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Size effect on permittivity in ferroelectric polydomain thin films
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The impact of electrode-adjacent passive layers on the small signal dielectric response of a ferroelectric film
containing a 180°-domain pattern has been analyzed. It is shown that, for a realistic physical situation, the
so-called “in-series capacitors formula” is still applicable for the description of the dielectric response of this
system, however, with some apparent values of the passive-layer permigtjyjty which is a function of
parameters of the ferroelectric and the layers. It is also shown that the suppressive effect of the passive layer
on the permittivity of the ferroelectric film can be significantly reduced when the permittivity of the ferroelec-
tric is mainly controlled by the extrinsi@omair) contribution.
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The large dielectric response of ferroelectrics is known towith a domain pattern and two dielectric layérsas shown
be easily affected by many factors such as the electric fieldn Fig. 1. However, a very important aspect of the problem
mechanical stress, or lattice imperfections. One comes acroggs neglected in these papers. Namely, the lattice pinning of
these phenomena in ferroelectric thin films and ceramicslomain walls in the ferroelectri@ue to their coupling with
where the dielectric response in the regions close to the filnarystalline potentials and defegtsvhich essentially controls
surface or grain boundaries may be essentially reduced duke permittivity even in high quality crystatswas ignored.
to aforementioned factors. As a result the whole system feelBor this reason, the prediction of these papers, an infinite
these regions as low dielectric const@passive layers in-  dielectric permittivity in the limit of a vanishing passive
serted in or attached to the high permittivity material. Whenlayer, is inconsistent with a finite permittivity of any real
oriented perpendicular to the applied field, these layers beferroelectric material. Another simplification made in Refs. 3
have as capacitances connected in series to the remainilagd 4 is that only the case of the equilibrium 180° domain
high permittivity parts of the material and may tremendouslypattern was considered. This kind of pattern was never ex-
decrease the effective permittivity of the material. It is thisperimentally observed in the layered ferrolectric/dielectric
effect that is presently pleaded guilty for the difference ofstructures. In real systems, the domain pattern is expected to
dielectric constants in thin films. be controlled by the prehistory of the sample so that the

For the interpretation of suppression effect of the passivelomain spacing may be essentially different from its equilib-
layer, one routinely uses the in-series capacitor formula. Forium value. In view of the aforementioned simplifications,
the description of the out-of-plane capacitaf@®f a sand- the discussion of the problémfi®based on results obtained in
wich ferroelectric/dielectric structure of an ar@athis for-  Refs. 3 and 4 cannot be considered as conclusive. Thus, the
mula reads problem of applicability of in-series capacitor formula to the

olydomain situation remained open.
soA/C = (Wey) + (deg), ® P I)r/1 this Brief Report, we addresps this problem in terms of

where h and & are the thickness and permittivity of the the same model as in the previous wotkse Fig. }, how-
ferroelectric layer andl and g4 are those of the dielectric ever, our analysis is free of the principle simplification
layer, respectivelyg,=8.854x 101> F/m. The real experi- adopted in the earlier works—we do not neglect the lattice
mental situation always corresponds to the passive layepinning of the domain walls. We consider the permittivity of
which is much thinner than the ferroelectric layés>d. the ferroelectric itself as being controlled by the sum of in-
Equation(1) describes the capacitance of a parallel plate catrinsic and finite domairgextrinsig contributions. We mean
pacitor containing the sandwich structure, in which electricthat if the ferroelectric with the given domain pattern were
field is homogeneous in the capacitor plane. Strictly speaking
Eqg. (1) may not work if the dielectric permittivity of the
ferroelectric is controlled by the domain contribution. The s
reason for this is that, in the presence of the passive layer, the €4 dr2
domain structure of the ferroelectric will lead to the appear-
ance of inhomogeneoustray) fields in the vicinity of the
layer? Thus, an important question arises: Can the in-series o2 h t
capacitor formula be applied for the description of the per- TP" l'P" T_y,x
mittivity of ferroelectric/dielectric structures in the case -
where the permittivity of the ferroelectric is essentially con-  ¢=0
trolled by the domain contribution?

Some theoretical studies that could answer this question FIG. 1. Schema of the electroded ferroelectric film with passive
were performed in terms of a model of ferroelectric capacitodayers. It is always considered thias>d.
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1.0 the lowest(linear and quadratjderms of the expansion @
with respect to the averagaet) spontaneous polarization of
0.8 the ferroelectric layePy=Py(a,—a_)/(2a). Symbolsa, and
06 a_ stand for the width of domains where the vector of the
g spontaneous polarization is oriented along and against the
T 04 direction of the applied electric field, respectively. We ad-

dress in detail the case of the symmetfic=a_) domain

0.2 pattern, i.e., we sa®y=0 in the absence of the applied volt-
0.0 - ageU.
0.001 0.01 0.1 1 10 100 For the considered situation, the leading term&gfare
dia readily available in the literatufé in the form
FIG. 2. Functioné(d/a) versus the fractioul/a for three values G.=h Pﬁ _ PyU/h 5)
of the passive layer permittivityy; ,, £.=300. el 2e08e) 1 +e.dl(g4h) !
placed in a passive-layer-free capacitor, the permittigity where
=g.te, Would be measured, wheeg ande,, are the crystal 1 d d4a > (- "
lattice and extrinsic contributions. In addition, we do not e+ — , (6)
restrict our analysis to the case of the equilibrium domain el edh+ed wh oy D,
pattern.
The principle result of the Brief Report is that in the case nmd —— ganmh
where the domain pattern in the ferroelectric is defise, Dnh=¢q COthz + Veaec COL s 2a )
the domain spacing is smaller than the thickness of the ferro- ¢
electrig, Eqg. (1) can be generalized to the form Here the parameter %/ has the meaning of the contribution
_ to the inverse dielectric susceptibility of the system, which is
eoANC = (Weg) + (demod, (2 controlled by the electrostatic energy of the domain pattern.

with &,04 being the apparent permittivity of the passive layer ~FunctionGy, can be expressed in terms of the extrinsic
contributione,,, to permittivity (in the sense as it was intro-

_ &d duced abové:
0 1 ende e ) ¥ -
N

whered anda stand for the thickness of the passive layer and m= 2606 ()
the the domain spacing, respectively. The functigd/a)

reaches values of 1 to 0 in the limits dfa—0 andd/a  Then, the functiorG has a compact form

— oo, respectively. For the periodic and symmetric domain p2 P U/h

pattern( a,=a_ in Fig. 1), the function&(d/a) is given by G=h N__ N , (8)
Eq. (13) and shown in Fig. 2. Thus, the derived relation 2808y 1 +ecdl(egh)

justifies the use of the in-series capacitors approach for thghere 14, =1/e,+1/e,,
analysis of the dielectric response of polydomain ferroelec- The regponseT of thee net spontaneous polarizafigrto

tric films. At the same time, this analysis shows a way Ofihe yoltageU applied to the capacitor can be found from the
getting additional information on the parameters of the studygngition for the minimum of the thermodynamic potential
ied system.

To obtain the above result, we follow Refs. 2 and 3. UsingG'
the “hard ferroelectric” approximation, we express the elec- dG(Py,U)/oPy=0. (9
tric displacement of the ferroelectric layer as a sum of th
constant spontaneous polarizatiBp (whose orientation al-
ters from domain to domajnand the linear dielectric re-

o calculate the effective capacitance per unit area of the
systemC/A, Eqgs.(5)—(9) should be appended with the rela-

sponse of the crystal lattice: tion
Py/U + gge/h
Dy = £g€4Ex, (4a) clA= N0 10
TR 1 +edl(egh) (10
D, =geecE, % Po. (4b)  obtained in Refs. 2 and 3. Finally, Eq§)—(10) yield
We adopt the thermodynamic potentig@er unit area of goA h d ew |2

the samplg of the system with a given voltagg on the ?=x+s— 1- s te ) henl (11
electrodesG=Gg+G,,,, which includes, first, the energy of ¢’ fw  od e ¢
the electric field with the subtracted work produced by thewhere
external voltage sourcdS, and, second, the lattice pinning
energy of the domain wall in the ferroelectric itséf,. In h.= d e _
order to calculate the small signal dielectric response, we use ¢ eyectey
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Though formula(1l) is similar to the in-series capacitors 35— .
. . . . [ ‘in-series-capacitors” formula:
formula given by Eq(1), the contribution of domain walls 3.0F ---¢=1000
movements to the dielectric response of the systgmon- T . F
tains the functiore,, which depends, in general, on the film ¢ 25 3
thicknessh. Thus in general, Eq11) is not consistent with £ 2.0
Eqg. (1). However, in the addressed case of the dense domahg 15 3
pattern(i.e., for h>a), Eq. (11) can be simplified downto ¢ [ o a=2nm €, =300, ¢, = 700,
the form consistent with Eq.1), which will be referred to 1.0k a=20nm e approximation
below as thedense pattern approximation 05 1. fﬁz?o "o
2 0 50 100 150 200 250
sA__h 9[1—(&) g(d/a)], (12) h (o]
C  ecten &g ectem
where FIG. 3. Inverse capacitance per unit area of the ferroelectric
capacitoregA/ C versus the thickness of the ferroelectric laiidor
4eqy ” (-t different values of the domain spaciagd=2 nm andey=20. The
&= _2 EYENE (13 results of the exact theory are compared with their dense pattern
T p=1 NDy(7) approximation and “in-series” formula. Note that the offset of the
JE— approximationd/e,oq decreases with an increase of the domain
D (7) = g4 cothinm7/2) + Ve,e.. (14)  spacinga. Fora=2 nm, all three curves concides.

Here &(7) is a function decreasing from 1 to O with increas- )
ing . The plots of this function for three sets of the param-the other parameters of the system, sintd/a)—0 at
eters of the studied system are shown in Fi§ Taking into ~ d/a—c. The physical reason behind this effect is that, in
account thate;=e.+e,, We thus arrive at the result an- this case, the stray fields occupy only a sntatla/d) frac-
nounced above, Eq&2) and(3). The physical reason for the tion of the passive layer so that their contribution to the total
simplification of theh dependence of the inverse capacitanceenergy and inverse permittivitithe sum in Eq(6)] can be
of the system down to a linear one is as follows. In the cas@eglected. This readily leads t¢d/a)— 0.
of the dense domain pattern the stray fields created by the The second prediction relates to the situation where
periodic charge distribution at one electrode essentially dethe permittivity of the ferroelectric itself is dominated by
cay within the distance of aboatfrom this electrode. Thus, the extrinsic contribution, i.e.gn,>¢g., and the domain
the effective capacitance of the passive layer becomes indépacing significantly exceeds the thickness of the passive
pendent of the film thickness. layer, i.e.,a>d. In this casegy/(e;+e,) —1 and &(d/a)
Comparing the obtained result to the simple “in-series”~1-md/(4a), so that the two terms in the bracket in Eq.
formula, (1), we see that though the slope of thedepen- (12) start to cancel each other. Physical interpretation of this
dence is the sam@ermittivity of the ferroelectric itsejf in phenomenon is that, in this case, the energy densities of the
the polydomain case, the offset of this dependence bringdepolarizing fields in opposite domains are equal to within
information not only on thel/ey parameter of the passive d/a—0, disregarding the value of the rate/a_ of the
layer but also on the period of the domain pattern and thelomain pattern. This implies an essential reduction of the
distribution of the dielectric response of the ferroelectric ma-suppressive effect of the passive layers, which is driven by

terial itself between the intrinsi@.) and extrinside,,) con-
tributions.

The effect of the domain spacing on the offset of the
dependence of the inverse capacitance predicted bylRy.

the difference in these energy densities. In terms of the ef-
fective capacitance density of the passive layer, this corre-
sponds to its increase fromyeq/d to (ggeq/d) (4al wd).

For the special case of infinite domain wall mobility, i.e.,

is illustrated in Fig. 3. It is seen that, in the polydomain casejn the limit ¢,,— 0 (so thate; — 0), our both aforementioned
this offset can be essentially smaller than that predicted bgonclusions are consistent with the results by Kogiahl?
the simple “in-series” formula shown with dashed line. Inand Bratkovsky and LevanyukThe above analysis ad-
this figure, the predictions of the dense pattern approximadresses the case of the dense, periodic, and symmetric do-
tions (12), are compared to those of the exact formula Eq.main pattern. However, some of the results obtained above
(12). It is seen that, for dense domain patterns, i.e.hfora, can be readily extended to the more general case of a dense
the former provides a very good approximation. The sensipattern, which can be characterized by a typical domain
tivity of the extrapolated offset of the dependence of the spacinga. Namely, the qualitative conclusions of the two
inverse capacitance to the distribution of the dielectric repreceding paragraphs hold for the more general case, since
sponse of the ferroelectric material between the extrinsic anthe physical argumentations summoned for these conclusions
intrinsic contributions is seen from E¢L2). The greater the are equally applicable to this case. Formal estinfapes-
fraction g,/ &5, the greater the difference between the apparformed for this case showed that, in the limitsa— 0 and
ent permittivity e,,,qg and the passive layer permittivigy. d/a— o, the main result of the Brief Report, Eg®) and

Two qualitative predictions following from the results (3), holds(with é&=1 and&=0), respectively.
presented in this Brief Report are worth mentioning. First, in  The key element of our modelaking into account the
the limit of thick passive layerd>a, the dense pattern finite domain wall mobility in the ferroelectric itselinakes
approximation(12), reduces down to Eq.l) disregarding the model quite realistic. However, we should recognize
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three factors limiting its applicability. First, we consider only relevant experiment available to date is that on thin
films with 180° domains crossing the film thickness from onefilms of ferroelectric copolymer of vinidilene fluoride and
electrode to another. Second, following the analysis in Refsetrafluorethylend® In this work, Takahashet al. performed

2 and 3 we consider that domain walls are straight. Due tne analysis according to Egl) in the temperature range
inhomogeneous fields, effects of domain wall bending can.,yering the transition temperature of the ferroelectric. It
contribute to the dielectric response of a ferroelectric matey, < ¢)/\nd that the estimated value of passive layer permit-

rial. Straightforward electrostatic calculations show that thetivity was temperature dependent in the ferroelectric phase

domain wall bending contribution to the free energyQs hat | h | fthi L
«aP? /&, with a proportionality factor of about3When this W€ Suppose that it was the apparent value of this permittivity
that was evaluated and our theory accounts for its tempera-

term is much smaller tha6,, [given by Eq.(7)] the effects
of domain wall bending are negligible. The above conditionture dependence.
leads to an estimate for the upper limit of the film thickness To summarize, it is shown that the in-series capacitors
h below which our theory is applicable:<e,a. Finally, the  formula for ferroelectric-dielectric sandwich structures can
applicability of our macroscopic theory fails for ultrathin be applied to ferroelectric thin films with dense domain pat-
films (e.g., films of thicknesses of about a few unit cells  terns, however, with an apparent value of the passive layer
We believe that the obtained results provide an efficienpermittivity e,,,4 Which is a function of the whole set of
and simple tool for the interpretation of the dielectric data onparameters of the system except the film thickieshe use
ferroelectric thin films. As a prediction of the theory ready to of Eq. (2) to the analysis of the experimental data can pro-
be checked experimentally, we can indicate the temperatuigde additional information on the ferroelectric, namely, on
dependence of the extrapolated offset of A€ vsh depen- the distribution of the dielectric response of ferroelectric ma-

dence. Namely, in the films where the dielectric data in theerial between intrinsi¢e,) and extrinside,;) contributions.
paraelectric phase suggests the presence of a passive layer

[based on Eq(1)], the aforementioned offset in the ferro-  This project was supported by the Swiss National Foun-
electric phase may be essentially temperature dependent ddation and by the Ministry of Education of the Czech Repub-
to expected temperature dependence of the egiie.. The lic, Project No. MSM 242200002.
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