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Abstract. Using the methods of in situ transmission electron microscopy (TEM) with video recording of the
phase transformations the structure and kinetics of crystal growth in amorphous films of Tiy;ZryNijg were
studied. The films were obtained by magnetron sputtering of a Ti-Zr-Ni target with deposition on substrates at
T=30°C. The amorphous (X-ray amorphous) state of the film was retained up to a temperature of 650 °C, above
which a polymorphous transformation took place with the formation of crystals with the fcc structure. Video
frame analysis shows that the nucleation and growth of flat crystals with fcc structure take place at electron
beam irradiation. The speed of movement of the crystallization front did not depend on the time at a constant
intensity of the electron beam. A linear dependence on time for the radius of the crystal and a quadratic one for
the fraction of the crystalline phase are performed. The dimensionless parameter of the relative length of

crystallization was about three thousand.

1 Introduction

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 atoms for each metallic
atom) [1-3]. Moreover, it is known, that these systems
present a quasicrystalline phase for the different compo-
sitions of Ti, Ni and Zr [3-7]. Quasicrystallinity, suggesting
alarge number of tetrahedral sites, as well as the affinity of
Ti and Zr atoms for hydrogen, makes these compound
potentially useful materials for storing hydrogen for fuel
cells and batteries [3].

The deposition of both atomic and vapor-plasma flows
of Ti, Ni, and Zr on a substrate at room temperature, leads
to the formation of amorphous films. Films of Ti-Zr-Ni,
deposited by thermal evaporation [8], laser [3,4] and
magnetron sputtering [6,7,9] on the substrate at the room
temperature, are amorphous (or X-ray-amorphous). Rising
of the substrate temperature T higher than 160 °C
initiates the formation of crystalline (or quasi-crystalline)
films. The finely dispersed Tiy; 5Ni;;Zr4; icosahedral phase
with a grain size of 2-10nm was formed on sapphire
substrates in the temperature range Tg¢=160-350 °C
during laser sputtering of Ti-Ni-Zr ingots [3]. With
magnetron sputtering of Ti-Zr-Ni alloy target amorphous
and fee-(Ti, Zr)2Ni phase predominate in the Ti-Zr-Ni
films when the substrate temperatures are in the range of
100-400 °C and 500-600 °C respectively [9].

Annealing of X-ray-amorphous films of composition
Ti53ZI‘30Ni18 and Ti41ZI‘38'3N120'7 at temperatures abOVe
673 K initiated the formation of a quasicrystalline phases
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with the characteristic parameters qy=0.517 and
0.5205 nm respectively [7]. A single study with transmis-
sion electron microscopy of the structure of the initial X-
ray-amorphous and final quasicrystalline state in the
Tiy1Zr3g 3Nigg 7 (at.%) film after thermal annealing at 500
°C for 59h is given in [6]. Despite the above data, the
structure and kinetics of the transformation of the
amorphous (X-ray-amorphous) — crystalline (quasicrys-
talline) state at annealing of the Ti-Zr-Ni films has not been
studied enough.

This work aims at carrying out of the study of the
structure and kinetics of crystal growth during electron
beam irradiation of amorphous Ti4ZrsNig films. TEM
with in situ video registration of structural evolution offers
the possibility to do it. Frame by frame analysis of the video
allowed real-time measurement of the size and growth rate
of crystals, as well as the degree of crystallinity of the film
under study.

2 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 magnetron sputtering of a target
with the composition TiyZryNijg (at.%). Sputtering was
carried out in purified argon at the pressure of 2 x 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 [10]. Description of
the preparation procedure of amorphous films is given in
[6,7]. After deposition and depressurization of the chamber
the substrate of KCl together with the deposited film (the
film is on the top of the substrate) were placed in distilled


mailto:agbagmut@gmail.com
https://www.edpsciences.org
https://doi.org/10.1051/epjap/2023220293
https://www.epjap.org

2 A. Bagmut et al.: Eur. Phys. J. Appl. Phys. 98, 34 (2023)

Fig. 1. Electron diffraction patterns of TiyZry;Nijg film in the initial state (a) and after partial electron beam crystallization (b), as

well as its theoretical scheme (c).

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 of 3mm), 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.

Morphology and structure of the crystals were studied
by electron diffraction and in situ TEM with electron
microscopes EM-100L and PEM-100-01 at the accelerating
voltage of 100kV. Crystallisation was initiated with
thermal annealing of the film on substrate of Al,O3 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 ,LLAé
one can perform the beam density jvarying from 6.37 A /mm
(dose rate ~ 39.8x 10" e’!A2~s) to 1.02 A/mm?’
(dose rate ~ 6.4x 10" e /A®.s) for different heating
conditions. The crystallization rate increased monotonically
with increasing of j at any desired region of the film.

The crystallization process was recorded with a Canon
Power Shot G15 camera at the frame rate of 30 s~ *. So, the
error in time At = 307 's. According to [11] 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 z in the video frame we defined as the
ratio

_ St
= Sy o

where S(t) is the area occupied by the crystalline phase in
the frame at an arbitrary time moment t. S(t;) is the area
occupied by the crystalline phase in the frame at the end of
filming (at time moment t;). The crystal radius R(t) at a
time t was determined according to the relation

R(H) =

(2)

where Si(?) is the area of the crystal image at the time ¢. If
only one crystal grows in the field of observation, then

3 Results and discussion

Figure 1a shows the electron diffraction pattern from the
free-standing film of Tiy ZryNijg 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.

Figure 1b shows the electron diffraction pattern of the
same Tiy;Zr,;Nig 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 diffrac-
tion halo number 1, as well as fourth diffraction ring,
corresponding to interplanar distance d=0.152nm,
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. 1b)
is superimposed with the theoretical electron diffraction
pattern for the polycrystalline film with the fcc structure
(Fig. 1c). The radii of the circles of the theoretical electron
diffraction pattern p satisfy the relation:

p=GVh +E +1, (3)

where G is the scaling factor and h, k, [ are the Miller indices
of the crystal planes. Reflections for which h, k£ and [ are
numbers with different parity are forbidden. The corre-
sponding circles are not shown in the theoretical electron
diffraction pattern. 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
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Table 1. The results of the decoding of the electron diffraction pattern at Figure 1.

Amorphous state

Crystal state

Diffraction halo number d (nm) Diffraction ring number hkl d (nm) ap (nm)
1 111 0.289
1 0.25 2 200 0.251
3 290 0.177 0.502 +0.005
2 0.15 4 311 0.152
5 222 0.145
10000 4 substrate
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Fig. 2. X-ray diffraction patterns (Cu-Ka radiation) for a Tiy1Zr4; Nijg 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 (~7-10’4 Pa).

the theoretical one, when they are superimposed. There-
fore, the reflections numbered 1, 2, 3, etc. are can be
assigned with indices h, k, [ of the fcc lattice.

The result of the decoding of the electron diffraction
pattern in Figure 1 is summarized in Table 1. According to
Table 1, it follows that the fcc TiyZr,Nijg phase with the
cubic lattice parameter ag=0.502+0.005nm is formed
upon electron beam irradiation of amorphous film.

The electron diffraction data correspond to the X-ray
phase analysis data. Figure 2 shows diffraction patterns
(Cu-Ka radiation, 20 scan mode, sample is fixed at the
grazing angle of ©=1.4°) for a TiyZr,Nijg coating of
20nm thick on an Al,Os single-crystal substrate in the
initial state and after annealing.

At as deposited state the coating is X-ray amorphous.
The diffraction pattern shows one wide halo centered near
the angle 20=37°. The diffraction 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 angles. The X-ray amorphous state of
the coating is preserved up to a temperature of 650 °C. At a
temperature of 700°C, the coating crystallizes. Two
diffraction lines appear near the halo 260=32° and
20 =36°, as well as two lines near 20 =52° and 260 = 62°.
According to estimation from Scherrer formula [12] the
coherent scattering region (CSR) size in the direction
perpendicular to the film for the most intense lines near the
angles 20=231°, 20 =52° and 20=62° is ~ 22nm. This is
comparable to a film thickness of 20nm. That is, the
crystalline phase extends over the entire thickness of the film.

The result of the decoding of the X-ray diffraction
pattern (Fig. 2) of coating annealed at the temperature of
700°C is summarized in Table 2. According to it follows,
that the fcc TiyZr,Nijg phase with the cubic lattice
parameter ag=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;O3 substrate.
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Table 2. The results of the decoding of the X-ray diffraction patterns at Figure 2.

Diffraction maximum number hkl d (nm) ap (nm)

1 111 0.287

2 200 0.249 0.497 +0.001
3 220 0.176

4 311 0.150

0.74 pm

Fig. 3. Crystallization of the amorphous Tiy;Zr4;Nig film. “a” — electron microscope image of the partially crystallized film. SAED

patterns of different grains, that correspond to the cross sections of the reciprocal lattice “b” —

e — SAED patterns of amorphous phase.

The impact of the electron beam on the local area of
amorphous film initiated the formation of the flat disk-
shape crystal (Figs. 3 and 4). 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 selected area electron diffraction
(SAED) pattern in Figure 3b. 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 (Figs. 3¢, 3d). This is evidenced by the sharp
contrast of the bend contours, which breaks at the grain
boundaries.

Figure 4 shows video frames of crystals growth in an
amorphous film of Tiy;Zr 1 Ni;g. Based on the frame-by-
frame analysis of this videos, the dependences on time ¢ of
the crystal radius R(t) and area S(t) were plotted. The
dependence R(t) is shown in Figure 5a. The straight line
was plotted by the data of R measurements using the
least-squares technique. The correlation coefficient,

(111), “c” — (110) and “d” — (211).

characterizing the closeness of linear relation between
R and ¢, is close to unity. A linear dependences R(t) takes
place:

R =2.732¢t + 0.028 um, (4a)

R =0.953t 4 0.001 pm. (4b)

Relations (4a) and (4b) correspond to the video frames
of crystal 1 and crystal 2, shown in Figures 4a and 4b
respectively. According to it the tangential growth rate of
the crystal 1 v, =2.732um-s ' and of the crystal 2
Uro=0.953 um s~ ' (these data are listed in Tab. 2). The
inequality wv;; > v.9 indicates that the tangential crystal
growth rate increases with increasing of the dose rate of the
irradiation, which was ~ 39.8 x 10%e / A?.sfor the crystal 1
and ~ 6.4 x 10" e /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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t=0.067s
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t=0267 sl 0.62 um

t=0.200 s ji§ 0.64 um

t=0.633 s 0.62 um
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Fig. 4. Video frames of the growth of crystal 1 (a) and crystal 2 (b) in the amorphous film of Tiy;Zry;Nisg. The time ¢, elapsed since the
start of the video recording, is indicated in the lower right corner of each frame.

According to the relation (4a) during the growth time
t=10.328s, the radius of the crystal 1 increased from 0.028
t0 0.896 wm. In this case the electron dose was ~ 13.1 x 10*
e /A% According to the relation (4b) during the growth
time t=0.893s, the radius of the crystal 2 increased from
0.001 to 0.851 wm. In this case the electron dose was ~
5.7x 10" e /A%

The dependence S(#) is shown in Figure 5b. In the § —
coordinates, the experimental data fit well into straight
lines. The quadratic dependence S(¢) takes place:

S = 23.767t* + 0.071 pm?, (5a)

S = 2.845¢ 4 0.004 pm. (5b)

Relations (5a) and (5b) correspond to the video frames
of crystal 1 and crystal 2, shown in Figures 4a and 4b
respectively.

At the end of filming (at time moment ¢;—=0.328s)
the area, occupied by the crystal 1 S(t)=2.637 pm®.
Similarly for crystal 2 #;=0.893s and S(t;) = 2.272 pm®.
Taking into account these data and relation (1),
time dependence of the crystalline fraction z(t) was plotted
(Fig. 6). The quadratic dependences z(t) takes place:

z = 9.012¢* 4 0.027, (6a)

x = 1.252t% 4+ 0.002. (6b)

Relations (6a) and (6b) correspond to the video frames
of crystal 1 and crystal 2, shown in Figures 4a and 4b
respectively.

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 [13]. Therefore, heating of the film to
one degree or another is always present. When using
accelerating voltage of 100-125kV and a current of 50—
75 WA without a condenser diaphragm and with appropri-
ate beam focusing at the object, it is possible to obtain a
high temperature, sufficient not only for crystallization of
amorphous Fe-C films [14], but also for the melting of
refractory materials, such as carbon [15]).

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 crystalli-
zation of an amorphous substance, that is resistant to
chemical decomposition.

To create radiation damage, an electron must transfer
energy to atom FEr, that exceeds the threshold displace-
ment energy Ep (24-40eV for metals [16]). With an
accelerating voltage of 100 kV, the electron energy F= 100
keV. The masses of the atoms, that make up the film under
study, are Mrp; ~ 7.95 x 10" kg, My, ~ 1.51 x 10~ ** kg and
My; ~ 9.74 x 10" % kg. According to the relation [16]

Er =2E-(E+2moc*)M ¢, (7)
where my is the electron rest mass, M is the mass of the

atom and c is the speed of light, we get Er ~ 5eV for the
atom of Ti, Fr ~ 2eV for the atom of Zr and Et ~ 4 eV for
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Fig. 5. Kinetic curves of growth of the disk-shaped crystals in amorphous film of Tiy;Zr,;Nijs. (a) Time dependence of the crystals
radius R. (b) Time dependence of the crystals area S. Lines 1 and 2 are constructed from the video frames data at Figure 4a (for crystal

1) and Figure 4b (for crystal 2) respectively.

the atom of Ni. This is not enough to create significant
radiation damage in the studied film. For example in the
case of titanium Er ~ 5eV = Ep = 29eV [16].

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 Tiy;ZryNijg film phase transformation has a one-stage
character and leads to the formation of crystals with the same
fec lattice (Tabs. 1 and 2).

In addition, previous studies of amorphous films of
Cr,03, 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 (E=100 keV) on amorphous free-standing film was
initiated growth of a rounded and crescent-shaped CryO3
crystals with a hexagonal lattice [17]. A similar structure
and morphology of CryO3 crystals was observed during
thermal annealing of amorphous free-standing film in a
muffle furnace for five minutes at a temperature of 400 °C
[18]. 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, 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 [19].

However, the situation may change with increasing of
electrons energy, acting on the film. For example, when
E=400keV, for an atom of Ti according to (7) Et ~ 25eV
~ Fp ~ 29¢eV. In this case contribution of the electron-
beam induced crystallization can increase significantly.
The differences between the electron-beam induced and

1 /F i
_ 0.8 ?/ | 5
T 06 {“/f
0.4 / XA/A_/
02 v i
I
0 0.2 0.4 0.6 0.8 1

1(s)

Fig. 6. Time dependence of the crystalline fraction z(¢) in the
film. Lines 1 and 2 are constructed from the video frames data at
Figure 4a (for crystal 1) and Figure 4b (for crystal 2) respectively.

heat-induced crystallization of amorphous films of
GeySboTes with electrons with £= 200 and 400 keV were
previously described in [20].

4 Conclusions

X-ray amorphous state of the TiyZryNijg coating is
preserved up to a temperature of 650 °C. At a temperature
of 700 °C, the coating crystallizes. Irradiation of amorphous
film of TiyZryNijg 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 (Figs. 4a, 4b) during crystallization of
the film a single disc-shaped crystal grows in the field of
observation. The crystal grows at the constant rate at the
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Table 3. Kinetic characteristics of crystal growth in an amorphous film of Tiy;Zr,;Ni;s.
An object Tangential growth Characteristic Characteristic Relative
rate v, unit of time ¢, unit of length Dy length 8¢
Crystal 1 2.732pm-s ! 0.259 s 1.471 pm 2930
Crystal 2 0.953 pm-s ' 0.709 s 1.353 pm 2700

constant intensity of electron beam irradiation of the film.
In this case the radius of the crystal R ~ ¢, the area of the
crystal S ~ ¢ and the crystalline fraction z ~ .

The observed features of crystal growth allow us to
make the qualitative conclusion, that layer polymorphous
crystallization (LPC) of amorphous film takes place
[21,22]. The quantitative feature of LPC is the value of
the relative length 8 [23], determined as

D
80 :703
ap

(8)
where aq is the lattice parameter of the crystal. Dy is the
characteristic unit of length. According to [24] Dy is the
average crystal size at the time ¢t = #,. tj is the characteristic
unit of time, after which the volume of the amorphous
phase decreases by the factor of e=2.718. At this moment
the fraction of the crystalline phase x= 1y=0.632. The
dimensionless parameter §; is the number of elementary
cells of the crystal, which fit at the distance, equal to D,.

Substituting zy into (6a) and (6b), we obtain the
numerical values of #. For crystals 1 and 2 (Figs. 4a, 4b)
ty1 =0.259s and ¢y, =0.709s respectively. Substituting &,
into (4a) and (4b) and multiplying by 2, we obtain the
numerical values of D,. For crystals 1 and 2 Dy; = 1.471 pm
and Dgs = 1.353 wm respectively. Substituting Dy into (8),
we obtain the numerical values of the relative length §y. For
crystals 1 and 2 §p; &~ 2930 and §ps & 2700 respectively. The
obtained values of t,, Dy and 8, are shown in Table 3.

Currently available data, concerning the electron-beam
crystallization of amorphous films, are classified by
structural and morphological characteristics (qualitative-
ly) and by the numerical value of the relative length &
(quantitatively) [25]. Wherein layer polymorphous crys-
tallization mode, describes the nucleation and growth of a
single-crystal layer in the field of the electron-beam impact.
For it 8y is about several thousand. Time dependence z(?) is
quadratic. Island polymorphous crystallization mode,
describes the nucleation and growth of the polycrystalline
layer, for which &, is about several hundred. Time
dependence z(t) is exponential. Dendrite polymorphous
crystallization mode describes the nucleation and growth of
dendrite, for which §; is about several thousand. Time
dependence z(t) is quadratic.

The structural and morphological characteristics, given
in this work and the numerical value of the relative length
8o correspond to the layered polymorphous crystallization
mode of the amorphous film of TisZr s Nig,
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article.
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