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Abstract

The barrier properties of a capacitor heterostructure based on a ferroelectric lead zirconate-titanate were
investigated by using the methods of current-voltage and voltage-capacitance characteristics. The variable
values of the potential barrier on the PZT-Pt interface were determined by the C-V method (from 0.5 to 1.6 eV)
and the I-V method (from 0.5 to 0.7 eV). The spontaneous polarization influence on the potential barrier at the

PZT-Pt interface was estimated.
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I. Introduction

Ferroelectric films are already used widely in
modern microelectronics. Lead zirconate titanate
Pb(Zr, ., Ti )O, (PZT) films are one of the most
perspective ferroelectric materials for applications in
microelectromechanical systems (MEMS), pyroelectric
and piezoelectric sensor devices, field-effect transistors,
ferroelectric memory devices (FeERAM), etc. [1,2].
The properties of PZT films are not well understood
yet, in contrast to the bulk ceramic materials, par-
ticularly when it comes to the subject of interface
effects in heterostructures. The properties of the entire
heterostructure can be often determined by the char-
acteristics of a single heterojunction. If spontaneous
polarization is taken in account, modelling and analysis
of the physical processes at the ferroelectric-metal
(or semiconductor) interfaces in the heterostructures
become more complicated [3,4].

In this work, barrier effects due to the presence of
a ferroelectric-metal interface (PZT-Pt) are investigated
and the spontaneous polarization contribution to the po-
tential barrier at the PZT-Pt interface is estimated. The
potential barrier values at the PZT-Pt interface are deter-
mined by various methods taking into account the spon-
taneous polarization of the ferroelectric layer. Thus,
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the analysis of capacitance-voltage (C-V) characteris-
tics and current-voltage (I-V) characteristics obtained
experimentally in a wide temperature range was carried
out.

II. Materials and methods

PZT-based film capacitor structures were the objects
of studies in this paper. The films have n-type conduc-
tivity due to the oxygen vacancies [5]. The ferroelectric
capacitors were deposited on the single crystal silicon
wafers. A silicon oxide insulating layer, titanium oxide
adhesive layer and bottom platinum electrode were pre-
viously formed on the silicon wafers. Deposition of the
PZT layer was performed by two-step ex-sifu method
using radio-frequency magnetron sputtering from the
ceramic target of PbZr,,Ti,,,O; + 10mol% PbO at
the temperature of 150 °C. The single target was prelim-
inary prepared on the base of PZT powder with PbO ex-
cess. After the PZT layer deposition, the structures with-
out top electrodes were annealed at temperatures 540—
570°C (T,y,) for 1h. It was necessary to create a per-
ovskite structure having ferroelectric properties. Finally,
top platinum electrodes with area from 0.01 to 0.1 mm?
were deposited on the free film surface by sputtering.
Thus, the Pt/PZT/Pt/Ti0O,/Si0,/Si heterostructures with
various annealing temperatures were prepared [6].

The thickness was estimated by scanning electron
microscopy (SEM) on a JEOL JSM-35CF. The thick-
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Figure 1. SEM image of a cross section (a) and X-ray diffraction pattern (b) of the PZT film (7, = 565 °C)
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Figure 2. Dependence of capacitance versus the bias voltage
for the Pt/PZT/Pt structure with T, = 565 °C
(measurement conditions are U. = 0.1V, f = 1kHz)

ness of the PZT layer is equal to 500 nm (Fig. 1a). The
X-ray diffraction analyses of the heterostructure were
made with a DRON 3 diffractometer using CuK, radia-
tion (Fig. 1b). Thus, the PZT layers were polycrystalline
films. These films had a self-polarization, thus it was not
necessary to polarize them before the experiments.

C-V characteristics were measured by immittance
meter E7-20. This device allowed applying the bias to
the samples from —40 to 40V in steps of 0.02V in the
range of —4 to 4V and 0.2V at higher voltages. The
frequency of the test signal (f) may be changed from
25Hz to 1 MHz, and its amplitude (U.) may be varied
from 40mV to 1V. I-V characteristics were obtained
by applying the DC voltage to the samples using the
power supply comprising of the battery of electrochemi-
cal cells and the voltage divider. The current through the
sample was registered by the weak current meter U5-11.
The detailed description of the experimental set-up is
presented in previous paper [7]. The bias applied to the
film had been assumed positive if a positive potential
was applied to the top electrode, or vice versa.

III. Results and discussion

The analysis of the capacitance-voltage dependencies
experimentally obtained at room temperature was per-
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formed. A typical C-V characteristics for thin-film ca-
pacitors based on PZT are shown in Fig. 2. It was al-
ready shown [8] that the shape of C-V characteristics de-
pends on the annealing temperature. Also, it was found
that the C-V characteristics obtained in repeated mea-
surement cycles are different from the first one [9]. In
this study, the results of the primary cycle of the C-V
characteristics measurements were used.

The value of the potential barrier at the PZT-Pt in-
terface was determined on the basis of C-V character-
istics according to the model proposed by Rhoderick
[10]. This model was applied to ferroelectrics [11,12].
For the estimation of potential barrier, the dependence
of 1/C? on the bias (U,.,) for reverse paths (curves 2
and 4 in Fig. 2) was plotted (Fig. 3). Extrapolation to
the voltage-axis of the linear section of this dependence
gives the value of V}, which is included in the potential
barrier:

kT
op=Vp+&+— (1)
q
where ¢ = % - In % and V,, is the voltage cut-off, k
the Boltzmann constant, 7' the temperature, N, the ef-
fective density of states and N, the donor concentration.

Figure 3. 1/C? vs U,,, for the Pt/PZT/Pt film with T, =
545 °C (measurement was carried out at
U.=0.1V,f =1kHz)
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Figure 4. Dependence of ¢, obtained from C-V
characteristics on the annealing temperature

For calculating the value of ¢;,, we may only take into
account the cut-off value of V}, because &€ = k- T/q <
0.1 V. The similar calculation was carried out for PZT
films with different annealing temperatures. Figure 4
shows the values of ¢, calculated by equation 1 for
the PZT film structures with various annealing temper-
atures.

The value of the potential barrier at the Pt-PZT inter-
face was also determined on the basis of /-V character-
istics, which is described in detail by Pintilie et al. [13].
In this case, the current density is:

0 qEn
O~ V 4reogop ]] )

where A* is Richardson’s constant, (I)% the potential bar-
rier height at zero applied field, E,, the electric field
strength, gy the vacuum permittivity and &,, the high
frequency (optical) dielectric constant. Equation 2 may
be presented as:
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The dependence of In(J/T?) on V'/? (Fig. 5a) at a
constant temperature should be straight, and its cut-off
on the y-axis gives the value of F(T). From the graph
F(T) versus 1/T (Fig. 5b) it is possible to extract the
value of the potential barrier of d)% from the slope, and
the Richardson constant from the cut-off along the ordi-
nate axis.

For the films with T,,, =545-570°C, the value of
the potential barrier at the Pt-PZT interface calculated
from the /-V curves varies from 0.1 to 0.3 eV without
any specified tendency related to the annealing temper-
ature.

As it can be seen from equation 2, the key value in
the exponent is the electric field strength of E,,, which,
in the case of ferroelectrics, depends on the polarization

P [13]:
E - 2gNogV N
m = £080p

where gy, is the static dielectric constant. Then equation
2 takes the form:
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Polarization-dependent and voltage-independent terms
can be considered as values defining the “apparent” po-
tential barrier:

If the conduction current is:
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Figure 5. Plots of In (J/ T?) vs VY2 (a) and F(T) vs 1/T (b) for determining the value of potential barrier based on the
C-V characteristics for the PZT film with 7', = 540 °C
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Thus, the d)% values determined on the basis of the equa-
tions 2 and 3 are in fact the d)%’app value presented in
equation 8. On the base of the experimental data, the
value of the polarization term of (qP/4neje,pes)'/* in
equation 8 was estimated. We took a spontaneous polar-
ization equal to 100 uC/cm? as the polarization value P
in this expression 8. The g,, value determined from the
I-V curves at various temperatures was about 6 [ 14]. The
&5 value was assumed equal to 200 that was the average
value of the dielectric constant at a test signal frequency
of 1 MHz and its value of 40 mV and under high bias
field of 200kV/cm. Such conditions were chosen to re-
duce the contribution of the domain wall oscillation to
the dielectric response [9]. Thus, the polarization term
contribution to the potential barrier value was approxi-
mately estimated as 0.4 eV. Apparently, this accounts for
the difference in the potential barrier values calculated
for the PZT-Pt interfaces on the basis of I-V and C-V
characteristics. Thus, the calculation of the ¢, value ob-
tained from the C-V curves takes into account the con-
tribution of spontaneous polarization, but ¢, determined
from the /-V curves does not include it.

IV. Conclusions

In this paper, the estimations of potential barrier near
the Pt-PZT interface in the Pt/PZT/Pt/Ti0O,/SiO,/Si het-
erostructure were carried out. The potential barrier value
at the PZT-Pt interface was determined on the basis of
the I-V and C-V curves measured experimentally. Cal-
culations performed using the C-V and -V character-
istics yield from 0.5 to 1.6eV and from 0.5 to 0.7 ¢V,
respectively. The contribution of the spontaneous polar-
ization of the ferroelectric layer to the potential barrier
at the PZT-Pt interface is numerically determined to be
equal to 0.4 eV.
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