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Functional materials with compositional gradients exhibit unique characteristics that are different from
the components comprising the structure. Graded ferroelectrics are very good examples to such mate-
rials where a systematic variation in composition is introduced along the thickness of a thin film het-
erostructure. Such structures display interesting properties including the disappearance of the dielectric
anomaly at the ferroelectric-paraelectric transition that is otherwise observed in monolayer ferroelec-
trics, a strong internal (“built-in”) electric field, low dielectric loss, and an almost temperature insensitive
dielectric tunability. We present here a theoretical study to understand some interesting properties of
graded ferroelectrics by treating these as wide band gap semiconductors. Such an approach allows us to
address the effect of impurities/dopants. We specifically analyze compositionally graded (001) hetero-
epitaxial (Pb,Sr)TiO3 films between Pt electrodes on (001) SrTiOs. Our analysis shows that a single-
domain state could be stabilized in the presence of space charges whereas intrinsic stacks display
wedge-like electrical domain patterns. The computations also provide an explanation as to why graded
ferroelectrics should have lower dielectric losses and lower leakage currents compared to monolayer
ferroelectrics. We attribute this to the carrier depletion in the layers due to built-in electric fields
resulting from the polarization mismatch.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Designing materials that are specifically engineered to exhibit
particular properties or fulfill a specific functionality has become a
routine practice due to developments in modern synthesis and
fabrication methods. Introducing compositional gradients has
proven to be an effective method, for instance, in impeding crack
propagation in structural components, enabled by elastic in-
teractions between layers of different composition [1,2]. This has
led to significant improvements in areas such as the aerospace
propulsion industry where functionally graded materials are
employed as thermal barrier coatings in turbine blades to extend
their lifetime [3]. In analogy, electrostatic interactions between
ferroelectric layers with differing Curie temperatures (T¢) can be
employed to adjust properties of these systems and may even allow
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additional functionalities not found in any of the compositions
comprising the structure [4—17]. Such an approach has already
been employed in generating what one calls “piezoelectric doping”
in wide bandgap polar GaN/AIN superlattices where the polariza-
tion jumps between layers of different stoichiometry is further
enhanced upon varying the external stress on the system or choice
of the substrate, altering the “sheet” carrier densities at the layer
interfaces [18—21]. Compositional variations in ferroelectrics (FEs)
also generate strong internal long-range (volumetric) electric fields
which are responsible for unique hysteresis response and dielectric,
piezoelectric, and pyroelectric properties [4,6,7,10,12,15—17,22—27].
Such interactions, however, in a compositionally graded ferroelec-
tric (gFE) can be quite complex as the system minimizes the total
free energy via making adjustments to polarization in the presence
of coupled tensorial property coefficients of various ranks. That the
ferroelectric polarization in a given coordinate inside the material
can reversibly adjust itself both by means of orientation and
amplitude to any type of boundary condition (elastic or electro-
static) is making the case rather complicated, rendering intuitive
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guesses about these systems quite difficult as we shall show.
Moreover, since FEs are wide band gap semiconductors [28,29], the
electrical boundary conditions at the surfaces and interfaces are
expected to play a significant role in the ultimate electrical and
dielectric properties of such materials. For example, it is important
whether a film is grown on a substrate or is a free-standing
construct, what kind of electrodes are used, what the “strength”
of grading is, not to mention the magnitude of the strain gradients
that result from polarization variations and possible strain relaxa-
tion mechanisms [4,5,8,9,11,12,22—24,30—47].

In gFEs, the highly non-linear nature of the electrostatic and
electromechanical interactions between layers makes it extremely
difficult to establish a direct link between observed properties and
polarization variations. This is compounded by the fact that inter-
layer interactions depend on the electrical boundary conditions,
electrode material, the misfit strain between layers as well as the
layers and the substrate if in thin film form, and defect micro-
structures that include stacking faults, ferroelastic twins, misfit and
threading dislocations, and a host of point defects like ionizable
impurities including oxygen or other vacancies. Such complexities
have resulted in several theoretical and computational studies to
understand and to describe dielectric, piezoelectric, and pyroelec-
tric properties often determined by sophisticated measurements
and precise materials characterization methods where the sensi-
tivity of ferroics to microstructure need to be considered exclu-
sively [48—51]. Experimental studies reported relative (small-
signal) dielectric permittivities ranging from several hundred to
several thousand in high quality compositionally graded BaTiOs
with altered Ba-site stoichiometry along the thickness in a wide
range of temperatures (T) [8,52,53]. What is also interesting is that
there is no anomaly in the temperature dependence of the dielec-
tric response within the temperature span that was chosen in this
study which is in the spectra of bulk Curie temperatures, T, of the
constituent layers. It is known that internal (depolarizing) electric
fields resulting from polarization mismatches will always reduce
the polarization in the layer with the highest T¢ which tend to
suppress the global transition temperature of the entire stack. This
reduction is accompanied by a strong smearing of the paraelectric
(PE) — FE phase transition of the entire heterostructure, giving rise
to a high dielectric response that is temperature insensitive over a
relatively broad temperature range. Similar results have also been
observed in monolithic FE films with “dead” layers at the electrode/
FE interfaces, different (asymmetric) top/bottom electrodes, and FE
superlattices consisting of periodic units [54—56], but composi-
tionally gFEs display unique characteristics (such as very high
dielectric response even far below the global T¢, low loss and
dependence of electrical properties on the sequence of the grading
with respect to the gFE/substrate interface) that require a more
realistic treatment or interpretation that must employ a thorough
electrostatic analysis.

A notable characteristic of graded ferroelectrics is the low loss
dielectric response especially at low frequencies. For typical di-
electrics, the ratio of the imaginary part of the dielectric function to
the real part (tan-d) decreases with increasing frequencies as tan-4
(which is a function of the electrical conductivity) is inversely
proportional to applied signal frequency. A comparison of experi-
mental results in monolayer (Ba,Sr)TiO3 films and graded (Ba,Sr)
TiO3 systems shows that there is almost an order of magnitude
difference in tan-¢ in the low signal frequency regimes where
conduction losses are expected to dominate [8,52,53]. There has
been some discussion on the nature of this rather unexpected
property that is observed in both epitaxial and polycrystalline
multilayers [57]. However, the origin of this important phenome-
non is not clear. Low dielectric loss is one of the counterintuitive
properties of gFE systems we would like to describe, at least

qualitatively, in this study. A careful understanding of this occur-
rence would have tremendous implications in terms of the devel-
opment of next generation of capacitors, piezoelectric sensors and
actuators, and pyroelectric energy conversion devices.

Here, we develop a theoretical approach based on principles of
non-linear thermodynamics which is coupled with a detailed
electrostatic analysis taking into account that FEs are in fact wide
band gap semiconductors [28] as these materials possess band gaps
around 3 eV [29]. Our goal is to shed light on the electrical domain
structures, polarization stabilities, phase transformations charac-
teristics and dielectric properties of mesoscopic compositionally
gFEs. We first develop a theoretical framework for metal/gFE/metal
heterostructures and then apply this approach to (001) hetero-
epitaxial graded PbySr;_«TiO3 (gPST) between Pt electrodes on (001)
SrTiOs (ST) substrates (Pt/gPST/Pt). We specifically analyze gPST
numerically in the absence and presence of charged defects, in
particular n-type impurities defined through the Fermi-Dirac dis-
tribution considering the gPST as a wide band gap polar semi-
conductor. We show that the dielectric anomaly in intrinsic stacks
disappears in contrast to what is observed in monolayer films and
this is related to the strong smearing of the FE phase transition as
well as the electrical domain structures. Presence of relatively small
concentrations of ionizable impurities (that often form uninten-
tionally during processing of such structures such as oxygen or A-
site vacancies in ABO3 perovskite FEs) of the order of 102> m—3[58]
can have an impact on the domain stabilities and dielectric
response of the structures, owing to the complex electrostatic
interaction between the charges introduced by the impurities and
the polarization gradients, an outcome that has almost never been
discussed for gPSTs. We also observe that intrinsic stacks (in the
same sense as the semiconductor terminology) are entirely in a
multi-domain (MD) state where the domain structure transitions
from a typical rectangular stripe domain pattern in the high T¢layer
towards a more diffuse “sinusoidal” morphology in the low T¢ layer.
Band bending and charge distributions inside the graded hetero-
structures we compute allow us to explain qualitatively the low loss
behavior of gPSTs.

2. Theory and methodology

The schematic of the gPST heterostructures analyzed here and
the strength of the compositional gradient introduced are provided
in Fig. 1. We define this strength as the range of the ferroelectric
transition temperatures (T¢) of layers that make up the construct.
We consider two stacks labeled as “coarse” gPST and “smooth”
gPST. The very top layer in our analysis is PbTiO3 (PT) and for
coarsely gPST the compositional variation is introduced by replac-
ing 10% of Pb in PT by Sr at every 12.5 nm. For smooth gPST stacks,
5% of Pb is replaced with Sr at every 6.75 nm. The total thickness of
both heterostructures is 100 nm. The material parameters of each
layer are assumed to be a weighted linear average of the constit-
uents, namely PT and ST in the following manner:

S =1 —f)sT+f-sT (M

where sf is any material parameter, such as the band gap, ther-
modynamic stiffness coefficients, unit cell lattice parameter, of a
layer corresponding to a particular fraction, f, of Sr replacing Pb ions
in the lattice, sT and s°" are any given material parameter for pure
PT and ST, respectively. f varies in this model from 0 to 0.7, corre-
sponding to a range of Curie temperatures from that of pure PT in
bulk (~765 K) all the way to ~ 200 K for f = 0.7. Averaging of material
properties, both thermodynamic, structural and electronic, is an
approximation to serve as a means to provide us with the results
that can be used to interpret certain electrical behavior observed in
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Fig. 1. Schematic representation of (a) the graded PST heterostructure analyzed in this study and (b) the local bulk T going from PT to PST with f= 0.7 as a function of the position
along the z-axis. In (b), the grading schemes employed in the computations are also identified. For coarsely and smoothly gPST, the compositional variation is introduced by
replacing 10% of Pb in PT by Sr at every 12.5 nm and 5% of Pb replaced with Sr at every 6.75 nm, respectively.

these structures. We also note that in such a system that we have
computationally designed, the overall PE-FE phase transformation
temperature <T¢> will depend on the elastic and electrostatic BCs.
This will be discussed in the subsequent sections.

The total energy density of such a compositionally gFE hetero-
structure is essentially the sum of the free energies of each layer
that are coupled to each other electrostatically and electrome-
chanically, i.e.:

Fs=Y" /F,EEdv (2)

fly
where the integration is over the volumetric free energies of each

individual layer and FﬁE is the Landau-Ginzburg-Devonshire (LGD)
energy of a layer given by:

FICE =0 <P12 +P§ +P%> -I—O(11(P;l -‘y—PEl +P§1> +Oé12(P%P%
+ P3PS + P3P}) + axy (P§ + P§ + P§) + cua [P (P

+B3) + P4(P3 + P3) + P4 (P + P3)] + craaP2P2P2

— %S” (J% + 0% + J%) — S12(0102 + 0103 + 0203)
— %544 (Jﬁ + ag + oé) — Q11 (01P% + O'ZP% + 03P§>
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where
dp;\ 2 dp;\ dP;\ 2 dp;\ 2
Fé:G33(E> + G3q (a) +GlB(a) + G (a)
dr,\? dr,\? dr;\? dr,\?
ren(q) rea(G) rea(y) +o2 ()

ron()
(4)

for each layer. In Eqs (3) and (4), P; (i = 1,2,3) is the polarization

vector, o; (i = 1,2,...,6) is the (applied) stress tensor in contracted
(Voigt) notation, S; and Q;; are the elastic compliances (again in
Voigt notation) at constant polarization and electrostrictive co-
efficients, respectively, «j, «j, and o, are dielectric stiffness
(Landau) coefficients, and Gj; are gradient energy coefficients. For
each layer f, these parameters are determined from Eq. (1).
Taking into account that the top surface of the entire stack is
traction free results in some simplification since a3, 04, g5, and gg
vanish, leaving us only with the in plane misfit stresses ¢ and o>
that can be expressed in terms of the in-plane (polarization-free)
misfit strain U for each layer such that
01 = 02 = Ciium + Ci2(um + us) where us is the stress-free out-of-
plane strain and Cj; are elastic constants at constant polarization.
We point out that uy, varies with layer composition in accordance
with lattice parameters obtained via Eq. (1), which we denote as
u,fn. We assume that the gradient energy coefficients are isotropic
and approximately the same for all compositions not to complicate
further the analysis. In addition, variations in gradient energy due
to possible anisotropy of this coefficient are negligibly small
compared to electrostatic energy for the range of thicknesses
considered in this work and by no means change the physics of the
problem. Eq. (3) can be written in terms of elastic compliances and
in any given layer, dF’;E/dai = (i =1, 2) to express the in-plane
stresses g1 and g5 in terms of urm and P; reducing Eq. (3) to:

Fip = " (P2 + P3) + o"'P2 + o} (P + PF) + o3P
+ o5 (P3P} + P3PE ) + oJ5P3P3 + cny (P + P§ + PS)
+ a2 [P?(P% +P§) +P§‘(P% +P§) +P§‘(P% +P§)]

dP3\?  /dP;\?
(E) * (ﬁ)

+ a123P3P5P3 +11%1/(511 +5S12)+G
L (P (dPr?
dz dx
(5)

where aﬂz are the misfit modified (or renormalized) free energy
coefficients [59]. We do not consider any strain relaxation in these
structures as this would overly complicate the analyses of the re-
sults that are already not so straightforward to interpret as we shall
present in the following sections. The potential in Eq. (5) has to be
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minimized according to

dFgg d (dFg o
dPp; _Z,-:d_xi(dgi)io &

with g; = dP;/dx; (i = 1,2,3). The problem can be reduced to two
dimensions keeping in mind that these systems typically form
stripe domains along at least one of the dimensions [54,60],
meaning a cross-section through the stack exposing one of the
(100) or (010) planes with (001) being the base plane along the
interface will be sufficient to study the properties of gPSTs. Doing so
and applying the procedure in Eq. (6) for a given layer yields Euler-
Lagrange equations of state for each layer as:

Zotng3 +4 ]3P3P% +406§";P§ +6a111P3 + 0‘112(4133pql + 8P§P%>

9°Py  9°Ps
+ 20[1231)31%1 -G (622 + W
—E,
(7a)

24P, 42 (ZaQ”; + aﬁ’g)P{* +20fMP, P2 + 60111 P§ + 20112 [31353

2P, 62P1>

3p2 3p2 LY
+3P3P3 + P P§] + 2193P3 P} G( s

=:
(7b)

that link P; to the components of the internal electric field vector E;
(i=12.3).

Using the Poisson relation V; « D; = p (i,j = 1,2,3) which corre-
lates the dielectric displacement vector D; (i = 1,2,3) to the local free
charge density p, one can then establish links between the local
(scalar) electrostatic potential ¢ and the polarization gradients such
that:

d?¢/  d>¢/ 1 (dP,  dP;
3 W%Tso(a 5*"“)) (82)
p(r) =a| =™ (1) + (1) + Nj ()] (8b)

In the above relation, q is the elementary charge, n™(r) is the free
electron density, p*(r) is the hole density,Ng(r) is the ionized donor
density, gg is dielectric permittivity of vacuum (in SI units), & is a
background dielectric constant (taken as 7 here) [61]. Each of these
charge terms depend on the electronic band parameters and local
electrostatic potential and are described using Fermi-Dirac distri-
bution functions as:

Nj =Np {1 — (exp (W) + 1)1} (9a)
n- = N¢ (exp (W) + 1) o (9b)
pT =Ny {1 — (exp (W) + 1>_1} (9¢)

where N¢ is the effective density of states at the bottom of the
conduction band, Ny is the effective density of states at the top of

the valence band, Ec is the energy of an electron at the bottom of
the conduction band, Ey is the energy of an electron at the top of the
valence band, Eris the Fermi level, and Ep is the ionization energy of
the donor site that is taken with respect to the bottom of the
conduction band. Note that band edges here shift only due to the
internal electrostatic potential and are considered to be free from
variations in the dispersion relation due to the presence of impu-
rities (including vacancies), which, according to Tingting et al., can
shrink the band gap energy by almost 0.5 eV [62,63].

The above set of relations were evaluated numerically for the
gPST system with gradient schemes shown in Fig. 1b. The ther-
modynamic coefficients and other material parameters used in the
computations are provided in Table 1. One needs to simultaneously
solve Egs. (7)—(9) with the top-bottom interface polarization
boundary conditions (BCs) given as

3L Py = 0], 04 and 102 Py = 0], g (10)
where A is the extrapolation length determining the extent of
change of polarization along the film normal at the interface and h
is the total thickness of the gPST stack. h is given as the product of
the number of grid points along the z-axis (thickness) n and the
distance between two grid points d, taken in our computations as
0.5 nm.

The BCs for electrostatic potential are specified at the gPST-
electrode interfaces as 0 V for short circuiting or ¢ = + Vgpp at top
electrode (z = 100 nm, n = 200) while the bottom electrode
(z=0nm, n= 1) is kept at zero (grounded) where Vg, is applied
voltage. Periodic BCs are employed along the plane of the structures
for both the electrostatic relations and the polarization. Note that
the amount of charge transfer between the FE and the electrode
will depend on the Fermi level differences of the stack and the
electrodes as well as direction of P; and the internal built-in fields.
As such, we resort to numerical methods to analyze the electrical
and dielectric properties of gPSTs. Ideal metal electrodes are
assumed for which work function is taken as that of Pt, a common
electrode material with which the Fermi level of the stack is
equilibrated. The charges due to the spontaneous polarization of
the FE layer at the gPST-electrode interfaces are assumed to be
completely screened. The average of amplitude of the out-of-plane
polarization <|Ps|> is saved after each run for a given Tand position
in the computational grid such that

Table 1
Material parameters and thermodynamic coefficients for PT, ST, and PST used in the
calculations (compiled from Ref. [79] and Ref. [59]).

PbTiO3 SITiO5
Lattice parameter (nm) 0.3935 0.3904
Tc (°C) 492 —253
C(10°°C) 15 0.8
Q11 (m#/C?) 0.089 0.0457
Q12 (m*/C?) —0.026 —0.013
Qa4 (M?/C?) 0.0675 0.00957
s11 (10712 N/m?) 8.0 3.729
512 (1072 N/m?) -25 —0.9088
Sas (10712 N/m?) 9 9.2
ag1 (107 N m8/C?) —7.253 170
012 (108 N m®/C?) 7.5 274
aq11 (108 N m'9/C®) 2.606 —
aq12 (108 N m'9/C®) 6.1 —
0123 (10° N m'/C®) -3.66 -
g(107 1% m3/c?) 5 5
Ny, Nc (m~3) 10%, 10% 1024, 1024
Ev, Ec, Ep (eV) —6.72, -4.0, —4.1 —7.1,-3.9,-4.0
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%IPs(T)\

<|P3|> =—— 11

|Ps] N (11)
where N = 200-n is the total number of sites. Such a resolution
allows us unambiguously determine the transition temperature
since the transition from a PE to a FE MD state will amount to a zero
change of average polarization. The dielectric response of the gPST
stacks at or far from T¢ is computed via

= (100x1079) [D§°P@VAPP +0.001 — DIP@Vy,,

&= €0 x 0.001 (12)

at the end of 5000 iterations for a given T. Here 1 mV (0.001 V in Eq.
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(12) in the denominator is the small signal bias and, therefore,
10* V/m is the small signal electric field we use to probe the
dielectric response of a 100 nm thick film, Dg"p is the average
dielectric displacement at the top gPST/electrode interface given by
eost§°p + P3T°p with superscript “Top” indicating the very top row
of the computational grid that is in contact with the top electrode.
Eq. (12) contains Vjpp that, when non-zero, allows us to compute
the dielectric response under bias. We employ a finite difference
discretization and carry out a Gauss-Seidel iterative scheme to
solve the coupled Egs. (1), (4), (5), (11), (12) simultaneously subject
to BCs discussed above. The computation grid consists of
N = 200-n = 40,000 points for all gPST stacks corresponding to a
total film thickness of 100 nm. We terminate the solution after
5000 iterations that yield a difference of about 10~ C/m? for P; and
P3 between two consecutive steps.
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Fig. 2. Polarization map of gPST with (a) smooth gradient and (b) with coarse gradient, both being intrinsic (no impurities), and (c) smoothand (d) with coarse stacks, both with
10%> m~ donor type impurity densities. In (e), the free electron density map (m~3) of gPST with coarse layers with 10> m~> donor type impurity density is plotted and (f) is the
space charge distribution that only consists of ionized donors (C m~3) for the gPST heterostructure in (e). No electrical domains are observed for the cases with impurities and single

domain state appears to have set in at RT.
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3. Room temperature domain structures

We first provide in Fig. 2 the electrical domain structures ob-
tained by solving Egs. (1), (4), (5), (11), (12) for the stack treated as
an intrinsic semiconductor and the stack with ionizable donor
impurities. Fig. 2a and b shows that the gPSTs, regardless of the
layer thickness, split into electrical domains at RT. The domain
periods in both stacks are identical but there is a transition from
rectangular domains (top layers) to a sinusoidal pattern as the local
Tc of layers is reduced (bottom layers) with increasing Sr concen-
tration (Fig. 3). We observe the same type of behavior for low-to-
moderate impurity densities (10%> to 10** m~3) but exceeding
10%* m~3, we notice that a single-domain (SD) state is stabilized in
the stacks, again regardless of the layer thicknesses. Fig. 2c and
d shows that a SD structure is formed for an ionizable donor density
of 10%> m~3, a value close to previously reported experimental
charge densities in 150—400 nm thick PZT films with depletion
near the electrodes [58].

It is crucial to understand if this outcome is a result of possible
free carriers that could compensate the internal depolarizing fields
due to periodic jumps in P; from layer to layer. To do so, we mapped
the charge distributions in the stacks and found out that both of the
stacks are actually almost completely depleted of free carriers and
that it is the internal electric field generated by ionized, fixed do-
nors that is responsible for the SD state. This is shown in Fig. 2e and
f where we provide free electron density maps of the two graded
structures for donor type impurity density of 10> m~3 and the
space charge distribution that only consists of ionized donors,
respectively. This is a very different mechanism compared to
monolayer films in which electrical domains are shown to retain
their presence for high space charge densities as demonstrated
previously [64,65] and later on confirmed by Cheah et al. [66] It
must be noted here that the space charges are only due to fixed
ionized donors and this is what induces the SD state.

We can determine the electric field in the center of the coarsely
and smoothly graded stacks from the gradients of the electrostatic
potential found from Eq. (8a). The variation of the electric field in
these heterostructures is shown in Fig. 4a and b for smooth and
coarse gradients with and without (intrinsic) donors. Note that, for
the intrinsic gPST, we provide the fields in only “up” domains and
the “down” domains have a similar magnitude but opposite sign.

1
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Coordinate along plane of stack (nm)

Fig. 3. The polarization amplitudes at the high Tc and the low Tc layers in the coarse
graded stack. The rectangular domain shape changes to a sinusoidal morphology with
variation in the composition from high T¢ (PT layer) to low T¢ (PST with f = 0.7).

We observe that ionized donors generate significantly large inter-
nal electric fields around or exceeding 10® V/m compared to
intrinsic gPST which is in MD state. In this state, the internal fields
are reduced due to electrical domains that form to minimize the
gradient in Ps. The electric fields within the intrinsic stacks change
along the thickness of the heterostructure in a step-wise fashion
and are oscillatory: this is the result of the complications induced
due to periodic variations in P3 within the domains near each
interface and is more pronounced in the stack with a coarse grading
scheme. The smoothly graded gPST has a more homogeneous dis-
tribution (less oscillatory fields) as gradients in P are less favorable
for a varying composition over shorter distances. Such differences
produce noticeable but still not very different phase transformation
characteristics which can be understood from the evolution of P3
with T and the temperature dependence of the dielectric response.

4. Phase transition characteristics

We first compare <|P3|> obtained from Eq. (6) as a function of T
for coarsely and smoothly gPSTs in Fig. 5. The results are provided
for both intrinsic gPST and for gPST with impurities (Fig. 5a and b,
respectively). As one might anticipate, heterostructures for which
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Fig. 4. Internal electric fields along the heterostructure thickness in (a) smoothly gPST
with impurities (pink) and intrinsic gPST (green) and (b) coarsely gPST with impurities
(red) and intrinsic gPST (blue). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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the composition changes at shorter distances across the thickness
leads to a slight but visible reduction in the average out-of-plane
polarization <|P3|> as well as Tc¢. gPSTs with impurities show an
identical behavior with the exception that both coarsely and
smoothly graded stacks undergo a FE-to-PE transition around the
same T (~950 K) and there is a strong built-in through-thickness
polarization as evident from the flat part of the non-zero polari-
zation curves above 950 K (see Fig. 4b) which is essentially the
effective Tc of the intrinsic and doped gPST (Fig. 4a and b).

In all four cases of gPST, the amplitude of P3 (<|Ps|>) evolves in
an almost linearly decaying fashion. This is quite different than that
of a strained monolayer FE film which displays a characteristic 2nd
order phase transition due to the clamping effect of the substrate
[59]. Despite the significant effects the presence of ionized impu-
rities generate in the graded stacks at RT (including the stabiliza-
tion of a SD state), the apparent phase transformation behavior as
described by the <|Ps3|> - T curves are almost identical for the
intrinsic stacks and the stacks with impurities (Fig. 4). The slope
changes in <|P3|> curves in the gPSTs in Fig. 4b is related to stabi-
lization of an in-plane polarization P; around 700 K. We note that P;
is not as sensitive as P5 to internal fields since the conjugate electric
field Eq in Eq. (7) is significantly weaker than E3 and P; is indirectly
coupled to Ps.

Such consequences do not directly imply differences in 2nd
order derivatives of the energy of the gPSTs such as the dielectric
response. Plotting the small-signal (relative) dielectric response for
the coarsely and smoothly layered gPST in Fig. 5¢, we find that the
grading scheme (i.e., the relative thickness of the individual layers
that make up the graded stack) does not have a substantial impact
on the response of the intrinsic gPSTs. Moreover, both coarse and
smooth stacks do not exhibit any sign of a dielectric anomaly at
their relevant T¢ regardless of their intrinsic or extrinsic (with

ionizable impurities) nature. The dielectric permittivity decreases
continuously with increasing T when T! RT as reported in experi-
mental studies for a number of systems with composition grading
[8,53]. It is seen from Fig. 5c that the dielectric response of
extrinsic gPST heterostructures, i. e., those with ionizable donor
impurities, are different when T A 600 K. The MD state is always
stable in the intrinsic gPSTs and have a smooth evolution of the
dielectric response. The dielectric permittivity is reduced for both
coarse and smooth extrinsic gPST and exhibit a step around 380 K,
which we find, is due to a SD-like-to-MD transition during heating.
We call this as “SD-like,” since different layers have different ten-
dencies, noting that the domain structure and the amplitude of P3
can vary from layer to layer. It was already shown in Fig. 2 that the
SD state near RT is stable (in the presence of ionizable impurities)
but as the temperature is raised, the MD state replaces the SD,
noticeable from the jump in the dielectric response around 380 K.
The SD dielectric response comes from an incremental change in
an almost unidirectional D3 under a small signal bias while the MD
dielectric response contains domain wall motion that produces a
relatively big change in Ds. This explains the variation in the
dielectric response when the SD-to-MD transition occurs. On the
other hand, presence of space charge due to ionized impurities
appear to have a negligible sensitivity to whether the grading is
smooth or coarse as the two dielectric curves almost overlap
(Fig. 5¢). Such an outcome can also be understood keeping in mind
that the electric fields across the two extrinsic stacks have identical
behavior with almost identical amplitudes, albeit smaller jumps in
the smooth graded gPST. At elevated T, the curves of the intrinsic
and extrinsic stacks tend to merge towards a single curve, a
consequence of the thermal effects that become dominant espe-
cially in the intrinsic stacks and that free carrier densities and total
charge density in both stacks become identical leading to identical
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dielectric response. This is also a well-known phenomena in
semiconductors when the ionization energy of dopants is well
below kT.

5. Band bending effects: A semi-qualitative explanation of
low loss behavior in graded stacks

We finally discuss the band bending that is expected to occur
within the stacks due to the variations in P3 across the layers
generating local electrical potential gradients. In Fig. 6 we provide
the flat band energy diagrams for the intrinsic stacks. Such plots are
obtained by superimposing the computed electrostatic potential
over the flat band edge energies of the layers at zero potential drop,
same as that of flat band energy diagrams of semiconductor junc-
tions. In Fig. 6, one can see that the highest potential drop occurs in
the layer with the highest T¢. This is due to the fact that largest
jump in the polarization is expected to occur between this layer and
the next one, resulting in a significant band bending. Moreover, as
the intrinsic stacks split into electrical domains, the band bending
alternates from domain to domain due to the direction of P; in each
domain that extend through the stack thickness. As we penetrate
further into the stack towards the low T¢ layers, variations in P; get
damped out and the stack tends towards a more homogeneous flat-
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Fig. 6. Room temperature flat band energy diagrams for intrinsic (a) smooth and (b)
coarse gPST. Note that the bands are given for “up” and “down” domains as the po-
tential in each domain differs. The band gap is assumed to change linearly with
changing composition from PT to PST with f = 0.7. VB and CB in the plot correspond to
the valence band top and conduction band bottom, respectively.

band structure with a subsequent transition into a sinusoidal
domain state as shown in Fig. 2 concurrent with a reduction in
amplitude of Ps. This effectively diminishes polarization bound
charge effects, hence the depolarizing fields. Notably, the stack with
thin layers (smooth gradient) “feels” the band bending to a lesser
extent as the polarization gradients are not favored at shorter dis-
tances within which the T¢ changes due to composition variations
(Fig. 6). These discussions hold for the intrinsic stacks (no space
charges hence extrinsic effects) and, keeping in mind that such
structures often have impurities, it remains important to address, at
least qualitatively, experimental observations on low dielectric loss
in such structures.

We provide next the same plots but this time for gPSTs with
10%> m~3 donor impurities in Fig. 7. It is clear that the energy band
variation is quite different than the intrinsic stacks shown in Fig. 6.
This is related to the electrical potential profile generated by an
almost homogeneous density of ionized donors distributed along
the thickness of the graded heterostructure. Superimposing the
electrostatic potential onto the band edge energies provided in
Table 1, we compute the band bending in each layer. The bending of
the bands is quite remarkable as shown in Fig. 7 for both coarsely
and smoothly gPST. Maximum band bending occurs near the
middle of the heterostructures. This implies that free electrons are
to be expected to accumulate near the interfaces. The midsection of
the stack will act as an electrostatic potential barrier that needs to
be overcome for charge transport for carriers originating from the
gPST-electrode interfaces.

Furthermore, the gPSTs with donor impurities are in almost
fully depleted state. This is illustrated in Fig. 8a and b which plot
free electron density maps at RT under zero bias for monolayer PT
and gPST, respectively. In both maps, we use the same impurity
density corresponding to 102> m~>. That the extrinsic gPST stacks
are fully depleted is entirely consistent with reports showing low
tangent losses (with respect to extrinsic monolayer films) even at
low frequencies (<10 kHz) where conductivity losses dominate in
dielectrics, implying a small imaginary part of the dielectric
response due to low free carrier densities [8,52,53,67]. Our results
here semi-qualitatively reveal the mechanism behind this differ-
ence between the gPSTs and monolayer FEs. Overall, it is quite
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Fig. 7. Room temperature flat band energy diagrams for smooth and coarse gPST
heterostructures. In both cases, the donor impurity density is taken to be 102> m~3. The
band gap is assumed to change linearly with changing composition from PT to PST
with f= 0.7. VB and CB in the plot correspond to the valence band top and conduction
band bottom, respectively.
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3

for donor atom densities corresponding to 102> m~3 at zero bias for monolayer PT and coarse gPST. Notice that the graded stack in (b) is almost completely depleted despite that the
electrical BCs in both (a) and (b) are the same. The difference in carrier densities between the monolayer and the graded stack is of almost 19 orders of magnitude. Both structures
are in single domain state in the presence of donor impurities. gPST has almost homogeneous ionized donors density distributed within the stack, meaning that the heterostructure
is depleted of free electrons. The monolayer in (c) has a clearly visible “screening length” of about 20—25 nm near top and bottom interfaces, slightly asymmetric due to P; pointing
from bottom up, after which total charge rapidly goes to zero in the midsection where free electrons are expected to reside (hence zero space charge in this region). Holes are

minority carriers and have almost zero density (not shown).

reasonable to argue that the low loss at low frequencies (10 kHz or
less) reported by several groups is related to the strongly position
dependent potential within the graded stacks causing a strong
depletion of carriers in gPSTs. Such strongly alternating fields are
also expected to give rise to Coulomb scattering for carriers flowing
under an external bias, again reducing the leakage-type losses in
such stacks.

6. Discussion and summary

The numerical analysis that we carried out on compositionally
graded stacks in this work using a combination of thermodynamics
and electrostatics reveals that there is a wide spectrum of results
that can be expected in these systems. While we can identify
certain trends in intrinsic stacks, where the layer thickness appears
to be the only governing parameter (for a given grading scheme),
presence of impurities that act similar to dopants and possible
variations in top/bottom electrode properties can have a significant
impact on the transition characteristics and associated anomalies. It
is almost certain that such an outcome will strongly mask intrinsic
material parameters including leakage currents that give rise to
apparently interesting but potentially misleading interpretations of
experimental observations (see e.g., Ref. [68]). Our study presented
herein is a theoretical approach that takes into account electrostatic
fields arising from compositional gradients and space charges. We

note that in graded constructs there are a plethora of microstruc-
tural and experimental parameters that are difficult or impossible
to include in a theoretical analysis. These include position depen-
dent relaxation of in-plane strains, misfit and threading disloca-
tions [69—73], other point/line defects, planar defects with long-
range strain fields which all result in even stronger smearing of
the FE transition [74]. However, we show here unambiguously that
g¢FE stacks, regardless of presence of impurities and other lattice
defects, will not exhibit a dielectric anomaly observed in bulk or
monolayer films when passing through Tc upon heating/cooling. In
fact, the high temperature behavior of the dielectric response ap-
pears to be almost independent of the defect content, layer thick-
nesses, and the electrical boundary conditions for a given grading
scheme. A similar result was also reported previously for Pb(Zr,Ti)
03/SrTiO3 superlattices [56]. Such superlattices, despite the varying
period and the repeating unit type, were found to be insensitive to
variations in dielectric response at temperatures higher than 700 K.
Results obtained for superlattices appear to be more straightfor-
ward to interpret as these structures can even be evaluated
considering one repeating unit as shown in another earlier study
[55]. Compositionally graded structures, however, need to be taken
as a whole as there is no repeating unit, making the properties and
Tc of the graded stacks a function of total thickness, unlike the
superlattices in the ideal electrode limit. Therefore, total thickness
of the graded stacks becomes an important design parameter as
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well.

Another important result we demonstrate theoretically is that
free carriers (such as electrons as analyzed in this study) that
emanate from ionizable donors deplete the gFE constructs, leaving
behind only ionized donors that appear to be the only contributor
to the space charges. This assumption excludes the possibility of
electron injection into the gFE from the electrodes at relatively
high fields, which depends on barrier height determined by the
difference between the Fermi levels of the graded stack and the
electrode. The important SC parameters that would impact the
carrier concentrations (hence the dielectric loss) and their distri-
bution in this study are the effective density of states near the
band edge energies, impurity concentrations, and the difference
between the Fermi levels of the gFE and the electrode metal (see
Ref. [75] for a demonstrative analysis for Pb(Zr,Ti)Os films syn-
thesized with different electrodes). Effective density of states in
BaTiO3 as high as 10*° m~> were reported (an order of magnitude
higher than what is used in this study) and used in calculations
[76] but here this is not of significance as we limit the impurity
concentration to similar values, keeping the Fermi level of the gFE
within the band gap. For results significantly more different than
what is reported here, there should be significant variations in the
effective density of states and band edge energies as well as the
work functions of the electrodes. For instance, an electrode with a
work function close to that of the electron affinity of an n-type gFE
could, in principle, allow carrier presence within the stack albeit
dependence on polarization gradients. The presence of ferroelec-
tric polarization comes in as another additional parameter that
contributes to the band bending throughout the gFE thickness via
the internal electrostatic potential variation it generates due to its
spatial variance from layer to layer. In monolayer films, for
example, the direction of polarization (when along the normal of
the plane of the film) is, in fact, so important that it can change the
electronic character of an interface (Ohmic or Schottky type)
[77,78] as the band edges can “almost dip” into or “float away”
from the Fermi level of the system near the interfaces where the
polarization terminates either with a negative or positive sign. For
commonly used electrode materials, such as noble metals (Pt, Au,
Pd, and similar) or conducting oxides (SrRuOs and similar) having
work functions ¢y of ~ 5—5.5 eV, our results are valid as Schottky-
type interfaces are expected for ¢y > Er for n-type impurities.
Here, Er is the Fermi level of the FE/ferroic material. That carriers
deplete the graded stacks due to large internal built-in fields is a
possible explanation for low losses often reported in these struc-
tures. This is in addition to the periodic variation in the electro-
static potential along the thickness that can act as a barrier if
leakage currents if charge injection from electrodes develop.
Repeating the same calculation but for a monolayer PT reveals that
partial depletion is expected in monolithic films of almost the
same thickness and impurity density. Under such circumstances,
we expect significantly higher losses compared to compositionally
graded FEs.

In summary, we must emphasize that there is a very wide
spectrum of electronic, electrical, and dielectric properties that can
be expected from FE multilayers and compositionally graded het-
erostructures. A clear consequence here is that it is prohibitively
difficult to devise a straightforward approach to correlate the
dielectric response to a particular set of interrelated material pa-
rameters and boundary conditions such as layer thickness, top/
bottom electrode asymmetry, and extrinsic effects. While inherent
complexities related to electrostatic interactions in graded ferro-
electrics make it difficult for intuitive experimental approaches in
design of such systems with desired functionalities, these materials
are ideally suited for systematic materials-by-design concepts
guided by multi-scale theoretical methods.
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