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Polarization direction and stability in ferroelectric lead titanate thin films
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In this article, we examine the initial polarization of PbTiO; thin films grown epitaxially on SrRuO;
electrodes. It is found that the as-grown predominant polarization is directed toward the SrRuO;
bottom electrode in films thinner than 20 nm and directed toward the top surface in thicker films.
The data is interpreted in terms of a Landau—Ginzburg—Devonshire model for a semiconducting
ferroelectric with asymmetric boundary conditions. Based on the measured hysteresis loops and the
stability of the two polarization directions with time, it is concluded that charged defects serve to
impose a preferential downward polarization in very thin films. © 2009 American Institute of

Physics. [doi:10.1063/1.3240331]

I. INTRODUCTION

Ferroelectric thin films for device applications are often
polarized perpendicular to the film surface. Ideally, the po-
larization is compensated by screening charges in short-
circuited electrodes. When such boundary conditions are not
satisfied, stable polarization can be explained by internal
screening in a Landau—Ginzburg—Devonshire model.'™ As
was shown by Guro et al.’ the contact potential of the
ferroelectric-electrode interface affects the polarization in the
ferroelectric. Hence ferroelectric thin film structures with
only one electrode may exhibit a preferred direction of po-
larization, which is often observed experimentally. For ex-
ample, ferroelectric PbTiOj; thin films grown on Nb-doped
SrTiO; electrodes were found to be monodomain with posi-
tive polarization (i.e., P directed toward the substrate),4
while similar films grown on SrRuOj; electrodes have shown
negative polarization.” Monodomain films with positive po-
larization as well as polydomain films with periodically al-
ternating positive and negative domains have been reported
for PbTiO3 grown on insulating SrTiO; substrate.”® In ad-
dition to the substrate material, the size of the ferroelectric
material has also been found to affect the initial polarization.
Inversion of the net polarization upon increasing size was
observed for PbTiO; particles deposited on Nb-doped
SrTiO; substrate, from positive polarization in small par-
ticles to negative polarization for particles larger than
~10° nm®.” A similar effect was observed for PbTiO; thin
films grown on La ¢;51)33MnO; electrodes, which changed
from a polydomain to a monodomain state with negative
polarization when the film thickness exceeded 25 nm.'? It
has also been found that the oxygen pressure under high
temperature processing can be used to reversibly switch the
polarization in PbTiO; films with a SrRuO; bottom
electrode.'’ At the moment, it is not established to what ex-
tent the polarization is screened by domain formation, exter-
nal, or internal charges.
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Here, we investigate the initial polarization and the sta-
bility of the switched polarization in PbTiO; thin films
grown on SrRuOj electrodes. We use a Landau—Ginzburg—
Devonshire model for an ideal semiconducting ferroelectric
to theoretically assess the initial polarization, extending the
symmetric models of Ivanchik,' Guro ef al.,” Chenskii,” and
Watanabe,'? with boundary conditions appropriate for a thin
film with a vacuum interface on one side and a metallic
electrode on the other.

Il. EXPERIMENTAL

PbTiO; films with a thickness ranging from 5 to 100 nm
were grown on SrRuQOj; epilayers deposited on SrTiO5 sub-
strate. The films were grown by off-axis rf magnetron sput-
tering from a Pb; | TiO5 target in an O,: Ar (4:10) atmosphere
with a total pressure of 165 mTorr at a growth temperature of
540 °C. The films were c-axis oriented, with a mosaic
spread of <0.03°, as measured by x-ray diffraction rocking
curves around the (001) and (002) reflections. The step-and-
terrace surface topography of the substrates was replicated
for films thinner than 100 nm, while thicker films had a
root-mean-square surface roughness of less than 0.4 nm. Fur-
ther details on film deposition and crystalline structure char-
acterization are reported elsewhere.'” The SrRuO; layer was
used as bottom electrode and 0.12 mm? Au/Pt contacts
(200/50 nm thick) deposited ex situ were used as top elec-
trodes for electrical characterization.

Polarization hysteresis curves were measured with a
conventional Sawyer-Tower type setup (Aixacct TF2000).
Asymmetric triangular bipolar voltage pulses were used, as
reported previously,13 and the measurement frequency was 1
kHz. Pyroelectric hysteresis curves were measured as de-
scribed by Chynoweth.14 The samples were locally heated
using a 40 mW laser of 830 nm wavelength focused on the
top electrode. The laser beam was pulsed using a mechanical
chopper, and the resulting pyroelectric current was detected
with a phase-locked amplifier. A current-to-voltage converter
was used to ensure short-circuit conditions during measure-
ments. The samples were polarized by voltage pulses with a
pulse length of 1 s. The dwell time between polarization and
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FIG. 1. Pyroelectric hysteresis loops measured on as-grown PbTiO; films.
The initial response is positive in the 10 nm thick sample (a), while it is
negative in the thicker samples [(b)—(d)].

measurement of the pyroelectric response was 5 s. Hysteresis
loops were mapped out by applying a sequence of pulses
with increasing and decreasing voltage amplitude. The sta-
bility of the polarization was examined by monitoring the
time response of the pyroelectric current after forced polar-
ization. The samples remained short-circuited throughout
these measurements.

lll. RESULTS AND DISCUSSION

The initial pyroelectric hysteresis loops, measured dur-
ing the first switching of polarization, are shown in Fig. 1.
The 10 nm thick film, Fig. 1(a), showed a positive initial
pyroelectric response, while thicker films such as the 19 nm
thick film, Fig. 1(b), showed a negative initial response.
Films thicker than ~30 nm, Figs. 1(c) and 1(d), showed a
negative initial response close to saturation. The response of
a 5 nm thick film was consistent with a positive polarization;
however, this film could not be switched in the present ex-
periment. The PbTiO5 samples in this study showed a change
in net polarization with film thickness, with a positive initial
polarization for the thinnest films, thus differing from previ-
ous reports, which found a negative polarization for all film
thicknesses.” Polarization hysteresis loops are shown in Fig.
2. Leakage current in samples thinner than ~20 nm made
polarization measurements by the conventional technique
unreliable. The polarization data show a similar trend as the
pyroelectric loops, with a less sharp switching voltage for the
thinnest samples. This is also evident from the current-
voltage data shown by broken curves in Fig. 2.
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FIG. 2. Polarization hysteresis loops measured on PbTiOj; films. The solid
curves are the measured polarization (left ordinate axis) and the broken
curves the measured current (right ordinate axis).
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FIG. 3. The measured pyroelectric response vs time after polarization for
two film thicknesses, 19 nm (solid curves) and 10 nm (dashed curves). The
10 nm thick film reverts to a net positive polarization after being switched to
a negative state. For thicker films the response is symmetric.

The stability of the switched polarization with time is
shown in Fig. 3 for a 10 nm and a 19 nm thick film, respec-
tively. The pyroelectric response was found to decline nearly
logarithmic with time after polarization. Thick films showed
no measurable difference in stability between the two polar-
ization states. Only for very thin films, initially polarized in
the positive state, is an asymmetry of the polarization state
clearly observed. After the film is negatively polarized, it
reverts to a positive polarization.

The predominantly negative initial polarization has been
previously attributed to polarization screening by negative
ions in the growth chamber.’ Here, the influence of the elec-
trode configuration on the polarization direction is examined.
In a perfectly insulating ferroelectric, the electric field asso-
ciated with the polarization gradient tends to destabilize the
polarization. In a semiconducting ferroelectric, the surface
band-bending can induce a screening charge to stabilize the
polarization. 1=

Following Ivanchik' and Guro er al.’ the Landau—
Ginzburg—Devonshire expansion of the elastic Gibbs free en-
ergy density in the ferroelectric material in terms of the dis-
placement field D,

C
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is used to find the equation of state relating the electric field
E and the displacement D. The elastic energy is incorporated
by rescaling the thermodynamic constants A and B.">'® The
effect of the bottom electrode interface and the film surface
is included through the boundary conditions and the energy
associated with the gradient of the displacement field near
the film surface. The thermodynamic constants A, B, and C
are known experimentally for PbTiO5,'” and Zhirnov’s esti-
mate for the constant K," assuming that the polarization var-
ies over distances on the order of a lattice constant a, is
adopted by setting K =A(0)a(2).18 The displacement field pro-
file and the charge density are found self-consistently from
the equation of state, which gives the electric field as the
variational derivative of the elastic Gibbs free energy den-
sity,
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The electric field is by definition equal to the negative of the
gradient of the electrostatic potential ¢. Thus,

D _ds

AD+BD*+CD’=K— -
dz®  dz

: (3)

which by multiplication with the charge density p=dD/dz
gives

d
(AD + BD? + CD?)dD = (K - d—"’) pdp. 4)
p
Integrating (4) over the PbTiO; layer gives

A, B, C (|P® K
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where the solution of the final integral depends on the rela-
tion between charge density and electrostatic potential. For a
semiconductor, the charge density is

p=qlp-n+N;-N], (6)

where ¢ is the electron charge, n and p are the electron and
hole densities, and g(N;—N,) the net charge density from the
dopants. For an intrinsic semiconductor, the Boltzmann ap-
proximation gives p(¢)=2gn; sinh(-B¢)," where n; is the
intrinsic carrier density.20 The potential ¢ is measured rela-
tive to the chemical potential of the neutral semiconductor
and B=q/kT, where k is Boltzmann’s constant and 7 the
absolute temperature. The numerical calculations show that
the induced charge density at the surface invalidates the
Boltzmann approximation. Therefore, Joyce and Dixon’s ap-
proximation for the relation between the reduced electro-
chemical potential 7,=(u+qd—E.)/kT and the electron
density n,21

nn=1n(Nlc) +mElA(§) : (7)

is used instead of the Boltzmann approximation. Here w is
the chemical potential, E, is the conduction band edge, and
N, is the conduction band effective density of states. Joyce
and Dixon derive the coefficients A,, from a reversion of the
power series expansion of the Fermi integral in terms of
exp(n).21 The same approximation is used for the hole den-
sity p, with the reduced electrochemical potential replaced
by 7,=(E,—u—q@)/kT, where E,, is the valence band edge.
N. is replaced by the valence band effective density of states
P,. In the numerical calculations, the approximation is lim-
ited to the first four terms.” Setting dp=¢g(dp—dn), the inte-
gral in Eq. (5) is written
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From Eq. (7), relating ¢ and n,
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with a corresponding expression for the integral over the
hole density. For the numerical calculations, the minority
carrier density was estimated from the law of mass action,
(n,p)=n/(p,n). The majority carrier density was found
from Eq. (6).

The PbTiO3/SrRuO; system is modeled as an ideal
semiconducting monodomain ferroelectric with a free elec-
tron gas bottom electrode. For this asymmetric configuration,
the boundary condition at the surface is

D=0, (10)

and the displacement field and potential at the ferroelectric-
metal interface are related by

= LD —-AD, (11)
€€

where A® is the contact potential, and N and €, are the
screening length and the relative dielectric constant of the
metallic electrode, respectively.23 The displacement field will
increase from zero at the film surface to an extreme value D,
either in the interior of the film or at the ferroelectric-metal
interface. If the extreme is found in the interior of the film, it
follows that the gradient of the displacement field is zero
there. Hence, there is a neutral plane where p=0 and ¢=0.
Equation (5) can then be solved numerically for D in terms
of ¢. If no neutral plane is found, Eq. (5) can be solved with
D=D, at the ferroelectric-metal interface and ¢ given by Eq.
(11). The displacement field profile and corresponding film
thickness were found by numerical integration of the inverse
charge density over the displacement field, from the film
surface to the film-bottom electrode interface.

In Fig. 4, the solid line shows the magnitude of D, ver-
sus the film thickness for an intrinsic semiconducting ferro-
electric with contact potential Ad=-0.3 V and negative po-
larization. The contact potential was set equal to ®,,—(x,
+V,), where g®,, is the work function of the metal electrode,
and gy, and ¢V, are the electron affinity and the difference
between the conduction band minimum and the chemical
potential, respectively.24 The reported literature values are
®,=49 V for StRuO; and y,=3.5 V for PbTiO;.>*
While some uncertainty is involved in the assessment of the
exact value of the chemical potential, equal effective density
of states is assumed for the conduction and the valence band,
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FIG. 4. The relationship between film thickness and displacement field, as
obtained from a Landau—Ginzburg—Devonshire model at room temperature
(solid line). The open circles mark the experimental initial pyroelectric re-
sponse (right ordinate axis) and the open squares shows the displacement
field calculated from the measured lattice constant (left ordinate axis).

and V,=E,/2q, with E,=3.4 eV for PbTiO;.*° As can be
seen, for a film thickness of less than 10 nm, the model has
no solution for the displacement field. For films thicker than
10 nm, there is a finite solution for the displacement field,
which increases with thickness and saturates for films thicker
than 40 nm. Considering only the asymmetry arising from
the contact potential at the film-bottom electrode interface,
the negative polarization state is about 0.1 J/m? lower in
energy than the positive polarization state for any film thick-
ness. The free energy density in the infinitely thick film limit
is about 1 X 10% J/m? lower than the paraelectric reference
structure. Thus for a 10 nm thick film, the energy difference
between positive and negative polarization amounts to about
10% of the total change in free energy.

Figure 4 also shows experimental data for the magnitude
of the initial pyroelectric response (open circles). The mea-
sured pyroelectric response is seen to increase less rapidly
with increasing film thickness than predicted by the model.
The measured pyroelectric response is a surface average over
both positive and negative domains. Hence, for thin films
where the depolarization field is stronger, resulting in a more
even distribution of positive and negative domains, the net
response is less than predicted for a monodomain thin film.

It is also possible to relate the polarization to the unit
cell tetragonality. From the elastic Gibbs free enf:rgy,I7 under
the appropriate mechanical boundary conditions,'® the rela-
tion between the out-of plane lattice constant ¢ and the dis-
placement field D reads

1 2
f{i— (1 +iu0)], (12)

S12 ay Sp1t+ S
On-—"0n

S11+ 812

D*=

where a is the cubic lattice constant, u is the in-plane strain
imposed by the epitaxial growth on the SrTiO; substrate, s;;
and s,, are the elastic compliance coefficients, and Q;; and
Q) are the electrostrictive constants. The displacement field
calculated from Eq. (12) with the measured lattice constant
c,13 using values for the electrostrictive coefficients and the
cubic lattice constant as given by Haun et al.,'” and elastic
compliance coefficients taken from Ref. 27, is shown as open
squares in Fig. 4. The calculated displacement field from the
measured lattice constant is in good agreement with the pre-
dictions from the model and increases more rapidly than the

J. Appl. Phys. 106, 084104 (2009)

1
o ¢ i
0.5
S o
% ¢
-0.5
e
5 10 20 50 100 200

Thickness (nm)

FIG. 5. The measured offset voltage of the pyroelectric (filled circles) and
ferroelectric (open circles) hysteresis loops. The voltage offset is negative in
thin films, going positive and increasing with film thickness to saturate at
~0.5 V.

pyroelectric response, again indicating the effect of domain
formation for very thin films.

The observed change in stable polarization direction is
not predicted by the present model for an intrinsic semicon-
ductor, for which negative polarization is stable for all film
thicknesses. We note that if the chemical potential changes as
a result of doping, this will have two potentially opposing
effects. (i) The contact potential will change. A net donor
doping reduces V,, and makes the contact potential less nega-
tive or even positive, potentially stabilizing the positive po-
larization direction. Whereas a net acceptor doping may help
stabilize the negative polarization direction. (ii) The amount
of surface band bending required to induce a sufficient
screening charge is changed. A net donor doping decreases
the screening energy at the surface for the negative polariza-
tion direction, while a net acceptor doping decreases the en-
ergy for a positive polarization direction. Calculations with
net acceptor dopant densities from 107! to 10° cm™ gave
lowest energy for positive polarization in thin films and for
negative polarization in thick films, with a crossover thick-
ness in the range of 20-30 nm.

The above analysis does not include the influence of
defects. Internal fields can result from charged defects and
defect dipoles.zg’33 In Fig. 5, the voltage offset, defined as
half the sum of the coercive switching voltages for positive
and negative polarization, are shown for pyroelectric (filled
circles) and polarization (open circles) hysteresis measure-
ments. The offset voltage for thick films (>30 nm) corre-
sponds to the built-in offset expected from the difference in
work function for the Pt and SrRuOj electrodes. For thinner
films the offset voltage decreases and reaches —0.8 V for the
10 nm thick film. Polarization hysteresis loops from 20 nm
thick films grown at different temperatures13 showed an in-
creasing negative voltage offset for films grown at the high-
est temperatures. Combined with the spontaneous switching
to positive polarization, this suggests an increased influence
from defects in the thinnest films. The preferred positive po-
larization and negative offset voltage in thin films are com-
patible with positively charged oxygen vacancies at the sur-
face. Additional mechanisms are needed to explain the
change in preferred polarization direction with increasing
film thickness. A realistic model of the interaction and the
dynamics between defects and the polarization during film
growth would be valuable in order to understand the real thin
film behavior.
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IV. CONCLUSION

In summary, calculations on an idealized model indicate
that the as-grown state of the PbTiO5 films will have a pref-
erence for one of the two opposite polarization directions,
depending on the contact potential between the ferroelectric
thin film and the metal bottom electrode. Very thin films
show voltage offsets and retention behavior compatible with
a layer of positive charge near the top electrode.
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