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The ultimate performance of devices employing lead-free piezoelectrics is determined not only by the intrinsic
properties of the piezo, but also by processes and materials employed to create the electric contacts. In this paper,
we investigate the impact of different metallic electrodes with increasing chemical reactivity (Pt, Ni, Ti, Cr), on
the asymmetric behavior of the leakage current in M/Ko sNag sNbO3/Pt(111) micro-capacitors, where M stands
for the top metallic electrode. For all electrodes we found a marked leakage asymmetry that we ascribed to the
presence of a Schottky-like rectifying junction at the M/Kq.5Nag.sNbO3/Pt(111) bottom interface, while the
corresponding junction at the top interface is deeply affected by the creation of oxygen vacancies due to oxygen
scavenging during the growth of the top metallic electrodes, leading to an almost ohmic top contact. The leakage
increases with the reactivity of the electrodes, while the asymmetry decreases, thus suggesting that the creation
of the top metal/Ko.5sNag.sNbOs interface generates oxygen vacancies diffusing down to the bottom interface and
impacting on the rectifying behavior of the Schottky-like junction. Noteworthy, this asymmetric conduction can
reflect in an asymmetric piezoelectric and ferroelectric behavior, as a sizable portion of the applied voltage drops
across the rectifying junction in reverse bias, thus hampering symmetric bipolar operation, especially in leaky
materials.

1. Introduction well as of the electrical response at varying frequencies is still lacking [2,

3]. This said, the understanding and solution of problems related to KNN

In the field of lead-free piezoelectric ceramics, thanks to its high ds3
values (570 pC/N) [1], potassium sodium niobate (KNN) has emerged as
a suitable candidate to replace lead zirconate titanate (PZT) as a ferro-
electric and piezoelectric material. Despite the remarkable advance-
ments in fabrication of KNN bulk ceramics in the last few decades,
applications of KNN in thin film form are still at the early stage and
currently represent a hot topic of research. Several aspects of KNN films
fabrication still need to be optimized, such as the precise control of
stoichiometry, doping with suitable elements, formation of ternary
compounds with other metal oxides, proper deposition parameters for
fabrication of uniform and highly textured films, etc. In addition, a full
understanding of the conduction and loss mechanisms in thin films, as
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films is extremely compelling as it could make possible their application
in the area of green and biocompatible micro- and nano-
electromechanical systems (MEMS and NEMS). KNN, and some other
lead-free ferroelectrics and piezoelectrics, hold promise for small sen-
sors, actuators, lab-on-a-chip electronics, and memory devices with high
energy efficiencies. If thin film deposition and device fabrication pro-
cesses are made cost-effective and affordable for the industrial sector,
KNN could be deployed on a large scale and partially replace lead
zirconate titanate (PZT) which is one of the most widely used piezo-
electric ceramic materials in the world. Interestingly, apart from better
resistance to fatigue with respect to PZT, KNN is also non-toxic, which
makes it biocompatible and thus opens an exciting door for research in
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biosensors and bio-energy harvesters [4-7]. Regarding full device
fabrication, however, also other ancillary materials needed for efficient
operation of KNN-based electronics are as important as the piezoelectric
itself. In particular, the choice of suitable electrode materials is crucial as
the bottom electrode deeply influences the film texture and morphology,
while both top and bottom electrodes determine the leakage and line-
arity of the piezo-response.

Typically, due to its extremely good chemical resistance to oxidation
and its high work function, platinum is chosen as a metal electrode.
Besides, Pt(111) produces the desired preferential (001) orientation of
KNN grains. Nevertheless, Pt is a rather expensive metal, which can
largely influence the final cost of KNN based devices. Therefore, the use
of Pt should be avoided, or at least limited. Although there are cheaper
alternatives to platinum, the reliability of other metal electrodes might
compromise the operation of KNN devices. Thus, proper evaluation of
such other metal electrodes is necessary. In a previous report of ours, we
have demonstrated piezoelectric properties of KNN when deposited by
pulsed laser deposition (PLD) on Pt bottom electrodes and topped with
Ti [8].

In a recent and interesting report, Shweta et al. [9], explored the
effect of several top electrodes for KNN with a common Pt bottom
electrode. They have used Pt, Pd, Au, Cr and Al. The metal work function
of such elements decreases in the order described. Nonetheless, the
leakage does not follow exactly the same trend. They observed rectifying
behavior for Al, Cr and Au top electrodes, and ascribed it only to a
difference between work function of top and bottom electrode material.
For Pt and Pd top electrodes they found a symmetric behavior of J vs E,
which was explained by d-shell occupancy of the metals. The possible
role of oxygen vacancies was not taken into account in their work. A
similar leakage asymmetry has been observed for other
metal-oxide-metal devices [10-12] and it was also found in piezoelectric
stacks both for PZT [13-15] and KNN films [9,16,17].

For the present work, Pt, Ni, Ti and Cr were employed as top elec-
trodes of a KNN-Pt stack to fabricate metal-insulator-metal capacitors
(MIM). For comparison, a common Pt(111) bottom electrode to all
stacks was used as template for deposition of KNN by Pulsed Laser
Deposition (PLD) [8]. Highly asymmetric J-E behavior was observed for
all the fabricated devices. However, at variance with the study of Shweta
et al., we found that the Pt-KNN-Pt and Ni-KNN-Pt stacks produced the
most pronounced rectification. For Ti and Cr electrodes the asymmetry
was much less important, but the high leakage points to a high oxygen
vacancies concentration in the bulk of KNN and close to the interfaces.
The fact that the more pronounced rectifying behavior was found for a
symmetric Pt/KNN/Pt stack indicates that the leakage asymmetry is not
due to asymmetric barriers at top and bottom interfaces simply con-
nected to the different work function of the electrodes. In our samples, a
careful analysis of the leakage and small-signal capacitance indicates
that the bottom and top interface behave as a rectifying Schottky junc-
tion and as an almost ohmic contact, respectively. We interpret this
behavior as the result of the creation of oxygen vacancies, acting as
dopants, due the scavenging of oxygen by metals deposited on KNN to
create the top electrode, whose reactivity is enhanced due to the for-
mation of metallic nanoparticles at the early stage of metal growth on
oxides. Even though this mechanism can be peculiar to the specific
processes used for KNN and electrode deposition, thus justifying some
discrepancies with previous works, our results point out to the relevance
of oxygen scavenging by metallic electrode materials in determining the
final performances of piezo-devices.

2. Materials and methods
2.1. Pulsed laser deposition of KNN on platinized silicon substrates
For removal of possible organic residuals from platinized silicon

substrates (Pt(100 nm)/TiO5(20 nm)/SiO5(700 nm)/Si), an ex-situ ox-
ygen plasma cleaning for 10 min was performed before the PLD process.
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To promote platinum template surface stabilization and coalescence, in-
situ vacuum annealing was performed at 615 °C for 90 min with a final
pressure of 5 x 107> Pa. The fine tuning of the PLD deposition of KNN
has been reported in past works of ours [8]. The target substrate distance
was fixed at 35 mm, and the deposition temperature of the substrate was
held at 615 °C with a constant oxygen pressure of 29.3 Pa. 300 nm of
KNN were deposited at a rate of 2.73 nm/min, leading to a deposition
time of 110 min. Right after deposition, the samples were annealed
in-situ at 500 °C for 30 min to promote crystallization. Top electrodes
were deposited as matrices of squared pads (38 x 38 pm?) on top of
KNN. Nickel, titanium and chromium were deposited by metal evapo-
ration, while platinum was deposited by magnetron sputtering. All the
matrices of pads were deposited using a physical shadow mask.

2.2. Device characterization

Electrical measurements were carried out in top-bottom configura-
tion, with one tip of the probe station in contact with the top electrode
(biased) and the other tip in contact to the bottom Pt layer (grounded).
Current-voltage (leakage) curves were obtained with a Keithley 2612
System voltage source on a SUSS MicroTec PM5 probe station. Time of
Flight Secondary Ion Mass Spectrometry (ToF-SIMS) of the different M-
KNN-Pt/TiO, stacks was performed in an IONTOF M6 plus equipment,
located at STMicroelectronics Physical Laboratory. Depth profiling was
performed in the dual beam mode. Measurements were done with a 15
keV Bi* beam for analysis, and 1 keV Cs™ as sputter beam. This condition
allows to enhance the negative ions signals as oxide complexes (i.e. M —
O complexes). The sputter beam size was of 300 x 300 pm?; the analysis
area was 50 x 50 pmz.

Capacitance measurements were done with a LCR meter (Keysight
E4980A). Topography and conductive atomic force microscopy (C-AFM)
measurements were performed with a Park NX10 AFM by Park Systems.
For this set-up, the common bottom Pt electrode was biased, while a
scanning diamond tip was grounded.

3. Results

The KNN capacitors, made of a common bottom Pt electrode and
different top metal electrodes (Pt, Ni, Ti, Cr), were tested electrically to
determine their J-E characteristics, where J is the current density and E
the electric field estimated as the voltage applied to the top electrode
with the bottom electrode grounded (Vrg) divided by the KNN film
thickness. As shown in Fig. 1, all devices present highly asymmetric

—=— Pt
1E+04 —o— Ni
] .- —A—Ti
1E+02 4 cr
£ 1E+00] wﬂ‘
< : ‘ w«“
= 1E-02
] |
1E-04 4 r
3 A B [C| D E
1E-06 T T T T T
-150 -100 -50 0 50 100 150
(Forward) E (kV/cm) (Reverse)

Fig. 1. Current density versus electric field for different top electrode materials
for KNN/Pt stacks.
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curves. In particular, a high current was measured for all stacks when
the top electrode was negatively biased. For the positive bias, the current
was smaller by orders of magnitude, with a clear dependence on the
material of the top electrode. Due to the observed rectifying behavior, in
the following we will identify these two regimes as “forward-bias” (Vg
< 0) and “reverse bias” (Vrp > 0). Looking in more detail at the J-E
curves, we can distinguish five regimes indicated by capital letters in
Fig. 1. For small bias, the semi-log plot displays a symmetric dip (region
C) with almost linear J-E characteristic for Cr and Ti electrodes, which
can be ascribed to a low-bias ohmic regime where charge transport is
given by thermally activated carriers in the conduction or valence band
of KNN, regarded as a large gap semiconductor (Eg = 3.5 eV) [18,19].
For Pt and Ni, we find a similar behavior in about 50% of tested
micro-capacitors, while in the rest of cases, like that shown in Fig. 1, a
clear asymmetry appears also at low bias, with lower leakage current for
Vg > 0. The fact that the minimum leakage in some devices is not found
at zero bias indicates the presence of trapped charges [20,21]. Moving to
larger positive bias, the difference between Pt-Ni and Cr-Ti becomes
more evident. Pt and Ni curves display a plateau (region D) up to an
electric field on the order of 30-50 kV/cm, after which the current
sizably increases (region E), still remaining at least three orders of
magnitude lower than that for the corresponding negative bias. For Ti
and Cr we just see a moderate increase of J, without any plateau. For the
opposite polarity (Vrp < 0) we assist to a steep increase of J (region B) up
to about —40 kV/cm, when the slope decreases (region A).

Commonly, asymmetric currents in MIM devices are explained on
the basis of the different metal work functions and filled state of d-shell
of the employed elements for the electrodes [9,17]. Although this
interpretation is well based, there are other aspects to be considered. For
instance, the rectifying behavior observed in our devices is established
even for the chemically symmetric Pt/KNN/Pt MIM stack. This indicates
that, although the nominal work function is the same, the top and bot-
tom interfaces are substantially different from one another, as also
shown in previous works on PZT [13-15]. The phenomenon is typically
attributed to the presence of oxygen vacancies with different concen-
tration in the vicinity of the metal-insulator contacts [16,22], thus
leading to the creation of a net effective potential barrier in MIM devices
acting asymmetrically on the transport of charges [11,12,20].

To check the validity of this model, we performed a typical charac-
terization of metal-semiconductor junctions, i.e. the measurement of the
small signal capacitance as a function of applied bias. Owing to the more
asymmetric behavior and small reverse current in the case of micro-
capacitors with Pt and Ni electrodes, such stacks were tested. A small
AC signal (50 mV, 10 kHz) was applied on top of a variable Vg > 0 DC
bias, (in the reverse-bias condition, where the leakage current is small
enough to allow for reliable capacitance measurements) while
measuring the complex impedance with a LCR meter (Keysight
E4980A). In Fig. 2a, we plot the inverse of the square of the small
capacitance (1/C2) versus the applied voltage Vyp, which indeed dis-
plays the linear behavior expected for a Schottky junction. Note that this
is very different from an ideal dielectric capacitor where the capacitance
should be almost independent on the bias: in our case, the applied small
signal mainly drops on the capacitance associated to the space-charge
region. As derived from Schottky theory, 1/C% = 2(ppi-Va)/(q-e-Ng),
where @, is the built-in voltage, V, is the voltage applied to the metal
with the semiconductor grounded, q the electron charge, ¢ the dielectric
constant, and Nq the density of donors in case of a n-type semiconductor.
The reasons why we assume a n-type behavior of KNN are discussed
below but are mainly related to oxygen vacancies acting as donors.
Noteworthy, 1/G? increases moving towards large Vg > 0, which ac-
cording to the above equation should correspond to V, < 0, i.e. a
negative voltage drop between the metallic electrode and KNN. In our
structure, this condition applies only to the bottom KNN/Pt(111)
interface, thus pointing towards the fact that the rectifying behavior is
determined by the bottom interface. Note that the calculated built-in
biases from the intercept with the bias voltage in Fig. 2a, namely 1.2
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Fig. 2. a) graph of 1/G? vs V as used in the model of a Schottky-semiconductor
diode interface. b) qualitative band-structure scheme for the metal-
semiconductor-metal stack (platinum-KNN-top metal) at zero bias. ¢) Simpli-
fied electrical model of the Pt-KNN-top metal stack. The capacitive contribu-
tions are not represented.

eV for Pt and 0.9 eV for Ni, are in agreement with the general trend
expected from the values of the work function of the two metals (¥p; ~
5.65 eV, ¥yj ~ 5.15 eV). Even though the absolute values of the built-in
potential cannot be derived from a classical model considering a uni-
form doping throughout the KNN film and no interface states, these
findings support the reliability of our model.

In Fig. 2b), we report a sketch of a qualitative band diagram of KNN
micro-capacitors for zero applied bias, which is consistent with our
measurements. KNN is a dielectric ceramic and there is very little
quantitative data on its behavior as a “wide-gap semiconductor” (Eg =
3.54 eV) [18,19]. However, it is well known that KNN is highly prone to
n-type or p-type doping by oxygen vacancies and alkaline vacancies,
respectively, which typically originate during deposition and process-
ing. The overall balance can make of KNN an n-type or p-type semi-
conductor [23]. More typically, KNN has been reported as a n-type
semiconductor due to oxygen vacancies [24,25]. The qualitative band
alignment depicted in Fig. 2b) is obtained assuming a n-type doping,
which is coherent with the fact that the overall scenario from our
experimental data can be explained in terms of creation of oxygen va-
cancies due the scavenging action by metals deposited on KNN, as
explained below. At the bottom interface, due to the large work function
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of Pt (¥p; ~ 5.65 eV) compared to the sum of the KNN energy gap (E; =
3.54 eV) and electron affinity (yKNN ~ 1.1 eV similarly to other nio-
bates) [26], we expect that the Fermi level alignment of Pt and KNN
involves the transfer of electrons from KNN to Pt. This also leads to an
upwards band bending and subsequent space charge accumulation due
to oxygen vacancies acting as point defect donors. As mentioned above,
the precise entity of the Schottky barrier height (®p) and built-in po-
tential (@p;) cannot be determined using the simple Schottky model (®g
= Wpt — X, ¢bi = Op — E¢ + Egp) due to the well-known phenomenon of
Fermi level pinning by interfacial states. Whatever their values, how-
ever, the relevant point here is that a Schottky barrier like that depicted
in Fig. 2b) is expected at the bottom interface. At the top interface we
would expect a similar situation, even though the work function de-
creases among the series of electrodes employed (¥p; ~ 5.65 eV, Wni ~
5.15 eV, Y1; ~ 4.33 eV, Y, ~ 4.5 eV) [14,27] so that different barrier
heights can arise. From this picture, it clearly turns out that, in a
perfectly symmetric capacitor (like in the case of Pt/KNN/Pt), there
would be two counteracting rectifying barriers giving rise to a sym-
metric high impedance behavior. The experimental asymmetric J-E
curves instead indicate that only one of the two junctions determines the
effective rectifying behavior. As the experimental low impedance (high
current) state is for Vg < 0, from the band diagram of Fig. 2b), it turns
out that in this condition the top junction is in reverse mode while the
bottom one is in the forward mode. This means that the net rectifying
behavior of the MIM device is mainly determined by the bottom junc-
tion, between KNN and the Pt(111) template, which is indeed the
common contact for all investigated devices, all showing the same po-
larity of the conduction asymmetry (Fig. 2c). The reason why the top
barrier is much less influent, displaying a sort of ohmic behavior, cannot
be just related to the different work-function, as the more pronounced
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rectifying behavior is found in case of a symmetric Pt/KNN/Pt capacitor.
We suggest, instead, that the main explanation relies on the reactivity of
metals deposited on KNN to realize the top contacts. This can produce a
local heavy doping inducing a thinning of the barrier and almost ohmic
transport across it due to tunneling, in analogy with ohmic contacts used
in semiconductor technology. Other sources of doping could be the
interdiffusion of metals inside the KNN through morphological defects
[28], possibly leading also to direct conductive paths. Also, interface
oxidation can be called into the cause list. The latter can be verified by
using Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS)
measurements, which can detect various species as a function of the
detection depth. For our case it can reveal the sizeable interfacial
oxidation for Ti, Ni, Cr, and Pt top layers.

For each M/KNN/Pt stack, we report corresponding metal-oxide
complex signals (PtO™, NiO™, TiO3, and CrO~ species) in Fig. 3. For
KNN, NbO™ ions have been measured. To study the oxygen evolution,
O3 was followed. The signals (yield) of ions were followed through the
stack. We underline, however, that the signals are not calibrated, and
thus their relative intensities cannot be used to gain information on
chemical concentrations. This is due to the lack of adequate reference
samples for conversion. By consequence, the signal intensity of PtO,
NiO™, TiO3, and CrO~ species cannot be directly compared to estimate
the degree of oxidation for the different metallic species. Nonetheless,
the yield for each oxidized species itself is not negligible, thus con-
firming the presence of oxidation at each interface. For ease of clarity,
colored reference bars with depths corresponding to the different ma-
terial layers have been added on top. In Fig. 3a, starting from the top-
most layer, evidence of platinum oxide was found. This is typical of
metals developing native oxides as stabilization layers when exposed to
the atmosphere. However, just at the interface with KNN, where both

KNN Pt | Tio

Ni KNN
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Fig. 3. ToF-SIMS profiles of M-KNN-Pt/TiO, stacks, where M stands for a) Pt, b) Ni, ¢) Ti, and d) Cr.



C. Groppi et al.

NbO™ and O3 species appear, a sudden surge of PtO™ species is
observed. It is well known that during the deposition of Pt on oxides,
highly reactive nanoparticles can be formed [29]. Considering that the
deposition of Pt was done in vacuum (at most in the presence of Ar), the
appearance of a platinum oxide is justified only if the oxygen has been
scavenged from the KNN layer. Another tantalizing observation is that
the profile of NbO™ species just at the interface is a bit lower, while the
one of PtO™ decreases rapidly. This could confirm the presence of an
oxidized interfacial layer of Pt, scavenging oxygen from KNN. A similar,
less intense phenomenon is present at the bottom KNN-Pt interface,
where again evidence of oxidized platinum is found. Probably, the
oxidation of bottom Pt is also due to oxygen extraction from KNN.
Nevertheless, originating from the growth of KNN onto a flat Pt(111)
surface, the reduced Pt reactivity can definitely lead to a much lower
oxygen vacancy concentration and thus preserve the rectifying behavior
of the junction. Remarkably, another surge of platinum oxide is found at
the Pt-TiO; bottom interface. Due to its compatibility with Pt, TiO5 is
used as buffer layer between Pt and SiO,.

More generally, we deduce that in all the stacks the presence of metal
oxides at the corresponding M-KNN interfaces is due to oxygen scav-
enging from KNN by the metals (Fig. 3 b, ¢, and d). As in the case of Pt,
the presence of metal oxides at the corresponding M-KNN interfaces can
only be due to scavenging of oxygen from KNN by the metals. A final
interesting observation is the high capability of Ti to diffuse through the
Pt bottom layer. Evidence of TiO, at the bottom Pt-KNN interface in
every stack is seen in Fig. 3c), which probably comes from the Pt/TiOy/
SiOy/Si substrate. This means that Ti atoms were able to migrate
through the bottom Pt layer, and form TiO on it, thus also affecting the
chemistry at the bottom interface. Indeed, this phenomenon has been
studied by other groups [30]. To summarize, ToF-SIMS analysis supports
the creation of oxygen vacancies in KNN through the scavenging of
oxygen by different metals to form corresponding oxides at interfaces
[10].
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To corroborate the picture above, and to check the validity of models
assuming uniform charge transport across micro-capacitors, Conduc-
tive-AFM (C-AFM) measurements on bare KNN/Pt samples were per-
formed. In Fig. 4a), the image shows the topography of a portion of KNN
surface with squared outgrows and agglomerated particles on the sur-
face, which lie at slightly different levels above the surface (10-30 nm).
During conductive measurements, bias was applied to the sample (sil-
ver-pasted to a metal holder), while the conductive AFM tip was
grounded. Note that this corresponds to a bias (Vy,) with opposite po-
larity with respect to the bias (V1g) used for the electric characterization
of micro-capacitors. In Fig. 4b, a C-AFM map taken with Vj, = +3 V
shows quite a uniform leakage, corresponding to an average local cur-
rent of 24.5 nA, with some significant hot spots as large as 71 nA at the
edges of just two square outgrows. For smaller crystals and agglomer-
ated particles no current contrast is found. This indicates that large
crystals might have a direct connection to the bottom interface and are
fully embedded into the KNN matrix below, while the smaller ones do
not create a direct conductive path to the bottom Pt electrode. Indeed,
this was experimentally confirmed by cross-section SEM images of a
KNN/Pt film, like that reported in Fig. 4c. A compact KNN film is seen on
top of the Pt bottom layer, but a couple of squared crystals are also
found. The smaller one on the left looks as if it is grown out from the
KNN surface. Nonetheless, the larger one to the right shows that one
edge of the crystal runs all the way down to the bottom KNN-Pt inter-
face. This suggests that some crystal boundaries develop from the very
beginning of the film deposition and reach the surface. Interestingly,
these boundaries have been associated to high defect concentrations,
mainly oxygen vacancies, leading to a high local conductivity like that
observed in panel 4 b [25]. Noteworthy, from a statistical analysis of our
maps, we found that almost 35% of the total current is flowing through
these hot spots. When a negative bias (V, = —3 V) was applied to the
sample, the C-AFM image did not show any significant contrast at such
hot spots, though. Moreover, although the work function of the diamond

139 nA

120
100
80
60

40
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L 800p
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Fig. 4. a) AFM topography of bare KNN surface on bottom Pt electrode, b) conductive-AFM image of the same area with variation in leakage around crystal borders,
¢) SEM cross-section image of a KNN/Pt/SiO, film and, d) I-V characteristics of four spots on the film as measured by C-AFM.
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tip is high (about 5.5 eV), the emission could be tip-limited mostly when
the sample is positively biased, but not so much when it is negatively
biased [31]. Therefore, also with C-AFM we find a rectifying behavior
coherent with J-E curves on micro-capacitors: a sizable current is
measured for V;, > 0, corresponding to Vg < 0, in full agreement with
Fig. 1. As here the top contact is provided by the AFM tip while the
bottom KNN/Pt(111) interface is the same as that of micro-capacitors,
C-AFM results confirm that the rectifying behavior of micro-capacitors
is determined by the bottom interface.

To gain a deeper insight into the local conduction mechanisms, we
measured the current-voltage characteristics of the hot spots at the edges
of crystals and of the more homogeneous KNN film, at the four points
indicated by the numbers in the inset of Fig. 4d. When the tip is placed
on the conductive edge of one crystal (points 1 and 2), and the voltage is
swept in between —3 V and +3 V, a large current saturating the AFM
pre-amplifier is seen only for positive sample bias, while for negative
bias the current is within the noise, thus clearly displaying the rectifying
behavior previously seen in the current maps. Interestingly, for a couple
of measurements on less leaky spots (points 3 and 4), an asymmetric I-Vy,
curve is also measured, displaying a peak for V;, > 0 and much smaller
current for negative bias. Even though many complex phenomena can
contribute to this peak, like charge migration and high conductivity at
ferroelectric domain walls [32], its position at 56 kV/cm is very close to
the coercive field for KNN we measured on similar films [8] so that it
could be related to the local ferroelectric switching of KNN. The fact that
a similar peak does not appear for negative bias can be explained on the
basis of the rectifying behavior of the bottom interface. For Vi, < 0, the
junction is in reverse mode, which means that a sizable portion of the
applied voltage drops across the junction itself, mainly located in the
space charge region responsible for the small signal capacitance re-
ported above. By consequence, the effective voltage applied across the
KNN film is reduced, and ferroelectric switching is hampered. This result
is relevant as it sheds light on the impact of asymmetric leakage on the
ferroelectric switching of piezoelectric materials. Overall, C-AFM mea-
surements indicate that the asymmetry of the current measured in
micro-capacitors is not peculiar to hot spots; it is a common phenome-
non seen also on less leaky points which is compatible with the presence
of a Schottky-like barrier at the bottom interface.

4. Discussion

From the analysis of our experimental results, the simplified
concentrated parameters model of Fig. 2c emerges, with a diode repre-
senting the rectifying bottom interface, a complex impedance describing
the bulk KNN behavior, and a resistor which represents the “ohmic
behavior” of the top contact. With reference to this model, we can
qualitatively explain the J-E curves of Fig. 1. For small bias (region C) an
almost ohmic behavior is found in case of Ti and Cr electrodes. As a
matter of fact, the equivalent resistivities for positive and negative bias
(p+ and p-) estimated from a linear fit of the J-E curves from O to £ 5
kV/cm from the minimum, are essentially the same (see Table 1). This is
not always true for Pt and Ni. Even though the resistivity is higher, in
half of the investigated Pt and Ni devices we found a more ohmic, but
still asymmetric, behavior like that of Cr and Ti. In the other half (like
those giving the J-E curves in Fig. 1) the more pronounced rectifying
behavior reflects in a sizable small-bias asymmetry so that a linear fit for
positive bias is not meaningful, as expected for a true diode in series with

Table 1

Estimated resistivities for positive (p+) and negative (p-) applied bias near the
minimum of the leakage current. In case of Pt and Ni the pronounced rectifying
behavior for VIB >0 impedes a realistic estimate.

Pt Ni Ti Cr
p+ (Q-cm) / / 8-10° 8-10*
p- (Q-cm) 8.8-10° 5.6-10° 7-10° 8-10*
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a resistance.

The fact that for Cr and Ti the equivalent resistivities are much
smaller than for Pt and Ni is in agreement with the higher concentration
of oxygen vacancies due to oxygen scavenging for the latter electrodes,
or to the tendency of Ti and Cr to diffuse into the KNN films, as reported
below.

Moving towards larger positive bias (Vrg > 0), we enter region D
where the leakage current is limited by the bottom interface in reverse
bias and a plateau appears for Pt and Ni. This is the region where small
signal capacitance measurements were carried out, confirming the
presence of a space-charge region. By further increasing Vg, we assist to
a remarkable increase of the leakage current which could be associated
to a sort of breakdown of the bottom junction, due to the activation of
additional conduction processes (region E). For Ti and Cr, we do not see
a distinction between regions D and E, most probably because of the
higher reactivity of Ti and Cr giving rise to high leakage also at small
positive bias. We should also mention that also for some Pt and Ni pads
we did not find a plateau but just a curve like those measured for Ti and
Cr, but with less current density. This variability can be ascribed to the
random distribution of hot spots for conduction associated to defects like
those in Fig. 4b under different pads. The different behavior found for
Pt-Ni and Ti—Cr can be explained considering that, apart from creation
of oxygen vacancies at the top interface, other effects can arise. Titanium
can diffuse through grain boundaries of KNN to the full thickness of KNN
[28] and produce oxygen vacancies deep within the insulator. It is thus
very likely that different surface states appear at the bottom KNN-Pt
interface depending on the choice of the top electrode material [16],
altering the barrier height by Fermi level pinning and affecting the
rectifying behavior. The enthalpies of formation of oxides of Pt, Ni, Ti,
and Cr are —80, —240, —945, and —1128 kJ/mol at standard conditions.
Therefore, it is expected that Cr and Ti can more easily scavenge oxygen
from KNN at the top interface to form the corresponding oxides. For Ni
and Pt, the oxidation process is energetically less favorable, but the
higher reactivity of nanoparticles formed at the early stage of the growth
of metals on oxides is expected to produce oxygen vacancies in the
topmost KNN layers, in analogy with what has been observed for other
noble metal/perovskite interfaces [29], with concentration high enough
to generate a local heavy doping. On the other hand, the sizable dif-
ference in the enthalpies of formation is expected to reflect also in a
marked difference in the bulk doping of the KNN film by oxygen va-
cancies, which is connected to the intrinsic leakage. This is clear looking
at the absolute values of the leakage currents reported in Fig. 1, which
are definitely lower for Pt and Ni than for Ti and Cr, both for positive and
negative bias.

Coming back to our concentrated parameters model, for Vg < O the
bottom junction is in the forward mode, so that the applied voltage
effectively drops across the KNN film and we assist to a steep current
growth reflecting the intrinsic leakage mechanisms within the bulk of
the film (region B of Fig. 1). For larger negative values of Vg, we see a
reduction of slope indicating that another phenomenon is limiting the
leakage current. In the theory of metal-insulator interfaces, Schottky and
Poole-Frenkel emission models are frequently used to interpret bias
regime at high applied voltages [33,34]. The first is an electrode-limited
conduction mechanism in which the most important limiting factor is
the work-function of the metal used, determining the effective barrier to
be overcome to inject electrons from the metal into the insulator. The
second is a bulk-limited conduction mechanism describing how elec-
trons (or mobile, negatively charged defects) are emitted from traps in
the dielectric thanks to a field-induced reduction of their potential
barrier. Both have more relevance at high applied electric fields and
increasing temperatures, where excitation of charges is more efficient.
In our case, as we are dealing with films with thickness (300 nm) larger
than the electron mean free path, both effects are expected to play a role.
Interestingly enough, in this regime both the Schottky model corrected
with the introduction of the effect of bulk traps and the pure
Poole-Frenkel model predicts a linear behavior in the plot of Ln (J/E) vs
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®Y?[21 ,34]. As a matter of fact, for most of measurements on different
pads, we found a linear behavior as predicted by the model, especially
for Pt, and Ni, thus confirming that at higher negative voltages Schottky
emission at the top electrode and Poole-Frenkel emission could be the
main phenomena limiting the leakage current at high negative bias (see
Fig. 5). However, the extraction of physical quantities like the dielectric
constant and the effective barrier height from this kind of analysis is
prevented due to the huge variability of experimental results which can
be understood if one considers that a sizable fraction of current is
localized at the edges of crystalline grains (see Fig. 4b), with random
distribution under different metallic contacts.

Our results shed light on the impact of the choice of different elec-
trodes on the overall performance of piezoelectric devices, confirming
that Pt and Ni are somewhat equivalent, while highly reactive materials
like Ti and Cr must be avoided. Furthermore, the fact that the top
interface behaves like an “ohmic contact”, most probably due to the
creation of oxygen vacancies, suggests that the usage of direct metallic
contacts should be avoided in any case, to minimize the creation of
oxygen vacancies by scavenging by metals. The creation of a Schottky-
like barrier at the bottom interface, also in case of more inert mate-
rials like Pt and Ni, revealed to be highly critical for the switching of the
ferroelectric polarization and operation of the piezoelectric materials. In
fact, our local I(V) curves measured by C-AFM show that a peak current
associated to the ferroelectric switching is seen only for a bias putting
the rectifying junction in the forward mode. For the opposite bias, a
large fraction of the applied voltage drops across the Schottky-like
junction, thus hampering the switching as the effective electric field
across the KNN film is reduced. Clearly, this effect is more relevant for
leaky piezoelectric materials, as for ideal dielectric with low leakage
there will be no voltage drop across the Schottky barrier.

From a practical perspective, as ferroelectric and piezoelectric ma-
terial, KNN should be highly insulating and give rise to ohmic contacts
with bottom and top electrodes, without interfacial depletion regions. In
such case, the electrode-KNN interface easily provides balancing charges
to screen polarization charges from KNN. The conduction is bulk-limited
by KNN and, if properly insulating, low leakage is ensured [9,35]. For
sizable doping, as discussed in the present paper, more complex phe-
nomena appear due to the creation of depletion regions at the interfaces
with electrodes. In case of very large doping under the top electrode an
ohmic behavior can be achieved [36], similarly to what is done in
semiconductor technology, but this must be avoided if the high doping is
obtained by uncontrolled phenomena like oxygen scavenging by
metallic electrodes. In fact, our results suggest that oxygen vacancies
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Fig. 5. Ln (J/E) vs. |E|'/? for fitting at high E of Schottky-Simmons emission
due to electrode work function and traps in KNN for forward bias (Vrp <0).

Materials Science in Semiconductor Processing 160 (2023) 107422

also affect the bulk of the insulator, which transforms in a doped
semiconductor. In this scenario, apart from a sizable increase of leakage,
the effective electric field across the piezoelectric material is no more
uniform, due to the creation of a wide depletion region at the bottom
interface which causes an asymmetric conduction behavior and ferro-
electric switching. Overall, our results point to the need of minimizing
Schottky-like barriers by interface engineering which prevents oxygen
scavenging by metallic electrodes, e.g. by inserting a conducting oxide,
in order to avoid the asymmetric operation of the piezo material.

5. Conclusions

In this paper we described the mechanisms leading to asymmetric
leakage currents in M/KNN/Pt(111) micro-capacitors, where M stands
for Pt, Ni, Ti, and Cr. For all metals used as top electrode, we found a
rectifying behavior with leakage currents for negative top-bottom
voltage (Vrg) much higher than for negative bias, both from macro-
scopic measurements on micro-capacitors and from local conductive
AFM measurements. We ascribed this behavior to the presence of a
rectifying Schottky-like junction at the bottom interface between the
KNN film and the Pt(111) substrate, as confirmed by small signal
capacitance measurements which are consistent with space charge
accumulation at the same interface. Noteworthy, the rectifying behavior
is more pronounced in symmetric Pt/KNN/Pt capacitors, thus pointing
out that the origin of the asymmetry cannot be purely ascribed to the
different work functions of top and bottom electrodes. As the leakage
current increases with the chemical reactivity of the electrodes,
following the enthalpies of formation of related oxides, we suggest that
the main driving mechanism here is connected to oxygen scavenging
during the deposition of KNN, with the subsequent creation of oxygen
vacancies which act as donors. As a matter of fact, significant oxidation
of top electrode metals was found at the top metal-KNN interfaces by
ToF-SIMS. This gives rise to the creation of “ohmic contacts” at the
heavily-doped top interface and to a non-uniform doping within the
KNN film, leading both to an increase of leakage and to the creation of a
depletion region at the bottom interface, acting as a rectifying Schottky
barrier. The potential impact of this asymmetric leakage on the ferro-
electric switching and bipolar piezo operation is discussed, pointing to
the need of minimizing asymmetric potential barriers at the top and
bottom interfaces to reach a symmetric operation of the piezo-material.
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