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Interface-related decrease of the permittivity in PbZr  ,Ti;_, O3 thin films
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In ferroelectric thin films, a decrease of the permittivity is observed obeying a logarithmic time
dependence. In the literature, a similar effect has been reported for ferroelectric single crystals and
ceramics, which is referred to as ferroelectric aging, and different models have been proposed to
explain this phenomenon. In this letter, ferroelectric aging of PhiZr O3 thin films is studied as

a function of dopant types and concentrations as well as the temperature. The results clearly show
that the traditional models for the aging mechanism of ferroelectric single crystals and ceramics are
not applicable. Based on these results, a mechanism is proposed which explains the decrease of the
dielectric constant in ferroelectric thin films by the growth of a thin surface layer with suppressed
ferroelectric properties in the course of aging. 2002 American Institute of Physics.

[DOI: 10.1063/1.1452783

Ferroelectric thin films of complex oxides such asmaterials. The stress in ferroelectric ceramics is believed to
PbZrTi;_,O5; (PZT) and SrBjTa,O4 (SBT) are promising increase the dielectric constant due to the piezoelectric cou-
candidates for the use in nonvolatile memory applicatichs. pling if the stress isn the directionof the applied field.

For their use in nonvolatile memory applications the largeAccording to the stress-related modefsthe stress in the
signal behavior, i.e., th®-V hysteresis loop, is of great material is reduced in the course of aging and, hence, leads
interest. Many publications in the literature have pointed outo a decrease of the dielectric constant. In thin films, how-
that the large signal behavior is subjected to aging, whictgver, stress is expected to cause a decrease of the dielectric
manifests itself as a voltage shif/{ ¢) of the P—V hys- constant compared to the stress-free value since the stress is

teresis loop (Fig. 1). In this letter, the small signal behavior, In the plane due to thermal expansion mismatch between
i.e., the variation of the dielectric constant with time, is ad-Substrate and thin filhHence, the stress in thin films is in
dressed. It will be shown that in ferroelectric thin films also contrast to ceramics perpendicular to the applied field and
the dielectric constant deteriorates with time. In the course ofus should lead to a reduction of the dielectric constant.
aging the dielectric constant slowly decreases, obeying aNUS; @ reduction of the stress in plane upon time would lead
logarithmic time law(Fig. 1). This aging effect does not to an increase of. I-_iowever, the opposite is observed.
directly influence the memory operation since for this 1herefore, the streselief approach seems not to be appro-
memory operation the large signaP{V) behavior is ex- prlate. to e.xpllaln the sma}ll sllgnal aging in thlr_1 f|Ims. How-
ploited. However, the small signal aging effect might giveever, in principle, a modification of the stress situation in thin

additional information which might be useful to understc':lnd];'l_mlS ;n_lght bet retas_czﬂez_ble t(_?_ exp(ljaln tthed\;ﬁrlatlzn (t).f thef
the large signal aging effect. A similar aging effect of the ielectric constant with ime. 10 understand the reduction o

permittivity ¢ is observed in ferroelectric bulk material © anincreaseof the stress in plane would be necessary.

(single crystals and ceramjcdn ferroelectric bulk materials . ramié?ﬁgs:jni-r\:vguz-'rre:ﬁitr??iInTég?r?tlzr '?etffggogfcitét:s:g;k
this effect has been intensively studied since the 1950s and P

) . e with a reduction of the domain-wall contributions to the
several physical mechanisms have been suggested to eXpl%J%lectric constant. The domain walls are stabilized in their
this effect (e.g., Ref. 4, and the citations therginn the '

literature, generally two different mechanisms have been disgosition and, hence, less movable by the external field. Ro-
9 y els and Arlt explained the domain-wall stabilization by the

cussed tolexplam the degrease of the dielectric constant c'i:r)‘rientation of defect dipoles similarly to the defect dipole
ferroelectric bulk material, stress-related models an

q . ll-related models. In the following. th lidity of alignment model for the evolution of the internal bfaghe
thomam-w(? |_r? a;e mol ets_. ?h' ?’I 0 OW'IIT% te(\j/a:j : ytﬁ oriented defect dipoles clamp the domain walls in their cur-
nese models for terroelectric thin fiims will be studied in the . position and, hence, lead to a reduction of the domain-
light of the experimental results obtained in this study.

. . . . wall mobility, which then results in a reduction of the
According to the piezoelectric equatiofD =&oE,pp

X : o domain-wall contributions to the dielectric constant. In this
+P+dT, whereD is the dielectric displacementp, the o acceptor- and donor-doped PZT films were prepared in
applied electric fieldP the polarizationd the piezoelectric

k X order to investigate the validity of the domain-wall stabiliza-
constant, and" the stressthe measured dielectric constant yjon que to the defect dipole alignment. Details about the
[eert=D/(eoEapp) ] is coupled to the stress in ferroelectric g5 mpje preparation can be found elsewH&rehe aging of

the dielectric constant has been measured unless otherwise
dElectronic mail: michael.grossmann@de.bosch.com stated at room temperature after quenching the thin film from
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FIG. 1. Decrease of the dielectric constéiited symbols and the evolution ) _
of the voltage shift of thé—V hysteresis looggopen symbolsunder+3 V FIG. 3. C-V measurement of a PZT film. The decrease &f plotted vs the

bias on the same PZT filfPZT 30:70, 200 nm, room temperatire voltage shiftV, ¢ (both data taken from Fig.)1[PZT 30:70, 200 nm,
room temperature foP,, andP(3 V) established.

500 °C to room temperature using a standard HP4284 bridge. i , , ,
According to the defect chemistry modéiS acceptor dop- to be .unllkely to e?<pla!n the decrease of the dielectric con-
ing is expected to increase the concentration of alignablétanlt n:hferroellfctnc th_'n f'ITSI'd ta referring to the d
defect dipoles, whereas donor doping leads to the opposite, n this work, expenmental data reterring to the decrease
According to the defect dipole model, a different aging rateOf e have been presented for different established polariza-
. ’ tion states. For example, in Fig. 2 small signal aging is
should be observed depending on the dopant type and con: . . . g
centration, which was experimentally confirmed for PZTShOWrI for Py, established and no additional bias applied

ceramics:! However, aging of the dielectric constant in PZT [P(OV)=P;.]. On the pth(_er hand, Fig. 1-|Ilustrates the
. . . ) o decrease ot for a polarization state established when an
films is essentially independent of the dopant additidig.

2). For both the Fe-acceptor as well as Nb-donor doping, thgddmonal bias of 3 V is applied in the direction of the po-

q f the dielectri tant with ti t barization [P(3V)>P,.]. It is well known that for both
decrease of Ine dielectric constant with ime Seems 10 by 5 ization states, additionally to the decrease,ddlso an
independent of the dopant additions. This independence

R . o volution of the voltage shift of the hysteresis 100#; ghir)
doping indicates that domain-wall stabilization caused by del—S observedsee Fig. 1 In Fig. 1 the evolution of the voltage

fect dipole a!lgnrr_len_t cannot g_xplam the srnalll signal a9NG%ift is illustrated measured under identical conditions on the
in ferroelectric thin films. Additionally, in thin films the di- same film as the small signal aging shown in Fig. 1. Since
electric constant even ages when an additional bias is appli§fla jecrease of goes hand in hand with the evolution of the

in the direction of the polarizatiofiFig. 1). However, the \qtaqe shiftv, .4 these two effects might be correlated.
domain-wall density is significantly reduced upon applying a s known that the dielectric constant in ferroelectrics is
bias parallel to the polarization since ideally it should ap-jiself 4 function of the applied bias. Hence, the decrease of
proach a single-domain state when the bias exceeds a sp&;y|d also be caused by the evolution of the internal bias. In
cific saturation voltage. Figure 1 depicts the aging @fhen Fig. 3 aC—V measurement is shown for a PZT thin film. It

at the same time a bias of 3 V is applied. In that case th@an clearly be seen that upon increasing the bidscreases.
ferroelectric film is almost saturated, resulting in a very|n the course of aging of a poled ferroelectric capacitor the
small number of domain walls present in the ferroelectric.gielectric constant decreases while at the same time an inter-
But still, it can clearly be seen in Fig. 1 that even though theng)| pias is evolving. Therefore, the evolution of the internal
ferroelectric film is nearly in a Single-domain State, the di'bias could exp|ain' via the bias dependence,ahe decrease
electric constant decreases. Based on the experimental resulfisthe dielectric constant. To investigate this assumption, the
presented above, the domain-wall stabilization models seerging of the dielectric constant as well as the evolution of the
voltage shift have been measured on the same ferroelectric
capacitor while identical conditions have been established

] l —a— e - . .
1.00 : gast%Fe [condition (i): poled toP, . and(ii): +3V bias, see Fig. L

- —0— 0.5at% Fe . . .

@ —A— 2% Fe In order to investigate whether the evolution of the voltage

@0'98 shift can explain the decrease of the dielectric constant the

@ measured values ef(t;) have been plotted versus the values
0.9 of the voltage shiftV, gnie(t;) (with reversed signmeasured
1.00- at the same tlmet,, [£(t|) VS _VC,Shift(ti)! i=1, 2, 3,.. ]

_ Note that the sign oY/ sni(t;) has to be reversed in this plot
W since a positive internal bias leads to a negative voltage shift
=.0.98 } .

N —m— 0at%Nb of the hysteresis loop.
@ —e— 0.5a1% Nb| N Thee(t;) vs — V. qnir(ti) plotis shown in Fig. 3 for both
0.96 —A— 1at% Nb hd conditions. In the enlargement in Fig. 3 it can be seen that
20 25 30 35 40 the internal bias can indeed explain a part of the decrease of
log (time/[s]) panap

e. However, the correlation between the two measured aging
FIG. 2. Aging of the dielectric constant for differently Nb- and Fe-doped €ffeCts seems to be significantly more pronounced than an-

PZT films (PZT 30:70, 150 nm, room temperatjire ticipated from theC—V measurement. Therefore, it is con-
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FIG. 5. Aging of the dielectric constant at different temperatures. The de-
FIG. 4. Reciprocal capacitance vs film thickness the virgin and in the  crease ofe is more pronounced for higher temperatut@ZT 30:70, 200
aged statéPZT 30:70, room temperature nm).

They attribute the decrease of the switchable polarization
cluded that the evolution of the internal bias alone cannoppserved during fatigue to the growth of a passive layer with
explain the decrease of the dielectric constant, it rather cordamaged ferroelectric properties at the surface similar to the
tributes a minor part to the decreasesofTherefore, an ad- surface layer discussed in this work.
ditional mechanism must be involved to explain the small  |nvestigating the decrease of the dielectric constant at
signal aging in ferroelectric thin films consistently. different temperatures, one observes that the decreasesof

In ferroelectric thin films many indications have beenmore pronounced at higher temperatutes). 5). This tem-
reported about the existence of a thin surface layer betwegserature dependence displayed in Fig. 5 indicates that the
the electrodes and the ferroelectric fithr2® Hence, the di- growth of the passive layer is more pronounced at higher
electric constant, which is usually evaluated, is not the ditemperatures.
electric constant of the ferroelectric layer alone. It rather de-  To summarize, the experimental data presented in this
scribes an effective dielectric constant resulting from twoletter suggest that the small signal aging in ferroelectric thin
capacitors in series, the interface capacita@gein series  films might be of a different origin compared to ferroelectric
with the ferroelectric capacitand@;,. Thus, the measured, bulk materials. Similarly to the evolution of the voltage shift

effective dielectric constantey obeys of the P—V hysteresis loop, a thin surface layer might be
d d-s & responsible for the significant part to the decrease dhere
—= +— (1) is experimental evidence that the interfacial capacitance is

et Efe  Zif being decreased in the course of aging, which might be ex-

whereg;, andej; are the dielectric constants of the ferroelec-plained by a temperature-activated increase of the extension

tric and the interfacial layer, respectively. The total film of the surface layer. With the diminishment of the interfacial

thickness isd and the extension of the surface layersis capacitance the decrease of the dielectric constant can be
Up to now, the interfacial capacitance has been neglectednderstood.

in the interpretation of the small signal aging effect in thin ) .
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