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" Impact of misfit relaxation and a-domain formation on the electrical
2 properties of tetragonal PbZr4TipgO03/PbZr,TipsO5; thin film
s heterostructures: Experiment and theoretical approach
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7 Heterostructures consisting of PbZr, ,Tij¢O5 and PbZr, 4Tij 05 epitaxial films on a SrTiO5 (100)

8 substrate with a STRuO; bottom electrode were prepared by pulsed laser deposition. By using the

9 additional interface provided by the ferroelectric bilayer structure and changing the sequence of the
10 layers, the content of dislocations and elastic domain types was varied in a controlled manner. The
11 resulting microstructure was investigated by transmission electron microscopy. Macroscopic
12 ferroelectric measurements have shown a large impact of the formation of dislocations and 90°
13 domain walls on the ferroelectric polarization and dielectric constant. A thermodynamic analysis
14 using the Landau—Ginzburg—Devonshire approach that takes into account the ratio of the thicknesses
15 of the two ferroelectric layers and electrostatic coupling is used to shed light on the experimental
16 data. © 2009 American Institute of Physics. [DOI: 10.1063/1.3056164]
17

18 |. INTRODUCTION

19 Ferroelectric thin films are the focus of extensive re-
20 search for applicationsl_4 including but not limited to capaci-
21 tors, pyroelectric sensors, FeERAMs, and valves for ink, fuel,
22 or medicines. These materials have also stimulated intense
23 scientific debate among the condensed matter community
24 owing to the nonconventional (compared to bulk material)
25 physical properties they possess. One of the main challenges
26 that have been faced during the course of the research de-
27 voted to ferroelectrics have been size-related phenomena. In
28 order to integrate ferroelectrics into suitable devices, minia-
29 turization is essential. At certain critical size, strains occur-
30 ring at interfaces become important,5 enabling strain engi-
31 neering of the ferroelectric properties,6 e.g., by tailoring
32 growth on different substrates.’ Depending on the preferred
33 substrate-film combination, either compressive or tensile
34 strains can be introduced, the latter being able to tilt the
35 polarization vector from the out-of-plane to the in-plane
36 direction.® Another prominent characteristic of electric polar-
37 ization is the possibility to enhance it to higher values than
38 these measured in bulk via strain-polarization electrostrictive
39 coupling,9 even though this is not always as extensive as
40 expected.lo*lz' Thus, ferroelectric films can be tuned to ex-
41 hibit either polarization values superior to the corresponding
42 bulk material or an outstanding dielectric constant. Other
43 properties such as the pyroelectric effect are affected as
44 well '+

45 However these considerations only hold true for a very
46 confined thickness range. If a critical thickness is exceeded
47 during film growth, the heteroepitaxial film usually starts to
48 relax by forming misfit dislocations, that is accompanied by
49 threading dislocation formation.'”** Additional stresses
50 could also arise upon cooling down the film from growth
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temperature to room temperature due to different thermal 91

expansion coefficients between film and substrate. For par- 52
ticular ferroelectric films, a-domains can form below the Cu- 53
rie temperature (T¢) to further relax the residual stresses. ™ 54
These a-domains are characterized by their easy polarization 55
axes lying in the plane of the film-substrate interface. Due to 56
the different elastic strain states they exhibit, they are detect- 57
able in electron diffraction. While these relaxation mecha- 58
nisms could give rise to global and local strain relaxation in 59
the film, they can be detrimental for the ferroelectric 60
behavior.” The reason for the latter is that local strain varia- 61
tions induce a position dependent polarization owing to the 62
electrostrictive nature of these systems. Strong internal elec- 63
tric fields due to polarization gradients could develop, smear- 64
ing out the phase transition, and even suppressing ferroelec- 65
tricity. Such formations must be avoided in design of 66
ferroelectric components for various applications. One ap- 67
proach to tune the properties by minimizing the aforemen- 68
tioned effects is to grow bilayers or superlattices which com- 69
bine ferroelectrics with other classes of material, e.g., semi->® 70
or superconductors.27 This way of fabricating structures also 71
allows a precise strain and microstructure control by choos- 72
ing the appropriate components comprising the functional 73
system. By combining materials with very similar crystallo- 74
graphic properties such as ferroelectric PbTiO5 and paraelec- 75
tric SrTiO; (STO) intriguing effects such as very high dielec- 76
tric constants for a critical thickness ratio are predicted.28 On 77
the other hand, the presence of such a high dielectric 78
anomaly due to the transition of the ferroelectric layer to the 79
paraelectric phase at a critical fraction of the paraelectric 80
layer is now under debate. Some recent studies” ' demon- 81
strate that this critical fraction can be perceived as the point 82
at which the ferroelectric layer can no longer exist in the 83
single-domain state but it will split into 180° electrical do- 84
mains, equivalent to a thermodynamically more stable phase. 85
Therefore an intrinsic dielectric anomaly will not be exhib- 86
ited. 87
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88 In this study, fabricated bilayer heterostructures consist-

89 ing of two tetragonal Pb(Zr,Ti)O; (PZT) compositions
90 PbZr,,Tiy 303 (PZT20/80) and PbZry,Tiyc05 (PZT40/60)
91 are discussed. The influence of the interface between the
92 ferroelectric layers on the resulting macroscopic electric
93 properties, together with the resulting strains, dislocation
94 states, and domains are investigated. Experimental film
95 growth, microstructural, and electrical characterizations are
96 followed by a Landau-Ginzburg-Devonshire (LGD) ap-
97 proach to interpret the results and to shed light on the impact
98 of a-domains on such bilayer structures. It is shown that
99 a-domains in bilayers and superlattices can arise under cer-
100 tain strain conditions and can significantly alter the electrical
101 properties. The strain states in the layers can be adjusted by
102 changing the sequence of layer growth or by choosing par-
103 ticular thickness ratios and thicknesses of the layers.

104 Il. EXPERIMENTAL

105 Pulsed laser deposition (PLD) was used to grow thin
106 film heterostructures on vicinal (100) STO single crystals
107 with a miscut of about 0.1° (CrysTec, Berlin/Germany).
108 TiO,-terminated surfaces with atomically smooth terraces
109 were obtained by etching the STO substrate in buffered hy-
110 drofluoric acid®® and subsequently annealing at 1100 °C for
111 1 h.>’ The ferroelectric PZT20/80/PZT40/60 bilayers were
112 successively grown on top of the SrRuO; (SRO) bottom
113 electrode, which was deposited first on STO (100) in step-
114 flow growth mode.** A substrate temperature range of
115 575-700 °C, an oxygen pressure of 14-30 Pa, a laser flu-
116 ence of 2.5-5 J/cm? and a repetition rate of 5 Hz were
117 used. Circular Pt top electrodes with a diameter of about
118 100 um were deposited at room temperature by rf sputtering
119 through a corresponding stencil. Macroscopic characteriza-
120 tion comprised ferroelectric hysteresis curves recorded at 1
121 kHz (AixxACT TF Analyzer) and capacitance-voltage char-
122 acteristics measured at 100 kHz with a probing voltage of 0.1
123 V (HP4194A impedance analyzer). The values at 0 V have
124 been used to calculate the equivalent dielectric permittivity
125 using the simple plan-parallel capacitor model. Structure
126 analysis was performed by transmission electron microscopy
127 on cross-section samples employing a Philips CM20T elec-
128 tron microscope at 200 keV primary electron energy, using
129 the STO [010] direction as the one of the incident beam.
130 Piezoresponse force microscopy (PFM) was performed using
131 a scanning probe microscope (ThermoMicroscopes)
132 equipped with a PtIr coated tip (ATEC-EFM-20) with an
133 elastic constant of about 2.8 N m~!

134 lll. APPROACH AND METHODOLOGY

135 For a given film-substrate combination with a corre-
136 sponding lattice misfit, the dislocation content and domain
137 formation in single-composition thin films are determined
138 mainly by the film thickness and the growth conditions. A
139 bilayer structure offers the possibility to control the forma-
140 tion of both features via the presence of the additional inter-
141 face. Due to the different misfits between the layers and be-
142 tween the individual layers and the substrate, various
143 relaxation and elastic domain states are possible.
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FIG. 1. (Color online) TEM cross-section micrographs [(a), (c), and (e)] and
according schemes [(b), (d), and (f)] of ferroelectric bilayers consisting of
PZT20/80 and PZT40/60 grown with a SRO bottom electrode on (001)-
oriented STO, seen from the [010] STO direction.

In this study, STO substrates were chosen for the growth 144
of c-axis oriented PZT20/80 and PZT40/60 layers because of 145
the relatively small lattice misfit such a system would pos- 146
sess. In spite of the latter statement, we were able to intro- 147
duce elastic a-domains into the layers via changing the se- 148
quence of the layers where the relaxation sequence of one 149
layer alters the strain state of the other. At growth tempera- 150
ture, PZT20/80 and PZT40/60 have a misfit with the STO 151
substrate of f=—1.8% and f=-3.0%, respectively. In all 152
present experiments a SRO film was used as bottom elec- 153
trode. SRO has a misfit of f=-0.4%. Its pseudomorphic 154
growth onto STO(100) vicinal crystals was shown experi- 155
mentally until a thickness of ~75 nm.* Therefore, the PZT 156
layers directly experience the misfit with the thick STO sub- 157
strate. 158

For PZT layers well above the critical thickness for mis- 159
fit dislocation formation, there are two main possibilities 160
shown schematically in Fig. 1. (i) When the first grown layer 161
is PZT20/80, this is strained to the substrate with minimal 162
dislocation density due to its small misfit with the SRO/STO; 163
however, the subsequent PZT40/60 layer grows by forming 164
misfit dislocations (MDs) at the interface accompanied by 165
threading dislocations (TDs) propagating to the top surface. 166
In addition, the top layer exhibits narrow a-domains which 167
are also terminated at the interface. transmission electron mi- 168
croscopy (TEM) pictures depicting this case are shown in 169
Fig. 1(a) together with a schematic drawing in Fig. 1(b). (ii) 170
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FIG. 2. (Color online) (a) Topography and (b) PFM amplitude of the het-
erostructure shown in Fig. 1(c).

171 When PZT40/60 is used as the bottom layer, quite high den-
172 sities of MDs form at the interface with the SRO electrode
173 from where many TDs emanate toward the free surface of
174 the structure, thereby crossing the entire PZT20/80 top layer.
175 On the other hand, the abrupt strain state change at the inter-
176 face could also act as a barrier for the TDs’ propagation,35 36
177 and somewhat reduces the dislocation content in the top
178 layer with respect to the bottom one. Moreover, two different
179 domain states are possible in the case of this particular dis-
180 location distribution: (1) the a/c-domains are confined to the
181 PZT20/80 layer and terminate at the interface, as shown in
182 Figs. 1(c) and 1(d); (2) the domains are crossing the interface
183 and penetrate through the entire film [Figs. 1(e) and 1(f)] in
184 order to reduce the overall elastic energy of the structure,
185 when the elastic energy of the partially strained film is high
186 enough (possible in thicker films). We would like to point out
187 here that it is one of our motivations to characterize the im-
188 pact of a-domains on the electrical properties of a bilayer by
189 changing the growth parameters in a controlled manner.
190 Scanning probe investigations of the heterostructures shown
191 in Fig. 1(c) revealed a smooth surface [Fig. 2(a)] and the
192 typical rectangular a-domain pattern visible in the PFM am-
193 plitude [Fig. 2(b)].

194 The dependence of the remnant polarization P, and di-
195 electric  constant &, on the relative thickness «
196 =1p7140/60/ vilayer» WIth Thitayer="1pz140/60+ IPZT20/80, OF the struc-
197 tures are shown in Fig. 3. It can be seen that the different
198 microstructures significantly modify the values of measured
199 P, and ,. Structures with a PZT20/80 bottom layer contain-
200 ing a rather low density of dislocations [Figs. 1(a) and 1(b)
201 and corresponding open circles in Fig. 3] exhibit mean val-
202 ues of P,~70 uC/cm? and &,~ 145. In contrast to this pic-
203 ture, the films with a dislocation-rich PZT40/60 bottom layer
204 [Figs. 1(c) and 1(f) and corresponding full circles in Fig. 3]
205 show a smaller P, of about 35 wC/cm? and a much higher
206 £,~435. The codomains caused by the two possible se-
207 quences in the bilayers are indicated by the shaded areas in
208 Fig. 3.

209 To explain these experimental observations, we adopted
210 the LGD theory for ferroelectrics to understand the impact of
211 possible influences such as misfit of the layers and electro-
212 static coupling due to the polarization jump at the interfaces.
213 So, our approach includes appropriate modifications to the
214 bulk LGD potential of the components taking into account
215 the misfit strain due to the film-substrate lattice mismatch,
216 relaxation by dislocations and a-domains as well as the elec-
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FIG. 3. (Color online) Remnant polarization (a) and dielectric constant (b)
of bilayers with a PZT20/80 (O) and a PZT40/60 bottom layer (@) in
dependence on the relative thickness. The shaded areas designate the
codomains of the measured values caused by the different layer sequences.

trostatic coupling of the ferroelectric layers. As the layers are 217

well above the usual thickness for similar systems where 218
interface- and size-effect related phenomena have been re- 219
ported, such effects have been neglected. We define the free 220
energy density of a bilayer as™ 221

anF1+(l—a)F2+Fc, (1) 222

with « being the relative thickness of the layer 1, F;(i 223
=1,2) being the LGD potential of the individual layers that 224
also contains the elastic energy due to misfit strain. An addi- 225
tional contribution F, represents the energy due to the elec- 226
trostatic coupling between the layers as a result of the polar- 227
ization discontinuity at the interfaces. The free energy 228
densities, F;, of each layer can be written in the form 229

F,=Fy+aP*+bP*+cP°-EP, (2) 230

where a and b are the strain-modified thermodynamic coef- 231
ficients, c is the higher order dielectric stiffness coefficient in 232
bulk state of layer i, («;;; in Ref. 37), P the polarization and 233
E the external electric field parallel to the polarization. Co- 234
efficients a and b include the effect of the pseudocubic misfit 235
and the elastic clamping of the thin film to the substrate 236
originating from the addition of elastic energy terms to the 237
bulk free energy. In the presence of different domain states, 238
forms of the coefficients @ and b are modified to reflect the 239
presence of domains with different elastic strain values due 240
to the misfit fi.38 For the case of a single film consisting of 241
only c-domains, 242
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244 with T being the Curie temperature, C is the Curie constant,
245 §;; is the elastic compliances, Q;; is the electrostrictive coef-
246 ficients, and «;; the dielectric stiffness for the bulk. The
247 coefficients for a single-composition structure consisting of
248 a/c- and a,/a,-domains are

2
o, ey e 22 )

*

T-T,
at=—F_f
249 280C Sll

250 for the a/c structure and

w_I=Tc On+0p

251 @ = 280C Sll+512 ’
2
+
b**:a”+(Q” Q1) ’ 5)
252 4(8;+S10)

253 for the a;/a, structure, respectively (here subscript 1 and 2
254 imply the domain orientations in a layer). In order to find out
255 which domain configuration is stable for a given misfit
256 strain, the free energy has to be implemented with the term
257 describing the purely elastic misfit strain energy, which ex-
258 cludes the self-strain energy. This term is

2 2
S and L, (6)
259 Sii+S» 281,
260 for the single c-domain state and the a;/a,-domain configu-
261 ration and for the a/c-domain configuration, respectively.
262 Equations (2)—(6) hold only for a single layer at a particular
263 strain state. The minimization of the free energy with respect
264 to polarization and a-domain fraction will give the stable
265 domain configuration at a given temperature. An important
266 term in the free energy of the ferroelectric multilayer hetero-
267 structures is the one describing the electrostatic coupling be-
268 tween the component layers. This term should be expected to
269 contribute significantly to the free energy of the system due
270 to the polarization difference at the interface. It must also be
271 kept in mind that the formation of a-domains is not related to
272 any electrostatic interaction but is purely due to elastic misfit
273 strain. The fraction of these a-domains, however, can slightly
274 shift with external applied field that is one of our consider-
275 ations in this study.
276 If sufficient elastic strain exists to stabilize c-domains in
277 both layers, the electrostatic coupling term due to the
278 polarization-induced bound charge at the bilayer interface
279 reads

1
Fe=——a(l - a)(P, - P,y)?, 7
080 c 280a( a)(Py = P,) ()

281 with g, being the dielectric permittivity of vacuum, P, the
282 polarization of the top layer (layer 1), and P, the polarization
283 of the bottom layer (layer 2). In the case of elastic strain that
284 favors an a/c-domain configuration of the top layer, the frac-
285 tion @, of a-domains will be determined by
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_ (S11 = S)(f - 01nP2) ®)
O Sn@n-0P 286

Our approach assumes that the a-domains have an induced 287
c-polarization due to the presence of an uncompensated 288
charge at the interface between the layers. Thus, the single 289
c-domain state of the bottom layer induces a c-component 290
(out of plane) of the polarization in a-domains of the top 291
layer and couples to the c-domain polarization as in Eq. (7). 292
This is due to the susceptibility of the a-domains along the 293
out-of-plane direction with respect to the interface between 294
the layers. Therefore the electrostatic coupling can be de- 295
scribed as 296

1
FC= 2_80a(1 - a)((l - d)a)Pcl + d)aPal _P2)2- (9) 297

Here P, is the polarization of the c-domains in layer 1 and 298
P, is the induced out-of-plane polarization in the a-domains 299
of layer 1. Equation (9) simply dictates that the electrostatic 300
coupling will occur between all layers with the contribution 301
from the a-domains. For instance, had there been only 302
ai/a,-domain configuration of the top layer, there would 303
have been only induced polarization in layer 1 and the cou- 304
pling term would be written as 305

1
Fe=——a(l - a)(P, - P)>*. 10
c 280a( a)(Py = P) 10) o

If both layers exhibit an a/c-domain structure the coupling 307
term becomes 308

1
Fe=—a(l - 1- P+ P,,—(1- P.
C 280 a( CE)(( ¢al) cl ¢al al ( ¢a2) c2 309

- ¢u2Pn)’ (11) 310

with ®,; and @, the fraction of a-domains in the first and 311
the second layer, respectively. It should be noted here that 312
our method does not take into account spatial variations in 313
polarizations  neither in  the  vicinity of the 314
a-domain/c-domain nor a-domain/a-domain junctions of the 315
two layers but only the sum of polarization values of each 316
layer. The induced c-polarization in the a-domains gives rise 317
to an additional energy term that also has to be taken into 318
account. This can be deduced for each layer where an 319
a-domain has an additional c-polarization component, modi- 320
fying the free energy of a-domains in a layer i, F?, in the 321

form®’ 322
FY(P,E=0)=2a""P>+aP?+b,P} + bP! + b,P2P? 323
+a]l](2P2+P?)+a112(2P2(P3+P3) 324

+2P.P)) + a3 PP, (12) 325

containing the higher order dielectric stiffness coefficients 326
a;;, and the modified coefficients 327
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332 for a layer i. Depending on the type of elastic strain states in
333 the layers and relaxation mechanisms, the stable equilibrium
334 domain configuration in our bilayers can be determined us-
335 ing relations (1)—(15). F has to be minimized with respect to
336 each polarization component in order to calculate the polar-
337 izations in each layer. It is important to remind here that the
338 polarization solutions of both layers, including the solutions
339 for the a-domains are all connected through the electrostatic
340 coupling. Following the polarization solutions, we also cal-
341 culated the small signal dielectric constant, &,, which is ba-
342 sically the polarization difference arising in the structure
343 when applying a small external electric field Ey:

_ P(E=Ey) - P(E=0)
= L .

(15)

344 "
345 We now apply our methodology to the cases that resemble
346 the experimentally observed data. For the structures shown
347 in Figs. 1(a)-1(d) the model is assumed to include a single-
348 domain bottom layer and a multidomain top layer. In order to
349 compare the measured values (given by the dots in Fig. 3)
350 with these obtained via the theoretical approach, the self-
351 strain free pseudocubic strain states of the different layers
352 must be known including the domain fractions. Since these
353 are quite difficult to determine experimentally and vary from
354 sample to sample, only the cases that are bordering our ex-
355 perimental data and observed microstructures are considered
356 in the calculations. Such an approach takes into account the
357 misfit relaxation by dislocations in each layer at growth tem-
358 perature and the developing thermal strain in each layer upon
359 cooling. Thus, a-domain formation in any of the layers will
360 result once the particular layer reaches its 7, and if the misfit
361 strain favors an a/c domain pattern of the layer, determined
362 by comparing the free energies of possible domain states.
363 Moreover, there could exist an a;/a, pattern of a layer with
364 the other layer being in any of the a/c-, c-, or a;/a,-domain
365 states depending on the individual strain states of the layers.
366 The first considered case is a bilayer with a fully strained
367 PZT40/60 layer (misfit at room temperature: frp=-3.2%) on
368 top of a fully strained PZT20/80 layer (frr=—2.0%). The
369 corresponding values for polarization and dielectric constant
370 are given in Figs. 4(a) and 4(b) by the red dotted line No. 1.
371 However, the TEM image in Fig. 1(a) shows a high density
372 of TDs in the top PZT40/60 layer suggesting a misfit dislo-
373 cation driven relaxation of the layer. In the extreme case, this
374 layer can be treated as fully relaxed at growth temperature
375 where thermal strains develop upon cooling resulting in
376 small compressive RT misfit of frp=—0.1%. The results are
377 shown by line No. 2 in Figs. 4(a) and 4(b), where P, is
378 smaller and &, larger compared to line No. 1. In reality, both
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FIG. 4. (Color online) Remnant polarization (a) and dielectric constant (b)
of bilayers with a PZT20/80 (O) and a PZT40/60 bottom layer (@) in
dependence on the relative thickness. [J and B designate single PZT layers
consisting of strained PZT20/80 (a), relaxed PZT20/80 (b), and relaxed
PZT40/60 (c). The lines display the results of the LGD theory for bilayers
with a PZT20/80 bottom layer (red dotted line, 1, 2) and a PZT40/60 bottom
layer with (blue continuous line, 3’, 4’) and without a/c domain walls
(black continuous line, 3, 4).

layers will partially relax to some point, determined by the
PLD growth conditions, which cannot be precisely con-
trolled or exactly measured. It has to be assumed that the
measured values lie somewhere in the range between the two
calculated red dotted lines. Concerning the PZT20/80 on
PZT40/60 bilayer with domains terminated at the interface
[Fig. 1(c)], the curves Nos. 3 and 4 (black lines) show the
results of a relaxed PZT20/80 (frr=—0.1%) on a relaxed
PZT40/60 (frr=—0.1%) and of a strained PZT20/80 (fgr=
+1.1%) on a relaxed PZT40/60 layer, respectively. In this
case, the film containing a strained PZT20/80 layer exhibits a
smaller P, and a larger &,. The lines denoted as 3’ and 4’
cover the possibility of domains to propagate through both
layers as shown in Fig. 1(e). It can be seen that the influence
of the a/c-domain structure on P, is small while ¢, increases
considerably.

IV. RESULTS AND DISCUSSION

Although the properties and lattice constants of the te-
tragonal PZT compositions PZT20/80 and PZT40/60 are
similar, the combination of both in the form of bilayers re-
sults in very different values for the remnant polarization P,
and the dielectric constant &, when the layer sequence with
respect to the substrate is changed. The main reasons for this
behavior are (1) the different lattice parameters of the two
PZT compositions and (2) the dependence of the misfit strain
of the top layer on the relaxation state of the bottom layer.
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405 During the growth on the STO (100) substrate, the lattice
406 constant of PZT20/80 is close enough to allow a coherent
407 growth [reported for films thinner than ~100 nm (Ref. 40),
408 whereas PZT40/60 forms dislocations to relax the strain
409 caused by its higher lattice mismatch with the substrate. Fur-
410 thermore, the domain and polarization states of the two lay-
411 ers are not independent from each other due to strain and
412 electrostatic effects. The interface between the ferroelectric
413 layers is the site of the mechanical and electrostatic cou-
414 plings and it can, therefore, act as a barrier or favor nucle-
415 ation of domains and dislocations, allowing different domain
416 states and dislocation densities in the two layers. Ferroelec-
417 tric bilayers containing PZT20/80 as bottom layer, hence
418 with both layers subjected to compressive stress, show high
419 polarization values and a low dielectric constant (curve No. 1
420 in Fig. 4). The consecutive relaxation of the PZT40/60
421 (curve No. 2) and of the PZT20/80 layer (curve No. 3) leads
422 to a decrease in P, and increase in ¢, due to the a-domains
423 and the domain wall contribution.*' If PZT40/60 is grown as
424 the bottom layer, tensile stresses can develop in the
425 PZT20/80 layer. In this case P, would further decrease and €,
426 further increase (curve No. 4) compared to states with less
427 tensile stress. As it is shown in Fig. 1(e), the domains might
428 also cross the interface. This causes a slight increase in P,
429 and a significant increase in &, (curve Nos. 3’ and 4') due to
430 the further relaxation and the contributions of the
431 a/c-domain structure compared to the films containing the
432 untwinned PZT40/60 bottom layer.

433 For the case of @ becoming 0 or 1, the structure entirely
434 consists of either PZT20/80 or PZT40/60, respectively. At
435 =0 the values correspond to a PZT20/80 film under com-
436 pression (curve Nos. 1 and 2) without domains, and twinned
437 films under no stress (curve Nos. 3 and 3’) and tension
438 (curve Nos. 4 and 4'), respectively. On the other hand at «
439 =1 the values for a PZT40/60 film subjected to compressive
440 stress (curve No. 1) and no stress with (curve Nos. 2, 3’, and
441 4') and without a-domains (curve Nos. 3 and 4) can be read
442 off. These results can be compared to measurement data ob-
443 tained on single layer films (M and (] in Fig. 4). It turns out
444 that the P, value of a relaxed PZT20/80 (designated with B)
445 single layer is in very good accordance with the calculations,
446 whereas the measured P, value of a strained PZT20/80 layer
447 (A) is much higher. The latter phenomenon has already been
448 observed and reported in a previous work.*' The computed
449 values for a PZT40/60 layer (C) cover the measured result
450 and indicate a highly but not fully relaxed film. Regarding
451 the values of ¢,, there is a good agreement between simula-
452 tion and experiment for PZT20/80 and the calculated range
453 includes the measured value for PZT40/60.

454 Despite the good agreement between the results of our
455 modified LGD approach and the experiment, in general,
456 there are observable deviations of the computed values from
457 real data. These occur because the model used is still quite
458 macroscopic in comparison to the diversity of the features in
459 the investigated system. The major influences considered by
460 the model are the global misfit strain in the layers and the
461 overall electrostatic coupling between the layers. For a com-
462 plete model, additional effects induced by the interface be-
463 tween the ferroelectric layers and by the interfaces with the
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metal electrodes should be taken into account. Charged traps 464
can significantly contribute to 8,.42 The presence of the “dead 465
layer” at the interfaces may alter the ferroelectric 466
properties“’44 in addition to possible existence of space 467
charges, which can also change the properties of the 468
bilayer.45 Misfit dislocations that form at the interface are 469
accompanied by local strains and possible internal fields 470
originating from these microstresses affecting both P, and 471
8,.25’46’47 These misfit dislocations give rise to threading dis- 472
locations as a by-product15 which could smear out the distri- 473
bution of P, rather than a single value.**** Overall, despite 474
the simplicity of the approach, the variations of the experi- 475
mental observations can be elucidated and the effect of 476
a-domains can be highlighted through the adopted method- 477
ology. 478

V. SUMMARY AND CONCLUSIONS 479

Different dislocation densities and domain states were 480
induced in PZT20/80/PZT40/60 bilayers grown on SRO- 481
coated STO (100) by changing the growth sequence and the 482
thickness of the component layers. The macroscopic proper- 483
ties are quite different from those measured in films com- 484
prised of individual components. Clearly, such a trend is de- 485
termined by the extent of relaxation via dislocation 486
formation and elastic domain formation as well as the elec- 487
trostatic interaction between the layers. A modified LGD ap- 488
proach was used to provide a semiquantitative explanation 489
for this behavior taking into account the misfit strains, the 490
electrostatic coupling, and the formation of an a/c-domain 491
structure. Considering the simplicity of our model the experi- 492
mental data are well described. The increase in the dielectric 493
constant accompanied by a deterioration of the remnant po- 494
larization can be attributed to the changeover from compres- 495
sive to tensile misfit strain that impacts the Curie points of 496
the layers. Especially, growing the PZT40/60 as the bottom 497
layer drives a rapid relaxation of this bottom layer, imposing 498
a tensile strain state in the upper layer. Then the upper layer 499
experiences a tensile strain that triggers a-domain formation 500
in this layer following relaxation via misfit dislocations. Ac- 501
cording to our computed results the occurrence of a-domains 502
slows down the decrease in the remnant polarization in the 503
investigated strain range with increasing tensile misfit, while 504
the domain walls give a significant contribution to the dielec- 505
tric constant. This study demonstrates that functional ferro- 506
electric structures with controlled microstructures can be fab- 507
ricated via choosing the appropriate sequence of layers and 508
their appropriate thicknesses, allowing for the possibility to 509
tune the strain state of the system. 510
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