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Nanoscale control of ferroelectric polarization and domain size in epitaxial
Pb(Zr 5 Tipg)O3 thin films
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We demonstrate that atomic force microscopy can be used to precisely manipulate individual sub-50
nm ferroelectric domains in ultrahigh density arrays on high-quality epitaxi@rpbliy gOs thin

films. Control of domain size was achieved by varying the strength and duration of the voltage
pulses used to polarize the material. Domain size was found to depend logarithmically upon the
writing time and linearly upon the writing voltage. All domains, including those written witl®0

ns pulses, remained completely stable for the 7 day duration of the experime200®American
Institute of Physics.[DOI: 10.1063/1.1388024

Increasing demand for ultrahigh densighd informa-  dence of domain switching behavior for domains as small as
tion storage has fueled significant interest in the use ofi0 nm, over eight orders of magnitude in writing time, down
atomic force microscopyAFM) for nanoscopic read/write to ~100 ns. We also discuss how different applied voltages
operations. General requirements of nonvolatile uhd memaoaffect the size of the polarized domains. Finally, we show
ries are fast operating times, small bit size, and long-terniull retention of polarization for all domains over a period of
data retention. Nonreversible AFM lithography by local oxi- 7 days(the running time of the experimentregardless of
dation and thermomechanical processes has been extensiv&iting time.
researched:® Solutions incorporating parallel processing  The tetragonal PZT films used in the study, with a Zr:Ti
have also been explored, increasing the scan range and spdétio of 1:4, were grown on metallic Nb-doped single crystal
of possible application$® A particularly appealing approach, (001) SrTiO; substrates by off-axis radio frequency magne-
allowing dynamic memory as well as data storage, is to loiron sputtering in an argon—oxygen flowr:O,=58:42) at
cally modify the reversible and nonvolatile polarization of 180 mTorr and at a substrate temperature-600 °C. X-ray
ferroelectric oxides with an AFM-generated electric figld? ~ analyses revealed monocrystalline growthcaitxis oriented
a technique recenﬂy extended to ferroe|ectriC/Si|iconPZT. Multlple orders of finite size effect peaks indicated h|gh
heterostructure® Detailed studies of domain switching be- duality crystallization and allowed precise measurement of
havior in these materials, focusing on domain size and stdilm thickness:® AFM measurements of sample topography
bility in relation to writing time, writing voltage, and the revealgd extremely flat and uniform surfaces over large ar-
shape of the AFM tip, are therefore important for the devel-88S, With a measured root-mean-square roughness3oh

opment of memory applications. Such studies would also ai@Ver & SumX5 um for typical films. High surface unifor-

in understanding the fundamental physics of domain dynamr-nity and crystallization quality are advantages for effective
ics in thin films. The perovskite REr,Ti, )O; (PZT), a writing and imaging of ferroelectric domains at uhd, where

stable compound with high remanent polarization, has bee_ﬂerturbation due to topographic defects could deteriorate the

widely recognized as an attractive candidate for memory apl_nteractlon between the tip and the nanofeatures written on

plications. Epitaxially grown monocrystalline films of this the sample.

material are particularly suitable for domain behavior studiest Alcqmrrlﬁrc;al AF'I\/' ‘f‘.de(; aml:_)|entTchond|t|or|1t§ wafs utsed
due to the uniformity of their switching properties over the O polarize the Terroelectric domains. The resulting features

sample surfac&’ Although desirable long-term stability has were then imaged by exploiting the piezoeleciric response of

been found for standard 100 nm sized capacitors in 1000-,5:[-he material:* Writing times in the range from 250 ns to 3 s

thick films of related ferroelectric compountisstudies of were mve_stlgated for \_ertmg voltages between 6 and 12 V,
retention loss in sub-100 nm PZT domains using the AI:Mafter a uniformly polarized background was obtained by re-

approach, with the tip itself serving as a mobile top eIec-Fiel"ge\(/j scanning of the Jm> 10 um designated test area at
trode, present contradictory results. The extrapolation of First, the precise control of individual domaifisits) in a

ter’lnpgraf[t.ure d?petndencet.dattr;l for fegltamgl PZ-{Q gvr;ﬁ glVeﬁigh information density array was investigated. A series of
polarization retention estimates ot decades al' e qitfarant arrays was written throughout the background area
other groups report spontaneous reversal of polarization aftelin 2 10 v pulse applied for a range of writing times to
a few hqur§ , create each bit. Figure 1 shows a piezoelectric image of an
In this letter we demonstrate nanoscopic control of read} 1411 array at 4 Gbit cr? information density with an av-
write operations in uhd arrays, and report on the time deperlérage domain radius of 47 nm full width at half maximum
(FWHM), written with 3 ms voltage pulses. As seen, each bit
dElectronic mail: patrycja.paruch@physics.unige.ch is clearly defined with respect to the background level, and
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FIG. 1. Piezoelectric image of an %11 array, written at 4 Gbit ciit

information density with 10 V pulses applied for 3 ms. FIG. 3. A plot of domain radius as a function of writing time at 12 V.
Measurements taken with two different AFM tips are shown as triangles and
squares. Domain radius depends logarithmically on writing times down to

both rows and columns are precisely aligned, as emphasize¥ us and saturates at20 nm for shorter pulses. Circular points at 100 and

by the one-column shift in the structure. The domains at thé20 ns _indicate measured durations for nominal pulses of 250 aqd 350 ns,
lower edge of the scan were written with 8 35, 28 ms(3) respectwely._ The rms error fo_r the measurement wel%. The_ms_et

- oo ! shows two lines of domains written with the times and voltages indicated.
and 53 ms(1) from left to right. (The variation of domain  Domain radius varies linearly with the applied voltage.
size with writing time is discussed latefhe corresponding
topographic image is completely featureless. A second . i
10x10 array, written with 3 ms pulses at 6 Gbitciden-  Strongly suggest that an AFM approach, combined with par-
sity, showed that this process could be repeatably carried o€l Processing techniques, will allow the creation of fully
on any part of the uniformly polarized background area. Al-functional, dynamic uhd data storage systems in epitaxial
though single domains had previously been written ande€roelectric thin films. _ o
erased by an AFM tip®*° this work aimed to demonstrate We next studied the relation between the writing time
precision control and full reversibility of the process at in- @nd the radius OJ the resulting polarized domain, at a writing
formation densities comparable to those of uhd memories/oltage of 12 % As shown in Fig. 3, for experiments con-
We therefore centered the AFM tip sequentially on three choducted with two different AFM tips, the domain size can be
sen dots in the 6 Gbits i array[Fig. 2@], and applied a cqntrolled by_changlng the duration of .the volta}ge pqlse ap-
pulse of the opposite voltage-10 V) to erase the bitEFig. plled' to the tip, with a~300% change in domain radius in
2(b)] Subsequently, the bottom left domain was rewrittenth® time range from~20 us to ~1 s. With shorter pulses,
with the original 10 V pulsdFig. 2(c)], The center domain dovyn to 250 ns, a sa_turatlon level is r_e_ache_d at a domain
was then rewritten in the same fashion and the bottom leffadius 0f~20 nm. During such short writing times, tHeC
domain re-erased by the application of anothdl0 V pulse charactens_tlcs of our system playgd a large role, altering the
[Fig. 2(d)]. The surrounding domains were unaffected by thePulse pr_oﬁle. Subsequent analysis of the meas.ured pulses
writing process, indicating the absence of long-ranged@ve esnmgt_ed vglues of 100 and 120 ns, respectively, for the
“crosstalk” and making each bit individually accessible. The "ominal writing times of 250 and 350 ns shown on the
precision control demonstrated at uhd is also interesting i@raPh- We believe that the minimum domain radius observed
the light of previous studies which have shown that the conl these experiments is a limit imposed by the size of the
trol of the ferroelectric polarization achievable by an AFM AFM tips themselves, which have a 20-50 nm nominal ra-
can be extended over ten orders of magnitude in area and {4us of curvature. Above this saturation limit, the depen-

limited only by the size of the sampl&.These results dence of domain radius on time is logarithmic, possibly
linked to domain growth by electrically activated nucleation.

We also investigated the effect of varying the size of the
voltage pulse between 6 and 12 V, and observed a linear
dependence of domain radius on writing voltage. The depen-
dence of domain size on both writing voltage and writing
time is shown in the inset of Fig. 3: of the two lines, the first
is written at 100 ms, the second at 10 ms, with 12, 10, 8, and
6 V, respectively. We found the domains to be stable at all
voltages investigated.

Ultimately, it is this stability of written domains that is
crucial for nonvolatile ferroelectric memory applications. For
all the different writing times, we found a signal level over
one order of magnitude higher than the noise level. Domain
retention was investigated with repeated imaging over a 1
week period. During this time, no significant change was
observed in the domain size or signal level, even in the do-
FIG. 2. (a) Close-up of 6 Gbit cm? array written with 3 ms, 10 V pulses. mains written with the shortest-100 ng pulses. These re-

(b) Three domains were sequentially erased by the applicationldf V. ;15 confirm and complete our previous studies, which have
pulses.(c) Subsequently, the bottom left domain was rewritten with the - e
original 3 ms, 10 V pulsed) The center domain was then rewritten, and the demonstrated, for comparable PZT thin films, the Stab'“ty of

bottom left domain was re-erased. micrometer sized written domains ovefl month, and under
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