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Relaxation mechanism of ferroelectric switching in Pb (Zr,Ti)Og5 thin films
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The polarization reversal process of tetragonal Pb(Zr,JiHn films has been intensively studied
using conventional hysteresis and rectangle pulse measurements. Decreasing the voltage level of the
pulses significantly slows down the polarization switching to the range of milliseconds. The
switching current response shows a Curie—von Schweidler behavior over a broad time range. The
transient current and the frequency dependence oPth¥ loops of these films compared to the
properties of ferroelectric single crystals show some similarities but also significant differences. The
theoretical models of the classical ferroelectric phase transition and especially the conditions of the
pulse measurements in single crystals and thin films are discussed. It leads to the conclusion that it
is not the domain wall structure and domain wall motion that determine the polarization reversal but
dissipative polarization processes which can take place in both ferroelectric and nonferroelectric
highk dielectric thin films. © 2001 American Institute of Physic§DOI: 10.1063/1.1331341

I. INTRODUCTION polarization reversal happens by forming of opposing 180°

Thin films of perovskite materials such as lead zirconateOr orthogonal 90° domains in the shape of needles and

. . LW . The resulting maximum displacemen ]
titanate (PZT)! and layered perovskites such as strontium edges e resulting maximum displacement curigp

bismuth tantalafeare being intensively studied for their ap- m?j drgye/atil;reeizisri(?a];ulg\?:lon of the applied field and can be

plication in high density ferroelectric random access memo-
ries integrated circuitd.In addition to processing issues of i max=1olexp(— a/E)], (0]

integrating these materials in semiconductor technology, thﬁ/hereio and o (called the “activation field) are constants

_ferroelectnc properties and their rell_ablllty are still of MaOT andE is the applied electrical field. A similar empirical law
interest. Imprint, fatigue, and retention are the most investi-

ted subiects. But i . ¢ ¢ lectric bari can be found for the switching timg, which is the most
gated subjects. But in comparison to nonterroelectric arlun%igniﬁcant guantity and describes the duration of the polar-
strontium titanatgBST), where the dielectric relaxation has ._~..
. S . ization reversal
been extensively explorédrelaxation in ferroelectric mate-
rials has not yet received the attention it deserves. In this ts=to[expa/E)], 2

work, well developed measuring techniques based on Co%hereto is a constant. The value af is the same in both

ventional hysteresis measurements and voltage step charaé-:qs_(l) and(2). More often, it can be found that the switch-
terization are exploited to elucidate the origin of relaxation ining time is defined as the instant at which the displacement
ferroelectric materials for the fast read and write access Oéurrent is at its maximum, e.g., in the work of Pulvari

the m:mo“_’ Cﬁ_"' _ ‘th Lin ectric thin & al,'® but this merely affects the value tf. For an illus-
The switching time of the reversal In ferroelectric thin o400 of the definition ofi max @and tg, see Fig. 1, which

Elmﬁ' is Iassurlned lto be belolyv(;\anoseco?\‘iibut only ;/]\_/hef_r; shows the dependence of the switching current on electric
Igh voltage €Vels are applied, €.9g., o Vior PZT t N TMS field from the paper of Pulvari of single crystal triglycine
of 200 nm thickness. For low voltage levels, the SW'tCh'ngfluoberyllate(TGFB) and triglycine sulfatdTGS)

process can be very slow and this is of great interest for the Equations(1) and (2) are only applicable when the ap-

a_\ppllcatlon n fast_access memories, since It can, in p”_nc'pleplied field E is constant during the polarization reversal. In
limit the access time of the memory cell, especially in the

desired | | ) the paper of Merzthe evolution of the electrical field is
esired low voltage operation range. shown during switching and it is clearly visible that the field
is, indeed, constant. To achieve this, the time constant of the

Il. POLARIZATION REVERSAL IN SINGLE CRYSTALS dielectric chargingrrc, , must be much smaller than the
switching timetg. In the work of Pulvart this is also ac-

The inversion process in single crystals has already beegympjished. The switching current data shown in the paper
intensively investigated by direct observation of domain wally¢ pyvari are very similar to those of the work of Merz,
forma7t|80n and movement. In BaTgOsmgle crystals, €.9.,  gjthough the domain structure of these materials is different
Merz® Fatuzzd, and Fouseket al’ have found that the  fom that of BaTiQ single crystals. As shown in Fig. 1, the
dielectric charging is clearly separated from the polarization
dElectronic mail: lohse@iwe.rwth-aachen.de switching hump. The time constant of the dielectric charging
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FIG. 2. Switching current and voltage evolution of a pulse measurement
FIG. 1. Polarization switching current of TGFB single crystal with decreas-with 1 us width ard 3 V level of PZT. The voltage drop across the capacitor
ing electrical field(data reproduced after Ref. 10 is not constant during switching.

is determined by the dielectric capacitance of the sample andimensionality of the domains. That this model can be ap-
the inevitable series resistors due to the internal resistance pfied for ferroelectric materials has also been supported by
the voltage generator, the shunt, and line resistance. By cofthe investigations and calculations of Shtimho analyzed
trast, the switching time is determined by many factors, inthe current response of thin plates of single crystal lead ger-
cluding the domain structure, the nucleation rate of oppositenanate PiGe;0,, and measured the change of the shape of
domains, and the mobility of the domain walfsin poly-  the domains by optical inspection, and the change in the
crystalline materials, the issue becomes yet further compliexponenmn.
cated due to the microstructure. The requirement that the The ferroelectric polarization reversal process and the
time constant of dielectric charging be different from thetheory that it is ascribed to the transition of opposite domains
polarization switching time is fundamental since, otherwise seems to be self-consistent for many single crystal materials.
no direct interpretation of the switching behavior is possible It describes the switching data as well as the hysteresis loops
If this condition is not fulfilled, the electrical field is not very well. But, can it also describe the polarization reversal
constant but depends on the experimental configuration, es ferroelectric thin films?
pecially the circuit resistance and the dimensions, i.e., the
dielectric capacitance, of the sample. ____lll. POLARIZATION REVERSAL IN THIN FILMS
Another way to avoid the problem of an undetermined
excitation signal is to apply an alternately increasing and As mentioned earlier, the interpretation of the switching
decreasing electrical field, which can be electrically con-current of a ferroelectric capacitor is difficult when it de-
trolled and is independent of the sample and the resistancpends on the external circuit and the sample dimensions. For
This is, in principle, the way—V are recorded. The hyster- thin films, this is particularly the case since the dielectric
esis loop of a ferroelectric capacitor is determined by thecharging in a voltage step experiment can not be separated
polarization reversal process, also. The interpretation of thérom the polarization switching when the voltage levels ap-
loop, however, is much more difficult and needs integralplied are significantly higher than the coercive voltage. For
calculation methods. Such methods have been successfulxample, the pulse measurements performed by Larsen
developed by the group of Ishibagfi*They have included et al?° showed that the switching time is always of the same
the field dependence of the polarization switching and moderder of magnitude as the time constant of the dielectric
eled theD—E hysteresis loops depending on the excitationcharging and that the time resolution of the measurement
frequency of the triangle as well of the sinusoidal signals anéystem indicating an inherent switching time of less than 1.8
found good agreement to experimental data of TGS singl@s. Typical switching data of a PZT thin film are given in
crystals. The loops have been theoretically studied on th&ig. 2. It shows the current response and the evolution of the
basis of the Kolmogorov—Avram{K—-A) model®~'8 ex-  voltage across the sample capacitor. It can be clearly seen
tended for the case of applied field dependent sidewise vdhat the voltage is not constant. The often used approach of
locity of the domain walls. The K—A is a statistical model subtracting the nonswitching from the switching current re-
which describes the phase transition kinetic in infinite medigsponse and interpreting it by applying the Merz equations is
and was originally developed to model the crystallizationnot possible since the voltage drop across the sample is not
process of metals. In ferroelectrics, it can describe the timgonstant, in contrast to the precondition for applying the
dependent fractional arez(t) of the switched polarization Merz analysis. It has been shown that by using this approach
and reads in a simple form as the extracted activation field is not an intrinsic property of
the material but is mainly determined by the shape of the
c(t)=1—exi — (U/to)"], ®) hysteresis curve and not gy the domain W)gi” kineﬁ'c‘ghere
with ty being mainly determined by the nucleation rate, theare three possible approaches to separating the dielectric
wall mobility, and the applied field, and mainly by the charging from the polarization switching. The first is to re-
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FIG. 3. Hysteresis curves of PZT thin film with different excitation signal -
frequencies. Inset: log—log plot of coercive voltagevs frequencyf. gl‘mn
S 10n
duce the circuit resistance; but this is limited by the internal In
resistance of the voltage generator, usuallf6d’he second

is to decrease the capacitor size, i.e., decreasing the dielectric 1p 10p 100p 1m lﬂ%mleﬂgllﬂ
capacitance; but in addition to damaging the ferroelectric
properties due to the integration process, especially etchingyG. 4. (a) Polarization response of PZT thin film to excitation pulses with
the signal to noise ratio of the current response gets worsgoltage levels close to coercive voltagé) Current response determined
And, the third approach is to decrease the applied voltagBo™ the derivative of the charge response.
since, after Merz, a reduction would lead to an increase of
the switching time; this has been utilized in this work for
PZT thin films.

It is known from many works on ferroelectric thin films
that the coercive voltage depends on the excitation sign
frequency??~2* So additionally in this work, the frequency

dependence of _thE’—V_ loops of PZT thin f||m_S IS INVeSti- e polarization is plotted versus the time on a logarithmic
gated. As mentioned in Sec. Il, the evaluation of the fre-gca16 The voltage levels have been chosen in the range of
quency dependerfe—V loops is an alternative method t0 e coercive voltage determined by the hysteresis measure-
extract information about the polarization switching since iNpants. As predicted by the Merz equations, the polarization
the same way as in single crystals the polarization reversalyersal slows down with decreasing voltage level. When
process in thin films is sgpposec_i to aff(_act _the coercive V°|t'applying a 1.4 V voltage pulse, the polarization does not
age and thé>-V loops with varying excitation frequency.  completely reverse in the investigated time range of 200 ms.
The rather small increase of the voltage dramatically de-
IV. EXPERIMENT creases the switching time. It clearly shows that the dielectric

The tetragonal PZT thin films were fabricated by a¢€harging rc <10 n9 is shorter than the time for polar-
chemical solution deposition on a platinized Si/Si@afer  ization reversal. The voltage drop across the capacitor in this
with a titanium adhesion layer. The precursors, consisting ogxperiment is constant after approximately 100 ns and deter-
lead—acetate, titanium—isopropoxide, and zirconium-mined by the control properties of the operational amplifier
isopropoxide dissolved in 2-butoxythanol, were deposited byf the coulombmeter. Additionally, the switching current,
repeating spin on and pyrolysis processes and then the filnietermined from the derivative of the charge response, is
were crystallized in oxygen at 700 °C. After platinum sput-plotted on a logarithmic scaléig. 4(b)]. The current mono-
tering, the top electrodes were structured by lift off, and af-tonically decreases and falls sharply approximately at the
terwards finally annealed by a rapid thermal annealing promoment the saturated polarization is reached.
cess. The thickness is approximately 140 nm, capacitor sizes
are 50um by 50 um. V. DISCUSSION

. In Fig. 3, 'the. hystgreys loops of Fhe sample are shown at When the results from the hysteresis measurements and
different excitation signal frequencies measured at room

temperature by means of the aixACCT Analyzer 2000 sys:[he pulse switching experiments of the PZT thin film sample

. ] : are compared to the data of single crystals similarities, but
tem. The coercive voltag®/. clearly increases with fre- . .
. also very pronounced discrepancies, can be observed. The
guency. The log—log plot of/. versus frequency gives, to ;
L2 . . frequency dependence of the coercive voltage follows Eq.
good approximation, a straight line over the range of mor

than six orders of maanitude. So. empiricallv. the coercive(4)' as theoretically calculated and found experimentally for
gni e P Y, “rGs single crystals by Ishibashi. But in addition to the shift
voltage obeys the potential law

in the coercive voltage, in single crystals the shape of the
Vo fA. (4) P-V loop is strongly affected by the change of the fre-

It should be noted that the shape of the loops does not
change with frequency except thd is increased.

The voltage step measurements have been carried out
alith a 500 voltage generator and a high precision picocou-
lombmeter at room temperature. In Figajthe evolution of
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FIG. 5. Polarization switching current of TGFB single crystal with decreas- =
ing electrical field on a logarithmic scal®. %

100 1k 10k 100k 1M
quency. This was not the case of the investigated PZT thin Frequency [Hz]
film sample. As already described, in the voltage step experi- , _ o _ _
ment, it was possible to switch the capacitor under a constaff®: & (@ Small signal capacitance of PZT thin film during a bias voltage
N . . . sweep of one cycle per minutescillator amplitude 50 my,g. (b) Capaci-

voltage excitation. The switching time can be fitted to EQ.ance of the right peak frorfe).
(2), but the course of the current response differs signifi-
cantly from that of single crystals. The typical switching
hump in single crystal¢see Fig. 1 cannot be observed in model which is based on a superposition of Debye-type re-
thin films[Fig. 4(b)]. To make the comparison clearer in Fig. laxations with a large distribution of relaxation times which
5(a), the TGFB switching data from Pulvaisee also Fig.)l  may be caused by a variation in the charge transport barrier,
are plotted on a log—log plot. Again, it can be seen that thdor example at the grain boundari&sHowever, the latter
switching hump is pronounced in single crystals. In the curmodel has the drawback that it cannot describe the small
rent response of the thin film it is not possible to determinetemperature dependence of the relaxation current in dielec-
the characteristic value of the maximum currept,. How- tric thin films.
ever, the course of the integrated current per area, i.e., the The Curie—von Schweidler law in nonferroelectric ma-
polarization[Fig. 5a)], is similar to the charge response of terials behavior leads to a linear dispersion in the frequency
the thin film. regimée® which reads as

During the reversal, until the polarization has reached _ a1

. ; e=¢€,tko(w* ), (6)

the opposite state, the current response shows a typical
Curie—von Schweidler behavior and can be described by thehere .. is the permittivity at very high frequencieky a
following law constant, andrv being the same constant as in E§).

Ject-a ®) In principle, this correlation can also be observed in

' ferroelectric PZT thin films. In Fig. @), the small signal

wherea is a constant and has a value of less or equal to oneapacitance measured by means of a HP4284A LCR meter
When Eq.(5) is applied to the current response of the pulse(oscillator level 50 mY, is plotted versus the applied bias
of 1.4 V, we find a value for of about 0.82. With increas- voltage. The bias was slowly swept at approximately one
ing voltage this value slightly decreases. cycle per minute. This has been repeated with different fre-

The detection of this kind of current response leads to auencies. The peak in the value of the capacitance coincides
different view of the polarization reversal since the Curie—with the coercive voltage of a low frequency hysteresis
von Schweidler behavior is found in all thin films, in curve?® The capacitance in the saturated state, here at 3V, is
dielectric®?® as well as in ferroelectric thin film& 3¢ not frequency dependent, but the peak capacitance at the bias

Two main models have been proposed for the Curie—vowoltage of about 1.35 V shows a distinctive disperdisee
Schweidler relaxation, firstly a many-body interaction modelFig. 6b)]. This bias level is approximately the value of the
which is based on the fact that the hopping motion of avoltage of 1.4 V that has been applied during the pulse mea-
charged particle always affects the motion of the neighboringurement. So, we find a similar electrical behavior in ferro-
charges! And secondly, the distribution of relaxation times electric films as in non ferroelectric films which have no
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