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A dense, homogeneous and crack-free ferroelectric PZT thin film with (100)-preferred orientation
was produced using the sol-gel method. The volume fraction ooy of (100)-oriented grains in the
PZT film was calculated [o00y = 80%] from XRD of the PZT thin film and powder. The PZT thin
film exhibits an open polarization vs. electric field loop and a low leakage current density from
107% A/cm? to 1077 A/cm?. The electrical conduction data were fit to a Schottky-emission model
with deep traps from 100kV/cm to 250kV/cm. A modified capacitance model was introduced that
adds electrical domain capacitance based on a metal-ferroelectric-metal (MFM) system with
Schottky contacts. The model reproduces the observed non-linear capacitance vs. voltage behavior

of the film. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919431]

I. INTRODUCTION

Thin film ferroelectrics with the perovskite structure
have applications in nonvolatile memory, piezoelectric devi-
ces, electro-optics, and micro-mechanical systems.l_4 The
control of bistable and switchable polarization states in ferro-
electrics underlies many of these applications. The fast and
electrically switchable polarization of lead zirconate titanate
[Pb(Zr; _Tiy)O3, PZT] has been extensively investigated.s_8
Ferroelectric PZT thin films with compositions close to the
morphotropic phase boundary (MPB) [Pb(Zrgs5,Ti.45)Os3]
exhibit enhanced properties.”'® The current vs. voltage (I-V)
and capacitance vs. voltage (C—V) characteristics provide fun-
damental information about the polarization switching behav-
ior and the conduction mechanism. Several models have been
established to interpret the /-V and C-V characteristics.''™*
However, the effect of electric field magnitude on the MFM
structure has not received much attention, and the contribution
of the effect of domain capacitance has not, to our knowledge,
been included in a capacitive equivalent circuit model for
ferroelectric thin films. In this work, a Pb(Zrg 5,Ti 453)O3 thin
film was prepared using the sol-gel method and the /-V and
C-V characteristics were measured. A capacitance model that
includes the effect of MFM interfaces and domain capacitance
was used to model the observed behavior.

Il. EXPERIMENTAL

The chemical reagents used in this work were lead(II)
acetate trihydrate [Pb(CH3COO),—-3H,0], 2-methoxyethanol

YAuthor to whom correspondence should be addressed. Electronic mail:
cslynch@seas.ucla.edu
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117, 1741071

[CH3;0CH,CH,0H], zirconium(IV) propoxide [Zr(CH,CH,CH3)4],
and titanium(IV) ethoxide [Ti(CH5CH,O),]. All chemicals
were analytical grade purity of 99.99% and were used as
received without further purification.

Pb(Zr( 5, Tip 43)O5 thin films were deposited on Pt(111)/
Ti/Si0,/Si(100) substrate using a sol-gel process. The precur-
sor solution for the coating was prepared by a modified 2-
methoxyethanol (2MOE) synthesis method:'*!* dissolving
appropriate amounts of Pb(CH3COO),-3H,0 into 2MOE solu-
tion by magnetic stirring for 2 h, followed by stoichiometric
addition of Zr(CH,CH,CH3), and Ti(CH;CH,0), into the so-
lution with further magnetic stirring over 12h. 10mol. %
excess Pb(CH3COO),-3H,0 was added to compensate the Pb
loss during annealing. The PZT precursor solution was spin
coated with a SCS G3 spin coater (Specialty Coating Systems
INC.) on the Pt/Ti/SiO,/Si substrates at 4000 rpm for 60 s, fol-
lowed by pyrolysis at 300°C for 1 min on a hot plate in air.
After every four layers, a rapid thermal process was performed
at 700°C for 1 min in air. Solution coating and firing were
repeated to produce PZT thin films with 12 layers. In addition,
dried gel was prepared from the coating solution, and PZT
powders were obtained by sintering the dried gel at 600 °C for
2h in air. Au top electrodes were deposited by means of sput-
tering using a shadow mask with the size of 1 mm x 1 mm for
each point to create parallel plate capacitors in PZT thin films.
A typical thickness of the top electrodes was 200 nm. The crys-
tal structures of the PZT film and powder were examined using
X-ray diffraction (XRD, Bruker D8) with Cu K, radiation
(A=1.54176 A) at the scanning rate of 5°/min from 20° to
55°. A Field-Emission Scanning Electron Microscope
(FESEM, JSM-6700F) was used to observe the surface and
cross-section of the PZT film. P-E and /-V measurements were

© 2015 AIP Publishing LLC
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FIG. 1. XRD patterns of (a) PZT thin film and (b) PZT powder.

performed on the PZT capacitors using a ferroelectric test sys-
tem (Radiant Technology Precision LC Materials Analyzer). A
low-frequency impedance analyzer (HP-4284A) was employed
to measure the C—V characteristics of the PZT capacitor.

lll. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the XRD patterns of the PZT
thin film and powder. The {110} reflection is the strongest
peak in Fig. 1(b) for the powder sample of random orienta-
tion. But the {100} reflections are much higher than the

X e e
OkvV X75000 100nm WD 3.0mm
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{110} peak in Fig. 1(a); the reflection {100} is the strongest
peak. This indicates that the PZT film corresponding to Fig.
1(a) is of (100)-preferred orientation. For a Zr/Ti ratio is 52/
48, the growth planes with the lowest activation energy are
{100}-plames.16 This results in the formation of PZT thin
film with (100)-preferred orientation. In order to determine
the degree of preferred orientation, the volume fraction o ;00
of {00} oriented grains in PZT film was approximated as'’

O(h00) = Z(Inoo/[;oo)/ Z(lhkl/[;:kl)a (1)

where [, is the measured intensity of the (hkl) peak for the
film, I,,/* is the intensity for powder, and # is the number of
reflections. The o value for the PZT thin film is o0
~ 80%.

Figure 2 shows SEM micrographs of surface and cross-
section of the PZT film. A dense, homogeneous, and crack-
free PZT thin film is observed in Fig. 2(a), and the average
width of grains in the columnar structure is approximately
30 nm. The thickness of the PZT film is about 750 nm based
on the cross-sectional SEM image in Fig. 2(b). This value
was used to determine the coercive field from the ferroelec-
tric measurement. The polarization—field loop of the PZT
thin film measured at room temperature with the frequency
of 1 kHz is shown in Fig. 3. The 2P, and 2E, of the PZT thin
film are 28 uC/cm?® and 240 kV/cm, respectively, which are
similar to the results reported by Bassiri-Gharb et al.'® and
Nguyen et al."’

Figure 4 illustrates the leakage current density as a func-
tion of electric field of the ferroelectric PZT thin film (J-E
curve, based on the /-V behavior measured at a DC bias
from 0 to 20V). The initial linear part of the J-E curve
appears ohmic up to about 100kV/cm. A linear InJ—E"? plot
is obtained (see the inset of Fig. 4), which is characteristic of
the Schottky-emission model with deep traps. In the
Schottky-emission model, the current is given by’

~a( s — VaEJamsos,)

J =A™ T2
exp KBT s

2)
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Si/SiO,
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FIG. 2. (a) Surface and (b) cross-section of SEM images of PZT thin film.
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FIG. 3. Ferroelectric hysteresis loops of PZT thin film.

where A**, T, q, ¢p, Kp, €, &, and E are the effective
Richardson constant, absolute temperature, the electron
charge, Schottky potential barrier, the Boltzmann constant,
the permittivity of free space, dielectric constant (relative per-
mittivity), and the electrical field, respectively.

Pb has a high partial pressure and can readily evaporate
from lattice sites during thermal processes, leaving vacancies
behind. Lead vacancies act as acceptor impurities and are
considered to be one of the main sources for the leakage cur-
rent in PZT thin films.>' The defect reaction can be written
as

Pbpy, <+ Pb+ V52 + 20", (3)

where Pbpy, and Vp, 2 are the lead atom in the lattice and the
lead vacancy, respectively. When the injected free-carrier
density exceeds the volume-generated free-carrier density
(over 100kV/cm), the main conduction mechanism is
Schottky conduction associated with the free carriers trapped
by the lead vacancies. The leakage current density was
observed to increase rapidly above 100kV/cm. At this elec-
tric field magnitude, sufficient injected carriers fill almost all
traps generated by lead vacancies and further injected car-
riers exist as free carriers contributing to the leakage current.
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o /
7 Tl
8.0x10 0 /-
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FIG. 4. J-E characteristic of PZT thin film. Inset shows the data plotted
based on Schottky-emission model that produces a linear In/—E'? curve.
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FIG. 5. C-V curve of experimental (a) and calculated (b) PZT thin film from
—10Vto 10V.

Figure 5(a) shows the C—V curve of the PZT thin film at
10kHz. When voltage is applied from —10 V to 10V, and
then from 10V to —10 V, a butterfly-like ferroelectric capaci-
tance variation is observed. Two polarization peaks occur that
correspond to the ferroelectric measurements. +V and —V;
are the positive and negative switching biases corresponding
to the coercive field and associated with polarization switch-
ing. These voltages describe the transition of reverse junction
capacitance between top and bottom electrode with the
Schottky model. The capacitance of this MFM system at 4V
and —Vj is slightly asymmetric. This may be the result of Pb
vacancies (acceptor impurities). When voltage is applied from
—10V to 10V, injected carriers will fill the traps generated
by lead vacancies, decreasing the acceptor doping density.
Consequently, when voltage is applied from 10V to —10V,
the accumulation of effective charge will decrease accord-
ingly, leading to a slight drop of the capacitance at —V.

A modified C-V model was developed for the poled fer-
roelectric with voltage applied in the polarization direction
based on the MFM system with Schottky contacts. Fig. 6(a)
shows a schematic drawing of the MFM system, Fig. 6(b)
the equivalent circuit typically used, and Fig. 6(c) a proposed
capacitance model for the PZT capacitor. For the model of
the MFM structure of PZT film, the equivalent-circuit
includes a capacitance in parallel with a resistance. When
the leakage current is very low, the resistance approaches in-
finity. Consequently, the resistance produces a negligible
effect on the C-V model at low voltage.

81:25:2L 9202 Asenuer 0z
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FIG. 6. Electrical characterization model of PZT thin film. (a) Schematic
drawing of MFM structure, (b) regular equivalent circuit of MFM system,
(c) static capacitance model including the depletion charge (Cy), polarization
charge (Cp), interface-trap charge (Cj), and electrical domain (Cy) capaci-
tances. The indices t and b refer to top and bottom electrodes.

The standard equivalent circuit (Fig. 6(b)) does not model
the individual effects of the metal contacting the PZT. The
PZT has semiconducting characteristics. In this case, a built-
in electric field (Ey;) will form at the metal-semiconductor
contacts creating a depletion layer. In the top and bottom of
the system, the directions of Ei,; are opposite (from metal to
PZT film in both cases). Based on this model, a static capaci-
tor model was established as shown in Fig. 6(c). The model
includes the depletion charge (Cg), polarization charge (Cp),
interface-trap charge (Cj,), and electrical domain (Cg) capaci-
tances. The electric domain contribution to dielectric permit-
tivity has been described previously, but to our knowledge, it
has not been included in a capacitance model of thin films.

The electric domain capacitance (Cf) is associated with
domain walls within the PZT thin film. When a bias is
applied, dipoles in the PZT thin film will reorient. Large-
scale reorientation through domain wall motion requires less
energy than homogeneous reorientation of the dipoles.
Although the material is driven toward a single domain state
by a high electric field, the single domain state is difficult or
impossible to achieve in a ferroelectric polycrystalline sys-
tem.?>* There is a characteristic width associated with do-
main walls that arises from the increased energy associated
with polarization gradients balancing the crystal structure
energy, and when the film thickness is smaller than this,
width domains formation is constrained. There is also a sur-
face effect on polarization associated a depletion zone.
Charge accumulating within domain walls and a change of
the dielectric permittivity associated with the highly dis-
torted unit cells of the domain walls contribute to the total
capacitance in thicker films. In Ref. 11, Tayebi et al. estab-
lished a C-V model for ultra thin PZT film (17 nm) without
an electrical domain capacitance (Cg). The domain capaci-
tance was not needed, because domains in ultra thin PZT
film are unstable and can be easily affected by an antiparallel
built-in electric field'' because the depletion layer width is
comparable with the remaining thickness of the ultra thin
film. This makes the effective electrical domain capacitance
difficult to form, and thus, the electrical domain capacitance
can be neglected in the ultra thin film. On the contrary, in the
C-V model for our 750 nm film, the built-in electric field has
less influence on the domains because the depletion layer
width is much smaller than that of the remaining part of the

J. Appl. Phys. 117, 174107 (2015)

film. As a consequence, the electrical domain capacitance
(Cg) needs to be taken into consideration in our PZT thin
film. This suggests that there is a critical thickness above
which Cg must be included.

In the Schottky metal—semiconductor contacts, the
depletion layer width (W) and depletion layer capacitance
(Cy) from an AC signal are defined as!>??

(Vi + Va), (€]

A LA
Cd _ &oé _ &o& ( 5)

w 2608, ’
Vi +V,
1/ N, (Vi +Va)

where &, €., A, Ny, Vii, Va4, and g are the permittivity of free
space, the dielectric constant of the PZT film, the electrode
area, the equivalent acceptor doping density, the built-in
potential of the Schottky barrier, the applied bias, and the
charge, respectively. The built-in potential can be expressed
as follows:' >

Vy = APZT +
q

<EC(PZT) - EF(PZT)) _Pu )

q q

where ypzr, Ecepzr), and Egpzry are the affinity, conduction
band, and Fermi energies of the PZT film, and ¢y is work
function of the metal top/bottom electrode.

The interface polarization capacitance (Cp) resulting
from polarization charges within an ultrathin layer from the
metal electrode, referred to as the dead layer 9, is given by

£0&A

Cp 5

(N
Interfacial trap capacitance (Cj,) originating from interface
defects coexists in parallel with C,,.

According to Gauss theory, electric domain capacitance
(Cp), originating from the charge accumulation and modified
polarization reorientation within domain walls, can be
described by

dQ eer  dP

CF_dV_A<tp +dv>’ ®
where fr is effective width of electric domain capacitance,
which is equal to the total thickness of PZT thin film minus
the depletion layer width.

As the bias is varied, the total capacitance will be com-
posed of reverse and forward biased junction capacitances
corresponding to up and down polarizations, respectively.
When the bottom electrode is grounded and —10 V is applied
to the top electrode, the external electric field (E,) is from
bottom to top, which will decrease the thickness of the top
depletion layer and expand that of the bottom depletion
layer. When applying +10 V voltage to the top electrode, the
situation will change to the opposite. So, when applying volt-
age from —10V to +10V in the C-V curve, the capacitor
model of the system is dominated by the model shown in
Fig. 7. With the increasing of applied voltage, the capacitor

81:25:2L 9202 Asenuer 0z
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FIG. 7. Dynamic capacitance model of PZT thin film at various bias. (a)
—10V, (b) ~0V, and (c) 10V.

model will evolve as depicted as shown in the model Figs.
7(a)-7(c) dynamically.

Parameters were determined for the C-V model of the
PZT thin film and a simulation was performed. Cy4 and C,
were calculated using Eqs. (4)—(7). Cj; originating from inter-
face traps can coexist in parallel with Cy if reactive (oxidiz-
ing) metals such as Ti are used as electrodes,!! so here, C it
was neglected relative to Cy. The P-V curves (down and up)
of PZT thin film from both —10 Vto 10V and 10V to —10 V
were fit to determine the differential (dP/dV) and obtain Cg
using Eq. (8). The frequency of the C—V model parameters are
in accordance with that of P-V measurement of 1 kHz, and no
attempt was made to extend the model to other frequencies.
The resulting parameters are & =428, A=1x10"° m?
(the area of Au electrode), 0 = 12.1 nm, N, = 0.34 x 10%%/cm? ,
ypzr=3.5eV, Ppmpy=5.3eV (bottom electrode), and Py
=5.1eV (tOp electrode), EC(PZT) — EF(PZT) =20 eV.l 1,12.26
The results are shown in Fig. 5(b), which is similar to the ex-
perimental curve (Fig. 5(a)), indicating that the capacitor net-
work model represents the dominant contributions to the C-V
behavior of ferroelectrics with bistable polarization states.

IV. CONCLUSION

In summary, dense, homogeneous, and crack-free ferro-
electric PZT thin film with (h00)-preferred orientation were
obtained by using the sol-gel method. The volume fraction
o100y 0f (h00) oriented grains in PZT film was approximated
[%(100) = 80%] from XRD results of PZT thin film and pow-
der. The PZT thin film exhibited good ferroelectric P—E
loops. With a cyclic voltage of 95V, the 2P, and 2E, of PZT
thin film were 28 uC/cm? and 240kV/cm, respectively. The
PZT thin film showed a low leakage current density from
107 A/em? to 1077 A/ecm®. The conductive behavior was
dominated by Schottky-emission with deep traps from
100kV/cm to 250kV/cm. A dynamic capacitance model, in
which an electrical domain capacitance (Cg) was taken into

J. Appl. Phys. 117, 174107 (2015)

consideration, was established based on a MFM system with
Schottky-contacts. The introduction of domain capacitance
(Cp) into the model is required for thicker films and not for
ultra thin films. This suggests there is a critical thickness in
ferroelectric film above which Cg must be included.
Parameters were experimentally determined for the capaci-
tance model and it was shown to reproduce the observed
C-V behavior.
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