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The thermal stability of amorphous ionic solids is usually attributed to kinetic considerations related to mass
transport. However, there are a number of amorphous ionic solids, which have recently been described, whose
unusual resistance to nucleation and subsequent crystallization cannot be explained by mass transport limita-
tions. Examples have been found in a large variety of fields, spanning the range from thin solid films to
biomineralization. This poses a question regarding a possible common mechanism for the stabilization of
amorphous ionic solids. Here we present a model which explains the formation and thermal stability of
quasi-amorphous thin films of BaTi{Qone of the amorphous systems recently described which exhibit unusual
thermal stability. On the basis of the experimental evidence presented we suggest that nucleation of the
crystalline phase can occur only if the amorphous phase undergoes volume expansion upon heating and
transforms into an intermediate low density amorphous phase. If volume expansion is unobstructed by external
mechanical constraints, nucleation proceeds freely. However, thin films are clamped by a substrate; therefore,
volume expansion is restricted and the low-density intermediate phase is not formed. As a result, under certain
conditions, nucleation may be completely suppressed and the phase which appears is quasi-amorphous. A
quasi-amorphous film is under compressive stress and as long as the mechanical constraints are in place it
remains stable at the temperatures that normally lead to crystallization of amorphous;B&liési-
amorphous thin films of BaTiQexhibit pyroelectricity, the origin of which is also explained by the proposed
model.
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I. INTRODUCTION progress. Here we present a model that provides a satisfac-

The subject of the thermal stability of amorphous ionictory explanation for the thermal stability of one ionic solid,
solids has attracted considerable interest recently in a brodfie recently described quasi-amorphous BaTiO
variety of fields spanning the range from thin solid fifriso It has been reported recerftihat amorphous BaTigxhin
biomineralizatior? In contrast to glasses, amorphous ionicfilms prepared by radio frequendyf) magnetron sputtering
solids do not contain an extended network of bonds whicldo not crystallize if pulled through a temperature gradient
form the glassy state. Instead these solids are usually vieweslith peak temperature of 600 °C. Instead, they form a phase
as random closed-packed structdréRCP that are kineti-  which is not crystalline according to x-ray and electron dif-
cally stabilized. This kinetic stabilization is generally attrib- fraction (XRD, ED), but which is thermally stable below
uted to diffusion limitations that obstruct the nucleation pro-800 °C. This phase exhibits significant pyroelectric and pi-
cess. The more atoms there are in the unit cell, the morezoelectric effect$>10% of that for bulk BaTiQ), indicat-
pronounced is the effect. Therefore, amorphous ionic soliding that the structure is polar. Following Ref. 6 this phase
are more stable if the structure resulting from crystallizationwill be henceforth referred to as quasi-amorphous. The trans-
has many atoms per unit cell or has stoichiometry that igormation of the as-deposited amorphous films to the quasi-
different from the stoichiometry of the amorphous matrix. Inamorphous state is accompanied by the development of a
both cases, formation of a nucleus requires rearrangement bfgh in-plane compressive stréssyhereas amorphous as-

a large number of atoms and therefore may occur only atleposited films are stress free and neither pyroelectric nor
elevated temperature. piezoelectric. The dielectric constant of as-deposited amor-
However, over the last few years there has been increaghous films iss9—12 but it increases t&30—-32 after trans-
ing evidencé35-8that there are noncrystalline ionic solids formation into the quasi-amorphous state. This increase of
whose relatively high resistance to nucleation and subséhe dielectric constant led to the suggestion that the polarity
quent crystallization cannot be explained by mass transfeof the quasi-amorphous phase is related to the formation and

limitations. Amorphous ionic solids like CaG@nd BaTiQ  ordering of crystal motif§,regions with local order that de-
may remain noncrystalline at a temperature which wouldcays within two to three coordination sphet€g.hese con-
normally cause crystallizatioh®’ The unit cells of crystal- siderations, along with the experimental observations, pro-
line CaCQ and BaTiQ contain very few atoms, and the vide a basis for a phenomenological description of the
compositions of the amorphous solids are identical to that ophenomenon. BaTiQis >85% ionic! and is not known to

the corresponding crystalline phases. Thus diffusion limitaform stable glass phases under any conditions. This poses a
tions cannot explain their resistance to nucleation and subseuestion regarding the mechanism by which a noncrystalline
quent crystallization. Therefore, finding a mechanism thatonic solid can be thermally stable and acquire and retain
may account for this effect would constitute substantialpolarity. This work attempts to address these issues.
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FIG. 2. SEM images ofa) as-deposited amorphous BaTEifim
without detectable structural defects and surface roughness
<20 nm, (b) the film shown in(a) after pulling through the tem-
perature gradient with a maximum temperature of 600 (T as-
deposited amorphous BaTidiim with surface roughness50 nm,
and (d) the film shown in(c) after pulling through the temperature
gradient with a maximum temperature of 600 °C. The crystals
which appeared at the surface serve as crystallization centers during
further heat treatment and eventually cause complete crystallization
of the amorphous phase. F@ and(b) the areas with dust particles

) ) ] stuck to the surface enabled proper focusing, which is not possible
FIG. 1. AFM profiles of an as-deposited amorphous film that  gtherwise.

forms a quasi-amorphous phase after pulling through the tempera-
ture gradient andb) crystallizes after pulling through the tempera-
ture gradient.

These films have a surface roughness<df0 nm. Pulling
through the temperature gradient converts as-deposited
amorphous films into the quasi-amorphous state. Subsequent

Amorphous 100—250-nm-thick films of BaTiQvere de- heat treatment up to 800 °C does not lead to crystallization
posited by rf sputtering on bare Si or on Si covered with 20f these films, irrespective of the type of treatment: multiple
20-nm-thick MgO seeding layer. Details of the film deposi- Passes through the gradient or annealing under isothermal
tion procedure have been described eafliés-deposited conditions(Fig. 2). As-deposited films with a large number
films were either pulled2—5 mm/b through a temperature of structural defectdFig. 1(b)] and/or surface roughness
gradient with peak temperature of 600—700 °C or annealegreater than 50 nm crystallize after pulling through the tem-
under isothermal conditions at 600—800 °C for perature gradienfFig. 2(d)]. The films deposited on MgO
20-120 mirf Several as-deposited amorphous films wereseeding layers undergo crystallization into randomly oriented
converted to substrate-free 28@00 um? films!?12 which ~ BaTiO; irrespective of the type of heat treatment. All the
remained tethered at their edges. These were then subjectad-deposited films crystallize if placed in a temperature of
to heat treatments identical to those of the substrate600 °C or higher, irrespective of the substrate type or pres-
supported films. Transmission electron microscdp¥EM, ence of structural defects. The appearance of the crystalline
Phillips CM-120 combined with ED and XRD was used to phase can be detected already after 30 min at 600 °C.
analyze film structure. Scanning electron microsc@piil- XRD patterns of the quasi-amorphous films are identical
ips XL30 ESEM-FEG was employed to image film surfaces to those of the as-deposited films and reveal no diffraction
and cross sections. Surface roughness of the films was mepeaks® ED patterns of the as-deposited films and quasi-

Il. EXPERIMENT

sured with atomic force microscogiNT-MDT LP7). amorphous films show a diffuse ring at 3(2@.1) A and,
rarely, a second ring, which is too broad to be assigned a
Il RESULTS specific location(Fig. 3). Transformation of the as-deposited

films into the quasi-amorphous state is accompanied by large

The crystallization kinetics of the as-deposited amorphoughanges in the refractive index, birefringence, dielectric con-
BaTiO; films strongly depends on the initial film quality stant, and mechanical strésJable ). The density of the
(presence of inclusions, voids and surface roughnessthe  as-deposited amorphous, quasi-amorphous, and polycrystal-
type of thermal treatment, and on the presence or absence lirfie films (Table ) deduced from the refractive index data
a MgO seeding layer. The standard deposition procedursuggests that the specific volume increases during transfor-
yields films that are dense and uniform and have a minimunmation of the as-deposited amorphous films into the quasi-
concentration of macroscopic defe¢tEgs. 1a) and 2a)]. amorphous or into the polycrystalline state. Further verifi
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FIG. 3. TEM investigation the
amorphous and quasi-amorphous
films: (a) and(c) electron diffrac-
tion (ED) patterns of amorphous
and quasi-amorphous films, re-
spectively,(e) intensity profiles of
the ED patterngupper line$ and
the profiles after subtraction of the
linear background(lower linesy,
and (b) and (d) TEM images of
amorphous and quasi-amorphous
films, respectively. The scale bar
is 50 nm, electron beam sampling

area 5um.
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cation of this fact comes from experiments with substrate- IV. DISCUSSION

free films. These films of as-deposited amorphous BaTiO

are flat_ but expand and corrugat_e after heat treatr_nent. T@nd uniform films,(2) films with a large number of structural
expansion of the substrate-free films becomes noticeable Abfects and/or large surface roughness, @dilms depos-
200 °C (Fig. 4) and progresses until 470 °C, above whichjteq on 4 MgO seeding layer. The quasi-amorphous state
nucleation starts. From the height of the corrugation patterfo ms only if dense, smooth, and uniform films are pulled
measured by optical microscothe degree of expansion of hrough the temperature gradient. In this regard one can de-
the substrate-free films was calculated to be within the ranggne three issues that are central for the understanding of the
of 6%-15%, too large to be explained by thermal expansionguasi-amorphous staté) there are conditions under which
The time period over which the expansion occurs depends ogyystallization of amorphous BaTiQis completely sup-
temperature and comprises<60 min at 450 °C and pressed,(b) the quasi-amorphous phase, once formed, is
<120 min at 250 °C. stable at temperatures that would normally lead to crystalli-

Three types of films were investigatgd) dense, smooth,
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TABLE |. Properties of BaTiQ thin flms compared with the properties of bulk BaEiOn, is the refractive index in the direction
perpendicular to the film plane, is the refractive index in the direction parallel to the film plane, apde; andn,, ¢, are the refractive
index and the dielectric constant perpendicular and parallel to the polar axis of a Bsil@le crystal, respectively. The subscripis, c,
andb refer to the as-deposited amorphous, quasi-amorphous, crystallized, and bulk phases, respectively.

Density with respect

Refractive index Birefringencen- to bulk, deduced In-plane stress  Dielectric Pyroelectricity
Sample (634 nm n, from refractive index (GPa constant(statio [nC/(cm?K), 300 K]
Amorphous n, =1.97-2.02 {0.002-0.008  p./p,=0.82-0.84 <+0.030 9-12 <0.01
quasi-amorphous n; =1.89-1.94 0.03-0.07 py/ Pb=0.77-0.82 2.0-2.2 30-32 1-5
(Compressive
After n, =1.80-1.85 0 pel pp=0.71-0.74 0.2-0.6 >150 0.5-5
crystallization (Compressive (after poling
Bulk BaTiO3 n;=2.35-2.38 n;—n,=—(0.03— ol pp=1 £,>4000 20
0.05 £,=160
'£>1200

zation of amorphous BaTig) and (c) the quasi-amorphous phous films have a density pf=(0.82—0.84p,, and to reach
phase is polar, whereas the as-deposited amorphous phasehie density ofp; they must expand by 10%-14% before
nonpolar. nucleation starts. Thus expansion precedes nucleation and is
a precondition for nucleatign to occur. This is consistent with
. . . an earlier suggested theorthat a low-density amorphous
A. Mass-density evolution of amorphous BaTiQ layer exists gtgthe interfacxeh between an ar%orphoﬁs and a
Crystallization of sputtered amorphous BaTifims has  crystalline phase. In view of the above the crystallization
been studied extensivel$1214-19Nucleation begins within path of the BaTiQ may be described as shown in Fig. 5.
the temperature range of 470-500 *&.However, films If there are no external mechanical constraints, as in the
crystallized below 700 °C may have a low density due tocase ofsubstrate-freeamorphous film¥ or fine amorphous
high porosity and a noticeable dilatation of the latfé@en-  flakes!® the amorphous phase undergoes volume expansion
sification accompanied by a noticeable shrinkage and devetpon heating until 470 °C. In this temperature range the
opment of a tensile stress starts above 700-2C. low-density amorphous intermediate phase is formed. Fur-
Our experiments with substrate-free films and data on théher heating causes crystallization of this intermediate phase;
refractive index of substrate-supported films clearly show théubstrate-free amorphous films always crystall&bstrate-
tendency of as-deposited amorphous filmsepandupon  supportedfims are not free to expanglamped. The sub-
heating. Indeed, the density of the as-deposited amorphoérate prevents in-plane expansion and permits only out-of-
phase,p,, is larger than that of the quasi-amorphoys, plane expansion, which is limited due to the finite Poisson
phase and than that of the crystalline phasep,>p,>p.  ratio of the expanding phase. As a result high in-plane com-
(Table )). After crystallites start growing, film density may pressive stress builds up. Amorphous iofémd metalli¢
only increase. This implies that the nucleation of the crystalphases do not support dislocation movement and grain
line phase occurs in somiatermediate amorphous phase boundary sliding, which are the major mechanisms of stress
with a density,p;, which is lower than that of the films crys- relaxation in polycrystalline solidsIf the yield stress of the
tallized below 700 °Cp; < p.=(0.71-0.74p, (p, is the den- amorphous phase is not reached, the stressed amorphous

sity of bulk BaTiO;, Table I, Fig. 5. The as-deposited amor- Phase may persist indefinitely without crystallization.
In this view one might expect that no amorphous

substrate-supported films should crystallize irrespective of
the heat treatment. This is obviously not true. Any real as-

=1
£:=0.82-0.84 o
p£~0.77-0.82
p~0.71-0.74
333 pm (crystallized at 600-680 °C)
FIG. 4. (Color onling Optical microscopy imagéop view) of a £<0.71-0.74

350-nm-thick substrate-free BaTiOfilm: (a) amorphous as-

deposited andb) after heating at 450 °C for 2 h. The membrane  FIG. 5. Density evolution during crystallization of sputtered
remained noncrystalline, which was verified by wide-angle transBaTiO; thin films. The density is given relative to a density of a
mission x-ray scatteringVAXS). single crystal of BaTiQ (pp=1).
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deposited film has some voids. As the film is heated twovery high3>38 \oid closure is associated with a change of
competing processes occlit) volume expansion that tends shape, which appears only due to shear s#e¥s3’Pulling

to eliminate the free volume of the vofdsand(2) nucleation  through the temperature gradient breaks the axial symmetry
in the regions where the density of the low-density interme-of the stress field and creates stress with a shear component,
diate phase is reached. If the free volume associated witfyhich leads to the elimination of the void%.(b) The in-
voids is eliminated due to the volume expansion, then ngyjane stress gradient introduces anisotropic conditions which

further expansion is possible without stress relaxation andayse a poling effect. Without this anisotropy, the transfor-

the nucleation is suppressed. mation of the isotropic as-deposited amorphous films into the
If nucleation begins, then it will proceed, because crystal-

. . ) : . polar (pyroelectrig anisotropic quasi-amorphous films would
lites provide a very efficient stress relaxation mechanism V'%ot occur. Thus thejuasi-amorphous phase an underex-
grain bo“”d?‘fy sl!dlng and o!|slocat|on movement. Th_ere A'Sanded amorphous phase that is formed in a gradient of
three cases in which nucleation can be expected to (@jrif stress

the fraction of voids is largethen volume expansion cannot '

eliminate all the voids under any conditions and nucleation

will proceed.(b) If a film has alarge surface roughnesthen B. Estimate of the degree of expansion required to suppress
nucleation is unobstructed at the film surface) If the the crystallization

nucleation is heterogeneous, as in the case of the films de-
posited on dayer of MgQ then this layer provides a nucle-
ation (seeding surface, which is superior to that of Si. The
surface of(100 Si does not easily nucleate Bahi(Refs. 1
and 17 due to the presence of a few monolayers of ox¥fle.
Further crystal growth on MgO s less affected by externa
stress due to the presence of the above-mentioned relaxatiér#"

The degree of expansion required to suppress crystalliza-
tion can be estimated from thermodynamic considerations.
Let us consider an infinitely large amorphous phase, in which
a spherical region of radiugy expands to form the low-
|density intermediate phase. The change of free energy,
a=! during this process is given by

mechanism$3-2> Therefore, films with a large number of ai = Apga—i ai

- s : A =AH' =TAS' + Ag, 1
voids or a rough surface and films deposited on MgO crys- . H £ @
tallize irrespective of the thermal treatment. where AH?! is the enthalpy of the of formation of the in-

If the volume fraction of voids is smalihen the outcome termediate phase\S* ' is the change of entropy between
of the competition between volume expansion and nucleatiothe amorphous phase and the low-density intermediate
depends on the type of the heat treatment. Under isothermphase,T is temperature, and; is the elastic energy associ-
conditions(600 ° QO even films with a small amount of voids ated with the expansion. This energy can be estimated as
will eventually crystallize because nucleation occurs moreollows. If a sphere of radius, is removed from the amor-
rapidly than expansion can eliminate voids. When asphous matrix with a density gi, and expanded to a sphere
deposited amorphous films are pulled through the temperawith the density of the intermediate phasethen the radius
ture gradient the temperature increases gradually. Volume exf this sphere isr =ry(1+a/3), where a=p,/p;—1 is the
pansion of the as-deposited amorphous phase begins @é&nsity mismatch. To return this expanded sphere into the
200 °C—i.e., before the crystalline phase nucleatesamorphous matrix we have to compress it to a radjusnd
(>470 °Q. When all the free volume is eliminated, then then let it relax in the amorphous matrix. After the relax-
expansion is arrested before the low-density intermediatation, the strain inside the sphere is isostatic. If the elastic
phase is formed. Then, when the nucleation temperature isroperties of the matrix and the expanding sphere are similar,
reached, nucleation does not occur. then after the relaxation the radius is defined by Lamé’s

However, slow heating is a necessary but not a sufficientormulas?-3°
condition for suppression of nucleation. Literature data on
crystallization of sputtered BaTiJRefs. 1, 18-20, 24, and . (1 +gi) _21-2) 2
26-33 do not suggest any retardation of crystallization due 0 31+7y)’ Y aQ+v) '
to slow temperature ramping. Furthermore, our experiments _ _ ) o
show that films pulled more slowly than2 mm/h and films ~ Wherev is the Poisson ratio. The straify inside the sphere
pulled faster than 5 mm/h crystallize. Thus the pulling rate!S 9Ivén by’
is important in the transformation of the amorphous into
quasi-amorphous phase. The temperature gradi@éntgx urrz-gi_ (3)
~0.01-0.1 Kjum (Ref. 6 and dT/at=0.01-0.1 K/s are 3y+1
very small and do not produce any significant thermal stres
and strain in thin films of amorphous BaTi® However,
pulling through the temperature gradient introduces a large
in-plane gradient of stresbecause the regions that have al- P=3Bu,, (4)
ready expanded are adjacent to regions that have not yet
expanded. The role of this in-plane strain gradient is, probwhereB is the bulk modulus of the sphere. One can assume
ably, twofold. (a) Isomorphic expansion of a substrate- that the amorphous material is isotropic and its mechanical
clamped film creates a “plane stress” with axial symmetryproperties are close to those of the crystalline mateBal,
Such a stress field does not have a shear component ardl15 GPa andv~0.325%° The work associated with the
cannot lead to elimination of voi#s®>-3"unless the stress is expansion of the sphere is given by

The pressure at the surface of a sphere under isostatic stress
ic36
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Y stress if the low-density phase appears. In reality, substrate-

mada: 5 supported films are clamped in tk@ndy directions and can
expand freely in the direction which is perpendicular to the

wherevzgwrg is the initial volume of the sphere. Integra- plane of the film(the “plane stress” ca®®. This expansion

tion with respect tax yields decreases the effective density mismatch. The remanent ex-

pansion of the films can be estimated from the experimental

dAg = - PdV = - 3Bu,4=r3dr = BV

2
= BVa _r (6)  data on density deduced from refractive index(Fig. 5 and
2 (L+y)? Table ). The strain in the direction perpendicular to the film
From Eq.(6) one can findAg expressed in J/mol: plane is
Ba? vy Pa~ Pq
= — 7 Uy, = = 0.04= 0.3yt (10
E 2Pa (1+y)2 ( ) zz P expt

wherep, is expressed in mol/fn Strictly speaking, Eq7) is  under the conditions of biaxial clamping, the relative change
valid for an inclusion of the intermediate phase which iSOf volume is equa| thZ and Eq(lo) shows that the expan-
much smaller than the film thiCkneSS, and because it neg|EC§on reaches 0n|y:30% of what it would reach in the ab-
macroscopic in-plane stresses, it sets a lower limit. sence of mechanical constraints. This implies #&0% of

The enthalpy of formation of the intermediate phasehe actual density mismatah,,, required for crystallization
AH*~, must be smaller than the enthalpy of transition fromjs prevented by clamping. Therefore, E8) provides a fair
the amorphous phase to the crystalline phasd? ¢, be-  estimate for the critical value of the density mismatch.
cause formation of the intermediate phase and the subse- (¢) |n the complete absence of mechanical constraints the
quent crystallization are successive processBd®®  amorphous phase undergoes isomorphic expansion and
=AH*"'+AH'"™¢ (all enthalpies are negativeThe crystalli-  nycleation is unobstructed once the low density phase is
zation enthalpy of sputtered amorphous Bafi€@lculated  formed. However, if the amorphous phase is perfect-i.e.,
from the data given in Ref. 15 is=(7-9) kd/mol. The term  ypid free—formation of a small inclusion of a low-density
-TAS*™' [Eq. (1)] is positive and can be neglected becausephase inside the amorphous matrix is retarded or suppressed

both the amorphous and low-density intermediate phases at®mpletely irrespective of the boundary conditions and geo-
noncrystalline, which implies that the entropy difference be-metrical dimensions.

tween them is small. Formation of the intermediate phase

; i wai
becomes highly improbable &x°~'>0. Thus, C. Effect of the temperature gradient on the formation of the

Apd T = AH - TAS + A quasi-amorphous phase
ac Ba? vy The effect of pulling the film through the temperature
> AHT+ Z_Pa(l + )2 >0. ®) gradient can be qualitatively understood from the following

analysis. During pulling, the density becomes a function of
Consequently forr_nation _of Fhe Iow—de_:nsity intermediateposition in the film,x (x>0). Therefore, the stress,, and
phase is rendered impossible if the density mismatch exceegse strainu,, also depend om. In the presence of the tem-

some critical valuer,: perature gradient the stress field is not exactly a plane stress
T 2pAHET because the shear strasg is not strictly zero. However, if
ag=1L+y\—————=124%. (9) the width of the hot zoné, is much larger than the film
By thicknessd, which is the case herd. =101 cm™?! and d

The inequality in Eq(9) can be compared with the experi- <220 N, theno,;> <‘Txxzoyﬁv6 and it is justified to use
mental data. The density of the crystallized films is largertn® plane stress approxmatﬁ to estimateo,y, oy, and
than the density of the intermediate phase, because aftdez IN the absence of mechanical constraints, the amorphous
crystallization the density may only increase. From the datd"@terial would undergo volume expansion from a density
in Table | one can obtain thateyp> pa/pe—1=13% (see tpadengltyp(T(x),t), whereT is the tempgrature artds the .
Table 1, Fig. 5, which is in excellent agreement with the time which has elapsed from the beg_mn_mg of the_z expansion
value of a,, obtained from Eq(9). process. Therefore, for the case of biaxial clamping one can
There are three comments to be made regarding the aboYé't€
estimate of the density mismatch.
(@ In the case under consideration nucleation is possible o~ E pa—p(TX),1) :BPa—P(T(X),t) (11)
only in the intermediate phase, the formation of which is (1= 3pa 3pa '
arrested by substrate clamping. Therefore, the size of a “criti-
cal” nucleug'*2in a defect-free film is the size which en- Where
sures relaxation of the stress; i.e., it must be comparable with
the film thickness. Obviously, formation of a nucleus of such B= E
a size is highly improbable. 1-v)’
(b) As noted above, the calculation is valid for an infi-
nitely large amorphous matrix, which accumulates elastiand from Eq.(10),
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Pa~ p(T(x),t) Pa~ p(T(x),1) that there are upper and lower limits for both the temperature
uz;~ 0.3 =03 . (120 gradient and the pulling rate such that expansion will take
Pa Pa place, but there will be no crystallization. Our experimental
where E is the Young’s modulug~120 GPa.%° Equation  parameters ensure that the material is pulled through the hot
(11) can be easily verified by the experimental data. Sinceone faster than the rate required for the density to reach
the density undergoes a few percent change upon conversigg(T(x)). Consequently, the shear stress must be lower than
from the amorphous to quasi-amorphous state, the in-plangat given by Eq.(16); however, it is still high enough to
stressoy,, must be of the order of a few GPa. This matcheseliminate the void volume.
the stress measured in the quasi-amorphous films of The order of magnitude af,, can be estimated from Eq.

~2 GPa. (13). The in-plane stresa,, in the amorphous phase is zero,
Since the temperature gradient has onlyxatomponent, and in the quasi-amorphous phase i@ GPa. The transi-
the condition of mechanical equilibrium3fs tion regionl, where the in-plane stress rises from zero to its
maximum value, must be much smaller than the width of the
9% , 9%z _ o T — Ik 47~ — g2 (13)  hot zone L =10t cm, where the expansion occrFhere-
ox  dz 2 2 fore, one can také~ 1072 cm. Thus, if the film thickness is
whered is the film thickness. Then from Eq&l2) and(13) ~ 9<250 nm? then from Eq. (13 oy,>(d/1)o,=~5 MPa.
one obtains This is a realistic value which is much lower than the typical
yield stresgfew hundreds of MPa but which is sufficiently
_ Bd dp(T(x),t) _ Bd dp(T(x),t) IT(x) large to cause collapse of the vofd$® In agreement with
T X, = 3p, X - 3p,  JT(X) ox the experimental datahis derivation predicts that there is

(14) upper limit on the film thickness, beyond which the films
crystallize irrespective of the type of heat treatment.

The behavior ofp(T(x),t) is known qualitatively; therefore, Extending the above calculation, it is also possible to es-

Eq. (14) can be easily analyzed. When a film is pulledtimate the gradient of the straio,, Similarly to Egs.

through the temperature gradient, the rate of expansion of th€2)—(17) one can write for the maximum value of the strain:

amorphous phase can be expressed in the most general case

ad3 Ngz| %( 9po(T) 19T(X)> . 17
p(T ) X [max  Pa\IT(X) X /max
T ==f(p(T,1) = po(T)) - 9(T), (15  This strain can be estimated from the following. The strain

U,,is zero in the amorphous films and reaches its maximum
where py(T) is the equilibrium density of the amorphous value ofu,,~0.04 in the quasi-amorphous films. The width
phase corresponding to the temperat@ireThe functions of the region of maximum strain gradient is similar to the
f(p(T,t)—po(T)) and gT) describe the influence of the den- width of the region where the stressg, is close to maximum,
sity difference and temperature on the rate of expansion df< 1072 cm. Therefore, the strain gradient is
the film, respectively, and therefore they must be finite,
smooth and non-negative. During pulling with rattéhe tem-
perature profile iF =T(x—st). The hot zone is confined to a X
narrow region, £ <x-st<0, outside which no expansion
occurs. Therefore, ift<x/s, the expansion has not yet
started and the stress is zero. If the pulling rate is high—i.e., D. Origin of the poling effect in quasi-amorphous films
s—ce—then the time available for that material to expand, — rpg presence of the strong uniaxial strain gradient pro-
L/s—0, is too short for the expansion to take place. This

hato(T h d th . vides insight into the origin of pyroelectricity in quasi-
means thafp( ’t)_’p,a everywhere an the stress is Zero amorphous films. The as-deposited amorphous films are iso-
[Eqg. (14)]. If the pulling rate is low(s—0), then there is

- . ) > _ tropic, whereas the quasi-amorphous films are, pyroelectric
sufficient time for the density to equilibrate and hence in all;q  therefore noncentrosymmetric and anisotropic. The
regions inside the hot zong(T(x),t) = po(T(x)). In this  gensity of quasi-amorphous films is close to that of the amor-

u
~-Z=4cmt (18)

max I

duy,

case Eq(14) becomes phous onesp,/ p,~ 94% —100%. In addition, the dielectric
Bd dpo(T(X)) T (X) constants of the amorphous and quasi-amorphous films,
O X) = — -, (16)  though very different(=9 versus~32), are still much

3pa ITOO X smaller than that of the polycrystalline BaTi@>1000.

where dpo(T)/dT(x) is purely a property of the material. Therefore, one can expect that the structures of quasi-
Thus, one can see that if the temperature gradient is too ste@morphous and amorphous films are closely related; how-
and/or the pulling rate is too low, then the shear stress igver, the quasi-amorphous films must have regions with
large and may exceed the yield limit of the amorphous filmssome short-range order. In order to exhibit a pyroelectric
This would lead to the creation of hillocks where nucleationeffect, some fraction of the regions with local order must
can begin. Traces of hillocks are clearly visible on the surpossess a permanent dipole moment and the angular distri-
face of the films crystallized under isothermal conditins. bution of the local dipoles must be anisotropic; i.e., the vec-
Thus, from the most general considerations one can concluder sum of the individual dipole moments should not vanish.
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Such an arrangement may appear only if the regions witla low-density amorphous intermediate phase that forms as a
local order are formed under conditions favoring some direcfesult of a large volume expansion of the as-deposited amor-
tions over others. These conditions are created by thphous phase. Thus, formation of a low-density intermediate

uniaxial strain gradient mentioned above. It should be noteghhase is seen as a precondition for nucleation and crystalli-
that the gradient of strain produces a small spontaneousation. In the absence of external mechanical constraints vol-
(flexoelectrig polarization. The poling effect of this polariza- ume expansion is unobstructed and nucleation proceeds
tion is equivalent to a poling effect of an electric field, freely. In a thin film clamped by a substrate, volume expan-

F,*-4"which can be estimated &g’ sion is restricted and nucleation may be completely sup-
pressed. This indeed occurs if an as-deposited amorphous

_ 1 duze_ 10t - 102l (19)  film is pulled through a temperature gradient. The resulting

4meg X O cm’ phase is quasi-amorphous. As long as the mechanical con-

straints are in place the quasi-amorphous phase retains sta-
bility at temperatures that would normally lead to crystalli-
Equationg17)—(19) predict the existence of a strain gradient zatpn of sputtered BaTlp The' unique propgr.tles of the
and an equivalent poling electric field that are in_plane_i.e.guaska_morphous pha_se, including pyroelectr_lcny and p1€zo-
perpendicular to the transition front between the amorphouglecmc'ty' are determn_wed by a degree of anisotropy associ-
and quasi-amorphous phases. Since the transition regio"ﬂed’ most probably, with the presence of regions with short-

propagates with strongly asymmetric boundary conditions—ange order and their partial alignment. This alignment is

... a substrate below and a free surface above—the diregl-(ely caused by a strain gradient and resulting flexoelectric

tion of the strain gradient and the electric field must haveeﬁect which exist during the transformation of the amor-

both in-plane and out-of-plane components. Thus the tranéa—hous as-deposited film to the guasi-amorphous phase.

formation from the amorphous to the quasi-amorphous state TV\.'O preconditions for the formation and stability Of th?
and formation of crystal motifs occur in the presence of aqua3|-amorphous phase are small enthalpy of crystallization

mechanical strain gradient that causes poling. The gradier‘ﬂnd large volume expansion upon heating prior to crystalli-

of the mechanical strain and the flexoelectric effect can b%daeflso\r/]v.h-li—:r?ss;tiss:gye&%ssltee?eﬁI[Trse?r:eor;[?se(r:;z?ocl)rp(?tce)ﬂfi;ﬂm?o?rﬁ
viewed as a primary cause of local crystal motif alignment q P y

which gives rise to the pyroelectric effect with an experimen-the quasi-amorphous state if pulled through a temperature

tally detectable out-of plane componéruch a local align-
ment is consistent with the increase of the dielectric consta
observed during the transition from the amorphous to th

where5~2 A is an interatomic distance,, is the dielectric
permittivity of vacuum, ande is the elementary charge.

gradient. Variation of mechanical constraints may produce an
H’ definitely large number of quasi-amorphous phases with
ifferent density.
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