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Pb(Zr0.53Ti0.47)O3 (PZT) thin film was fabricated on Pt/Ti/SiO2/Si substrate by
chemical solution deposition method. Our results show a very great switchable
ferroelectric diode effect (SFDE) in Pt-PZT-Au structure, which is more obvious
and controllable than that in other ferroelectric thin films. The electrical conduction
exhibits high rectifying behavior after pre-poling and the polarity of ferroelectric
diode can be switched by changing the orientation of polarization in ferroelectric
thin film. Our results also indicate that the SFDE in PZT film is highly dependent on
remanent polarization and temperature. With the increase of remanent polarization,
the forward current of bistable rectifying behavior observably reduces. Therefore,
our measurement indicated that the biggest rectification ratio can reach about 220,
which is found in 250K after +10V poling. By analyzing the conduction data, it
is found that the dominant conduction mechanism of the SFDE in this sample is
due to the space-charge-limited bulk conduction (SCLC), and Schottky emission
(SE) may play subordinate role in forward bias voltage. Our observation demon-
strates that SFDE may be general characteristic in ferroelectrics as long as proper
electrodes chosen. C 2014 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4903772]

I. INTRODUCTION

Due to the behavior of the bistable remanent polarization, ferroelectrics have a wide range of
applications, especially ferroelectric random access memory (FeRAM). It is high storage density,
non-volatile and extremely fast in read/write process.1 In spite of these advantages, one of the
problems in FeRAM is that the read process is destructive. In FeRAM, reading is accomplished by
applying a bias to the ferroelectric capacitor and then detecting the polarization-switching current.
This process destroys the former information in memory cell, and rewrite process is necessary.
In order to realize the full potential of FeRAMs, there are a number of approaches in order to
attain FeRAMs with high operation speed and non-destructive readout (NDRO), etc. These include
FeRAMs based on ferroelectric photovoltaic effect or interface barrier modulation by defects.2–5

Recently, T. Choi et al.6 have studied the photoelectric characteristics in a single crystal BiFeO3
(BFO) with symmetrical Au electrodes, and reported this special thin film with great switchable
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ferroelectric diode effect (SFDE). The pre-poled ferroelectric crystal shows a diode like rectify-
ing characteristic when bias voltage is applied within the coercive field. Moreover, it is worth
noting that the direction of the diode can be changed by polarization reverse. This novel find-
ing could be very useful for the potential application in a nondestructive readout FeRAM with a
simple Metal-Ferroelectric -Metal (MFM) structure. Subsequently, some further researches were
accomplished and confirmed that the SFDE also exists in structures with asymmetric electrodes.7–10

Moreover, a theoretical model predicts that SFDE can be enhanced by proper choice of electrodes,
indicating that the chemical component of ferroelectric material is not essential to the appearance
of SFDE.11 Therefore, SFDE should be a general property of MFM systems having electrodes
with suitable work function and permittivity. However, this interesting phenomenon has not been
reported and comprehensively investigated in other ferroelectric materials except for BFO.

Actually, L. Pintilie et al.12 have made a research on epitaxial PZT (20/80) thin films with
different top electrodes. They revealed that diode-like current behavior found in their devices was
not switchable with the reversal of polarization. However, in this paper we explored electrical
conduction in polycrystalline Pb(Zr0.53Ti0.47)O3 (PZT) thin film with the structure of Pt-PZT-Au.
Switchable ferroelectric diode effect in PZT thin film has been observed in our device, which ex-
hibits great rectifying behavior. The conducting direction can be reversed by switching the direction
of the polarization in the PZT film. Besides, polarization-tuned and temperature-tuned conductive
characteristics have also been completely studied in our sample.

II. EXPERIMENT

The thin film of PZT was deposited on Pt(200nm)/Ti(50nm)/SiO2(500nm)/Si substrates via
chemical solution deposition method. Before preparation of PZT film, the substrate was cleaned
following the standard wafer cleaning procedure. Lead acetate trihydrate (Pb(CH3CO2)2·3H2O),
Titanium n-butoxide (Ti(O-nBu)4) and Zirconium n-butoxide (Zr(O-nBu)4) were employed as raw
materials, and 2-methoxyethanol and acetylacetone (ACAC) were used as solvent and stabilizer,
respectively. All chemical reagents with analytical purity were purchased from Sinopharm Chemi-
cal Reagent Co., Ltd. First of all, Lead acetatetrihydrate was dissolved in 2-methoxyethanol, then
refluxed at 105 ◦C for 30 min under stirring to remove the hydration water. After cooling, Titanium
n-butoxide and Zirconium n-butoxide were dipped in until desired stoichiometric ratio. Then a
certain amount of acetylacetone was added into the mixed solution, so as to make the precursor
stable. 10% mole excess lead acetate was added in order to compensate the loss in the procedure
of heat treatment and the concentration of the final precursor solution was adjusted to 0.5 M. The
detailed process of preparing the precursor solution also can be found somewhere else.13–15 The
coating solution was dipped on Pt/Ti/SiO2/Si substrate and spin-coated at 4000 rpm for 30 s, then
the precursor film was dried at 400 ◦C for 5 min for pyrolysis. These processes were repeated for
several times until the desired thickness is obtained. At last, the PZT film was annealed at 700 ◦C
for 1 hour in an electric furnace. Both the procedures of pre-fire and anneal were carried out in the
stable air atmosphere.

The structure and crystalline phase of the PZT film by X-ray diffraction (XRD) (RIGAKU,
model: D-MAX 2200 VPC) was carried out using filtered Cu Kα1 radiation (λ = 0.154 nm) oper-
ated at voltage 30 kV and current 30 mA. The thickness of the sample was tested by JEOL scan-
ning electron microscope (SEM) (model: JSM-6330F). Surface morphology and domain structures
were investigated by scanning probe microscope (SPM) (Being Nano-Instruments Ltd., model:
CSPM5500). To measure electrical properties, Au top electrodes with diameter of 0.5 mm were
deposited by ion sputtering with a mask. Radiant Precision Multiferroic Materials Analyzer (Mul-
tiferroic 100V) was used to measure the ferroelectric polarization and carry out the pre-poling
process. Current density vs. voltage (J-V ) curves and capacitance vs. voltage (C-V ) curves was
detected by Keithley 4200 semiconductor characterization system (SCS). An Agilent source meter
(Model: 33220A) and an oscilloscope from Tektronix Inc. was used in switching current tests. In
temperature dependence measurements of ferroelectric hysteresis loops and J-V curves, the temper-
ature was controlled by Linkam T96-PE temperature platform. The polarity of the applied voltage
was defined with reference to the bottom electrode in all cases.
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III. RESULTS AND DISCUSSIONS

Fig. 1(a) shows the XRD pattern measured with the scan speed of 6◦ min-1 in range of
20◦ ∼ 60◦. The XRD pattern confirms that the sample has pure phase of Pb(Zr0.53Ti0.47)O3 with
space group of P4mm (JCPDS card No. 70-4264), indicating that the PZT film is polycrystalline
film in tetragonal phase without preferred growth direction. The thickness of the PZT film is esti-
mated to be about 600 nm from cross section image detected by scanning electron microscopy
(SEM), as showed in Fig. 1(b). Fig. 1(c) presents the surface morphology tested by using AFM in
an area of 4 × 4 µm2, and shows that the top surface is smooth with an average roughness of the
order of 3 nm. Fig. 1(d) shows the schematic of the final measuring system after Au top electrodes is
deposited on the surface of PZT thin film.

In order to attain accurate ferroelectric characteristics of PZT film excluding the polarization
caused by leakage current, “Remanent Hysteresis” mode of Radiant Precision Analyzer is used
to investigate the hysteresis loops at room temperature. Fig. 2(a) shows the polarization-voltage
(P-V ) curves of the PZT thin film with increasing applied voltage. It is noted that all P-V curves
are measured with a triangular wave format with frequency 2 kHz in our work. The rectangular
hysteresis loops indicate that the PZT film exhibit good ferroelectric characteristics. Due to the
asymmetrical electrode structure used in this work, a built-in electric field forms in the MFM device
and results in asymmetrical shape of hysteresis loop, which is familiar in asymmetrical MFM de-
vices16,17 The coercive voltage (+Vc) at positive bias is about 3.2 V, while at negative bias it is about
-3.0 V. The coercive voltages scarcely change with the increase of applied voltage. Nevertheless,
the remanent polarizations (Pr) increase with the applied voltage and are close to saturation when
the voltage reaches 15V. The remanent polarization could reach 30 µC cm-2. Compared with other
work on PZT film, our results unveil that smaller coercive voltages and higher remanent polarization
exist in our PZT sample.17–19 Fig. 2(b) shows the piezoresponse phase image of piezoresponse force
microscope (PFM) on a 4 × 4 µm2 area. For this measurement, a voltage of 2 V with 17 kHz was
applied to Au-coated tip (Budget Sensors ContGB, tip radius: < 25 nm). We define the orientation
of polarization towards Au top electrode as Pup, on the other hand, the orientation of polarization
towards Pt bottom electrode is defined as Pdown. The bright region (Pup) is attained by applying
-10 V scanning bias, and a sequential poling with +10 V bias on the dark region (Pdown) reverses
the polarization from Pup to Pdown. The piezoresponse signal indicates that domain structure is
stable and can be switched by the external electric field, which is important to analyze the effect of

FIG. 1. (a) XRD pattern of Pb(Zr0.53Ti0.47)O3 on Pt(111)/Ti/SiO2/Si substrate, (b) and (c) are cross section image and surface
topography tested by SEM and atomic force microscope, respectively. (d) Schematic device structure of Au/PZT/Pt capacitor
and bottom electrode Pt is reference electrode in all conduction measurements. In (d) we have labeled the measurement
sequence. (1) At first, the sample is pre-polarized by ferroelectric analyzer, (2) then J -V curves are collected by Keithley
4200SCS.
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FIG. 2. (a) hysteresis loops at different applied voltages with 2 kHz frequency, (b) phase image of PZT film from PFM, (c)
Switchable ferroelectric diode phenomenon in PZT film. Current density - voltage (J -V ) characteristic in the range of -1.5 V
to +1.5 V shows rectifying behavior and the polarity of the forward/reverse bias can be reversed by changing the orientation
of the polarization; (d) C-V curves after the film is poled at +5V and -5V, respectively. C-V curves are measured at 2 kHz.

polarization on the SFDE of the PZT thin film, and discussed in the following section III A. Fig.
2(c) presents the J-V curves measured by applied voltage on Au top electrodes. In order to measure
effect of a stable polarization on the SFDE and avoid the polarization switching, all measurements
are carried out in voltage range between -1.5 V to 1.5 V below the coercive voltage of the PZT
thin film. In J-V measurements, the applied voltage is stepwise swept from -1.5 V to 1.5 V with
interval of 0.01 V, while a delay time of 2 s is used to set the voltage steps and read the current. The
results reveal that after poling the sample with -10 V bias (Pup state), the J-V curve shows rectifying
behavior and exhibits positive-forward diode, whereas after poled at +10 V the J-V curve shows
negative-forward diode.

So as to verify whether the current presented in Fig. 2(c) is leakage current or just the polar-
ization switching current, we carry on two further measurements on switching current and C-V
curves within the range of -1.5 V and 1.5 V. The schematic measurement circuit is shown in Fig.
S1(a) (see Support information).20 The series resistance (R) is 10 Ω, which is much smaller than
the resistance of ferroelectric film. The width of applied pulse for pre-polarization and measurement
of switching current is 50µs, which is much larger than the time of domain switch. Fig. S1(b)20

shows the transient current measured at 5 V and 10 V, respectively. It could prove that circuit is
competent to the test of switching current. Then the transient current at -1.5 V is collected after
the desired poling voltage. In order to confirm whether the domain switch occurs at -1.5 V or
not, charging current and discharging current is compared with each other. As shown in Fig. S1(e)
and S1(f),20 we find that the difference between the charging and discharging current is negligible
alike the condition occurred in capacitance. These results indicate the domain switching is hardly
involved in electrical transport. On the other hand, since diode-like electrical behaviors are obtained
in Fig. 2(c), C-V characteristic from -1.5 V to +1.5 V should present as linear as reported by
L. Pintilie et al.21 Fig S2(a) and (b)20 present the C-V curves tested from +1.5 V to -1.5 V then
back to +1.5 V poled at +5V and -5V, respectively. It is worth to note that the applied voltage is
swept up from -1.5 V to +1.5V in J-V measurements. From the C-V curves shown in Fig 2(d),
it is obvious that the obtained characteristics are linear when the voltage sweeps up from -1.5 V
to +1.5 V. In brief, we could infer that domains are hardly switched in 1.5 V and one Schottky
barrier exits in Pt-PZT-Au structure after pre-polarization. As reported on BFO films, the SFDE is
attributed to the polarization-induced asymmetric band-bending at the two electrode interfaces and
results in one Schottky barrier in one of the two interfaces.3,8–11,22 At virgin state without poling,
metal-ferroelectric-metal (MFM) structure based on n type films can be modeled as a back-to-back
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connection of two Schottky diodes at the interfaces between two electrodes and ferroelectric. When
the ferroelectric thin film is poled to up state, metal contact and Schottky contact are caused by the
positive and negative polarization charges, respectively. Vice versa when polarization is reversed
and the polarity of the diode switches.

However, PZT films fabricated by spin coating method are generally considered as p-type
semiconductor according to the lead vacancies.23–25 In our case, the work function of Pt is taken as
5.3 eV and that of Au is 5.1 eV.23,26 As for PZT film, the band gap Eg is 3.4 eV, and the electron
affinity is taken as 2.15 eV.27,28 Therefore, when PZT and Pt or Au are joined, the barrier height at
the Pt/PZT interface is about 0.25 eV for holes, and that at the Au/PZT interface is about 0.45 eV.
Some electrons in the two electrodes should move spontaneously into PZT film due to the higher
Fermi level of Pt or Au than that of PZT, and leave behind positive charges in Pt and Au electrodes.
Then depletion regions are formed in PZT near the bottom and top electrodes, respectively. Built-in
field is set up from electrodes towards the PZT thin film, and results in face-to-face connection of
Schottky diodes at zero bias that is different from n-type BFO film (back-to-back connection) as
mentioned above, as shown in Fig. 3(a). When the ferroelectric film is poled to Pup state, the positive
polarization charges can neutralize the electrons diffused from Au top electrode and then induce
upward band bending (the decrease of barrier height and depletion region for holes), resulting in
metal contact. At the interface between PZT and Pt, the negative charges at the tail side of the
polarization would simultaneously increase the charge density, leading to downward band bending
and the increase of barrier height and depletion region. Therefore, in Pup case, an enhanced Schottky
barrier at the interface between PZT and Pt leads to the aforementioned unidirectional rectifying
behavior. Fig 3(b) schematically shows the modulated band structure for the Pup case at zero bias.
As the Pdown case, reverse phenomena occur at the two interfaces, i.e., band bends down at the
Au/PZT interface, and band bends up at the PZT/Pt interface, as shown in Fig. 3(c). In brief, when
the BFO film is pre-polarized, the direction of forward voltage is the same as the direction of
remnant polarization while the direction of forward voltage after PZT is pre-polarized is opposite to
the direction of remnant polarization.

Furthermore, according to the model of metal-ferroelectric interface proposed by L. Pintilie
et al.21,25 and M. S. Jang et al.,13 the variation in the built-in potential modulated by ferroelectric
polarization can be given by ∆δPbi = δ′bi − δbi = ±Pδ/ε0ε, where δ′

bi
is the apparent built-in potential

with contribution from polarization, δbi is the built-in potential without contribution from polariza-
tion, P is the ferroelectric remanent polarization, δ is the distance between the polarization sheet
of charge and the physical metal-ferroelectric interface, ε0 and ε is the permittivity of vacuum
and the static dielectric constant of the ferroelectric, respectively. For our case, ε measured by
frequency dependent capacitance curve is ∼840 and δ is taken as 12 nm.29 From the hysteresis loops
in Fig. 2(a), the remanent polarizations after poled by +5 V and -5 V are about 17 µC·cm-2. The
corresponding variations in the built-in potential ∆δPdown

bi and ∆δPup
bi caused by polarization are about

±0.257 eV. Because the moderate barrier heights in the two interfaces at zero bias are δB-Pt=0.25 eV
and δB-Au=0.45 eV, the polarization bends the energy bands to metal contact at Pt interface and keep
the energy bands at Au interface in Schottky contact when the PZT film is poled down by +5 V.

FIG. 3. Schematic energy band diagrams illustrating the variations in Schottky barriers from face-to-face diodes at virgin
state (a) to a positive-forward diode at Pup state (b) and to a negative-forward diode at Pdown (c), corresponding to the
J -V curves in Fig. 2(c), respectively. Where, ϕB-Pt (ϕB-Au) is the Schottky barrier at bottom (top) interface; ϕ′B-Pt (ϕ′B-Au) is
Schottky barrier at bottom (top) with polarization; Qp is polarization charge; ϕbi-Pt (ϕbi-Au) is built-in potential barrier near
the electrodes.
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With the increase of poling voltage, more residual polarization exits in PZT film as shown in Fig.
2(a), and are sufficient to bend the bands at Au interface, resulting in metal contact.

A. Effect of the remanent polarization on the SFDE in PZT thin film

In order to obtain additional information of SFDE as a function of remanent polarization (Pr),
we apply 5 rectangular voltage pulses to reach a stable polarization. Each pulse has width of 5 ms,
which is large enough for domain relaxation. At first, we use positive pulses +5 V to pole the sample
toward bottom Pt electrode (Pdown state), then the corresponding J-V measurement is carried out in
low bias voltage from -1.5 V to +1.5 V. Sequentially, negative pulses -5 V is applied in order to
switch the polarization toward top Au electrode (Pup state), and J-V curve is measured in the same
bias region. In addition, poling pluses with larger voltages, e.g., +10 V, -10 V, +15 V and -15 V, are
also applied on the sample. After each poling process, J-V curve is collected from -1.5 V to +1.5 V.
All measurements in this section are performed at room temperature. The polarization as function
of pulse voltage and measurement sequence is shown in Fig. 4(a) and 4(c) for Pdown state and Pup

state, respectively. The corresponding J-V curves after different pulse voltage poling for the two
polarization states are shown in Fig. 4(b) and 4(d). Interestingly, it is found that the forward current
of the SFDE gradually decrease with the increase of the polarization in PZT thin film.

In general, ferroelectric domain walls (DWs) and grain boundaries play the main part of
conductive channels in ferroelectric devices.30–33 Nevertheless, the grain boundaries are unlikely
to be affected in our tests and could be excluded from the origin of forward current reduction
at larger polarization. With the increase of poling voltage, small domains would merge into big
domains to increase the remanent polarization.30 In other words, the amount of domain walls that
take important part in conduction might decrease with the increase of poling voltage. Hence, for-
ward currents of both positive diode and negative diode are likely to decrease when the remanent
polarization increases. On the other hand, according to the model discussed in the above section,

FIG. 4. Polarization as function of pulse voltage and measurement sequence for (a) Pdown state and (b) Pup state. J -V curves
measured after applying 5 voltage pulses for (c) Pdown state and (d) Pup state. Insets in (b) and (d) indicate the corresponding
polarization as function of voltage.
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the variation of barrier height is directly proportional to the ferroelectric polarization. The increase
of built-in potential in Pt-PZT-Au structure due to increment of the remanent polarization results in
more hindrance for the injection of holes from electrodes. Therefore, the polarization dependence of
Pt-PZT-Au conduction might be a combined effect of domain walls conductivity and barrier height
modulated by polarization.

B. Effect of temperature on the SFDE in PZT thin film

In order to investigate the influence of the temperature on SFDE, we measure the ferroelectric
characteristics and the J-V curves after electrical poling. The ferroelectric hysteresis loops depen-
dent on temperature are performed at voltage 10 V and frequency 2 kHz as shown in Fig. 5(a). It
can be seen from Fig. 5(b) that the remanent polarization (Pr) and coercive voltage (Vc) reduce as
temperature gradually increases from 150 K to 450 K. J-V measurements after positive electrical
poling at +10V and negative poling at -10 V are displayed in Fig. 5(c) and 5(d), respectively. With
temperature increasing, the maximum forward current (I+max) increase correspondingly. In negative

FIG. 5. (a) hysteresis loops in temperature range of 150 K to 450 K measured at 10 V periodic voltage with frequency 2 kHz,
(b) remanent polarization and coercive voltage as function of temperature, (c), (d) J -V curves measured after poling at +10 V
and -10 V, in temperature range of 150 K to 350 K, (e) and (f) J -V curves measured at 400 K, after poling at +10 V and -10
V, respectively.
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diode (poled at +10 V), I+max at -1.5 V increase from about 7 µA·cm−2 at 150 K to 99 µA·cm−2

at 350 K, while I+max at +1.5 V increase from about 6 µA·cm−2 at 150 K to 86 µA·cm−2 at
350 K in positive diode (poled at -10 V). The maximum reverse currents (I-max) also increase as
temperature increased, but the magnitude is not obvious. Besides, the maximum rectification ratio
(|I+max|/|I-max|) is about 220 observed at 250 K,and it is much bigger than the rectification ratio of
BFO films reported previously.3,6

When the temperature reaches 400 K, the J-V curves are almost symmetric no matter the sam-
ple is poled at positive voltage or negative voltage, as shown in Fig. 5(e) and 5(f), respectively. This
symmetric conduction characteristic is mainly caused by the thermally activated charge carriers34

rather than the vanishing of polarization, since there is still significant polarization in the sample
at 400 K, as shown in Fig. 5(a). As a p type semiconductor, the carrier concentration and mobility
decrease with the decrease of temperature, which lead to the minor diode behavior in 150K. When
the temperature increases, electrons from oxygen vacancies or even some electrons in valence band
can be excited into conduction band, and the depletion region becomes thinner, both of which
contribute to a larger current density under the same voltage bias.31,35 Also reported in literature,23

when the temperature increases from 300 K to 375 K, free carrier density increases up to three order
of magnitude both in forward bias and negative bias and the dominating electrical mechanism in
PZT film changes from space-charge-limited bulk conduction (SCLC) to interface-limited Schottky
emission (SE) at 375 K.

C. Conduction mechanisms

After understanding the detailed physical mechanism of SFDE formation in the PZT film, we
further analyze conduction mechanism of SFDE though mathematical fitting the J-V curves accord-
ing to some reported conduction mechanisms. For our sample, three conduction mechanisms are
possible. They include space-charge-limited bulk conduction (SCLC), interface-limited Schottky
emission (SE) and bulk-limited Poole-Frenkel hopping (PF).

Regarding to SCLC conduction model, it is bulk limited effect assuming carriers travelling
through the film thickness rather than limited carrier injection from the electrode.36–38 In general,
the form of SCLC current is proportional to a power function of the applied voltage (J ∝ V n). At
low voltage, electrical conduction shows Ohmic behavior (region I, n ≈ 1), as carries are injected
from electrodes to fill the traps. As the voltage increases, swallow traps are fully filled and create
an internal electrical field against the applied field, which limits the injection of carries (region II,
n ≈ 2). Then deep traps are also filled with a further increase of applied voltage, and in this region
exponent n is larger than 2 (region III). Once the deep traps are fully filled, the injection of carries
is again limited by the internal electrical field created by carriers filled in traps (region IV, n ≈ 2).39

Specifically, the current density can be described in following equation,32,36

J =
9θ f ε0εrµV 2

8d3 (1)

where θ f is the fraction of injected carriers (i.e., not trapped), ε0 is the permittivity of vacuum, εr
is the relative dielectric constant of the film, µ is the carries mobility, V is the applied voltage and
d is the film thickness. To analyze this conduction mechanism, we can fit the J-V curves in the
form of log(J) vs. log(V ) to find reasonable n. Fig. 6(a) shows the log(J) vs. log(V ) plots for Pup

state poled at -5 V. In negative bias, n is fitted to be 1, indicating the Ohmic conduction. Moreover,
there are three linear fitting in positive bias. In region of 0<log(V)<-1, n is about 0.9, indicating
that the conduction is still in Ohmic feature. In moderate bias region, n is fitted to be 1.9, which is
compatible with the non-trapped case and satisfies the power-law dependence. When log(V)>0, the
fitted n is about 8.7, which seems satisfy the above-mentioned region III of SCLC. However, it is
also possible that it changes to another conduction mechanism (see in the following). Since 1.5V
is close to the coercive field, the sample cannot suffer larger applied voltage without polarization
reversal, and the existence of region IV of SCLC cannot be inferred from the log(J) vs. log(V ) plots.
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FIG. 6. (a) log(|J |) vs. log(|V |) plots for space charge limited conduction (SCLC) mechanism, solid lines are the fitting
curves (b) ln(J ) vs. E0.5 plots for Schottky emission (SE) mechanism; (c) ln(J/E) vs. E0.5 plots for Poole-Frenkel (PF)
hopping. All of them are mathematical treatment of the J -V curve with the upward polarization state poled at -5 V.

As for Schottky emission (SE), the relationship between current density and field intensity can
be described as,18,37

JSE = A∗T2 exp(−ϕ −


q3E/4πε0εr

kBT
) (2)

where A∗ is the Richardson constant, T is the temperature, ϕ is the height of the Schottky barrier, q
is the electronic charge, and kB is the Boltzmann constant. It is worth to note that there is a contro-
versy whether εr is relative dielectric constant or optical dielectric constant.40 For ferroelectrics,
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polarization may play important part in shielding the electrical field and contribute to the apparent
value of εr . As presented in the above equation, the data should display the linear behavior of a
ln(J) vs. E0.5 plots. Thus, we analyze the J-V curve for the Pup state after poled at -5 V, as shown
in Fig. 6(b). No reasonable line is observed in most region of the curve. However, an attempt to
obtain the value of εr by linearly fitting a limited region of 135<E0.5<160 gives that εr ≈ 216,
which is much greater than reported optical dielectric constant of PZT films.18,40 Nevertheless, it
is smaller than and in the same order of our measured static dielectric constant of PZT (ε = 840).
Considering the decrease of dielectric constant of ferroelectrics as applied bias increases, εr ≈ 216
seems reasonable in the region of 135<E0.5<160. Hence, Schottky barrier limited conduction seems
also possible in the aforementioned electrical region.

Moving to Poole-Frenkel hopping, the current density as a function of field intensity could be
expressed as,41

JPF = BE exp(−El −


q3E/πε0εr

kBT
) (3)

Where B is the constant, El is the trap ionization energy. The relationship between ln(J/E) and E0.5

should be fitted in a line. Then we analyze the same J-V curve as aforementioned. The result is
shown in Fig. 6(c). We cannot obtain a reasonable linear fitting in most region of curve for the PF
emission model. An attempt to fit the limited region of 135<E0.5<160 results in ε=1.2×109, which
is illogical for PZT thin film. Hence, we can exclude the PF hopping for the conduction mechanism
in our sample.

IV. CONCLUSIONS

In summary, we have demonstrated a pronounced switchable ferroelectric diode effect (SFDE)
in polycrystalline PZT thin film fabricated by chemical solution deposition method. Polarization-
modulated barrier height in the interface between ferroelectric and metal electrodes induces the
switching of the ferroelectric diode. Result shows that J-V curves could be controlled by the
remanent polarization and temperature. In particular, with the increase of remanent polarization,
the decrease of domain walls and the increase of built-in potential contribute to the reduction
of forward current. Furthermore, high temperature will diminish the current rectification. The
space-charge-limited conduction (SCLC) mechanism is most likely to control the carrier injection
from the electrodes. Our results proved that SFDE is universal property of the ferroelectric struc-
tures with appropriate Schottky contacts and is instructive for exploring pronounced switchable
diode effect for non-destructive read-out FeRAMs.
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