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ABSTRACT

Scanning force microscopy (SFM) was applied to direct nanoscale investigation of the
mechanism of retention loss in ferroelectric thin films. Expesiments were conducted by
performing local polarization reversal within an individual grain with subsequent imaging of a
resulting domain structurs at various time intervals. A conductive SFM tip wes used for domain
switching and imagirg in the SFM piezoresponse mode.

INTRODUCTION

Commercial application of ferroelectric Slms is hincered by the degradation effects which
limit the lifetime and reliability of ferrocelectric-based devices [!1). Numercus efforts have besa
undertaken ‘o better understand toe physica! mechanisms of these eZfects and reduce degradation
propertics of ferroelectric layers. However, these macroscopic studies focus on controlling
integral parame‘ers of ferroelectric capacitors ané <o not provide informatior. on the exact nature
of complex domain configurations and their evolution under and in the gbsence of an external
field. In this respect, appiication of high resciution technigues such 2s scanning force microscopy
(SFM) in conjunctior with conventional elec'rical measvrements may provide an opportunity to
achieve a unigue insight inte the real physica. processes which occur in ferrcelectric thin films.
Recently, it was shown that STM is a well-suited technique both for imaging and for control of
domain structures in ferroslectric thin films 23 the nanometer scziz [2-51. In this article, we report
on SFM stadies of the mechanism of polarization retenteon loss in Terroelecic fims vie the direct
observarion of their fomain structares.

ERIMENT

The prirciple of domain observation in the STM piezoresponse mode was described in detail
elsewhere [2,4]. In brief, it is based on the detection of tre iocal eieciromechanical vibration of the
ferroelectric sample caused by an external ac voltage applied through the concuctive tip. The
voltage with a frequency @, cavses 2 film vibration with the same frequency cue to the converse
niezoelectric effect. The modulated ceflection signal from the canziever is detected using the lock-
in technique. The phase of the vibration signa! cerends on te sign of e tlezoeiecTic cecefiicient
and polarization direction. This means that regions with opoosits orleniziion of nolarization
shouic zppear as regions of different contrast in Q1e piezorespense imags.

RESULTS

Figures 1(3) and (b) show simulianeously acquired togegrapiic and piezorcsponsg images ofa
PB(Zre.2Tin g)0O3 film deposited on the Lag 58rp sCoO3/PYTIN/SI substrats (PZT/LSCO film) by
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laser ablation. The :orographic image reveals ta
morphological fzatumes. On I 7 ng o czs
piezoelectric constante and nolasives epneer 2 drigh and laz s2zioms. Variation of contrast in the
piezoresponse imag2 refacts e pernlexin - ' Zomains in the film. From
comparison of surface morphciozy with the siezoreidonse image g strong offect of the fim
crystallinity or the domszin arranzement can de seen: ofien coziains ars iimited by the grain
boundaries. This Is 11 conrast w reported in 757, wihere almmost no correlation was
found between dormain axd crystaiiite structures in 2 sol-ge. Pb(Zry 13Tig.47)03 film on the RuO2
eiectrode. A probiem of micrastructure-domain corrslation in Z2rroelectric thin films is one of the
important issues which caa de addressed using SFM. Froxm phase mexnitoring of the film
vibration, it was concluded that in the cerk areas of ths »lszoresporse image (Fig. 1(b))
polarization vector is oriented upwards (negative poierization state), w.oie In the bright regions it
is oriented downwards (positive rolarization state). Possitle reascns for the gray contrast in the
piezoresponse image 2 discussed elsewhere 51

Recently, it heos been demonstrated that a conductive proding tin 'n the contact raoce can be
used not only for domaln visualizaten tut 2lso for medification of fae orizinal domain structure
[2-5]. By applying 2 small dc veltage Setween the tip and betom elecirode an electric fieid of
several hundred Xkilovolis per centmeier can be generated, wiich is high erougt to induce local
polarization reversa in most ferrcelectrics. In our experiment, the »roding tip was positioned at
the center of negazively nelarized grain ! in Fig. 1(a)}, and after a 5 V, 200 ms voitage pulse was
applied to this grain, the piezoresponse irrage was acquired again. From Fig. 1(c), it can be seen
that the grain, aout 00 nm in size, exhibits a reversed contras: compared to that in Fig. 1(b),
whica is an indicaticn of 180° polarization reversa® occwring urder the de voltage.
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PR I mage
It should e emprest

' i devends essentially on the
parameters of the swiiching

: Twse widta, partial switching of the

2

grain can be accomplished: 3C =3 voitage pulse to grair 2 (Fig. 1(a))
: z g ccess of domain transformations

resulted in producing cf a reversed <omzin as small as 20 nm iz diemeter, which appears as 2
switching in such & smell ares can provide an in e
within ap individual grain eac can help o exolore the comizlation detween the INacroscopic

-

darX spot in the piezoreszonse image of grain 2 (Fig. 1/e)y, STM ahility to induce and detect

switching characteristics of farroelectric capacitors and elemertary switching mechanisms. From

g

comparison of Figs. 1(b) and 1(c}, nlease 2ot a7 the imuging nrocess.itself does not affect the
existing domair. stracture as ke oiher grains are still ir thei- criginal nolarization states. This fact

1,

supports the staternent that the SFM plezoresaonse mads oo 3z used as a mondestructive method
for domain viswalizatior in ferresleciric s, Measursment o fae piezerssponse signal as a
function of a ce poling voltage appiiec to grain 1 saowed its clesr ferroelectric hysteresis
behaviour (Fig. 1(d)) which is another evidence for “he nanoccale ferzoelectric switching
occurring in the film.

Oue of the most serious degracation effects in ferroelectric films is the spontaneous reversal
of polarization leading to a progressive loss of remnart polarization [7,8]. This pheromenor,
referred to as 2 retention loss, mits the functiorality of the farroeleciric capacitor as a memory
storage clement. Direct observation of tims evoluiior of domain stractore ailows one to clarify the
mechanism of retention loss in ferroelectric £ims.

Figure 2. Retention exparimen's lustratng the rele ¢f grain boundaries in stabilizing the
switcheC polarization state. Flezcresponse images were ohfained at &ifferent time intervals on
diffezent grain locetions in 2 PZTLSCO £, Crain center: {a) Topographic image with the
white cross indicating e 2 nositon Curing de veltage applicator in the grain center; (b)
immediately after d¢ peling (5 V, 50 ms); 7c) § min aer seling: Grain adge: (E) -opographic
image with the whits cross indic

: lel Toqed = ! NS T -1
%o rositon €uring do veltage applcation near the
grain edge; (2} immediakly al o)
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Ar important factor inflrencing the retentioz chzracreristics of the ferroelectric capacitor is
the effect of grain bourndaries and other internal interfaces. This efect was studied by
accomplishing local swixhing in diferent areas of ar :ndividual grain: namely, in the center of the
grain and near iis edge. The tip was put at the Dositions marked by crosses in the topographic
images in Figs. 2{2) and 272) zrd 2 sing ! L33 was aprilec ‘o each of these areas. The
puise width was chossz $0 as 0 induce nariial switching of the gran. Subsequently,
piezoresponse images c¥ the grain were recorded ot various time intervals thus providing
information about time evoliton of the Comain structure afier the switching. When partial
switching is induced well wit’n the grair by applying the suise to the grain center (Fig. 2(a)), the
reversed domain, less than 20 nm in size, is unstable and reverts back to the initial polarization
direction within 10 minutes (Figs. 2(b, ¢)). This spontzneous backswiiching can -2 atuributed to
the presence of an interzal dias created by the trapped charge carriers, which makes the original
domain configuration advantageous over the switched one. It should be noted that a reversed
comain in the grain cenier disappeared within 10 minutes regardless of the number of SEM
snapshots taken duripg this period, i.e. the imaging process has a'most no efect on the
characteristic time of comair back switching, whick stgges:s that the imaging voltage does not
enharce the polarization decay. On the other hand, when tte tip is moved closer to the grain
boundary, the reversed domain generated thers (Fig. 202)) s stzdilized by the boundary, such that
it does not switch back to its original state for a: ieast 1 hour (Fig, 2/f;). This effect is a direct
evidence for the rcle played by grain bounderies in ¢'~ilizing ‘re switched polarization state.
Further studies are imperative to clarify the mechanism of domain stebilization and to deconvolve
the effects of the grain bovndaries and the domain boundaries or zetention characteristics.

-y

Figure 3. Retertion !oss Cynamics observed in a2 PZT/LSCO Slm: (2} ‘cpographic image

with the wnits ¢ross indicating the tin position during de woltage applicazZen; (5] ofiginal
e : R : . I 2 Ta . fALS =3
domain structure; 7} domain structure immadiately aTter de poling {6V, 200 ms)y; (-9 domzin

structures appearing alter the oo dand 2 razidme inszovals: {4 4
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