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Amorphous films of hafnia (HfO,) and zirconia (ZrO,) were studied for crystallization under the action of an
electron irradiation. Electron microscopy studies with “in situ” video recording of structural changes demonstrated,
that phase transformation in hafnia is the dendrite polymorphous crystallization mode with the relative length 5,5~
2380 and in zirconia is the island polymorphous crystallization mode with the relative length 8o= 915. The
dependence on time of the fraction of the crystalline phase has a quadratic character for hafnia and an exponential

one, described by the JIMAK formula, for zirconia.

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

INTRODUCTION

Hafnia (hafnium dioxide HfO,) and zirconia
(zirconium dioxide ZrO,) are most attractive for optical
coating applications  (filters, beamsplitters anti-
reflection coatings and high-reflectivity mirrors) and for
thin-film electroluminescent (TFEL) applications [1, 2].
Relatively high dielectric constant and large band gap
make them one of the most promising materials for the
replacement of SiO, in the gate oxide insulating layers
in metal-oxide-semiconductor (MOS) devices [3]. ZrO,
and HfO, can be grown as a metastable amorphous
phase on Si using low-temperature deposition
techniques [4].

Hafnia and zirconia films can be deposited by
electron beam evaporation, chemical vapor deposition,
magnetron sputtering and pulsed laser deposition [1, 5].
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 [3]. Crystallization
of amorphous layers depends on the layer thickness:
thinner layers have higher crystallization temperatures.
So, crystallization temperature of HfO, increased from
430 to 600°C when the layer thickness was reduced
from 40 to 5 nm [6].

Transition from amorphous to crystalline state is a
first-order phase transition (a-c 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 amorphous layer (natural aging) can
take a long time (years and decades). This complicates
the prediction of the reliability and durability of an
electronic device. However, there is a possibility of a
comprehensive study of the structural transition from
amorphous to the crystalline state of matter outside the
device. Crystallization modeling can be done inside a
transmission electron microscope (TEM).

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 [7]. Therefore, heating
of the film to one degree or another is always present. In
a certain mode of operation of the microscope, the
electron beam, that forms an image, can initiate the
crystallization of an object with amorphous structure. In
this case a-c transition can be observed visually (“in
situ” method). The combination of different TEM
operating modes provides comprehensive information
on the structural, morphological, and kinetic parameters
of the crystallization process.

The monoclinic modification of hafnia is stable up
to 2196°C. Its structural data are: a = 0.51157 nm, b =
0.51819 nm, ¢ = 0.52851 nm, and B = 99.259° [8]. At
above 2196°C this modification transforms into the
tetragonal modification with parameters a = 0.514 nm
and ¢ = 0.525 nm [9]. The orthorhombic modification of
HfO, has the following parameters: a = 0.5008 nm, b =
0.5062 nm, ¢ = 0.5223 nm [10].

Zirconia also  has  various  polymorphic
modifications. Monoclinic modification exists below
1170°C [11]: a = 0.53129 nm, b = 0.52125 nm, ¢ =
0.51471 nm, and B = 99.218°. Above 1170 °C, this
modification transforms to the tetragonal one with
parameters a = 0.512 nm and ¢ = 0.525 nm [12]. At
T >2370 °C the polymorphous transformation of the
tetragonal phase to the cubic one, for which a=
0.509 nm and a space group Fm3m, takes place [13].

In most cases, the kinetics of the a-c process is
adequately described with the classic Johnson-Mehl-
Avrami-Kolmogorov (JMAK) theory through the
equation:

x(t) = 1-exp(-kt"), Q)
where x is the a-c transformed volume fraction; t is
time; 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 [14-16]. In situ
studies have shown, that in the case of exponential
dependence (1) polycrystalline films are formed. In this
case island polymorphous crystallization (IPC) mode
takes place [17]. In the case of layer polymorphous
crystallization (LPC) mode and dendrite polymorphous
crystallization (DPC) mode the quadratic dependence
x(t) is fulfilled [18].

Each substance reveals its own path of transition
from an amorphous state to a crystalline one. The
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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. The relative
length &, considered in this work, can serve as a
quantitative 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
geometric parameter of the elementary cell of the
crystal.

Quantification of the crystallization mode (LPC,
DPC ore IPC) can be done on the basis of the value of
relative length &, defined as

5, =2 )
aO
in the case of LPC, and as
DO
%" ©

in the case of IPC and DPC.

Characteristic unit length D, is the crystal size at
time to, after which the volume of the amorphous phase
decreases by a factor of e = 2.718, a, is a cell parameter
of a growing crystal, Q is the volume of the unit cell of
a growing crystal. The difference in the determination
of & is due to the fact, that in the case of LPC a single
crystal (with a cell parameter ag) is formed in the
investigated region, and in the case of IPC (or DPC) a
polycrystalline film (or dendrite), whose grains (or
dendrite branches) have different orientations [19, 20].

The purpose of this work was to study the structure,
morphology, and  kinetics of  electron-beam
crystallization of amorphous films of hafnia and
zirconia. Determining of the relative length &, will make
it possible to numerically classify the type of
transformation. TEM with in situ video registration of
structural evolution offers the possibility do it, since
frame-by-frame analysis of the video allowed real-time
measurement of the changes in number and size of the
crystals, growing in amorphous film.

EXPERIMENTAL SECTION

The samples were free-standing amorphous films of
hafnia and zirconia with a thickness h = 30 nm, obtained
by pulsed laser evaporation. Laser erosion plasma was
deposited on substrates of (001) KCI at room
temperature. Sputtering of a high-purity Hf and Zr
targets was carried out in an oxygen atmosphere
(P(O,) ~ 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. Films
were separated from the substrate in distilled water and
transferred onto subject grids for electron microscopy
studies.

Features of the a-c phase transformation were
studied by electron diffraction and transmission electron
microscopy (TEM) at the accelerating voltage of

100 kV. Crystallization 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).

Canon Power Shot G15 camera at the frame rate of
30 s™ was used for video recording of the crystallization
process. The captured film frames were used to
construct crystallization kinetic curves x=x(t). Electron
microscopic visualization of crystals in an amorphous
matrix was carried out in the bright field mode due to
the different nature of the contrast of the amorphous
(thickness contrast) and crystalline (diffraction contrast)
phases. The crystals in the reflective position appeared
dark against the gray background of the amorphous
matrix. And the crystals not in a reflective position
looked light against the gray background of the
amorphous matrix. 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
according to the ratio

=3, @)

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(t)= /437;“), (5)

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

(D):%ZT)DN (6)

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

RESULTS AND DISCUSSION

Fig. 1,a and Fig. 2,a shows the electron diffraction
(ED) patterns respectively from the free-standing film
of hafnia and zirconia immediately after their separation
from the substrate of KCI. They consist of two
diffraction halos. The first halo is intense, while the
second halo is much weaker in the intensity and very
diffuse. According to the ED pattern, presented at
Fig. 1,a and Fig. 2,a, the films are amorphous at the
initial state. The action of the electron beam initiates in
them growth of disoriented crystals, as evidenced by the
ED patterns and electron microscope images, shown
respectively at Fig. 1,b, ¢ for hafnia and at Fig. 2,b, ¢ for
zirconia.

According to the electron diffraction pattern at
Fig. 1,b, the crystalline phase of hafnia corresponds to
monoclinic modification of HfO, [8]. In the amorphous
film dendritic crystals are formed, consisting of
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branches of the first, second and third order (see
Fig. 1,c). Crystalline phase of zirconia corresponds to
cubic modification of ZrO, [13], as evidenced by the
electron diffraction pattern at Fig. 2,b. In contrast to
HfO,, crystals of ZrO, do not form dendrites, but have a

predominantly equiaxed structure (see Fig. 2,c). The
absence of reflections, associated with Hf and Zr,
indicates on the one stage polymorphous character of
the a-c transformation of hafnia and zirconia.

a b

Fig. 1. Electron-beam crystallization of the amorphous HfO, film: ED patterns of the initial state (a)
and after partial crystallization of the film (b); TEM image of the film after partial crystallization (c);
1 —amorphous phase; 2 — crystal phase

a

Fig. 2. Electron-beam crystallization of the amorphous ZrO, film: ED patterns of the initial state (a)
and after partial crystallization of the film (b); TEM image of the film after partial crystallization (c);
1 — amorphous phase; 2 — crystal phase

Fig. 3 shows TEM video footage of dendrite growth
in amorphous films of hafnia. Time moments t 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 — dendrite HfO, of a monoclinic
modification. First-order dendritic branches are formed
in the center of the cluster. Branches of the second order
are formed mainly at the lateral surface of the branches
of the first order.

Fig. 4 shows TEM video footage of crystals growth
in amorphous films of zirconia. Time moments t 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.

The kinetic curves of the dendrite growth are shown
at Fig. 5,a. They correspond to the frames at Fig. 3. Line
1 shows the dependence on time of the dendritic
intergrowth diameter D. Lines 2 and 3 shows the
dependence on time of the length h; of the first order
dendrite branch and of the length h, of the second order
dendrite branches respectively. Lines 1, 2, and 3
correspond to the equations:

D =1.350t +0.043 pm, (7a)
h;=1.215t + 0.051 pm, (7b)
h,=0.744t - 0.029 pum. (7¢)

According to (7) the increase of D, h; and h, occurs
at a constant rate vp = 1.350 pm-s™, v; = 1.215 pm-s™
and v; = 0.744 um-s™ respectively. The ratio v; > v,
shows, that the dendrite branches of the first order grow
faster than the dendrite branches of the second order.
The later the branch appeared, the more slowly it grows.
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Fig. 3. TEM video footage of dendrite growth in amorphous films of hafnia. Time moments t, that has passed from
the beginning of the recording of the crystallization process, are shown in the upper right corner of each frame.
h; is the length of the first order branch; h, is the length of the second-order branch

0.52 pm

Fig. 4. TEM video footage of crystals growth in amorphous films of zirconia. Time moments t, that has passed from
the beginning of the recording of the crystallization process, are shown in the upper right corner of each frame
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Fig. 5. The kinetic curves of the dendrite growth in amorphous film of HfO,. Line 1 shows the dependence on time of
the dendritic diameter D. Lines 2 and 3 shows the dependence on time of the length h; of the first order
and h, of the second order dendrite branches respectively (a).
The dependence on time of the average diameter <D> of crystals, growing in amorphous film of ZrO, (b)

Fig. 5,b shows the dependence on time of the
average diameter <D> of crystals, growing in amor-
phous film of ZrO,. This line corresponds to the
equation:

<D>=0.110t - 0.010 pm. (8)

According to (8) the increase of <D> occurs at a
constant rate Vep> = 0.110 pm-s™.

Time dependence of the crystallized volume fraction
X(t) of hafnia is shown at Fig. 6,a. This experimental
data, presented in the coordinates x — t?, form a straight
line (see Fig. 6,b). This fact indicates a quadratic
dependence x(t):

x = 0.799 t* + 0.015. (9)

Time dependence of the crystallized volume fraction
X(t) of zirconia is shown at Fig. 7,a. This experimental

data, presented in the coordinates In[-In(1-x)] - Int, form
a straight line (see Fig. 7,b). This fact indicates the
applicability to the process of a-c phase transformation
of the IMAK formulas (1). Drawing In[-In(1-x)] against
In(t) should be straight line:

In[-In(1-x)] = nInt + Ink. (10)

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. According to (10)
and Fig. 7,b n = 2.03, Ink = -2.976, and k = 0.051 s™.
Taking into account numerical values of n and k, the
curve at Fig. 7,a will fit the equation:

x = 1-exp(-0.051t%%). (11)
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Fig. 6. The dependence on time of the crystallized volume fraction x(t) of amorphous HfO, film
in coordinates x - t (a) and in coordinates x - t* (b)

/“//O/o‘
0.8 o~
[0}
0.6 /
>
0.4 é
;/y
0.2
e
/6
0O 1 2 3 4 5 6 7 8 9
t (s)
a

3

v

o = N

e

In[-In(1-X)]

-2 S
-3
-4
-05 0 0.5 1 1.5 2 2.5
Int
b

Fig. 7. The dependence on time of the crystallized volume fraction x(t) of amorphous ZrO, film
in coordinates x - t (a) and in coordinates In[-In(1-x)] - Int (b)

CONCLUSIONS

Amorphous films of hafnia and zirconia are formed
on substrates at room temperature in the process of
pulsed laser evaporation of Hf and Zr targets in an
oxygen atmosphere. Irradiation of amorphous film with
the electron beam initiates its crystallization. The
transformation has one-stage character. The amorphous
hafnia polymorphically passes into the crystalline one
with monoclinic modification of HfO,. According to the
video recording data (see Fig. 3) during crystallization
of the film a single dendrite grows in the field of
observation. The dendrite grows at the constant rate at
the constant intensity of electron beam irradiation of the
film. In this case D, h;, and h, ~ t. The crystalline
fraction x ~ t2 These structural and morphological
characteristics qualitatively indicate the implementation
of the DPC mode.

The amorphous zirconia polymorphically passes into
the crystalline one with cubic modification of ZrO,.
According to the video recording data (see Fig. 4)
during crystallization of the film multiple crystals grows
in the field of observation. Nucleation happens only at
the beginning and growth takes place afterwards. Each
crystal grows at the constant rate at the constant

intensity of electron beam irradiation of the film. This
nucleation mechanism would be identified as a Site-
Saturate Nucleation (SSN) [14]. In this case <D> ~ t
and x(t) = 1-exp(-kt"). The Avrami exponent n = 2.03
(nearest integer = 2). It contains information about
growth dimensionality (N). For site-saturated nucleation
n=N. These structural and  morphological
characteristics qualitatively indicate the implementation
of the IPC mode.

The value of the relative crystallization length 3,
provides quantitative information about which
crystallization mode is realized. In the case of HfO,
when the fraction of the crystalline phase x = 0.632,
according to (9) and Fig 6,a the characteristic unit of
time ty = 0.879 s. According to (7a) the characteristic
unit of the length Dg=1.230 pum. For HfO, the
volume of unit cell Q =1.3828-10"° um® [8]. In this
case, according to (3), the relative length &y~ 2380
(several thousand is a number, typical for DPC mode
[17D).

In the case of ZrO, when the fraction of the
crystalline phase x = 0.632, according to (11) and
Fig. 7,a the characteristic unit of time ty = 4.331 s. In
agreement with (8) the characteristic unit of the
length Dy =~ 0.466 um. For ZrO, the volume of unit cell
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Q = 1.3187-10™ um® [13]. In this case, according to
(3), the relative length 8y ~ 915 (several hundred is a
numeric, typical for IPC mode [17]).
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PAIIAIIMHO MMOCUJIEHA KPUCTAJIZAIISL AMOP®HUX
JJASEPHUX KOHAEHCATIB I'A®HIIO I HUPKOHIIO

O.I'. bazmym

Hocrimpkeno kpuctamizaiito amophuux miiBok raduiro (HfO,) ta tmpkowito (ZrO,) mix i€ eneKTpoOHHOTO
OTNpOMiHEHHS. EJEeKTPOHHO-MIKpPOCKOMIYHI JOCHIIKEHHS «in situ» 3 BiZEOPEECTpamielo CTPYKTYPHHX 3MiH
ToKazanu, mo (a3oBe NepeTBOpeHHs y radHil BitOyBa€eThCs 3a JEHAPUTHOIO MOJTIMOP(PHOI0 MOJIOI0 KpHcTasi3amii 3
BIZTHOCHOIO JIOBKHHOIO Og ~ 2380, a y IUPKOHIT — 32 OCTPIBLEBOIO ITOJIIMOP(HOI0 MOIOI0 KpHCTali3amii 3 Bi/IHOCHOIO
JIOBXHHOIO 0¢= 915. 3asexHicTh YacTKH KpHCTaIiuHOI (a3u Bij "acy /uId radHilo Mae KBaJpaTHIHHUN XapakTep, a
JUTSL TUPKOHI0 — eKCIIOHEHIIaNbHUMA, 110 omucyeThest hopmynoro Johnson-Mehl-Avrami-Kolmogorov (JMAK).
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