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Spatial variation of ferroelectric properties in Pb (Zrp3, Tig7)O4 thin films
studied by atomic force microscopy

James A. Christman, Seung-Hyun Kim, Hiroshi Maiwa, Jon-Paul Maria,
Brian J. Rodriguez, Angus I. Kingon, and Robert J. Nemanich®
Department of Physics and Department of Materials Science and Engineering,
North Carolina State University, Raleigh, North Carolina 27695-8202

(Received 5 November 1999; accepted for publication 29 February) 2000

Imaging of the phase and magnitude of the piezoelectric strain(@rph Tig )05 (PZT) capacitors

is performed with an atomic force microscope. The imaging reveals a significant spatial dependence
of the ferroelectric properties of both fatigued and unfatigued PZT films. We propose that the
variation is related to the domain structure of the PZT. Through the measurement of local
piezoelectric hysteresis loops and imaging of the piezoelectric strain, areas are observed in fatigued
PZT that exhibit hysteresis loops shifted along the polarization axis. In some regions of fatigued
samples, the hysteresis loops are shifted such that both remanent points of the hysteresis curve have
the same polarization direction. These results have important implications for the scalability of
nonvolatile ferroelectric random access memory to higher device densitie2000 American

Institute of Physicq.S0021-897@0)09811-X

I. INTRODUCTION sured the “piezoresponse” of the fatigued region. Colla
et al® recently observed “ferroelectrically dead” regions in
One widely investigated application of ferroelectric ma-fatigued PZT. They employed AFM piezoelectric phase im-
terials is in nonvolatile ferroelectric random access memonaging at the remanent points of the hysteresis curve.
(NV-FRAM).}2 For this type of memory, the bit value is In this article we report the spatial variation of ferroelec-
represented by one of the two distinguishable remanent paric properties with submicron lateral resolution using an
larization states of a ferroelectric material in a capacitor conAFM piezoelectric measurement technique. We present the
figuration. Polarization fatigue is one mechanism that carfirst images of the piezoelectric phase and magnit{deg](,
cause bit failure in NV-FRAM based upon combined with local piezoelectric hysteresis{—E) loops
(PbZr,_,)TiO3 (PZT). As the PZT is repeatedly switched of both unfatigued and fatigued PZT. Note that the phase of
between polarization states, the magnitude of the switchablhe piezoelectric response is related to the polarization direc-
polarization decreases, or “fatigues.” tion in the ferroelectric materidlPhase images represent the
The spatial variation of ferroelectric properties, includ- polarization direction, while contrast in the amplitude images
ing polarization fatigue, becomes critical as the storage cashows the spatial variation ift;5. The local piezoelectric
pacitor in NV-FRAM decreases in lateral dimensions. If theloops provide previously unavailable information about the
ferroelectric properties of a material vary on a micron scalelocal properties of PZT.
then micron-sized capacitors would exhibit a significant
capacitor-to-capacitor variation in their electrical properties.
In fact, Gruverman has recently employed atomic force mi-|- EXPERIMENT

croscopy (AFM) to derive the variation of properties of In this study, measurements are performed with the
SrBi;Ta,0q films resulting from the random grain orienta- AFM tip in contact with a top electrode. Besides the previ-
tions, and discussed the implications for micron-scalepusly discussed advantages of this metHbthe top elec-
capacitors. trode allows the PZT to be fatigued by standard methods,
In the case of PZT, polarization hysteresB~E) mea-  and verification of the fatigue can be accomplished with
surements have been performed upon micron-sized PZ3tandard polarization measurements. Also, having a top elec-
capacitors;® but the statistical variation of the ferroelectric trode is relevant since the electrode material is a critical com-
properties has not been reported. Furthermore, Zaataddh® ponent of the fatigue proces!?
observed more variability in piezoelectric magnitude when  Piezoelectric measurements were performed in contact
measured by AFM as opposed to double beam interferommode using a commercially available AFEPSI M5) that
etry. Recently, AFM has been used to measure the spati@mployed conducting diamond tips. The experimental setup
variation of ferroelectric properties in fatigued PZT. Gruver-is an improved version of a previously described appar&tus.
manet al.” examined fatigue in a PZT sample using a con-The phase and amplitude of the piezoelectric response are
ducting AFM tip as the top electrode, and subsequently meaecorded using a dual-phase lock-in amplifiSR830. The
voltage applied to the ferroelectric capacitor structure is an
Author to whom correspondence should be addressed; electronic maifC VOltage with a dc offset. For all measurements reported
Robert Nemanich@ncsu.edu here, the ac signal is at 1 kHz with a constant amplitude of
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TABLE |. Comparison of macroscopic polarization measurements with
AFM piezoelectric measurements for unfatigued PZT. The percent devia-
tions are for 1 s.d. The positive remanent voltage is-"0and the negative
remanent voltage is “8.” The |dsg measurements are performed upon a
single electrode with the AFM by measuring ten points spaced mil
along a line. The polarization measurements are taken on ten separate elec

trodes 225um in diameter.
i 1um
Measurement Average % Deviation
da5(0+) 0.43 AV 23%
ds5(0-) 0.41 AV 18%
da3(0+)—da(0—) 0.84 Arv 16%
P(0+) 22.8 uClen? 1.9%
P(0-) 22.0 uClen? 2.3%
—P(0+)—P(0-) 44.8 uClen? 2.0%

I | o, oo, cegrocs

-180  -90 0 90 180

: _ : FIG. 1. Images of the piezoelectric constant for a 43% fatigued tetragonal
0.25Vrys. When measuringlss—E loops, the dc offset is PZT thin film. An image of the magnitude of the piezoelectric constant

stepped through computer control, and the lock-in Ou.tpUt%Jpper imageswas measured simultaneously with the phase image directly
are recorded by the same computer. Elg&—E hysteresis below it. The dc offset voltage applied during the measurement is under the

loop measurements the tip is stationary at a single point ofpwer left comer of thddsy| image. The piezoelectric phase for a capacitor
the surface of the electrode polarized with a positive voltagéon the top electrodewas experimentaly

The PZT films (Zr/Ti=30/70) were prepared by chemi- set to+90°.

cal solution deposition onto Pt/Sj@5i(111). *3 The films are

fully (111) oriented with a thickness of 200 nm and an av- i ) _ o
erage grain diameter of 100 nm. Circular Pt electrod@€0 Fatigued PZT capacitors also show a spatial variation of
nm thick and 225um in diameter were sputtered onto the |dsd- Images of the piezoelectric phase and magnitude of

PZT thin film samplesP—E measurements were performed fatigued PZT ‘are shown in Fig. 1. This particular PZT
with a Radiant Technologies RT-66A. sample was field cycled at an applied voltage of 5 V peak-
to-peak at 500 kHz for fcycles. After this treatment 43%

of the initial remanent polarization was lost. Piezoelectric
imaging was performed at four points on the hysteresis
To demonstrate the local variation of the ferroelectriccurve: at the saturation poinfs 5 V) and at the remanent
properties in unfatigued PZP—E measurements of capaci- points(both at 0 \J. The images labeled40 and 0- refer to
tors were compared to AFM piezoelectric measurementsghe positive and negative remanent points. The ithage
The distribution of polarization loops for the PZT sample was generated wit0 V applied to the capacitor after 5 V
was quantified by performingP—E measurements on ten was applied to the capacitor for several seconds. The 0
different electrodes. Table | shows the average values for thienage was similarly obtained after5 V was applied to the
positive remanent polarization value, negative remanentapacitor for several seconds.
value, and difference between the remanent values. It is seen For all applied dc voltages tHes images show repeat-
that the variability of the average remanent polarizationsable local contrast. This contrast in thess images exists
from capacitor to capacitor on the same wafer is small.  even though the corresponding phase images are uniform.
A similar measurement was performed upon a singleThis indicates that while all points of the area being scanned
electrode with the AFM by measuring tetys—E loops  are oscillating in phase with each other; the amplitude of the
spaced by 1um along a line. The average values for theoscillation is spatially dependent. Also, while there is no
positive remanentl;; value, negative remanent value, and correlation between local variation {4, and the topogra-
difference between the remanent values are also shown jphy of the sample, the local variation faf;5 could be due to
Table I. The variation of théds4 values is larger than the local variations in the polarization, the intrinsic contribution
variation of the macroscopic polarization values. The meaef the dielectric constant, and the electrostrictive constant,
sured spatial variation dfdsg is an indication of a spatial since these material parameters determine the magnitude of
variation of|ds5 values, and the distribution of a larger sta- the piezoelectric effect. It is important to emphasize that
tistical population is discussed later in the letter. The meaunfatigued films also exhibit local variations it , S0 hav-
surement technique has a precision of better thd8% and  ing contrast in thedsg images in Fig. 1 is not unique to
thus, the larger measured variation is statistically significantfatigued PZT films.
The AFM measurements reveal a local variation in the ferro-  The phase image in Fig. 1 measured-&& V shows a
electric properties of unfatigued PZT that is not observablghase shift of 180 ° relative to the5 V phase image, indi-
with P—E measurements upon large capacitors. This spatiatating that the polarization direction has been switched. The
variation is not likely to be due to second phases as none aglarization direction in both of these images is uniform. The
observed to the limit of detection by x-ray diffraction, and asphase image measured at 0/ appears nearly identical to
the phase images indicate all regions to be switching at théhat obtained at-5 V. Therefore, the polarization direction
resolution of the AFM. in the scanned area remains unchanged when the positive

IIl. RESULTS AND DISCUSSION
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measurements that can be performed with longer lock-in am-
plifier time constants. Note the variation in the locally mea-
sured piezoelectric hysteresis loops. Also, the negative rem-
anent points of eacll;s—E loop correspond to the value
expected from the location in the image where the loop was
measured. At the three points measured, the upper portions
of the hysteresis loops are spaced fairly closely; whereas the
lower portions of the hysteresis loops are spaced further
apart. These three loops exhibit similar switching character-
istics in the positive direction, whereas in the negative direc-
0.00 0.20 040 -180 0 180 tion, the switching in loofc) is severely inhibited. The re-
—{ 1um gion where curve(c) was obtained exhibits an upwardly
shifted hysteresis loop such that both remanent points show a
L positive polarization. Such an area still switches between po-
larization states; however, it would not be useful in memory
applications. In unfatigued PZT, we have never observed

0.5

0.25 [

] loops with both remanent points having the same polariza-
7y, tion direction.
V), O ] The spatial variation observed in the phase images of
d ] fatigued PZT is similar to that observed by Coka al®

However, the local piezoelectric hysteresis loop measure-
] ments shown here demonstrate that these regionscafer-
roelectrically dead. The polarization can still be switched

025 [

05 ! T T T N P between two distinct remanent values, so the areas are ferro-
-6 -4 -2 0 2 4 6 electric. The remanent points have the same polarization di-
Voltage (V) rection, so if only the remanent poin{6+) were imaged

. ) ) _ these areas would appear to be ferroelectrically dead. The
FIG. 2. Images of the magnitudkeft) and phaséright) of the piezoelectric . . . .
constant in an area showing contrast in the phase image. This is an image stervatlon of UPward shifts of the hyStere5|S |00pS in fa-
the negative remanent piezoelectric const@nt of a 43% fatigued PZT  tigued PZT are consistent with other recent measureniénts.
film. Below the images are piezoelectric hysteresis loop measurements at Each piezoelectric image contains 25856 data points,
three points on.the imaggs. The sign of the piezoelectric constant reflects t%d the histograms Corresponding to m% images in Fig.
phase of the piezoelectric response. ; . . -
1 are shown in Fig. 3. Histograms from images measured on
unfatigued PZT are also shown in Fig. 3. After fatigue there
voltage is removed. In the phase image measured-a¥Q is a consistent drop in the piezoelectric constant as can be
the phase is fairly uniform except for small areas where conseen by the shift of théds4 distributions to smaller values.
trast exists. Identical measurements of unfatigued PZT showhese histograms also demonstrate the position dependence
uniform polarization directions in the:5 V and 0t V im- of |dsg for both fatigued and unfatigued films, and provide a
ages. larger statistical population for thigl,4 variation than the
Figure 2 shows a smaller scan of a region with contrastl;;—E loops. In this letter, thel;s—E loops have been com-
in the 0— phase image. This image is obtained at the negapared to a parallel set of polarization measurements in order
tive remanent point0—V). Features in the phase image cor-to emphasize the relationship between spatial variation and
respond to darklow |ds4) areas in the correspondind,s  spatial scales.
image. In these areas of lojdsq the signal/noise ratio is Two observations regarding fatigued PZT films have
reduced; and therefore, the measured phase in such a regibaen made in this study. In fatigued films, some areas exhibit
will have a wider variation than the surrounding regions ofhysteresis loops shifted along the polarization directiéig.
higher|ds5. One must be cautious when interpreting phase2). After fatigue, there is a consistent drop in the piezoelec-
images, since contrast in the phase image can be due to thdc constants measured at the four points on the hysteresis
spatial variation of the signal/noise ratio |als5 varies from  loop (Fig. 3). The first observation is consistent with the idea
point to point. For instance, a nonpiezoelectric region surof fatigue resulting from inhibition of nucleation at the
rounded by piezoelectric areas would be visible in the phasterroelectric—electrode interfa¢eInhibition of switching in
image. In the nonpiezoelectric region the measured phasene polarization direction would result in the tail of the hys-
would be random, and in the piezoelectric region, the phasteresis loop shifting upward as was observed in Fig. 2. The
would assume some value. As a film is further fatigued, theconsistent drop in the piezoelectric constants after fatigue
signal/noise ratio decreases and features in the phase imaigeplies that the switching is inhibited in both directions.
become more difficult to interpret. Independent of the fatigue mechanism, we have ob-
To further explore the nature of the contrast in the phaseserved that fatigue has a significant spatial dependence. From
image in Fig. 2, local measurements @f;—E hysteresis our results, one would expect that for submicron-sized ca-
loops were performed. Measurements of piezoelectric looppacitors, the fatigue properties could vary widely from ca-
have a higher signal/noise ratio since they are single poinpacitor to capacitor. A NV-FRAM capacitor in an area such
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3000 e IV. CONCLUSIONS
2500 ] In summary, we have performed piezoelectric measure-
5 ] ments upon both unfatigued and fatigued PZT capacitors and
o 2000 F . observed a micron or submicron-scale spatial variation in the
< : ] ferroelectric properties. In fatigued PZT films, some areas
E 1500 - ] exhibit upwardly shiftedd;s—E hysteresis loops in which
oy P V=25 ] both remanent points have the same polarization direction.
1000 :— 2 These results suggest that micron-sized capacitors for high
500 | ] density NV-FRAM will exhibit significant capacitor-to-
: ] capacitor variations even in the unfatigued state. And in the
ot o S ] fatigued state, the problem is exacerbated.
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