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Abstract. In order to extend the serviceability of ferroelectric devices, this paper proposes an
experimental approach (for the first time) to clearing up the mechanism of polarization fatigue
development in a lead zirconate titanate-based ferroelectric thin film. For this purpose, the
influence of the recording pulse sequence configuration on the polarization of a selected object
has been analyzed. The coercive field (CF) and remanent polarization of ferroelectric hysteresis
loops were compared under two electric field application modes (they differed in the order
of positive and negative pulses). The change in CF components was found to be insignificant
during cyclic switching, whereas the difference between CF values reached 10% or more after
pauses between the measurements. Experiments showed that the polarity of the final pulse of
the switching signal set favorable conditions for stabilizing domains in the film whose dipole
moment was aligned with the pulse polarity, and after resuming the measurements, a field of
higher intensity was required to reverse the polarization.
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BJIMAHUE PEXXUMOB I1EPEKJ'IIO‘-IE_I:IM$I INEKTPUYECKOIO
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Annoranug. C 1[eiabl0  TIPOMICHUS PaOOTOCIIOCOOHOCTM  YCTPOMCTB Ha  OCHOBE
CErHeTORJIEKTPUKOB, B pabOTe BIIEPBBIC MIPEII0XKEH SKCIIEPUMEHTAIbHBIN ITOAX0 K BHISICHEHUIO
MeXaHM3Ma pa3BUTHUS TOJSIPU3ALMOHHON YCTAJOCTU B TOHKOM CErHETOJIEKTPUYECKOM
IUIEHKE Ha OCHOBE ILIMpPKOHAaTa-TUTaHATa CBWHIA. [JIT 3TOro NMpoaHaJIM3WPOBAHO BIIMSHUE
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KOHGUIYpaLMK  IOCAEAOBATEIbHOCTA — 3allMCBIBAIOIIMX MMIIYJILCOB Ha  IOJISIPU3ALIUIO
BbIOpaHHOTO 0ObekTa. [Ipym ABYX peXuMax IMPUIOXEHUs 3JIEKTPUUECKOro Mo (oHHU
pa3IMyaguch IMOPSIAKOM CJEeAOBAaHMUS TOJOXUTEIbHBIX U OTPMIATEIbHBIX MMIIYJIBCOB) OBLIO
MPOBEIACHO CpaBHEHME 3HadYeHWI KospuutuBHOTO 1oist (KIT) M ocTtaToyHOI MoJspu3anum
CEeTHETORJIEKTPUIYECKUX TeTeJIb TMCTepe3nca. YCTaHOBJIEHO, YTO B MOMEHTHI IUKIMYECKUX
nepekIoueHNn n3MeHeHne koMmmoHeHT KII He3HaumTeabHO, TOrma KakK ITOCNe I1ay3 MEKIY
U3MepeHUsIMU pasHuua Mexnay 3HaueHusmu KIT gocturama %10 u Gojiee. DKCIEPUMEHTDI
MOKa3aju, 4YTO IIOJSIPHOCTh 3aBEpIIAIOIIEeT0 MMIIYJIbca IePEeKJIIOUYalollero CUrHaja 3amaeT
O1aronpUsITHbIE YCAOBMS VTSI CTAOMIM3AlMU B TUIEHKE JOMEHOB, TUITOJbHbBIA MOMEHT KOTOPbIX
COHaIpaBJIeH C MOJIIPHOCTBIO UMITYJIbCA, 1 MOCJIe BO30OHOBJIEHMST U3MEPEHUI TpeOyeTcs ToJie
OOobIIe BETMUIWHBI 1T NI3MEHEHUS TTOJISIPU3AllMA Ha TIPOTHBOIIOIOXHYIO.

KioueBbie clioBa: CErHETORJICKTPUK, STIUTAKCUATbHASI TETEPOCTPYKTYPA, MOJIIpU3allMOHHAs
YCTaJOCTh, OCTATOYHAs IMOJApU3alvd, HIMPKOHAT-TUTAHAT CBUHLIA
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Introduction

Thin-film ferroelectric capacitors attract considerable interest due to their wide range of appli-
cations. One such application is ferroelectric random access non-volatile memory (FeRAM),
combining the high speed of random-access memory with the ability to retain data when power is
switched off [1, 2]. In such devices, information is written by applying pulses of a certain polar-
ity: a negative pulse sets the memory cell to logic “0”, while a positive pulse sets it to logic “1”.
The key advantage of these devices lies in their material: ferroelectrics provide fast polarization
switching and non-volatile data storage without a constant power supply.

However, one of the main obstacles to commercialization of ferroelectric devices is polariza-
tion fatigue, i.e., a decrease in remanent polarization after a large number of write cycles. As a
result of fatigue, the states corresponding to logic “0” and “1” become less distinguishable.

This phenomenon has been the focus of much research, and several possible causes of polar-
ization fatigue have been proposed. According to [3], the main mechanisms involve inhibition of
domain nucleation and freezing of domain walls in the ferroelectric crystal. Beyond identifying
these mechanisms, many studies have analyzed such contributing factors as capacitor and elec-
trode materials [4—6], operating temperature [7], size effects [8], applied field parameters [9], and
others. Nevertheless, many fundamental and applied questions remain unresolved.

The goal of this work is to find an effective approach to extending the service life of ferroelec-
tric devices that would additionally provide insight into the mechanism of polarization fatigue.

Exploratory approach to the problem

The proposed approach to identifying the mechanism of polarization fatigue in the object
of study, a thin ferroelectric PZT film, is discussed here for the first time. Our objective was to
experimentally assess how the configuration of the writing pulse sequence affects the polariza-
tion properties of this film. To this end, a voltage was applied to the film in each write cycle as
a sequence consisting of two pairs of triangular pulses with positive and negative polarity. We
needed to determine how the coercive field and remanent polarization evolve over time under two
different pulse sequence configurations.
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In the first case, a pair of positive pulses was applied to the film first, followed by a pair of
negative pulses.

In the second case, the order of the pulse pairs was reversed.

Two parameters of the ferroelectric hysteresis loops recorded in each write cycle were moni-
tored: the magnitudes of the remanent polarization |P | and the coercive field [E |.

The remanent polarization P _is a vector quantity that retains its value in a ferroelectric capac-
itor after the electric field is removed; its change under repeated field application characterizes
the polarization fatigue of the material.

The coercive field E, corresponds to the electric field that must be applied to the crystal to
reverse the sign of the polarization.

Based on the measurement results, we plotted the positive and negative components of E_and P,
as functions of the number of write cycles for the different sequence configurations.

Analysis of the obtained dependences makes it possible to assess the effect of the pulse sequence
configuration on the processes occurring in the ferroelectric film.

Methods

Sample preparation. The object of study was an epitaxial PbZr .Ti ,O,/LaSr ,Mn O,
(PZT/LSMO) heterostructure grown on a SrTiO, (STO) substrate by pulsed laser deposition. The
PZT and LSMO layers (the latter serving as the bottom electrode) were 60 and 50 nm thick, respec-
tively. The fabrication procedure is described in more detail in [10], where it is given for a similar
sample. Gold electrodes 60 nm thick were deposited onto the film (Fig. 1,a). To improve adhesion
of the contact, a 4.8-nm chromium interlayer was deposited between the film and the electrodes.

Measurement details. The triangular pulses of the control field had an amplitude of £8 V and
a duration of 0.02 s. The choice of the triangular shape was dictated by the results in [11], where
such writing pulses were used for slow cycling at a very low frequency.

The measurements were performed in series of 50 write cycles with 2-minute pauses between
the series. The objective in the first stage of the study was to examine the polarization properties
of the ferroelectric film over a small number of switching cycles (on the order of 10° write cycles),
so as to focus on the film behavior in the absence of fatigue signs [3].

A ferroelectric hysteresis loop was recorded in each write cycle using the Sawyer—Tower
method [12]. This method consists in measuring the charge of a reference capacitor series-con-
nected to the sample. The measurement circuit was modified within the framework of the dou-
ble-wave method [13, 14] to eliminate the dielectric and conductive contributions, which would
otherwise distort the results. Fig. 1,b shows an example of a hysteresis loop recorded in each
cycle, along with the approach used to determine the parameters of the P, and E_ vectors.

The positive (E") and negative (£) components of the coercive field E, are defined as the
electric field at which the remanent polarization reaches half the value of the corresponding P,
components (P*and P").
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Fig. 1. Photograph of electrodes deposited on the film (a);
example of ferroelectric hysteresis loop measured in each write cycle (b);
P, P~ are the remanent polarization components; E*, E~are the coercive field components
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Results and discussion

Fig. 2 shows the coercive field components as functions of the number of write cycles N for
the two pulse sequence configurations. The vertical dashed line marks the point at which the
pulse sequence configuration was changed. The differences between the measurement series, each
consisting of 50 write cycles, are apparent from the plots. The coercive field components £ * and
E -~ change only slightly for both pulse sequence configurations during cyclic switching, whereas
jumps in |E| are observed after pauses between measurements. The amplitude of these jumps can
reach 10% or more of the initial values.

Analyzing the dependence |E |(N), we can conclude that the effect of the pulse sequence con-
figuration on £ manifests itself as a correlation between the polarity of the last applied pulse and
the amplitude of the jump in E, after a pause between measurements.

If the preceding measurement series ended with pulses of negative polarity, then the amplitude
of E " increased noticeably after the pause, while that of £~ decreased, and vice versa.
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Fig. 2. Coercive field components E_ as functions of the number
of write cycles for the two pulse sequence configurations
(the vertical dashed line marks the point at which the configuration was switched)
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Fig. 3. Remanent polarization components P, as functions of the number
of write cycles for the two pulse sequence configurations

Taking into account the physical meaning of the coercive field E, this observation can be
interpreted as follows: the polarity of the final writing pulse creates conditions under which
domains whose dipole moments are oriented along the pulse direction become stabilized in the
ferroelectric crystal.
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Fig. 3 shows the remanent polarization components P as functions of the number of write
cycles. As in Fig. 2, the experimental points belonging to individual measurement series are well
distinguishable, and the pauses between the series are accompanied mainly by minor drops in [P |.
However, unlike the dependence |E|(N), changing the pulse sequence configuration from “two
positive—two negative” to “two negative—two positive” has no qualitative effect on the behavior

of [P (M.
Conclusion

This study was conducted to evaluate how the configuration of switching pulses affects the
remanent polarization and coercive field in a thin epitaxial lead zirconate titanate film. The
analysis showed that the polarity of the final pulse applied to the film in a series of write cycles
influences the jump in |[E], creating favorable conditions for stabilizing domains whose dipole
moments are aligned with the pulse polarity. No correlations were found between the polarity of
this pulse and the sign of remanent polarization after the measurements were resumed.

We plan to further develop the approach proposed in this paper. One direction for future work
is to gradually bring the writing parameters closer to those used in practical data storage devices,
namely, by increasing the number of write cycles and reducing pulse duration.
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