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Abstract

Bulk relaxor ferroelectrics exhibit excellent permittivity compared to their thin film counterpart, although both show diffuse phase
transition (DPT) behavior unlike normal ferroelectrics. To better understand the effect of dead layer and strain on the observed anomaly
in the dielectric properties, we have developed relaxor PLZT (lead lanthanum zirconate titanate) thin films with different thicknesses and
measured their dielectric properties as a function of temperature and frequency. The effect of dead layer on thin film permittivity has been
found to be independent of temperature and frequency, and is governed by the Schottky barrier between the platinum electrode and
PLZT. The total strain (thermal and intrinsic) in the film majorly determines the broadening, dielectric peak and temperature shift in
the relaxor ferroelectric. The Curie-Weiss type law for relaxors has been further modified to incorporate these two effects to accurately
predict the DPT behavior of thin film and bulk relaxor ferroelectrics. The dielectric behavior of thin film is predicted by using the bulk

dielectric data from literature in the proposed equation, which agree well with the measured dielectric behavior.
© 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Since the discovery of lead lanthanum zirconate titanate
Pb,_,La(Zr,Ti;_,)O3 (PLZT) in 1971 [1-3], relaxor ferro-
electric compositions have been widely investigated in both
bulk and thin films. The unique feature of this class of com-
pounds is their diffuse phase transition (DPT), i.e. lacking
of sharp permittivity peak with temperature [4,5]. Among
all the perovskite relaxor ferroelectrics, PLZT is the most
widely studied mixed A-site perovskite system due to dis-
persion being enhanced by increasing the lanthanum dop-
ing level, a key to understanding this behavior from the
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standpoint of lattice structures. It is widely believed that
the characteristic DPT behavior in bulk relaxors stems from
the complex structure, with more than one type of ion occu-
pying equivalent lattice sites and the large difference in their
valence and radii (e.g. PLZT whose A-site includes both lead
and lanthanum ions) [4,6-8]. These cationic species induce
polar regions in the nanometer scale with dipole moments
distributed in random directions between the Burns temper-
ature (7'5) and freezing temperature (77), making relaxors
behave more like a glass than a crystal [4,7,9]. These polar
clusters dramatically affect the nature of the crystal, giving
rise to unique physical properties.

Models explaining DPT behavior in bulk relaxors are
well developed; however, they fail at the nanometer scale.
This is due to the effect of other factors, such as dead layer
and strain, that cannot be ignored at these dimensional
levels [10-13]. Much progress has been made to explain this
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phenomenon (bulk to thin film) on normal ferroelectric
ceramics. It is now widely accepted that the phase transi-
tion order changes from first to second as the dimension
decreases from bulk to thin film. This is due to the so-called
“clamping effects” from the substrates upon which the films
are deposited [14]. It is confirmed by the observation of
bulk-like phase transition in free-standing (stress-free) fer-
roelectric thin films [11,15]. However, a similar study has
not been carried out on relaxor ferroelectrics, in which
the order of phase transition does not change from bulk
to thin film. In this paper, we studied the effect of dead
layer and strain on the DPT behavior in relaxor-based
PLZT (8/52/48) by depositing thin films of varying thick-
nesses. The experimental data were fitted with the Curie—
Weiss law. A modified equation was developed to predict
the behavior of relaxor thin films.

2. Experimental procedure

Pb,_,La(Zr,Ti.)O5 (8/52/48) stock solutions were pre-
pared by “inverted mixing order” sol-gel route based on
acetic acid chemistry [16]. The starting precursors were
99% lead acetate tri-hydrate, 97% titanium isopropoxide,
70% zirconium n-propoxide in 1-propanol and 99.9% lan-
thanum acetate hydrate (all from Sigma—Aldrich Co.). In
brief, zirconium n-propoxide and titanium isopropoxide
were first mixed and chelated with acetic acid. Lead acetate
and lanthanum acetate were mixed in sequence in acetic
acid and dissolved by heating to 105°C. Appropriate
amounts of n-propanol and de-ionized water were added
to obtain a volume ratio of acetic acid, n-propanol and
water of 15:15:2 to achieve a final concentration of
0.5 M. The solution contains 20 mol.% excess lead to com-
pensate for the lead loss during crystallization heat treat-
ments. The solution was aged for 24 h before thin film

3 layers

deposition. PLZT thin films with different thicknesses were
deposited on platinum coated silicon substrates (Nova
Electronic Materials, Inc.).

PLZT layers were prepared by spin-coating the stock
solution through 0.02 pm filter (Whatman International
Ltd.) onto platinum coated silicon (Pt-Si) at 3000 rpm
for 30 s. Each layer was pyrolyzed at 325 °C for 10 min
and crystallized at 650 °C for 5 min. The films were crystal-
lized for an extra 5 min every three layers. This process was
repeated to achieve films of desired thickness and the films
were exposed to a final crystallization anneal of 650 °C for
15 min to ensure uniform perovskite phase. Films contain-
ing 3, 5, 10 and 19 layers were fabricated. Platinum top elec-
trodes (250 um diameter and 100 nm thick) were deposited
through a shadow mask by electron-beam evaporation.
Dielectric measurements were made as a function of temper-
ature (50-300 °C) and frequency (1-100 kHz) with an Agi-
lent E4980A LCR meter using an oscillator level of 0.1V
in conjunction with a Signatone QuieTemp® probe station
with hot stage (Lucas Signatone Corp., Gilroy, CA). DC
leakage current measurements were made using a Keithley
237 high-voltage source meter. Phase identification was car-
ried out using a Bruker AXS diffractometer with General
Area Detector Diffraction System while microstructure
and thickness were characterized using a SEM Hitachi
S4700field-emission scanning electron microscope.

3. Results and discussion
3.1. PLZT Thin film characterization

Scanning electron microscopy (SEM) image of the sur-
face of a five layer PLZT film is shown in Fig. la. As can

be seen in this figure, the microstructure is dense and uni-
form as expected of films deposited on Pt-Si. The average
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Fig. 1. Scanning electron microscope images of (a) surface and (b—e) cross-sections of PLZT film on Pt-Si substrate. Illustrated in (b—e) are the cross-
sectional images of 3-, 5-, 10-, and 19-layer PLZT film, respectively, with corresponding thicknesses of 0.495 pm, 0.825 pm, 1.65 um, and 3.135 um.
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grain size of the unimodal distribution estimated using
ASTM Standard E112-88 is ~39.5 nm, which is comparable
to the typical PZT/PLZT films obtained using acetic acid
sol-gel chemistry [17-19]. The cross-sectional SEM images
of 3-, 5-, 10- and 19-layer PLZT thin film on silicon substrate
are illustrated in Fig. 1b—e, respectively. All films display a
dense, columnar microstructure that is nucleated at the bot-
tom electrode. These films do not contain any obvious
defects or other secondary phases (confirmed by XRD in
Fig. 2a). The corresponding thickness measured for a 3-, 5-
, 10- and 19-layer film are 0.495 pm, 0.825 um, 1.650 um,
and 3.135 um, respectively. This corresponds to a constant
value of 0.165 pum per layer using the deposition conditions.

The crystal structure and lattice parameter of the PLZT
films were determined using the XRD operated in the 6—26
scan mode. Fig. 2a shows the out-of-plane diffraction pat-
terns of PLZT thin films with different thicknesses. It is
observed that all the films are well crystallized without
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Fig. 2. X-ray diffraction patterns of 3-, 5-, 10-, and 19-layer PLZT film on
Pt-Si substrate: (a) out-of-plane XRD patterns with y = 0° and (b) in-
plane XRD pattern with iy = 30°. The inset on the left shows the intensity
ratio between (1 0 0) and (1 1 0) planes for films with different thicknesses
in (a and b). A constant A(Z100y/I(110) = (6.8 £ 1.8)% between out-of-
plane and in-plane XRD indicates a constant intrinsic strain existing in the
partial oriented PLZT thin films in the four samples. The inset on the right
shows the variation in the lattice parameters (a, c), total strain (x;.)
calculated from the diffraction patterns as a function of PLZT film
thickness, and the thermal expansion (X;;emmqe). Data include error bars
calculated from (1 0 0), (1 1 0) and (1 1 1) faces calculated using MDI Jade
5.0.

the presence of any secondary pyrochlore phase. The inten-
sity of the major tetragonal (1 1 0) reflection increases dra-
matically with increasing film thickness. The FWHM for
the (1 1 0) peak varies between 0.288 and 0.326 for films
with different thickness, indicating that these films are well
crystallized with fine and similar grain size. Although the
grain sizes are small, for columnar structures like that
observed in PLZT the effect of grain size on the dielectric
behavior is usually dominant only in films where the thick-
ness is similar to the grain size, i.e. aspect ratio (film thick-
ness/grain size) is <1. When the aspect ratio is >3-4 the
measured dielectric properties are determined by the larger
dimension of the grain, which is the length of the columnar
grain or the thickness of the film. This is related to the
response of the dielectric grain to the direction of the field
applied [11,16,20]. Therefore, the effect of surface grain size
on the permittivity is ignored in this analysis.

The out-of-plane lattice parameters calculated for
tetragonal PLZT from the diffraction patterns obtained
for films with different thicknesses are shown in the inset
on the right side of Fig. 2a. It can be noted that the lattice
parameters vary within 4+0.14% for films with different
thickness and it falls within the measurement error of the
XRD instrument. The lattice parameters (a, 4.009 A; c,
4.018 A) are lower than that reported in the literature for
bulk PLZT (8/53/47) [2,21], which is due to the tensile
stress in the film caused by the difference in the thermal
expansion coefficients between the substrate and the dielec-
tric. The in-plane total strain (x,,,,) can be calculated using
the following equation:

Qout-of-plane — A0 | _ 2[)/ (1)
do I v

where dgyr.of-piane 18 out-of-plane lattice parameter calcu-
lated from 60-260 scan XRD and qq is strain-free lattice
parameter (=4.051 A [2,21]). The Poisson’s ratio (v) is ta-
ken as 0.29 for PLZT after Ref. [22]. The calculated total
strain in the film for different thickness is 0.80 + 0.08% as
illustrated in the inset on the right of Fig. 2a. There is no
appreciable variation in the strain with thickness and this
observation can be expected as the ratio of the substrate
to film thickness is >160.

The origin of strain in the polycrystalline film is from:
(1) within the film — grain boundary, domain walls and cap-
illary pressure; and (2) between substrate and film — misfit
strain and thermal strain [23]. However, the strains are cat-
egorized into two groups for convenience in this work: (a)
intrinsic strain  (X;,.insic), Tepresenting the temperature-
independent strain; and (b) thermal strain (x,ep4), r€pre-
senting the temperature-dependent strain. X, can be
calculated as follows:

Xtotal =

Ty
Xthermal = / (af - O{s)dT ~ Ao - (Td - T) (2)
T

where o, and o, are the thermal expansion coefficients of
PLZT and Si substrate, respectively, 7, is the crystalliza-
tion temperature, and 7 is the temperature at which the
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strain is calculated. The calculated thermal strain is 0.15%
using oy =5.4 x 107°°°C™" [3,22], 2, =3 x 10°°C" [22],
Ao=oy—o,=24x10°°C" and (T,7)=625°C.
Therefore, the intrinsic strain can be obtained using the fol-
lowing equation:

(3)
Xiurinsic calculated using Egs. (1)—+(3) is 0.65% at the
deposition temperature 7, [24,25]. The intensity ratios of
face (100) to (110) with grazing angle ¥ =30° in
Fig. 2b are smaller than the ones in Fig. 2a with y = 0°.
The detailed results in Fig. 2a inset on the left indicate
invariable intensity ratio among four films at the grazing
angle but a constant of 6.8% as a result of 30° difference
of grazing angle. It confirms an even intrinsic strain exist-
ing in all films.

Xiotal = Xintrinsic T Xthermal = Xintrinsic + Ao - (Td - T)

3.2. PLZT thin film phase transition

To investigate the evolution and nature of DPT behav-
ior in PLZT relaxor thin films, we measured the relative
permittivity and dielectric loss (tan ) of films with different
thicknesses at various temperatures in the range 50-300 °C,
as illustrated in Fig. 3a. The “relative permittivity” is also
referred as “permittivity” throughout the text below for
convenience. In general, it can be observed that the permit-
tivity increases dramatically from 1200 to 2100 for film
thicknesses below 1.6 um and does not vary significantly
beyond that thickness. Peaks in the permittivity response
as a function of temperature are typically expected in
dielectric materials, signifying the different phase transi-
tions that occur in the material. The maximum permittivity
(&) corresponding to a temperature (7,,) signifying the
onset of tetragonal to cubic phase transition in relaxor
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PLZT (8/52/48), was not observed for the three-layer film.
At the same time the diffuse nature of the phase transition
can be clearly noticed in 5-, 10-, and 19-layer films
(Fig. 3a), with T,, at ~150 °C. On the other hand, the
dielectric loss response was relatively flat for all the samples
in the temperature range measured. Unlike the permittivity
response the dissipation factor does not follow a certain
trend with film thickness, as it is viewed as an extrinsic
property dominated by the number and type of physical
defects in the films rather than the intrinsic property of
the material [26]. Since these films were fabricated simulta-
neously using the same stock solution under identical pro-
cessing conditions, these films can be expected to have
similar degree of chemical heterogeneity and its effect on
temperature-dependent dielectric properties can be ignored
in this comparative study. This is further confirmed by the
fact that the maximum permittivity temperature is thick-
ness-independent, as observed in Fig. 3a.

It should be pointed out that the maximum permittivity
temperature, T,,, is different from the Curie temperature
(T.), due different dipole dynamics in the polar nano-
regions (PNR) associated with the dispersive nature in
the temperature dependence of the permittivity at all fre-
quencies [4,7,9]. In relaxors, the Curie-Weiss law (linear
relation between inverse permittivity and temperature)
holds well only for temperatures above 7'z, and for temper-
atures between T,, and Tp, it follows the power law as
shown in the following equation:

1 1 (T-T,)

2
& 28m5m

)

Em
where &, is the dielectric constant at 7, J,, is the shape
parameter and n = 1-2 indicating the extent of dispersion
or diffuse phase transition. When n =1, Eq. (4) becomes
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Fig. 3. (a) Permittivity and loss measured as a function of temperature for PLZT films of various thicknesses. Shadowed area represents the range of 7,
reported for bulk PLZT (8/53/47). Ref. [21] measured at different frequency. (b) Illustrates the diffuse phase transition function fit using Eq. (4) for 5-, 10-,
and 19-layer PLZT film. The inset shows the dispersion factor n as a function of film thickness calculated from the slope of the fitting. The fitting
parameter (R) obtained ranges between 0.972 and 0.996. The dispersion factor calculated for bulk PLZT (8/53/47) from Ref. [21] (represented as a star) is

also shown for comparison.
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the Curie—Weiss law used for the normal ferroelectric phase
transition; and when n = 2 it describes the totally diffuse
phase transition nature in bulk relaxors.

Fig. 3b is obtained by using Eq. (4) to the measured data
in Fig. 3a to calculate the dispersion factor n. The slope of
the fitted lines corresponds to the dispersion factor for films
with different thicknesses and is shown in the inset of
Fig. 3b. The dispersion factor cannot be calculated for
the three-layer film due to absence of an obvious T,,. It
was noticed that the dispersion factor increases rapidly
with film thickness and achieves a value of 1.8. This may
be attributed to: (1) decrease in the intrinsic strain and sub-
strate clamping effects [27,28]; and (2) decrease in the effect
of dead layer to the effective permittivity [10,15,29]. These
factors have been extensively discussed in the literature
and have been the real hindrance to the development of
thin film capacitor (rather than bulk) for different applica-
tions [4,9,30]. The dispersion factor for a bulk PLZT cera-
mic reported in the literature [21] was calculated using Eq.
(4) and is represented as a “star” in the inset for compari-
son. It can be concluded that the dispersion factor is ~1.8
for films >3 um in thickness, close to values observed in
bulk [21].

3.3. Dead layer effect to the diffuse phase transition of PLZT
thin films

The dead layer is believed to exist between the electrode
or substrate and dielectric layers and has a low permittivity
compared to the dielectric (this is not to be confused with
interfacial layer caused by inter-diffusion of chemical spe-
cies or formation of secondary phase). This dead layer is
an intrinsic effect caused by the metal-dielectric contact
induced potentials or depolarizing field rather than defects
or strain field [15,29]. This leads to a low effective series
capacitance (permittivity) measured in the resultant thin
film capacitors. To estimate the contribution of the dead
layer to the dielectric dispersion, the equivalent series
capacitor model was used, namely Egs. (5) and (6):

1 1 1
o * (5)
Ceff Cthin Cdead

t t 1 1 t o tdead
- = + tdead ( - ) ~ + = (6)
Eeff  Ethin Edead  Ethin Ethin  Edead

where C, ¢, and ¢ are the capacitance, relative permittivity
and thickness, respectively, while subscripts “thin” and
“dead” represent dielectric thin film and dead layer. The
subscript “eff” represents the effective response being di-
rectly measured using the LCR meter. The total thickness
() is the film thickness measured using SEM (Fig. 1). In
Eq. (6), the term 74,44/ is neglected because &, > €geaa-

Using Eq. (6) with the measured data in Fig. 3, the
thickness over permittivity is plotted as a function of thick-
ness at different temperatures in Fig. 4. Measurements were
made at intervals of 25 °C in the temperature range 50—
300°C and at various frequencies (1, 10, 50 and
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Fig. 4. Plot of inverse permittivity (/¢.4) as a function of PLZT thickness
measured at different temperatures. Measurements were made at intervals
of 25°C in the temperature range and only six are shown for clarity.
Measurements were also carried out at 1, 50 and 100 kHz while only the
results from 10 kHz tests are shown (0.9966 < R < 0.9996). Inset illustrates
the presence of the dead layer effect caused by the Schottky barrier that
exists between the metal electrode and the dielectric insulator.

100 kHz), but only six temperatures are shown in Fig. 4
for clarity. The data are fitted with a linear line; the inter-
cept at “zero” thickness would give the contribution from
the dead layer and the slope represents the inverse thin film
permittivity. It is noticed from Fig. 4 that the intercepts
(fdgeadl€aeaq) for various lines are independent of tempera-
ture and frequency while permittivity without dead layer
effect varies according to temperature and frequency
(detailed data are shown in Fig. 5). The fitting parameter
R ranges between 0.9966 and 0.9996, indicating an excel-
lent fit using Eq. (6). The frequency- and temperature-inde-
pendent intercept was found to be 0.2 nm. Since the dead
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Fig. 5. Calculated thin film permittivity compensated with dead layer
effect and dead layer parameter (Zyeqq/¢40qq) @s @ function of temperature
for PLZT films at various frequencies. Inset shows the fitting of Eq. (6) for
thin film permittivity compensated with dead layer effect at 10 kHz. The
slope of this fit gives the dispersion parameter n.
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layer contribution is independent of temperature and fre-
quency, it is likely related to the electronic screening
between the electrode and the dielectric. We therefore mea-
sured the DC leakage current with increasing field as a
function of temperature for films with different thickness,
as shown in Fig. 6 [31,32].

It can be observed in Fig. 6 that the leakage current den-
sity, In(J), follows a linear relationship between the applied
field (E) for all thicknesses and temperature. This behav-
ior can be described by the Schottky and modified space-
charge limited current model according to Ref. [32] as
follows:

1 / qE
J=A"T? —— | g, — B
P [ kT (q v 4n80(8r)barrier>

where J is the current density, 4™ the Richardson con-
stant, 7' the temperature, @, the Schottky barrier height,
q the elementary charge, k the Boltzmann constant, Eg
the electric field at the metal/insulator interface, &, the per-
mittivity of free space, and (&,)pqier the equivalent Scho-
ttky relative permittivity. The data are fit with Eq. (7),
and (&.)parrier 18 calculated to be 4.2 + 1.1, which is again
temperature- and thickness-independent. This value may
be considered as the permittivity of the dead layer (e4..q)
and the thickness of the dead layer (74.4) is calculated to
be 0.84 nm, which corresponds to 0.42 nm on each side
of the dielectric [33]. These results partially explain that
the dead layer effect is primarily based on the Schottky bar-
rier between the electrode and dielectric layer rather than
other factors [29,34-36].

By compensating the contribution of the dead layer
(?gead! €aeaq) to the equivalent series capacitance model of
Eq. (6), the true permittivity of the thin film, &,;,, is calcu-
lated and presented in Fig. 5. The permittivity shows bulk-
like diffuse phase transition which is frequency-dependent.
The permittivity reaches its peak at 150 °C for all frequency
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and it is the same when the dead layer effect is not compen-
sated (Fig. 3a). This indicates that the dead layer affects
only the magnitude of the permittivity without drifting in
T,,. The inset of Fig. 5 shows that the dispersion factor n
is equal to 1.6 and is lower than 1.8 observed in the case
of bulk, where the effect of dead layer can be ignored.
Although the dead-layer-compensated thin film permittiv-
ity is higher than that in Fig. 3a, it is significantly lower
than that reported in bulk PLZT ceramics [21]. These sug-
gest that other factors contribute to this anomaly seen in
thin films. Since these perovskite materials are ferroelastic
in nature and thin films grown on substrates are under tre-
mendous stress (due to thermal and intrinsic), effect of
strain cannot be ignored in understanding the dielectric
behavior. Ong et al. [37] studied the effect of strain on
the permittivity of ferroelectric films and found that the
permittivity was determined by the residual stress and the
thickness of the films. We thus attempted to compensate
for strain into the model as discussed below.

3.4. Strain effect on diffuse phase transition of the PLZT thin
films

Stress in the plane causes a change in the permittivity
measured through the thickness according to the following
relation [24,28]:

1 1 E;,
= - 480Q12 1 ! Xrotal (8)
— VU

Ethin  Ebulk

where E;, v, Q) are the Young’s modulus, Poisson’s ratio
and electrostrictive coefficient of the bulk composition,
respectively [24,28]. Values used in the calculation are
E;= 85 GPa,v,=0.29[22], 01, = —0.01 m* C"*[3]. It is as-
sumed that the x;,s.sic 18 primarily defined by the intrinsic
strain between the dielectric layer and substrate at the crys-
talline temperature (7, and is insensitive to temperature,

10? ——— ———
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Fig. 6. Measured leakage current density is plotted against increasing electric field of: (a) PLZT film with different thicknesses at 200 °C, and (b) three-
layer (0.495 pm) thick PLZT film at different temperatures. The lines are the fits obtained using Eq. (7) with R ranging between 0.983 and 0.998. This fit is

used to calculate (&,)purrier
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i.e. there is no stress relaxation in the temperature range
measured.

Bokov et al. [38] modified the empirical formula given in
Eq. (4) by using n = 2 and fitting to an arbitrary peak tem-
perature 74 to describe frequency-independent high tem-
perature slope of permittivity peak. This method has its
advantage in evaluating the extent of dispersion because
only one shape parameter J, is sufficient to describe the
permittivity in a wide temperature range above T, as illus-
trated in the following equation:

2
Loty o)

& &y ry 551

Eq. (9) is true for both bulk and thin film relaxors. By sim-
ply substituting Eqgs. (3) and (8) into Eq. (9), we get the fol-

lowing equation:
1 _ 1 + [T — (TA)bulk]2
Ethin (€a)pur 224 )bt (01 )iu/k

E
_ 480Q12 1_7/{0/( [ximrinsic + AO!(T,] - T)] (10)

By comparing Eq. (10) to Eq. (9) and equating the terms we
derive the following (Eqgs. (11)—(13)):

AT, = (TA)bulk - (TA);hm

E
= _480Q12ﬁAa(SA)blllk(éA)iulk (11)
1 1 E,
- = 430Q —f
E)min (&) punt 21— Uy
AT

X {xintrinsic + Aa [Td —(Ta)pue + TA} } (12)
(SA)bulk(éA)lzmlk = (SA)thin((sA)chin (13)

It can be concluded from Eq. (11) that the difference in
the arbitrary temperature between the bulk and thin film is
determined only by the thermal («), mechanical (E, v) and
electrical (Q) properties of the bulk relaxor rather than the
strain/stress level. However, this is not entirely true because
the nano-domains start to grow when the temperature
drops below T and Ao is a function of temperature. In
our case this difference in the arbitrary temperature is small
or negligible [1,3,9]. Another limitation is that the x;,,ugic
can be decreased with temperature due to partial cancella-
tion of the strain by the formation of dislocation and poly-
domains [14]. In other words Q, and E/(1-v/) are not
constant with temperature [39]. In spite of these limita-
tions, a peak difference (AT,) of 12.3 K is predicted at
10 kHz, which is comparable to 15 K observed for the dif-
ference in T,, between bulk and thin film form [21].

Egs. (12) and (13) suggest that the permittivity measured
with temperature is suppressed by the presence of strain in
the film caused by the substrate. The significant conclusion
from these two equations is that the strain largely contrib-
utes to the decrease in permittivity and greater dispersion
observed in relaxor thin films compared to bulk. It has

been widely accepted that an order difference in the permit-
tivity values observed between bulk and thin film ferroelec-
trics is due to the high strain levels, but the effect has not
been quantified in this work for relaxors. Eq. (13) also
reveals that the shape function (¢ Aéf,) will remain the same
for both bulk and thin films. Since ¢, and §7 are inversely
related, it can be concluded that if the permittivity is lower
for the same material composition (thin film vs. bulk), it is
always accompanied by a flatter dispersion response, which
again is observed for our thin films in Fig. 3a.

By combining the dead layer and strain effect, the tem-
perature dependence of thin film permittivity in the diffuse
phase transition region can be related to the bulk by the
following equation:

1 1

- 450
Eerr (€4) puin 2
E, AT,
1 — Uf {xinlrinsic + Aa |:Td - (TA)bulk + T:| }
. (taead/€acad) | [T = (Ta)puir + AT
t 2(e4) (514)]271411(

(14)

The thin film temperature-dependent permittivity for differ-
ent thicknesses is predicted using Eq. (14) from the data re-
ported in Ref. [21] for bulk PLZT (8/53/47) and compared
to the experimental data, as shown in Fig. 7. A good agree-
ment is observed between the predicted and measured DPT
behavior of PLZT thin film, as illustrated in Fig. 7. The in-
set of Fig. 7 shows the shape parameter (34) as a function
of film thickness obtained for both the predicted and mea-
sured data in Fig. 7. It can be concluded that this modified
Curie-Weiss law in Eq. (14) can be used to model the dif-
fused phase transition in relaxor-based thin films on vari-
ous substrates by utilizing known bulk material properties.

4000 T
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B --3.135um 100} -e-from ref[21] after Eq(14)
-B-from measured value
2
Z 1 u - % Thickné (um) )
b = ICKness (um
g 2000t---4__ 4 1 . wm
o p S . Te-—=_ & " s
g: '_'—'“-——___L * -A~§‘k
TTe— - _’\ _ >
L L] L] ° -
1000 -
wwwwwwwww 1 L P S S S S S S S S
150 200 250 300

Temperature (°C)

Fig. 7. Figure illustrates the calculated thin film permittivity (lines) for
different PLZT thickness using bulk PLZT Ref. [21] and substrate material
data using Eq. (14) and measured values (legends) from Fig. 3a for
temperatures above 7,,. Inset shows the comparison of shape parameter
04 from the fitting and measured data.

Acta Mater (2010), doi:10.1016/j.actamat.2010.10.063

Please cite this article in press as: Tong S et al. Effect of dead layer and strain on the diffuse phase transition of PLZT relaxor thin films.



http://dx.doi.org/10.1016/j.actamat.2010.10.063

8 S. Tong et al. | Acta Materialia xxx (2010) xxx—xxx

4. Conclusion

The effect of dead layer and strain on the dielectric and
DPT behavior of relaxor thin film was studied. It was
found that the effect of dead layer on thin film permittivity
is independent of frequency and temperature, and is gov-
erned by the Schottky barrier between platinum metal elec-
trode and PLZT dielectric. The dead layer thickness
between a platinum and PLZT dielectric was found to be
0.42 nm. The dead layer contributes only to the change in
the permittivity and does not affect the maximum permit-
tivity temperature (7},). On the other hand, the total strain
(thermal and intrinsic) contributes to both the extent of
broadening and the shift in 7,,. We modified the Curie-
Weiss type law to include both these contributions to accu-
rately predict the DPT behavior in thin film relaxors. The
predicted behavior from bulk properties agreed well with
the experimentally measured values in thin films. Such a
model can be useful in selecting the substrate and electrode
materials for developing relaxor thin films for different
applications from bulk material properties.
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