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Scaling effect on statistical behavior of switching parameters
of ferroelectric capacitors

Alexei Gruverman®
Frontier Science Laboratories, Sony Corporation, 134 Goudo-cho, Hodogaya-ku,
Yokohama 240-0005, Japan

(Received 18 May 1999; accepted for publication 11 July 1999

Scanning force microscopySFM) has been used to study nanoscale variations in switching
parameters in layered perovskite films of STB,Oy and to investigate the effect of capacitor
scaling on the standard deviation of the capacitors’ integral polarization signal. Ferroelectric poling
and SFM piezoresponse imaging were performed in a number of regions on the film surface sized
2x2,1x1, 0.5<0.5, and 0.% 0.3um? with subsequent statistical analysis of the obtained data. It
has been found that variations of the polarization signal can be approximated by the normal
distribution function. The standard deviation increases with the decrease in the capacitor size,
suggesting a stronger effect of grain misalignment in smaller capacitors. The obtained results imply
that reliable high-density ferroelectric memories cannot be realized unless a certain capacitor size/
grain size ratio is maintained. @999 American Institute of Physid$S0003-695(99)02236-4

Significant progress made recently in processing ferroelsewheré® In this study, the homogeneity of polarization
electric thin films and in their integration with Si-based tech-reversal in SrBiTa,O4 (SBT) thin films was examined at
nology has brought closer the implementation of a new gennanoscale by means of piezoresponse SFM in order to assess
eration of memory devices: nonvolatile ferroelectric randomthe scaling effect on variation in switching parameters of
access memorigsThe fundamental problem in developing submicrometer ferroelectric capacitors. It should be noted
high-density ferroelectric memories is the ability to scale cathat we will consider no other effect on the polarization
pacitors to the submicrometer range and to maintain uniforswitching signal except that of the inhomogeneity of the
mity of their properties. The scaling problem was recentlyfilms, i.e., grain misalignment and secondary phases of SBT.
addressed by reports on formation and testing of nanoscale The SBT films were prepared by spinning a precursor
ferroelectric capacitors using layered perovskite fifms. solution (Sr/Bi/Ta=0.8/2.2/2.0) on silicon wafers with a
Electrical characterization of 0x70.7 um? capacitor arrays thermal 300-nm-thick Si@layer and sputtered layers of Ti
fabricated by means of conventional submicron lithography25 nm and Pt(180 nm. The spinned-on layers were heat
(Amanuma, Kunio, and Cuchiafoand self-assembled ar- treated at 250 °C for 7 min and then crystallized using RTA
rays of 0.2<0.2um? capacitors(Alexe et al®) showed rea- at 760 °C for 30 s. A postannealing process, which was per-
sonably good hysteresis loops. However, since a number gbrmed for 1 h at 800 °C in @ produced 170-nm-thick SBT
nanocapacitors had contributed to the measured polarizatiafims. Well-shaped hysteresis loops were obtained using Pt
signals, the switching performance of each individual capacitop electrodes. Remanent polarizatio®,2and coercive field
tor remained unchecked. Meanwhile, application of piezoreg_ were found to be 2@.C/cn? and 43 kV/cm, respectively,
sponse scanning force microscopy to the electrical charactefor an applied voltage of 5 V.
ization of individual nanocapacitors revealed remarkable |n the present study, a commercial force microscope PSI
variations in their switching parametérapparently due to  Autoprobe CP was used. The SFM experimental procedure
the inhomogeneity of polycrystalline thin films at the nanos-for investigation of the scaling effect on variation of switch-
cale level. This effect may have a profound impact on theng parameters was as follows. We performed ferroelectric
functionality of high-density memory devices: the variation poling (this procedure involved scanning a selected region of
of film properties at nanoscale could cause a reduced signghe film without the top electrode with the conductive SFM
difference between the two logic states of a ferroelectriqip held under a dc biasand piezoresponse imaging of a
nanocapacitor which would lead to its failure as a memory,ymper of regions on the film surface ofx2, 1x1, 0.5
element. Therefore, it is critically important to assess, on a«(.5, and 0.% 0.3um? in size (more than 30 regions of
submicrometer level, the effect of film crystallinity on the gach sizpwith subsequent histogram analysis of the result-
switching behavior of ferroelectric films. An approach, ide-ing piezoresponse images using tENMAGE 2.5.1 image
ally suited to this purpose, is direct study of electrically in- processing program. After this, statistical treatment of the
duced domain transformations by means of scanning forcgptained data was carried out. An ac voltage with an ampli-

microscopy (SFM), which offers nondestructive high- ,de of 3.2 V and a frequency of 10 kHz was used for do-
resolution imaging of domain patterns in ferroelectric thin ,ain imaging.

films. Principles of piezoresponse SFM and recent advances  prgliminary SFM studies of polarization reversal in SBT
in its application to nanoscale characterization of domaifyims at nanoscale have already shown significant variations
structures in ferroelectric thin films have been highlighted hysteresis loop parameters from grain to grain as well as
variations of domain contrast within the poled regiéris!
3Electronic mail: Alexei.Gruverman@jp.sony.com It has been suggested that this effect is primarily due to ran-
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FIG. 1. Ferroelectric switching in the SBT film by means of SFd FIG. 3. Distribution of the integral polarization signdj,, for 0.3x 0.3 and

. ) . ' 5 0
piezoresponse image shovymg a polanz@gz,um region at t‘he center 52 wm? capacitors. Th@;,, values are expressed as fractions of the maxi-
produced by scanning the tip under a dc bias. Black lines indicate positions

) o ) ax
of grain boundaries(b) Typical hysteresis loops observed in differently mum theoretical polarization sign&ly™.
oriented grains(1) a-oriented grain and2) randomly oriented grain.

of the piezoresponse signal within the poled region.

domly oriented grains, although it may be also affected by _Generally, a digital piezoresponse image our case of
the presence of secondary nonferroelectric SBT phases. Fig26x 256 pixel$ represents a two-dimensional map of the
ure 1 shows a typical piezoresponse image of the SBT fil Ight intensity which at ea_ch point corre;ponds_to _the first
after poling and nanoscale hysteresis loops obtained frofi2rmonic signal s (local piezoresponse signalrhis signal
differently oriented grains. Obviously, these nanoscale variac@n be expressed &g.=kAcos¢, wherek is a calibration
tions of local switching parameters, being averaged over thgonstantAis the vibration amplitude of the film and cgss
capacitor area, do not seriously affect the uniformity ofthe phase dlffere_nce_ betvyeen the first harm_onlc signal and an
switching parameters of relatively large capacitors100  €Xternal modulationimaging voltageV applied across the
wm?). However, with the decrease in the capacitor size thé"_m- The_v!bratlon amphtud_e is d_etermlned by the piezoelec-
specific contribution of each grain to the capacitor's polar-tric coefficientdss and the imaging voltageA=dgsV. In a
ization signal increases. While it is difficult to say how the monodomain ferroelectn.c, the.plezoelgctrlc coefficient can
coercive voltage of a given capacitor will be influenced byP€ expressed as a function of its polarization

varia_tions in th_e coercive voltages o_f diff_ere_nt grains, it is das=2Q4,€€,P, 1)
possible to estimate the effect of grain misalignment on the

capacitor's polarization signal by analyzing the distributionwhere Qq; is the electrostriction coefficient, which only
weakly depends on external parameters, ailthe dielec-
tric constant(the validity of this relation for SBT thin films
was confirmed by Kholkin, Brooks, and Setfer Therefore,

at each point, or pixel, of the piezoresponse image the piezo-
response signdl, is proportional to the normal component
of the local polarization. Finally, the integral polarization
signal from a poled region, which is proportional to the rem-
anent polarization of a capacitor of the corresponding size,
can be found by summing up the piezoresponse signals

of all the pixels comprised in this region.

To improve the method of evaluating capacitor switch-
ing performance, we suggest that the same area of the film is
poled in opposite directions by applying opposite voltage
biases to the probing tip with subsequent differential analysis
of the resulting piezoresponse imadéays. 4a) and 2b)].
During differential analysis, two images of the same area,
those of positively and negatively polarized film, are com-
pared so as to produce a differential piezoresponse image
[Fig. 2(c)] where a signal at each pixel is defined &,
=I§rs—lgrs, so that the best switchable regions appear with
maximum intensity(bright) and the nonswitchable regions
exhibit the lowest intensitydark). Generally, theAl s signal
at each pixel of the differential image is proportional to the
Hegree of switchable local polarization

difference

*

FIG. 2. Piezoresponse images of a sol-gel SBT film after its central part o
1x1 uwm?was poled by applying a negativa) and positive(b) bias of 6 V;

(c) differential piezoresponse image. Areas of maximum intensity are the It - +_p-
best switchable regions, while areas of low intensity within the central Alprs IP’S IP’S 2VQueeo(P—P7), @

bright square are barely switchablel) histogram of the differential piezo- whereP* and P~ are normal components of the local po-
response image showing a distribution of the number of pixelsAdgr

value. The largenl , value corresponds to the higher degree of switchableIarizaﬁc’_r| for a positively and _negatively _polariz_ed r_egion,
polarization. respectively. Histogram analysis of the differential piezore-
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requirement ofr<0.025, all capacitors should incorporate at
least 1500 grains and the average grain size in this case must
not exceed 6.5 10" * um? (about 25 nm in linear sizePlots
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Fo.12 @ / 02003 of the average grain size against the capacitor size for differ-
E’ » 'g,o—z., . 5 ] ent values ofo- are shown in Fig. é). So, from statistical
po.08 e / analysis of the integral polarization signal, it is apparent that,
50.04, : , 510'3 - : in order to provide high uniformity of §yvitching prppertie;,
@ e e R B p nanoscale SBT capacitors should utilize films with grains

O 755 10,; 1 0 700 much finer than several hundred nanometarsateral sizé.
capacitor size, um’” capacitor size, pm* The grain size can be estimated from the capacitor size/grain

FIG. 4. (a) Capacitor size dependence of the standard deviation for the sP/%€ ratio for_an acceptabl_e Va_llue of[Fig. 4b)]. _AIthQUQh .

film (the average grain size is about 0.047); (b) average grain size vs the assumption of no grain size effect on grain orientation

capacitor size for different values of. may not seem quite realistic, it may serve as a first approxi-
mation for evaluation of the scaling effect on homogeneity of

: L e . switching parameters of nanoscale capacitors.
sponse image reveals a quantitative distribution of pixels per . . ; . .
In conclusion, using the piezoresponse SFM imaging

Alprsvalue[Flg: Ad)]. BY |nt.egrat'|ng the histogram d'ata, the method, the scaling effect on variation of integral polariza-
integral SW'tCh'r.'g pqlarlzatlon S'gn@im for a ca p_acnor of tion signal from nanoscale StHia,O4 capacitors has been
;hoetec?rzgsfh?gdrlr?gthsézea(I:IG(‘) Cvgeor?esztlg aé?(?:iugelsr;milz) (:]r;a\r,'vtitt%nalyzed. Differential piezoresponse imaging was suggested
inned domains from the estimation of tRe. value gs well h?or improving the estimation method. It has been found that
b it variations in the integral polarization signal for the capaci-

as regions with nonferroelectric structure. The distributions,[OrS in the range from 0:80.3 to 2x 2 um? in size can be

of the integral polarization signals for capacitors of a specn‘lca proximated by the normal distribution function. The stan-

size were analyzed using standard statistical methods. To h ard deviation of the signal increases with a decrease in the

able to compare data for capacitors of different sizes, polar- . . . .
apacitor size following a power law dependence. It is sug-

ization signals for capacitors of a given size were normalizeé: . . . - ;
with respgect o theirpmaximum tgrlleoretical val@@™ per gested that for implementation of high-density nonvolatile
t

. ) . . ferroelectric memories a certain capacitor size/grain size ra-
unit area(The maximum theoretical value &, is thatofa . L . . ‘ ;
. . . ; , tio should be maintained to provide high uniformity of
capacitor with perfectha-oriented uniform SBT film o . . .
o . o ) switching properties of nanoscale capacitors. Another option
Distributions of the integral polarization signal for 2 o T
2 . - would be to use epitaxial monocrystalline films.
X2, and 0.X0.3um" capacitors are shown in Fig. 3. It has
been found that the distributions can be well approximated The author would like to thank K. Hironaka of the
by the normal distribution function. A parameter of particu- FeRAM project, Sony Corporation, for providing SBT
lar importance here is the standard deviatisnas it indi-  samples for this study and Dr. M. Itabashi, Frontier Science
cates the degree of inhomogeneity of the switching propertaboratories, Sony Corporation, for useful discussions.
ties of the capacitors. From the insets in Fig. 3 it can be seen
that the standard deviation increases with the decrease in thgsee, for example, Integr. Ferroelecd, 22 (1998.
capacitor sizew is 0.053 for 2x 2 ,umz capacitors while it is 2K. Amanuma, T. Kunio, and J. Cuchiaro, Mater. Res. Soc. Symp. Proc.
P 5 . Th dard deviati ¢ ,433 85 (1996.
0.141 0T 0.3<0.3um papapltors. € ‘Q_’tan ard deviation of sy Alexe, J. F. Scott, C. Curran, N. D. Zakharov, D. Hesse, and A.
Pint @gainst the capacitor size can be fitted by the power law Pignolet, Appl. Phys. Lett73, 1592(1998.
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the other hand, the mean value of the integral polarization E’S'ﬂzget' N. D. Zakharov, and D. Hesse, Integr. Ferroelétirbe pub-
signal i.S almost the same for capacitors of all sizes and i A Gruverman, 0. Auciello, and H. Tokumoto, Annu. Rev. Mater. S8i.
approximately 0.6B]0. 101 (1998; O. Auciello, A. Gruverman, H. Tokumoto, S. A. Prakash, S.
Obviously, the Standard deviation Qﬁm is Strong'y af_ Aggarwal, and R. Ramesh, MRS Buli3, 33 (1998; A. Gruverman, O.

. _ . - _ Auciello, and H. Tokumoto, Integr. Ferroelect, 49 (1998.
fected by theA. /Agf ratio (A.-capacitor SlzeAgf average 5T. Hidaka, T. Maruyama, |. Sakai, M. Saitoh, L. A. Wills, R. Hiskes, S. A.

grain size ‘_’Vhi(fh' simply spe_aking, ShOWS_ the average num- picarolis, and J. Amano, Integr. Ferroeled, 319 (1997.
ber of grains incorporated into a capacitor. Given that the’T. Tybell, C. H. Ahn, and J.-M. Triscone, Appl. Phys. Lef2, 1454
average grain size in our SBT film sample is about Qu6#, 8(61992’3- 3. H. Fendl 4 S, Troler-MeKinstv. 3. Aopl. b
this ratio will be 2.25 for the 0.8 0.3 um? capacitor and 100 7480?‘13;) + H. Fendler, and S. Troiler-McKinstry, J. Appl. PI§.
for the 2x2 um? capacitor. Assuming that the orientation °a. Gruverman and H. Tokumoto, Proceedings of the 11th International
distribution of grains is not affected by a change in the av- Symposium on Applications of Ferroelectrics, Montreux, Switzerland,
erage grain size, it is possible to estimate the number of 24~28 August, 1998unpublished
i hich a capacitor of a given size should incorporate in A Gruverman and V. lkeda, Jpn. J. Appl. Phys., PaB2L939 (1998.
grains which a cap rag porate Inic b Gutleben, Mater. Res. Soc. Symp. P83 109 (1996).
order to maintain a certain value of the standard deviationi?a. L. Kholkin, K. G. Brooks, and N. Setter, Appl. Phys. Lefl, 2044
For example, from Fig. @) it can be found that the standard  (1997.
deviationo of 0.0252 can be achieved only for the Qﬂnz BThe standard deviation=0.025 implies that 99.994% of all capacitors

. i . . have the integral polarization signal which differs by 10% from the mean
capacitor(A. /A, ratio is about 150D For a _hlgh—densny_ Fe P...in either direction.
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