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Amorphous films of alumina (Al,O3) were investigated at electron-beam annealing. TEM studies with “in situ”
video recording of structural changes demonstrated, that phase transformation of alumina is the island
polymorphous crystallization mode with the relative length 3,~ 70. The dependence on time of the fraction of the
crystalline phase has an exponential character, described by the IMAK formula with a rate constant k = 0.058 s and
Avrami exponent n = 2.01. The density of the crystalline film exceeds the density of the amorphous film. The
relative change of the density of the film substance after crystallization is (10.4 £1.7)%.

PACS: 61.14.—x, 61.43.Dq, 61.72.Cc, 64.70.Kb, 68.37.Lp, 68.55.A—, 68.37.—d

INTRODUCTION

Interest to thin films of alumina (aluminum oxide
Al,05) is due to their use in microelectronics, protective
coatings, and catalysis [1]. They have high values of
permittivity, good adhesion and time stability of
parameters [2]. At present, special attention is paid to
the study of amorphous films of Al,O;. They are the key
material in optical coatings due to its broad transparency
window (ultraviolet to mid-infrared) and excellent
durability [3]. Various physical and chemical deposition
methods are used to obtain amorphous films of Al,Os.
These include sol-gel, chemical vapor deposition
(CVD), pulsed laser deposition (PLD), atomic layer
deposition (ALD), e-beam evaporation and plasma-
assisted reactive magnetron sputtering (PARMS) [3-6].

To manufacture products with optimal parameters, a
necessary condition is knowledge of the patterns of their
change from influencing factors, for example, from the
ambient temperature. Subsequent annealing, which is
required at the industrial production stage or natural
aging can initiate undesirable crystallization of the
amorphous layer. The crystallization of coatings results
in a rough microstructure and surface, which
significantly affects the optical and electrical properties
[7].

Research indicates that both the annealing
temperature and duration are pivotal in the
crystallization process. A critical temperature exists,
above which amorphous Al,O3 transitions to its
crystalline form. For instance, studies have shown that
annealing amorphous Al,O; films at temperatures
exceeding 800°C leads to crystallization into y-Al,Os
and other phases such as 6-Al,O3. The transformation
from amorphous to crystalline (a-c transformation)
Al,O; typically follows a sequence of phase changes.
The proposed temperature-dependent sequence is:
amorphous — y — 8 — 0 — a-Al,O3. However, other
pathways may occur depending on the starting material
and specific conditions. For instance, X-ray diffraction
studies have shown that annealing in nitrogen can
crystallize ALD-deposited Al,O; films into the
monoclinic 6-Al,O3 at 800 and 1000 °C [1, 2, 8]. Heat
treatment of amorphous films and coatings is
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accompanied not only by structural, but also by
volumetric changes, leading to a disruption of the
continuity and homogeneity of the protective layer [2].
Therefore, the study of volume changes and
crystallization kinetics of amorphous films of alumina
would provide beneficial knowledge required for
complete control of the deposition process.

The aim of this work was to study the structural and
volumetric changes, as well as the kinetics of
crystallization during electron beam annealing of
amorphous alumina films. Determination of kinetic
parameters of crystallization will make it possible to
numerically classify the type of a-c transformation.
TEM study with in situ video registration of structural
evolution offers the possibility do it.

EXPERIMENTAL SECTION

The samples were free-standing amorphous films of
alumina. They were obtained by pulsed laser sputtering
of rotary Al target in an oxygen atmosphere (P(O,)
~0.13 Pa) and by subsequent deposition of vapor-
plasma flow 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 a
Q-switched mode. The laser wavelength and the pulse
repetition rate were 1.06 pum and 25 Hz
correspondingly. The oxygen in the evaporation
chamber was embedded using a specialized system for
gas introduction SNA-2 of JSC “SELMI” (Sumy,
Ukraine). The film thickness was defined based on the
number of impulses of laser irradiation influencing the
sprayed target. It was transparent to the electron beam
and had a thickness ~ 25 nm. The obtained films were
separated from the substrates in distilled water and
placed on the micro grids for the following electron
diffraction and electron microscopic investigations.

Features of the a-c phase transformation were
studied by selected area electron diffraction (SAED)
and transmission electron microscopy (TEM) at the
accelerating voltage of 100 kV.

Crystallization of alumina was initiated with
electron beam annealing of the film on a subject
microgrid (grid mesh 270) inside the microscope
column (Fig. 1,a). This made it possible to register the
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structural transformations in situ. Besides using an
electron beam focused to a diameter of 2...5 mm at
beam current of 20 mA, one can perform the beam
density j varying from 6.37 A/mm?® (dose rate
~39.8:10°e/(A%s)) to 1.02A/mm? (dose rate

~ 6.4-10* e’/(A%s)) for different heating conditions. The
crystallization process was recorded with a Canon
Power Shot G15 camera at the frame rate of 30 s*
(Fig. 1,b).
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Fig. 1. Scheme of the electron-beam crystallization (a) and video recording of the crystallization process (b):
1 —amorphous film; 2 — electron beam; 3 — object grid; 4 — video camera; 5 — viewing window;
6 — photoluminescent screen; 7 — photographic plate

According to [9] using a specialized computer
program, we measured the total area, occupied by the
crystals at the electron microscope image of the
analyzed space of the film. The content of the
crystalline fraction x in the video frame we defined as

the ratio
_s@) (2)

where S(t) is the area occupied by the crystalline phase
in the frame at an arbitrary time moment t and S; is the
area of the field of the study. The crystal diameter D(t)
at a time t was determined according to the relation

D)= |45, @

where Sy(t) is the area of the crystal image at the time t.
The average size of the crystals:

<M=%iq, ®)

where D; is the diameter of a single crystal, taken at
number of i.

The structural state of amorphous medium is
characterized with the presence of unconfined space —
part of the whole volume of the solid, which is not
completed with the particles of matter. In kinetic aspect
unconfined space represents the part of volume,
allowing the motion of the particles of material. So, the
occurrence of the wunconfined space may be
experimentally revealed at annealing of amorphous film
as the change of the relative density 1, determining as:

n= Pc—Pa (4)
Pa

In expression (4) p, is the substance density before

transformation (amorphous); p. is the substance density
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after transformation (crystalline). In amorphous state the

value of the unconfined space as a rule exceeds the

value of the unconfined space in crystalline one,

because the crystalline state can be characterized with

ordered disposition of atoms (molecules). As a rule,
n>0.

Laser sputtering provided the formation of micro-
drops of sputtered substance in condensed film. This
micro-drop we used as bench marks. The distance L,
between them in amorphous state was changed, and
after crystallization it was L.. So, performing the
measurements of L, and L., the n according to (4) can be

calculated as [10]:
3
L
= =2 | 1. (5)

RESULTS AND DISCUSSION

A TEM image of a partially crystallized film of
alumina is shown at Fig. 2. After separation from the
substrate of KCI the film was amorphous. This is
evidenced by the SAED picture in the lower right corner
of the image. It consists of two diffraction halos. The
first halo is intense, while the second halo is much
weaker in the intensity and very diffuse. The action of
the electron beam initiates in it growth ofdisoriented
crystals, as evidenced by the SAED pattern in the upper
right corner of the image.

According to it the crystalline phase of alumina
corresponds to the cubic modification y-Al,O; with the
unit cell parameter ag=0.7924 nm [11]. Crystallization
of the amorphous alumina is accompanied by increasing
of the density of the film material.
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Fig. 2. Electron-beam crystallization of the amorphous Al,O; film: TEM image of the film after partial
crystallization; SAED of the amorphous part of the film (in the lower right corner of the image) and SAED patterns
of the crystallized part of the film (in the upper right corner of the image.):

1 —amorphous phase, 2 — crystalline phase

Fig. 3 shows two micrographs of the same section of
the Al,O3 film in the initial amorphous state (a) and
after its complete crystallization by an electron beam
(b). The film contains microdroplets of Al, brought from
the target to the substrate by the vapor-plasma flow.
This is a manifestation of the so-called “splash effect”,
characteristic of the laser deposition method. They are
rigidly connected to the film and are marked with
numbers from 1 to 4. The length of the lines connectlng
the aluminum microdroplets in amorphous (see L, at
Fig. 3,a) and crystalllne (see K. at Fig. 3,b) film is
different. As a rule ' La, > L At Fig. 3 indices i and k
(i # k) take values from 1 to 4. The value of n can be
determined by substituting the numerlcal values of
distances between adjacent marks of L, and L. into
(®).

If there are n marks on each of the micrographs, then
the number of possible measurements of the distances
between the marks before and after crystallization (i.e.

*L, and L) will be "(0-1) 1y this case, according to
2

(5), we obtain

n(n-1) gitferent values of n. In our case
2

for n=4 possible measurements equal to 6. According to
(5) each pair of distances L, and L. corresponded to
one value of *n. The following data were obtained:
20 =8.6%, “n=75%, n=153%, *“n=117%,
= 13.0%, “n = 6.4%. Arithmetic mean <n>= 10.4%.
For 6 measurement relative change of the density of
alumina n = (10.4 £1.7)%. That is, with a probability of
70%, the true value of n is in the range from 8.7% to
12.1%. According to [2], at 600 °C amorphous alumina
has a density p, = 3.25 g/lcm®. After crystallization at
800°C its density increases and is p, = 3.55 g/cm®. In
this case, according to (4) n = 9.2%, that fits well into
our range from 8.7 to 12.1%.

Based on the frame-by-frame analysis of the video,
the dependence on time t of the number density of
crystals N was obtained. At a fixed electron dose rate N
increases linearly with time. The dependence N(t) is
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shown at Fig. 4,a. Straight line correspond to the
equation:

N=5.13-10% + 2.50-10° cm?, (6)

where t is measured in seconds. According to (6) the
nucleation rate o= 5.13-10° cm™?s™.

The dependences on time of the average crystal
diameter <D> is shown at Fig. 4,b. Straight line
correspond to the equations:

<D> = 0.013t+0.026 pm. )

According to (7) the average crystal growth rate <v> =
0.013 um-s™. Data relating to a and <v> are given in
Table.

Time dependence of the crystallized volume fraction
x(t) is shown at Fig. 5,a. This experimental data,
presented in the coordinates In[-In(1-x)] — Int, form a
straight line (Fig. 5,b). This fact indicates the
applicability to the process of a-c phase transformation
of the classic Johnson-Mehl-Avrami-Kolmogorov
(JMAK) theory through the equation:

x(t) = 1-exp(-kt"), (8)

where k is a rate constant and n is the Avrami exponent,
which is sensitive to the time-dependence of nucleation
and to the dimensionality of growth [12-14]. Drawing
In[-In(1-x)] against In(t) should be straight line:

In[-In(1-x)] = nint+Ink. C)]

In this case n 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. The graph at
Fig. 5,b corresponds to the equation:

In[-In(1-x)] = 2.01Int-2.85. (10)
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Fig. 3. Phase transition from amorphous (a) to crystalline (b) structure in Al,O3 film after electron beam
crystallization in situ. The lines connect the positions of conjugated microdroplets of Al in the amorphous
and crystalline films. SAED pictures are shown in the upper right corner of each micrograph
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Fig. 4. The dependence on time of the number density of crystals N (a) and of the average diameter <D> (b)
at crystallization of amorphous Al,O5 film
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Fig. 5. The dependence on time of the crystallized volume fraction x(t) of amorphous Al,O3 film
in coordinates x —t (a) and in coordinates In[-In(1-x)] — Int (b)

According to (10) and Fig. 5,b n = 2.01, Ink = -2.85 x = 1-exp(-0.058t%%). (11)

and k = 0.058 s Taking into account numerical values Data relating to n and k are given in Table.
of nand k, the curve at Fig. 5,a will fit the equation:
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Parameters of the electron beam induced crystallization
of amorphous films of Al,O3*

<v>, um/s 0.013
to, S 4.12
Dy, um 0.054
n 2.01
K,s? 0.058
a, cm?-s™t 5.13-10°
3o 70

*<v> is the average tangential growth rate of the crystals;
to is the characteristic time unit; Dy is the characteristic length
unit; n is the Avrami exponent, k is the rate constant; a is the
nucleation rate; 8, is the relative length.

CONCLUSIONS

Amorphous films of alumina are formed on
substrates at room temperature in the process of pulsed
laser sputtering of Al targets in an oxygen atmosphere.
Irradiation of amorphous film with the electron beam
initiates its crystallization. The transformation has one-
stage character. The amorphous alumina
polymorphically passes into the crystalline one with
cubic modification y-Al,O;. According to TEM and
SAED data (see Fig. 2) during crystallization of the film
multiple crystals grows in the field of observation and a
polycrystalline film is formed. The density of the
crystalline film exceeds the density of the amorphous
film. The relative change of the density of the film
substance after crystallization is (10.4 +1.7)%.

The case o = const and <v> = const corresponds to
the a-version of Kolmogorov’s model [15]. This is the
case of the continuous nucleation, when the system
keeps adding nuclei with the same rate over the entire
transformation period [16]. The dependence of the
fraction of the crystalline phase x on time t has an
exponential character, described by the IMAK formula.
The Avrami exponent n = 2.01 (nearest integer is 2).
However, these values of n=2 is typical for the
crystallization process in which grain growth occurs
without nucleation and crystallization is called “site
saturation”. All the nuclei present in the amorphous
medium begin to grow at the beginning of the a-c
transformation [16]. This situation was realized in
experiments on electron-beam crystallization of
amorphous ZrO, films deposited by laser evaporation
[17].

The value of the Avrami exponent in this study
should be n = M+1 = 3 because the nucleation rate is
constant and growth dimensionality in thin film state
M =2 [12]. This discrepancy can be explained by a
decrease of the nucleation rate with progress of the
grain growth due to the action of tensile stresses [18].
The occurrence of tensile stresses in the crystallizing
alumina film is due to an increase in its density
(n =10.4%), that is experimentally confirmed in this
work.

In the case of a polymorphous transformation, each
crystallization mode can be quantitatively characterized
by a numerical criterion — the dimensionless relative
length of crystallization 8, [19]. The relative length of
crystallization defined as
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S, = % (12)
D, is a characteristic unit of length — the conditional
size of a crystal by the time t,, 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 crystallized substance x = 0.632. In
expressions (12) Q is the volume of a unit cell of a
crystal, growing in amorphous matrix.

In the case of Al,O; when x = 0.632 according to
(11) the characteristic unit of time ty=4.12s.
Characteristic unit of the length
Dg= <v> ty = 0.054 um. For Al,O; the volume of unit
cell Q =4.9755-10"° um® [11]. In this case, according
to (12), the relative length &y=70 (hnumber
corresponding to  the island  polymorphous
crystallization mode [20]).
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3MIHU CTPYKTYPU TATYCTUHU AMOP®HUX IIVIIBOK OKCUAY AJIIOMIHIIO
Y PA3I EJIEKTPOHHO-ITPOMEHEBOI'O BIAITAJTY

O.I'. bazmym

Hocmimkeno amopdui mmiBku okcuay amoMiHiio (Al,Oz) y pasi  eneKTpOHHO-TIPOMEHEBOr0  BiAmany.
Hocmimkennss [IEM i3 BimeopeecTpami€ro CTPYKTYpHHX 3MiH «in situ» TOKa3aly, IO KPHCTANI3alis OKCHUIY
AIIOMIHIIO € OCTPIBIIEBUM MOJIMOP(HUM MEPETBOPEHHSM 13 BIJIHOCHOIO JOBXKHHOIO 0o~ 70. 3anexHICTh Bijg 4yacy
YaCTKH KPUCTANIYHOT (ha3u Ma€e eKCIIOHEHIIaIbHUI XapakTep, skl onucyeTbest hopmynnor JMAK i3 KOHCTaHTOIO
werakocti K = 0,058 ¢ i nokasHUKOM Aspami n = 2,01. H[iNbHICTh KPUCTATIYHOI ITIBKU MEPEBUIIYE NIITBHICTh
amopdHOi TUTiBKU. BinHoCHA 3MiHa IIITFHOCTI TUTIBKOBOI PEYOBHHHU Micis KpucTaiizaiii craHoButh (10,4+1,7)%.
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