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Pb(Zros52Tip4s)O3 LAYER WITH SrRuO; BOTTOM ELECTRODE AND
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The leakage current was studies in epitaxial ferroelectric Pb(Zrgs,Tig4)O3 layer with
common SrRuO; bottom electrode and different metals as top contacts (SrRuOs, Pt, Ir,
Ru). It was found that the dominant conduction mechanism in the 200-350 K temperature
range and for voltages significantly larger than the coercive value is the thermionic
emission governed by the Schottky-Simmons equation. The height of the potential barriers
was estimated and was found that this is about the same for negative and positive voltage
polarities. No correlation was found between the height of the potential barriers for
different top contacts and the work function difference between the bottom and top
electrodes. The results suggest that the potential barrier is controlled by the polarization
charges in a similar way to the one reported for Pb(Zrq,Tig )O3 and BaTiO; epitaxial films
with bottom SrRuO; electrode and different metals as top contacts. It was also found that
above 350 K the conduction mechanism changes to ohmic and/or space charge limited
currents.

(Received September 15, 2015; Accepted November 9, 2015)

Keywords: epitaxial, Pb(Zrs,Tig4s)Os, conduction mechanisms

1. Introduction

Ferroelectric materials are attractive for a large variety of applications due to their special
proprieties such as spontaneous polarization, pyroelectric, photovoltaic and piezoelectric effects,
and non-linear optical properties. [1], [2]. In many of these applications the ferroelectric materials
are used in capacitor-like configurations, and the working principle implies the application of an
external electrical voltage [1], [3], [4]. Besides the very good dielectric and ferroelectric
proprieties there is also a damaging parameter, namely the magnitude of the leakage current. The
control of the leakage current is especially important in ferroelectric capacitors used for non-
volatile memories because it is believed to be linked to the rapid time dependent destruction of the
information stored in the memory devices [5]. This represents a strong motivation for a large
number of research groups to study the conduction mechanisms responsible for the leakage current
in ferroelectric capacitors [1].

Even if the main response of a ferroelectric capacitor to an applied voltage consists in a
change of polarization, the leakage current through the ferroelectric thin films can have noticeable

values due to the large electrical field (10* — 10° ~_ even for a few applied volts) and due to the

cm
finite resistance of the material. The first studies of the leakage current in ferroelectric thin films
have been performed on polycrystalline or defective layers. In these cases the current magnitude
depends on stoichiometry, deposition temperature, annealing temperature, electrode material, and
microstructure. This variety of factors leads to different interpretation of data, using different
transport models. The conduction mechanisms which are responsible for the charge transport
through a thin films have been divided in two major categories: those that depend on the electrical
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properties of the electrode-ferroelectric interface, which are called electrode-limited (thermionic
emission, thermionic-field emission, tunneling), and those that depend only on the properties of
the material, which are called bulk-limited (Pool-Frenkel emission, hopping, ohmic, space-charge-
limited currents) [6]-[9].

The evolution of synthesis and deposition methods of thin films allow to obtain epitaxial
layers with very good quality of structure and interfaces [10]. For these systems, the leakage
currents has an increased values compared with polycrystalline films, the high resistivity of the
latter cases being attributed to extrinsic contribution as grain boundaries, dislocations and domain
walls which can act as trapping or scattering centers for mobile charges, leading to reduction of
charge density and mobility [11]. For epitaxial thin films, the leakage current has been explained
especially by electrode injection mechanisms (thermionic emission [12] or tunneling [13]), or by a
transport mechanism which combines electrode injection with drift-diffusion in the film bulk [14].
Thus, for explaining the dependence of the leakage current on voltage and temperature in the case
of high quality epitaxial ferroelectric thin films, the Schottky-Simmons equation is most used [15],
[16]. It was already shown that the electrode interfaces can significantly affect the macroscopic
electrical properties of ferroelectric capacitors such as dielectric constant and polarization
switching [17], [18]. However, in [17] it has been shown, for two different ferroelectric materials
with tetragonal structure (Pb(Zrq,. Tigs)Os-PZT and BaTiOs), that the potential barriers obtained for
different top electrodes are about the same even if there are significantly differences in work
functions, leading to the conclusion that the ferroelectric polarization is actually controlling the
height of the potential barrier.

The effect of the electrode interfaces on the leakage current in epitaxial PZT films with
composition near the morphotropic phase boundary and deposited on SrTiO; (STO) buffered Si
wafers were less studied. In this work we analyze the leakage current for PZT films with Zr/Ti
ratio of 52/48 grown by pulsed laser deposition (PLD) on a STO/SiO,/Si substrate. The STO
buffer layer was grown by MBE, then a bottom SrRuO; (SRO) electrode has been deposited by
PLD. Several metals were then used as top electrodes of the capacitor-like structures: Pt, Ir, Ru,
and SRO.

2. Experimental methods

The growth details of STO on Si (001) can be found in [19], [20]. SRO bottom electrode
and PZT ferroelectric layer were deposited by PLD, using a KrF pulsed excimer laser with a
wavelength of 248 nm, as it is described in [21]. The ablation process of PZT was carried out at a
laser fluence of 2 J/cm® and a repetition rate of 5 Hz, for 10 000 pulses, in an oxygen atmosphere
of 20 Pa. After deposition the film was annealed for 1h in 10° Pa O, pressure, and then cooled
down at room temperature. The capacitor structures were obtained by the deposition of 100x100
um’ area top electrodes using a shadow mask. Different metals were used as top contacts: SRO
(Ppsro = 4.6 —49¢eV), Pt (ppr =5.65eV), Ir (¢, =5.67 —5.72eV) and Ru (g, =
4.71 eV) [22]-[24]. SRO was deposited by PLD at room temperature, while Pt, Ir and Ru were
deposited by radio-frequency (RF) sputtering.

Details about structure can be found in previous paper [21], and it was found that the STO,
SRO and PZT layers grow epitaxial on the Si (001) substrate. Therefore the electrical properties
(especially leakage currents) are not affected by extrinsic contributions (for example grain
boundaries).

The current-voltage (1-V) characteristics were measured by using a Keithley 6517
electrometer with an incorporated dc voltage source. The temperature measurements were
performed by introducing the samples into a Lake Shore cryoprober model CPX-VF with CuBe
needles. The data acquisition was automatic, special software being developed for this type of
measurements.

Before presenting and discussing the experimental data one has to describe in more details
how the I-V measurements were performed. The standard procedure is to raise the DC voltage in
small steps, to wait a certain period of time until the DC leakage current is stabilized and then to
record the current value. In the present case the voltage steps were of 200 mV, the waiting time
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was set to 1 second and the current value recorded in the 1-V measurement is an average over 5
readings. The time necessary for communications between computer and the measuring instrument
and the time for averaging the current add to the waiting time leading the total time between two
points in the 1-V characteristic to about 3 seconds. From current-time (I-t) measurements was
found that this time is sufficient to have a stable current value for voltage range where the
polarization is saturated. At smaller voltages, in between the values corresponding to the coercive
field, the current is altered by contributions related to polarization back-switching. This fact is
visible especially at low temperature, probably due to a slow compensation process of the
depolarization field [25], [26].Elimination of the back-switching contribution at low temperatures
would have required waiting times of the order of 10 seconds. The problem is that long waiting
times can lead to time-dependent breakdown of the ferroelectric capacitor because of lengthy
exposure to DC voltages [27], [28]. Breakdown would have made meaningless the current
measurements as long as are not performed on the same capacitor for the entire temperature range.
In order to find the voltage ranges where the parasitic contributions from polarization switching
are negligible, static hysteresis was measured and compared with the current hysteresis measured
in similar conditions (see Fig. 1(a)). The dynamic polarization and current hysteresis were also
recorded at a frequency of 1 kHz (see Fig. 1(b)).

Details about the dynamic and static hysteresis measurement can be found in [29]. The
difference between the measurements is that the dynamic hysteresis is obtained by continuous
integration of the current flowing through the ferroelectric capacitor when the triangular voltage is
varied between —V .« and +V .« With a certain frequency (1 kHz in the present case), while the
static hysteresis is obtained point-by-point in quasi-static conditions. One can say that a relaxed
polarization is recorded in the static hysteresis. This is the reason why the polarization saturation is
better seen in the static hysteresis. Regarding Fig. 1(a), it can be seen that at voltages higher than -
6 V for negative polarity and +6 V for positive polarity the non-linear ferroelectric polarization is
saturated and is no longer bringing parasitic contribution to the leakage current when the voltage is
swept down. Therefore, only the values recorded while sweeping down the voltage were
considered for further analysis. In this way polarization orientation is set during the voltage
sweeping up and does not change while sweeping down the voltage in the range outside the
marked box in Fig. 1(a). Repeating same types of measurements at different temperatures and for
different top contacts it was found that the 1-V characteristics recorded above 200 K, with a
waiting time of 1 second and a total time between to current reading of 3 seconds, are not affected
by polarization switching currents at voltages higher than: -3/+3 V for top SRO contacts; -6/+6 V
for top Ir and Pt contacts; -6 V for top Ru contact (for positive polarity it was not possible to
extract meaningful information). It was also found that breakdown is possible for temperatures
above 350 K. Therefore, only the data recorded between 200 K and 350 K, in the above mentioned
voltage ranges, were used for extracting information on the conduction mechanism responsible for
the leakage current. It has to be mentioned that epitaxial ferroelectrics, as it is the case, are
considered wide gap semiconductors rather than dielectrics thus the leakage current can have
significant values [30]-[32].
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Fig. 1 a) Static hysteresis recorded with a delay time of 1 second, and the current
hysteresis recorded with a waiting time of 1 second. The arrows indicate the voltage
sweep up and down. Only the down current readings were considered for further analysis.
The marked area between -6 V and +6 V indicates the voltage domain were the current is
still affected by parasitic contributions from the polarization switching. b) Dynamic
hysteresis recorded with a triangular voltage wave of 1 kHz. Measurements were
performed at room temperature, on top Ir contact. Similar results are obtained on the

other contacts.

3. Results and discussions

with less pronounced temperature dependence.

The current-voltage measurements were performed from 150 K to 400 K with a step of 10
K. The I-V characteristics for the four different top contacts are presented in Fig. 2.

There can be seen that the different top electrodes show different voltage and temperature
dependencies of the current. For example structure with SRO as top electrodes has symmetrical
current-voltage characteristics, with a weak dependence on temperature in 150 K-330 K range.

Structures with Pt and Ir as top electrode have current-voltage characteristic with a strong
dependence on temperature. At low temperatures the loop is not symmetrical, but at temperatures
greater than 300 K the current becomes symmetrical with respect to voltage. For Ru electrodes it
can be seen that the current has a strong asymmetry, with greater values for negative polarity
which also has obvious temperature dependence, while for positive polarity currents are lower and
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Fig.2 I-V characteristics for epitaxial PZT thin films deposited on Si substrates with

different top electrodes. The characteristics were recorded in the 150-400 K temperature

range for: a) SRO top electrode, b) Pt top electrode, c) Ir top electrode and d) Ru top

electrode.

For further analysis regarding the conduction mechanism only the |-V data in the
temperature range from 200 K to 350 K will be considered. At temperatures below 200 K the
contribution from polarization switching is still significant even at voltage as high as -7/+7 V,
leaving only a small voltage range where the leakage current is not affected by parasitic
contributions. For temperatures above 200 K the voltage ranges where the leakage current is not

affected by the polarization switching contributions were selected according to procedure
described in section

The 1-V characteristics where analyzed assuming the presence of the Schottky-type
contacts at the electrode interfaces, as previous results suggested [21]. Therefore, Schottky
emission over the potential barrier was assumed as dominant conduction mechanism. Taking into
account that the mean free path of charges in ferroelectrics is much smaller than the film thickness,
a general Schottky-Simmons equation [16], [33] was used to explain the voltage and temperature
dependence of the current:

27, KT
J=2q ————

3/2
q 0 qu
" ] HE exp T N (1)

Are,e,,

Here J is the current density, q is the electron charge, h is the Planck’s constant, m; is the effective
mass, u is the mobility, k is the Boltzmann’s constant, T is the temperature, E is the electrical field
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(0]
in the film, & is the vacuum permittivity, &, is the optical dielectric constant, Py is the interfacial
potential barrier height at OV, and E,, is electrical field at the interface.

The values obtained for €op at 300K, using the IN(J/E) = f(E"?) representation for SRO, Pt,
Ir, Ru top electrodes, are: 4.23, 5.58, 5.05, 4.36 (see Table 1). These are comparable with the

values reported in literature, were “op is around 5-6.5 for PZT [34]. Therefore we can assume that
the conduction mechanism responsible for the leakage current in this cases is the thermionic
injection controlled by the electrode interfaces followed by the drift-diffusion controlled by the
bulk as described by equation 1.
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Fig.3 a) Arrhenius representation for positive polarity for Ir electrode;
b) the apparent potential barrier dependence on V2.

The slopes of the Arrhenius representation IN(3 /T *#) = (1000 /T) ' shown in Fig. 3(a)
for positive polarities in the case of Ir top electrode, give the apparent potential barrier [16]. It has
been shown that the apparent potential barrier has a linear dependence on the square root of the

applied voltage thus, by extrapolating the Papp = T V) representation to OV one can obtain the

value ¢§ of the potential barrier ay zero volts (see Fig. 3(b)).

Following this procedure, the potential barriers were calculated for top SRO, Pt, Ir and Ru
contacts. The corresponding values are given in Table 1. One can see that the values for positive
and negative voltage polarities on the top electrodes, corresponding to reverse biasing of the two
electrode interfaces, are very similar although the difference in work functions can be significant
(up to 1 eV for bottom SRO and top Ir or Pt). One cannot say which interface is reverse biased for
positive voltage and which for negative one because it is not clear if the PZT layer is n or p type.
However, considering that the two interfaces act as back-to-back Schottky diodes, then one of the
electrode interfaces is reversed biased no matter the polarity of the applied voltage [35]. Another
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observation is that the height of the potential barriers does not depend on the polarity of the
applied voltage. This result is expected for symmetrical structure, where both electrodes are SRO,
but one would expect that for one polarity, the barrier height to change when top electrode is
different from the bottom one. This result can be explained as in ref. [17], assuming that the
polarization charges are controlling the height of the potential barrier at the electrode-ferroelectric
interface. On the other side, there is a significant difference between the height of the potential
barrier obtained for SRO on one hand, and the metallic electrodes as Pt and Ir on the other hand.
As in [36]-[38], there is expected to have an increased leakage current and a lower barrier height
for oxide electrodes (SRO), due to a significant concentration of oxygen vacancies in the PZT
layer.

One has to mention also that the potential barrier for positive polarity on Ru could not be
estimated due to large current fluctuations leading to contact breakdown. Also it can be noted that
the potential value for Ru electrode is between SRO and Pt or Ir. This fact could be explained if
consider that Ru can oxides, forming RuO, at the interface with PZT by taking the necessary
oxygen from the PZT film.

log(l)

Fig.4 Linear dependence of log(l) as function of log(V) representation at 350K,
with 1.29, 2.9, 1.6 and 1.85 values of slopes for SRO, Pt, Ir, Ru electrodes

For temperatures greater than 350K, the IV curves become symmetrical and the leakage
current has an almost linear or quadratic dependence on voltage, as shown in Fig. 4. This suggests
a change in the conduction mechanism towards a bulk controlled one, which can be ohmic
conduction or/and space charge limited currents (SCLC). It seems that at elevated temperatures the
potential barriers becomes “transparent” to charge carrier injection, acting as quasi-ohmic contacts.

Table 1. The values of the potential barriers height (¢s°(eV)), calculated for negative and
positive polarities of the voltage applied on the top electrodes made from different metals.
The optical dielectric constant (g) is also given, as estimated from the slope of

_ 1/2
In(J/E)=T(E") representation (see further in the text).

Electrode £op @:'(eV)
Positive Negative
SRO 4.23 0.12 0.11
Pt 5.58 0.43 0.47
Ir 5.05 0.42 0.49
Ru 4.36 - 0.24
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4. Conclusions

We present the effect of the top electrode interface on the leakage current in ferroelectric
capacitors based on PbZrys,Tig403 films deposited on Si substrate with STO as a buffer layer.
The bottom electrode was SRO and four different metals were used as top contacts: SRO, Pt, Ir,
and Ru.

The dominant conduction mechanism was assumed to be Schottky emission, in line with
the presence of the Schottky type contacts at the electrode interfaces. The analysis of the
experimental data has revealed that the potential barriers do not correlate with the work function
values of the metals used as top electrodes. It was found that for Pt and Ir top electrodes the
potential barriers for positive and negative polarities are about the same although the bottom SRO
electrode has a lower work function. In the case of SRO, the leakage current is higher and potential
barrier is lower than for metallic electrodes. The Ru top electrodes has a behavior between Pt/Ir
and SRO. At high temperatures the conduction mechanism seems to change from Schottky
emission to space charge limited currents.
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