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Amorphous films of HfO, are prepared by laser ablation of Hf target in an oxygen
atmosphere. Its crystallization was performed under the electron beam impact in a column
of electron microscope. Formation and growth of HfO, crystals are investigated "in situ”.
The transformation kinetic curves are plotted on the basis of a frame-by-frame analysis of
the video recorded flick during the film crystallization. According to the structural and
morphological features, the phase transformation corresponds to the dendrite polymorph
crystallization and can be either single-stage or two-stage in nature. In the latter case, the
size-phase effect takes place, consisting in the fact, that when the crystal of orthorhombic
modification of HfO, reaches a critical size (~0.2 um), it splits into domains with orthor-
hombic and monoclinic crystal lattices. The kinetic parameters of the crystallization are
determined and it is shown, that the quadratic dependence of the fraction of the crystal-
line phase on time takes place. The average value of the relative length for the dendrite
polymorphic crystallization is about 3075. The phase transition from the amorphous state
to the crystalline one is accompanied by increasing of the relative density of matter of the
film by about 2.5 %. The crystallized film consists predominantly of dendrites of the
monoclinic modification of HfO,.

Keywords: kinetic of phase transformation, in situ TEM, electron irradiation, den-
drites, hafnium dioxide, amorphous films.

Awopdusre mneaxn HfO, noayuensr nasepHoit abaanueir mumenu Hf B armocdepe xucaopo-
ga. x KpuCTaNIn3anuio OCYIECTBIAIN BO3LEHCTBHEM SJIEKTPOHHOI'O JIydya B KOJOHHE BJIEK-
TPOHHOTO MUKpockona. O6pasosanue u poct Kpucrtaanos HfO, uceremosan "mHa mecte”. Kumern-
YecK1We KPUBEIE MPEBPAIEHUA TTOCTPOSHBI Ha OCHOBE TTOKAAPOBOTO aHAIN3a BUAeO(UMIBMA IIPO-
mecca KpPUCTANIU3aluU TUIeHKW. I[lo CTPYyKTYypHO-MOPGOJIOTUECKNM MpU3HaKaMm ¢(asoBoe
TIPEeBPAIIEHNIE COOTBETCTBYET AEHAPUTHON MOJAMMOPMHON KPUCTAJIIUBATINY U MOKET HOCUTH KaK
OHOCTAXUIHLBIH, TaK M JBYCTAAWIHEBIN XapakTep. B mociemHeM ciyuae MMeeT MeCTO PasMepHO-
hasoBbIil odheKT, coCTOANH B TOM, UTO KOT/A pPasMep KPUCTAJIA OPTOPOMOMUYecKoit Mmoaudu-
raruu HfO, mpesrnmaer xputnueckyo Benmmunny (~0.2 MKM), TO OH pacIienyiserca Ha JOMEHEI,
KOTOpbIe MMEIT KAK OPTOPOMOMUECKYI0, TaK ¥ MOHOKJUHHYIO KPHUCTANLTHUECKYIO DEITEeTKY.
OmnpeneneHsl KMHETUYECKNE TTAPAMETPHl KPUCTANIUSAIUY U TTIOKA3aH0o, UTO UMEET MeCTO KBajpa-
TUYHAA 38BUCUMOCTD JOJIV KPUCTANINUecKoii )asel or BpeMeHu. CpepHee 3HAUEHNE OTHOCUTENb-
HOU JJTUHBLI TPHU JAeHAPUTHON moJMMOpPpHOH KpucTamimsanuu cocrasageTr ~ 3075. dasoroe mpe-
BpallleHne n3 aMOp(HOTO B KPHUCTANINUECKOE COCTOSHIE COTTPOBOKIAETCS YBEIMUYEHUEM OTHOCU-
TEJbHON IUIOTHOCTU BelecTBa IeHKu Ha ~ 2.5 %. Ilociie TOMHON KpUCTALIM3AIUAM TIEHKA
COCTOMT IIPEMMYINEeCTBEeHHO M3 NTeHAPUTOB MOHOKIMHHON mopupukramuu HfO,.
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KimeTnka pocTty KpHCTAJIB Wi Yac eJeKTPOHHO-NPOMEHEBOI KpHCcTaJizamii aMmopdHUX
maiBoK giokcupy raduiro. O..Bazmym, 1.0.Bazmym.

Awvopdui mriskn HfO, orpumano naseprolo abaamiero mimeni Hf 8 armocdepi xucuro. Ix
KpucTasmisaiiio sAificHIOBAJM BIJUBOM eJeKTPOHHOTO IIPOMEHS Y KOJIOHI eJeKTPOHHOIo
mikpockomna. Popmysanna i spocramHa kpucranis HfO, mocmimmeno "ma micmi”. Kimermusni
KpuBi meperBopeHHsA II00YyJOBAaHO HA OCHOBI IIOKaApPOBOro aHaiisy Bimeodinbmy mnpoiiecy
Kpuctaigiszamii miaiBku. 3a CTPYyKTYpHO-MOpQosoriuHMMH oO3HAKaMu (DasoBe IIePEeTBOPEHHS
BigmoBimae memppuTHill moaimopdHi Kpucragisamii i MoMKe HOcUTH AK OAHOCTALilHUITI, TAK
i mBocramilinmii xapakTep. B ocramHbOMYy BHOAIKy Mae Micile poamipHo-hazoBuil edexT,
AKWI IoNATae y TOMY, 10 KOJH PosMip Kpucrana opropombiunoi momudikanii HfO, mepesn-
mye KpuTuuHy BeaunuumHy (~ 0.2 MKM), TO BiH pOSBIIEILIIOETHCA HA JOMEHM, AKi MalTh K
opropoM0OiuHy, TaK i MOHOKJIIHHY KPHUINTAJEBY rparky. BusHaueHo KiHeruunHi mapamerpu
Kpucraiisamii 1 mokasado, I[0 Mae€ MicClle KBaJApaTHUYHA B3aJEKHICTh YACTKU KPUCTAIIUHOIL
¢asu Big uacy. Cepenne 3HAUeHHA BiAHOCHOI JOBMKHUHU IIPU IEHAPUTHIN moaimopdHiit Kpuc-
Taaisamii ckaagae ~ 3075, dasose mepeTBOPeHHA 3 AaMOPMHOro CTAHY y KPHCTAJIUHUNA CTAH
CYIPOBOMKYETHCA 301AbIIeHHAM BigHOCHOI miijbHOCTI pevyoBuHM ILIiBKEKM Ha ~ 2.5 %. Ilicaa
noBHOI Kpucrasaizamii IJIiBKa CKJIAZAETHCHA IIEPEBAXKHO 3 JEHAPUTIB MOHOKJIHHOI Momudi-

ranii HfO,.

1. Introduction

Hafnium dioxide (HfO,) in thin film
state attracts significant interest owing to
their high values of its dielectric constant,
refractive index, neutron absorption cross
section, and also thermal stability (melting
point ~ 2800°C) [1]. Besides this amorphous
gate insulators are more preferred than the
crystalline one since they can effectively re-
duce the problems, arising from the crystal
orientation, grain boundary, and the lattice
mismatch at the interfaces [2]. Amorphous
films of HfO, can be prepared with different
methods: atomic layer deposition [3], chemi-
cal vapor deposition [4], ion-plasma sputter-
ing of HfO, targets [5] and others.

Method of pulsed laser deposition (PLD)
also finds a wide application in production
of the films and coatings of HfO,. Laser
ablation of hafnium dioxide leads to forma-
tion on the substrate of a layer, consisting
of tetragonal and cubic HfO, nanoparticles,
having a spherical shape and sizes from 10
to 100 nm [6]. Method of pulsed laser
evaporation of hafnium target in an oxygen
atmosphere leads to formation on the sub-
strate of amorphous layer of HfO, at room
temperature [7, 8].

Electron-beam crystallization of the
amorphous HfO, is accompanied by forma-
tion of dendrites crystals. The dendrites are
formed both from the embryos of HfO,
monoclinic modification, and from the em-
bryos of HfO, orthorhombic modification. In
the latter case, the dimension-phase effect
takes place [8]. It manifests itself in the
fact, that when the HfO, crystal of orthor-
hombic modification reaches a critical size

(~ 0.2 um), the domains of the monoclinic
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modification of HfO, are formed in it.
Therefore, at the final stage of the film
crystallization, the dominant component is
the monoclinic phase represented by the
dendrites of HfO, crystals.

"In-situ” transmitting electron micros-
copy is an effective method for studying the
structural, morphological and kinetic fea-
tures of the phase transition from the amor-
phous to crystalline state in thin films [9,
10]. This method makes it possible to deter-
mine both the structural and morphological
changes and the numerical values of the
relative change in density and the kinetic
parameters of the substance crystallization.
Based on the results of the electron micro-
scopic investigations and analysis of the
data available in the literature, classifica-
tion of the types of crystallization of amor-
phous films in accordance with their struc-
tural and morphological features was pro-
posed in [11, 12]. According to this
classification, the following types of crys-
tallization modes are distinguished: the
layer (LPC), island (IPC), and dendrite
(DPC) polymorphic crystallizations, as well
as the fluid-phase crystallization (FPC) ac-
companied by the medium separation.

Quantitative data on morphology and ki-
netics of crystallization of the films are im-
portant for predicting of the stability and
properties of the amorphous components of
electronic devices. Such data are not avail-
able for amorphous HfO,. Therefore, the
aim of this work was to obtain the amor-
phous HfO, films by PLD method, to study
their structure, morphology and kinetics of
the electron-beam crystallization.
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2. Experimental

Films of HfO, were prepared by PLD
technique in oxygen atmosphere at pressure
of ~0.13 Pa. Sputtering of a high-purity
hafnium target was carried out with the use
of pulsed laser radiation from an LTI-PCh-5
laser operating in the Q-switched mode. The
laser target erosion products were deposited
on KCI| (001) substrates at the room tem-
perature. Thickness of the films varied in
the range from 25 to 30 nm. Details of the
pulsed laser deposition technique were de-
scribed in [13, 14]. Crystallization of the
film was initiated by electron beam irradia-
tion in a column of transmission electron
microscope at the beam current of ~ 20 HA.
The crystallization 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 2 depend-
ing on the electron beam focusing.

Phase and structural analysis was per-
formed using the electron diffraction and
transmission electron microscopy methods.
The film ecrystallization process was regis-
tered in the video recording mode at a
frame rate of 30 s7! [15, 16]. Data on the
kinetics of the crystallization process were
obtained from the analysis of individual
frames of the video recorded "in situ” at a
fixed tangential crystal growth rate v (speci-
fied by the electron current density j), which
is determined by the following relationship:

y_AD &)
At
where AD is the increment in the average
value of diameter D of HfO, microcrystal
during a time period At between the two
video frames corresponding to the moments
of the recording ¢t and ¢ + At. The crystals
size was determined from the contrast of the
electron microscopy image, because it was
different from the contrast of the electron
microscopy image of the amorphous matrix.
The relative change y in density p of the
material of the film after its erystallization
[10] was determined according to (2):

- 8 (2)
Y:pc pa=[ﬂ\) _1’

Pa

where p. and p, are the material densities
in the crystalline and amorphous states, re-
spectively, and L, and L, are the distances
between fixed marks in the same region of
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the images before and after films crystal-
lization. The marks were the solidified
micro droplets of the melt of Hf (the spray-
ing effect).

3. Results and discussion

The PLD of Hf in oxygen atmosphere re-
sulted in formation of the amorphous HfO,
films on substrate at the room temperature.
Electron-beam crystallization of the film
leads to formation of HfO, crystals with dif-
ferent structure and morphology.

Fig. 1la shows an electron microscopic
image, illustrating the beginning of crystal-
lization of the amorphous phase. Crystal 1
has pronounced dendrite morphology,
which manifests itself in the presence of
branches of the first and second order.
Studies have shown that such crystals have
a monoclinic erystal lattice and during their
growth its structure and dendrite morphol-
ogy do not change. Crystal 2 has a disk-like
shape. The selected area electron diffraction
(SAED) pattern of this crystal is shown in
Fig. 1b. The results obtained by interpret-
ing of this SAED pattern show that this is
an orthorhombic modification of hafnium
dioxide. Crystals with a number 2 in Fig. la
and 1c have the orthorhombic lattice. In the
process of its growth, when their diameter
D exceeds the critical value D*, the poly-
morphic transformation occurs to the mono-
clinic modification of HfO,. It is accompa-
nied by the formation of domains with the
monoclinic crystal lattice within the dise-
shaped crystal of HfO,.

Fig. 1¢ shows a bright-field electron mi-
croscopic image of the disc-shaped crystals
(numbered as 2), whose diameter is less
than D*. The crystal with a dark contrast is
in a reflective position. The crystallites,
numbered as 3, have diameter D > D*. They
consist of domains of the orthorhombic and
monoclinic modifications of HfO,.

The SAED pattern of one of these crys-
tallites, containing reflexes of both the
original orthorhombic modification ("or" in-
dices) and the new monoclinic modification
("m" indices), is shown in Fig. 1d. The inset
in the right upper corner of Fig. lec corre-
sponds to the dark-field image of this crystal
in the light of the reflection (I12),,. The do-
mains of orthorhombic modification have
[T1T],,. zone axis, and domains of the mono-
clinic modification have [1T0],, zone axis. In
this case, between the domains of both types,
the orientation relation is fulfilled:

(803),,[111],,/7 (223),,[110],,. (3)

527



A.G.Bagmut, I A.Bagmut / Kinetics of crystals growth ...

Amorphous HfO,

0
Fig. 1. "In situ” electron-beam crystallization of amorphous film of HfO,. (a) Electron microscope
images of dendrite (1) and disc-like (2) crystals of HfO,. (b) The SAED pattern of the disc-like
crystal (2), containing reflexes of orthorhombic modification of HfO,. (c) Electron microscope
images of disc-like crystals of HfO, with size smaller than the critical (2) and crystallites with size
larger than the critical (3). The inset in the right upper corner corresponds to dark-field image of
the crystallite (3) in the light of reflection (I12),. (d). The SAED pattern of the crystallite (3),
containing reflexes of orthorhombic and of monoclinic modification of HfO,. (e) Dendrite branches
and SAED pattern of the first-order dendrite branch (f). Contrast on the SAED patterns is inverted.
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Amorphous HfO,
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Fig. 2. Electron microscopy image of HfO,
film area before (a) and after (b) crystal-
lization. L, and L, are the distances between
hardened hafnium microdrops before and
after film crystallization, respectively. Histo-
gram (c¢) of relative frequencies f of the ap-
pearance of measured values of relative den-
sity changes y during crystallization of the
film and the curve, corresponding to the
Gaussian distribution.
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As crystallites grow, they acquire the
dendrite morphology with branches of the
first, second and higher orders, which have
monoclinic lattice of HfO, (Fig. le). The
SAED pattern of the first-order dendrite
branch is shown in Fig. 1f. The results ob-
tained by interpreting of this SAED pattern
showed that this is monoclinic modification
of HfO,. The zone axis of this crystal is
directed along [011}],,.

The relative change of the density during
crystallization of amorphous HfO, was ana-
lyzed using relation (2). Figure 2 shows the
electron microscopy image of the HfO, film
area before (a) and after (b) its complete
crystallization. L, and L, 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 the amor-
phous HfO, crystallization are shown in the
form of frequency histograms in Fig. 2c.
The y 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 com-
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parison, Fig. 2¢ also shows the y curve cor-
responding to the Gaussian distribution. At
the reliability level of 0.5, the relative den-
sity change during hafnium dioxide film
crystallization y = 2.51£1.66 % . Hence, the
growing microcrystal from the time of its
nucleation and during growth is continu-
ously subjected to tensile stresses from the
side of the amorphous matrix, which can be
a cause of one of the reasons for the devel-
opment of the dendrite morphology of crys-
talline HfO,.

The one-stage phase transformation in
the amorphous film is accompanied by nu-
cleation and growth of crystallite in the
form of dendrites of the monoclinic modifi-
cation of HfO,, similar to dendrite 1 in Fig.
la. The dependences of the average diame-
ter D of the dendrites on time ¢ for various
growth rates are shown in Fig. 3a. Straight
lines are constructed from the measurement
data of D using the least squares method.
The linear dependence D(¢) indicates on the
constancy of the growth rate v of each den-
drite crystallite at a fixed electron current
density through the sample. The value of v
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Fig. 8. Kinetics of single-stage crystallization of HfO,. Dependences of the average diameter D of
dendrites on time ¢ (a) and dependences of the fraction of the crystalline phase x on t2 (b) for

various growth rates: v; = 0.084 um-s~1; vy = 0.299 um-s~L.
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Fig. 4. Kinetics of two-stage crystallization of HfO,. a) Dependences of the average diameter D of

crystals on time ¢ for various growth rates v. b) Dependences of the crystalline phase fraction x on

t2. Growth rates of the crystals: v, = 0.035 um-s~1; v;" =0.059 um-s™1; vy = 0.056 um-s™1; vy =

’

0.104 um-s !; vy = 0.284 pm-s1; vy’ = 0.484 um-s 1.

was determined from the slope of the
straight line to the axis of abscissas:
0.084 pum-=s~1; vo = 0.299 pum-s~1L.

The kinetic curves of crystallization for
the given values of v are plotted in Fig. 3b.
They reflects the dependence of the fraction
of the crystalline phase x on time ¢, which
has passed since the moment of the fixation
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 in co-

ordinates x — 2 are straight lines. This
indicates the quadratic dependence of x on ¢:
x=0.002 57212 - 0.011, (4a)

x=0.02052t2+3.8.104. (4b)
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Expression (4a) corresponds to vy =
0.084 um-s~1, expression (4b) corresponds
Vg = 0.299 um-s~1.

The two-stage phase transformation in
the amorphous film starts with the nuclea-
tion and growth of the disk-shaped crystals
of orthorhombic modification of HfO, (crys-
tals 2 in Fig. la and 1lc¢). Then they split
into domains with the orthorhombic and
monoclinic modifications of HfO,. This
splitting takes place when the diameter D of
disk-shaped crystals exceeds critical value
of D". The dependences of the average di-
ameter D of the crystals on time ¢ for vari-
ous growth rates are shown in Fig. 4a.
While D < D*, the disk-shaped crystals
growth with a constant speed v. After split-
ting, the growth rate of the crystals appre-
ciably increases. If before splitting the

Functional materials, 25, 3, 2018



A.G.Bagmut, I A.Bagmut / Kinetics of crystals growth ...

growth rate of the crystal is v;=
0.035 um-s~l, then after splitting its
growth rate is v;" = 0.059 um-s~1. Analogi-
cally vy = 0.056 um-s~1 before splitting cor-
responds to vy’ = 0.104 um-=s~! after split-
ting. And vg = 0.284 pum-s~! before splitting
corresponds to vg = 0.484 um-s ! after
splitting (Fig. 4a).

The values of D*, v, and Vv, as well as the
ratios v'/v for a series of crystallization ses-
sions of amorphous hafnium dioxide are
summarized in Table 1. According to the
data in Table 1 after the crystal splitting its
growth rate appreciably increases. There is
no monotone dependence between D* and v,
V' or V//v. The results of statistical treat-
ment of measured D* are shown in the form
of frequency f histogram in Fig. 5. The D*
distribution is characterized by the cor-
rected root-mean-square deviation of
0.037 um, the positive asymmetry of 0.57.
At the reliability level of 0.5 the diameter
value D* = 0.184+0.026 um.

The kinetic crystallization curves (Fig.
4b) in coordinates x — t2 have the form of
straight lines with a kink at the point ¢,
corresponding to the moment, when D = D*:

x=at2 + B, (5a)

x=aot2+p. (5b)

Expression (5a) describes the dependence
of x(t) for D < D*. Expression (5b) describes
the dependence of x(t) for D > D*. Numeri-
cal values of o, o, p and B’ are given in
Table 1.
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Fig. 5. Histogram of the relative frequencies
f of the critical diameters D* of HfO, crystals
and the curve, corresponding to the Gaussian
distribution.

The presence of the one-stage (amor-
phous phase-monoclinic phase of HfO,) and
the two-stage (amorphous phase-orthorhom-
bic phase-monoclinic phase of HfO,) trans-
formations at electron beam irradiation of
the amorphous film is due to the polymor-
phism of hafnium dioxide. At room tem-
perature (and up to 1928 K), the monoclinic
modification of HfO, is stable. This explains
its dominant presence at the final stage of
the film crystallization and the existence of
a size — phase effect, when the HfO, crys-
tal of +the orthorhombic modification
reaches the critical size (~ 0.2 um) splits
into domains with the monoclinic and or-
thorhombic crystal lattices. One of the vari-

Table 1. Parameters of a two-stage transformation during crystallization of amorphous film of

HfO ¥
D*, um 0.143 0.160 0.235 0.266 0.294
v, ums’! 0.057 0.029 0.035 0.284 0.056
v, ums-1 0.244 0.036 0.059 0.4804 40.1
Vv 4.28 1.24 1.69 1.70 1.86
a, 52 0.006 0.004 0.001 0.300 0.007
B 0.002 0.007 0.310°3 0.012 0.011
o, s2 0.044 0.005 0.003 0.507 0.013
B -0.180 -0.015 -0.058 -0.088 -0.106

Notes. D* is the critical diameter of the HfO, crystal at the moment of phase transformation from
orthorhombic to monoclinic structure; v is the growth rate of HfO, crystal before phase transforma-
tion; v’ is the growth rate of HfO, crystal after phase transformation; a and § are the coefficients in
the ratio (5a) before phase transformation; o' and B’ are the coefficients in the ratio (5b) after phase

transformation.

Functional materials, 25, 3, 2018
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Table 2. The arithmetic means of characteristic unit of length <DO> and of relative length of
crystallization <?0> for different types of polymorphic transformations of oxide films

Parameter DPC of HfO, LPC of V,0, IPC of V,04 IPC of ZrO, IPC of ZrO,
Laser Laser Laser Laser Ion-plasma
evaporation evaporation evaporation evaporation evaporation
(this work) [16] [16] [15] [15]
<Dg> pm 1.59 2.24 0.68 0.46
<dp> 3075 4553 1024 904 118

Notes. DPC — dendrite polymorphic crystallizations, LPC — layer polymorphic crystallizations,

IPC — island polymorphic crystallizations.

ants of the conjugation of the orthorhombic
and monoclinic lattices is given by (3).

According to the structural-morphologi-
cal features, electron-beam ecrystallization
of the amorphous hafnium dioxide corre-
sponds to the dendrite polymorphic crystal-
lization [12], when dendrite crystals are
formed in the near-surface layer of the
amorphous film with composition that cor-
responds to the composition of the amor-
phous film. Quantitative analysis of the fea-
tures of the DPC of amorphous HfO, films
is advisable to be carried out in a similar
way as the analysis of LPC and IPC of
amorphous V,0; and ZrO, films [16]. By
definition, a characteristic unit of time ¢; is
the time, after which the volume of the
amorphous phase decreases by a factor of e
(wherein x=1 —e™1 = 0.682). The charac-
teristic unit of length Dy is the crystal size

At the one-stage crystallization of the
film, according to (4a), the characteristic
unit has length Dy; = 1.51 um, and accord-
ing to (4b), the characteristic unit has
length Dgy = 1.68 um. The values of Dy,
and D,y correspond to the crystal growth
rates vy = 0.084 um-s! and Vg =
0.299 pum-s 1. Their arithmetic mean <Dy>
= 1.59 um. Various branches of dendrites of
HfO, have different crystallographic orien-
tations. Therefore, the relative length of
crystallization 9§, introduced in [15, 16],
should be defined as

5 = (Dg) (6)
07 %’

where Q is the volume of the unit cell of
the monoclinic modification of HfO,, equal
to 138.28 A3 [18].

According to (6) for the dendrite poly-
morphic crystallization of HfO, the relative
length of crystallization is 8, = 3075. The
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arithmetic means <Dy> and <§y> for differ-
ent types of crystallization of HfO,, V,04
and ZrO, are given in Table 2. According to
these data, the values of §; for the DPC of
HfO, and for the LPC of V,03 are very close
(several thousand). At the same time, there
is a significant difference between the data,
characterizing the dendrite polymorphous
crystallization of HfO, and of its structural
analogue ZrO, with island polymorphic crys-
tallization, for which the value of §; is sev-
eral hundred.

The increasing of density of the film
matter during crystallization of amorphous
ZrO, is much higher than in the case of
amorphous HfO,. For ZrO, Y=
10.27+2.14 % [20], and for HfO, (present
work) y= 2.51£1.66 %. According to [5]
with increasing temperature from the room
temperature (amorphous HfO,) to 750°C
(crystalline HfO,) the density of matter
rises from 8.96 g-em 3 to 9.40 g-em 3. For
this case, according to (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 is p,=9.68 g-em™3 [19]. For the
amorphous phase of HfO, the density of
matter is p, =9.39 g-em 3 [20]. In this
case, according to (2), there is vy = 3.09 %.
This value of y falls within the confidence
interval from 0.85 % to 4.17 %, that is
established in this paper.

4. Conclusions

Amorphous films of HfO, were prepared
with laser ablation of Hf in oxygen atmos-
phere at pressure of about 0.13 Pa on the
substrates at the room temperature. Elec-
tron beam heating of the amorphous film
initiates in it the dendrite polymorphic
crystallization, which can be either single-
stage or two-stage in nature. In the first

Functional materials, 25, 3, 2018
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case, dendrites crystals of the monoclinic
modification of HfO, are generated and
grow at a constant tangential velocity. In
the second case, at the initial stage, disc-
shaped crystals of the orthorhombic modifi-
cation of HfO, are growing. When their di-
ameters exceed the critical value (~ 0.2 um),
the formation of domains with the mono-
clinic crystal lattice takes place in them.
This is accompanied with a marked increas-
ing in the growth rate and with the forma-
tion of the dendrite morphology. The crys-
tallization kinetic parameters are deter-
mined and it is shown, that the quadratic
dependence of the fraction of the crystalline
phase on time is fulfilled. The average
value of the relative length for the dendrite
polymorphic crystallization is 3075. Crys-
tallization of the amorphous HfO, is accom-
panied with densifying of the film material.
The relative change in the density during
its crystallization is about 2.5 %.
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