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A piezoresponse technique based on scanning force micro$86i) has been used for studying
domain structure in ferroelectric thin films. Studies were performed ¢ari,_,)O5(PZT) thin

films produced by a sol—gel method. The piezoresponse images of the PZT films were taken before
and after inducing polarization in the films by applying a direct current voltage between the bottom
electrode and the SFM tip. Polarization induced patterns were written with 20 V pulses and
subsequently imaged by the SFM piezoresponse technique. The effect of the film structure on the
imaging resolution of domains is discussed. 1©96 American Vacuum Society.

[. INTRODUCTION comparing the switching behavior in ferroelectric films pro-
duced by different techniques and to clarify the effect of the
film structure on the imaging resolution, which can be
Achieved during SFM visualization of ferroelectric domains.
: i 1O¥A addition, the work described here demonstrates the appli-
ever, some problems, spc_h as elect_rlcal degrad_atlon, fatlgL{:‘?’:\biIity of the SFM method for writing and imaging complex
and aging, so far have Ilmlted t_he wide application qf ferro_domain patterns in a micrometer scale.
electrics in microelectronic devices. Although the fatigue ef-
fegt can be prgctlcally ellmlrjated in _ferro_electrlc capacnors”_ EXPERIMENTAL APPROACH
using appropriate electrod&s: work is still necessary to
better understand this phenomenon. The currently available A commercial force microscopéSeiko Instruments SPA
data indicate that control of domain structure is critical to300 was used in this study. To apply an external field we
achieving the optimal physical properties of ferroelectric thinused a standard gold coatedMj cantilever(Olympus Opt.
films.*5 In this article we describe the use of scanning forcelnC.) with a spring constant 0.09 N/m, a resonant frequency
microscopy(SFM) for the investigation of the domain struc- Of 36 kHz, and an integrated tip of about 50 nm in diameter.
ture in PRZr, Ti, _,)O4(PZT) thin films. Experiments were carried out using two samples involving
SFM was successfully applied for the visualization andPb(Zross Tio.47Os ferroelectric layers. Two capacitor struc-
control of domain structure in ferroelectric crystals of gado-tures were produced:

. . 6 - . . .
linium molxliéjate, guanidinium alumlnugwll sulphate (1) A PY/0.8 um PZT/Pt heterostructure, hereafter desig-
hexahydraté ™ and triglycine sulphatdTGS).>** An ad- nated as PZT-0.8, fabricated on(200) MgO substrate,

vantage of the SFM technique over other well-known meth- \yhere the Pt bottom and top electrodes were synthesized
ods, such as scanning electron microscopy, optical polarizing using an ion-beam sputter-deposition methahd the

microscopy, and surface decoration technitfuis, that SFM PZT layer was produced using a sol—gel processing
combines high spatial resolutibhwith the ability to yield technique.

data fr.om the analysis of samples in ambient envi_ronmen@z) A Ru0,/0.18 um PZT/RuQ heterostructure fabricated
and without the need for special sample preparation. Re- 4, 4 SiQ/Si substrate, hereafter designated PZT-0.18,

cently, Frankeet al. reported the use of scanning force mi- where the electrodes and PZT layers were produced us-
croscopy for the detection and modification of domains in ing the same techniques as for the PZT-0.8 capacitor.
ferroelectric PZT thin films prepared by sputter depositidn.

In the work reported in this article, a similar technique, based It is well known that the application of a voltage pulse to
on the piezoelectric modulation of a ferroelectric layer, wasthe PZT film results in a change of its thickness. The SFM
used to study the domain structure in PZT films produced bymaging method is based on the detection of the film vibra-
a sol—gel technique. This work provided the opportunity oftion caused by the external ac field applied to the film

through the SFM tip. Due to the strong coupling forces be-

a0n leave from the Institute of Physics and Applied Mathematics, Ural StatdWeen the tip and sample su_rface, WhiCh are kept Cons_tant by
University, Ekaterinburg 620083, Russia. the feedback loop, the cantilever vibrates together with the

Ferroelectric materials in thin layer form are being inten-
sively investigated for application to many advanced device
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film, following the surface oscillationS''* The deflection
signal from the cantilever is detected by a lock-in amplifier,
which output signal provides information about the change
in the film thickness at any instant of the film vibration.
Moreover, the phase of the output signal depends on the sign
of the piezoelectric coefficienand therefore on the polar-
ization direction and reverses when the coefficient is oppo-
site. As a result, the regions with opposite orientation of
polarization can be imaged without being influenced by to-
pographical roughness. In the present experiment, the PZT
film was imaged by applying a small ac voltage with angec. 1. simultaneously obtained topograpki and piezoresponsi) im-
amplitude of 1-3 V and a frequency of 5 kHz between theages of the PZT film with a scanning area of 8%5 um? The polarized
SEFM tip and the bottom Pt electrode. A number of dc volt- region,_produceq by app_lying a positiv_e voltage of 20 V for 1 min, appears
. . . . as a bright spot in the piezoresponse iménge
ages of various amplitudes and polarities were applied to the
films through the SFM tip to induce the local polarization of
the film. The voltage applied to the film depends essentially
on the tip—sample distance, so the tip was kept in gentléaneously after the central part was polarized with a positive
mechanical contact with the surface to provide the maximunvoltage pulse of 20 V applied for 1 min by the fixed SFM tip.
strain signal during the measurements. In this way the topogFhe topography image reveals quite a rough surface with a
raphy image of the film surface was taken together with théopography variation of about 20 nm. The applied field
domain imaging. showed almost no effect on the topography image, whereas a
The ac electric field with a frequencly causes a film result of the field application can be clearly seen in the pi-
vibration with the same frequency due to the piezoelectricezoresponse image. The polarized region in Fidp) Bp-
effect and with a frequencyf2due to electrostriction. The peared as a bright spot because of its high vibration ampli-
film response due to the piezoelectric effect prevails wherude (about 0.5 nmin phase with the applied electric field.
the polarization vector is normal to the film surface and doed he diameter of the polarized region is about 700 nm, sug-
not change its sign from grain to grain in the direction of thegesting that the electric field generated in the film by the tip
film thickness. The applied electric field compresses grainss effectively extended to an area greater than that corre-
with a given direction of polarization and expands grainssponding to the tip diametdgwhich is less than 100 nm
with opposite polarization. The amplitude and the phase oMechanical stresses, induced in the lateral direction during
the detected signal, integrated over the entire range of thée reorientation of domains underneath the tip, can also
film thickness, provide the information about the integralcause the partial polarization of the film outside the tip.
strain induced along the film thickness and about the direc- The field-time dependence of the size of the polarized
tion of the polarization, respectively. If all grains in the di- region, produced by the applied voltage, was measured to
rection over the film thickness are polarized randomly, thedetermine the threshold field and the lateral resolution limit
piezoelectric response cannot be observed, because the égt the polarization process. It was found that any noticeable
pansion of one grain, with polarization component along thepolarization can be produced only by voltage pulses of more
external field, will be compensated by the compression othan 10V, while lower voltages are not sufficiently high as to
another grain, with polarization component opposite to thepolarize the film. Long exposure to a suitable electric field
applied field. Therefore, only the strain which is proportionalresulted in the increase of the size of the polarized region to
to the square of the electric field, i.e., electrostrictive re-a saturation value of about 900 nm, which is of the order of
sponse, could be detected. If the applied ac field is higlthe film thickness.
enough to change the polarization direction in some grains, It is relevant to point out that the polarizing experiments
the signals from the domain reorientation will contribute tocan be more easily performed using a previously poled film.
the detected signal causing a phase shift and an increase Tine threshold voltage in this case is about 7 V. The smallest
the piezoelectric component of the integral response. stable domain of reversed polarity written by the fixed tip in
this case was about 200 nm in diamefardark spot in the
center of the bright area in Fig(&], which is much smaller
lll. RESULTS AND DISCUSSION than that in the nonpolarized film. This can be understood if
Analysis of the electric response of the film showed thatwe take into account that in the previously polarized film the
the as-processed film was in the nonpolar state, since thgolarization change mainly proceeds through 180 domain
response was of frequency ,2vhich can be associated with switching which does not involve a strain change and hence
electrostriction. No change in the piezoresponse image wadoes not affect the neighbors. Therefore, an effectively
observed after 30 min of scanning over the same area, whickmaller area is involved in the switching process.
indicates that the applied ac voltage of 3 V does not affect Particular attention was paid to the resolution power of
the polarization during the image acquisition. the SFM piezoresponse technique. A cross-section analysis
Figures 1a) and 1b) show topographic and piezore- of the polarized region in the PZT-0.8 sample revealed that
sponse images of the PZT-0.8 film, respectively, taken simulthe width of a transition region between the positive and
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Fic. 3. Three-dimensional image of a polarization-induced “PZT”" pattern
3.5 written in the PZT-0.8 film. A dark square of<# um? was produced by
(um) scanning the SFM tip while applying a positive 20 V pulse. The “PZT” film
character seen in the figure, produced by moving the SFM tip while apply-

Fic. 2. (a) Piezoresponse image of a PZT-0.8 film excited by voltage pulses|ng a negative 10 V signal, exhibit opposite piezoelectric coefficients and

of opposite polarities. A positive 25 V voltage, applied to the central part Ofopposne polar|t|es(p05|t|ve_and negat|ve_, respectivelyThe gray region
the film for 20 s, resulted in a bright spot of 900 nm in diameter, Corre_corresponds to a nonpolarized area, which does not show piezoelectric re-

. A >
sponding to a polarized area. An opposite domain, which appeared as a darRO"se: The scanning area is% um-.

spot of 300 nm in diameter, was subsequently written in by a negative 8 V
pulse applied for 3 g(b) Cross section along the line marked by arrows on
the piezoresponse image.

o
o

equivalent to the case of a single crystal where the resolution

negative domains was about 80 isee Fig. 2b)]. On the is mainly determined by the tip size, rather than by the in-
other hand, we have imageddomains in barium titanate trinsic width of the domain wall which can be of the size of
single crystal, using the same SFM piezoresponse techniquseveral lattice parameters.
with the resolution of 30 nm, which was of the order of the = Complex domain patterns can be written and imaged us-
tip radius®® Frankeet al. reported achieving a better than 10 ing the SFM piezoresponse technique. Figure 3 shows the
nm resolution when imaging a PZT film with columnar piezoresponse image of the PZT-0.8 film where a square area
structure using a tip smaller than 20 nm diaméteFhere-  of 4x4 um? was polarized by scanning the tip while apply-
fore, we conclude that the imaging resolution of 80 nming a positive 20 V excitation. Subsequently, a “PZT” do-
achieved for the PZT-0.8 film in the work reported here ismain pattern was written by the tip held under a negative 10
due to the intrinsic properties of the film and not due to theV dc pulse. The black area shown in Fig. 3 exhibits a posi-
resolution limit of the SFM piezoresponse technique itselftive piezoelectric constant and vibrates with relatively high
which can be as small as the tip radius. To confirm thisamplitude in phase with the applied ac field. On the other
hypothesis, we applied the SFM piezoresponse method to theand, the bright “PZT” region has a negative piezoelectric
PZT-0.18 film, where the domain structure similar to that inconstant and oscillates in counterphase with the ac field. The
Fig. 2(a) was written and subsequently imaged. In this casegray regions correspond to nonpolarized areas and do not
the transition width of the piezoresponse signal across thexhibit any piezoelectric response. A relevant aspect of the
domain boundary was found to be about 30 nm. data shown in Fig. 3 is that this polarization-induced pattern

In the film with columnar structure used in Ref. 14, with is stable, since no change was observed when imaging the
crystallites extended from one surface to the opposite one, same area about 10 h after the pattern was originally written.
situation of a single polarized crystallite could be easily re- Preliminary measurements have been performed to obtain
alized. In this case, the imaging resolution of a domain structhe d; piezoelectric constant of the polarized PZT film using
ture will correspond to that of topographical features. In thethe SFM technique. Values in the range of 70-%1Q0 2
case of the comparatively thick PZT-0.8 film studied herem/V have been measured, which are in a good agreement
there might be several grains in the direction of the filmwith values obtained by other methotisFurther work is
thickness, such that each grain in this direction, normal to theurrently underway to refine the measurements.
film surface, will be polarized differently with an applied In conclusion, a writing/imaging technique based on scan-
electric field. Therefore, it is difficult to produce a sharp ning force microscopy has been used for the study and con-
boundary between two polarized regions and as a result @ol of domain structure in ferroelectric thin films. Experi-
transition region on the piezoresponse image of the PZT-0.&hents involved studies of PZT thin filims of different
film will be more diffuse. On the other hand, we can expectthicknesses produced by a sol-gel method. Complex domain
a polarization reversal inside a single grain for the comparapatterns were written by applying a dc voltage and were
tively thin PZT-0.18 film, in which the single grain size is subsequently imaged by detecting the piezoelectric vibration
practically the same as the film thickness. This case i®f the surface induced by the ac electric field applied to the
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film through the SFM tip. The achieved imaging resolution *J.S. Speck, A. Seifert, W. Pompe, and R. Ramesh, J. Appl. FByd77
depends on the film thickness and it is limited down to the (1994 _ _

. . . SW. L. Warren, D. Dimos, B. A. Tuttle, R. D. Nasby, and G. E. Pike, Appl.
tip radius. The obtained results showed that the nanoscalePhys Lett.65, 1018(1994

s_tudy of ferroelectr_ic and pigzoelectric properties of_ thin s Saurenbach and B. D. Terris, Appl. Phys. L&8, 1703(1990.

films can be effectively provided by the SFM technique. "R. Luthi, H. Haefke, K.-P. Meyer, E. Meyer, L. Howald, and H.-J.
Work is in progress to obtain further data needed to under- Guntherodt, J. Appl. Phy§4, 7461(1993.

stand the domain formation dynamics in PZT thin films. 8R. Luthi, H. Haefke, W. Gutmannsbauer, E. Meyer, L. Howald, and H.-J.
Guntherodt, J. Vac. Sci. Technol. B, 2451(1994.

%0. V. Kolosov, A. L. Gruverman, J. Hatano, K. Takahashi, and H. Toku-
ACKNOWLEDGMENTS moto, Phys. Rev. Let74, 4309(1995.
The authors acknowledge fruitful discussions with Dr. K. A, L. Gruverman, O. V. Kolosov, J. Hatano, K. Takahashi, and H. Toku-
Takata and Dr. O. Kolosov. This work was supported by ngof';' Vac. Sci. Technol. B3, 1095(1995. .
.-K. Bae, T. Horiuchi, K. Hara, Y. Ishibashi, and K. Matsushige, Jpn. J.
NEDO, Japan and by ARPA, USA. One of the authors au; phys .33 1390(1994.
(O. A) thanks Dr. A. I. Kingon for facilitating the use of 12v. E. Lines and A. M. GlassPrinciples and Applications of Ferroelec-

sol—gel film synthesis facilities. trics and Related Material§Clarendon, Oxford, 19797
135G, Binnig, C. F. Quate, and Ch. Gerber, Phys. Rev. 1561.930(1986.

1 :
10. Auciello, K. D. Gifford, D. J. Lichtenwalner, R. Dat, H. N. Al-Shareef, “K. Franke, J. Besold, W. Haessler, and C. Seegebarth, Surf. Sci3Datt.

K. R. Bellur, and A. I. Kingon, Integrated Ferroele6t.173(1995. L283 (1994.

. . . 15 :
2R. Dat, D. J. Lichtenwalner, O. Auciello, and A. I. Kingon, Appl. Phys. A. L. Gruverman, O. Auciello, J. Hatano, and H. Tokumoto, presented at
Lett. 64, 2673(1994). the 8th European Meeting on Ferroelectricity, EMF8, Nijmegen, The
%R. Ramesh, O. Auciello, V. G. Keramidas, and R. [8tience and Tech- Netherlands, 1995.
nology of Electroceramic Thin Filmedited by O. Auciello and R. Waser,  *%J.-F. Li, D. D. Viehland, T. Tani, C. D. E. Lakeman, and D. A. Payne, J.
NATO/ARW Series(Kluwer, Academic, Dordrecht, 1994Vol. 284, p. 1. Appl. Phys.75, 442 (1994).

JVST B - Microelectronics and Nanometer Structures



	Scanning force microscopy for the study of domain structure in ferroelectric thin films
	

	tmp.1222286572.pdf.yGQDI

