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Since the advent of the microdiffractometer anew world of analysis possibilities have opened. In this
paper we will discuss anovel use of the Rigaku microdifractometer (MDG). Pb(Zr,Ti)Os (PZT) thin
films are being devel oped for usein optical and electronic memory devices. These types of memories
utilize the movement of beta site atoms in the perovskite structure to accomplish ferroelectric
switching. To study ferroelectric switching behavior, we have produced relatively untextured PZT
thinfilmson Si substrates. We have devel oped amethod for using x-ray diffraction to observe domain
switching in situ. Our study involved the use of a Rigaku MDG to monitor the switching behavior in
relatively small (0.7 mm diameter) electroded areas on the surface of the thin films. Diffraction
analyses were done while DC voltages were applied and removed, representing several placesin the
ferroelectric hysteresis loop. In particular, we were looking for relative intensity changes in the
[h00],[001] diffraction peaks as a function of position in the hysteresisloop. Our study shows that the
type of switching behavior exhibited by ferroelectric films produced through various processing

conditions can be monitored using the MDG.

Introduction

Ferroelectric thin films are being developed for
the next generation of electronic devices, in particular
nonvolatile RAM, optical memories, and micro-
switches. Domain formation and therefore switching
behavior is influenced by processing conditions,
especially the stresses which occur as the material is
cooled through the Curie point [1, 2]. Understanding
which processing conditions influence switching
behavior isof paramount concern because 90° domain
switching is needed to obtain thefield induced change
in birefringence required for optoelectronic devices.
Recent theories postul ate that 90° domain formation
and, therefore, 90° domain switching is severely
limited infilmswhenthegrain sizeislessthan about 1
nm [2]. To study this behavior we investigated the
900 switching behavior of several films deposited on
Si.

To study switching in thin film we developed a
method for using micro x-ray diffraction ("WXRD)

* Thiswork performed at Sandia National Laboratories, which is
operated for the U.S. Department of Energy under contract
number DE-AC04-94A L 8500.
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techniques to observe domain switching in situ.
MXRD is a nontraditional x-ray diffraction technique
which has recently attracted much attention [3]. The
MDG is capable of obtaining a diffraction pattern
from 0-150° 2g simultaneously from regions as small
as30 nmin diameter. The purpose of thisstudy wasto
determine if ferroelectric switching of Pb(Zr,Ti)Os
(PZT) thin films can be observed using micro-
diffraction. Thismethod will be extremely valuable as
we target the necessary processing parameters to
achieve the desired switching behaviors and to
monitor switching in micron-sized devices.

We have previously shown that processing
conditions influence grain size and therefore domain
formation [2]. Also the stresses that develop during
cooling through the curie point greatly effectshow the
crystallites are oriented along their [h0O] and [00l]
crystallographic directions norma to the plane of the
film [1]. For example, if the in-plane stress is
compressive during cooling through Curie point then
the [OO0I] orientations will tend to develop normal to
the plane of the film. This occurs because the dightly
smaller a-axiswill more easily develop in the plane of
the film. It also has been shown that 90° domain
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formation does not readily occur in films with grain
sizeslessthan about 1 mm[4, 5]. If 90° domain forma-
tion does not occur, despite the strong elastic forces
generated by transformation strain, then 90° switching
may be severely limited. Therefore, we postulate that
90° domain switching should be diminished in films
where the grain size is smaller than one or two
microns and that we should be able to monitor this
behavior using the MDG.

Experimental Process

For most of our filmswe used Pb(Zr, Ti)O3 (PZT)
with an underlying substrate consisting of a 2500 A
€electrode, a500 A Ti adhesion layer,and SiO, ona S
substrate. Platinum electrodes were highly (111) ori-
ented normal to the surface of the film. Two samples
analyzed were fabricated using RuO; electrodes. All
films were fabricated using a modification [6] of the
hybrid solution deposition procedure developed by
Yi, Wu and Sayer. 0.4 M solutions were synthesized
using an inverted mixing order process [7] for which
the Zr and Ti alkoxides were blended prior to the
addition of the Pb precursor. Excess Pb (5 mol%) was
added to enhance perovskiteformation and to improve
electrical properties. The filmswere deposited by spin
coating at 3000 rpm for 30 s. After deposition thefilm
was heated at 300°C for 5 min. Crystallization was
done at either 550° or 650°C for 30 mininair. A heat-
ing rate of 50°C/min was used. Theresulting PZT was
tetragonal with 4 mm symmetry. The c/a ratio ranged
from about 1.02 to 1.04 for the 40/60 and 30/70 PZT
films respectively. Remanent polarization values for
these films were typically about 20 nC/cm?. These
PZT films with Si substrates were in tension as they
were cooled through the Curie point. Therefore
though the overall film textureisrelatively random, of
the (h0O, 00I) types only the (h0O) planes should be
normal to the sample surface. In thiscase astandard x-

ray diffraction scan would show a nearly random
diffraction pattern, but with increased intensity of
[hOO] type diffraction peaks over [00l] types. If [00l]
are observed they could be attributed to 90° domain
formation [3]. Several different films were analyzed,
Table 1 shows a list of all samples discussed. All
samples were analyzed using a standard diffracto-
meter prior to analysis with the MDG.

Top Pt electrodes of 0.7 mm diameter were
deposited on the PZT thin films for our measure-
ments. We attached leads to the top and bottom
electrodes by silver conductive epoxy. One mil by
three mil gold foil was used asan electrical lead wire.
The epoxy was cured at 160°C.

Our microdiffractometer is a Rigaku MDG on a
12 kW rotating anode with a copper target. The
detector used was a 150° position sensitive propor-
tional counter. We used total reflection capillaries to
reduce the incident beam to about 100 nm. Total re-
flection capillaries have about an order of magnitude
less attenuation than do straight pin-hole collimators
[8,9].

DC voltages were applied to the electrodes to put
the ferroelectric thin film into different polarization,
eectric field states. For each thin film we applied a
positive and negative DC voltage to represent each of
the following conditions: a non switched state; a
partial switched state; and at saturation. The voltages
were adjusted for each sample's particular electrical
characteristics. The DC voltages were applied for an
average of five minutes for each point. These times
are considerably longer than the micro-second times
normally used to switch PZT films. At each applied
voltage, diffraction scanswere made with theincident
beam collimated to produce a spot size of 100 hm.
The procedure was repeated at least three times for
each sample to ensure reproducibility.

Tablel.
Salzpl € zimi Zr?:; 2;? thi'(::urTeﬁ Grain size Iﬂgterrci):le Substrate
1 40/60  650/30 m 0.8 Mm 0.2mm Pt S
2 30/70  550/30m 0.4 mm 0.5mMm RuO; Si
3 30/70  650/30 m 0.4 mm 0.4mm RuO, S
4 30/70  650/30 m 2.0v 0.2 mm Pt S
5 30/70  675/30m 0.3 mMm 1-2mm LSCO LaAlO;
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In an effort to demonstrate that 90° domain
switching would increase dramaticaly when grain
sizeisincreased to over a micron we deposited a 0.3
mm thick 30/70 PZT thin film on an LSCO electroded
LaAlO; substrate. The LSCO was deposited using
pulsed laser deposition. The top electrodes were
AU/Ti and were approximately 50 nm in diameter.
Thisthin film correspondsto sample5in Table 1. For
this sample a 30pm total reflection collimator was
used. The electroded areawas poled just prior to XRD
analysis. We observed an unpoled spot and then
moved to the el ectrode wherethe voltage was applied.

Discussion

Figure 1 showsthe diffraction patternsfor sample
1, whichisa40/60 PZT thinfilmwith arelatively fine

grain size (0.2 mm). (200) and (002) diffraction peaks
are shown. One diffraction pattern is of the unpoled
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Fig. 1 Superimposed diffraction patterns of 40/60 PZT
taken with a microdiffractometer with no field applied
and with a +12V DC field applied. Note the limited
intensity of the (002) reflection and the very slight
increase when the field is applied.

state and the other isat saturation. Notethat very little
(002) ispresent. With afield applied, very limited 90°
switching occurs as shown by the slight increase in
intensity of the (002) peak coupled with a dlight
decreasein intensity of the (200) peak. Figures 2aand
2b representing samples 2 and 3 show that with a
dlightly coarser grain size approaching about 0.5 nm,
90° domain formation isincreased dlightly as eviden-
ced by the dightly larger (002) peak in the unpoled
state. 90° domain switching at saturation isincreased
when compared to the previous fine grained sample,
but is still quite limited.

For the thin film deposited on LaAlOs, Field
emission scanning electron microscopy indicated that
the grain size of this film was between 1 and 2 mm.
Preliminary data on this film indicates that 90°
domain switching was quite remarkable. The initial
remanent polarization was 38 mC/cm? indicating that
the material contained predominantly (hOO) domains.
When a DC field was applied the remanent polariza-
tion increased to 65-70 mC/cm? . Thisvalue approach-
es that for single crystal [2] indicating that domain
switching had occurred and the predominant domains
were switched to (00l). Figure 3b shows the diffrac-
tion pattern for thissample at -Pr corresponding to the
two hysteresisloopsin Fig. 3a. The orientation clearly
changes from being predominantly (200) initially to
being predominantly (002) after applying the DC
bias. Although these diffraction patterns demonstrate
that 90° domain switching did occur in thisrelatively
large grained film, in situ diffraction studies have
been unsuccessful to date due to shorting of the film
under bias for extended times.

Two-theta

Fig. 2 a and b are superimposed diffraction patterns with no field applied and at saturation
for two PZT 30/70 thin films with grain sizes approaching 0.5 nm. Both films have RuO,
electrodes. Note that 90° domain formation and switching is slightly increased in these
samples when compared to the fine grained sample in Fig. 1, but is still quite limited.
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Fig. 3 30/70 Pzt on LaAlO; with a grain size exceeding 1 nm. The hysteresis loop and
diffraction patterns suggest that 90° domain switching has occurred.
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Conclusion

We have shown that we can monitor 90° domain
switching in situ, using microdiffraction techniques.
We can also observe the switched state. Our study
clearly shows that for PZT films deposited on silicon
substrates, where the grain size is less than about 0.5
nm, 90° domain formation as well as 90° domain
switching is severely limited.

Our preliminary results also indicate that 90°
domain switching can occur in PZT films deposited on
LaAlO; when the grain size exceeds 1 nm. We are
continuing to develop the microdiffraction techniques
to monitor smaller devices.
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