimony sulfide". The results of electron microscopic studies
of the kinetics of one-stage and two-stage crystallization of amorphous films
of Sb2S3 are presented.

The seventh section "Polymodal polymorphous crystallization of tanta-
lum pentoxide". Three crystallization modes in amorphous Ta,Os films were
studied. Namely layer, interjacent and island polymorphous crystallization
mode as a result of polyamorphism in amorphous film.

The eighth section "Island polymorphous crystallization mode". The re-
sults of electron microscopic studies “in situ” with video recording of the crys-
tallization kinetics of amorphous films of ZrO,, Sb,Ses and Yb,O,S are pre-
sented.

The ninth section "Dendrite polymorphous crystallization mode of
HfO," is devoted to a comprehensive study of the kinetics of dendritic crystal-
lization of hafnium dioxide. The one-stage and two-stage process of dendrite
formation and the implementation of geometric selection during the formation
of dendritic branches are described. The relative change in the density of the
film substance during its crystallization is measured.
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1. STRUCTURAL AND PHASE TRANSFORMATIONS
AT “IN SITU” IMPACTS

1.1. About the electron-beam induced and heat-induced
crystallization of amorphous films

The passage of electrons through the film causes its Joule-Lenz heating
(excitation of phonons) and can creates radiation damage. For excitation of
phonons, energy of ~ 0.01 eV is sufficient [1]. Therefore, heating of the film
to one degree or another is always present. When using accelerating voltage of
100 - 125 kV and a current of 50 - 75 pA without a condenser diaphragm and
with appropriate beam focusing at the object, it is possible to obtain a high
temperature, sufficient not only for crystallization of amorphous Fe-C films
[2], but also for the melting of refractory materials, such as carbon [3]).

An important damage to unstable and organic substances is ionization,
which leads to the chemical decomposition of a substance under the influence
of an electron beam. Elementary radiation action is the direct knocking out of
atoms from their positions and the formation of primary point defects. Their
coagulation (at the appropriate temperature) can initiate the crystallization of
an amorphous substance, that is resistant to chemical decomposition.

To create radiation damage, an electron must transfer energy to atom
Et, that exceeds the threshold displacement energy Ep (24 - 40 eV for metals
[4D).

Er=2E-(E+2moc?) Mx'c?, (1.1

where my is the electron rest mass, Mx is the mass of the atom and c is the
speed of light. With an accelerating voltage of 100 kV, the electron energy E
=100 keV. The masses of the atoms Mx, that make up the film under study,
and the corresponding energies Et, calculated according to relation (1.1), are
given in Table 1.1. According to this table, Et are in the range of 1 - 8 eV,
which is clearly less than the threshold displacement energy Ep.

At an accelerating voltage of 100 kV (as in our case), the electron energy is not
enough to create significant radiation damage in the studied film.
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Table 1.1. Transferred energy Et to an atom by electron, accelerated
with voltage of 100 kV (according to relation (1.1))

Transfer .
. Mass of Crystallizable
Ne At)(;m ‘:/t:lrgﬁf the atom tin:trfi amorphous References
Mx (kg) film
ET: (CV)
1] s | 32065 | 532:10% | 751 Yb,0,8 [5]
2| Ti | 47.867 | 7.95:10% | 5.03 TisZraiNijs [6]
30 V| 50941 | 846:102 | 4.72 V103 [7]
4| cr | 51.99 |8.6310% | 463 Cr:0; [8]
51 Ni | 58693 | 9791020 |  4.08 TisZraiNijs [6]
6| Se | 7896 | 131102 | 3.05 SbaSes 9]
7 Zr 91.225 | 1.51-10> 2.65 TinZraNis [6, 10]
ZI‘Oz
8 | Nb | 92906 | 1.54-10% | 26 Nb20s [11]
9| sb | 12176 | 2.02:10% | 2.59 SbaSes [9]
10| Yb | 173.04 | 2.87-1025 | 1.39 Yb,0,8 [5]
11| Hf | 17849 | 2.96:10% | 135 HfO, (12, 13]
12| Ta | 180947 3.010% | 133 Tax0s [14]

Therefore, we are of the opinion, that the main reason for the
crystallization of amorphous film in our case is Joule-Lenz heating of the film
due to phonon excitation by electrons. This is confirmed by the fact, that in
both cases of the electron-beam induced and heat-induced crystallization of
Ti41Zr41Nig film phase transformation has a one-stage character and leads to
the formation of crystals with the same fcc lattice [6].



In addition, previous studies of amorphous films of Cr,O3, obtained by
laser sputtering of chromium in an oxygen atmosphere, have shown that there
are no significant differences between the electron-beam induced and heat-
induced crystallization. The impact of an electron beam (£ = 100 keV) on
amorphous free-standing film was initiated growth of a rounded and crescent-
shaped Cr,Os crystals with a hexagonal lattice. A similar structure and
morphology of Cr,O3 crystals was observed during thermal annealing of
amorphous free-standing film in a muffle furnace for five minutes at a
temperature of 400°C (Fig. 1.1) [6, 15, 16].

Figure 1.1. a). Electron-beam induced crystallization of amorphous

free-standing films of Cr,03, obtained by laser sputtering of chromium in
an oxygen atmosphere. £ = 100 keV [15]. b). Heat-induced crystallization
of amorphous films of Cr,03, obtained by laser sputtering of chromium in
an oxygen atmosphere. Thermal annealing of amorphous free-standing film
in a muffle furnace for five minutes at a temperature of 400°C [16]

There was a strong diffraction contrast of extinction bend contours
(depicting the regions where Bragg’s law is satisfied), caused by a change in
the density of the substance during crystallization. The only difference was in
the distribution of crystals over the area of the film. During thermal initiation,
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crystals grew over the entire area of the film, while during electron beam
initiation, they grew only in the region of the electron beam impact. Dominant
role of the heat-induced crystallization of amorphous a-GeAu films under the
action of an electron beam also was noted in [17].

However, the situation may change with increasing of electrons energy,
acting on the film. For example, when £ =400 keV, for an atom of Ti according
to (1.1) Er = 25 eV ~ Ep = 29 eV. In this case contribution of the electron-
beam induced crystallization can increase significantly. The differences
between the electron-beam induced and heat-induced crystallization of
amorphous films of Ge,Sb,Tes with electrons with £ =200 and 400 keV were
previously described in [18].

1.2. Volumetric changes during phase transformations

Phase transition (phase transformation) - an abrupt change in physical
properties with a continuous change in external parameters. There are two
kinds of phase transitions. During a phase transition of the first kind, such ther-
modynamic characteristics of a substance as density, concentration of compo-
nents, etc. change abruptly. This is a widespread phenomenon in nature. Phase
transitions of the first kind include: evaporation and condensation, melting and
solidification, sublimation and condensation into a solid phase.

Some structural transitions in solids are also phase transformations of
the first kind, for example, the formation of martensite in an Fe-C alloy. In
pure superconductors, a sufficiently strong magnetic field causes a first-order
phase transformation from the superconducting to the normal state. During
phase transition of the first kind, a certain amount of heat is released or ab-
sorbed per unit mass of a substance, called the heat of the phase transition.

Phase transitions of the second kind are characterized by the absence
of an abrupt change in the density of a substance, the concentration of compo-
nents, and the heat of transition. Phase transitions of the second kind include:
the transition of a paramagnet-ferromagnet, accompanied by the appearance of
a macroscopic magnetic moment; paramagnet-antiferromagnet transition,
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accompanied by the appearance of antiferromagnetic ordering; transition of
He and “He to the superfluid state, etc [19].
Phase transition of a substance from amorphous to a crystalline state,
i.e. crystallization refers to the phase transitions of the first order. As a result
of crystallization, the heat of the phase transition (heat of crystallization) is
released and the density of the substance p changes abruptly by a value of
Ap=pc-pa, Where p. and p, are the density of the substance in the crystalline and
amorphous states respectively.
The relative change of the substance density n during its crystalliza-
tion is defined as:
n=2P _P.=P . (1.2)
Py Py
Let's single out in amorphous sample a parallelepiped with sides X, Y, u Z,,
inside of which is concentrated the mass of a matter, equal to m (Fig. 1.2).

Figure 1.2. To the method of electron microscope determination of the
relative change of the substance density during its crystallization

_n
XHYGZG

crystallization of the sample, the same mass m will be located inside a paral-

Then the density of the amorphous substance p = . After

m

lelepiped with sides Xc, Yc, and Z. Density of crystalline matter p = ———
XCYL’ZC

. Substituting p, and p. into (1.2), we obtain:
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Xz,
n XCI/YCZC

In amorphous state the substance is isotropic, since there is no long-

1. (1.3)

range order. In the crystalline state the substance is anisotropic. However, in
the case of a finely crystalline substance, this anisotropy can be neglected.
Therefore, with a sufficient degree of accuracy, we can assume that

X, = ¥ = Z., Taking into account the latter, expression (1.3) takes the final
XYz
form:

x,\
= a —1. 1.4
n [ j 1 (1.4)

Expression (1.4) is the key one in determining the relative change in
the density of a substance by the method of electron microscopy "in situ" [19,
20]. In order to determine 1, it is necessary to take two electron microscopic
photographs of the same section of the film before and after crystallization
(Fig. 1.3). After that, it is necessary to measure the distances X, and X; between
fixed marks, rigidly connected to the sample. If the film is obtained by the
method of pulsed laser deposition, then it is convenient to use solidified melt
microdroplets as marks (the so-called “splash effect”). The microdroplets are
rigidly bound to the film. Therefore, the change in the distance between them
as a result of crystallization is due not to the movement of microdroplets rela-
tive to the film, but to a change in the density of the film itself.

At Fig. 1.3 and 1.4 such marks are designated as M and M'. The value
of n can be determined by substituting the numerical values of X, and X. into
(1.4). If there are n marks on each of the micrographs, then the number N of
possible measurements of the distances between the marks before and after

crystallization (i.e. X, and X;) will be M . In this case, according to (1.4),
2

n—l)

we obtain ” ( different values of 1, subject to statistical processing. The
2
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reliability of the result increases with growing of the sample size (i.e., with
increase of the number N of measured values ). The sample size N can be
increased by repeated measurements of the distances between the marks before
and after crystallization of the film.

Figure 1.3. Electron microscope image of the Re film at the initial
amorphous state (a) and after its crystallization with electron beam (b). In
the upper right corner of each image the selected area electron diffraction
pattern is shown, indicating the transition of Re from amorphous to a crys-
talline state with HCP structure [21]e

The values X, and X. are determined from micrographs as a result of
direct measurements. The values of 1 are calculated according to relation (1.4)
and are indirect measurements. The crystallization of this amorphous film is
an irreversible process, and the conditions for conducting indirect measure-
ments are irreproducible. Therefore, the processing of the results should be
carried out in the same way as at direct measurements.

The experimental values of the relative change of the density during
phase transformation of a number of substances in the thin-film state are given
in Table. 1.2.
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Table 1.2. The relative change of the density during phase transfor-
mations of the substances in thin film state [19]

Substances Phase transformation n, % Error An, %
V,03 Amorphous phase - crystal 9,2 1,5
Cr203 Amorphous phase - crystal 7,2 1,4
Fe,O3 Amorphous phase - crystal 6,5 1,3
HfO, Amorphous phase - crystal 2,5 1,7
71O, Amorphous phase - crystal 10,3 2,1

Re Amorphous phase - crystal 25,9 7,7
Ni Amorphous phase - crystal 7,5 1,6
Ni HCP phase - FCC phase 18,5 2,9

1.3. Thermal initiation of the structural changes

1.3.1. Thermal destruction of fluoroplastic films

To study in the electron microscope the effect of thermal exposure on
the object, an attachment was used in which part of the object holder was sur-
rounded by a miniature heating oven. The temperature of the object was con-
trolled by the current of the heating element according to the calibration curve.
To prevent the formation of carbon at the sample due to the decomposition of
oil vapor under the influence of electron beam, a technique was used to protect
the object from contamination. Vapours of hydrocarbons located in the area of
the object were frozen out with the help of liquid nitrogen.

Fluoroplastic films were obtained by the method of explosive thermal
evaporation of powder in vacuum. It is known that as a result of heating of
fluoroplast in a vacuum chamber to the evaporation temperature, both mono-
mer molecules and whole fragments of polymer molecules with different mo-
lecular weights are formed. When deposited on the surface of a heated sub-
strate, they repolymerize and form a coating. Powder from a copolymer of
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tetrafluoroethylene with hexafluoropropylene (fluoroplast-4MB) was loaded
into a tantalum boat and evaporated while the boat was rapidly heated by a
current pulse. To prevent powder ejections, the boat was covered with a thin
lid with holes [22].

Fig. 1.4, a show an electron micrograph of the structure of a fluoro-
plast film obtained on the face (001) of KCl at 300°C. The contrast of the elec-
tron microscope image was enhanced by defocusing the objective lens of the
microscope. Due to the defocusing of the objective lens, developed microfi-
brillar fibers, lying in the plane of the substrate, are clearly visible. The selected
area electron diffraction (SAED) pattern, shown in the upper left corner of Fig.
1.4 a, indicates a partial ordering of spherulite fibrils in the plane of the sub-
strate due to orienting effect during its growth. With an increase of the temper-
ature of the substrate, there is a transition from the fibrillar form of film growth
to the islet (Fig. 1.4 b). A further increase in the substrate temperature leads to
the reevaporation of the fluoroplast. Above 450°C only separate islands are
observed, apparently already of a different composition.

Fluoroplastic films withstood the impact of intense electron beams
without noticeable structural changes, while thermal exposure initiated their
destruction. Fig. 1.5 illustrates the evolution of the structure of a fluoroplastic
film (4MB) when it was heated in the column of electron microscope. At the
initial state (before heating) a network of boundaries is clearly visible, separat-
ing the sections of the film, which were formed according to island and fibrillar
growth modes (Fig. 1.5 a). The SAED patterns, shown in the upper left corner
of each image in fig. 1.5, indicate that prior to heating this film was in an amor-
phous state.
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Figure 1.4. Electron microscope images of fluoroplastic films, de-

posited on KCI by explosive thermal evaporation in vacuum. a). fibrillar
form of film growth at 300° C. b). Transition from fibrillar to islet form of
growth at 360° [22]°

In the temperature range of 380 - 400°C, no significant structural
changes were observed, with the exception of warping and bending of the film.
At temperatures above 400°C, degradation products formed in the film matrix
in the form of dark dots and drop-shaped inclusions (Fig. 1.5 b). The formation
of inclusions occurs predominantly along the boundaries of structural for-
mations in the film.

An increase in the size of each dark dot during heating occurs due to
the influx of degradation products from the fluoroplastic matrix. A drop-
shaped formation is formed, growing due to the absorption of smaller drops by
the coalescence mechanism (Fig. 1.5 ¢). Microdiffraction patterns indicate an
increase of the carbon content in the film, which is in the graphitized state. Fig.
1.5 d illustrates the complete destruction of the film at S00°C.

When volatile degradation products are removed from the fluoro-
plastic, the degree of crystallinity of the film increases due to an increase in the
content of graphitized carbon, as evidenced by the SAED patterns at Fig. 1.5.
The destruction of the fluoroplastic is also accompanied by the melting of the
film, and the centers of the nucleation of the liquid phase are drop-shaped in-
homogeneities and inclusions.
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b

Figure 1.5. Evolution of the destruction of a fluoroplastic film when it
is heated in an electron microscope column. a). The initial structure of the film.
b). Release of degradation products at ~420°C. c). Growth and coalescence,
release at ~450°C. d). Complete destruction of the film at ~520°C [22]

1.3.2. Crystallization and destruction of amorphous films of rhenium
In a solid state, rhenium is a silver-gray metal with hexagonal

close-packed crystal lattice. Its melting point comprises 3180°C. Depend-
ing on thickness and condensation temperature, either amorphous or crys-
talline films can be formed in thin-film condition obtained by electron
beam evaporation of Re in vacuum [23]. When annealing, the amorphous
phase transforms into crystalline one with parameters which are close to
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those of massive metal. Data on structure of rhenium are provided in the
tables of International Centre for Diffraction Data — JCPDC: ¢=0.2760
nm, ¢=0.4458 nm, a/c=1.6152 (file 05-0702). Perfect epitaxial films of Re
were obtained on sapphire substrates (0-Al>O3) by electron beam evapo-
ration in the range of T, = 1000 - 1200°C [24].

Rhenium films were obtained on substrates at room temperature by
pulsed laser sputtering of a thenium target in vacuum (107 Torr) [25]. Fig.
1.6 a shows an electron-diffraction pattern and electron microscopic image
of the as deposited film. The diffuse rings at the electron diffraction pat-
tern and the point structure at the high-resolution image indicate the for-
mation of an amorphous structure.

Annealing of amorphous films in vacuum with special adapter for
heating in a column of the electron microscope provided their crystalliza-
tion. Electron-diffraction pattern and images of the film after annealing at
720°C during 1 minute are shown in Fig. 1.6 b. Interpretation of electron-
diffraction pattern is given in Table 1.3. According to these data, the rhe-
nium polycrystalline film with face-centered close-packed lattice is
formed. The lattice parameters are as follows: @=0.2747 nm, ¢=0.4459 nm,
a/c=1.623. The obtained experimental data are in good agreement with
JCPDC (file 05-0702) date.

When increasing the annealing temperature to 750°C, the destruc-
tive processes leading to film discontinuity with the following its subse-
quent disintegration, start. As a result, the spherical (more rare faceted)
rhenium micro-particles grow as depicted at Fig. 1.6¢. This image shows
a so-called film “twisting” that allows interpreting the form of Re micro-
particles to be spherical. The growth of Re micro-particles is carried out
by diffusive transfer of substance from a film to microspheres. Next, the
film becomes thinner and disintegrates. Similar morphological changes
were observed earlier when heating ftoroplastic films directly in a column
of electron microscope Fig. 1.5 c.
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Fig. 1.6. Electron microscopic images of the films obtained by laser
sputtering of Re in vacuum. a). Amorphous film after deposition. b). Its
crystallization at thermal annealing in a microscope column at 720°C. c).
Thermal annealing 810°C. d). Formation of ReO3 in amorphous matrix of
Re as a result of natural aging of films in air within 20 days. Electron-dif-
fraction patterns are given in the left top corner of micro-images [25].

Natural aging at air of rhenium amorphous films on (001) KCI sub-
strates provides their oxidation. On the film surface that not contacting to
a substrate, the ReOs faceted crystals, grow. Fig. 1.6 d presents an elec-
tron-diffraction pattern and electron microscopic image of initial oxidation
stage of Re amorphous film after natural aging during 20 days.
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Table 1.3. The result of decoding of the electron diffraction pattern at
Fig. 1.6 b

Line number d(A) hkl, phase d (Re), nm (JCPDC 05-

0702)
1 0.2382 100 - Re 0.2388
2 0.2217 | 002 -Re 0.2226
3 0.2089 101 - Re 0.2105
4 0.1622 102 - Re 0.1629
5 0.1372 110 - Re 0.1380
6 0.1259 103 - Re 0.1262
7 0.1190 | 200 -Re 0.1195
8 0.1169 112 -Re 0.1173
9 0.1151 201 - Re 0.1154

2. POLYMORPHOUS TRANSFORMATION IN Ni AND
Ni-Pd FILMS

2.1. Polymorphous transformation in nickel films

Nickel is a polymorphous metal. At temperatures below 380°C, the
low-temperature hexagonal (HCP) a modification of Ni is stable. According to
the tables JCPDS Powder Diffraction File Card Ne 45-1027 (International Cen-
tre for Diffraction Data, Swarthmore, PA, 1996) it has the following lattice
parameters: a = 2,6515 A, ¢ = 4,343 A and c/a = 1,6379. The cubic lattice
parameter of the f modification of Ni (FCC lattice) is also given in the tables
JCPDS Powder Diffraction File Card Ne 04-0850: a=3,5238 A.

At the same time, in the thin-film state, the probability of the imple-
mentation of the a-Ni modification increases. This position is interpreted as a
phase transition with decreasing film thickness. The transformation is due to a
change in the free energy with increasing the relative fraction of the surface
[26].
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A target, made of high-purity nickel, was sputtered with nanosecond
pulses of YAG: Nd3* laser radiation (wavelength 1,06 pm) in the Q-switched
mode at a pulse repetition rate v =25 Hz. The Ni vapor-plasma flow was con-
densed on orienting substrates made of KCl single crystals split along the (001)
cleavage planes. The films were separated in distilled water and transferred to
object grids for electron microscopic studies.

The substrate temperature 7s was varied in the range of 290-700 K.
The pressure of the residual gases in the evaporation chamber was ~10~° Torr.
Phase transformations in films were initiated in two ways. In the first case, we
used post condensation annealing of the samples in vacuum without separating
the film from the substrate. In the second case, the “in situ” technique was
used: the film, separated from the substrate, was heated in a microscope col-
umn using a specialized attachment for heating the object. In this case, it was
possible to continuously observe all stages of the structural transformation
[20].

Structural studies were carried out by electron diffraction and trans-
mission electron microscopy using PEM-100-01 and EM-100L electron mi-
croscopes. The orientation of the film relative to the substrate was determined
from the angle between the diffraction vector g in the SAED pattern and the
known direction in the substrate, which coincided with the image of the film
edge (Fig 2.1). The additional rotation, associated with the Lorentz rotation of
the image relative to the microdiffraction pattern, was compensated. The
known direction in the substrate was the <100> KCl direction. Its coincidence
with the image of the film edge was performed automatically when the KCl
substrate with the deposited Ni film was cleaved along the {100} cleavage
planes [27].
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Fig. 2.1. SAED picture (a) and electron microscopic images of
Ni film obtained by laser sputtering of Ni in vacuum (6). Rotation,
associated with the Lorentz turn of the image relative to the SAED
pattern is compensated

The magnetic characteristics of the Ni films immediately after deposi-
tion and after annealing at temperatures of 670-700 K were studied using a
highly sensitive vibrating magnetometer. The hysteresis loops of the films
were measured at room temperature on samples in the form of a square with
an area of ~1 cm? in fields up to 1000 Oe, applied in the layer plane in two
mutually perpendicular directions. The average saturation magnetization Is
was determined by comparing the signals of the reference and test samples
with a given area and thickness [27, 28].

2.1.1. Structural and phase states realized during pulsed laser
sputtering of Ni

The following structural-phase states of Ni thin-film laser condensates
were obtained at various substrate temperatures 7 (Table 2.1) [28].
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Table 2.1 — The structure thin-film laser condensates of Ni [28]

T, K 290 350 420 520 660 700
Phase Amor- a-Ni o-Ni a-Ni a-Ni B-Ni
phous (HCP) | (HCP) | (HCP) | (HCP) | (FCC)

1. Amorphous phase. It is formed by condensation of laser erosion
plasma of nickel in vacuum at room temperature both on orienting substrates
(001)KCI and on non-orienting substrates in the form of crystals (001)KCl
covered with a film of amorphous carbon (C/(001)KCI). During annealing this
film transforms into a polycrystalline state with the formation of finely dis-
persed crystals of Ni with an FCC structure.

2. Polycrystalline and textured Ni films with a metastable HCP lattice.
They are formed by condensation of Ni in a vacuum in the substrate tempera-
ture range of 350 — 660 K. Upon annealing, the film transforms into a stable
Ni state with FCC structure.

3. Polycrystalline (on non-orienting substrates) and epitaxial (on orient-
ing substrates) (001) Ni films with FCC lattice. Formed by condensation of Ni
in a vacuum in the substrate temperature range of 400—430°C.

Fig. 2.2 a shows electron diffraction pattern and electron microscopic
image of Ni film in the initial metastable state (with HCP lattice), deposited in
vacuum on (001) KCl at 440 K [29]. The average grain size Doy = 5.9 nm. The
experimental electron diffraction pattern of the film (upper left part of the fig-
ure) is superimposed with the theoretical electron diffraction pattern (lower left
part of the figure) for a polycrystal with the HCP structure. The radii of the
circles of the theoretical electron diffraction pattern R satisfy the relation:

R:G\/g(h2 +hk+k2)+§lz : 1)

In (2.1) it is taken into account that for the HCP structure the ratio of the pa-

c /8
rameters of the elementary cell of the crystal lattice Y = — = g . G is the
a
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scale factor. A, k and [ are the Miller indices of the crystal planes. Reflections
for which #+2k+3/
3

i1s odd number are forbidden.

123 4 567 |

Fig. 2.2. Structure of films deposited by laser sputtering of nickel.
a). Electron diffraction pattern and electron microscopic image of the Ni film
at the initial metastable state. Condensation of the vapor-plasma flow at a
pressure of 5 107 Pa and T = 520 K. b). The same after annealing on the
substrate for two hours at 720 K [29]
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Therefore, the circles whose diameters satisfy this relationship are not
shown in the theoretical electron diffraction pattern. If the experimental elec-
tron diffraction pattern corresponds to electron diffraction at the film with HCP
structure, then by changing the scale factor G, it is possible to achieve complete
coincidence of the rings of the experimental electron diffraction pattern with
the circles of the theoretical pattern when they are superimposed. So, the re-
flections with numbers 1, 2, 3, etc. are assigned indices 4, k, [ of the HCP lat-
tice.

From the data obtained as a result of decoding the electron diffraction
pattern at Fig. 2.2 a it follows, that during laser evaporation of Ni on a KCl
substrate at 7 = 520 K, a metastable phase of a-Ni is formed with parameters
a=0.265+0.001 nm, ¢ =0.432 £ 0.001 nm and y = 1.63 = 0.01. These values
are close to the data of X-ray diffraction analysis of Ni nanoparticles with HCP
structure [30].

As a result of the annealing, the crystal lattice of the Ni film is trans-
formed. The electron diffraction pattern, its scheme, and electron microscopic
image of the structure are shown at Fig. 2.2 b. After annealing, a weak ordering
of the nickel layer appears in the film in an orientation parallel to the (001) KCl1
substrate. The average size of the nickel grains after annealing increases to 62.7
nm. The radii of the circles of the theoretical electron diffraction pattern from
a polycrystal with FCC structure satisfy the relationship:

R=Gy(n* +k> +12), (2.2)

where for FCC structures, reflections with the same parity are allowed. Since
in Fig. 2.2 b the rings of the experimental electron diffraction pattern coincide
with the circles of the theoretical electron diffraction pattern for the FCC struc-
ture, reflections 1, 2, 3, etc. are assigned indices 4, &, [ of the FCC lattice. After
annealing, the film acquires an FCC structure with a lattice parameter ao =
0.352 £ 0.001 nm.

Fig. 2.3 a shows a diagram, reflecting the dependence of the average
grain size of nickel <D> on the condensation temperature 75 and subsequent
annealing on a (001) KCl substrate [29, 31]. The solid curve 1 is drawn through
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the points characterizing the grain size of Ni immediately after film deposition.
The arrows connect the data corresponding to the samples before annealing
(with the HCP structure) and after annealing (with the FCC structure). Accord-
ing to the graph, in all cases a multiple increase in <D> is accompanied by a
phase transition of the Ni crystal lattice from the HCP state to the FCC state.

D, nm In<D>2, nm?
100 Vo _ 10 [
i .
80 A
’? i. FCC 8
60 I . [y
I S S ‘
40 ‘ i !
i i
20 | : 4
! I
= - - L . L TN T T TN NN TR TN TN TN NN T TN NN T SN T TN N |
0 350 450 550 650 Ts K 1.0 1.5 2,0 2.5 1000/Ts, K-!
a b

Fig. 2.3. a). The dependence of the average nickel grain size <D> on
the condensation temperature 75 and subsequent annealing. The curve is
drawn through the points, characterizing the Ni grain size immediately after
film deposition. Arrows connect the data corresponding to the samples before
and after annealing. o — HCP nickel phase. ® — FCC nickel phase. A — FCC
nickel phase after condensation. b). — Plotting in coordinates In<D>? -
1000/Ts performed for nickel films with HCP structure [31]

The results of the dependence of the average grain size of nickel <D>
with HCP structure on the substrate temperature 7, plotted in coordinates
In<D>? - 1000/Ts, are shown at Fig. 2.3 b. It follows from this figure that the
experimental points fit satisfactorily onto a straight line, the equation of which
has the form:
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in(D)’ = a+z{1°°°j, @3)
S
where @ = 11.06 and b =-2.99.
On the other hand it is known [32] that the dependence of the average
grain size <D> in condensed films can be described by an exponential function

of the form:

U
DY = 4 |, 2.4
< > exp{ RTSJ 2.4

where 4 is the pre-exponential factor, U is the effective value of the activation energy
of the processes, controlling grain formation. Comparing equations (2.3) and (2.4)
and using the above value of the coefficients a and b we obtain: 4 = 6.4 1074 (m?)
and U=24.86 kJ/mol (0.26 eV/atom). According to [32] the characteristic values
of U for pure metals, deposited in the T range, that not exceeding 0.3 of the
melting temperature of the metal (the so-called first condensation zone) are
0.2-0.25 eV/atom. It should be concluded that the value of U = 0.26 eV/atom,
established in this work for nickel, is in satisfactory agreement with the litera-
ture data.

2.1.2. Structural and phase transformations in nickel films

Fig. 2.4 a shows electron diffraction pattern and electron microscopic
image of the polycrystalline film, deposited at 7s = 350 K. As a result of the
interpretation of the electron diffraction pattern, it was established that a low-
temperature (metastable) Ni phase with HCP structure is formed. The average
grain size of a-Ni <D>= 5.4 nm [28].

An increase of Ts above 400 K initiates the increase of the degree of
orientation of the films. Two-position nucleation and growth of a-Ni grains
occurs with the following orientation relations between the film and the KCl1
substrate. At the position 1:

(110)[ T 1 T Jo-Ni//(110)[001]KCI; (24 a)

(110)[ 22 1 Ja-Ni//(110)[001]KCL. (2.41)
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Figure 2.4. Electron diffraction patterns, electron microscope images
and magnetization curves of films, deposited from Ni laser erosion plasma. a).
a-Ni film with an HCP structure, deposited at 7s = 350 K; b — the same after
annealing at 700 K for 120 min. The structure corresponds to the B-Ni phase
with the FCC lattice; ¢ — B-Ni epitaxial film with FCC structure, deposited at
Ts=700 K [28]

Relations (2.4 a) and (2.4 b) are valid for crystals belonging to the
zone axes [T 171 ] and [2 2T |, respectively. In the first case, the (001) KCl

substrate surface is parallel to the (359) a-Ni plane; in the second - to the
plane (-10 10 9) a-Ni.
In position 2:
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(110)[ T 1 T Jo-Ni/(T 10)[001]KClI, (2.5a)

(110)[ 22T Ja-Ni//(T 10)[001]KCI. 2.5b)
Ratios (2.5 a) and (2.5 b) are performed for crystals belonging to the zone axes
[T17T]and [22T ] respectively.

At Ts > 700 K epitaxial films are formed. Fig. 2.4 ¢ shows the electron
diffraction pattern and the electron microscope image of the film, deposited at
Ts = 700 K. The interpretation of the electron diffraction pattern showed that
in this case a high-temperature (stable) B-Ni phase with the FCC structure is
formed. Average grain size <D> = 86.4 nm. The film grows in a parallel ori-
entation with respect to the KCl substrate, observing a simple orientation rela-
tion:

(001)[110]B-Ni // (001)[110]KCI, (2.6)
at which the (001) surface of Ni film is parallel to the substrate (001) surface
of KCI.

It was established, that post-condensation annealing of films on sub-
strate in vacuum initiates a phase transition, in which the HCP lattice of Ni
(Fig. 2.4a) is transformed into an FCC lattice (Fig. 2.4 b). In this case, the
average grain size <D> increases from 5.4 to 87.8 nm.

Annealing of the “free standing” Ni films in the microscope column
also initiates the HCP — FCC phase transformation. In this case, <D> does not
noticeably change. Fig. 2.5 presents the results of “in situ” electron diffraction
study of the a-Ni (HCP) — B-Ni (FCC) polymorphous transformation during
isothermal annealing of film (750 K, 40 min) in an electron microscope col-
umn. The initial film (a-Ni) was deposited at 7s = 420 K. Partial ordering is
observed with realization of orientation relations (2.4) and (2.5).

The scheme of the electron diffraction pattern and its photograph are
shown at Fig. 2.5 a and 2.5 b respectively. The symbol “e” designates reflec-
tions belonging to a-Ni crystals with the zone axis [T 1 T ] in position 1; m —
reflections of a-Ni crystals with the zone axis [ T 1 T ] in position 2, which is
rotated in the plane of the figure by 90° relative to position 1; o — reflections
of a-Ni crystals with the zone axis [ 22 T | in position 1; o0 — reflections of a-
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Ni crystals with the zone axis [ 2 2 T ] in position 2. As a result of the interpre-
tation of the electron diffraction pattern of the film, obtained after annealing
(Fig. 2.5 ¢), it was shown that the -Ni phase with the FCC structure is formed.

(110, (110),

.......... ), (102) (220)/(02‘0)\ (220)
200
o
/ /
/
a b C

Fig. 2.5 - Electron diffraction study "in situ" of the polymorphous
transformation HCP — FCC during isothermal annealing of the Ni film.
a, b - scheme and photograph of the electron diffraction pattern of the Ni
film before annealing (420 K); ® — reflections of a-Ni crystals with zone
axis [T 171 ] in position 1; m — reflections of a-Ni crystals with the zone
axis [T 1 T ] in position 2; o — reflections of crystals a-Ni with zone axis
[2 271 ] at position 1; o —reflections of a-Ni crystals with zone axis [2 2
1 ] in position 2; ¢ - electron diffraction pattern of this film after anneal-
ing (40 min. at 750 K)

According to Fig. 2.5 for a-Ni crystals in position 1 with zone axes

both[T1T]and[22 1 ], the diffraction vector g = 110 is parallel to the dif-
fraction vector g = 220 for f-Ni crystals. This implies the following orienta-

tion relationships between the initial a-Ni and final B-Ni phases. For position
1:
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(110)[ T 1 T Ja-Ni//(110)[001]B-Ni; (2.7 a)
(110)[22 T Ja-Ni//(110)[001]B-Ni. (2.76)
Ratios (2.7 a) and (2.7 6) are performed for crystals of position 1, belonging to

the zone axes [T 1 T] and [§ 2 T] respectively.
For position 2:
(110)[ T 1 T Ja-Ni//(T 10)[001]B-Ni; (2.8 a)

(110)[§2T]a—Ni//(T 10)[001]B-Ni. (2.80)
Ratios (1.8 a) and (5.18, 6) are performed for crystals of position 2, belonging

to the zone axes [T 1 T ] and [E 2 T] respectively.

Analysis of histograms of distribution of grain size D in Ni films be-
fore and after annealing showed, that, in free standing films, the polymorphic
transformation a-Ni — -Ni is not accompanied by a significant change in the
grain size. In the initial and final states of the film, <D> ~ 12 nm.

2.1.3. Crystallographic analysis of a — [ transformation in nickel

For crystallographic analysis of the o — [ transformation in Ni (at heat-
ing the sample) it is advisable to use the example of the reverse allotropic trans-
formation B — o [37], which occurs via martensitic pathway in Co (at cooling
the sample).

At Fig. 2.6 a the initial two-layer HCP lattice (0-Ni phase) is
represented by the sequence (ABAB...) of stacking close-packed layers [31].
The growth of the crystal of the high-temperature B-Ni phase (Fig. 2.6 b)
begins from a certain plane of the (001) type of the initial hexagonal crystal,
which remains invariant. Let the first two lower layers A; and B, of the (001)
planes of the a-Ni phase correspond to the first two lower layers A; and B; of
the (111) planes of the B-Ni phase. After shifting layers (A2B>A3Bs...) of the

(001) planes of the a-Ni phase by a vector R = 2 a[f 1()], the planes A, and B,
3

of the two-layer packing pass into the (111) planes C; and A of the three-layer
packing, respectively. Subsequent similar shifts ensure the transition of planes
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A3 — By and B; — C,, etc. As a result, the lattice is restructured from a two-
layer packing to a three-layer packing.
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Fig. 2.6. Scheme of phase transformation of low-temperature modifi-
cation with HCP lattice (a-Ni phase) into high-temperature modification
with FCC lattice (B-Ni phase), occurring in laser condensates during anneal-
ing. a). HCP crystal lattice in projections on planes (110) and (001). b). FCC
crystal lattice in projections on planes (T 10) and (111) [31].

2.1.4. Changes in density and magnetic characteristics during anneal-
ing of Ni films

The relative density change 1 of nickel as a result of the phase transition
was determined “in situ” directly in the column of the electron microscope
according to [ 20, 21, 33]. Relation (1.4) was used. It was established that in
the case of a phase transition of the Ni film from the amorphous to the crystal-
line state, the relative density change n="7.5 £+ 1.6% (with a reliability level of
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95%). Fig. 2.7 illustrates the crystallization of an amorphous Ni film (conden-
sation at 75 = 20°C), initiated by heating with an electron beam in the micro-
scope column [34].

The phase transition from the structural state with the HCP-Ni lattice to
the state with the FCC lattice is also accompanied by an increase of the film
density.

Fig. 2.7. Crystallization of Ni film in a microscope column at the

0.9 pm

influence of an electron beam. a). Image and SAED pattern of amorphous
film at the initial state. b). The same after crystallization of amorphous film.
Ni lattice is FCC [34]

Fig. 2.8 illustrates the change in the Ni crystal lattice during annealing
of the film in the microscope column using a specialized attachment for heating
the sample. The initial state of the film (HCP-Ni) was determined by conden-
sation of the vapor-plasma flow on the substrate at 80°C. Annealing was car-
ried out at a temperature of 480°C for 40 min. Micrographs were taken after
complete cooling of the film to room temperature in the microscope column.
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Fig. 2.8. Annealing of Ni film in a microscope column with an at-
tachment for heating of the sample at a temperature of 480°C for 40 min.
a). SAED pattern and image of the Ni film at the initial state (with HCP
lattice). b). Final state of Ni film (with FCC lattice) [28, 34]

It was established that in the case of the HCP — FCC structural transi-
tion, the relative change in the density of nickel is y = 18.5 + 2.9% (with a
reliability level of 95%) [28, 34]. The increase in density during this transition
is consistent with the data of the JCPDS tables. Thus, according to the data of
tables [35] and [36], the density of Ni with the HCP lattice is p1 = 7.372 g/cm’,
and with the FCC lattice p2 = 8.911 g/cm?. Following (1.4), for the given data
v =20.9%. This value fits into the confidence interval for y from 15.6 to 21.4%
obtained in this work.

Films of a-Ni with a metastable HCP structure, when magnetized in
magnetic fields up to 1000 Oe do not exhibit a magnetic moment, that exceeds
the sensitivity threshold of the magnetometer (right side of Fig. 2.4 a). The
sensitivity threshold of the magnetometer (for the geometrical parameters of
the samples indicated above) corresponds to magnetization less than 1-5 G.
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After annealing, which initiates the HCP— FCC phase transfor-
mation, the magnetic state of the film changes dramatically: the magnetic mo-
ment increases significantly, and hysteresis was observed during magnetiza-
tion reversal (right side of Fig. 2.4 b). There was no anisotropy in the layer
plane. Coercive force Hs = 110 Oe, saturation field Hs = 420 Oe. Similar data
for the epitaxial ferromagnetic $-Ni film, which initially after condensation (75
=700 K) had FCC structure (right side of Fig. 2.4 ¢) are follows: Hc = 180 Oe,
Hgs =~ 700 Oe, saturation magnetization /s = 320 G.

The observed variety of structural-phase states of laser condensates of
nickel (Table 2.1) are predetermined by the specifics of the method of pulsed
laser film deposition. The main physical parameters of this method, which de-
termine the formation of the structure, are: the density of the vapor-plasma
flow of the sprayed metal; flux density of gas particles of the atmosphere of
the evaporation chamber; the tendency of the metal to adsorb gaseous impuri-
ties and to form chemical compounds with them; the presence of ionic compo-
nent in the deposited stream; substrate orientation and temperature.

In this case the formation of no crystalline solid structures during laser
sputtering of a Ni target is predetermined by the following factors. This is the
hardening of nonequilibrium states, formed on the substrate immediately after
the deposition of each portion of the substance; chemisorption and incorpora-
tion into the film of gaseous impurities, activated by high-energy ions of laser
erosive plasma. The latter circumstance helps to suppress the migration of ada-
toms and prevent the coalescence of non-crystalline complexes.

With increasing Ts the capture of gaseous impurities by the growth
surface of the film decreases. Accordingly, the migration of adatoms and coa-
lescence of non-crystalline complexes are intensified, that leads to the for-
mation of a crystalline condensate. Discrete nature of the substance deposition
on substrate and the small thickness of the layer, deposited at one condensation
pulse, initiate the occurrence of the phase size factor. The formation of a film
of the metastable a-Ni modification with HCP crystal lattice should be inter-
preted as a phase transition associated with decreasing of the film thickness.
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The transformation is due to a change of free energy with increasing of the
relative fraction of the surface [38].

Vacuum annealing of a-Ni films both on the substrate and in the free
state at 7o =~ 700 - 750 K initiates recrystallization processes. In the case of
films on substrate, the result of recrystallization is an increase in the average
nickel grain size <D> by an order of magnitude and the transformation of the
crystal lattice HCP — FCC. In self-supporting films, the transformation of the
crystal lattice occurs without a noticeable change in <D>. The lower limit of
the indicated temperature interval 7o coincides with the temperature of epitax-
ial growth of the B-Ni film in the orientation parallel to the (001) KCl substrate,
given by relation (2.6). Relation (2.6) is also satisfied in the case of thermal
evaporation of Ni on alkali halide crystal substrates.

Two positions of growth of a-Ni films on the (001) KCI substrate,
described by relations (2.4) and (2.5), are due to the equivalence of the [110]
and [1 71 0] directions on the KCI substrate. These relationships are similar to
relationships (2.7) and (2.8), which describe the orientation of the a-Ni and f-
Ni phases before and after recrystallization of the film. This is also related to
the equivalence of the [110] and [1 T 0] directions of the FCC phase of B-Ni.

The noted change in the magnetic moment of the films as a result of
annealing (Fig. 2.4, a and b) can be explained by a change in the crystal struc-
ture of Ni from a metastable HCP (a-Ni phase) to an equilibrium phase with
FCC structure (B-Ni phase). There is a well-known model for describing the
electronic structure of transition metals, in which Ni with a HCP structure can-
not have spontaneous magnetization, while Ni with a FCC structure is ferro-
magnetic [39]. In this case changes in magnetic properties after film annealing
are due to magnetic phase transformation. On the other hand, there are also
opposite points of view [40], according to which hexagonal Ni is a ferromagnet
and has a magnetic moment of 0.59 pg, which is not much less than the mag-
netic moment of the stable FCC Ni phase (0.60 pg). However, in nano dis-
persed film systems, when the grains are isolated from each other and the vol-
ume concentration of the magnetic phase is less than 30%,
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superparamagnetism may manifest itself [41]. As a result, a small magnetic
moment will be observed in fields up to 1000 Oe.

Films of a-Ni with a HCP structure, deposited on (001) KCI, are char-
acterized by a fine-grained polycrystalline structure (<D> = 5.4 nm) and the
absence of a magnetic moment. However, the analysis of electron microscope
photographs, shown in Figs. 5.8, a, indicates a fairly tight contact of the grains.
The transition to the ferromagnetic state as a result of film annealing on the
substrate is accompanied by increasing <D> to 87.8 nm. This is comparable to
the grain size initially (after condensation) of ferromagnetic films, for which
<D> = 86.4 nm. These circumstances confirm the assumption that the change
in the magnetic properties of the films after annealing is due to the magnetic
phase transformation [28].

2.2. Phase transformations in films deposited by co-sputtering
of Ni and Pd

Rotating disks composed of sectors of high-purity Ni and Pd metals
were used as a targets for laser sputtering (Fig. 2.9). The target rotation fre-
quency o was 55 - 85 s7!. This technique made it possible to alternately deposit
laser erosion plasma of nickel and palladium on the substrate [44, 45]. The
ratio of the Cv scanning area of the laser beam over the palladium surface Spq
to the total scanning surface area of the disk So (Cm = Spa/So) was 0; 0.25; 0.5;
0.75, and 1. This made it possible to obtain both single-element Ni (Cy = 0) or
Pd (Cu = 1) films and Ni-Pd alloys.

As a result of the sputtering of composite targets 0.75Ni — 0.25Pd
(Cw=0.25) and 0.5Ni—0.5Pd (Cn=0.5) on substrates films of nickel-palladium
alloy were formed. Their crystal lattice also corresponded to the HCP structure.
Fig. 2.10a shows the electron diffraction pattern, its scheme and electron mi-
croscopic image of the film, deposited at substrate temperature 7s = 440 K by
pulsed laser sputtering of a composite target 0.5Ni — 0.5Pd (Cm = 0.5). The
film is polycrystalline with an average grain size p = 5.4 nm.
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Fig. 2.9. Scheme of the composite target 0.75Ni — 0.25Pd (Cv = 0.25)
intended for laser sputtering: 1 — Ni sector; 2 — Pd sector [45]

The results of decoding of the electron diffraction patterns at Fig. 2.10
are given at the Table 2.2. According to this table film of the nickel-palladium
alloy with a metastable HCP crystal lattice is formed. Its parameters are:
a=0.273 £ 0.001 nm, ¢=0.451 + 0.001 nm, and y=1.65 + 0.01. As a result of
the annealing (3 hours at 710 K), the structure of the film is transformed. It
acquires FCC crystal lattice (Fig. 2.10b) with the parameter a¢=0.374 + 0.001
nm. In this case D increases to a value of 36.3 nm.

The decoding data of the electron diffraction patterns of films obtained
by sputtering targets for which Cy = 0; 0.25; 0.5; 0.75 and 1 (from nickel to
palladium) are summarized at Table 2.3. It is evident from the table that when
sputtering Ni, 0.75Ni - 0.25Pd and 0.5Ni - 0.5Pd targets on (001) KCI sub-
strates at Ts = 440 K, films with an HCP crystal lattice are formed.

However, when sputtering a 0.25Ni - 0.75Pd target (Cv = 0.75), films
are formed in which the HCP and FCC phases are present. For the hexagonal
phase a = 0.276 + 0.001 nm, ¢ = 0.452 + 0.001 nm, and y = 1.64 + 0.01. For
the cubic phase, ap = 0.380 nm.

38



. ] \d‘
123 4567

Fig. 2.10. Electron diffraction patterns, their schemes and electron
microscopic images of the film, deposited by laser ablation at 75, =440 K. a).
Sputtering of a composite target 0.5Ni - 0.5Pd (Cum = 0.5). Initial state. b).
The same after film annealing [29].
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Table 2.2. The decoding data of the electron diffraction patterns at Fig. 2.10

Before annealing (HCP) After annealing (FCC)
a=0,273 nm, ¢ = 0,451
Line number nm, y =1,65 T 0.374 nm
_ D =36,3nm; o= 14,1 nm
D =5,4nm; c=1,0nm
d, nm hkl d, nm hkl
1 0,236 010 0.216 (111)
2 0,225 002 0.187 (200)
3 0,207 011 0.132 (220)
4 0,162 012 0.113 (311)
5 0,137 110
6 0,117 103
7 0,110 200, 112

Note: D is the average value of film grain diameters; o is the standard
deviation D.

As follows from the table, the parameter vy is close to the ideal value
1.633 for a hexagonal close-packed structure. At the same time, the HCP lattice
parameters a and ¢ increase monotonically with increasing palladium content
in the film (i.e. with an increase of Cy from 0 to 0.75). The dependence of the
parameter a on Cy is shown graphically at Fig. 2.11a. The straight line con-
structed from the data of Table 2.3 using the least squares method is the regres-
sion line of the HCP cell parameter a on Cw. In this case the correlation coef-
ficient, characterizing the tightness of the linear relationship between Cv and
a, is close to 1.

According to Table 2.3 in all cases after annealing the film acquires an
FCC structure. Assuming that Cy coincides with the molar concentration of Pd
in the film, there is satisfactory agreement between the experimental data of
our work (column 3) and the literature data (column 4) for Ni-Pd alloys in the
bulk state [46]. Figure 2.11b shows the dependence of the lattice constant of
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the solid solution of intermediate composition ao on Cwm. Solid curve 1 is the
result of approximating the experimental points by the least squares method
using a third-degree polynomial. According to Vegard's law [47], in the sim-
plest case ao depends linearly on the molar concentration of one of the compo-
nents. For comparison Fig. 2.11b shows dotted line 2, constructed according
to the relationship:

ao = ao(Ni)-(1 - Cum) + ao(Pd)-Cwm. (2.9)

Table 2.3. Structural state of films at different ratios of Ni and Pd in the target

Structural state Film after Film after Massive state
condensation annealing [46]
Composition of
the target
HCP
. a=0.265 nm FCC FCC
G =0 (M) c=0432nm | a=0352nm | ao=03524nm
y=1.63
HCP
Cv=0.25 a=0.266 nm FCC FCC
(0.75Ni - 0.25Pd) ¢=10.433 nm ao= 0,365 nm ao=0.3639 nm
y=1.63
HCP
Cvm=0.50 a=0.273 nm FCC FCC
(0.50Ni - 0.50Pd) ¢=10.451 nm ao=0.374 nm ao=0.3739 nm
y=1.65
HCP+FCC
Cw=0,75 “” g'izg m FCC FCC
(0.25Ni-0.75Pd) | € = L6 4| @=0385mm | ap=0.822nm
ao=0.380 nm
FCC FCC FCC
Cu =10 (Pd) ao=0.398 nm ao=10.392 nm ao = 0.3890 nm
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Fig. 2.11. Dependence of the lattice constants of the Ni - Pd solid
solution on the composition of the sputtered Cy target. a). Dependence of
the HCP cell parameter a on the Pd content in the sputtered target. b. de-
pendence of the FCC lattice constant ao of the Ni - Pd solid solution on the
composition of the sputtered target (solid curve 1). Dashed line 2 - plotted
according to Vegard's law. e - data from the work for the thin-film state. o
- data for the Ni - Pd system in the bulk state (according to [47]).

In relation (2.9) ao(Ni) and ao(Pd) are the lattice constants of the pure
components Ni and Pd, respectively. Comparison of lines 1 and 2 indicates a
positive deviation of the dependence of ap on Cy from Vegard's law: curve 1
of the measured values of the lattice constants passes above line 2. A positive
deviation from Vegard's law is characteristic of alloys with a concave liquidus
line in the state diagram, which occurs in the case of the Ni - Pd system [48].
At the same time, the linear dependence of the lattice parameter of the solid
solution a (and, consequently, the parameter ¢) on Cu (the straight line at Fig.
2.11a) suggests that Vegard's law is satisfied in a limited range of Pd concen-
tration, in which the film has an HCP crystal lattice before annealing [49].
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2.3. Magnetic state of Ni-Pd films of variable composition

The magnetic characteristics of the films immediately after deposition
and after annealing were studied using a highly sensitive vibrating magnetom-
eter. The hysteresis loops of the films were measured at room temperature on
square samples with an area of ~ 1 cm? in fields up to 1000 Oe applied in the
plane of the layer in two mutually perpendicular directions. The average satu-
ration magnetization /s was determined by comparing the signals of the refer-
ence and studied samples with a given area and thickness [49].

Measurement of magnetic characteristics showed that Ni films and Ni—
Pd alloy with a metastable HCP structure do not exhibit a magnetic moment
exceeding the sensitivity threshold of the magnetometer when magnetized in
magnetic fields up to 1000 Oe. The sensitivity threshold of the magnetometer
(with the above geometric parameters of the samples) corresponds to a mag-
netization of less than 1-5 G.

After annealing, which initiates the HCP — FCC phase transformation,
the magnetic state of the Ni — Pd films (for which Gy = 0 — 0.5) changes
sharply: the magnetic moment increases significantly, and hysteresis is ob-
served during magnetization reversal (Figs. 2.12a-2.12c). Anisotropy in the
layer plane is absent. For nickel, the coercive force is Hc =~ 120 Oe and the
saturation field is Hs = 250 Oe (Fig. 2.12a).

For 0.75Ni—0.25Pd films, we have Hc = 130 Oe and Hs = 500 Oe (Fig.
2.12b). For 0.5Ni—0.5Pd films, we have Hc = 210 Oe and Hs = 500 Oe (Fig.
2.123c¢).

A similar change in the magnetic moment of a nickel film accompanied
by a change from an HCP into an FCC structure was detected in [44, 50-52].
Films with a high palladium concentration (Cv = 0.75 or higher) had no mag-
netic moment both before and after annealing (Fig. 2.12d).
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Fig. 2.12. Magnetization curves of the films produced by pulsed la-

ser deposition onto a substrate followed by annealing: (a) sputtering of Ni
(Cv=0), (b) 0.75Ni—0.25Pd composite target (Cv = 0.25), (c¢) 0.5Ni—0.5Pd
composite target (Cy = 0.5), and (d) 0.25Ni— 0.75Pd composite target (Cwm
=0.75) [49]

The change in the magnetic moment of Ni films upon annealing can be
explained as follows [49]. Annealing initiates the transformation of a metasta-
ble HCP structure into a stable FCC structure. The electronic structure of tran-
sition metals is known to be described in terms of a model [39] in which HCP
nickel cannot have spontaneous magnetization and FCC nickel is ferromag-
netic. In this case, the annealing induced changes in the magnetic properties of
the films are caused by the magnetic phase transformation. On the other hand,
there exist alternative view points. The authors of [40] showed that HCP Ni is
ferromagnetic and has a magnetic moment (0.59 uB) that is only weakly
smaller than the magnetic moment of the stable FCC Ni phase (0.69 uB). How-
ever, superparamagnetism can manifest itself in nanofilm systems, where
grains are isolated from each other and the volume concentration of the mag-
netic phase is lower than 30%; as a result, a small magnetic moment exists in
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fields up to 1000 Oe. Such a situation was observed in amorphous-crystalline
nickel films [50], where FCC f Ni grains were embedded into an amorphous
nonferromagnetic matrix.

The HCP a-Ni films deposited at 7s = 440 K are also characterized by

a finegrained polycrystalline struc ture (D = 5.9 nm) and the absence of a
magnetic moment. However, an analysis of electron micro graphs similar to
that, shown in Fig. 2.13a, unambiguously indicates tight contact between
grains and the absence of layers between them. After annealing, initiating the

HCP — FCC phase transition, the grain size increases to D = 62.7 nm. As sub-

strate temperature 7s increases, D increases similarly. Figure 2.13 illustrates
the effect of the condensation and annealing temperatures on the phase com-
position (HCP, FCC) and average nickel grain size. This curve was plotted
with allowance for the data in [50]: it passes through the points that charac
terize the Ni grain size in the as-deposited state and corresponds to a monotonic
increase in from 5.4 nm at 7s = 350 K to = 86.4 nm at 7s = 700 K. However,
in laser ablation, the HCP nickel phase forms in films in the temperature range
Ts =350-670 K and the FCC phase forms above 670 K.

The presence of a magnetic phase transformation in Ni films upon an-
nealing is supported by the structural HCP — FCC phase transition, which is

accompanied by an insignificant change in D . According to Fig. 2.3a, this
change occurs near the boundary of condensation of the HCP and FCC phases.

Figure 2.13a shows an electron microscopic image and the electron dif-
fraction pattern of a film, deposited at Ts = 670 K by laser sputtering of a Ni
target (Cm = 0). In the as-deposited state, the film is nonferromagnetic (Fig.
2.13b). After annealing, initiating the HCP — FCC phase transformation, the
magnetic state of the Ni film changes sharply (Fig. 2.13c): it becomes ferromag
netic (coercive force Hc = 110 Oe, saturation field Hs = 250 Oe). A hysteresis
appears during magnetization reversal (Fig. 2.13d). However, annealing does

not cause significant changes in both D and the D distribution, which is
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indicated by the results of statistical process ing of the grain sizes measured in
nickel films before and after annealing.

Fig. 2.13. Structure and magnetization curves of a Ni film (Cy = 0)
deposited at 7s = 670 K (a, b) in the as-deposited state and (c, d) after an-

nealing

Figure 2.14 shows histograms that characterize the distributions of
grain sizes D in a Ni film in the as-deposited state and after annealing. The
ordinate is quantity f corresponding to the density of the relative frequency of

n;
NAD
of the values of D in the i range, AD is the range width, and N is the total
number of measurements (which is 111). The dashed line corresponds to the
probability density function of normal distribution f:

the values of D. By definition, we have f— , where n; is the frequency
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L1 [ 2(2=D) ), (2.10)
et 5

where 6 is the standard deviation of D. A comparison of the positions of
diagram columns with curve f, indicates that the size distribution of grains
is close to a normal distribution both before and after annealing of the Ni
film. As follows from Fig. 2.14, the average grain size before annealing is

D =46.6+2.0 nm at a confidence level of 95%. The standard deviation is
6 = 10.7 nm and the distribution asymmetry is As = 0.24. After annealing,

we have D =55.5+2.1 nm, 6= 11.2 nm, and As = 0.02. These results can
be considered as experimental evidence of the fact that the change in the
magnetic properties of the films upon annealing is caused by the magnetic

phase transformation.
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Fig. 2.14. Size D distribution of grains in a Ni film (Cuv = 0) depos-
ited at 7s = 670 K (a) in the as-deposited state and (b) after annealing. f'is
the relative frequency density (dashed line) of the probability density func-
tion of normal D distribution.
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3. CRYSTALLIZATION OF OXYGEN-CONTAINING
AMORPHOUS FILMS

3.1. Amorphized thin-film laser condensates of gold
In [53] a position was formulated, stating that any substance can exist

in a non-crystalline solid state (NCS) in one form or another, since this does
not contradict any of the physical laws. In addition, many substances and sys-
tems with any type of bonding have been obtained in the NCS: metallic, cova-
lent, ionic, hydrogen and van der Waals. Among substances with a metallic
type of bonding, obtaining gold in the NCS is particularly difficult due to its
inertness to the formation of chemical compounds and the absence of polymor-
phic forms. According to [54, 55] the number of possible polymorphic forms
formed by an element, and consequently the number of variations of bonds and
coordination structures possible for a given type of atom, predetermines the

probability of the formation of the NCS and the temperature of its crystalliza-

tion Tye:
10n T B (np—l)Tm

ac _ .
np+1+i6 ngi

3.1)

where 7, is the number of polymorphic forms; 7;, is the melting temperature;
ng is the group number in the periodic table. In the case of gold, according to
(3.1), at ny=1 Ty = 0, i.e. the formation of HTS is impossible.

In most cases, NTS is realized by suppressing the diffusion mobility of
adatoms during vapor condensation on a cooled substrate to helium or nitrogen
temperatures. Another method of increasing the dispersion of the condensate
is the creation of a layer of adsorbed gas impurities on the growth surface. In
this case, high dispersion is achieved both by suppressing the surface diffusion
of adatoms and by forming impurity clusters along the boundaries of the
formed clusters and grains, preventing their unification. The effect of both fac-
tors is most noticeable in the case when the gas impurity is insoluble in the
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crystal lattice of the substance of the deposited film and, as a rule, leads to the
formation of highly dispersed granular or amorphous films [56].

The above considerations allow us to conclude that the pulsed laser
method, with the appropriate choice of deposition parameters, can be success-
fully applied to obtain amorphous condensates of gold without the use of cry-
ogenic cooling of the substrate.

3.1.1. Obtaining and structure of films

An analysis of the characteristics of periodic laser sputtering of a metal
target in a gas medium allows us to identify the following moments responsible
for the formation of an amorphous film (Fig. 3.1) [57].

‘_2

Fig. 3.1. Scheme of the formation of amorphous condensate during
laser sputtering of a target in a gas environment (explanation is in the text)

Let condensate 1 and growth surface 2 already exist at an arbitrary time
t. During the next condensation pulse, the surface is cleared of adsorbed impu-
rities (stage a) and a layer of substance 3 of thickness d; is built up (stage b).
During the pause, layer 3 adsorbs gases 4 from the atmosphere of the evapora-
tion chamber, which prevents both the migration of adatoms and the coales-
cence of islands (stage c). Then, electrons and high-energy ions of the first
echelon of laser erosion plasma (LEP) clear the growth surface of adsorbate 4
and a new layer 5 is condensed almost simultaneously (stage d). The effective
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movement of the growth surface is 2d;. The process is periodically repeated
until the layer of the required thickness is built up.

Gold target was sputtered by nanosecond pulses of YAG: Nd 3™ laser
radiation in the Q-modulated mode. The radiation pulse duration ti was ~ 15
ns. The repetition frequency v could be changed stepwise in the range of 12.5—
100 Hz.

The scheme of the evaporation module is shown at Fig. 3.2 [20]. Light
beam was introduced into the evaporation chamber and focused by lens 1 on
the sputtering target 7. Laser erosion plasma particles at the stage of inertial
expansion in the direction opposite to the light beam bombarded the surface of
the substrate 2.

Fig. 3.2. Scheme of the evaporation module for laser film deposi-
tion: 1 - focusing lens; 2 - substrate for film deposition from the primary
flow; 3 - substrate for film deposition from the secondary flow; 4 - resistive
evaporator; 5 - quartz thickness gauge; 6 - dual electric probe; 7 - target

The primary film was condensed on this substrate directly from the va-
por-plasma torch. In some experiments, substrate 3 was also installed in the
evaporation module. A secondary film formed from a flow of sputtered and
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reflected (from the surface of substrate 2) atoms could condense at the inner
side of this substrate. The resistive tungsten evaporator 4 could be used for
thermal spraying of atoms into the condensation zone of the substrate 2. The
rate of thermal evaporation was ~ 0.3 - 1 nm s,

The results of electron microscopic studies of laser condensates of gold
deposited in an oxygen environment on heated substrates (in the temperature
range Ts from room temperature to 600 K) are presented in the form of a semi-
quantitative diagram in coordinates Ts — IgP (Fig. 3.3) [58]. I is the region of
existence of the low-temperature NCS (Fig. 3.4a). It has an upper temperature
limit equal to the crystallization temperature 7, of the amorphous phase (7. =
362 K [59]). Region II is polycrystalline films (Fig. 3.4b) and region III is
completely or partially oriented films (Fig. 3.4c).

lg P(O2), Pa

\ 11

400 500 600 Ts, K

|
—_—

20

Fig. 3.3. Diagram of structural states of laser condensates of gold
deposited in an oxygen environment (explanation is in the text) [58]
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Fig. 3.4. Effect of substrate temperature on the structure of gold
laser condensates, deposited in an oxygen atmosphere at P(O2) = 95 Pa.
a). Ts=293 K;b). Ts=483 K. c). Ts=623 K

According to this diagram, to obtain a disordered structure (both amor-
phous and polycrystalline) at a fixed T, the target sputtering should be carried
out at high values of P(O,). This is evidenced by the increasing nature of the
curves separating regions I and II, as well as II and III. Since the diffusion
mobility of adatoms increases with increasing Ts, high values of P(O;) are re-
quired to suppress it. Similarly, at a fixed value of P(O>), the degree of orien-
tation of the condensate increases with increasing Ts.

When passing to region I (Fig. 3.3), the position of the first diffraction
maximum in the electron diffraction patterns, i.e. the 111 reflection for the
crystalline phase and the halo for the amorphous phase, changes abruptly. Pho-
tometry of the electron diffraction patterns (Fig. 3.5) showed that in the pres-
sure range where crystalline films are formed, the lattice constant of gold ao
remains virtually unchanged (the interplanar distance di11 = 0.236 nm, which
corresponds to the value of the parameter S = 26.62 nm’! (S = 47n(sin0)/A, where
A is the electron wavelength and 0 is the scattering angle). For the amorphous
state, when P(O2) > Pc,, the value of S was 23.10 nm™!. The position of the
diffusion halos at the electron diffraction patterns does not correspond to the
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position of the diffraction maxima of crystalline gold. Therefore, amorphized
gold condensates are amorphous, not polycrystalline structures.

Intensity, r.u.

Fig. 3.5. Photometric curves of electron diffraction patterns (con-
trast is inverted) of gold condensate (P(O2) = 95 Pa and Ts = 293 K)
before (curve 1) and after partial crystallization (curve 2) by local heat-
ing of a section of the film with an electron beam

3.1.2. Crystallization of amorphous Au-O films

The concentration of oxygen C(O) in amorphized Au condensates was
determined by the Rutherford backscattering (RBS) method of protons. The
scattering angle 6 was 160°, the beam current ~10 nA. The obtained results of
the dependence of C(O) on Ig P are shown at fig. 5.6 (curve 1). According to
this dependence, the oxygen content in amorphized gold condensates reaches
~ 16 at.% [60]. At the same time, it should be noted that under equilibrium
conditions, gold has a high resistance to oxidation and practically excludes the
dissolution of oxygen in it both in the liquid and solid states [61].

53



Capture of oxygen by condensate increases with gas ionization in the
evaporation chamber. This is evidenced by a sharp increase of the current on
the double electric probe (curve 2 at Fig. 3.6). An increase of the number of
charged particles in the precipitated flow initiates capture of the gas by the
condensed layer.

JlJ, T, C(0), at.%
2.0 40
1.5 30
10 b . . 1},\ 20
0.5 e 10
1
0 0

-3 -2 -1 0 1 2 1gP,Pa

Fig. 3.6. Dependence of the concentration of oxygen in the film
(curve 1) and of current on the double electric probe (curve 2) on the
pressure of oxygen in the evaporation chamber during laser sputtering of
gold [60]

Non-crystalline solid states of Au-O are specific objects, different from
liquid and crystalline Au, at least in such parameters as solubility of gas impu-
rities, short-range structure, density and electrical conductivity [60]. This pre-
determines a very narrow temperature range of the amorphous phase - crystal
transition and a high transformation rate, which distinguishes it from the crys-
tallization of finely dispersed media. The time dependence of the electrical re-
sistance R(?) in the vicinity of the amorphous phase - crystal transition point
(time ¢.) is shown at Fig. 3.7a. A change in the electrical resistance of the

54



interelectrode gap (filled with the amorphous phase) by three orders of magni-
tude occurs in a time of A<10 s.

7 — 1gR, Q v
o O {

| | I?}".Tal 5

-60 -4 -2 0 20 40 tt,s

Fig. 3.7. Crystallization of amorphous Au-O film upon thermal
heating in vacuum (sputtering of the target at P(O,) = 110 Pa). a). De-
pendence of electrical resistance R(f) near the phase transition point. b).
Microstructure of crystallized film

The structure of the crystallized region is shown at Fig. 3.7b. Annealing
was performed in vacuum on a uniformly heated substrate immediately after
film deposition. In the initial state, the amorphous film was continuous. The
occurrence of discontinuities after crystallization is associated with a higher
density of the crystalline phase. The surface filling coefficient with gold at Fig.
3.7b is 88%. This correlates with the found value of Ap/p ~72% according to
[60].

Electron diffraction studies showed that the only product of the crystal-
lization reaction is pure gold with a normal FCC lattice. No new phases or
structures were registered. Gaseous impurities that stabilize the amorphous
state are released into the vacuum after the transformation or remain in the gold
in the form of bubbles located mainly along the grain boundaries.
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To determine the crystallization temperature T, the dependence of
electrical resistance on temperature was plotted in the coordinates 1g(R1/R293)
—1000/T (Fig. 3.8). A sharp break in the curve, associated with the restoration
of the metallic bond and the FCC structure, occurred at 7,.=362K.

lg(RT/R293)

22 24 26 28 3.0 1000/7,K!

Fig. 3.8. Temperature dependence of electrical resistance
of amorphous Au-O film upon thermal annealing in vacuum.
Deposition at P(O2) = 110 Pa)

Knowing the transformation time A¢ and the density of grains of the
new Au phase on the surface of the substrate (Fig. 3.7), it is possible to estimate
the rate of tangential grain growth V. For this, we used Kolmogorov’s formula,
modified for the case of two-dimensional (flat) crystallization [62], since the
film thickness d is many orders of magnitude smaller than the linear dimen-
sions in the plane of the film. The area of the film § crystallized by time ¢ is
equal to:
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S =So{1—exp{—i J(C)S(R(c,t))dc}}’ G2

where J({) is the rate of formation of crystallization centers, So is the area of
the film, { is the current time (integration variable), S(R)=CR? is the area of the
nucleus of radius R, C is the shape constant. For flat nuclei in the form of a
circle growing at a rate of Ve, R({,0)= V(#-0) and S(R(C, 1))= nVA(¢-0)%. In this
case, formula (3.2) takes the form:
t
=1 - eV (-0 63
0
where the coefficient of surface filling with the crystalline phase is 1 = S¢/So.
At a stationary nucleation rate (J({) = const) after integrating (3.3) we obtain:

v ] (3.4)

n=1—exr>[—

For 1=0,88; J =4-10'" sm™>"! and #=10 s, determined from electron mi-
crographs and the R(f) graph, according to (3.4), at the crystallization temper-
ature the linear growth rate of grains in the plane of the substrate V; =2.2-103
um-s!,

This value of V; corresponds in order of magnitude to the so-called
"normal" crystallization [63, 64]. The high rate of transformation is achieved
not due to V., but due to the high value of the frequency of nucleation of the
new phase. The thermal energy released during the transformation process is
uniformly distributed over the area of the film and is discharged into the sub-
strate.

3.1.3. Explosive crystallization of amorphous Au-0O films

Under certain conditions, another type of transformation can be real-
ized, the so-called "shock" ("explosive") crystallization. It was observed in
low-temperature condensates of a number of metals [65], in amorphous anti-
mony films [66], and also in layers of silicon dioxide and silicon oxynitride
[63, 64]. In the case of shock crystallization, the velocity of front displacement
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V. is several orders of magnitude higher than in the case of normal crystalliza-
tion, and is determined by the value of thermal diffusivity y of the amorphous
phase (V: ~ y/L, where L is the linear size of the shock crystallization region).

It was established that a similar nature of transformation can also take
place during crystallization of amorphized Au condensates, when the film is in
a free state, and crystallization is initiated by the local action of an electron
beam. In this case, explosive crystallization can be observed directly at a mi-
croscope screen by concentrating the electron beam on a selected area of the
film. A typical example of explosive crystallization (evaporation of gold at
P(Ar)=95 Pa) is shown at Fig. 3.9.

Fig. 3.9. Formation of concentric seams (a) and release of

gas bubbles in grains (b) during impact crystallization of amor-
phized gas-saturated laser condensates of gold. SAED pattern of
Au is at the right upper corner

The velocity of the crystallization front motion V. =20 um/s. The ex-
plosive crystallization zone is characterized by radial growth of crystals from
the center of localization of the electron beam and the presence of concentric
seams associated with periodic braking of the front. According to [64],
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temporary stops can be caused by the removal of stresses before the crystalli-
zation front, since the decrease in the elastic stress field occurs at the speed of
sound, and the movement of the crystallization front occurs at a speed con-
trolled by thermal conductivity.

Changes in specific volume and the release of crystallization heat ac-
companying the transformation cause ruptures and melting of film sections,
which complicates a detailed visual study of the process. However, the availa-
ble micrographs allow us to state the presence of an intermediate liquid phase
of gold between the initial amorphous and final crystalline states. The micro-
structure of such film sections is shown at Fig. 3.9b. The thin-film layer of
liquid that arises during the transformation is in a state of strong supercooling.
Therefore, it crystallizes almost instantly. Since the gas impurities, that present
in amorphous layer are insoluble in either liquid or crystalline phase of gold,
they are released in the form of gas-filled bubbles.

The presence of a liquid phase at the moment of transformation was
established by electron microscopy methods: the amorphous phase — liquid
— crystal (A-L-C) mechanism is realized. The resulting liquid is in a state of
strong supercooling and instantly crystallizes. The released heat of transition
is used to maintain the explosive crystallization reaction.
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Fig. 3.10. Crystallization scheme of amorphized Au-O
condensate by the A-L-C mechanism. 1 — amorphized gas-satu-
rated condensate. 2 — stratification into supercooled liquid and
gaseous phases. 3 — crystallization of the liquid phase.
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The scheme of the crystallization reaction of amorphized Au-O by the
A-L-C mechanism is shown at Fig. 3.10. The onset of the reaction is accom-
panied by stratification of the medium into gaseous (O,) and liquid (Au)
phases, since gas impurities are insoluble in liquid gold. The supercooled lig-
uid phase crystallizes with the formation of Au grains with a natural FCC lat-
tice (polymorphic crystallization from the liquid phase).

3.2. Amorphized thin-film laser condensates of selenium

Hexagonal modifications of selenium are thermodynamically stable up
to the melting temperature [67]. Se crystals consist of helical chains (Se..) par-
allel to the ¢ axis. Within the chains, the bond between atoms is covalent, and
between chains it is partially metallic and molecular (of the Van der Waals
type). The presence of many polymorphic forms of selenium suggests a high
probability of formation and thermal stability of its NCS. According to (3.1),
the reduced crystallization temperature of amorphous selenium is equal to 0.67
(the number of polymorphic forms with different spatial groups of crystal lat-
tices np = 5). This agrees well with experimental data (0.62-0.76 [54]).

Amorphous selenium condensates are widely used as photosensitive
layers for electrophotography and electroradiography. They can be obtained
by thermal spraying in a vacuum or in a controlled gas environment on sub-
strates, whose temperature is no higher than 318 K. At temperatures above 313
K, the process of spontaneous crystallization becomes noticeable, which sig-
nificantly reduces the area of technical application of Se [68]. At the film-sub-
strate interface single crystal nucleus arise, which are distorted in a regular
manner during the growth process and turn into a spherulites (or more pre-
cisely, into their flat analogues, a "cylindrites" [69]).

Oxygen improves the parameters of photoconductive layers and also
has a stabilizing effect on the amorphous phase. Oxygen doping is carried out
by thermal evaporation of Se in an O, atmosphere. In this case, the oxygen
concentration in film does not exceed 0.12 at.%, that corresponds to oxygen
saturation of metallic impurities and the ends of selenium chains [70]. The ox-
ygen content in the amorphous film can be increased in the "intermittent"
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selenium deposition mode (single interruption of condensation, maintaining
the layer in a gaseous environment, and subsequent resumption of thermal dep-
osition) [71]. Multiple implementations of this mode can be achieved with
pulsed laser sputtering of Se according to the scheme, that shown at Fig. 3.1.
In this case, the layer of substance deposited in one radiation pulse is exposed
to the action of molecules of the gas environment during the pause, as well as
to ion bombardment during the condensation of the subsequent layer.

3.2.1. Obtaining of amorphous laser condensates of Se-O

Selenium films were obtained by condensation of laser selenium plasma
on substrates in the form of amorphous carbon films, massive glassy carbon
plates and (001) KCI at 7= 293 K. For this purpose, high-purity Se targets
were sputtered by laser radiation pulses with a repetition rate v=12.5 - 100 s™!
and a power density of g=(1-3)-10° W-cm. The P(O,) value was varied in the
range of 10~ -260 Pa using the SNA-2 injection system. At a frequency of v=25
Hz, the average selenium condensation rate in vacuum was ~1.5 nm- s.,

With increasing of P(O.), it monotonically decreased due to the scatter-
ing of the vapor-plasma flow on oxygen molecules. A selenium layer with a
thickness of d;=0.06 nm and 0.02 nm were deposited in one evaporation pulse
at pressures of 10~ and 260 Pa, respectively. The oxygen concentration C(O)
in the films was determined by the Rutherford backscattering (RBS) method
of protons [72].

The presence of oxygen in selenium films deposited in oxygen atmos-
phere was detected. The dependence of C(O) on the oxygen pressure in the
evaporation chamber P(O>) is shown at Fig. 3.11a. Concentration C(O) in-
creases monotonically and reaches ~9 at.% at P(0,)=260 Pa. This graph is
constructed for the case of v=25 s’!. With increasing frequency, the time of
action of oxygen molecules on the film growth surface decreases. Therefore,
C(O) decreases monotonically with increasing v. The dependence of C(O) on
v (at P(O,) =260 Pa) is shown at Fig. 3.11b.

61



C(0), at.%

12

T O0<g

B!

S N AN ©

—ab

%4

302 -1

0 1 2I1gP0y)
a

C(0), at.%
12
10 - _

N s O o0
|

| | | | |
0 10 20 30 40 v,s!
b

Fig. 3.11. Oxygen concentration C(O) in selenium films deposited by
laser evaporation. a). The dependence of C(O) on oxygen pressure P(O>) at
v=25 s'.. b). The dependence of C(O) on v at a fixed pressure P(0,)=260 Pa

[72]

In the entire studied range of oxygen pressures the Se films obtained by

laser evaporation were amorphous (at room temperature of the substrate). The

electron diffraction patterns of the films, deposited in vacuum and at P(O,)

=130 Pa are shown at Fig. 3.12a and 3.12b respectively. Three maxima are

observed at the electron diffraction patterns, the S values of which are given in

Table 3.1.
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Fig. 3.12. Electron diffraction patterns of films deposited by laser
sputtering of Se: a - deposition in vacuum; b - deposition in an O, atmosphere
at P(O,) = 130 Pa; ¢ - the same after crystallization of the amorphous phase
(hexagonal modification of Se)

Table 3.1 - Position of diffuse halos and reflections in electron diffrac-
tion patterns of selenium films*

Specimen Si(nm™) Sy(nm™) S3(nm™)
Laser evaporation of Se in | 18.7 34.8 52.9
vacuum

Laser evaporation of Se in | 18.7 35.1 533
O, atmosphere (130 Pa)

*Note: S =4n(sin0)/A, where A is the electron wavelength and 6 is the scattering

angle

3.2.2. Crystallization of amorphous films of Se-O

Amorphous Se layers deposited both in vacuum and in O, atmosphere
did not exhibit significant morphological differences. They appeared only at
annealing of the films both in air (furnace annealing) and in vacuum (heating
with an electron beam in a microscope column). Two types of crystallization
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reactions were determined. In Se condensates with a low oxygen content, pol-
ymorphic crystallization occurred (according to the classification [73]). The
amorphous phase was transformed into a crystalline one due to the formation
and growth of spherulites. The ribbon blocks of spherulites were separated by
low-angle boundaries and diverged in radial directions. Their crystalline struc-
ture corresponded to the hexagonal modification of Se. As a rule, the ¢ axis
was oriented perpendicular to the plane of the film (Fig. 3.13a).

Fig. 3.13. Structural and morphological changes in Se-O films dur-
ing annealing (361 K): a - laser evaporation of Se at P(0O,)=1.3 Pa;
b - P(O2)=130 Pa. Annealing time ¢ = 20 min. SAED pattern is in the upper
left corner of the micrograph

The transformation in gas-saturated films occurred according to the
scheme:

amorphous Se-O—amorphous Se+0,(gas)—crystalline Se+O(gas). (3.5)

At the first stage of transformation, the amorphous phase was separated into
two components: Se and excess oxygen, which was released in the amorphous
film in the form of bubbles and micropores. At this stage, a metastable
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equilibrium of the system was achieved: amorphous Se + gaseous O». Later or
at a higher annealing temperature, the second stage occurred - polymorphic
crystallization of selenium. Growing selenium spherulites had a porous struc-
ture due to the capture of gas bubbles from the amorphous matrix. The for-
mation of oxide phases was not detected.

Phase separation is clearly visible at Fig. 3.13b, when selenium was
deposited at P(O,)=133 Pa (C(O)~7.2 at.%). The spherulites contain smaller
pores than the amorphous matrix. The average diameter D and pore density p
are, respectively, 22 nm and 5-10' ¢m™ (spherulite) and D=130 nm and
p=5-10° cm (amorphous matrix).

The action of the electron beam initiates diffusion processes in the film
at the stage preceding crystallization. Old pores disappear (come to the surface)
and new ones form and grow. Figure 3.14 shows a series of microphotographs
of the same place on the film during its heating by an electron beam. The ref-
erence points, fixing the position of the analyzed field, are four Se micro-
droplets transferred by the vapor-plasma flow to the substrate ("splash" effect).
They are marked with numbers 1-4.

The presented microphotographs illustrate not only the fact of the emer-
gence and growth of pores, but also their disappearance and even the formation
of thickenings in place of the disappeared pore (mark 4). The approach of the
crystallization front to the pore caused a distortion of its shape: it acquired the
shape of a deformed ellipse, the long axis of which is oriented perpendicular
to the direction of growth of the ribbon block (Fig. 3.14d).
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Fig. 3.14. Transformations in amorphous gas-saturated films during
annealing with an electron beam: a, b, ¢ - formation of pores in the amor-
phous matrix. Numbers 1-4 indicate marks fixing the analyzed area. The
intensity of heating increases from image a to image c; d - crystallization of
the amorphous phase. The arrow indicates the distortion of the pore shape
under the influence of the crystallization front [72]

3.2.3. Kinetics of a-c transformation at annealing of Se-O films

The kinetics of transformation from amorphous phase to the crystalline
one (a-c transformation) was studied during isothermal annealing of selenium
films of a fixed thickness (d=60 nm) on substrates of (001) KCl, coated with a
thin layer of amorphous carbon. Annealing was carried out in air at tempera-
tures T equal to 361, 378, 388 and 403 K.
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Experimental graphs of the dependence of the average spherulite radius
R on the annealing duration ¢ of films deposited at different values of P(O,) are
shown at Fig. 3.15a [74]. Each family of straight lines corresponds to a fixed
annealing temperature 7. The linear nature of the R(¢) dependence indicates the
constancy of the tangential velocity of the crystallization front motion v,

which agrees with [75]. v was determined from the slope of the straight lines
to the ¢ axis.

In v; (v; in nm/s)

0o—1333Pa 5 ©—133.3 Pa
e—13.3Pa 4l *— 133 Pa
4—0.13 Pa 24— (.13 Pa
4—1.310"3 Pa 3t 4—1.3103Pa

LN A

0 2 4 6 10 ¢ 10%s 2.4 2.6 2.8 1000/T, K
a b

Fig. 3.15. Average radius R (a) and growth rate v (b) of spherulites
during isothermal annealing of Se-O films. Family of lines 1 corresponds to
annealing at a temperature of 361 K; 2 - at 378 K; 3 - at 388 K; 4 - at 403 K
[74]

The temperature dependence of v; on T in the coordinates In v, - T*!

is shown at Fig. 3.15b. The linear dependence of In v; on T-! suggests that v«(7)
is described by the Arrhenius equation [76]:

Vi = Vo eXp(-Uy/RgT). (3.6)

In expression (3.6) v, is a constant with the dimension of velocity (um/s); Us
is the activation energy of growth (kJ/mol); R, is the gas constant. The values
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of U, and v,, determined from the graphs at Fig. 3.15b, are given in Table 3.2.
They indicate an increase in the tendency to crystallization with increasing of
oxygen content in selenium films.

Table 3.2 - Oxygen concentration and crystallization parameters of
amorphous Se-O films

P(0,), Pa C(0), at.% Vo, LM/s U, kJ/mol
1,3-1073 - 8.1-10™ 123
0,133 0,2 3.6-10% 120
13,3 1,4 1.8-10" 117
133 7,2 1.5-10™ 117

4. ON THE CLASSIFICATION OF CRYSTALLIZATION
REACTIONS IN THIN AMORPHOUS FILMS

4.1. Polymorphous, preferential and eutectic crystallization

The stable operation of electronic devices based on amorphous sub-
stance in some cases implies the invariance of the amorphous structure (for
example, photoelectronic converters). In some cases, the effective operation of
the device is associated with the possibility of multiple phase transformations
of the type non-crystalline state - crystal - non-crystalline state (for example,
optical recording media) in a local area of the object. In all cases, it is necessary
to know the features of the transition of amorphous substance into a crystalline
substance and the systematization of crystallization reactions according to the
selected features.

Amorphous films can crystallize spontaneously or under the influence
of physical actions, i.e. move from a metastable no crystalline solid state to a
stable crystalline state. In the general case, crystallization occurs according to
one of the following schemes [77].
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1. Polymorphous crystallization. This is the simplest type of transfor-
mation, in which an amorphous substance passes into a crystalline one without
changing its composition. It is characteristic of both pure elements and stoichi-
ometric chemical compounds.

2. Preferential crystallization of one of the phases at the first stage of
the process and subsequent crystallization of the matrix at the second stage.

3. Eutectic crystallization, in which two crystalline phases are almost
simultaneously segregates.

The implementation of the type of crystallization reaction is predeter-
mined by the type of dependence of free energy of various phases on the con-
centration of chemical elements. To systematize the experimental results, it is
advisable to use the classification of crystallization reactions and the hypothet-
ical diagram of the free energy of amorphous and crystalline phases proposed
by W. Kester [77] for metallic glasses (in particular, Fe-B). An analogue of
such a diagram for gas-saturated laser condensates is shown at Fig. 4.1 [78].

Free energy, G

Concentration, C(O)

Fig. 4.1. Free energy diagram G for explanation of crystallization
reactions of amorphous gas-saturated condensates. Curves Go, G1, G2 - con-
ditional dependences of free energy of the initial amorphous phase, crystal-
line chromium and crystalline metal on oxygen concentration. 1 - preferen-
tial crystallization, 2 - polymorphic, 3 - eutectic crystallization [78]
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The driving force of crystallization is the difference in the free energies
of the amorphous phase (Go) and the crystalline phases of the metal (G1) and
its oxide (G»). For example, in the case of chromium sputtering, the latter cor-
responds to Cr,03, since this is the only thermodynamically stable oxide [79].

At laser sputtering of chromium in a wide pressure range from 107 to
10 Pa, amorphous condensates of non-stoichiometric composition CrxOy are
formed, and with increasing of P(O») the ratio y/x increases. For this reason,
crystallization has a two-stage nature (Fig. 4.2). At the first stage (the so-called
predominant crystallization), finely dispersed crystals of chromium are re-
leased in the amorphous matrix (at annealing temperature 75,>523 K), and the
matrix itself is enriched with oxygen (arrow 1 at Fig. 4.1).

I
‘._,-:."- 55 T TR S

T Sy i
31 v ;

Fig. 4.2. Types of crystallization reactions established for laser chro-
mium condensates: a, b — two-stage (preferential and polymorphic) crystal-
lization of films of non-stoichiometric composition; ¢ — one-stage (poly-
morphous) crystallization of Cr,Os. The size and total volume of chromium
crystals depends on the composition of the sample: they decrease monoton-
ically as the composition approaches stoichiometric Cr,O3

The primary precipitation of chromium crystals in amorphous films is
shown in Fig. 4.2a. With increase of the pressure from 2-10- to 8-10 Pa, their
size decreases from 10 to 3 nm. The reaction of preferential crystallization is
completed upon reaching a metastable equilibrium of chromium + amorphous
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phase Cr-O. An increase of Tu, to 593 K (or exposure to an electron beam)
initiates the next stage - polymorphic crystallization of the amorphous matrix.
Without changing the composition it passes into the crystalline oxide Cr,0O3
(Fig. 4.2b). A single-stage phase transition by polymorphic crystallization was
observed in films deposited by laser sputtering at P(02)>6-10"2 Pa (Fig. 4.2¢).
In this case, there was no primary precipitation of crystalline chromium. Cr,03
crystals (mainly (001) orientation) were generated in the amorphous matrix,
the development of which proceeded according to the spherulitic type.

The structure and composition of precipitates in oxygen-enriched iron
films (sputtering at 5-105< P <8-10** Pa) was depended on both the annealing
temperature 7a, and the heating rate 74, [80]. Crystallization of laser conden-
sates of Fe doped with oxygen is shown at Fig. 4.3.

110 a-Fe | | 200 a-Fe

Fig. 4.3. Crystallization of laser condensates of Fe doped with oxy-
gen: a- precipitation of primary crystals of a-Fe at the stage of preferential
crystallization; b- polymorphic crystallization of y-Fe;Os; c- eutectic crys-
tallization of a-Fe and y-Fe,>Os; d- polymorphic crystallization of y-Fe>O3
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At Ta.n>493 K and 74,= 0.1 K/s (annealing on the substrate by resistive
heating of the substrate holder), predominant crystallization with the precipi-
tation of primary a-Fe crystals occurred (arrow 1 in Fig. 4.1). Above 593 K,
the oxygen-enriched amorphous matrix crystallizes polymorphically with the
formation of crystals of the cubic and tetragonal modifications of y-Fe,Os3 (re-
spectively, ap=0.835 nm and a¢=0.833 and c¢=2.499 nm). A pronounced
banded contrast (Fig. 4.3b) indicates the ordering of defects in the lattice of y-
Fe,0; during crystallization of the amorphous phase. Domains are formed as a
result of phase transitions associated with a change in lattice symmetry. They
can be connected to each other by simple translation (for example, antiphase
domain boundaries), or by a mirror plane of symmetry (for example, during
twinning caused by a polymorphic transition) [81].

Eutectic crystallization (arrow 3 at Fig. 4.1) was observed at high sam-
ple heating rates of the order of 10 K/s (pulsed heating of a section of the film
by an electron beam in the microscope column). In this case, the formation of
a-Fe and y-Fe,Os crystals occurs almost simultaneously. An image of the eu-
tectic intergrowth of the metallic and oxide phases is shown at Fig. 4.3c.

With increasing of P(O,), the volume fraction of a-Fe crystals mono-
tonically decreased, and at P(O2) > 102 Pa only phase of Fe;O; was observed
(Fig. 4.3d). Such a single-stage transition from the amorphous to the crystalline
state corresponds to the polymorphic type of crystallization.

4.2. Crystallization modes at electron beam impact

The rate of transformation is determined both by the rate of crystal
growth and the rate of formation of crystallization centers. Depending on
which process prevails, a division is made into growth-driven crystallization
and crystal nucleation-driven crystallization [82].

An example of growth-driven crystallization of amorphous film of
TaOs is shown at Fig. 4.4a. Under the influence of an electron beam, a single
crystal grows in the field of electron microscopic observation. Dotted lines 1
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and 2 give the position of the crystallization front at times # and #,=t,+At. Dur-
ing time ¢, the increment of diameter D is AD.

Fig. 4.4. Growth-driven crystallization of Ta;Os (a) and crystal nu-
cleation-driven crystallization of Sb,Ses (b)

An example of nucleation-driven crystallization of amorphous film of
Sb,Ses is shown at Fig. 4.4b. Under the influence of an electron beam, a mul-
titude of disoriented small crystals grows in the field of electron microscopic
observation.

According to the type of crystal formation, nucleation-driven crystalli-
zation can be divided into Site-Saturate Nucleation (SSN) and Constant Nu-
cleation Rate (CNR) [83]. At SSN nucleation happens only at the beginning
and growth takes place afterwards (example for ZrO; at Fig. 4.5a). At CNR the
formation and growth of new crystals occurs throughout the entire period of
exposure to the amorphous film (example for Yb,O-S at Fig. 4.5b).
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0.4 pm 0.4 pm

b

Fig. 4.5. Film footage of Site-Saturate Nucleation in amorphous film
of ZrO; (a) and Constant Nucleation Rate in amorphous film of Yb,O,S (b).
In the upper left corner of each frame the time, elapsed since the start of
filming is given.

Numerous «in situ» electron microscopic studies have shown that pol-
ymorphous crystallization of thin amorphous films is adequately described by
a phenomenological scheme, that includes the following types (crystallization
modes) of crystal, growth in an amorphous matrix. A schematic representation
of the four crystallization modes, realized in amorphous films under the action
of an electron beam, is shown at Fig. 4.6 [84].
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Fig. 4.6. Crystallization modes in amorphous films: a - layer poly-
morphous crystallization; b - island polymorphous crystallization; ¢ - den-
drite polymorphous crystallization; d - fluid-phase crystallization. af -
amorphous phase, cf - crystalline phase, If - liquid phase. Arrow e indicates
the location of the electron beam impact. 1, 2 - respectively dendritic
branches of the first and second orders

1. Layer polymorphous crystallization (LPC). In this case the crystal-
line phase (the primary single crystal cf at Fig. 4.6 a) is formed in a thin surface
layer at the site of action of the electron beam on the film (marked in the figure

by the arrow "e™). The composition of the crystalline phase (cf) corresponds
to the composition of the amorphous phase (af). The interface between amor-
phous phase and vacuum is the site of nucleation of the crystalline phase, was
experimentally identified in [85] during study of the crystallization of amor-
phous Ge,Sb,Tes films. The velocity v of the crystallization front motion in
the tangential direction (parallel to the film surface) significantly exceeds the
velocity v, of the crystallization front motion along the normal to the film sur-

face. The crystalline layer "spreads" over the film surface. The movement of
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the crystallization front can be compared with the displacement with the ve-
locity v of the line, corresponding to the contact of the amorphous phase, crys-
talline phase and vacuum (solid line g-g' at Fig. 4.6a).

As the single crystal grows, the g-g' line (crystallization line) moves
in the same way as the front of a light wave moves in accordance with the
Huygens-Fresnel principle [86]. Each point of the crystallization line is a
source of "flat" secondary crystallization centers. These secondary centers
have the same orientation, coinciding with the orientation of the primary crys-
tal (i.e. they are "coherent" with each other). Growing together ("interfering"),
over time At they provide a displacement of each point of the crystallization
line by the value v:At. The new position of the crystallization line corresponds
to the envelope of the secondary crystallization centers. In light of the above,
the formation of a single-crystal nucleus and its subsequent growth by the LPC
mode can be interpreted as a variant of "coherent crystallization" of an amor-
phous film.

The analogue of the LPC mode for the case of film growth on a sub-
strate from the vapor phase is the layered growth according to Frank and Van
der Merwe [87]. In accordance with [88], the energy criterion of the LPC mode
can be the ratio:

Ga > Oc T Gac T &g, 4.1

where ., O¢, Oac are the surface energy of the amorphous phase - vacuum in-
terface, the surface energy of the crystalline phase - vacuum interface, and the
surface energy of the amorphous - crystalline phase interface respectively; &q
is the strain energy of the growing crystalline layer. The crystalline phase tends
to exclude the free surface of the amorphous film, which has a high ¢, value
(the "wetting" condition). The LPC mode is largely inherent in semiconductors
(Se, Sb, Sb,S3), oxides and metal alloys (Cr,03, V203, TaxOs, Nb2Os, Fe O3
and Ti4lzr4]Ni]g).

An example of the LPC as a result of the local action of an electron
beam on amorphous film of Cr,03, obtained by laser sputtering of Cr in an
oxygen atmosphere, is shown at Fig. 4.7a. The film thickness d ~ 21.7 nm. In
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the region of the electron beam action, a single flat Cr,O; crystal is formed in
amorphous film and grows with a rate v; = 1.2 um-s™'. The same growth rate
and a similar mechanism of the LPC occur at annealing in vacuum at a tem-
perature of Ty = 930 K (Fig. 4.7b). As it grows, the crystal bends in a regular
manner due to the action of tensile stresses, and bending extinction contours
appear on its image.

Fig. 4.7. Layer polymorphous crystallization of amorphous films:
a - formation of the crystalline phase Cr,O3, initiated by local action of an
electron beam; b - the same as a result of thermal annealing of the film

In the case when the composition of the amorphous film differs from
the stoichiometric composition, the LPC stage is preceded by the precipitation
of excess element crystals in the amorphous matrix. The primary precipitation
of Sb microcrystals in the amorphous matrix (marked with arrows) and the
subsequent layer polymorphous crystallization of Sb,Ss3, initiated by the action
of an electron beam, is shown at Fig. 4.8a. It should be noted that the presence
of Sb islands in the amorphous layer has virtually no effect on the structure and
morphology of the growing Sb,S; crystal.

The presence of an active substance on the surface of an amorphous
layer can change the crystallization mechanism. For example, during crystalli-
zation of amorphous Sb,S; films, the layer mechanism is clearly manifested
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(Fig. 4.8a). The introduction of Au islands onto the surface of amorphous Sb,S;
slows down the movement of the crystallization line. The LPC mode is re-
placed by the IPC mode, which is accompanied by the formation of a finely
dispersed polycrystalline structure of Sb,S; (Fig. 4.8b).

Fig. 4.8. Transition from layer (a) to island (b) polymorphous crys-
tallization in amorphous films of Sb,S3. Arrows indicate the primary pre-
cipitation of Sb microcrystals in the amorphous matrix of Sb,S;3

2. Island polymorphic crystallization (IPC). At IPC mode the crystalline
phase is formed in the near-surface layer (Fig. 4.6b) and its composition cor-
responds to the composition of the amorphous phase. However, due to the high
rate of formation of disoriented (incoherent) crystallization centers and the fact
that v, = vy, a finely dispersed polycrystalline layer is formed at the final stage
of the process (“incoherent” crystallization of amorphous film). An analogue
of the IPC mode in the case of film growth on a substrate from the vapor phase
is the island growth according to Volmer and Weber [87, 88]. The energy cri-
terion of the IPC mode can be the ratio:

Ga < O¢ + Oac + €4 4.2)

Due to the smallness of o, the crystalline phase does not tend to exclude the
free surface of the amorphous film (the “non-wetting” condition).
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The IPC mode is characteristic of the crystallization of some amor-
phous metals, oxides and semiconductors (Ni, Re, AL,O3, Yb20,S, ZrO, and
Sb,Ses). The example of IPC mode in amorphous Al,Os film, obtained by laser
sputtering of Al in an oxygen atmosphere, is shown at Fig. 4.9a. Electron irra-
diation initiates in the film formation of a finely dispersed crystals (cf) corre-
sponds to the cubic modification of y-Al,O3 [89]. In the case of uniform heating
of the film in a vacuum, a similar structure is formed at 7T,, = 1220 K.

0.46 um

Fig. 4.9. Crystallization of amorphous films under electronic beam
heating: island polymorphic crystallization mode in A1O3 (a) and dendrite
polymorphous crystallization mode in HfO, (b). 1 - first order dendritic
branches. 2 - second order dendritic branches.

3. Dendrite polymorphic crystallization (DPC) It can be associated
with the Stranski - Krastanov (SK) growth mode (single-crystal layer and sub-
sequent growth of islands on it) [90]. DPC (Fig. 4.6¢) is realized when the
inequality 6, > o¢ + Oac + &4 1S initially satisfied (a single crystal grows in the
form of a first-order dendritic branch). After reaching the critical size of the
crystal, islands grow on its lateral surface (in this case, the inequality 6. < o +
oac t €4) takes place, which form a polycrystalline interlayer. Dendritic
branches of the second and higher order are formed in the process of geometric
selection of grains growing from this interlayer (Fig. 4.9b.). The DPC mode is
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realized during the crystallization of amorphous films of HfO, [12] and Fe-C
[92].

Comparison of polymorphous transformations amorphous phase -
crystal (during electron-beam crystallization of amorphous film) and vapor -
crystal (during vapor deposition on substrate) is given in table. 4.1.

Table 4.1 - Comparison of phase transformations amorphous phase -
crystal and vapor - crystal*

Amorphous phase - crystal Vapor - crystal
Type of .. .
o Condition Growth mode Condition
crystallization
LPC Gy > 0c+ Cuet &g FM Ys =Yt Vs
IPC 6,<0c+ Ouct €4 Vw Ys <Yt vsr
Initially Initially
Oq = Oct Gact €4, s ZYrt Vs
DPC ¢ SK =TT
Then Then
Gy < GCc+ Ouct &g Vs S'Y/Jr’yﬁf

*LPC - layer polymorphous crystallization; IPC, island polymorphous
crystallization; DPC - dendrite polymorphous crystallization; 6,, Gc, Gac are the
surface energy of the amorphous phase - vacuum interface, the surface energy
of the crystalline phase - vacuum interface, and the surface energy of the amor-
phous - crystalline phase interface, respectively; €q4 is the strain energy of the
growing crystalline layer. FM is the Frank-van der Merwe growth mode, VW
is the Volmer - Weber growth mode, SK is the Stranski - Krastanov growth
mode; vs, V1, Vst are the surface energy of the substrate, film and the interfacial
energy between the film and substrate, respectively.

4. Fluid-phase crystallization (FPhC). In this case in amorphous layer,
which is in a highly nonequilibrium state, liquid is formed as a result of
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physical action (Fig. 4.6d). It almost instantly solidifies. The FPhC type is in-
herent in gas-saturated Au-O condensates, obtained by laser ablation of gold
in a gaseous medium [58, 59]. A detailed description of this type of transfor-
mation is given in section 3.1.

4.3. Relative length of crystallization

In the case of a polymorphous transformation, each crystallization
mode can be quantitatively characterized by a numerical criterion - the di-
mensionless relative length of crystallization 8¢ [90]. The relative length of
crystallization defined as

— (4.3)

in the case of layer polymorphous crystallization, and as
_Db
d, 2/5 (4.4)
in the case of island and dendrite polymorphous crystallization. Dy is a charac-
teristic unit of length - the conditional size of a crystal by the time f, after
which the volume of the amorphous phase decreases by a factor of e =2.718
(the so-called characteristic unit of time). In this case, the fraction of crystal-
lized substance x = 0.632. In expressions (4.3) and (4.4) ao is a cell parameter,
and Q is the volume of a unit cell of a crystal, growing in amorphous matrix.
In the case of LPC a flat crystal grows in the investigated region of
the film with an area ~ Ds? (Ds ~ 2.9 pm is the effective diameter of the region,
observed in the electron microscope) (Fig. 4.4a). If the growth rate is constant
in the film plane, then the crystal will have a shape, close to the shape of a disk
with diameter D. Let us define the crystal growth rate in the tangential direction
as the derivative of its diameter D with respect to time #: v; = D'.. With this
definition, the speed of the crystallization front will be 0,5v.. By the time #, its
size in the film plane will be D = Dy = vty (Fig. 4.10). Increasing of the diam-
eter of the disk (i.e. its growth) can be represented as a sequential attachment
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of the elementary cells of the crystal (shaded figures in Fig. 4.10) to the inter-
face between the crystal and the amorphous phase. In this case, according to
(6.3), the relative length 6o will be the number of cell parameters ay that fit at
a distance, equal to Do [93].

Fig. 4.10 - Scheme of the growth of a hexagonal crystal (in the
orientation [001]) according to the mechanism of layer polymorphous
crystallization. The shaded rhombuses correspond to the projections of the
elementary cells of the crystal onto the plane of the figure [93]

At IPC a lot of small crystals of different orientations grow in the stud-
ied region of the film (Fig. 4.1b). The projections of the unit cells of the crystals
onto the plane of the film are polygons with different sides and vertex angles.
Therefore, to determine Jy in this case, a value Q™ is used. It has the dimension
of length and characterizes the elementary cells of crystals in any orientation
relative to the film surface. Relation (4.4) is also applied to the case of DPC
mode, since the dendritic branches have different orientations relative to the
film surface.
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4.4. Film preparation and video recording of crystallization "in situ"

Amorphous films were obtained by thermal deposition of material in
vacuum, pulsed laser sputtering of a metal in an oxygen atmosphere, anodic
oxidation of foils and ion-plasma deposition in argon atmosphere with oxygen
on substrates at room temperature. The substrates were KCl crystals at room
temperature, cleaved in air along the (001) cleavage planes. After deposition
and depressurization of the chamber, the films were separated from substrates
in distilled water and transferred to object grids for electron microscopic stud-
ies. Structural analysis was carried out by electron diffraction and transmission
electron microscopy with electron microscopes EM-100L and FEM-100-01,
operating at an accelerating voltage of 100 kV. The film thickness varied in
the range from 25 to 50 nm.

Crystallization of a local area of the amorphous film was initiated and
maintained all time by an electron beam at a beam current of ~20 pA. The
crystallization rate was set by changing the electron current density j through
the sample, which was 1.1 - 6.5 A-mm depending on the beam focusing. The
process of crystallization of the film was recorded from the screen of the elec-
tron microscope with a Canon Power Shot G15 camera in the video recording
mode at the frame rate of 30 s7! (Fig. 4.11). So, the error in determining of the
time At =30"' s. Data on the kinetics of the crystallization process was obtained
from the analysis of individual frames of the video recorded “in situ” at the
fixed electron current density (Fig. 4.12).

Using a specialized computer program, we measured the total area, oc-
cupied by the crystals at the electron microscope image of the analyzed space
of the film. The analyzed space of the film (a separate film frame) was =
7.19-10"8 cm?. The fraction of the crystalline phase x we defined as the ratio of
the area, occupied by the crystals to the total analyzed area. The minimum re-
liably measured area of the crystal was 0.0018 um?. In this case the error Ax =
2.5:10%.

At the initial stages of crystallization, the emerging crystals did not
contact each other. Therefore, it was possible to count visually (on the electron
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microscopic photography) the number of crystals N in the analyzed area with
an accuracy of 1 crystal per total analyzed area. In this case the error AN =

(7.19-10® cm?)"' = 1.4-107 cm™.

2/
4

Fig. 4.11. Scheme of the filming method in TEM: 1 - movie camera;

2 - window; 3 - screen; 4 - photographic plate

Fig. 4.12. A series of processed video frames to measure the number,

size and area of crystals
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5. LAYER POLYMORPHOUS CRYSTALLIZATION MODE

5.1. Structure and Kinetics of crystal growth in amorphous films of
Cr20s and V203

Chromium sesquioxide (Cr,03) is the most stable among the numerous
oxide phases (CrO, Cr,0, CrO,, CrOs, CrOs, Cr;0s, Cr;03, Cr30O4, CrzOiy,
Cr30;; etc.) [94]. It has a corundum structure (a=4.96 A, c=13.59 A, c/a=2.74)
compromised of hexagonally closed-packed oxygen atoms and chromium at-
oms occupying two-thirds of the octahedral sites [95]. In recent years, numer-
ous theoretical and experimental investigations of the structure and properties
have been stimulated due to a wide range of possibilities for its technical ap-
plication in the film state. It is used in the production of refractory, wear-re-
sistant, corrosion-resistant and heat-protective coatings, since it has a high
melting temperature (2435°C) and chemical stability [96, 97]. As a semicon-
ductor with an excess of oxygen and a high refractive index, Cr,Os3 is used as
selectively absorbing and shielding films in solar energy converters, and as an
electrode material for windows in devices, using the electro chromic effect
[98]. Also, Cr,0s3 films are widely used in magnetic recording heads, bearings
and cylinder walls [99, 100].

To obtain films and coatings Cr,O3 a wide range of physical and chem-
ical methods is used [94 - 98]. In particular, as-deposited films with a cathode
arc ion plating system are primarily amorphous. One of the effective methods
for the preparation of amorphous films of the stoichiometric composition is the
pulsed laser deposition (PLD) technique [101].

5.1.1. Experimental details

Amorphous films of Cr,03 and V03 were prepared by the pulsed laser
deposition technique. The laser ablation of high-purity chromium and vana-
dium target was carried out in an oxygen atmosphere at a pressure of ~0.13 Pa
with the use of pulsed laser radiation from an LTI-PCh-5 laser operating in the



Q-switched mode. The wavelength and the pulse repetition rate were equal to
1.06 um and 25 Hz, respectively. The laser target erosion products were de-
posited on KCI1 (001) substrates at room temperature. The thickness of the films
varied in the range from 25 to 350 nm. Details of the pulsed laser deposition
technique were described in [102].

The films were separated from a substrate in distilled water and trans-
ferred onto objective grids for electron microscopic investigations. The crys-
tallization of a film was initiated by electron beam irradiation in the column of
a transmission electron microscope at a beam current of ~ 20 pA. The crystal-
lization rate was controlled by varying the density j of the electron current
through the sample, which was varied in the range from 1.1 to 6.5 A-mm™
depending on the electron beam focusing.

The structural analysis was carried out using the methods of electron
diffraction and transmission electron microscopy on EM-100L and PEM-100-
01 electron microscopes operating at an accelerating voltage of 100 kV. The
process of crystallization of a film was recorded from the screen of an electron
microscope with a Canon Power Shot G15 camera in the video recording mode
at a frame rate of 30 s~! (Fig. 4.11). Data on the kinetics of the crystallization
process were obtained from the analysis of individual frames of the video rec-
orded “in situ” at a fixed tangential crystal growth rate v (specified by the elec-
tron current density ;), which is determined by the relationship

y=22 (5.1)
At

In expression (4.1) AD is the increment in the average value of the crys-
tal diameter D during a time period Az between the two video frames, corre-
sponding to the moments of the recording ¢ and #+At. The size of crystals was
determined from the contrast of their electron microscopy image, because it
was different from the contrast of the electron microscopy image of the amor-
phous matrix.
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5.1.2. The basic morphological forms at LPC of Cr,03 and V>03

Pulsed laser evaporation of Cr and V in an oxygen atmosphere leads to
formation of amorphous films on substrate at room temperature. Crystalliza-
tion of this films was initiated with electron beam irradiation.

Amorphous films enriched with chromium crystallize upon heating
with the release of Cr crystals and Cr,O; oxide (Fig. 4.2 a and b). Films of
stoichiometric composition crystallize with the realization of Cr,O3 nanocrys-
tals, which have a hexagonal crystal lattice (Fig. 5.1). V,0s crystals growing
in amorphous V-O films of stoichiometric composition have a similar structure
and morphology [101].

Fig. 5.1. The main morphological forms of crystals growing in amor-
phous films of vanadium and chromium oxides: a, b - disk-shaped; c, d -
sickle -shaped; e - ring-shaped; f - needle-shaped. In the upper left corner
at micrograph “b” is a SAED pattern of Cr,O3
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At the initial stage of transformation crystals of three main morpholog-
ical types grow in amorphous films [101]. These are disk-shaped crystals, that
are always oriented with the basic plane (001) parallel to the film surface
(Fig.1a for V,03 and Fig 1b for Cr,03). Sickle-shaped (Fig.lc and 1d for
Cr203), ring-shaped (Fig.1e for Cr,03) and needle-shaped (Fig.1f for Cr,03)
crystals are oriented so that the crystallographic planes parallel to the film sur-
face can be different (including the variant when the plane (001) of crystal is
oriented parallel to the film surface). A large number of bending extinction
contours are observed at electron microscopic images of crystals, which indi-
cates a complex bending of their crystal lattice. Ring-shaped crystals are
formed during the growth of sickle-shaped crystals when their ends touch each
other (Fig.1d and le).

5.1.3. Kinetics of the disk-shaped crystal growth
Disk-shaped crystals grow with a constant speed v and unchanged mor-
phology (Fig. 5.2a, 5.2b, 5.2¢) [90].

0.37 um 0.37 pm
a b c

Fig. 5.2. Kinetic of growth of a disk-shaped crystal in amorphous
film of Cr,0s. Electron microphotographs correspond to the time moments
t, which have passed from the beginning of the recording of the crystalliza-
tion process: (a) t =2.23 s; (b) t =2.93 s; (c) t =3.83 5 [90]
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Fig. 5.3a shows the dependences of the diameter D of disc-shaped
crystals on time ¢ for electron-beam crystallization of amorphous film
[102, 103]. The data were obtained from the analysis of three video films
of the growth of three separate crystals 1, 2 (for crystals 2 there are film
frames at Fig. 5.2), and 3. Based on the frame-by-frame analysis of this vid-
eos, for each crystal the dependences D(¢) were obtained. Corresponding lines
was plotted by the data of D measurements using the least-squares technique.
The correlation coefficient, characterizing the closeness of linear relation be-
tween D and ¢, is close to unity. A linear dependences D(¢) takes place for each

crystal:
Dy =1.434-t-0.025 pm, (5.2a)
D, =0.346t - 0.054 pm, (5.2b)
D3=10.179-t - 0.085 pm. (5.2¢)

Relations (5.2a), (5.2b) and (5.2¢) corresponds to crystals 1, 2 and 3 respec-
tively. According to (5.2) the increase of D occurs at a constant rate vip = 1.434
pum-s?, vop = 0.346 um's! and vsp = 0.179 pm's! to crystals 1, 2 and 3 re-

spectively.
a
1.2
E
20.8
Q
R — 1
0.4 >
——

t(s)

Fig. 5.3 Kinetic curves of growth of the disk-shaped Cr,Os crystals
in amorphous film: the dependence of the diameter D of the crystal (a) and
of the fraction x of the crystalline phase (b) on the time ¢. Lines 1, 2 and 3
corresponds to the crystals 1, 2 and 3 respectively
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Kinetic curves of crystallization for the given values of vp are plot-
ted at Fig. 5.3b. They reflect the dependence of the fraction of the crystal-
line phase x on the time ¢, which has passed since the moment of the fixa-
tion of the onset of crystal formation. Since each crystal grew through the
entire thickness of the film, the value of x was determined as the ratio of
the area occupied by the crystal to the total area of the object area analyzed
in the microscope. The kinetic curves shown at Fig. 5.3b, are parabolas,
since in the coordinates x - > the experimental data are placed on straight
lines. This indicates a quadratic dependence of x on ¢:

x1= 12762 - 0.006, (5.3a)
x2=0.032 - 0.007, (5.3b)
x3=0.011-7 - 0.016. (5.3¢)

Relations (5.3a), (5.3b) and (5.3¢) correspond to the crystal 1, 2 and 3
respectively. For each value of vp according to (5.3) a characteristic unit of
time fo, after which the volume of the amorphous phase decreases by a
factor of e (wherein x=0.632) and the characteristic unit length Do = vp-to
(the crystal size at time #)) was determined. This data are shown in the
Table. 5.1.

For a Cr;03 crystal in (001) orientation (Fig. 1b) the projection of the
unit cell on the plane of the film is a rhomb with a side ap = 0.496 nm and apex
angle of 120°. In this case, according to (4.4) the relative unit of length d¢ is
the number of cell parameters ao, stacked at a distance equal to Do. The values
of & for Cr,0;s crystals with different growth rates by the LPC mechanism are
given in Table 5.1. The arithmetic mean of these values <4¢> = 2644.
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Table 5.1 - Parameters of the layer polymorphous crystallization of
amorphous films of Cr,O; at growth of disk-shaped crystals*

Crystal number 1 2 3
vp, pm-s’! 1.434 0.346 0.179
to, 8 0.707 4.469 7.675
Do, pm 1.014 1.546 1.374
o 2044 3117 2770
<do> 2644

*vp is the growth rate of Cr,O3 crystals in an amorphous film, ¢ is the charac-
teristic unit of time, Dy is a characteristic unit of length, J is a relative dimen-
sionless unit of length, <d¢> is the average value of the relative dimensionless
units of length.

5.1.4. Kinetics of the sickle -shaped crystal growth

Sickle-shaped crystals grow with a variable rate v and with a changeable
morphology (Fig. 5.4) [90]. To describe the growth of a sickle-shaped crys-
tal, the angle ¢ and the radius R of the sickle arc are introduced (Fig. 5.1¢).
The crystal growth is accompanied with increasing not only of R, but also
with increasing of ¢. When ¢ becomes equal 2, the sickle-shaped crystals
form was replaced by a ring-shaped crystals form (Fig. 5.1¢) and then by
a disco-shaped crystals form after crystallization of the amorphous com-
ponent inside the ring (Fig. 5.4c).
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Fig. 5.4. Kinetic of growth of a sickle-shaped crystal in amorphous
film of Cr,0s. Electron microphotographs correspond to the time moments
t, which have passed from the beginning of the recording of the crystalliza-
tion process: (a) t=2.10 s; (b) t=2.60s; (c) t=3.07 s [90]

Fig. 5.5a shows the dependence of the arc radius R of the crystalliza-
tion front at time ¢. R(¢) curves for two sickle-shaped (at the initial stages)
crystals I (for crystals I there are film frames at Fig. 5.4) and crystals II,
growing independently of each other during electron beam crystallization
of the film. According to this, at the initial stages (stages of the sickle and
of the ring), there is a parabolic dependence R ~ 3. At the final stage of
growth (stage of the disc), there is a linear dependence R ~ ¢. At this stage
the growth of the crystal I occurs with a velocity vigr = 0.075 pm-s™!, and of
the crystal I with a velocity vir = 0.090 pm-s™'.

The kinetic curves of the dependence of the fraction of the crystal-
line phase x on the time ¢ are shown at Fig. 5.5b. In part 1 (the sickle-
shaped stage) and in part 3 (disk-shaped stage) x ~ £, since in the x - £
coordinates the experimental data are placed on straight lines. In part 2
(ring-shaped stage) the dependence x(¢) is more complex, which is approx-
imates with a polynomial of the sixth power.
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Fig. 5.5. Kinetic curves (I and II) of the crystallization of two sickle-
shaped Cr,O3 crystals in an amorphous film. (a) The dependence of the arc
radius R of the crystallization front at time ¢. Region 1 - the sickle and ring
stages, region 2 - the stage of the disk. (b) The dependence of the fraction x
of the crystalline phase on time ¢. Region 1 - the stage of the sickle, 2 - the
stage of the ring, 3 - the stage of the disk.

The growth of a sickle-shaped crystal is characterized both by the nor-
mal component of the velocity vg, and by the tangential component v, which
is directed in the plane of the film along the tangent line to the arc of the circle
of the outer crystallization front (Fig. 5.1c).

Fig. 5.6a shows the scheme of the growth of the sickle-shaped crystal
number 11, for which the kinetic curves are shown at Fig. 5.5. This scheme is
typical for most sickle-shaped crystals of Cr,Os3. Arcs and circles of variable
radius R(#) with the center of the nucleation of the sickle-shaped crystal at the
point "O" determines the position of the external crystallization front at time ¢.
At the "sickle" stage, each arc rests on the angle 20 = ¢ < 2m. At this stage (Fig.
5.7a) the velocity component v, increases monotonically (v ~ t*3), and vr de-
creases monotonically (vr ~ t%°). The derivative of the angle ¢ in time ® = @',
(the "angular velocity" of the twist of the crystal) is constant (o = 2.51 s°!).
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When the arc is closed (6 = m), the "ring" and "disk" stages occur, for which
the concept of the tangential growth rate vr loses its meaning, and the normal
growth rate vr is constant. In the particular case for crystal number II (Fig.
5.5a), vg = 0.09 pm-s’.,

Fig. 5.6. Kinetic curves (I and II) of the crystallization of two sickle-
shaped Cr,O3 crystals in an amorphous film. (a) The dependence of the arc
radius R of the crystallization front at time ¢. Region 1 - the sickle and ring
stages, region 2 - the stage of the disk. (b) The dependence of the fraction x
of the crystalline phase on time ¢. Region 1 - the stage of the sickle, 2 - the
stage of the ring, 3 - the stage of the disk.

Fig. 5.7b illustrates the difference in the dependence of the rate of
change of the fraction of the crystalline phase x'; (the derivative of x by time ¢)
versus time in the growth process of disco-shaped (line 1) and sickle-shaped
(line 2) of the Cr,Os crystal. Line 1 is constructed from data for the disco-
shaped crystal growing with a velocity v, = 0.173 um-s™! (Fig. 5.3b). For all
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disco-shaped crystals, the rectilinear dependence x'(¢) takes place, since x ~ 2.

Line 2 is constructed according to the data for the sickle-shaped crystal
I (Fig. 5.5b). The linear dependence of x'(#) is observed at the initial (growth
of the sickle-shaped crystal) and at the final (disk-shaped crystal) sections,
since in these regions the fraction of the crystalline phase x ~ 2. At the inter-
mediate section (growth of the ring-shaped crystal), the curve x'(¢) has a bell-
shaped form. At this stage the crystallization of amorphous component of
Cr203 occurs both inside and outside the ring-shaped crystal.

a b
0.8
0.3
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£ - ® 0.2
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Fig. 5.7. (a) Change in tangential v, and normal vg propagation ve-
locity of the crystallization front during the growth of a crescent-shaped
Cr,0s crystal. (b) Dependence of the rate of change of the fraction of the
crystalline phase x'c on time ¢ during the growth of a disk-shaped (line 1)
and crescent-shaped (line 2) Cr,Oj3 crystal

The broken dotted line at Fig. 5.6a reflects the position of the end of the
radius vector R during the growth of the sickle-shaped crystal. The envelope

to it is a spiral, the equation of which is:
R=p(0-q)% +s. (5.4)
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The graph of (5.4) in the polar coordinates R(0) for the sickle-shaped
crystal II is shown at Fig. 5.6b. It is constructed in the range of angles 6 from
0.43 to = radians for p = 0.311 pm, ¢ = 0.429 and s = 0.007 um. It should be
noted that for ¢ and s equal to zero, equation (5.4) is the Fermat's spiral equa-
tion: R = p0% [104].

5.1.5. Kinetics of the needle-shaped crystal growth

Fig. 5.8 shows the sequential frames of the growth video of a needle-
shaped crystal of Cr,O3 in amorphous film at different time’s ¢, that has
passed from the beginning of the recording of the crystallization process.
Fig. 5.8a, b corresponds to needle-shaped crystal without lateral growths
[103, 105].

The kinetic curves of growth of the needle-shaped crystals without
lateral growths are shown at Fig. 5.9. The dependence of the length L and
of the width H of the V,0s3 crystal on time ¢ are shown at fig 8a. Straight
lines, constructed from experimental data using the least squares method,
reflect the linear dependence of L(f) and H(?):

L(f) = vt + Lo; (5.52)
H(t) = vut + Ho. (5.5b)

In expressions (5.5a) and (5.5b) v and vy are the rate of increase of the length
L and of the width H of the needle-shaped crystal; Lo and Hy are the values of
L and H at the beginning of the registration of the crystallization process. Ac-
cording to experimental date (Fig. 5.9a) vi= 0.203 pm-s™'; vg= 0.009 pm-s';
Lo=0.09 um; Ho=0.02 pm.

The dependence of the image area S of the V,03 crystal (curve 1) and
of the Cr,0s crystal (curve 2) on time ¢ are shown at Fig 5.9b. Lines, con-
structed from experimental data using the least squares method, reflect the
quadratic dependence of S(7):

S(t) = Gs#* + So, (5.6)
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Fig. 5.8. Sequential frames of the growth video of a needle-shaped
crystal of Cr,Os in an amorphous film at times ¢ that has passed from the
beginning of the recording of the crystallization process: a-t=0.53 s; b - ¢
=2.09s;¢c-1t=2.52s;d-t=3.12s[105]
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Fig. 5.9. Kinetic curves of growth of the needle-shaped crystals in
amorphous films: dependence of the length L and of the width H of the
V,0s crystal on time ¢ (a) and dependence of the image area S of the V,0;
crystal (curve 1) and of the Cr,0Os3 crystal (curve 2) on time 7 (b)

where Sp is value of S at the beginning of the registration of the crystallization
process. According to experimental date (Fig. 5.9b) for V,0; crystal (curve 1)
So = 0.007 pm? and for the Cr,O; crystal (curve 2) So = 0.008 um?. For V,03
crystal coefficient Gs = 0.001 pm?-s and for the Cr,0; crystal Gs = 0.017
um?-s2,

During growth process on the lateral surface of a needle-shaped crystal
is possible the formation of outgrowths with another morphology (for example
disc-shaped or sickle-shaped crystals). Kinetic growth curves of a needle-
shaped Cr,O3 crystal with a changing morphology (Fig. 5.8) are shown at Fig.
5.10. Fig. 5.10a shows the dependence of a crystal length L and length of lateral
outgrowths /4 and 4, on time . When outgrowth occurs on the lateral surface
of the needle-shape crystal, the rate of increase of L decreases. A straight-line
L indicates the dependence of (5.5a) with the coefficient vi = 1.746 pm-s™', that
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is commensurate with the rate of growth of the lateral outgrowth vn = 1.604
pum-s” and vip = 1.453 pm-s.

The dependence of the image area S of the Cr,Oj; crystal on # (corre-
sponding to sequential frames of the growth video Fig 6) is shown at Fig.
5.10b. A straight line (in coordinates S - %) indicates the dependence (5.6) with
the coefficient Gs = 0.105 pm?-s2. When outgrowth occurs on the lateral sur-
face of the needle-shape crystal, the rate of increase in S increases and the lin-
ear dependence (5.6) is not satisfied.

a b
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Fig. 5.10. Kinetic growth curves of a needle-shaped crystal with a
changing morphology in amorphous Cr,Os3 film (according to Fig. 5.8). (a)
Dependence of a crystal length L and length of lateral outgrowths 4, and 4,
on time ¢. (b) Dependence of the image area S of the Cr,O; crystal on #

The growth of needle-shaped crystals is possible when the inequality
vi>>vy takes plase. With increasing of the growth rate vi, there is a tendency
of increasing of the ratio of the length L to the width H of the crystal. Fig. 5.11
shows the dependence of this ratio on the growth rate vi. of the needle-shaped
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crystal. Line, constructed from experimental data using the least squares

L .
method, reflects that e NI
L
ﬁ:a\/VL +ﬂ, (57)

where a = 36.193 um™3-s%3 and B = 4.980.
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Fig. 5.11. The dependence of the ratio of the length L to the width
H on the growth rate vi of the needle-shaped crystals of Cr,03

5.1.6. Epitaxy at crystallization of amorphous films

Using electron diffraction and in-situ transmission electron microscopy
(TEM) it was established, that at electron beam crystallization of Cr,Os and
V,0s3 disk-shaped (Fig. 5.1a,b) and needle-shaped (Fig. 5.1f) crystals are the
dominant morphological forms. At the later stages of crystallization of the film,
contacting and conjugation along certain crystallographic planes of disk-
shaped and needle-shaped crystals takes place. It causes some distortion of
their original shape. In the case with Cr,Os3 and V03 films, we observed simple
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accretion of two crystals of different morphological forms as well as autoepi-
taxial growth of a disk-shaped crystal on the lateral surface of the needle-
shaped one. Fig. 5.12a presents one of numerous variants of contacting be-
tween needle-shaped 1 and disk-shaped 2 Cr,O; crystals which are growing
independently of each other from different crystallization centers in the amor-
phous film. During conjugation, a sharp grain boundary was formed, which
divided the crystals in the orientation ratio [106, 107]:

(665)1[1 1 12]y // (001)2[210]>. (5.8)

Fig. 5.12. Epitaxial crystal growth in amorphous films. (a) The con-
tact between independently growing disc-shaped crystal 2 and needle-
shaped crystal 1 of Cr20;. (b) Autoepitaxy of the disc-shaped crystal 2 on
the lateral surface of the needle-shaped crystal 1 of V,0;. Corresponding
selected area electron diffraction (SAED) patterns are shown in the lower
left and upper right corner of each micrograph.

Autoepitaxy is a type of epitaxy when oriented growth of crystalline
material takes place on a single crystal substrate of the same material. When
autoepitaxy occurs, certain planes and directions of the growing crystal and of
the substrate-crystal coincide [108]. Fig. 1b shows the result of autoepitaxial
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growth of the disk-shaped V,0; crystal on the side surface of the needle-shaped
V,0s3 crystal [107]. A simple orientation ratio is performed between crystals
(120)1[212]s // (120)2[001]5. (5.9)

There is no sharp boundary between them.

Fig. 5.13 shows the sequential frames of the growth of needle-shaped
crystal of Cr,Os3 in amorphous film at different time intervals ¢, that passed
from the moment when the recording of the crystallization process had started.

Fig. 5.13. Video recording pictures of crystals, growing in amor-
phous film of Cr,0s3. Microphotographs correspond to the time moments z,
which passed from the beginning of the recording of the crystallization pro-
cess: (a)r=8.0s;(b)t=16.1s;(c)t=18.8s;(d) t=21.1s
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At the initial stages, a rectilinear needle-shaped crystal (Fig. 5.13a)
grows in amorphous film. Before the start of the autoepitaxial growth (Fig.
5.13a) the dependence of the fraction of crystallized material x on time ¢ was
quadratic:

x(£) = 2.924-10*2 + 0.002 (5.10)

The linear dependence of the length L and of the thickness H of a needle-
shaped crystal on time was observed:

L) =0.239 ¢+ 0.168 um (5.11a)
and
H($)=0.014 t + 0.066 pm. (5.11b)

Graphically these dependencies (5.10), (5.11a) and (5.11b) are shown at Fig.
514a, 514b and 514c respectively.So, the crystal growth rate in the longitudinal
direction v, = 0.239 pm-s™! and in its transverse direction vg = 0.014 pm-s™'.
The linear dependences L(f) and H(¢) predetermine the quadratic dependence
x(f) ~ L(6)-H(?).

The beginning and further development of autoepitaxial growth of the
disk-shaped crystal on the lateral surface of the needle-shaped crystal in orien-
tation ratio (5.9) are illustrated at Fig. 5.13b, 5.13c and 5.13d. After the start
of the autoepitaxy, it was observed some curvature of needle-shaped crystal
and violation of the quadratic dependence (5.10) in the direction of its notice-
able increase (Fig. 5.14a). There was also violation of the linear dependence
L(?) (downwards) and H(f) (upwards), as shown at Fig. 5.14b. Violation of the
linear dependence (5.11a) and (5.11b) predetermines the violation of the quad-
ratic dependence x(¢). The radius R of the arc of a disk-shaped crystal increases
linearly with the speed of vg=0.181 pm-s™.

The TEM images of the needle-shaped crystal of Cr,O3 show bright,
grey, dark regions and dark lines. The variability of the contrast occurred due
to the local crystal bends, leading to the change in the diffraction conditions.
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Figure 5.14 - Kinetic growth curves of a needle crystal: a -
dependence of the fraction of the crystalline phase x on time ¢ dur-
ing auto epitaxy of Cr.O3; b - dependence of the length L and thick-
ness H of a needle crystal, as well as the radius R of a disk-shape
crystal on time ¢. Data 1, 3, and 5 correspond to the growth of a
needle crystal before the beginning of auto-epitaxial growth of a
disk-shape crystal. Data 2, 4, and 6 correspond to the growth of a
needle crystal after the start of auto epitaxial growth of a disk-
shape crystal. Data 7 correspond to auto epitaxial growth of a disk-
shape crystal on the side surface of a needle crystal [107]

The crystalline phase of Cr,O3 is denser than the amorphous one. The
relative change in the density is ~7.2% [91] (Table 1.2). Therefore a crystal,
growing in amorphous film, is in the field of tensile stresses, which can change
during variation of the size and of the shape of the crystal. This leads to for-
mation on TEM images of extinction bend contours (BC) with different inten-
sities and shapes. The nature of the formation of BC at crystallization of amor-
phous films was studied in detail in [109].
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Crystallization front may be splitting into slices that can move at differ-
ent speed. Fig. 5.15 shows the motion of slice S| with initial velocity v = 0.06
um-s"! and slice S, with initial velocity v> = 0.03 pm-s™'. After time interval ¢
~ 1.89 s, the layer S| merges with the layer S, (Fig. 5.15c), after which a single
crystallization front S1» was formed. According to the classification of crystal-
lization modes, based on structural and morphological features [84], autoepi-
taxial crystal growth of Cr,O3 correspond to layer polymorphic crystallization.

0.06 um 0.06 pm 0.06 pm

Fig. 5.15. Layer crystallization of Cr,Os3. Video recording pictures
of the moving crystallization front, which is split into slices S; and S, that
move with the speed v; and v, respectively. Microphotographs correspond
to the time moments ¢, that passed from the start of the recording of the
crystallization process: (a) t =0 s; (b) 1= 1.0 s; (c) t = 1.89 5. The arrow
marks the bend contour

5.1.7. On the movement of crystallization front in amorphous films
When two crystals growing in an amorphous film meet, a grain
boundary is formed (Fig. 5.12a). It is an obstacle for the further propagation of
the crystallization front of each crystal in the same direction. One of the crys-
tals is an "aggressor" in relation to the other. An example of aggressor in the
form of a needle crystal 3 in relation to a disk-shape crystal 2 in crystallizing
amorphous medium 1 is shown at Fig. 5.16 [110].
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Figure 5.16 - Bypassing the obstacle by the crystallization

front. Microphotographs correspond to time points ¢ that have
passed since the beginning of filming: (a) t=0s; (b) t=0.42 s; (c)
t=1.40s; 1 —amorphous phase; 2 — disk-shape Cr203 crystal; 3 —
needle-shape Cr,O3 crystal [110]

The presented film frames demonstrate the enveloping of an obstacle
(in the form of a needle crystal) by a crystallization front of a growing disk-
shape crystal of Cr,0Os. The observed phenomenon of the germination of a part
of a disk-shape crystal into the region of amorphous film, which is located
behind a needle crystal, is in some respects similar to the phenomenon of dif-
fraction (penetration of radiation into the region of a geometric shadow).

Another example of the crystallization front wrapping around obsta-
cles (holes % and /' in an amorphous film) is shown at Fig. 5.17 [111]. It is
essential, that before and after the passage of obstacles by the crystallization
front, the orientation of the crystallized region and the single crystallinity of
the layer are preserved.

The geometric construction of the position of the crystallization front in
amorphous medium at different times can be performed similarly to the con-
struction of the front of a light wave according to the Huygens principle. The
Huygens principle allows you to find the position of the wave front at time
t+At, knowing its position at the previous time ¢ and wave speed v. All points
of the wave front at time ¢ are sources of secondary waves, and the position of
the front at time +A¢ coincides with the surface, that envelops the secondary
waves.
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Fig.re 5.17. An example of bypassing of the obstacle by a moving
crystallization front: a - the beginning of bypassing (holes h and h' in amor-
phous film of Cr203); b - completion of the bypassing. SAED pattern is
shown in the upper left corner of the photo (contrast is inverted) [111]

Huygens' principle is a purely geometric way of constructing a wave
front. It is not related to the physical nature of the waves, and this makes it
possible to use it when considering crystallization processes. The propagation
of the crystallization front in amorphous medium is shown at Fig. 5.18. All
points of the surface of the interface between the crystal and the amorphous
phase at time ¢ are the centers of nucleation of secondary crystals, and the po-
sition of the boundary at time #+A¢ coincides with the surface enveloping sec-
ondary crystals [111].

Secondary crystals grow only forward, i.e. in directions, forming acute
angles with the outer normal to the crystallization front. They have the same
orientation (identical streaking), coinciding with the orientation of the primary
crystal (i.e. "coherent" with each other). Growing together (“interfering”) dur-
ing time At they ensure the movement of each point of the crystallization front
by the value v:At. The new position of the crystallization front (dashed line s-
s" at Fig. 5.18b) corresponds to the envelope of secondary crystals.
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Fig. 5.18. Propagation of crystallization front in amorphous me-
dium: a - layer polymorphous crystallization of amorphous film of Cr,Os3;
b - scheme of the movement and bypassing obstacles (barrier /) by the
crystallization front, based on the Huygens optical principle [111]

The construction of a surface, that envelops secondary crystals for a
certain moment of time, makes it possible to explain the enveloping of an ob-
stacle (barrier 4 at Fig. 5.18b) by the crystallization front (Fig. 5.16 and 5.17),
which is similar to the phenomenon of diffraction in optics [111, 112]. Practi-
cal implementations of the Huygens principle to the periodic reactions in con-
densed matter has been proved by Stefan [113, 114]. In our case, the addition
of elementary crystalline cells formed from an amorphous medium to a crystal
at the crystallization front (s-s' boundary at Fig. 5.18) can be considered as a
periodic process [111, 115].

The Huygens principle was supplemented by Fresnel’s idea of coher-
ence of secondary waves. In the case of LPC of amorphous film one should
imply an ordered formation of secondary nucleation of crystallization centers
with equal orientations of elementary cells of the crystal lattices. Intergrowing
for the time ¢, they provide transition of crystallization front over a distance of
viAt. Each position of the crystallization front corresponds to envelope of
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secondary crystallization centers. The disturbance (transformation from amor-
phous to crystalline phase) is transferred from the point O of primary crystal
formed under electronic beam irradiation to an arbitrary point O' in amorphous
matrix (Fig. 5.18).

A geometrical construction based on the Huygens principle allowed to
explain the diffraction of light, and enveloping of various obstacles during light
wave propagation. Such geometrical similarity is adaptable to the LPC mech-
anism and allows an understanding of the penetration of crystallization line
into the geometrical shadow area formed by an obstacle (barrier / at Fig.
5.18b). Our experimental investigations have shown the applicability of the
Huygens principle to describe LPC of the amorphous films. In the case when
secondary crystallization centers are disoriented (non-coherent), the IPC mode
is realized. As a result the fine-crystalline polycrystalline film is formed (Fig.
4.4b and 4.6b).

Let us consider the physical factors influencing on the possibility of
realization of coherent crystallization of amorphous films. Among the first fac-
tors is the presence of covalent bond between atoms of elements. Once the
covalent bond is directional and saturated, the particles at the crystallization
front are oriented with maximal neighboring bonding. The value of valence
angles is also conformed. This provided similar orientation or “coherence” of
secondary crystallization centers for realization of LPC mode. It is more inher-
ent for semiconductors (Se, Sb, Sb,S3) and oxides (Cr,03, V203, Fe203 Ta,0s).

In case of amorphous metals, no preferred orientation of particles is re-
vealed at crystallization front due to the metallic bond is not covalent and non-
saturated. Secondary crystallization centers turned out to be disoriented and
non-coherent. In this case, IPC mode is realized (crystallization of amorphous
films of Re and Ni [31].

The second factor influenced on the LPC mechanism realization is high
free surface energy o, of the amorphous film. The energy criterion of LPC
mechanism is the ratio (4.1). The crystalline phase is tent to eliminate the free
surface of amorphous film with high value of ¢, (“wetting” condition). The
value of o, decreases with decreasing the film surface roughness. Therefore,
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the film surface should become smoother after crystallization. Distinct rela-
tionship between the surface relief changes and crystallization phenomenon is
given at [116]. Authors revealed the decrease of surface roughness accompa-
nied with crystallization of fractal branches of Sb clusters deposited onto
graphite surface. When the deformation energy accumulated in clusters
branches increases critical value, the transition 3D—2D took place.

The third factor, which has an impact on the character of crystallization,
is absorption rate of the heat energy by a local area of the amorphous film. The
higher the rate, the greater the possibility of realization of IPC mechanism.
Changing of crystallization mechanism from LPC to IPC was revealed in the
TayOs films near hardening microdroplets of this melt (dropped onto the sur-
face due to a so-called “spray” effect). An intensive release of crystallization
heat near the droplet initiated realization of IPC mechanism (Fig. 5.19).

Fig. 5.19. Dependence of the crystallization character of amor-

phous film of Ta,Os on the type of physical influence applied to the film.
a. Layer polymorphous crystallization under the influence of an electron
beam. b. Island polymorphous crystallization as a result of heat release
near the solidifying microbubble of Ta [111]
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5.2. Crystallization of amorphous films of niobium pentoxide

Films of niobium pentoxide (Nb,Os) are promising in a wide range of
applications in many branches: sensors, solar cells and medicine due to its high
resistance to corrosion, good stability and high biocompatibility [117, 118].
Nb,Os is one of the transparent oxide semiconductors with wide band gap (3.6
eV) and high refractive index (2.4). As electrochromic material Nb,Os can
change its optical properties when a voltage is applied to it. So, it has great
potential for application in different types of optical devices and heterogeneous
photocatalysis [119-121].

5.2.1. Obtaining and structure of films

There are many ways to obtain films of niobium pentoxide. Among
them, the most common are anodization of metallic niobium in the correspond-
ing electrolytes, thermal oxidation of the metal in an oxygen atmosphere, mag-
netron sputtering, chemical vapor deposition, and atomic layer deposition
[117,119, 122]. The fabrication method plays an important role in determining
the structural, morphological and chemical properties of the films. Niobium
oxide has more than 15 polymorphs, which can be obtained by controlling the
deposition temperature and by using a specific technique. During the oxide
film growth phases of various stoichiometric compositions can form: NbO,
NbO2, Nb20s. [119, 120, 121].

The most thermodynamically stable phase is a-Nb>Os. This low-tem-
perature modification can be obtained by heating of amorphous oxide films
with electron beam or by annealing in a furnace at temperatures of 350-400°C.
This modification is attributed to a hexagonal crystal lattice with parameters a
=0.362 nm and c¢o = 0.394 nm [123, 124].

The samples were free-standing amorphous films of Nb,Os with a
thickness 2 =30 - 50 nm, obtained by anodic oxidation of niobium foil accord-
ing to [124, 125]. Crystallization of films was studied using electron diffraction
and transmission electron microscopy (TEM) at the accelerating voltage of 100
kV. Phase transition from amorphous to the crystalline state was initiated by
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the electron beam impact with a dose rate ~ (4 - 7)-10* e/A?'s inside the col-
umn of the electron microscope. This made it possible to register the structural
transformations in situ.

At the initial state Nb,Os film was amorphous. This is evidenced by the
diffuse halos at the selected area electron diffraction (SAED) pattern at Fig.
5.20a. TEM image of this film after its partial crystallization is shown at Fig.
5.20b. It contains extinction bend contours - high contrast stripes, converging
at one point and forming a zone-axial pattern. The variability of the contrast
occurred due to the local crystal bends, leading to the change in the diffraction
conditions. The crystal, growing in amorphous film, is in the field of tensile
stresses, which can change during variation of the size and of the shape of the
crystal. This leads to the formation of extinction bend contours with different
intensities and shapes on TEM images. SAED pattern of the area near the in-
tersection point of the bending contours (Fig. 5.20c) corresponds to the (001)
section of the reciprocal lattice of a-Nb,Os.

Fig. 5.20. Electron-beam crystallization of the amorphous Nb,Os film:
SAED pattern of the initial state (a); TEM image of the film after partial crys-
tallization (b); SAED pattern after crystallization of the film (c). 1 - amorphous

phase. 2 - crystal phase
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A detailed analysis of such electron diffraction patterns is given in [124-
126]. Crystallization of the amorphous film is accompanied by the ordering of
oxygen vacancies, leading to the formation of a superstructure lattice, which is
also hexagonal. It has parameters a, = V3ao, ¢ = ¢o and is rotated with respect
to the base lattice by 30°. The ordering of oxygen vacancies leads to the for-
mation of superstructural blocks with a size of (2-3)-10> nm. Each block im-
plements one of three possible orientations of domain boundaries. In films with
30 - 50 nm thick, blocks with different domain orientations overlap along the
film thickness. In this case at the electron diffraction patterns in those places,
where superstructural reflections should be located, only blurred diffuse spots
are visible. One of these spots is circled at Fig. 5.20c.

5.2.2. Crystallization kinetic curves of Nb>Os

Fig. 5.21 shows video frames of the growth of three individual crystals
(1, 2 and 3) in different areas of the amorphous film of Nb,Os. Based on the
frame-by-frame analysis of this videos, for each crystal the dependences on
time of its diameter D(¢) were obtained (Fig. 5.22a). Corresponding lines was
plotted by the data of D measurements using the least-squares technique. The
correlation coefficient, characterizing the closeness of linear relation between
D and ¢, is close to unity. A nonlinear dependences D(¢) takes place:

D1 = 0.40£55+0.04 pm, (5.12a)
D> =0.66¢'1-0.05 pum, (5.12b)
Ds = 0.18'3-0.04 pm. (5.12¢)

Relations (5.12a), (5.12b) and (5.12c) correspond to the video frames of crystal
1, 2 and 3 that are shown at Fig. 5.21.

The tangential crystal growth rate v was determined as the derivative
of the function D():

vi = 0.621% pm-s’!, (5.13a)

v2=0.73/"" um-s!, (5.13b)

v3 = 0.24t% um-s. (5.13¢)
0
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Fig. 5.21. TEM video footage of crystals growth in amorphous films
of Nb,Os at electron beam irradiation. a). Crystal growth 1. b). Crystal growth
2. ¢). Crystal growth 3. Time moments ¢, that has passed from the beginning
of the recording of the crystallization process, is shown in the upper right cor-
ner of each frame.

Relations (5.13a), (5.13b) and (5.13c¢) correspond to the growth rate
of crystal 1, 2 and 3 respectively. Graphs of these functions are shown at Fig.
5.22b.
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Fig. 5.22. Dependence on time of the diameter D (a) and of the growth
rate v (b) of crystals in amorphous film of Nb,Os. Lines 1, 2 and 3 are con-
structed from the video frames data at Fig. 5.21a (for crystal 1), Fig. 5.21b (for
crystal 2) and Fig 5.21c¢ (for crystal 3) respectively

Since each crystal grew through the entire thickness of the film, the
value of x was determined as the ratio of the area occupied by the crystal
to the total area of the object area analyzed in the microscope. The depend-
ence on time of the crystals fraction x(¢) of Ta,Os is shown at Fig. 5.23. The
following dependencies takes place:

x1 = 0.019/41+0.002, (5.14a)
X2 = 0.074£22-0.007, (5.14b)
x3 = 0.004t26-0.001. (5.14c)

Relations (5.14a), (5.14b) and (5.14c¢) correspond to the crystal 1, 2
and 3 respectively.
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Fig. 5.23. Time dependence of crystalline fraction x(f) in the film.
Lines 1, 2 and 3 are constructed from the video frames data at Fig. 2a (for
crystal 1), Fig. 2b (for crystal 2) and Fig 3¢ (for crystal 3) respectively

5.2.3. LPC mode in Nb;O:s films

Irradiation of amorphous film of Nb,Os with electron dose rate ~ (4-
7)-10* e/A?-s initiates its crystallization. The transformation has one-stage
character. The amorphous medium polymorphically passes into the crystalline
one with hexagonal structure of a-Nb,Os. According to the video recording
data (Fig. 5.21) during crystallization of the film a single crystal grows in the
field of observation. The growth rate of each crystal is not constant over time
and varies according to the relations (5.13). The observed features of crystal
growth allow us to make the qualitative conclusion, that layer polymorphous
crystallization of amorphous film of Nb,Os takes place [127].

The quantitative characteristic of crystallization is the value of the rel-
ative length 8o determined according to (4.3) for the LPC mode. When x=0.632

116



according to (5.14) the characteristic unit of time #0;=3.188 s, #02=2.664 s
and 793=7.013 s for crystal 1, 2 and 3 respectively. For this times #1, f> and
to3 according to (5.12) the characteristic unit of the length Dy~ 2.453 pum,
Do~ 1.889 um and Doz~ 2.224 pum. For the crystal of Nb,Os with the (001)
orientation (Fig. 5.20c) the projection of the unit cell on the plane of the film
is a thomb with the side ap = 0.362 nm and apex of 120°. In this case o is the
number of cell parameters ao, stacked at a distance, equal to Do. According to
(4.3) the relative length 61 = 6776, 802 =~ 5218 and do3 = 6144 (numeric, typical
for LPC crystallization mode [128]). Crystallization parameters of amorphous
Nb,Os films are given in Table 5.2.

Table 5.2 - Kinetic characteristics of crystal growth in an amorphous
film of Nb,Os"

Crystal

number b@) Ve () fto(s) | Do (um) 3o
1 155 | 4055 PEN 3188 2453 76
2 < | <07 [ <27 | 2664 | 1.889 | 5218
3 113 | —703 426 7013 2224 o144

Note: D(¢) - crystal diameter; v: - tangential growth rate; x(¢) - crystal-
line fraction; fop - characteristic unit of time; Dy - characteristic unit of
length; o - relative length.

The values of the dimensionless parameter of the relative length dy cor-
responds to thousands. This indicates to the implementation of the layer poly-
morphous crystallization mode of amorphous Nb,Os films. The nonlinear time
dependence of the growth rate v.() is the reason for the non-quadratic increas-
ing of the x(¢) fraction. At the same time most amorphous films, that crystallize
according to the LPC mode, are characterized by a constant v, and quadratic
dependence of the x(¢) [103, 128].
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The specificity of crystallization in this case may be due to the for-
mation of a domain superstructure in the low-temperature modification of a-
Nb,Os, which is associated with the deviation of the chemical composition of
the oxide from the stoichiometric one [124, 125]. Deviations are local in nature
and are a manifestation of polyamorphism [129], that explains the variety of
v«(?) at different points of the amorphous film.

5.3. Crystal growth in amorphous films of Ti-Zr-Ni alloy

Practical and scientific interest in Ti-Zr-Ni films and coatings is due to
their property to dissolve a large amount of hydrogen (up to two hydrogen at-
oms for each metallic atom) [130-132]. Moreover, it is known, that these sys-
tems present a quasicrystalline phase for the different compositions of Ti, Ni
and Zr [132-136]. Quasicrystallinity, suggesting a large number of tetrahedral
sites, as well as the affinity of Ti and Zr atoms for hydrogen, makes these com-
pound potentially useful materials for storing hydrogen for fuel cells and bat-
teries [132].

5.3.1. Experimental

Amorphous films with 20 nm thickness were prepared on an Al,O3; and
KCI single-crystal substrates at 30°C by the method of direct-current magne-
tron sputtering of a target with the composition Ti41Zr41Ni;s (at. %). Sputtering
was carried out in purified argon at the pressure of 2-10°' Pa. The chemical
composition of the grown films corresponded to the composition of the target,
that was confirmed by the method of X-ray fluorescence analysis [137]. De-
scription of the preparation procedure of amorphous films is given in [135,
136].

After deposition and depressurization of the chamber substrate of KCI
together with the deposited film (the film is on the top of the substrate) were
placed in distilled water. The crystal was partially dissolved and the film
floated freely on the surface of the water. With the help of tweezers, the film
was caught by an object grid (mesh 270 in the form of a disk with a diameter
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of 3 mm), which was previously placed in water under the film. Excess water
was carefully removed with filter paper at the point of contact between the grid
and tweezers.

Crystallisation was initiated with thermal annealing of the film on sub-
strate of Al,O; and by the influence of the electron beam inside the electron
microscope. This made it possible to register the structural transformations in
situ. Besides using an electron beam focused to a diameter of 2-5 um at beam
current of 20 pA, one can perform the beam density j varying from 6.37 A/mm?
(dose rate ~ 39.8-10* e/A2:s) to 1.02 A/mm? (dose rate ~ 6.4-10* ¢/A?-s) for
different heating conditions. The crystallization rate increased monotonically
with increasing of j at any desired region of the film.

5.3.2. Structure and crystallization kinetic

Fig. 5.24a shows the electron diffraction pattern from the free-standing
film of Tis1Zr41Nis immediately after its separation from the substrate of KCI.
It consists of two diffraction halos. The first halo is intense, while the second
one is much weaker in the intensity and very diffuse. These electron diffraction
data indicate on the amorphous nature of this film.

Fig. 5.24. Electron diffraction patterns of Ti41Zr41Nig film in the initial
state (a) and after partial electron beam crystallization (b), as well as its theo-
retical scheme (c)
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Fig. 5.24b shows the electron diffraction pattern of the same
Ti41Zr41Niyg film after exposure to an electron beam in microscope column of
individual sections of the grid with amorphous film. Electron beam heating of
the film did not lead to the complete disappearance of the primary halo, but in
addition to them one can see a system of point reflections located in a ring.
Second diffraction ring, corresponding to interplanar distance d = 0.251 nm,
appear near the diffraction halo number 1, as well as fourth diffraction ring,
corresponding to interplanar distance. d = 0.152 nm, appear near the diffraction
halo number 2. Analysis shows that all rings correspond to disoriented crystals,
which belong to the face centered cubic (FCC) phase.

The experimental electron diffraction pattern (Fig. 5.24b) is superim-
posed with the theoretical electron diffraction pattern for the polycrystalline
film with the FCC structure (Fig. 1¢). The radii of the circles of the theoretical
electron diffraction pattern p satisfy the relation:

p=G W +k>+1%, (5.15)

where G is the scaling factor and 4, k, [ are the Miller indices of the crystal
planes. Reflections for which #, k and / are numbers with different parity are
forbidden. The corresponding circles are not shown in the theoretical electron
diffraction pattern. Changing the scale factor G, it is possible to achieve com-
plete coincidence of the rings of the experimental electron diffraction pattern
with the circles of the theoretical one, when they are superimposed. Therefore,
the reflections numbered 1, 2, 3, etc. can be assigned with indices #, &, / of the
FCC lattice.

The result of the decoding of the electron diffraction pattern at Fig.
5.24b is summarized in Table 5.3. According to Table 5.3 the FCC Ti1Zr41Ni;s
phase with the cubic lattice parameter ap = 0.502 £+ 0.005 nm is formed upon
electron beam irradiation of amorphous film.

The electron diffraction data correspond to the X-ray phase analysis
data. Figure 5.25 shows diffraction patterns (Cu-Ka radiation, 20 scan mode,
sample is fixed at the grazing angle of ©=1.4°) for a Tis1Zr4Nig coating of 20
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nm thick on an Al,Os single-crystal substrate in the initial state and after an-
nealing [6].

Table 5.3 - The results of the decoding of the electron diffraction pat-
tern at Fig. 5.24b

Amorphous state Crystal state
Halo Ring
number d (nm) number hkl d (nm) ao (nm)
1 111 0.289
! 0.25 2 200 0.251
3 220 0.177 ] 0.502+0.005
2 0.15 4 311 0.152
5 222 0.145

At as deposited state the coating is X-ray amorphous. The diffrac-
tion pattern shows one wide halo centered near the angle 26=37°. The dif-
fraction maximum near the angle 20=71° is due to diffraction from the
sapphire substrate after the passage of the X-ray beam through the coating.
As the annealing temperature increases, the halo shifts toward smaller an-
gles. The X-ray amorphous state of the coating is preserved up to a temper-
ature of 650°C.

At a temperature of 700°C, the coating crystallizes. Two diffraction
lines appear near the halo 26=32° and 26=36°, as well as two lines near
20=52° and 26=62°. According to estimation from Scherrer formula [138]
the coherent scattering region (CSR) size in the direction perpendicular to
the film for the most intense lines near the angles 26=31°, 26=52° and
20=62° is ~ 22 nm. This is comparable to a film thickness of 20 nm. That
is, the crystalline phase extends over the entire thickness of the film.
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Fig. 5.25. X-ray diffraction patterns (Cu-Ka radiation) for a
Tis1Zr41Nig coating of 20 nm thick on an Al,Oj; single-crystal substrate
in as deposited state and after 1 hour of annealing at each temperature in
vacuum (~7-10*Pa) [6]

The result of the decoding of the X-ray diffraction pattern (Fig.
5.25) of coating annealed at the temperature of 700°C is summarized in
Table 5.4. According to it follows, that the FCC Ti41Zr41Nis phase with the
cubic lattice parameter ao = 0.497 £+ 0.001 nm is formed upon annealing of
the film. The small discrepancy between the electron diffraction data and
X-Ray data can be due to the different magnitudes of the stresses, arising
during crystallization of the free-standing film and the film on the Al,Os3
substrate.
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Table 5.4 - The results of the decoding of the X-ray diffraction pat-
terns at Fig. 5.25

Diffraction
maximum hkl d (nm) ao (nm)
number
1 111 0.287
2 200 0.249
0.497 £ 0.001
3 220 0.176
4 311 0.150

The impact of the electron beam on the local area of amorphous film
initiated the formation of the flat disk-shape crystal (Fig. 5.26a, 5.27). In most
cases, at the initial stage of growth, its (111) plane was parallel to the film
surface. The (111) section of the reciprocal lattice is represented with the se-
lected area electron diffraction (SAED) pattern at Fig. 5.26b. The action of
tensile stresses, caused by different densities of the amorphous and crystalline
phases, induced bending and subsequent splitting of the crystal into ribbon
blocks of different orientations (Fig. 5.26¢, 5.26d). This is evidenced by the
sharp contrast of the bend contours, which breaks at the grain boundaries.

Fig. 5.27 shows video frames of crystals growth in an amorphous film
of Ti41Zrs1Nijs. Based on the frame-by-frame analysis of this videos, the de-
pendences on time ¢ of the crystal radius R(7) and area S(¢) were plotted. The
dependence R(?) is shown in at Fig. 5.28a. The straight line was plotted by the
data of R measurements using the least-squares technique. The correlation co-
efficient, characterizing the closeness of linear relation between R and ¢, is
close to unity. A linear dependences R(?) takes place:

R=2.732¢+0.028 pm, (5.16a)
R=0.953¢+0.001 pm. (5.16b)
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Fig. 5.26. Crystallization of the amorphous Ti41Zr4:1Nijs film. “a”
- electron microscope image of the partially crystallized film. SAED pat-
terns of different grains, that correspond to the cross sections of the re-
ciprocal lattice “b” - (111), “c” - (110) and “d” - (211). e - SAED patterns
of amorphous phase.

Relations (5.16a) and (5.15b) correspond to the video frames of crystal
1 and crystal 2, shown at Fig. 5.27a and 5.27b respectively. According to it the
tangential growth rate of the crystal 1 v;; =2.732 pm-s™ and of the crystal 2 vs
=0.953 um-s’! (these data are listed in Table 5.5). The inequality vy > vy in-
dicates that the tangential crystal growth rate increases with increasing of the
dose rate of the irradiation, which was ~ 39.8-10* e/A?-s for the crystal 1 and
~ 6.4-10* ¢/A?:s for the crystal 2. The constancy of the growth rate indicates
its independence from the electron dose. However, it determined the final size
of the crystal.
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Fig. 5.27. Video frames of the growth of crystal 1 (a) and crystal
2 (b) in the amorphous film of Tis1Zrs1Nis. The time ¢, elapsed since the
start of the video recording, is indicated in the lower right corner of each
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Fig. 5.28. Kinetic curves of growth of the disk-shaped crystals in

amorphous film of Ti41Zr41Nijg. a - time dependence of the crystal’s ra-

dius R. b - time dependence of the crystals area S. Lines 1 and 2 are
constructed from the video frames data at Fig. 3a (for crystal 1) and Fig

3b (for crystal 2) respectively
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According to the relation (5.16a) during the growth time # = 0.328 s, the
radius of the crystal 1 increased from 0.028 to 0.896 um. In this case the elec-
tron dose was ~ 13.1-10* e/A% According to the relation (5.16b) during the
growth time ¢ = 0.893 s, the radius of the crystal 2 increased from 0.001 to
0.851 pm. In this case the electron dose was ~ 5.7-10* e /A2,

The dependence S(¢) is shown at Fig. 5.28b. In the S - £ coordinates,
the experimental data fit well into straight lines. The quadratic dependence S(¢)
takes place:

§=123.767£ +0.071 pm?, (5.17a)
S=2.8452 +0.004 pm>. (5.17b)

Relations (5.17a) and (5.17b) correspond to the video frames of crystal 1 and
crystal 2, shown at Fig. 5.27a and 5.27b respectively.

At the end of filming (at time moment #= 0.328 s) the area, occupied
by the crystal 1 S(z) = 2.637 um?. Similarly for crystal 2 = 0.893 s and S(¢)
= 2.272 um?. Since each crystal grew through the entire thickness of the
film, the value of x was determined as the ratio S(#)/S(¢) and time depend-
ence of the crystalline fraction x(f) was plotted (Fig. 5.29). The quadratic de-
pendences x(f) takes place:

x=9.0122+0.027, (5.18a)
x=1.252¢+0.002. (5.18b)

Relations (5.18a) and (5.18b) correspond to the video frames of crystal 1 and
crystal 2, shown at Fig. 5.27a and 5.27b respectively.
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Fig. 5.29. Time dependence of the crystalline fraction x(#) in the
film. Lines 1 and 2 are constructed from the video frames data at Fig. 5.27a
(for crystal 1) and Fig 5.27b (for crystal 2) respectively

5.3.3. LPC mode in films of Ti-Zr-Ni alloy

X-ray amorphous state of the Tis1Zr4;Nis coating is preserved up to a
temperature of 650°C. At a temperature of 700°C, the coating crystallizes. Ir-
radiation of amorphous film of Tis1Zr41Nijs with the electron beam initiates its
crystallization. The transformation has one-stage character. The amorphous
medium polymorphically passes into the crystalline one with FCC structure.
According to the video recording data (Fig. 5.27a and 5.27b) during crystalli-
zation of the film a single disc-shaped crystal grows in the field of observation.
The crystal grows at the constant rate at the constant intensity of electron beam
irradiation of the film. In this case the radius of the crystal R ~ ¢, the area of the
crystal S ~ /2 and the crystalline fraction x ~ £.

The observed features of crystal growth allow us to make the qualitative
conclusion, that layer polymorphic crystallization mode takes place [77, 84].
The quantitative feature of LPC is the value of the relative length &¢ [90],

127



determined as (4.3). Substituting xo = 0.632 into (5.18a) and (5.18b), we
obtain the numerical values of #. For crystals 1 and 2 (Fig. 5.27a and
5.27b) to1 = 0.259 s and t> = 0.709 s respectively. Substituting #o into
(5.16a) and (5.16b) and multiplying by 2, we obtain the numerical values
of Dy. For crystals 1 and 2 Do = 1.471 pm and Do> = 1.353 pm respec-
tively. Substituting Dy into (4.3), we obtain the numerical values of the
relative length &o. For crystals 1 and 2 801 = 2930 and 60> = 2700 respec-
tively. The obtained values of #), Dy and dy are shown in the Table 5.5.

Table 5.5 - Kinetic characteristics of crystal growth in amorphous film
Of Ti4lzr41Ni18

) Characteris- | Characteristic .
: Tangential i ) ) Relative
An object tic unit of unit of length
growth rate v, ) length &
time #o Do
crystal 1 2.732 um-s™! 0.259 s 1.471 pm 2930
crystal 2 0.953 pm-s’! 0.709 s 1.353 um 2700

Currently available data, concerning the electron-beam crystallization
of amorphous films, are classified by structural and morphological character-
istics (qualitatively) and by the numerical value of the relative length o (quan-
titatively) [128]. Wherein layer polymorphous crystallization mode, describes
the nucleation and growth of a single-crystal layer in the field of the electron-
beam impact. For it & is about several thousand. Time dependence x(¢) is quad-
ratic. The structural and morphological characteristics and the numerical value
of'the relative length &y correspond to the layered polymorphous crystallization
mode of the amorphous film of Ti41Zr41Nijs,
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6. ONE-STAGE AND TWO-STAGE CRYSTALLIZATION OF
AMORPHOUS FILMS OF ANTIMONY SULFIDE

The antimony sulfide (Sb,S3) is a semiconductor material of V-VI
group of periodic table, which has high thermo-electric power and photosensi-
tivity. It is widely used in microwave devices, optoelectronic devices and solar
cell absorber [139]. In the crystalline state it has an orthorhombic lattice with
periods a = 1.123 nm, b = 1.131 nm and ¢ = 0.3841 nm [140]. Its structure is
formed of infinite (SbsSe)s chains along the [001] direction. A single chain
consists of two trigonal SbS3 and two square SbSs pyramids forming a funda-
mental building block in Sb,S; crystal. Consequently, the chains are linked
together and form zigzag sheets perpendicular to a (100) plane [139]. Any de-
viations from the stoichiometric composition of the Sb,S3 strongly affect the
physical properties of this material, as demonstrated [141]. With decreasing of
S/Sb ratio a near-linear decrease in optical band gaps (E;) was observed sug-
gesting the dependence of the band gap on film composition. Sb,S; films, de-
posited in one way or another on a substrate at room temperature (chemical
deposition, vacuum evaporation, flash evaporation and other methods), are
amorphous. Post condensation annealing of the films (160 - 300° C) initiates
their crystallization. The transition from amorphous to crystalline state (a first-
order phase transition) is accompanied with a change in the physical properties
of Sb,Ss. For example, the optical band gaps lie in the region 1.70 - 2.07 and
1.42 - 1.65 eV for amorphous and crystalline films, respectively [141]. Heat
treatment of the Sb,S; leads to a violation of stoichiometry due to loss of sul-
phur content in the film [142]. During crystallization, excess antimony is re-
leased in the form of crystals, distributed in an amorphous matrix [143].

6.1. One-stage polymorphous crystallization of Sbh2S3

Amorphous films of antimony sulfide with layer thicknesses 4 = 30-40
nm were grown on the cleaved (001) face of KCI single crystals at the room
temperature by thermal evaporation at the pressure better, than 106 Torr [143].
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The starting material was a high purity powder of Sb,Ss. Evaporation was car-
ried out during rapid heating of the tantalum crucible by passing a pulse of
electric current. In this case, the amorphous condensate with the excess of an-
timony was formed on the substrate due to the volatilization of the sulphur.

To preserve the stoichiometric composition of the amorphous phase, a
mixture with the addition of sulphur (~ 4 weight percent) was used. The de-
posited films were separated from the substrate in distilled water and trans-
ferred onto subject grids for electron microscopy studies. They were crystal-
lized on the object grids in vacuum under electron beam influence (in a micro-
scope column). In this case the rate of crystallization was controlled by varying
the density j of the electron current through the sample, which was varying in
the range from 1.1 to 6.5 A-mm~2 depending on the electron beam focusing.

Fig. 6.1 illustrates the electron beam crystallization of the amorphous
film, obtained by thermal evaporation in vacuum of the mixture of Sb,S; with
the addition of S, that compensates the loss of sulphur at evaporation of the
charge. Electron microscopic photographs correspond to the periods of time ¢
that passed after the video recording had started: (a) 1 =3.63 s; (b) t=11.87 s;
(c) t = 19.50 s. According to this video, an ellipse-shaped crystal of Sb,S;
grows in the amorphous matrix during all time of exposure of the film to the
electron beam.

The absence of precursive segregation of Sb crystals indicates, that ac-
cording to the classification scheme [77], the crystallization is polymorphous.
A substance converts from the amorphous into the crystalline state without
changes in it composition.

The kinetics of polymorphic crystallization of Sb,S; is shown at Fig.
6.2. The dependence on time of the length of the major axis 20A and minor
axis 20B (Fig. 6.1b) of the ellipse-shaped Sb,S; crystal are shown at Fig. 6.2a.
The straight lines were plotted by the experimental data of length measure-
ments using the least-squares technique. The correlation coefficient, character-
izing the closeness of linear relation 20A and 20B and ¢, is close to unity. A
linear dependence takes place:
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20A = 0.087£+0.059 pm; (6.1a)
20B = 0.043#+0.020 pum, (6.1b)

where ¢ is measured in seconds. According to (6.1a) the growth rate v,0a of the
major axis 20A (the tangent of the angle of inclination of the line to the ab-
scissa axis) is equal to 0.087 um-s!. The growth rate v,0p of the minor axis
20B is half as much and is equal to 0.043 um-s.

0.39 pm

Fig. 6.1. Polymorphous crystallization of amorphous film of Sb,S;.
Electron microphotographs correspond to the frames at the time moment
t, which have passed from the beginning of the recording of the crystalli-
zation process: a-t=3.63s;b-1=11.87s;c-1=19.50 s. SAED pattern
of the crystalline Sb,S; is shown in the upper right corner of the frame Ic.
The dotted line marks the ellipse with eccentricity 0.881

The dependence on time of the area S of the ellipse-shaped Sb,S; crys-
tal is shown in Fig. 3b. A quadratic dependence S on ¢ takes place:

§=0.003/2+0.027 pm?, (6.2)

where ¢ is measured in seconds. This dependence correlates well with the
n:OA-OB product, corresponding to the area of the ellipse (the dotted line at
Fig. 6.2b). The numerical characteristic of the ellipse, showing the degree of
its deviation from the circle, is the eccentricity &:
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Fig. 6.2 Kinetics of the polymorphous crystallization of amorphous
film: (a) time dependence of the length of the major axis 20A and minor

axis 20B of the ellipse-shaped Sb,S; crystal; (b) time dependence of the
area S of the ellipse-shaped Sb,Ss crystal. The dotted line corresponds to

the m-:OA-OB product. (c) time dependence of the eccentricity € of an el-
lipse-shaped Sb,Ss crystal. Errors AL = 0.012 pm, AS =0.0018 pmz
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The dependence on time of the € of an ellipse-shaped Sb,S; crystal is
shown at Fig. 3c. There is exponential decrease of the eccentricity of the crystal
as it grows:

& = exp(-1.282°01+1.178), (6.4)

where t is measured in seconds. Note that for the circle € = 0.

6.2. Predominant crystallization of Sb and subsequent polymorphous
crystallization of Sb2S;

Electron beam crystallization of the amorphous film, obtained by ther-
mal evaporation in vacuum of powder of Sb,S; without additives of S, pro-
ceeds differently. In this case, the amorphous condensate is enriched with super
stoichiometric antimony due to the predominant evaporation of sulfur. Crys-
tallization of the amorphous film proceeds in two stages. At the first stage,
crystals of excess antimony are released. The composition of the amorphous
phase approaches to the stoichiometric Sb,S3. At the second stage polymor-
phous crystallization of Sb,S3 occurs. Therefore, Sb,S; crystals contain inclu-
sions of Sb.

Fig. 6.3 illustrates the first stage of the electron beam crystallization of
amorphous film. Electron microphotographs correspond to the frames at the
time moment ¢, which have passed from the beginning of the recording of the
crystallization process: a - 1 =0.37 s; b - 1 =2.36 s; ¢ - t =2.40 s. The moment
of the appearance of Sb,S3 crystal is fixed in the upper right corner of the frame
6.3c. The arrow 1Sb marks evolution of a single particle of antimony.

The results of the analysis of the first stage of the crystallization process
are present at Fig. 6.4. As the film warms up, the density of antimony micro
particles monotonically increases and at saturation n = 7.5-10° cm™ (Fig.
6.452a). The experimental points fit satisfactorily on the curve, described by the
relation:

n =7.53-10°(1-exp(-4.3¢) sm2, (6.5)
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where ¢ is measured in seconds.

Fig. 6.3. Primary crystallization of Sb in amorphous film. Electron
microphotographs correspond to the frames at the time moment #, which
have passed from the beginning of the recording of the crystallization pro-
cess:a-1t=0.37s;b-1=2.36s;c-t=2.40s. The moment of the appear-
ance of SbyS; crystal is fixed in the upper right corner of the frame 6.3c.

The arrow 1Sb marks the single particle of antimony

a b
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Fig. 6.4. Time dependence of density # (a) and size (b) of the anti-
mony particles in amorphous film. <D> is the average value of the diameter
of Sb micro particles. Digp is the diameter of micro-particle, marked by the
arrow 1Sb at Fig. 6.3. Errors An = 1.4-107 cm?,
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A similar ratio describes the change over time of the mean diameter of
micro-particles of Sb:
<D>=0.029-(1-exp(-5.3¢) um. (6.6)

At saturation <D> =~ 0.029 pum (Fig. 6.4b). Fig. 6.4b shows the change of the
diameter D of one selected micro-particle Sb, marked by the arrow 1Sb at Fig.
6.3. There is qualitative coincidence of the dependence of <D>(t) and D(¥).

The successive frames of the film, reflecting the secondary crystalli-
zation of Sb,S3, are shown at Fig. 6.5. Electron microphotographs correspond
to the frames at the time moment ¢, which have passed from the beginning of
the recording of the crystallization process: a-t=0s;b-t=0.60s;c-t=3.17
s. Crystal of Sb,Ss, the nucleation moment of which is shown at Fig. 6.3c,
grows in the amorphous matrix with inclusions of Sb micro crystals. Ellipse
shape is maintained throughout the growth of the crystal.

Fig. 6.5. Secondary crystallization of Sb,S; in amorphous film.

Electron microphotographs correspond to the frames at the time moment ¢,
which have passed from the beginning of the recording of the crystalliza-
tion process: a-t=0s;b-1=0.60s;c-¢=3.17s. SAED pattern of the
crystalline Sb,S; is shown in the upper right corner of the frame 3c.

The kinetics of secondary crystallization of Sb,S; is shown at Fig. 6.6.
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Fig. 6.6 Kinetics of the secondary crystallization of Sb,S; in amor-
phous film: (a) time dependence of the length of the major axis 20A and
minor axis 20B of the ellipse-shaped Sb,S; crystal; (b) time dependence of
the area S of the ellipse-shaped Sb,S; crystal. The dotted line corresponds to
the m-OA-OB product. (c) time dependence of the eccentricity € of the el-
lipse-shaped Sb,S; crystal. Errors AL = 0.012 um, AS = 0.0018 um?
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The dependence on time of the length of the major axis 20A and mi-
nor axis 20B of the ellipse-shaped Sb,S; crystal are shown in Fig. 6.6a. In this
case nonlinear dependence takes place:

20A = 1.014/2%+1.523 um; (6.7a)

20B = 0.721£52+0.295 um. (6.7b)

According to (6.7a,b) the growth rate v,oa of the major axis 20A and
wos of the minor axis 20B is not constant, but decreases with time. The de-
pendence on time of the area S of the ellipse-shaped Sb,S; crystal is shown at
Fig. 6.6b. In this case non quadratic dependence takes place:

§=1.796%6%+ 0.258 pum?. (6.8)

This dependence correlates well with -:OA-OB product, corresponding to the
area of the ellipse (the dotted line at Fig. 6.6b). The dependence on time of the
eccentricity € of the ellipse-shaped Sb,S; crystal is shown in Fig. 6.6c. There
is exponential decrease in the eccentricity of the crystal as it grows:

& = exp(-0.0781°44-0.0106). (6.9)
6.3. Classification of the type of the transformation in amorphous Sb2S3

Both in the case of primary and secondary polymorphous crystallization
of amorphous film a single ellipse-shaped Sb,Ss crystal grows in the field of
observation (on the microscope screen). This is the main qualitative feature of
the layer polymorphous crystallization [84, 90]. A quantitative feature of LPC
is the value of relative length &y, determined by (4.3). To use this relation, we
must determine quantities analogous to Dy and ao, taking into account the
shapes and orientations of Sb,S; crystals at the final stage of their growth. In
turn, this requires knowledge of the dependence of the fraction of the
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crystalline phase x on time #. The small thickness of the object of study makes
it possible to determine x as the ratio of the crystal area S to the area of the field
of the study So.

As Sy, we can use the area of the crystal at the final stage of the electron
microscopy motion picture. Then in the case of primary polymorphous crys-
tallization of Sb,S3 (Fig. 6.1) Sp = 1.55 um?, and in the case of secondary pol-
ymorphous crystallization of Sb,S; (Fig. 6.5) Sp = 5.27 um? The dependence
x(t) for the case of primary polymorphous crystallization of Sb,S; we can get
by dividing the data S(¢) (Fig. 6.2b) by the Sy = 1.55 pm?. The result in coordi-
nates of x - #? is presented at Fig. 6.7a. Its analytical dependence has the form:

x = 0.002/2+0.017. (6.10)

According to (6.10), the value x = 0.632 corresponds to the character-
istic time ¢ = #o = 17.536 s. Substituting this value to (6.1a) for 20A we get
20A = Dy = 1.526 um. The SAED pattern of the Sb,S; crystal (Fig. 6.1¢) sets
the position of the diffraction vector g.i21. In this direction, the increasing of
the major axis 20A of the ellipse-shaped Sb,Ss crystal takes place. This is done
by attaching of (1 21) planes with the interplanar distance d.i»; = 0.3057 nm.
Then, according to (4.3), using d.i2; instead of ao, we get the relative length 9
~5000.

Similarly, the dependence x(¢) for the case of secondary polymor-
phous crystallization of SboS; we can get by dividing the data S(¢) (Fig. 6.6b)

- 068

by the Sp = 5.27 um?. The result in coordinates of x is presented at Fig.

6.7b. Its analytical dependence has the form:
x = 0.341£68+0.049. (6.11)
In both cases (of primary and secondary polymorphous crystallization), the ex-

perimental data satisfactorily fits into straight lines, plotted respectively in the
coordinates of x - #2 and x - %% (Fig. 6.7).
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Fig. 6.7 Time dependence of the fraction crystallized for polymor-
phous (a) and for secondary (b) crystallization of Sb,S; in amorphous film

According to (6.11) the value x = 0.632 corresponds to the characteris-
tic time ¢ = #p = 2.2 s. Substituting this value to (6.7a) we get 20A = Dy =2.969
um. The SAED pattern of the Sb,S; crystal (Fig. 6.5¢) sets the position of the
diffraction vector g.,11. In direction, close to g1, the increasing of the major
axis 20A of the ellipse-shaped Sb,Ss crystal takes place. This is done by at-
taching of (2 11) planes with the interplanar distance d.>;1 = 0.3053 nm. Then,
according to (4.3), using d-»11 instead of ao, we get the relative length 8o~ 9700.

Conclusions. Amorphous films of Sb,S3 with stoichiometric composi-
tion were formed on substrates at room temperature in the process of thermal
evaporation of powder of Sb,S; with S additives. Amorphous films of Sb,S;
with the excess of Sb were formed on substrates at room temperature in the
process of thermal evaporation of powder of pure antimony sulfide. Electron
beam irradiation of amorphous film of Sb,S; with stoichiometric composition
causes phase transformation that occurs according to the scheme of layer pol-
ymorphous crystallization. A single flat ellipse-shaped crystal of Sb,S3 nucle-
ates and grows in the film region under investigation. The dependence on time
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of the length of major and minor ellipse axis of this crystal has a linear charac-
ter. As the ellipse-shaped crystal grows, its eccentricity decreases exponen-
tially with time. This corresponds to decreasing in its elongation along the ma-
jor axis. The dependence on time of the area of S of ellipse-shaped crystal and
of the fraction crystallized x at layer polymorphous crystallization of Sb,S; has
a quadratic character. Wherein the relative length 5o = 5000.

Electron beam irradiation of amorphous non-stoichiometric films with
excess of antimony initiates the predominant crystallization of Sb during the
first stage of the process, and subsequent matrix Sb,S;3 crystallization during
the second stage. As the film warms up, the density » and average value of the
diameter <D> of antimony particles monotonically increases and at saturation
n = 7.5:10° cm? and <D> = 0.029 um. Then in the amorphous matrix with
inclusions of micro-crystals of Sb a single flat ellipse-shaped crystal of Sb,S;
is growing. At the same time Sb particles are not nucleation centres of Sb,S;3
crystals. Growth of Sb,S3 crystal practically does not change the spatial distri-
bution of Sb particles. In rare cases, a displacement of particles in the direction
of motion of the crystallization front was observed.

The dependence on time of the length of major and minor ellipse axis
of this crystal has a nonlinear character. So, the growth rate of the major axis
and of the minor axis is not constant, but decreases with time. As the ellipse-
shaped crystal grows, its eccentricity decreases exponentially with time. This
corresponds to decreasing in its elongation along the major axis. The depend-
ence on time of the area of S of ellipse-shaped crystal and of the fraction crys-
tallized x at secondary polymorphous crystallization of Sb,S; described by a
power function with the exponent of 0.68. Wherein the relative length &0 =
9700.
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7. POLYMODAL POLYMORPHOUS CRYSTALLIZATION OF
TANTALUM PENTOXIDE

Tantalum pentoxide (Ta,Os) is the material with relatively high dielec-
tric constant, good thermal and chemical stability. In addition, it has acceptable
insulating properties. Therefore, thin films of Ta>Os are promising for the use
as dielectric in metal-oxide-semiconductor (MOS) devices, optical devices and
as thin-film electroluminescent devices [144-147]. Nanoparticles of Ta>Os are
considered as perspective material for heterogeneous catalysis and for splitting
of water into H, and O, [148]. Ta,0s can be fabricated with the usage of anodic
or thermal oxidation of Ta, atomic layer deposition (ALD), sputtering, sol-gel
methods and various processes, based on chemical vapor deposition (CVD)
[147].

In most of the cases, the films of Ta,Os, deposited on substrates at tem-
peratures below 650°C, are amorphous [147, 149]. They require post deposi-
tion annealing to eliminate gas impurities (C and H), incorporated during the
deposition step [147]. Post deposition treatments at high temperature initiates
crystallization of the films that is accompanied by the change of density and
dielectric constant [147, 149, 150]. Depending on the thickness and concentra-
tion of gas impurities in the amorphous film, after its annealing the growth of
crystals with orthorhombic ($-Ta,0Os) and hexagonal (6-Ta>Os) structures were
observed [147, 149].

Transmission electron microscopy (TEM) and electron diffraction stud-
ies “in situ” of electron-beam crystallization of amorphous Ta,Os films re-
vealed the long-period domain superstructure [125, 151]. It was demonstrated,
that the main hexagonal lattice of Ta,Os becomes rhombic after the formation
of the shear superstructure in it as the result of the ordering of the oxygen va-
cancies. Detailed studies using in situ TEM heating experiments on the micro-
structure and crystallization kinetics of Ta>Os thin films, prepared by ALD
method, were clearly elucidated in [152]. It was demonstrated, that the crystal-
lization behavior, accompanied by the growth of crystals of orthorhombic L-
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TaxOs phase, can be approximated by the Johnson-Mail-Avrami-Kolmogorov
(JMAK) equation.

7.1. Obtaining and structure of films

The films were obtained by pulsed laser sputtering of rotary Ta target
in oxygen atmosphere and by subsequent deposition of laser erosion plasma
on the substrate of (001) KCI at room temperature. The target was sputtered by
pulses of radiation of AIG: Nd*' laser (LTIPCH-5), operating in the Q-
switched mode. The laser wavelength and the pulse repetition rate were 1.06
pm and 25 Hz respectively. The oxygen in the evaporation chamber (~ 0.13
Pa) was embedded by the usage of the specialized system for gas introduction
SNA-2 of JSC “SELMI” (Sumy, Ukraine). The thickness of the films was de-
termined by the number of laser pulses and was 10-15 nm (transparent for the
electron beam).

As deposited films were separated from the substrate in distilled water
and transferred onto the subject grids for electron microscopy studies. They
were crystallized on the object grids in vacuum under the electron beam influ-
ence (in the microscope column). The rate of crystallization was set by the
density j of the electron current through the sample, which was varying in the
range from 1.1 to 6.5 A-mm™ depending on the electron beam focusing. The
structural analysis was carried out by the methods of electron diffraction and
transmission electron microscopy. Experimental electron-diffraction data was
compared with the JCPDS Powder Diffraction File (International Centre for
Diffraction Data, Swarthmore, PA, 1996) [153].

Fig. 7.1 illustrates electron beam crystallization of the amorphous film,
obtained by laser beam sputtering of Ta target in oxygen atmosphere. Accord-
ing to SAED pattern, presented at Fig. 7.1a, the film is amorphous at the initial
state. The action of the electron beam initiates in it the growth of disoriented
crystal grains, as evidenced by the SAED pattern and electron microscope im-
age, shown at Fig. 1b and Fig. 1c respectively. The result of decoding of the
SAED pattern, presented at Fig. 1b, is summarized in Table 7.1.
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Fig. 7.1. Electron-beam crystallization of the amorphous Ta,Os
film. (a) SAED pattern of the amorphous part of the film. (b) SAED pattern
of the polycrystalline part of the film. (c) Electron microscopic image of
the partially crystallized film. SAED pattern (d) and electron microscopic

image (e) of the disc-shape crystal of Ta,Os.

Table 7.1 - The results of the decoding of the SAED pattern at Fig. 1b

5-(Ta, O) 8-TayOs

Diffraction | This work JCPDS 19- | JCPDS 18-
. hkl, phase

ring number d (nm) 1299 [153] 1304 [153]

d (nm) d (nm)

1 0.387 001- TayOs 0.3880 0.3870

2 0.311 100 - Ta;0s5 0.3140 0.3130

3 0.242 101 - Ta,0s5 0.2440 0.2436

4 0.198 002 - Ta,0Os 0.1940 0.1936

5 0.180 110 - Ta,0s5 0.1811 0.1809

6 0.164 102 - Ta;0s5 0.1650

The interplanar distances d, calculated from the measured ring diame-
ters, were compared with the literature data [153]. The observed diffraction

peaks can be ascribed as the hexagonal phase of 6-Ta,Os with unit cell
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parameters ap=0.3624 nm and c(=0.3880 nm (JCPDS 19-1299). The absence
of reflections, associated with tantalum, indicates on the one-stage (polymor-
phous [77]) character of the transformation amorphous phase - crystal.

Fig. 7.1d and 7.1e illustrate one-stage polymorphous crystallization of
the same amorphous film, accompanied with the growth of a disk-shape single
crystal of Ta,Os. Electron microscopic image of this crystal contains extinction
bend contours - high contrast stripes, converging at point “o”. The variability
of the contrast occurred due to the local crystal bends, leading to the change in
the diffraction conditions. The crystal, growing in amorphous film, is in the
field of tensile stresses, which can change during variation of the size and of
the shape of the crystal. This leads to the formation of extinction bend contours
(BC) with different intensities and shapes at TEM images. The nature of the
formation of BC at crystallization of amorphous films was studied in detail in
[154].

SAED pattern of the area near the point “0” corresponds to the (001)
section of the reciprocal lattice of Ta,Os. A detailed analysis of such electron
diffraction patterns is given in [125, 151]. Crystallization of the amorphous
film is accompanied by the ordering of oxygen vacancies. In this case, a super-
structure lattice is formed, which is also hexagonal. It has parameters a, = V3ao
and ¢s = ¢o that rotated with respect to the base lattice by 30°. In the SAED
pattern (Fig 7.1d) the reflections of the main and superstructure lattice are
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marked with indices “0” and “s” respectively.

7.2. Electron beam crystallization modes

7.2.1. Layer polymorphous crystallization mode of Ta:0s

Fig. 7.2 explains the growth kinetics of a single Ta,Os crystal in amor-
phous film [155]. The photomicrographs correspond to the periods of time ¢
that passed after the video recording had started: (a)  =2.07 s; (b) t = 6.57 s;
(c) t=9.63 s. The dependence on time of the crystal diameter D(?) is shown at
Fig. 7.2d. The straight line was plotted by the data of D measurements using
the least-squares technique. The correlation coefficient, characterizing the
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closeness of linear relation between D and ¢, is close to unity. A linear depend-

ence takes place:
D=0.120¢ + 0.037 pm. (7.1)

According to (7.1) the tangential crystal growth rate v = 0.120 um-s'.

a
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Fig. 7.2. LPC of amorphous film of Ta,Os. The micrographs corre-
spond to the periods of time ¢, that passed after the video recording had
started: (a) £ =2.07 s; (b) t=6.57 s; (c) t = 9.63 s. (d) The dependence on
time of the crystal diameter D. (e) The dependence on time of the crystals
fraction x of Ta,Os. Errors At = 0.033 s; AD = 0.01 um; Ax=2.5-10*[155]
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Fig. 2e shows the dependence on time of the crystallization fraction
x(¢). A quadratic dependence takes place:

x=0.007/+0.011. (7.2)

When the fraction of the crystalline phase x = 0.632, according to (7.2) the
characteristic unit of time 7o = 9.419 s. For #=9.484 s the characteristic unit
of length Do = vi-#o-= 1.13 um. For the crystal of Ta,Os with the [001] zone
axis (Fig. 1d) the projection of the unit cell on the plane of the film is a rhomb
with the side ap = 0.3624 nm and apex of 120°. In this case 9y is the number of
cell parameters ao, stacked at a distance, equal to Dy. According to (4.3) the
relative length 8o =~ 3100 (numeric, typical for LPC mode [90, 128]).

7.2.2. Interjacent character of crystallization of Ta:Os

Fig. 7.3 explains the growth kinetics of several crystals of Ta>Os in the
amorphous film. The beginning of the video recording of the process corre-
sponds to the simultaneous appearance of two crystals numbered 1 and 2. Then
crystal 3 appears. At the final stage of video recording, crystal 4 appears. The
photomicrographs correspond to the periods of time ¢ that passed after the
video recording had started: (a) r=1.03 s; (b) t=2.40 s; (¢) = 3.60 s. Fig. 3d
illustrates the dependence on time of the diameters D1, D,, D3, and Ds of the
crystals 1, 2, 3 and 4 respectively. Linear dependence on time Dj(¢) takes place
for each crystal:

D1 =0.337¢t+ 0.063 um; (7.3a)
D> =0.238¢-0.012 pum; (7.3b)
D3=10.242¢ - 0.154 pm; (7.3¢)
D4 =10.168¢-0.291 pum, (7.3d)

where ¢ is measured in seconds. According to (7.3a) - (7.3d) the tangential
growth rate of the crystals vi1 = 0.337pum-s™'; v = 0.238um-s™'; vz = 0.242
pm-s; vy = 0.168 um-s!. In this case, the arithmetic mean speed <v:> = 0.246
um-s™.
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Fig. 7.3. Crystal’s growth in amorphous film of Ta,Os. The micro-
graphs correspond to the periods of time ¢, that passed after the video re-
cording had started: (a) t=1.03 s; (b) t=2.40s; (¢) = 3.60 s. (d) The
dependence on time of the diameters D1, D», D3, and D4 of the crystals 1,
2, 3 and 4 respectively. (¢) The dependence on time of the crystals fraction
x. Errors At =0.033 s; AD = 0.01 um; Ax=2.5-10*

Fig. 7.3e illustrates the dependence on time of the crystals fraction
x(f) of Ta,Os. The line corresponds to the equation:

x=-0.029A+ 0.2087- 0.106¢+ 0.024 pm. (7.4)
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When the fraction of the crystalline phase x = 0.632, according to (7.4) char-
acteristic unit of time 7o = 2.560 s. For average tangential crystal growth rate
<ve>=0.246 um-'s™! the characteristic unit of the length Doy = <v>-19 = 0.630
um. For Ta,Os the volume of unit cell Q = 4.413-10"!" um?® ([153], card 19-
1299). In this case, according to (4.4), the relative length 8o ~ 1783 (numeric,
interjacent between LPC and IPC modes [90]).

7.2.3. Island polymorphous crystallization mode of Ta;Os

Fig. 7.4 illustrates kinetics of the formation of the polycrystalline film
of Ta,0s. The photomicrographs correspond to the periods of time # that passed
after the video recording had started: (a) = 0,27 s; (b) t=0,70 s; (¢c) t = 2,23
s. The dependence on time of the crystallization centers density N(¢) is shown
at Fig. 7.4d. This dependence is described by the curve with saturation:

N=16.8-10%(1-exp(-1.6¢) cm?, (7.5)

which is achieved at Ny= 1.67-10° cm™.
The dependence on time of the average crystal diameter <D> is shown
at Fig. 7.4e. The linear dependence takes place:

<D> = 0.086£+0.065 pum, (7.6)

where ¢ is measured in seconds. According to (7.6) the average tangential crys-
tal growth rate <v>= 0.086 um-s'.

Fig. 7.5a shows the dependence on time of the crystallization fraction
x. Experimental data, presented in the coordinates In[-In(1-x)] - Inz, forms a
straight line (Fig. 7.5b). The correlation coefficient, characterizing the tight-
ness of the linear relationship between In[-In(1-x)] and In7 is close to unity.
This fact indicates the applicability to the process of phase transformation of
the Johnson-Mail-Avrami-Kolmogorov formula (JMAK) [62, 156, 157]:

x = l-exp(-kt"), (7.7)
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where 7 is the Avrami coefficient (reaction order) and & is the effective rate
constant, describing both nucleation and growth. [157, 158].
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Fig. 7.4. IPC of amorphous film of Ta,0Os. The micrographs correspond to
the periods of time ¢, that passed after the video recording had started: (a)
t=0.27s;(b) t=0.70s; (c) t=2.23 s. (d) The dependence on time of the
crystallization centers density N. (¢) The dependence on time of the aver-
age crystal diameter <D>. Errors At =0.033 s; AN = 1.4:107 cm%; A<D>
=0.01 pm.
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Fig. 7.5. (a) The dependence on time of the crystals’ fraction x of Ta,Os.
(b) The dependence of the In[-In(1-x)] on Int. Errors At = 0.033 s; Ax =
2,510,

To determine them, the expression (7.7) was reformulated as follows:
In[-In(1-x)] = nin¢ + Ink. (7.8)

According to (7.8) and Fig. 7.5b the tangent of the angle of inclination of the
line to the abscissa axis n = 1.7. The point of the intersection with the ordinate
axis Ink=-0.9 and k= 0.4 s'7. Taking into account numerical values of n and
k (7.7), the curve at Fig. 7.5a will fit the equation:

x = l-exp(-0.4¢'7), (7.9)

where ¢ is measured in seconds.

When the fraction of the crystalline phase x =0.632, according to (7.9)
the characteristic unit of time fo = 1.713 s. According to (7.6) for average
tangential crystal growth rate <v;> = 0.086 pm-s™' the characteristic unit of
the length Do=<v>'#p= 0.147 um. For Ta;Os the volume of unit cell
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Q=4.413-10""" pm3 ([153], card 19-1299). In this case, according to (4.4), the
relative length 89 = 416 (numeric, typical for [IPC mode [90]).

7.3. Polymodality of crystallization as a manifestation
of polyamorphism in Ta:0s films

Amorphous films are formed on substrates at the room temperature in
the process of pulsed laser sputtering of rotary Ta target in oxygen atmosphere.
Electron beam irradiation causes their crystallization with the formation of
Ta,Os crystals with hexagonal lattice. Electron microscopic investigation, in-
cluding “in situ” and video recording methods, revealed the following crystal-
lization modes in different regions of the same amorphous film of Ta,Os (Table
7.2).

Table 7.2 - Crystallization modes in amorphous film of Ta,Os*

Parame- Layer polymor- Interjacent charac- | Island polymor-
tor phous c'rystalliza- ter of cr'ystalliza— phous c'rystalliza—
tion tion tion
fo, 8 9.419 2.560 1.713
Do, um 1.13 0.63 0.147
o 3100 1783 416

*1o is the characteristic time unit, Dy is the characteristic length unit, and
o s the relative length.

1. Layer polymorphous crystallization. In the studied area of the
amorphous film, a single crystal nucleates and grows. In this case time depend-
ence of the crystal diameter D ~ ¢, time dependence of the fraction of the crys-
talline phase x ~ # and the relative length 8o = 3100. In the case of (001) Ta,Os
the relative length is the number of cell parameters ao, stacked at the distance,
equal to the characteristic unit of length Dy
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2. Interjacent character of crystallization is characterized by the nucle-
ation and growth of several (3-4) disoriented crystals. Each crystal grows at
the constant rate until it touches with the neighboring crystal. The dependence
x(¢) can be successfully approximated by the polynomial of the third power.
The relative length &0 ~ 1783.

3. Island polymorphous crystallization mode. At the influence of the
electron beam irradiation in amorphous film, a great number of disoriented
crystals nucleate and grow. The dependence on time of the crystallization cen-
ters density is described by the curve with saturation, which is achieved at Ny~
1.67-10° cm™. Time dependence of the average crystal diameter <D> ~ ¢. The
relative length 8o~ 416. The dependence of the fraction of the crystalline phase
x on time ¢ has the exponential character, described by the IMAK formula with
the reaction order n = 1.7 and the effective rate constant k= 0.4 s, According
to [158] when n = 1.5-1.8 the crystallization processes corresponds to the grain
growth with the nucleation and with the decreasing of the nucleation rate. This
is the situation, which is realized in our case of crystallization of amorphous
film of Ta,Os (Fig. 7.4 a, b, c, d). The crystallization process ends with the
formation of the polycrystalline film.

The results of electron microscopic studies are summarized in Table 7.2.
According to it the phase transformation amorphous - crystal Ta,Os is poly-
morphous. However, different regions of the same amorphous film can exhibit
different modes of crystallization. The reason for this can be explained by the
phenomenon of polyamorphism [129, 160]: the existence of two or more forms
with different short-range order of arrangement of atoms in the first coordina-
tion sphere. Regions of amorphous film with different short-range order will
crystallize in different ways. Polyamorphism may be a consequence of the
presence of local structural inhomogeneities in the amorphous state of the sub-
stance, which is realized due to the specifics of the pulsed laser deposition
method.

The following features of the method of deposition take place. The
amorphous film grows on the substrate during the deposition of laser erosion
plasma. Therefore, the deposition is of the echeloned nature: electrons are
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followed by high-energy ions, then come the ions with the lower energy, and
at the end of the condensation pulse, neutral atoms are deposited. lons, the
energy and angular distribution of which is rather inhomogeneous, create in
the substrate of (001) KCI defects such as color centers.

All of them are centers for the deposition of matter (traps for atoms),
but they have different capture efficiency. For example, orienting F-color cen-
ters (anionic vacancies that captured electrons) are more efficient traps than
their aggregation products [159]. The inhomogeneity of their distribution over
the condensation surface provides local inhomogeneities in the distribution of
oxygen vacancies in the amorphous film. The latter is the reason for the reali-
zation of different crystallization modes in the same film. Previously, LPC and
IPC crystallization modes were observed in amorphous V,0s3 films, de-
posited by laser sputtering of vanadium in oxygen atmosphere [7]. Also
the formation of structures of different types (dendrites, cells) within a single
film due to the presence of structural inhomogeneities in the material was ob-
served during the electron beam induced crystallization of iron—carbon films

[2].
8. ISLAND POLYMORPHOUS CRYSTALLIZATION MODE
8.1. Crystallization of amorphous films of zirconia

Zirconia (zirconium dioxide ZrO,) has a wide range of technical appli-
cations, since it has high strength, heat insulating and dielectric properties and
high thermal and chemical resistance to aggressive media. ZrO, has various
polymorphous modifications: the monoclinic modification exists below
1170°C [161]. The data on its structure are given in the International Centre
for Diffraction Data tables (JCPDC tables) [153]: @ =0.53129 nm, b=0.52125
nm, ¢ =0.51471 nm, and B = 99.218° (file 37-1484). Above 1170°C, this mod-
ification transforms to the tetragonal one with parameters ¢ = 0.512 nm and ¢
=0.525 nm (file 17-0923 of JCPDC tables). At T >2370°C, the polymorphous
transformation of the tetragonal phase to the cubic one, for which a = 0.509

153



nm, space group Fm3m (file 27-0997 of JCPDC tables), occurs.

Exactly the tetragonal and cubic ZrO; phases find wide technical appli-
cations. However, they are unstable at room temperature. The tetragonal phase
is formed from the cubic one during the transformation of the cubic oxygen
sublattice and unit cell extension along the oxygen atomic displacement. The
monoclinic phase is formed from the tetragonal one by shear deformation of
the entire unit cell and changes in lengths of its sides [162]. High-temperature
phases are stabilized by doping zirconium dioxide with Y,O3 impurity. How-
ever, ZrO>,—Y,03 solid solution formation results in an increase in the ionic
conductivity due to the formations of a large number of oxygen vacancies
[162]. This is accompanied by a strong degradation of dielectric characteristics
of a material at temperatures above 1000°C.

Interest in zirconium dioxide in the thin-film and nanocrystalline state
is caused by its possible application as a barrier layer between a high-temper-
ature superconductor film and a Si substrate, as coatings used in biomedicine
and prosthetics, and as components of solid-state oxide fuel cells [163]. In the
nanocrystalline state, high-temperature zirconium dioxide phases can exist
even without adding a stabilizing component. Zirconium dioxide nanoparticles
with tetragonal and cubic structures are synthesized in lowpressure arc dis-
charge plasma and during laser ablation of a bulk ZrO, target [161].

It was shown that pulsed laser radiation causes sputtering of the zirco-
nium dioxide surface. Being deposited on the Si substrate, laser erosion prod-
ucts form a high-temperature cubic ZrO, phase [163]. During pulsed laser dep-
osition (PLD) of materials, cluster formation and growth on the substrate occur
under nonequilibrium conditions further predetermining the possibility of
forming metastable structure states. Alongside the PLD method, ion-plasma
sputtering (IPS) is widely applied to obtain amorphous and nanocrystalline
films and coatings. For this reason, the objective of this work is to obtain amor-
phous ZrO, films by PLD and IPS, to study their structure, and compare the
kinetics of their electron beam induced crystallization.
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8.1.1. Obtaining and structure of samples

Amorphous zirconia films were obtained by both ion-plasma sputtering
and laser ablation of Zr targets [10, 164]. Target ablation products were depos-
ited onto (001) KCI substrates at room temperature. The thickness of films was
30 - 40 nm. Ion-plasma sputtering was performed on an URM-3 setup [165]
with a magnetron equipped with a system of passive protection against micro-
arcs to decrease the amount of Zr microdrops in a deposited film. The sputter-
ing of a film was performed at a discharge current of 7.7 A and a magnetron
power supply voltage of 650 V. The ablation of a Zr target was performed in
an argon-oxygen mixture at a pressure of 0.083 Pa. The partial Ar pressure was
0.078 Pa, and the oxygen flow rate was 24 cm>/min.

The laser ablation of a Zr target was performed in an oxygen atmos-
phere at a pressure of ~0.13 Pa. Pulsed radiation from an LTI-PCh-5 laser op-
erated ata Q - switch regime was used. The wavelength and the pulse repetition
frequency were 1.06 um and 25 Hz, respectively. The films deposited onto
(001) KCI were separated from a substrate in distilled water and transferred
onto objective grids for microscopic studies. The crystallization of a film was
initiated by the effect of an electron beam in the column of a microscope at a
beam current of ~20 pA. The crystallization rate was adjusted by changing the
density j of electron current through a sample within 1.1— 6.5 A/mm? depend-
ing on the focusing of a beam.

Structural analysis was performed by electron diffraction and transmis-
sion electron microscopy. The film crystallization process was recorded from
the screen of an electron microscope on a Canon Power Shot G15 camera in
the video record mode at a frame rate of 30 s°.

Both PLD and IPS of Zr in an oxygen atmosphere lead to the formation
of amorphous ZrO; films on substrates at room temperature. Fig. 8.1a shows
the electron diffraction pattern from the free-standing film of ZrO, immedi-
ately after its separation from the substrate of KCI. It consists of two diffraction
halos. The first halo is intense, while the second one is much weaker in the
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intensity and very diffuse. These electron diffraction data indicate on the amor-
phous nature of this film.

1119 200 2209 3119

1119 2009

Fig. 8.1. Growth of crystals of cubic ZrO, modification in amorphous films
under electron beam irradiation: (a, b, d) electron diffraction patterns and
(c, e) electron microscopic photos of the amorphous-crystalline films de-
posited by (a, b,c) laser and (d, e) ion-plasma sputtering [10]
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According to the data of this table the crystallization of an amorphous
layer obtained by laser evaporation leads to the formation of a cubic FCC ZrO»
phase with a lattice constant ap = 0.5094 nm. The crystallization of an amor-
phous layer obtained by ion-plasma evaporation also gives a cubic FCC ZrO,
phase with a close lattice constant ap = 0.5098 nm. These data are in good
agreement with the data of JCPDS tables [153] (card no. 27-0997).

Table 8.1 - Data of the electron diffraction analysis of the ZrO; films
deposited by laser and ion-plasma sputtering after partial crystallization

Data of JCPDS
. . Ion-plasma-
Line Laser sputtering i tables (card no.
hkl sputtering
no. 27-0997)
d,nm | ao,nm | d,nm | ap,nm | d,nm | ap, nm
1 (111) | 0.2931 0.2937 0.2930
2 (200) | 0.2553 0.2558 0.2550
0.5094 0.5098 0.509
3 (220) | 0.1802 0.1809 0.1801
4 (311) | 0.1536 0.1529 0.1534

The comparison of the electron microscopic photos shown at Figs. 1c
and le argues that the number of microcrystals per unit film surface area is
much higher when the IPS method is used. At the same time, the average di-
ameter of microcrystals D in the films obtained by PLS is much larger than the
diameter of microcrystals in the films deposited by IPS.

8.1.2. Density changes during film crystallization

The electron microscopy image of the ZrO; film partially crystallized
by the electron beam is shown at Fig. 8.2. ZrO, microcrystals indicated by
numbers 1 and 2 have FCC lattice. For microcrystals 1 and 2 the film plane is
perpendicular to the [211] ZrO, (Fig. 8.2a) and [110] ZrO, zone axis (Fig.
8.2¢), respectively.
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The presence of crossed contrast bending extinction contours in the im-
ages of microcrystals suggests that their bend is dome-shaped. The bend is
caused by the circumstance that the crystal growth occurs in the presence of
tensile stresses caused by an increase in the film material density during crys-
tallization. The relative change in the density y due to the phase transition of a
film material from the amorphous state with the density pa. to the crystalline
state with the density p. was determined according to (1.2) and (1.4).

Fig. 8.2. Electron-beam crystallization of amorphous ZrO> depos-
ited at Ts= 290 K. (a) SAED pattern of the ZrO, microcrystal with the
[211] zone axis, (b) the electron microscopy image of the partially crys-
tallized film, and (c) the SAED pattern of the ZrO, microcrystal with the
[110] zone axis. The contrast in SAED patterns is inverted [164]

Fig. 8.3 shows two micrographs of the same section of the Zr,O, film
in the initial amorphous state (Fig. 8.3a) and after its complete crystallization
by an electron beam (Fig. 8.3b). The film contains microdroplets of Zr, brought
from the target to the substrate by the vapor-plasma flow. This is a manifesta-
tion of the so-called "splash effect", characteristic of the laser deposition
method. They are rigidly connected to the film. The length of the line connect-
ing the Zr microdroplets in amorphous (X at Fig 8.3a) and crystalline (X at
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Fig 8.3b). The relation X, > X. suggests that the density p, of amorphous ZrO,
is lower than the density p. of crystalline ZrO».

0.5 umﬁ

Fig. 8.3. Electron microscopy image of the ZrO, film area (a) before and
(b) after crystallization. X, and X; are the distances between hardened zir-
conium microdrops before and after film crystallization, respectively

The results of statistical treatment of measured relative density changes
v during amorphous ZrO; crystallization are shown in the form of frequency
histograms at Fig. 8.4. The y distribution is characterized by the corrected root-
mean-square deviation of 3.15%, the negative asymmetry of -0.0634, and the
positive excess of 0.90 [164]. For comparison Fig. 8.4 also shows the y curve
corresponding to the Gaussian distribution. At the reliability level of 0.5, the
relative density changes during zirconium dioxide film crystallization is
v=10.3+2.1% (Table 1.2).

Hence, the growing microcrystal from the time of its nucleation and
during growth is continuously subjected to tensile stresses from the side of the
amorphous matrix, which can be a cause of high-temperature cubic ZrO» phase
stabilization. This is consistent with the data of [163] where the cubic phase
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stabilization was explained by the development of thermoelastic forces on the
surface of ZrO» particles due to their rapid crystallization.
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Fig. 8.4. Histogram of relative frequencies f of the appearance of
measured relative ZrO, density changes during crystallization and the y
curve corresponding to the Gaussian distribution

8.1.3. Crystallization kinetics of laser condensates of ZrO-

Fig. 8.5 shows TEM video footage of crystals growth in amorphous
films of laser condensates of ZrO,. Time moments ¢ that has passed from the
beginning of the recording of the crystallization process is shown in the upper
right corner of each frame. A one-stage transformation is realized: amorphous
phase - crystal ZrO, of a cubic modification [166].

Fig. 8.6a shows the dependence on time of the average diameter <D>
of crystals, growing in amorphous film of ZrO». This line corresponds to the
equation:

<D>=0.110z- 0.010 um. (8.1)
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0.52 pm

Fig. 8.5. TEM video footage of crystals growth in amorphous films
of zirconia. Time moments ¢, that has passed from the beginning of the re-
cording of the crystallization process, are shown in the upper right corner
of each frame [166]

According to (8.1) the increase of <D> occurs at a constant rate
vep>=0.110 pm-s°',

Time dependence of the crystallized volume fraction x(¢) of zirconia is
shown at Fig. 8.6b. This experimental data, presented in the coordinates
In[-In(1-x)] - In#, form a straight line (Fig. 8.6¢). This fact indicates the applica-
bility to the process of a-c phase transformation of the JIMAK formulas (7.7).

Drawing In[-In(1-x)] against In(#) should be straight line:

In[-In(1-x)] = nlnz + Ink. (8.2)

In this case # is the tangent of the angle of inclination of the line to the abscissa
and the point of the intersection with the ordinate is Ink. According to (8.2) and
Fig. 8.6, c n=2.03, Ink =-2.976 and k= 0.051.

Taking into account numerical values of » and £, the curve at Fig. 8.6,

b will fit the equation:
x = 1-exp(-0.051£49%). (8.3)
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Fig. 8.6. The dependence on time of the average diameter <D> (a),
crystallized volume fraction x(¢) in coordinates x - # (b) and in in coordi-
nates In[-In(1-x)] - In¢ (b)

When the fraction of the crystalline phase x=0.632, according to (8.3)
and Fig. 8.6, b the characteristic unit of time #o =4.331 s. In agreement with
(8.2) and Fig. 8.6, a the characteristic unit of the length Do = 0.486 um. For
ZrO, the volume of unit cell Q = 1.3187-107'° ym? JCPDS tables [153] (card
no. 27-0997). In this case, according to (4.4), the relative length 6o = 950

162



(several hundred is a numeric, typical for IPC mode [90]). The kinetic param-
eters of crystallization are given in Table 8.2.

8.1.4. Crystallization kinetics of ion-plasma condensates of ZrO-

Fig. 8.7 shows TEM video footage of crystals growth in amorphous
films of ion-plasma condensates of ZrO,. Time moments # that has passed from
the beginning of the recording of the crystallization process is shown in the
upper right corner of each frame. A one-stage transformation is realized: amor-
phous phase - crystal ZrO, of a cubic modification [167].

Fig. 8.8a show the dependence on time of the average diameter <D> of
crystals, growing in amorphous film of ZrO». This line corresponds to the equa-
tion:

<D>=0.012¢+0.007 pum. (8.4)

According to (8.4) the increase of <D> occurs at a constant rate v<p-=0.012
um-s™.

Time dependence of the crystallized volume fraction x(f) of zirconia is
shown at Fig. 8.8b. This experimental data, presented in the coordinates
In[-In(1-x)] - In#, form a straight line (Fig. 8.8c). This fact indicates the applica-
bility to the process of a-c phase transformation of the JIMAK formulas (7.7).

Drawing In[-In(1-x)] against In(¢) should be straight line (8.2). In our
case it is:

In[-In(1-x)] = 3.631n ¢ -4.190. (8.5)
According to (8.5) and Fig. 8.8c Avrami exponent n = 3.63 and rate constant k
=0.015. Taking into account numerical values of n and £, the curve at Fig. 8.8b

will fit the equation:

x = 1-exp(-0.0154). (8.6)
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When the fraction of the crystalline phase x =0.632, according to (8.6)
and Fig. 8.8b the characteristic unit of time 7o = 3.180 s. In agreement with
(8.4) and Fig. 8.8a the characteristic unit of the length Do = 0.045 pum. For
ZrO, the volume of unit cell Q = 1.3187-1071% um? JCPDS tables [153] (card
no. 27-0997). In this case, according to (4.4), the relative length 6o ~ 88 (several
hundred is a numeric, typical for IPC mode [90]). These data are presented in
Table 8.2.

Fig. 8.7. TEM video footage of crystals growth in amorphous films
of zirconia. Time moments ¢, that has passed from the beginning of the re-
cording of the crystallization process, are shown in the upper right corner
of each frame [167]

8.1.5.  Comparison of crystallization parameters of laser
and ion-plasma amorphous condensates of ZrO:

The kinetic parameters of crystal growth in amorphous ZrO, films for
laser and ion-plasma condensates are given in Table 8.2.
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Table 8.2 - Parameters of the electron beam induced crystallization of
amorphous ZrO; films*

Parameter Laser evaporation Ton-plasma evaporation
v, um/s 0.110 0.012
B, cm 7.5 %108 1.3 x 100
n 2.03 3.63
k 0.051 0.015
to, S 4.331 3.180
Dy, pm 0.486 0.045
o 950 88

*v is the tangential growth rate of ZrO, crystals in an amorphous film,
B is the density of crystallization nuclei, » and k are the kinetic parameters of
crystallization, # is the characteristic time unit, and Dy is the characteristic
length unit, §o.is the relative length.

According to the video recording data (Fig. 8.5 and 8.7) during crystal-
lization of the film multiple crystals grows in the field of observation. Nuclea-
tion happens only at the beginning and growth takes place afterwards. The
density of crystallization nuclei p ~ 7.5-10% cm™ for laser condensates and B ~
1.3-10'° ¢m™ for ion-plasma condensates. Each crystal grows at the constant
rate at the constant intensity of electron beam irradiation of the film. This nu-
cleation mechanism would be identified as a Site-Saturate Nucleation (SSN)
[168]. In this case <D>~ ¢t and x(¢)=1-exp(-kt").

For laser condensates of ZrO, the Avrami exponent n = 2.03 (two-di-
mensional growth). For ion-plasma condensates of ZrO, the Avrami exponent
n = 3.63, which may indicate the formation of crystals throughout the entire
volume of the amorphous film (three-dimensional growth).

These structural and morphological characteristics in conjunction with
numerical data on relative length &¢ qualitatively and quantitatively indicate
the implementation of the IPC mode in ZrOs.

166



8.2. Amorphous films of antimony selenide

Antimony selenide (Sb»Ses3) belongs to the narrow-gap semiconductors
of the V> VI3 group and has a structure similar to Sb,S3 [169]. The compound
has an orthorhombic lattice with parameters @ = 1.163 nm, b = 1.178 nm, ¢ =
0.3985 nm [170]. It is a promising photoelectric absorbing material due to its
high electro-optical properties [171-174] and can be used for the creation of
thin-film solar cells [172, 173]. It was reported that at annealing of Sb,Se; a-c
phase transition occurs at 423 K [170].

8.2.1. Preparation and structure of films

Amorphous films of antimony sulfide with layer thicknesses / ~ 30 nm
were grown on the cleaved (001) face of KCl single crystals at room tempera-
ture by thermal evaporation at the pressure better, than 10 Torr. The starting
material was a high purity ingot of SboSes. Evaporation was carried out during
rapid heating of the tantalum crucible by passing a pulse of electric current.

Films were separated from the substrate in distilled water and trans-
ferred onto subject grids for electron microscopy studies. Homogeneous areas
of amorphous film with a uniform electron-microscopic thickness contrast
were studied. The correspondence of their composition to the stoichiometric
one was controlled by the nature of its crystallization and the results of decod-
ing of the selected area electron diffraction (SAED) patterns of the crystallized
sections of the film.

Features of the a-c phase transformation were studied by electron dif-
fraction and transmission electron microscopy (TEM) at the accelerating volt-
age of 100 kV. Crystallisation was initiated by the electron beam impact inside
the column of the electron microscope. This made it possible to register the
structural transformations “in situ”. The radiation dose rate was estimated from
the beam current and the diameter of the electron beam focused at the sample.
At a current of 20 pA and a diameter of 5 um the radiation dose rate was ~
6-10% e/A%s.
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At the initial state the film of Sb,Ses, deposited on the substrate at room
temperature, was amorphous. This is evidenced by three diffuse halos at the
electron diffraction pattern at Fig. 8.9a. The second halo is intense, while the
first and third are much weaker in the intensity and very diffuse. The positions
of the maxima of the first, second and third diffuse halo correspond to inter-
planar distances of 0.5, 0.3 and 0.2 nm of the object under study respectively.

a

Fig. 8.9. Crystallization of the amorphous Sb,Se; film: a - electron
diffraction pattern at the initial state; b - the same after partial crystalliza-
tion by the electron beam; ¢ - TEM image of the partially crystallized film
(1-amorphous phase, 2-crystalline phase); d - SAED pattern from one of
the grains of Sb,Ses

Fig. 8.9b show the electron diffraction pattern of the same film after its
partial electron beam crystallization. The film is two-phase: amorphous and
polycrystalline components. TEM image of the partially crystallized film (1-
amorphous phase, 2-crystalline phase) and SAED pattern from one of the
grains of SbySes are presented at Fig. 8.9¢ and 8.9d respectively.

The results of the decoding of the electron diffraction pattern presented
at Fig. 8.9b are summarized at Table 8.3. Correspondence between
experimental and literature data [169, 170] was observed. The absence of
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reflections, associated with Sb and Se indicates on the one-stage of the

polymorphous a-c transformation in Sb,Ses.

Table 8.3 - Results of the decoding of the electron diffraction pattern

at Fig. 8.9b

Diffraction Data [169] Data [170]

ring number d (nm) ki d (nm) d (nm)
1 0.826 110 0.828473 0.8280
2 0.585 020 0.589384 0.5890
3 0.521 120 0.526006 0.5250
4 0.416 220 0.414212 0.414
5 0.369 310 0.368730 0.3682
6 0.316 211 0.316357 0.3162
7 0.282 221 0.286798 0.2868
8 0.252 321 - 0.2513
9 0.228 510 - 0.2282
10 0.213 520 0.216460 0.2164
11 0.198 002 0.198935 0.1989
12 0.195 600 0.193782 0.1938
13 0.171 360 - 0.1752

8.2.2. Crystal growth and kinetics of a-c transformations

Fig. 8.10 show video frames of crystals growth in an amorphous film
of SbySes. Based on the frame-by-frame analysis of this videos, the depend-

ences on time ¢ of the number density of crystals N was obtained.
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Fig. 8.10. Video frames of crystal growth in amorphous films of
Sb,Se; at electron beam irradiation. Time moments ¢, that has passed from
the beginning of the recording of the crystallization process, are shown in
the upper right corner of each frame

At a fixed electron dose rate N increases linearly with time. The de-
pendence N(¢) is shown at Fig. 8.11a. Straight line correspond to the equation:

N=7.41-108¢+1.63-107 cm™?, (8.7)

where ¢ is measured in seconds. According to (8.7) the nucleation rate
a=7.41-10% cms7..

The dependences on time of the average crystal diameter <D> and of
maximum crystal diameter Dmax are shown at Fig. 8.11b by the lines 1 and 2
respectively. Straight lines correspond to the equations:

<D> = 0.052¢+0.037 pm, (8.8a)
Dunax = 0.173¢+ 0.056 pm. (8.8b)

According to (8.8a) the average tangential crystal growth rate
<v>=0.052 pm-s™! and maximum tangential crystal growth rate according to
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(8.8b) Vemax = 0.173 pm-s!. Thus, the average crystal growth rate <v¢> is more
than three times less than the vimax. Data relating to o, <v> and vimax are given
in Table 8.4.
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Fig. 8.11. The dependence on time of the number density of
crystals N (a) and of their diameters D (b) in amorphous Sb,Ses film.
1 - average diameter <D>. 2 - maximum diameter Dpax

The distributions of crystal sizes D in amorphous Sb,Se; film at times
t=0.67 s (Fig. 8.10a) and ¢ = 1.33 s (Fig.10b) after beginning of the recording
of a-c process are shown at Fig. 8.12a and 8.12b respectively. The histogram
data indicate an increase over time in both asymmetry and kurtosis in the dis-
tribution of crystal diameters. At z = 0.67 s the asymmetry coefficient is 2.08,
kurtosis is 6.50 and <D>=0.085 pum. Similar data for the distribution at r=1.33
s are: asymmetry coefficient is 2.19, kurtosis is 8.60 and <D> = 0.091 um.

Time dependence of the crystallized volume fraction x(¢) is shown at
Fig. 8.13a. This experimental data, presented in the coordinates In[-In(1-x)] -
In¢, form a straight line (Fig. 8.13b):

In [-In (1-x)] = 2.16 In ¢ -2.44 (8.9)
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Fig. 8.12. Histograms of the relative frequencies fp of the crys-
tals diameters D in amorphous film of Sb,Se; at times ¢ = 0.67 s (a)
and ¢ = 1.33 s (b) after beginning of the recording of a-c process and
the curve, corresponding to the Gaussian distribution
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Fig. 8.13. The dependence on time of the crystallized volume
fraction x(f) in amorphous Sb,Ses film in coordinates x - ¢ (a) and in
coordinates In[-In(1-x)] — In ¢ (b)
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This fact indicates the applicability to the process of a-c phase transfor-
mation of the JMAK formulas (7.7). According to (8.9) and Fig. 8.13b n =
2.16, Ink =-2.44 and k= 0.087 s2. The case o = const and <v;> = const corre-
sponds to the a-version of Kolmogorov’s model [156]. This is the case of the
continuous nucleation, when the system keeps adding nuclei with the same rate
over the entire transformation period [174]. Data relating to » and k are given
in Table 8.4.

Table 8.4 - crystallization parameters of amorphous films of Sb,Ses*

<v> (Lm/s) 0.052
Vemax (LM/S) 0.173
to (s) 3.10
Do (um) 0.20
n 2.16
k(s?) 0.087

a (cm?-sh) 7.41-108
0o 245

* <v¢> is the average tangential growth rate of the crystals, Vimax is the
maximum tangential crystal growth rate, #, is the characteristic time unit, Dy is
the characteristic length unit, » is the Avrami exponent, & is the rate constant,
o is the nucleation rate, §y is the relative length.

Taking into account numerical values of n and k, the curve at Fig. 8.13a
will fit the equation[175]:

x = 1-exp(-0.087£19). (8.10)
If during a-c transformation the fraction of the amorphous phase de-
creases by a factor of e = 2.72, then the fraction of the crystalline phase x =

0.632. When for a film the fraction of the crystalline phase x=0.632, accord-
ing to (8.10) characteristic unit of time 7o = 3.10 s. For this value according
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to (8a) the characteristic unit of the length Do =~ 0.20 um. For Sb,Se; the
volume of unit cell Q = 546.09-10-'2 um? [170]. In this case, according to (4.4)
the relative length 8o = 245 (Table 8.4).

Polycrystalline film forms at the constant crystal growth rate and con-
stant nucleation rate corresponding to the a - version of the Kolmogorov model
(continuous nucleation process). The Avrami exponent n = 2.16 (the nearest
integer is 2) and the relative length o =~ 245.

This value of n and & for Sb,Ses films with a thickness 2 = 30 nm cor-
relates well with the data of work [176] for Sb,Se; films with 2 =25 nm (n =
2.20, 8o = 183) and # = 40 nm (n = 2.14, 39 = 489). They are typical for the
crystallization process in which the grain growth occurs with nucleation. These
structural and morphological characteristics in conjunction with numerical
data on relative length &0 qualitatively and quantitatively indicate the imple-
mentation of the IPC mode in Sb,Ses.

8.3. Kinetics of electron beam crystallization of amorphous

films of Yb20:S

8.3.1. Material, methods and structure

Films with layer thicknesses # = 20-50 nm were grown on a cleaved
(001) face of KCl single crystals by the electron beam evaporation method
[177]. Condensation of matter was carried out in an oil-free vacuum system on
the substrates at room temperature. Starting material of high purity YbS was
used. The background pressure during evaporation in the vacuum chamber was
between 10°-1077 Pa. The film thickness was controlled in situ by calibrated
quartz resonator. Quartz was calibrated according to X-ray reflectometry for a
series of single-layer films. The error in determining of the film thickness A&
= 0.5 nm. The rate of film growth was in the range 0.5 - 1.0 nm-s’..

The deposited films were separated from the substrate in distilled water
and transferred onto subject grids for electron microscopy studies. They were
crystallized on the object grids in vacuum both under thermal (“furnace” an-
nealing on a copper plate) and electron beam (in a microscope column) influ-
ence. In the latter case the rate of crystallization was controlled by varying the
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density j of the electron current through the sample, which was varying in the
range from 1.1 to 6.5 A-mm depending on the electron beam focusing.

The structural analysis was carried out by the methods of electron dif-
fraction and transmission electron microscopy on EM-100L and PEM-100-01
electron microscopes operating at the accelerating voltage of 100 kV. The pro-
cess of crystallization of the film was recorded from the screen of the electron
microscope with a Canon Power Shot G15 camera in the video recording mode
at the frame rate of 30 s™!

Fig. 8.14 illustrates the electron beam crystallization of the amorphous
film, obtained by electron beam evaporation in vacuum of YbS target. Accord-
ing to the SAED pattern at Fig. 8.14a, the film is amorphous at the initial state.
This is evidenced by three diffuse halos at the electron diffraction pattern. The
first halo is intense, while the second and third are much weaker in the intensity
and very diffuse. The action of the electron beam initiates in it the growth of

crystals, as evidenced by the SAED pattern and electron microscope image,
shown at Fig. 8.14b and 8.14c respectively. The result of decoding of the
SAED pattern, presented in Fig. 8.1b, is summarized in Table 8.5.

a

Fig. 8.14. Electron-beam crystallization of the amorphous Yb,0,S
film: SAED pattern of the initial state (a) and after partial crystallization
of the same place of the film (b); electron microscopic image of the film
after partial crystallization (c)
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Table 8.5 - Results of the decoding of the electron diffraction pattern
at Fig. 8.14b

P lff:l‘ﬁ;’:r“ng d (nm) hkI, phase 33&[11)78]
1 0.643 001- Yb,0.S 0.650
2 0323 002 - Yb;05S 0324
3 0289 101 - Yb,08 02887
4 0228 102 - Yb,08 02287
5 0.186 110 - Yb,08 0.1861
6 0.164 200 - Y5:0:8 0.1613
7 0.146 105 - Yb,0,8 0.1450

The interplanar distances d, calculated from the measured ring diame-
ters, were compared with the data from literature. Correspondence between the
experimental and the literature data was observed only for Yb,O,S (ytterbium
oxide sulfide) hexagonal modification with unit cell parameters a = 0.3722 nm
and ¢ = 0.6496 nm [178]. The formation of Yb,O,S is due to the oxidation of
the YbS film when it was separated from the substrate in distilled water.

8.3.2. Kinetics of Yb>0,S crystals growth in amorphous film

Fig. 8.15 show video frames of crystals growth in amorphous film of
Yb,0,S [179]. Based on the frame-by-frame analysis of this videos, the de-
pendences on time ¢ of the number density of crystals N was obtained. At a
fixed electron dose rate N increases linearly with time. The dependence N(¢) is
shown at Fig. 8.16a. Straight line correspond to the equation:

N=3.93-10%+9.54-107 cm™?, (8.11)

where ¢ is measured in seconds. According to (8.11) the nucleation rate
0=3.93-10% cms°,
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Fig. 8.15. Video frames of crystal growth in amorphous films of
Yb0,S at electron beam irradiation. Time moments ¢, that has passed
from the beginning of the recording of the crystallization process, are
shown in the lower right corner of each frame [179]
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Fig. 8.16. The dependence on time of the number density of crys-
tals NV (a) and of their average diameters <D> (b) in amorphous Yb,0,S
film
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The dependence on time of the average crystal diameter <D> is shown
at Fig. 8.16b. A linear dependence takes place:

<D>=0.297¢+0.150 pm, (8.12)

where ¢ is measured in seconds. According to (8.12) the average tangential
crystal growth rate <v> = 0.297 pm-s’..

Time dependence of the crystallized volume fraction x(¢) is shown at
Fig. 8.17a. This experimental data, presented in the coordinates In[-In(1-x)] -
Int, form a straight line (Fig. 8.17b):

In[-In(1-x)] = 1.8In¢ - 0.7. (8.13)

This fact indicates the applicability to the process of a-c phase transfor-
mation of the JIMAK formulas (7.7).
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Fig. 8.17. The dependence on time of the crystallized volume frac-
tion x(¢) in amorphous Yb,O,S film in coordinates x - ¢ (a) and in coordi-
nates In[-In(1-x)] — In # (b)
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According to (8.13) and Fig. 8.17b n =1.8, Ink = -0.7 and k = 0.5 s*.
The case o = const and <v> = const corresponds to the a-version of Kolmo-
gorov’s model [156]. This is the case of the continuous nucleation, when the
system keeps adding nuclei with the same rate over the entire transformation
period [174]. Data relating to n and k are given in Table 8.6.

Table 8.6. Ccrystallization parameters of amorphous films of Yb,0,S*

<v> (Lm/s) 0.297
to (s) 1.47
Do (um) 0.44
n 1.8
k 0.5
a (cm?-sh) 3.93-108
do 1000

*<y> is the average tangential growth rate of the crystals, Vimax is the
maximum tangential crystal growth rate, #, is the characteristic time unit, Dy is
the characteristic length unit, » is the Avrami exponent, & is the rate constant,
o is the nucleation rate, &y is the relative length.

Taking into account numerical values of n and £, the curve at Fig. 8.17a
will fit the equation:

x = l-exp(-0.5¢'%), (8.14)

where ¢ is measured in seconds.

When the fraction of the crystalline phase x = 0.632, according to
(8.14) characteristic unit of time 7 = 1.47 s. And the characteristic unit of
the length Dy = <v>ty = 0.44 pm. For Yb2O,S the volume of unit cell
Q=7.793-10""" pm?3 [178]. In this case, according to (4.4), the relative length is
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8o =~ 1000. This value of n and & for Yb,O,S films are typical for the crystalli-
zation process in which the grain growth occurs with nucleation. These struc-
tural and morphological characteristics in conjunction with numerical data on
relative length &y qualitatively and quantitatively indicate the implementation
of the IPC mode in films of Yb,O,S.

8.3.3. Crystallization of Yb;O:S films at thermal annealing

Fig. 8.18 illustrates the effect of film thickness / on the fraction of the
crystalline phase x at crystallization of amorphous Yb,0,S upon thermal an-
nealing in vacuum (180 min at 575°C). At this temperature, films of thickness
with 2 = 20 nm remain amorphous. Crystallization occurs at # > 25 nm. The
fraction of the crystalline phase in the film increases with the growth of film
thickness and on the level of higher than 50 nm is equal to 1 (Fig. 8.18c).

Graphically the dependence of the fraction of the crystalline phase x on
the film thickness 4 is presented in Fig. 8.18d. The straight line was plotted by
the data of x measurements using the least-squares technique. A linear depend-
ence takes place:

x=0.032h-0.637, (8.15)

where x is measured in nm.

The stabilization of the amorphous state at the small layer thicknesses
was previously observed during electron-beam crystallization of amorphous
Cr,03 and V,0; films [101]. The results, obtained for Yb,0,S, are additional
confirmation of the fact, that the stability of the amorphous state decreases with
increasing of the film thickness [143, 180, 181]. In [182] was found for
Ge,SboTes (GST), N-doped GST, GeisSbss, SboTe, and Ag- and In-doped
Sb,Te that the crystallization temperature increases as the film thickness is re-
duced below 10 nm.

The slowdown of crystallization at decreasing of the film thickness can
be connected with increasing of the surface energy during crystallization. In
addition, crystallization is associated with overcoming of the activation barrier
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that separates the amorphous and crystal states. The height of the barrier in-
creases with decreasing of the film thickness.

20 30 40 50
h (nm)

Fig. 8.18. The effect of thickness / on the crystallization of amor-
phous films of Yb>O,S upon thermal annealing in vacuum (180 min at
575°C): h =25 nm (a); &~ = 40 nm (b); d = 50 nm (c¢). The dependence of
the fraction of the crystalline phase x on the film thickness % (d).
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9. DENDRITE POLYMORPHOUS CRYSTALLIZATION
MODE OF HfO:

Films and coatings of hafnium dioxide (HfO,) are widely used in engi-
neering owing to their high values of its dielectric constant, refractive index,
neutron absorption cross section, and thermal stability (melting point
~2800°C) [183]. Amorphous gate insulators are usually desirable since they
can effectively reduce the problems arising from the crystal orientation, grain
boundary, and the lattice mismatch at the interfaces [184].

The monoclinic modification of HfO is stable up to 2196 K. Its struc-
tural data presented in the tables of the International Centre for Diffraction
Data (JCPDC) are as follows: a=0.51157 nm, 5#=0.51819 nm, ¢=0.52851 nm,
and B =99.259° [185]. At above 1923 K, this modification transforms into the
tetragonal modification with parameters ¢=0.514 nm and ¢=0.525 nm [186].
The orthorhombic modification of HfO, has the following parameters:
a=0.5008 nm, »=0.5062 nm, and ¢=0.5223 nm [187].

9.1. Sample preparation and structural changes in films
during annealing

9.1.1. Experimental

We grew films by pulsed laser sputtering of hafnium in an oxygen at-
mosphere. A vapor-plasma flow was deposited onto both orienting single crys-
tal KCI (001) substrates and neutral KCI substrates covered with a thin layer
of amorphous carbon. We used the pulsed nanosecond radiation of a Q-
switched laser operating at a wavelength of 1.06 um. The radiation was intro-
duced into an evaporation chamber and focused onto a rotating target made of
high purity Hf plates. The laser pulse repetition frequency was 25 Hz. The film
thickness was varied in the range 28-30 nm, and the substrate temperature was
varied in the range 75 =290 - 700 K. An Hf target was sputtered in an oxygen
flow at a pressure P(O2) ~ 0.13 Pa. The structures of the films were studied by
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electron diffraction and transmission electron microscopy (TEM) using EM-
100L and PEM-100-01 electron microscopes operating at an accelerating volt-
age of 100 kV. Phase transformations in the films were initiated by the follow-
ing methods:

(1) thermal heating of a film on a supporting grid in an air atmosphere
in a muffle furnace,

(2) vacuum annealing in the column of an electron microscope using
the special-purpose heating attachment of the EM-100L microscope,

(3) radiation action of a high-intensity electron beam in vacuum (mi-
croscope column) on a local region of the film.

9.1.2. Structure and phase state of condensed films

Depending on substrate temperature T, the deposition of a Hf vapor
plasma flux in an oxygen atmosphere was found to result in the formation of
the following structure-phase states. Amorphous films form in the range 7 =
290-360 K. An increase in the condensation temperature initiates the formation
of a crystalline HfO, phase in a film. The nuclei of a crystalline HfO phase of
size D = 10 nm were revealed by TEM in an amorphous matrix at 75 = 370 K.
The precipitate size and the volume fraction of the crystalline phase increase
monotonically with Ts.

Figures 9.1a and 9.1b show the electron diffraction pattern and electron
microscopic image, respectively, of a two-phase film deposited at 75 = 410 K
[188]. The average crystallite size in an amorphous matrix is (D) =~ 60 nm. The
results of identification of the electron diffraction pattern at Fig. 9.1a are given
in the table 9.1. As follows from these data, the crystalline phase in the film is
represented by the tetragonal and monoclinic modifications of HfO,. The type
and arrangement of the reflections in the electron diffraction pattern indicate
that the crystals of the monoclinic modification of HfO, have no preferred ori-
entation with respect to the KCI (001) substrate. However, crystals of the te-
tragonal modification of HfO, grow in an orientation parallel to the substrate,
and the orientation relationship (9.1) holds true:
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Fig. 9.1. Structures of the films deposited by pulsed laser sputtering
of a Hf target in an oxygen atmosphere: (a, b) electron diffraction pattern

and electron microscopic image of the HfO, film deposited at 75 = 410 K;
(c, d) electron diffraction pattern and electron microscopic image of the
HfO, film deposited at 75 = 290 K after air annealing at 770 K for 20 min.
The contrast in the electron diffraction patterns is inverted [188]

[100](001) HfO, // [100](001) KCL. ©.1)

The zone axis of the crystals corresponds to the [001] HfO> direction.
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Table 9.1. Results of electron diffraction analysis of the films depos-
ited by pulsed laser sputtering of an Hf target in an oxygen atmosphere*

Deposition at 7s =410 K Deposition at 7s =290 K and
air annealing at 770 K

Ne d, nm d, nm d, nm
d, nm hkl T-phase | M-phase | d,nm hkl M-phase

[186] [185] [185]

1 0.5145 (100): 0.5140 0.5190 | (010)w 0.5182
2 0.3627 (110): 0.3635 0.3693 | (011)w 0.3676
3 03177 | (1 1) 0.3147 | 03178 | (T 11)u | 0.3147
4 0.3010 (A11): 0.2988 0.2840 | (111)u 0.2823
5 0.2853 (111)u 0.2823 | 0.2606 | (002)w 0.2608
6 0.2552 (200): 0.2555 0.2333 | (012)w 0.2330
7 0.2301 (120)w 0.2305 | 0.2182 | (102)w 0.2179
8 0.1808 (220): 0.1811 0.2020 | (112)u 0.2008
9 0.1623 (310)r 01623 0.1847 | (022)u 0.1838
10 | 01552 (Bll) 0.1546 0.1813 | (220)w 0.1808
11 0.1682 | (202)u 0.1683
0.1649 | (013)w 0.1648

*T stands for the tetragonal HfO, phase and M for the monoclinic HfO» phase.

The absence of a preferred orientation in the crystals of the monoclinic
modification of HfO, and its presence in the crystals of the tetragonal modifi-
cation of HfO, point to different distributions of these phases across the film
thickness. Most crystals of the tetragonal modification of HfO» form near the
KCI (001) substrate and undergo its orientation effect. The crystals of the mon-
oclinic modification of HfO, form at the later stages of film formation near the
free film surface. They do not undergo the orienting effect of the substrate,
since they are screened by the amorphous HfO, layer. The orienting effect of
the KC1 (001) substrate also manifests itself in initiating the formation of a
crystalline phase in the film.

The passivation of the KCI (001) surface by an amorphous carbon layer
prevents the formation of a crystalline phase in the film. The amorphous HfO,
film forms on the surface of amorphous carbon at the same temperature (7 =
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410 K). At Ts > 640 K, a crystalline HfO; film forms and the tetragonal phase
of HfO; retains orientation relationship (9.1).

9.1.3. Phase transformations at annealing of the films

The conditions of annealing of the amorphous laser condensates deter-
mine the structure and phase composition of the HfO, films. Figures 9.1c and
9.1d show the electron diffraction pattern and electron microscopic image re-
spectively of the HfO, film deposited at 7T = 290 K after air annealing (in a
muffle furnace) at 770 K for 20 min.

The results of identification of the electron diffraction pattern are given
in the Table 9.1. After annealing, the crystalline phase in the film consists of
the monoclinic modification of HfO». The type and arrangement of the reflec-
tions in this electron diffraction pattern (Fig. 9.1¢) indicate that the crystals of
the monoclinic modification of HfO, form a polycrystalline film without a pre-
ferred orientation. A similar result was obtained upon thermal annealing of the
amorphous film in vacuum in the column of an electron microscope.

Another picture was observed during the radiation action of an electron
beam on a local region in the amorphous film: the crystallization of the amor-
phous layer was accompanied by the formation of both the monoclinic and
orthorhombic modifications of HfO,. We revealed two versions of crystalliza-
tion. In both cases, the monoclinic modification of HfO, was found to domi-
nate at the final stage of transformation [189].

The one-stage transformation proceeds without a change in the type of
the crystal lattice of a growing nucleus. An HfO, crystal with a monoclinic
structure form in the region irradiated by an electron beam, and a dendrite
forms from this crystal in time. All dendrite branches retain a monoclinic struc-
ture. Fig. 9.2 shows the electron diffraction pattern (a) and electron micro-
scopic image (b) of a nucleus and the related dendrite with primary and sec-
ondary branches. As follows from the electron diffraction pattern, it has the
monoclinic lattice, and the zone axis of the crystal is [10 T ] HfO..
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Fig. 9.2¢ shows an electron microscope image of dendrite HfO,, formed
by non-crystallographic branches of various orders. The first order branches
are localized within the AOB and COD sectors. Breaks in the bend extinction
contours at the boundary of the branches indicate the presence of a misorien-
tation between the branches, i.e. the branches are non-crystallographic.
Branches of the second and higher orders are localized inside the BOC and
AOD sectors with an angle vy at the apex at point O.

Fig. 9.2. One-stage electron beam crystallization of amorphous
HfO, deposited at 7s =290 K: SAED pattern of a crystalline HfO, nucleus
of the monoclinic modification (a); electron microscopic images of the nu-
cleus and dendrite with primary (1) and secondary (2) branches (b, ¢) [189].
The contrast at the SAED pattern is inverted

The two-stage transformation is accompanied by a change in the type
of the crystal lattice of a growing nucleus. Fig. 9.3 shows the electron diffrac-
tion pattern and electron microscopic image of two sequential stages of film
crystallization.
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0.6 um

Fig. 9.3. Two-stage electron-beam crystallization of amorphous
HfO, deposited at 7s =290 K: SAED pattern of a crystalline HfO, nucleus
of the orthorhombic modification (a); electron microscopic images of two
sequential stages of crystallization (b, ¢). The contrast at the SAED pattern
is inverted

Under the action of an electron beam, disc-shaped crystals of the ortho-
rhombic modification, which are similar to crystal 1 at Fig. 9.3b, nucleate and
grow in the film. The electron diffraction pattern of crystal 1 is shown at Fig.
3a. For clarity, weak reflections of the orthorhombic modification of HfO; are
encircled. These reflections belong to the zone the axis of which is oriented
along the [11 3] direction in the orthorhombic modification. When the crystal
size is larger than the critical size (0.1-0.4 um), et decomposes into blocks
(crystal 1" at Fig. 9.3¢), from which dendrite branches form. The crystal lattice
of the dendrite branches corresponds to the monoclinic modification of HfO,
(Figs. 3b, 3c; dendrites 2 and 2', respectively) [189].

At the final stage of crystallization, the monoclinic modification, which
is represented by HfO» dendrites, is predominant. These dendrites form from
HfO, nuclei of the monoclinic and orthorhombic modifications. In the latter
case, a size-phase effect manifests itself: when reaching the critical size (0.1-
0.4 um), an HfO, crystal of the orthorhombic modification undergoes a
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structural transformation, which is likely to be the martensitic transformation
(Fig. 9.4a).

>

.
0.12 uym

Fig. 9.4. Crystalline HfO, nucleus of the orthorhombic modification
in an amorphous matrix (a) and plates of the low temperature monoclinic
modification in an orthorhombic HfO, matrix (b)

The low temperature monoclinic modification of HfO, forms as plates
or domens in an orthorhombic HfO» matrix (Fig. 9.4b) in orientation relation
[190]:

(303)or [T1T]or /(223 ) [1107mn. 9.2)

The phase size effect detected in PLD films agrees qualitatively with
the data [191] in where a small crystal size was shown to be a factor preventing
the transformation of the cubic HfO; phase into the monoclinic phase.
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9.2. Kinetics of two-stage transformation

The formation of dendrite from a disk-shape HfO, crystal of the or-
thorhombic modification is illustrated by the film frames, shown at Fig. 9.5
[192]. Electron microphotographs at Fig. 9.5a, and 9.5b correspond to a disco-
shape crystal. The moment of the beginning of the structural-morphological
transformation, when the disk has reached a critical size (D*~ 0.25 pm) and
the contrast of its image has changed dramatically, is depicted at Fig. 9.5¢c. The
successive stages of dendrite formation are shown at fig. 9.5d - 9.5f.

Fig. 9.5. Formation of a dendrite during two-stage crystallization of
amorphous HfO; film. Time moments ¢, that has passed from the beginning
of the recording of the crystallization process, are shown in the upper right
corner of each frame [192]
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When moving from a disk-shape crystal to a dendrite, the kinetic char-

acteristics of crystallization also change. Fig. 9.6 shows the kinetic crystalliza-

tion curves, corresponding to the frames at Fig. 9.5. The dependence of the

area of the crystalline phase S at the electron microscopic image on time ¢ is
shown at Fig. 9.6a. This crystallization curve in S - # coordinates have the form
of parabola (a straight line in the S - 2 coordinates) with a break at the point ¢
corresponding to the moment, when D = D*:

S=a*+B; (9.3a)
S=a'P+p. (9.36)

Expression (9.3a) for D < D* and (9.3b) for D > D*. Wherein o = 0.01 um?s?,
o' =0.09 um?s2, B =-6.15-10* pm? and p' = -0.48 um?>.

a b
16
1.6
12
r/]-‘l.z a
a =]
208 208
& a
04 0.4
03 0
0o 1 2 3 4 5 0o 1 2 3 4 5
1(s) z(s)

Fig. 9.6. Kinetic curves of two-stage crystallization of amor-
phous film of HfO,. The dependence of the area of the crystalline re-
gion S on time # (a). The dependence of the diameter of the crystalline
region D on time ¢ (b)
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The dependence of the diameter D of the crystalline region (D =
(4S/m)"3) on time ¢ are shown at Fig. 9.6b. While D < D*, the disk-shaped
crystals growth with a constant speed v. It was determined by the slope of
the straight line to the abscissa axis. After transformation it appreciably
increases (more than four times). So, before splitting the growth rate of a
crystal v=0.11 pm-s’', then after splitting its growth rate v' = 0.48 um-s™".

The result of a statistical treatment of measured D* for a number of
crystallization experiments are shown in the form of frequency f histogram at
Fig. 9.7. According to this histogram, the average value of the critical diameter
<D*>=0.18 um.

0.4

0.3

0.1

0
01 015 02 025 03 03
D*, um

Fig. 9.7. Histogram of the relative frequencies f of the critical di-
ameters D* of HfO, crystals and the curve, corresponding to the Gauss-
ian distribution.

9.3. Kinetics of one-stage transformation

A one-stage phase transformation amorphous phase - dendrite HfO,
of a monoclinic modification represents several sequential frames of the
growth video at Fig. 9.8. The kinetic curves of the dendrite growth are
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shown at Fig. 9.9. They correspond to the frames at Fig. 9.8. In the case of
one-stage phase transformation the graphs do not contain kinks.
a b

Fig. 9.8. Dendrite formation at one-stage crystallization of amor-
phous film of HfO,. Time moments ¢, that has passed from the beginning
of the recording of the crystallization process, are shown in the upper left
corner of each frame [192]

a b
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0 4 8 12 16 0 4 8 12 16
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Fig. 9.9. Kinetic curves of one-stage crystallization of amorphous
HfO, film: a - time dependence of the length of dendritic branches 41, 4>
and /3; b - time dependence of the area S of the AOB sector (Fig. 9.8f)
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Fig. 9.9a shows the dependence of the length %, of the first order
dendrite branch and of the length %, and /3 of the second order dendrite
branches (Fig. 9.8f) on time ¢. The increase of 41, 4> and A3 occurs at a
constant rate v; = 0.064 um-s’', v = 0.041 pm-s™', v = 0.040 um-s™' re-
spectively. The ratio vi > v, > v3 shows, that the dendrite branches of the
first order grow faster than all. The later the branch appeared, the more
slowly it grows. Fig. 9.9b shows the quadratic dependence of the area S of
the sector AOB (Fig. 9.95f) on time ¢.

The dependence on time of the HfO, crystals fraction is shown at Fig.
9.10. A quadratic relation takes place:

x=0.0026£ - 0.001. (9.4)

0 4 8 12 16
t(s)
Fig. 9.10. The dependence on time of the crystallized volume
fraction x(¢) in amorphous HfO, film

When x = 0.632, according to (9.3) characteristic unit of time #%=15.6 s.
Whereas the growth rate of the dendrite v, = 2vy, = 0.128 um-s™!, we get the
value Do = 2vitp = 1.99 um. Lattice parameters of HfO, crystals of monoclinic
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modification are as follows: ap = 0.51157 nm; bo = 0.51819 nm; co = 0.52851
nm; B =99.259°, and Q = 1.3828-10"'% um? [185]. According to (4.4) the rela-
tive length 8o = 3848 (~4000). Relation (4.4) is also applied to the case of DPC
mode, since the dendritic branches have different orientations relative to the
film surface.

Note that the structural and morphological characteristics of dendritic
and layer polymorphic crystallization differ greatly. However, the value of do
in several thousand is fulfilled for both DPC mode and for LPC mode.

9.4. Geometric selection and density changes at DPC mode

9.4.1. Geometric selection

Term “dendrite” can be referred to polycrystalline aggregates, com-
posed of an ensemble of tiny crystals nucleated on one another [193]. During
crystallization of amorphous HfO, film on the lateral surface of dendrite
branches of the first order, crystallographically misoriented branches of the
second order (“tiny crystals”) arise, on the lateral surface of which the branches
of'the third order can be generated (Fig. 9.8 and 9.11a). Thus, the lateral surface
of the branch of the first order is the surface of the initial crystallization (the
“basal surface” [194]) of the branches of the second order, and so on.

A typical dendrite of the monoclinic modification of HfO> is shown in
Fig. 9.11a. The pairs of the first order dendrite branches forms the sectors AOB
and DOC. In the upper left corner of the microphotograph there is the SAED
pattern from the crystalline section inside the AOB sector (preferably from
branch 1). Most reflexes occupy the positions of the grid nodes, corresponding
to the section (-3 1 -4) of the reciprocal lattice of HfO, of the monoclinic mod-
ification. The rest of the reflections are due to diffraction on the 1' branch,
which is disoriented with respect to branch 1. On the right border of the AOB
sector along the line OB (“baseline”), which is a trace of the basal flat surface
(plane (-1 1 1), crystallographically misoriented branches of the second order
are formed.
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Figure 9.11 - Geometric selection during formation of the dendrite in
amorphous HfO, film: a - electron microscope image of dendrite with the non-
crystallographic axes of the first (1), second (2) and third (3) order. The upper
left corner of the micrograph is the SAED pattern from the dendritic branch (1)
inside the AOB sector. b - the dependence of the fraction of “surviving” crys-
tals n on the distance z to the baseline OB at microscope image of dendrite
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Branches are formed from a number of randomly oriented crystals in
the process of geometric selection [194]. The direction of its highest growth
rate in this case form an angle 6 ~ 58° with a baseline line OB.

The graph of the dependence of the fraction of surviving crystals n on
the distance z from the baseline OB is shown in Fig. 9.11b. The measurements
are carried out inside the parallelepiped KLMN (Fig 9.11a). The left boundary
KL is separated from the baseline OB by a distance xo = 0.12 pm, which en-
sures a sufficient accuracy of the counting of the number of crystals. The po-
sition of the right boundary MN excludes the entry of an amorphous phase into
the analyzed region. According to the graph above, the percentage of “surviv-
ing” crystals decreases from 100% near the baseline OB to 34% near the
boundary MN with the amorphous phase.

a b
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Figure 9.12 - Results of statistical processing of the angular character-
istics of dendritic crystals, growing in amorphous HfO, films: a - histogram of
the relative frequencies f; of the values of the angles y of the growth sectors of
dendritic branches of the second order; b — histogram of relative frequencies fs
of the values of angles d between the directions of the most rapid growth of
dendritic branches and the baseline
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During one-stage crystallization of HfO,, the shape of the dendrites is
similar to that, shown at Fig. 9.8 up to contact with other dendrites, growing in
amorphous film. The branches of the second and third order are concentrated
inside the sectors BOC or AOD with angle v, the apex of which is at the point
O. For the dendrite at Fig. 9.11a this angle y = 130°.

The results of statistical processing of the revealed values of the angles
v and & during dendrite crystallization of HfO» are shown at Figs. 9.12a and
9.12b respectively. According to the above bar graphs, the average values of
the angles <y> = 147° and <> = 71°.

According to [194] the process of geometric selection in a growing ag-
gregate of crystals assumes, that the vector of the highest growth rate is di-
rected along the normal to the basal surface (i.e. & = 90°). In the case of growth
of dendrites of HfO, this angle 6 < 90° The reason for the difference is that the
base surface is not stationary, but is formed by a moving crystallization front.
This leads to a deviation of the highest growth rate of dendrite branches of the
second order towards the growth direction of the first-order branch, which
forms the basal surface.

9.4.2. Density changes

The relative change of the density during crystallization of amorphous
HfO, was determined according to (1.2) and (1.4). Figure 9.13 shows the elec-
tron microscopy image of the HfO, film area before (a) and after (b) its com-
plete crystallization. X, and X. are the distances between hardened Hf micro
drops before and after film crystallization, respectively.

The results of statistical treatment of measured relative density changes
y during amorphous HfO; crystallization are shown in the form of frequency
histograms at Fig. 9.13c. The vy distribution is characterized by the corrected
root-mean-square deviation of 2.41%, the positive asymmetry of 0.45, and the
positive excess of 3.14. For comparison Fig. 9.13c also shows the y curve cor-
responding to the Gaussian distribution. At the reliability level of 0.5, the rel-
ative density changes during hafnium dioxide film crystallization
v=2.51£1.66% [190].
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Figure 9.13. Electron microscopy image of the HfO; film area before
(a) and after (b) crystallization. X, and X. are the distances between hardened
hafnium micro drops before and after film crystallization, respectively. Histo-
gram (c) of relative frequencies f of the appearance of measured values of rel-
ative density changes y during crystallization of the film and the curve, corre-
sponding to the Gaussian distribution.
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The increasing of density of the film matter during crystallization of
amorphous ZrO, is much higher than in the case of amorphous HfO, (Tab.
1.2). According [195] with increasing temperature from room temperature
(amorphous HfO,) to 750°C (crystalline HfO,) the density of matter rises from
8.96 g-cm t0 9.40 g-cm™. For this case, according to (1.2), y = 4.91%, which
is slightly higher than the upper limit of the confidence interval 4.17%. For
monoclinic phase of HfO; the density of matter p. = 9.68 g-cm™ [196]. For
amorphous phase of HfO, the density of matter p, = 9.39 g-cm™ [197]. In this
case according to (1.2) v = 3.09%. This value of y falls within the confidence
interval from 0.85% to 4.17%, established in this work.
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