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Evolutions of domain morphology in the ferroelectric thin film subjected to the oxidizing
atmosphere were predicted by using the phase field simulations, which incorporate the long-range
electrostatic interactions and ionic surface charges. Due to effect of the oxidizing atmosphere, it is
found that the ionic surface charges carried by oxygen can effectively change the internal electric
filed, control the polarization orientation, and drive the domain wall motion of the ferroelectric thin
film. Domain structures were simulated and also reveal that domain morphology of the ferroelectric
thin film can be adjusted from a multi-domain to a mono-domain with increasing of the ionic
charge density. © 2011 American Institute of Physics. [doi:10.1063/1.3646387]

Ferroelectric thin films (FTFs) have become preferred
materials in a wide variety of field effect transistors, ferro-
electric memories, photomechanical sensors, and so on.!”?
When FTFs are epitaxially grown on substrate, the polariza-
tion has an exclusive component perpendicular to the film
surface due to the in-plane compressive misfit strain.*
Although such orientations are desired for applications,
uncompensated surface charges, due to the discontinuity of
the normal polarization at the film boundaries, result in a
depolarizing field that suppresses the spontaneous polariza-
tion and phase transition temperature.” The surface charges
of FTF can be compensated by two metallic electrodes with
the short-circuit boundary conditions. Whereas, for bare fer-
roelectric surface, there are no charges to compensate the
polarization bound charges, and 180° stripe domains will be
formatted to minimize the free energy due to effect of the
depolarization field.®

According to recent experiments and simulations, the sur-
face compensation by ionic adsorption plays an important role
in the polarization stability and switching when FTF is
exposed to an ambient environment.””'> Recent investigations
have shown that the polarization state of a FTF without a cov-
ering electrode layer is extremely sensitive to the environ-
ment. Hy, O,, H,O, CO, CO,, etc. absorbed on the bare
ferroelectric surface can effectively compensate the bound
charge and cause a potential to switch polarization of the fer-
roelectric film.*'* For a FTF with applied chemical potential,
varying the surface ionic charge density can also change the
switch mechanism from nucleation to continuous.'” If the
external perturbation can be well controlled, the polarization
and domain structures of FTF can be artificially tuned or even
switched. Furthermore, ionic surface compensation from the
chemical environment brings up possibilities for optimization
of thin film chemical actuators, memory, and catalysts.
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In this paper, we adopt the phase field model (PFM) to
describe the evolution of the spontaneous polarization field in
a FTF. Taking into account the chemical potential, long-range
electrostatic interactions, elastic contribution, gradient terms
and surface effects, the influence of the oxidizing atmosphere
on the spontaneous polarizations, and domain structures in
the ultrathin FTF have been generally investigated.

We consider our thermodynamic reference as a crystal
of infinite extent absent an applied field. Let P be the sponta-
neous polarization field, which is the polarization from the
permanent electric moment formed from spontaneous atomic
displacements. Therefore, the electric displacement field D
can be expressed in terms of the linear part P* and non-
linear part P as'*™'® D = gE 4+ PE4+P =¢E + ,E + P
= g,E + P, where y;, and g, are the background susceptibil-
ities and dielectric constants of the background material,
respectively.* 2! Since the background material is the para-
electric phase, which is a cubic crystal structure, the back-
ground dielectric constants in three axis directions are the
same, i.e., &, = €11p = €2p = E33p-

In our PFM, the local spontaneous polarization vector,
P(x) =[P, P, P3], were taken as the order parameter of the
free energy, where X = (x, X», x3). The temporal evolution
of the spontaneous polarization was simulated by

oP(x, 1) oF
o MéP(x,t)’ M

where M is a kinetic coefficient related to the domain wall
mobility, ¢ is time, F is the total free energy of the simulated
system. 0F /0P(x,¢) is the thermodynamic driving force of
the spatial and temporal evolution of the simulated system.

In following simulations, considering effect of the ionic
surface charge determined by the oxygen atmosphere on
the spontaneous polarization and domain structures of a
FTF, we can express the total free energy in Eq. (1) as
F:F0+Fbulk+Fgrad+Felas +Fdep + Fehem + Fout = Fo
+ I I J‘V[fbulk +ﬁ=,las +fgrad +fdep +fchem]dv + Ijsfsurfds,

© 2011 American Institute of Physics


http://dx.doi.org/10.1063/1.3646387
http://dx.doi.org/10.1063/1.3646387
http://dx.doi.org/10.1063/1.3646387

142908-2 Ma et al.
where FOa Fbl]lk’ Fgrad7 FelaS7 Fdep’ Fchema and Fsurf are the
polarization and stress-strain independent part of the free
energy, bulk-free energy, gradient energy, elastic energy,
depolarization energy, electric energy arising from the chem-
ical environment, and surface energy, respectively. V and S
are the volume and upper-lower surfaces of FTF.

In total free energy density, fyu iS expressed by the
Landau polynomial expansion in terms of the polarization
components

Jouk = o, (P} + P3 + P3) + a1 (P} + P3 + P3)
+ a2 (PIP3 + P3P5 + PP3)
+ o111 (P + P§ + P§) + i [P{(P; + P3)
+ P3(PT + P3) + P3(P] + P)] + 01 PIP3P3,

(@)

where o) = (T — T)/2¢9Cy is the dielectric stiffness, Cy and
T, are the Curie constants and Curie-Weiss temperature of
the reference crystals, respectively. oy, %12, 0111, %112, %123
are higher order dielectric stiffness coefficients.

The gradient energy density fyaq can be calculated
through the gradients of the polarization field as
ferad = 5GijuiPi jPr1, where P;j = OP;/0x;, G are the gradi-
ent energy coefficients (i, j, k, [=1, 2, 3). 4]6 4 The elastic
energy density f,s is generated from the phase transition and
substrate constraint and can be expressed generally by
Jetas = Scqu(e — &) (en — &), where ¢y is the elastic stiff-
ness tensor, &; and 82 are the total strain and eigenstrain,
respectively. The eigenstrain connected with the ferroelectric
transition is e Q,,klPkPl, in which Q;;, represents the elec-
trostrictive coefﬁcrent In addition, the total electric field is
produced by the spontaneous polarizations and ionic surface
charges from the chemical environment. If the electric field is
only induced by the spontaneous polarizations, the electro-
static energy density is calculated from fyp, = —FEqi - Pi/2,
where Eg; is the depolarization field.*'* If oxygen adsorbed in
bare surface of FTF, the electric energy arising from chemical
environment can be written as fopem = —EiP;, Where E; is
the electric field induced by the surface ionic charges. The
total electric field E; is calculated by E; = Eq; + E.; = —qﬁﬁ,-.
Suppose free charge inside the FTF does not exist, the electric
displacement D; satisfies the electrostatic equilibrium equation
D;; = 0. For an open-circuit electric condition without the
surface ionic charges, D;n; =0 on the top and bottom surfaces
of the film, where n; denotes the component of unit vector nor-
mal to the surfaces. When the surface ionic charges are taken
into account, the electric field E; can be solved from D;; = 0
with the boundary condition D;n; = p, in which p is the sur-
face ionic charge density. The surface energy density fy, can
be characterized as a function of the effective extrapolation
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FIG. 2. (Color online) Steady domain morphologies of mono-domain with
the present of (a) zero, (b) one, and (c) nine oxygen atom(s) on the center of
the top surface; multi-domain with the present of (d) zero, (e) one, and (f)
nine oxygen atom(s) on the center of the top surface. The (0, 0, P3) and
(0, 0, —P3) domain are shown by magenta and cyan, respectively.

length 5eﬁf ie., fsurf = (D11P2/5Fﬂ + D44P2/5eﬁ
+DysP3/ o ), where Dy; and D44 are material coefficients
relating to the gradient energy coefficients.

In the simulations, we employed 64 x 64 x 10 discrete
grid points at a scale of Ax; = Ax, = 1 nm and Ax; = 0.5 nm
to model an epitaxial PbTiO; (PT) FTF with SrRuO; bottom
electrodes coherently strained to SrTiO; substrate. The upper
surface of the PT thin film was exposed to a controlled environ-
ment. Periodic boundary conditions were employed along the
x; and x, directions. The material constants of the bulk-free
energy were listed in Ref. 23, which were taken from Refs. 6,
22 and 24. As an example, the oxygen atmosphere was used to
simulate the chemical environment and absorbed in the bare
surface of the PT film along x3-direction as shown in Fig. 1.

In a FTF with the open-circuit boundary condition, there
is no charge compensation on the surface as shown in the left
of Fig. 1. Based on PFM, we obtain the stable origin mono-
and multi-domain structures at room temperature, which are
shown in Figs. 2(a) and 2(d), respectively. Previous works®?
have suggested that negative ions bonded to the surface such
as O~ could be responsible for compensating the surface of
positively polarized films under high pO, conditions. Negative
charge carried by the oxygen is exerted to upper surface of PT
film, which can compensate on the (0, 0, P3) domain surface
charges and result in the decrease of the depolarization
energy. Therefore, the positive polarization is enhanced. On
the contrary with the same stage, the negative charge can
decrease the fraction of the domain with polarization (0, O,
—P3). When the PT film is equilibrated at ultralow oxygen
pressures, the polarization is in the inward.”'® For ultrathin
film without a covering electrode layer, the single domain
state is extremely unstable due to larger depolarization energy.
In our simulation, we give the inward polarization distribution
for the ultrathin film (Fig. 2(a)). When an oxygen atom
located at x; =x, =32 nm and x3 =5 nm is absorbed into the
surface of the thin film, the two negative charges are set free

Film » FIG. 1. (Color online) Diagram of the
Electrode ferroelectric thin film at oxidizing

- atmosphere.
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from oxygen. The polarization near the charges are switched,
and the domain wall between (0, 0, P3) and (0, 0, —P3) are
shifted toward (0, 0, —P3) for minimizing the depolarization
energy (Fig. 2(b)). Results of the nine oxygen atoms located
at 31 < (x1,x2) <33, x3=5 nm show the distribution of
polarization around the center of the film has larger change
than that of an oxygen atom (Fig. 2(c)). For multi-domain
state, an oxygen atom has little influence on the domain mor-
phology, and nine oxygen atoms can enlarge (0, 0, —P3) do-
main around the ionic charges (Figs. 2(d) and 2(e)).

When the surface ionic charges are evenly distributed on
the film surface, the evolution of the domain structures of the
FTF was simulated with the surface ionic charges increasing
from 0 C/m” to 0.0425 C/m” carried by oxygen. The initial
domain structure is shown in Fig. 2(d), and then changes of
domain morphologies with increasing of the surface ionic
charge density are shown in Figs. 3(a)-3(p). Our results show
that the chemical potential at the bare surface gives an analo-
gous effect of applied voltage and can drive the domain wall
movement with the continuous increase of oxygen ions den-
sity. More importantly, it can be seen that the domain mor-
phology of the FTF changes from a multi-domain to a mono-
domain state as the surface ionic charge density is 0.0425
C/m? (Fig. 2(p)). Together with the change of domain struc-
ture, the mean spontaneous polarization (P3) =1 [|P3|dV of
(0, 0, P3) and (0, 0, —P3) have been plotted in Fig. 4, respec-
tively. The circle line in Fig. 4 shows that the (0, 0, —P3) do-
main is entirely eliminated and the (0, 0, P3) single domain
structure is formed in the PT film as the ionic surface charges
density reaching 0.0425 C/m?. The square line in Fig. 4 plot
the volume fractions of (0, 0, —P5) domain versus the surface
charge density and also shows that the (0, 0, —P3) domain
fraction falls down rapidly as the surface ionic charge density
reaching about 0.025 C/m? and almost disappears as the sur-
face ionic charge density reaching about 0.0375 C/m”.
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FIG. 4. (Color online) Mean polarizations of (0, 0, P3) and (0, 0, —P3) do-
main and the (0, 0, —P3) domain volume fraction as a function of ionic sur-
face charge density.
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FIG. 3. (Color online) Domain evolu-
tion of the ferroelectric thin film, i.e.,
(a)-(p), controlled by the ionic charge
density due to oxidizing atmosphere
from 0.005 C/m? to 0.0425 C/m? with a
interval 0.0025 C/m?.

In summary, the changes of the domain structures of FTF
with the surface ionic charges produced by the oxygen atmos-
phere were predicted. It is shown that oxidizing conditions
favor a positive polarization directed towards the upper sur-
face. The simulations demonstrate that the chemical potential
can be used to control the domain patterns and magnitude of
the spontaneous polarization, which can largely expand the
applications of FTF, especially in chemical sensors.
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