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Origin and implications of the observed rhombohedral phase in nominally
tetragonal Pb (Zrg35Tigg5) O3 thin films
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North Carolina 27695

Bryan C. Hendrix, Steven M. Bilodeau, and Jeffrey F. Roeder
ATMI, Inc., 7 Commerce Drive, Danbury, Connecticut 06810
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The structural and electrical properties of Pk{£Fie9 O3 (PZT) thin films ranging in thickness

from 700 to 4000 A have been investigated. Th¢8@1)/(100)-textured films were grown by
metalorganic chemical vapor deposition(@d)-textured Ir bottom electrodes. It was observed that,

in the as-deposited state, the thinnest PZT films are rhombohedral even though bulk PZT of this
composition should be tetragonal. Thicker films have a layered structure with tetragonal PZT at the
surface and rhombohedral PZT at the bottom electrode interface. In this article we investigate the
origin of this structure and its effect of the ferroelectric and dielectric properties of PZT capacitors.

It has been suggested that thin films stresses can affect the phase stability regions of single domain
PZT. This possibility has been investigated by piezoresponse microscopy and thin film stress
measurements. In the as-deposited state the majority of PZT grains contain a single ferroelastic
domain, whereas after a high temperature anneal, a large fraction of the grains contain several
ferroelastic domains. Wafer curvature measurements in combination with x-ray diffraction stress
measurements in the Ir bottom electrode showed that the as-deposited PZT films are, within
experimental error, stress free at room temperature. Landau—Ginbzurg—Devonshire formalism was
used to explain the origin of the rhombohedral phase as a result of substrate constraint on single
domain PZT grains. Annealing was found to affect the relative volume fractions of the
rhombohedral and tetragonal phases and the electrical properties of PZT films. Intermediate
temperature anneals increased the volume fraction of the rhombohedral phase and the coercive field
extracted from the polarization-electric field hysteresis loops. After a high temperature anneal
(650 °Q the majority of the grains transformed into a polydomain state, decreasing the volume
fraction of the rhombohedral phase and the coercive field. If the high temperature anneal was
performed after deposition of the top electrode, the coercive field became independent of the PZT
thickness. ©2003 American Institute of Physic§DOI: 10.1063/1.1610773

I. INTRODUCTION while others have reported that it remains constartie in-
crease in the coercive field of PZT with decreasing thickness

Bulk ferroelectric Pb(Z{Ti, ) O (PZT) ceramics have pas been attributed, for example, to a so-called “dead layer”

been investigated extensively in the past for their excellen “blocking | , he f lectric/el de interf
piezoelectric properties More recently, thin films of PZT ohr hOC Ing fayer a,t It € terroe egt}:é[c electrode Interiace
have been investigated for their applications in nonvolatilg"at has a reduced dielectric constartt.

memorie€  microelectromechanical  system(MEMS) Our studies in the past have focused on the structural
deviced* and high frequency capacitdtsEor nonvolatile properties of PZT thin films with a Ti/Zr ratio of 65/35 and

memory applications, decreasing the thickness of the Pzfhicknesses of 700, 1000, 1500, 2500, and 4000 A. While
should result, in principle, in a decrease in the operatind®ZT of this composition should be tetragonal according to
voltage of the device while maintaining the same polarizathe bulk phase diagramit was observed that this is not the
tion characteristics. However, it has been observed in théase for all PZT thin films in the thickness series. As-
past that decreasing the film thickness can, for exampledeposited PZT films 1000 A and thinner were mostly
change the domain structure and the lattice paranfetecs  rhombohedral! whereas thicker PZT films had a layered
increase the coercive field of the PZT. Several groups havetructure with tetragonal PZT at the surface and rhombohe-
reported that the coercive field of epitaxial and polycrystal-dral PZT at the substrate interfate.
line PZT films increases with a decrease in thickifess, In this article we will attempt to explain the origin of the
rhombohedral phase in nominally tetragonal PZT in terms of
aElectronic mail: maxkel@stanford.edu the different boundary conditions for PZT films compared to
YElectronic mail: pcm1@stanford.edu those for bulk ceramics, specifically stresses that might exist
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as a result of the deposition process and thermal cycling, ancheasure stress in tHé11)-textured Ir bottom electrode be-
the constraints placed on PZT by constraint of the substratdore and after PZT deposition. The change in spacing of the
Implications of the observed structure on the ferroelectridr (331)-type planes inclined with respect to the sample nor-
and dielectric properties of these films will also be discussedmal as a function of the their inclination angie can be
related to the stress in the film using the?slhmethod, as
described in detail by a number of authdts!®
Il. EXPERIMENT Some of the samples were annealed for 30 min in flow-
ing oxygen at temperatures ranging from 380 to 650 °C. In
most cases, the PZT films were annealed prior to the depo-
ajition of top electrodes for electrical measurements. Capaci-

will be summarized here. We have investigated the structur - !
and electrical properties of polycrystalline PZT thin films (ors were defined on blanket PZT films by e-beam evaporat-

deposited by metalorganic chemical vapor depositiodd Pt top electrodes through a shadow mask at room
(MOCVD) on Ir-electroded waferS Five different PZT film  €mperature. For most electrical measurements the capacitor
thicknesses were investigated ranging from 700 to 4000 Adreas ranged from 0.05 to 0.08 rim .
Cross-sectional scanning electron microscog$EM) The dlel'ectrlc properties of the PZT capacitors were
showed that these films have a columnar microstructure witieasured either with a Hewlett-Packard 4284 mat€R)
grains extending through the thickness of each film. CompoMeter using a 100 mV AC ripple running at 10 kHz or using
sition analysis by Rutherford backscattering spectrometr)Evane_scent_ Wave Mlcroscopy operafing 7a—tlE[)‘n lcrowave fre-
and x-ray fluorescence spectrometry showed that, within th8UenciestAriel Technologies, Moraga, OA"'*The ferro-
resolution of each of these techniquesl. at. %, the Ti to Zr electric properties of_ the_capacn_ors were measured with a
ratio is approximately 65/35 and that Pb/¢ZFi) =1 for all Sawye_r—Tower_C|rcu|t using a triangular wave form. at 10
PZT thicknesses and through the thickness of each film. DesHz with a maximum voltage of up to 10 V for the thickest
spite the compositional homogeneity of these films, high-PZT films.

resolution symmetric x-ray diffractioiXRD) showed that Domain imaging of the films was performed by piezore-
significant structural differences exist as the thickness ofPONse force microscop$FM). The PFM imaging method

PZT changes. Electron backscatter diffraction, XRD, andS based on the detection of local electromechanical displace-

electrical measurements showed that the thinnest adnent of a ferroelectric surface as a result of the converse

deposited PZT films of 1000 A and less are rhombohedraIPiezoeleCtriC effect. '_I'ypical experimental cqnditions used
while the thicker films are partially tetragonal and partially throughout the experiments can be summarized as follows.
rhombohedral! X-ray depth profiling using grazing inci- Standard Pt-coated Si cantilevers with spring constant of 2

dence asymmetric Bragg geometry showed that the thickdh/M With & resonant frequency of about 38 kHz were used
as-deposited PZT films are tetragonal at the surface anfp’ domain imaging. During imaging, 10 kHz AC voltage
rhombohedral at the substrate interface. For the 1500 A thick/@s applied to the tip. The amplitude of the modulation volt-
PZT film, the thickness of the tetragonal layer at the surfac&9€ depended on the sample thickness and was in range of
was found to be approximately equal to the surface rough?-5—1-0 V root mean squarems).
ness of the film and thus corresponds to the topmost portion
of the grains unconstrained by Fhe surrounding fifnThe 1Il. RESULTS AND DISCUSSION
layered structure of these PZT films can be used to explain
the features observed in the symmetric x-ray diffraction pat- .
tern of the thicker PZT films, aﬁd it suggestsythat the IaySreéf" Origin of the rhombohedral phase
structure we have observed for the PZT films of intermediate, _. . .
thickness exists in thicker films as well. 1. Piezoresponse imaging
The structural properties of as-deposited and annealed A number of theories have been proposed to predict the
PZT films reported in this study were investigated usingeffects of mechanical stress or substrate constraint on the
symmetric x-ray diffraction measurements performed aphase stability regions of PZT thin filn¥8-2* For example,
Stanford Synchrotron Radiation Laboratory beamline 2-1. Athe theoretical work of Pertsest al?! on epitaxial single-
monochromator was used to set the energy of the incident domain PbTiQ thin films suggests that sufficiently high mis-
rays to 7000 eV. An analyzer crystal between the sample anfit tensile strain can transform tetragonal lead titanate into
the detector limited divergence of the diffracted x rays andmonoclinic phase. Similarly, Amiret al?° predicted that
improved the signal to noise ratio of the measurementsstress can shift the position of the morphotropic phase be-
Relative volume fractions of the rhombohedral and tetragotween tetragonal and rhombohedral phases in
nal phases were determined from the ratio of the integrateBb(Zr, 45Tig50)O5. Since motion of 90° domain walls can
intensities of their peaks in symmetric XRD scans, whichaccommodate the imposed, or misfit stress and $Br&iin
were analyzed by fitting all peaks with a Voigt function. order for these theories to be applicable to the polycrystalline
The stress in the as-deposited PZT films was determineBZT films investigated here, it is necessary for each grain of
using a combination of x-ray diffraction and wafer curvaturePZT to contain a single ferroelastic domain. We have previ-
techniques. The wafer curvature of Ir-electroded wafers wasusly proposed that this is the case for as-deposited films
measured before and after PZT deposition using the Tencdrased on symmetric x-ray diffraction measurements of the
Flexus FLX-2320. Asymmetric x-ray diffraction was used to PZT films of various thicknessés?

While details of sample characterization have been re
ported previously>!? in the interest of completeness they
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FIG. 1. Domain structure in 700 and 1500 A as-deposited PZT. The image 0 1000 2000 3000 4000 5000
on the left shows the topography of the sample, while the image on the right :
X . . I i : Thickness (A)
side shows the piezoresponse signal. The arrows indicate single domain
grains.

FIG. 2. Stress in PZT measured by wafer curvature before and after PZT
deposition. The bending moment on the wafer is independent of the PZT
thickness.

Piezoresponse microscdy?® measurements were per-

formed to confirm this experimentally for the 700 and 1500

A films. For the thicker films, these measurements are comthe resulting curvature of the substrate, are basically inde-

plicated by the extreme roughness of the PZT surface. Apendent of the PZT film thickness. This observation can be

shown in the cross-sectional SEM images we publishedccounted for by three different models: uniform stress in

previously** PZT films thicker than 1500 A are composed of PZT that decreases from 1250 to 250 MPa as the PZT thick-

columnar grains with sharp pyramidal tops. This affects theness increases from 700 to 4000 A, a two layered model

piezoresponse measurements because they require the cavhere the first PZT deposited is highly stressed and is rhom-

tact between two very sharp tips: the atomic force micro-bohedral and the remaining PZT is stress free and tetragonal,

scope(AFM) tip and the tip of each grain. and a change in uniform biaxial stress in the iridium layer
Figure 1 shows the results of the piezoresponse measurthat is independent of the deposition time and PZT thickness.

ments for 700 and 1500 A as-deposited PZT films. The lefiThese possibilities were investigated by x-ray stress mea-

side of the image shows the surface topography, whereas tiseirements of the Ir bottom electrode before and after PZT

right side of the image contains a combination of the phaseleposition.

and amplitude of the piezoresponse signal. The single con-

trast of the vast majority of grains suggests that, in the ass. Stress in the bottom electrode

deposited state, each grain contains a single ferroelastic do- As discussed in detail by Doerner and Rixor thin

main, that is, it does not contain any 90° domain walls. Smc‘?nms in general, significant growth and thermal stress can

the lateral grain size of each grain does not change SlgnlfleX|st in the as-deposited iridium bottom electrode. Annealing
cantly with an increase in the thickness of PZT, it is reason;

ble t that th e d ¢ ‘ h the film can change the stress as a result of grain growth,
able to assume that the single domain nature of each grain g ation motion, or film densificatioh:2 The stress in

maintained for all PZT thicknesses in the as-deposited stat(?he bottom electrode can also change during the growth of
PZT because it takes place at an elevated temperature of
2. Wafer curvature measurements 570 °C in a highly oxidizing ambierit: While the stress evo-
Since the as-deposited PZT films seem to be composddtion in an unpassivated as-deposited Ir film during a similar
of single domain grains, the tetragonal to rhombohedrab70°C anneal could in principle be measured using wafer
phase transformation observed may result from stress thaurvature methods, that information would not be reliable for
appears in the film during PZT deposition or upon coolingtwo reasons. As shown by Venkatrametnal. for aluminum
from the deposition temperature. The stress in PZT can b8ims®***or by Leunget al. for gold films>® the presence of
calculated from the wafer curvature measurements pemr passivating layer, in this case PZT, on the surface of a
formed before and after PZT deposition assuming the stregsetallic film can affect its stress evolution during annealing.
in the iridium bottom electrode does not change during depoThe presence of PZT on the surface of the Ir bottom elec-
sition of the PZT. The validity of this assumption will be trode might also affect its oxidation and the corresponding
investigated in Sec. Il A 3. volume expansion. To avoid these effects, it is necessary to
The results of the wafer curvature measurements ardetermine the stress in the Ir bottom electrode before and
shown in Fig. 2. The apparent stress in PZT varies signifiafter high-temperature deposition of the PZT cap layer. This
cantly as a function of the film thickness. It is very high for can be done using x-ray diffraction methods that allow for
the thinnest PZT films and decreases as the PZT thicknes®ndestructive investigation of stress in buried layers.
increases. It is interesting to note that the stress in the PZT  As discussed by Clemens and Bafrg family of planes
multiplied by the film thickness, or the bending moment andinclined with respect to the sample normal can be used to
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0.8806 [T For a randomly oriented film, the stress is equaf to

Ll o 700APZT ]

08804 | @ 4000A PZT . ~ mE 2

F | O Barelr ] o= (1+ »)dg’ (2

0.8802 |- .

[ ] whereE is the Young’s modulus andis the Poisson ratio of
s 1 the film3"*Thus, for a fully random film the increase in the
< os7es b ] slope in Fig. 3 during PZT deposition corresponds to an in-

3 L ) crease in the tensile stress in the Ir bottom electrode by ap-
k) I d .
0.8796 [ . proximately 785 MPa.
[ ] As already mentioned, the degree of texture in the Ir
08784 £ ] bottom electrode is between fullilll) textured and ran-
0.8792 [ h domly textured. Thus, the actual stress in the film that corre-
. ] sponds to the results shown in Fig. 3 is between 785 and 960
0.879 et b b e L MPa, the calculated values for a fullj11)-textured and a
0 0.1 0.2 03 04 0.5 08 0.7

randomly oriented film.

Sin?¥

FIG. 3. Stress evolution in the Ir bottom electrode during PZT growth from
x-ray diffraction sif ¥ measurements.

4. Stress in PZT

The increasing tensile stress in the Ir bottom electrode
during deposition of the first 700 A of PZT without further
determine the biaxial strain in the film. I(l11)-textured stress increases associated with increasing PZT thickness
face-centered-cubidcc) films, the(331)-type planes that are would result in a bending moment on the substrate that does
inclined with respect to the sample normal #=22° and  not change for PZT thicker than 700 A. This has been ob-
¥ =48.5° (Ref. 19 satisfy this criterion. Because the iri- served experimentally by wafer curvature measurements and
dium bottom electrodes used in this study are not perfecthghown in Fig. 2. The increase in stress in the 1000 A thick Ir
(111) textured, inclination angles somewhat different frombottom electrode calculated from the wafer curvature mea-
ideal values can also be used. surements is equal to 851 MPa, which is between the value

The results of the sf¥ stress measuremettd®of the  calculated for the fullf111)-textured and the fully random Ir
Ir bottom electrode before and after deposition of 700 andilm from XRD measurements. Thus, x-ray measurement of
4000 A of PZT are shown in Fig. 3, which shows how thethe change in stress in the Ir electrode can account for all of
spacing of the 1(331)-type planes changes as a function ofthe changes in wafer curvature observed as a result of PZT
their angle with respect to the sample normal. The slope ofleposition. Consequently, within the error of approximately
the line in Fig. 3 is proportional to the biaxial strain in the Ir 90 MPa associated with the imperfect texture of the Ir
film.* Clearly, the slope of this line increases during depo-bottom electrode, the as-deposited PZT films are free of mac-
sition of the first 700 A of PZT. Since the slopes of the linesroscopic stress, regardless of the PZT thickness.
corresponding to Ir under 700 and 4000 A PZT are equal, no
additional strain evolution takes place in the bottom elec- . )
trode during further growth of PZT. 5. Calculated stress in PZT grains

To calculate the exact value of film stress that corre-  To understand the origin of the observed tetragonal to
sponds to the slope in the il plot it is necessary to as- rhombohedral phase transformation consider a grain of 65/35
sume a specific texture for the Ir film. As we have discussedi/Zr PZT composed of a single ferroelastic domain. If the
previously, the Ir bottom electrodes are mostlyll) ori-  grain is not constrained by its surroundings it will spontane-
ented, with only those peaks present in the long-anguleously strain as it is cooled from the deposition temperature.
range XRD scans. However, the bottom electrode is not verfFor a(001)-oriented grain that was strain free at the deposi-
well textured, since the rocking curve of the symmetric peaktion temperature, the in-plane strain will be equal to
is broad, with full width at half maximum intensity of ap A T) — 2ppr T=Tep)

proximately 15°. . _ . epAT)= T +0(S;+S1), )
For a fully (111)-textured film, the stress in Ir is equal pzt(T=Taep
to™ whereap,r is the in-plane lattice parametéiye,is the depo-
om sition temperatureT is the temperatureg is the biaxial

d , (1) stress, ands;; and S, are the elastic compliance constants.
0S4 If this grain is attached to a thick Si substrate and sur-
wherem s the slope of the line in Fig. 3, is the unstrained rounded by other PZT grains with random in-plane orienta-
lattice spacing of thé331) planes andS,, (Ref. 36 is the tions, the position of the grain boundaries will be controlled
anisotropic compliance constant. Following E(.), the by thermal expansion of the substrate. This situation is sche-
change in stress in IfAo) can be related to the change in matically depicted in Fig. 4. Since the thickness of the grain
slope (Am). Assuming the Ir bottom electrode is fulif1l) s significantly smaller than the thickness of the substrate, the
textured, during deposition of the first 700 A of PZT, the in-plane strain in the grain will be equal to the strain in the
stress increases by 960 MPa. substrate:

o=
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% 700
« - lattice parameters from Haun ef al.
/ 600 o - measured lattice parameters
// // / i |
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. . . . 400
FIG. 4. Schematic of a single grain of PZT attached to a Si substrate. )
= 300
ag(T)—ag(T=T IP
Ssi(T) _ Si Si dep) (4) 200
as(T=Tyep
If the film is constrained by the underlying substrate, the 100
strain in the PZT £5,7) must equal the strain in the substrate .
(eg) at any temperature. Equatiof® and(4) can be solved 0 ' -
simultaneously to determine the stress that arises in the PZT <4090 1000 0 1000 2000
grain as it is cooled from the deposition temperature using Stress (MPa)

th.ermal EXpa,ns,lon data fOI: ,%%’Iattlce pa}rameteﬂgs for PZT FIG. 6. Stress that would exist in a single ferroelastic domain grain of PZT
with a very similar composition 68/32 Ti/Zr rati0,and the  cajculated from its lattice parameter evolution with the temperature in com-
elasticity constants of pure PbT! parison to thermal expansion of the silicon substrate.

The same methodology can be applied to calculate the
stress in the observed rhombohedral phase by assuming tr{%E

its lattice parameter can be extrapolated from the lattice pa- ragonal phasect and ar) are very clqse to the lattice
rameter of the cubic phase above the Curie temperature. parameters observed in bulk PZT. The slightly decreased tet-

Unlike (001)-oriented grains (100-oriented tetragonal ragonality observed experimentally can be attributed to strain

. . : . on the tetragonal phase that results from the layered structure
grains will possess two in-plane lattice parameters. Conse- . . . . . :

=2 H A of the thicker PZT films discussed in detail previou$ijihe
quently, the grain will not be under equal biaxial stress.

However, since the film is composed of a large number c)ﬁbserved room—temperature lattice parameter of the rhom.bo-
randomly in-plane oriented100-type grains, we consider edral phase is glso very close to the value of the lattice
the effective in-plane lattice parameter of atype grain to parameter of cubic phase extrapolated to room temperature.
be the average of the two in-plane lattice parameters. As calculated from Eqg3) and(4), the stress that would

The experimentally observed room temperature out—meX'St in a PZT grain as it is cooled from the deposition tem-

plane lattice parameters of the rhombohedral and tetragongﬁrature is shown in Fig. 6. If the transformation and thermal

phases of the 65/35 Ti/Zr PZT films can be extracted from ain cannot be_relleved by 90° domain wall motion as sug-
symmetric x-ray diffraction scans of the 700 and 4000 Agested by the piezoresponse measurements for the thinnest

thick PZT They can be compared to the lattice parameteré”ms’ the c-type grains of tetragonal phase would be under
. s ", very large biaxial tensile stress of up to 2 GPa. Similarly, the
of bulk polycrystalline PZT of very similar composition of

68/32 Ti/Zr, as investigated by Hawt al®° Figure 5 shows a-type grains of tetragonal phase would be under significant

how the lattice parameters of the bulk and thin film pzT COMpression. _The stress on a rhombo_hedral phase grain
. wpuld be significantly smaller in comparison. If the lattice
compare to each other. The measured lattice parameters 0 : :
parameter extrapolated from the cubic phase is used, the pre-

dicted stress on a rhombohedral grain would be approxi-

4.20 mately 450 MPa. If the actually observed lattice parameter of
Cr + - Haun et al. the rhombohedral phase were used for the same calculations,

a5 | o - measured the stress would be equal to approximately 18 MPa, which is
P consistent with the measured stress values as discussed in

Sec. IIIA4. As measured experimentally, the absence of
4.10 T macroscopic stress in the entire film is consistent with the
predicted stress values for the thin PZT films composed en-
tirely of rhombohedral phase. Thicker PZT grains with a lay-

4.05 + a
M_,_g_. ered structure containing tetragonal PZT at the surface
4.00 /./'/’ should not contribute significantly to the macroscopic stress
.00 o . N
measured on the entire wafer for two reasons. First, if the
ar film is composed of both variants of tetragonal phase, chang-
3.95 ‘ " ing the relative volume fractions of the two phases can mini-
9 200 400 &0 mize stress in the entire film. Second, if tetragonal PZT ex-
T(*C) ists only in parts of the grains unconstrained by their
FIG. 5. Lattice parameters of bulk 68/32 PZT measured by Hdual. (see surroundings, the grains will be free to deform and accom-

Ref. 40 compared to the lattice parameters of the 65/35 PZT films measurefifodate the spontaneous str'ain resulting _from the cubic to
in this study. tetragonal phase transformation at the Curie temperature and

Lattice Parameter (A)
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the subsequent cooldown. Thus the strain would not resultin 800 —————F——— T T T
significant macroscopic stress in the film. -

— 70/30 Ti/Zr
— — 60/40 Ti/Zr

6. Landau —Ginzburg —Devonshire modeling ot

The effects of stress and strain on the phase stability
regions in epitaxial single domain PbT@nd PZT thin films
have been modeled in the past using Landau—Ginzburg
Devonshire(LGD) theory by, for example, Pertseat al?!
and Oh and Jan@. They have shown that sufficiently high
tensile stress can transform nominally tetragonal single do-
main PbTiQ into a monoclinic or a rhombohedral phase. We [

. 2 100 [

apply the theoretical framework developed by Haairal. -
for PbTiO; to investigate the effect of stress shown in Fig. 6
that would exist in single domain grains of tetragonal P P L R AN IR TR W
Pb(Zr 35Tip 69 O3 thin films on the stability of tetragonal 0 100 200 300 400 500 600
PZT. Stress (MPa)

Following Haunet al*? the Gibbs free energy of PZT is

expanded as a power series of the polarization. FIG. 7. Biaxial stress necessary for tetragonal to rhombohedral phase trans-
formation calculated by the LGD model.

~ 300 |-
o] 3
<

—=

200 -

AG= a;(P3+ P35+ P3)+ ayy(P+ P53+ P3)

22 2p2 2p2 6 6 6
a1 PIPyHPoP3HP1IP3) + aqyi(P1+Po+Pg) undergo in-plane shear distortion as it is cooled below the

+ a4 PH(P2+P3)+ Py(P3+ P2+ P3(P2+ P2)] Curie temperature, the .in-.plane shear st_resg) (will be
oo 1 s o equal to zero as well. This is not necessarily the case for the
+ay13P1P5P3— 3S1(01+ 05+ 03) = Sp( 010 rhombohedral phase. As discussed in detail by Cozkeit 3

and by Glazeet al,***°the rhombohedral phase of PZT has

+ + -3 2+ oi+ ol o N
7203+ 0103) = 2S04 o5t o) a very small spontaneous distortion along th&l) direction,

_Qll(glp§+02p§+03p§) resulting in spontaneous in-plane strain). This distortion
. ., A will be very small in magnitude, on the order of 0.2°—0&°.
—Qud o1(P5+P5) +0,(P1+P3)+ o3(P1+P3)] For these calculations, it is assumed that spontaneous in-
lane distortion of the rhombohedral phase can be fully ac-
~Qui(04P2P3 T 75P1P+ 76P1Py), s P b /

commodated by grain-boundary motion during cooldown
whereq;, «;j, anda; are the dielectric stiffness constants, making the in-plane shear stress zeog€0).
with @; a function of the temperatur®;; and S;; are the The manipulations described above result in an expres-
electrostriction and compliance constants, respectively, angion for the minimum free energies of tetragonal and rhom-
P; ando; are, respectively, the polarization and stress alongohedral phases as a function of several constants, the tem-

thei direction. For thec-type tetragonal phase, perature and stress. Equating the two energies and solving
b _ for the stress gives the biaxial stress at which the two phases
P,=P,=0, P3#0, 6 ) . .
e 3 © are energetically equally likely to exist. The rhombohedral
whereas for the rhombohedral phase, phase is favorable for higher stress values, with the tetrago-
PEZ sz P%&O_ @ nal phase stable at lower stresses. Since the electrostriction

and dielectric stiffness constants are not available for the
The Gibbs free energy of each phase is then obtained bg5/35 Ti/Zr composition of the films we have investigated,
substituting one of the two conditions of E¢6) and(7) into  the electrostriction and dielectric stiffness constant for PZT
the free energy expression in B§). The equilibrium polar-  of very similar compositions of 70/30 and 60/40 Ti/Zr ratios
ization of the two phases can be calculated by minimizingrom the work of Haunet al*® were used. The results of
the free energy in EQ5) with respect to the polarization,  these calculations for temperatures below the Curie tempera-
ture are shown in Fig. 7.
ﬁ:():} Pio. (8) As shown in Fig. 7, the biaxial stress necessary to trans-
! form grains containing a single ferroelastic domain from
The equilibrium minimum free energy of each phase carequilibrium tetragonal into the rhombohedral phase increases
then be found by substituting tifé,o values of each phase in as the temperature is decreased below the Curie temperature.
the expression for free energy. These manipulations result iRor c-type PZT grains with Ti/Zr ratios of 60/40 and 70/30,
an expression for the Gibbs free energy of each phase asat room temperature the biaxial stresses reach approximately
function of the temperature and applied stressesin thin 200 and 550 MPa, respectively. This stress is significantly
films, the only nonzero components of the stressogreo, smaller than those that would exist in single domeitype
andog. For both the tetragonal and rhombohedral phases thgrains shown in Fig. 6. Relaxing the assumption that
two in-plane normal stress components will be equal to eacks 0 increases the minimum biaxial stress necessary for te-
other, i.e.,oc1=o0,= 0. Since the tetragonal phase does nottragonal to rhombohedral phase transformation. However,
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Deposited Anneal Anneal Anneal Anneal Anneal FIG. 9. Domain structure of 700 and 1500 A PZT after the 650 °C anneal.

The image on the left shows the topography of the sample, while the image

FIG. 8. Volume fraction of the rhombohedral phase as a function of theon the right side shows the piezoresponse signal. A large fraction of grains
annealing treatment. appear to contain several ferroelastic domains.

that stress is still smaller than what would exist in singlenot constrained by the surrounding grains, allowing them to
domain tetragonal PZT. Consequently, it is favorable forfreely deform and accommodate the strain that develops
single domain PZT grains to transform into the rhomboheipon cooling from the deposition temperature, including the
dral phase instead of the tetragonal phase. transformation strain associated with the cubic to tetragonal
This analysis is consistent with the theoretical work re-Phase transformation. This is consistent with the x-ray depth
cently published by Pertseat al*” who investigated how the Profiling measurements we have performed in the past,
phase stability regions of PZT thin films of several compo-Which showed that PZT has a layered structure with tetrag-
sitions are affected by epitaxial misfit strain. They predictedonal phase at the surface and rhombohedral PZT is at the
that single domain PZT of 65/35 Ti/Zr ratio constrained by asubstrate interfack. As the films are annealed at intermedi-
substrate will not be tetragonal, but instead will be in mono-ate temperatures, the film densifies by “zipping” the grain
clinic phase, with Components of po'arization both in theboundaries from the Substrate interface. ThIS increases the
plane of the film and out of the plane of the film similar to Volume fraction of constrained PZT, which may then trans-
what we have observed experimentally. form into the rhombohedral phase. The high-temperature an-
neals of 650 °C result in a large fraction of grains containing
several ferroelastic domains. This is consistent with the work
of Fosteret al*® who showed that polydomain formation in
The relative intensities of the tetragonal and rhomboheepitaxial PbTiQ films can be affected by the annealing treat-
dral peaks observed in symmetric XRD measurementsnent. The formation of multiple ferroelastic domains within
change significantly with annealing treatment. The evolutioreach grain allows them to maintain their overall shape during
of the volume fraction of rhombohedral phase as a functiorcooldown from the deposition temperature without the large
of the annealing temperature determined from symmetricdleformations present in single domain grains. Consequently,
x-ray diffraction measurements is shown in Fig. 8. At inter-after the high temperature anneal, films of all investigated
mediate annealing temperatures, the relative volume fractiothicknesses become mostly tetragonal. A stress-relieving
of the rhombohedral phase increases, as observed masansformation to the rhombohedral phase does not occur
clearly for intermediate thickness PZT films of 1500 andbecause another mechanism for stress accommodation is ac-
2500 A. As the annealing temperature increases further, thigve.
volume fraction of the rhombohedral phase decreases such
that, after the 650 °C anneal, it becomes basically indeperB. Implications for electrical properties
dent of the film thickness. ) ) ) )
After the 650 °C anneal, the domain structure of PZTl' Electrical properties of the as-deposited PZT films
changes as evidenced by the piezoresponse microscopy im- The ferroelectric properties of the as-deposited PZT ca-
ages of annealed PZT films. As shown in Fig. 9, which conacitors with unannealed Pt top electrodes were reported
tains topography and piezoresponse images of 700 and 15@®eviously'! Similar to what has been observed by a number
A PZT films, a large number of grains contain regions ofof other groups for epitaxidland polycrystalline PZT8 the
different piezoresponse contrast, suggesting that they havecaercive field increases significantly with a decrease in thick-
polydomain structure. ness of PZT as shown in Fig. 10. It should be noted that
The proposed origin of the tetragonal to rhombohedrakome reports suggest the opposite. For example, Bilodeau
phase transformation is consistent with the thicknesset al® showed that PZT films that were similarly deposited
dependent phase transformation and the annealing expetiut annealed after top electrode deposition and patterning
ments discussed. The pyramidal tops of the thicker grains angossess a coercive field that is independent of film thickness.

7. Annealing studies
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FIG. 10. Coercive field of as-deposited PZT thin films as a function of thep|g. 12. Coercive field of as-deposited PZT films as a function of the
film thickness. volume fraction of the rhombohedral phase.

The increase in the coercive field of PZT with decreasing _
thickness has been attributed to, among others, a blocking &fques. These results suggest that the structural evolution of
dead |ayer(mentioned ear“erat the ferroelectric/electrode PZT films with thickness affects their dielectric behavior. For

interface that has a reduced dielectric constdfiThe pres- €xample, the abrupt decrease in the dielectric constant for
ence of an interfacial layer with a smaller dielectric constanfZT 1500 A thick coincides with transition of the film from
would be manifested in a plot of the effective dielectric con-mostly rhombohedral to a layered tetragonal/rhombohedral

stant of PZT with increasing thickness. As discussed bystructure as we have discussed previolisly.This observa-
Larsenet al.’” for nominally identical PZT films containing tion is consistent with the theoretical prediction of Pertsev

an interfacial layer the effective dielectric constant of theet al*’ who showed that the dielectric constant of epitaxial

capacitor should asymptotically approach the bulk dielectrid®ZT thin films changes abruptly as a result of the transfor-
constant with an increase in thickness. As shown in Fig. 1qnation from tetragonal into rhombohedral or monoclinic
this is clearly not the case for the as-deposited PZT films aBhase.

measured by the small signal capacitance at frequency of 10 Since the increase in the coercive field of the as-
kHz and by evanescent microwave probe at frequency ofleposited PZT films with decreasing thickness cannot be ex-
approximately 2 GHz. While the differences between the twdPlained exclusively in terms of the dead layer at the electrode
sets of measured values can be attributed to the difficulty ofterfaces, it is reasonable to presume that the two-phase
extracting accurate values from the high-frequency measurétructure of PZT has an effect on its ferroelectric properties

ments, the trend with thickness is very similar for both tech-2s Well. Figure 12 shows how the coercive field of as-
deposited PZT scales with the relative volume fraction of the

rhombohedral phase determined by integrating the relative
intensities of the peaks in symmetric XRD measurements.
Clearly with increasing volume fraction of the rhombohedral
phase the coercive field increases. This observation in itself
is not sufficient to show that the increase in the coercive field
with thickness is due exclusively to the increasing volume
fraction of the rhombohedral phase, however, the annealing
studies discussed in Sec. Il B2 of this article suggest that
this is at least partially true.
- The observation that the coercive field of PZT increases
] with an increase in volume fraction of the rhombohedral
i 1 phase is contrary to what would be predicted based on ex-
150 ] perimental studies of PZT of several compositions. As shown
—o— 25mV 10kHz : by Fosteret al.for epitaxiaf® and Hibouxet al.for polycrys-
N +IZG“ZE:’a“es°e|’“""'°’°"l"a"e ‘f talline PZT films® the coercive field of rhombohedral PZT
500 1000 1500 2000 2500 3000 3500 4000 4500 is Igwer than that of tetragoqal PZT. However, those obser.-
vations were made on PZT films that spanned the composi-
Thickness (A) tion range from PbTi@to PbZrQ,, whereas in this study we

FIG. 11. Dielectric constant of as-deposited PZT films measured by smaif0CUS on PZT of a single c_omposition that should be_ nomi-
signal capacitance and evanescent microwave probe. nally tetragonal. One possible reason why the coercive field
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FIG. 13. Coercive field of PZT as a function of the annealing treatment.
FIG. 14. Inverse capacitance of PZT films annealed at 650 °C for 30 min
before and after deposition of the top electrode.

of the rhombohedral phase is higher than that of tetragonal
PZT is that in the rhombohedral phase the polarization VeCto&eposited PZT films with the thickness shown in Fig. 11 are

is parallel to the(111) direction, whereas the electric field is 5 resylt of structural differences present in the thickness se-
applied along thé¢001) direction. ries of the PZT films we have investigated.

2. Annealing studies IV. CONCLUSIONS

The ferroelectric properties of annealed PZT capacitors We have investigated the origin and implications of the
were measured to investigate whether the changes in relativetragonal to rhombohedral phase transformation observed in
volume fraction of the tetragonal and rhombohedral phasesominally tetragonal Pb(4ksTig.e5) Os thin films of varying
shown in Fig. 8 affect the coercive field of the films as sug-thickness, where PZT films thinner than 1500 A have a
gested by the plot in Fig. 12. To eliminate the effects ofrhombohedral crystal structure and thicker films have a lay-
electrode annealing on the electrical properties of PZT, mostred structure, with the tetragonal phase present in a layer
of the films were annealed prior to room temperature deporear the film surface and the rhombohedral phase at the bot-
sition of the Pt top electrode. Only one set of samples wasom electrode interface.
annealed at 650 °C after deposition of the top electrode. As It has been suggested in the past that macroscopic stress
shown in Fig. 13, intermediate temperature anneal®n single domain PZT films can result in the presence of
(~400°Q increase the coercive field of all PZT films, cor- phases that are not expected in unstrained samples, such as
relating to the increase in the volume fraction of the rhom-the observed rhombohedral phase. Piezoresponse micros-
bohedral phase for the same anneals. Higher temperature atepy measurements suggest that in the as-deposited state the
neals T>500°C) decrease the volume fraction of the majority of PZT grains contain a single ferroelastic domain.
rhombohedral phase while also decreasing the coercive fielVafer curvature and x-ray stress measurements showed that,
If a high temperature anneal of 650 °C is performed afteiin the as-deposited state, there is no significant macroscopic
deposition of the top electrode, the coercive field becomestress in these films. The origin of the rhombohedral phase
independent of the PZT film thickness. This is not the cas&an be explained by considering the effect of substrate con-
for films that were annealed prior to deposition of the topstraint on PZT grains. If the cubic to tetragonal transforma-
electrode. The differences in coercive field of the two sets ofion strain cannot be relieved by ferroelastic domain forma-
samples are a result of interfacial capacitance. tion within each grain, the PZT grain would be under

Figure 14 shows the dielectric properties of PZT capaci-significant mechanical stress. This stress is more than suffi-
tors 650 °C annealed before and after deposition of the Pt topient to transform the equilibrium tetragonal phase into the
electrode. The slope of the inverse capacitance versus thickhombohedral phase as calculated by LGD theory.
ness plot is proportional to the inverse of the dielectric con- It was observed that the structural properties of these
stant of the bulk of the filnf,whereas the intercept corre- PZT films affect their dielectric and ferroelectric properties.
sponds to the interfacial capacitance. Annealing the sampl&he coercive field in the as-deposited films scales with the
before or after deposition of the top electrode does not sigvolume fraction of rhombohedral PZT calculated from sym-
nificantly alter the apparent bulk dielectric constant of PZTmetric x-ray diffraction measurements. Similar trends were
film but does remove the interfacial capacitance, making th@bserved during postdeposition annealing experiments. Inter-
coercive field thickness independent. These results furthenediate temperature anneals increased the volume fraction
confirm that the changes in dielectric constant of as-of the rhombohedral phase, while higher temperature anneals
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