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memory and neuromorphic computing. 
The simple device architecture, high resis-
tive switching (RS) on/off ratio, low power 
operation, and scalability are especially 
attractive for the future generation memory 
devices.[1–3] Different materials such as 
metal oxides, chalcogenides[4–6] and carbon 
based materials[7–9] have been investi-
gated as the resistive switching layer both 
experimentally and theoretically.[10] Metal 
oxides are found to be the very promising 
candidate materials for such applications. 
Binary oxides such as TaOx,[11] HfOx,[12] 
NiO,[13,14] TiO2

[2,15] and CuxO,[16] as well 
as perovskite oxides such as Cr/Fe-doped 
SrTiO3,[17,18] Co-doped BaTiO3 (BTO),[19] 
Cr-doped SrZrO3,[20] and Pr0.7Ca0.3MnO3

[21] 
have been studied as the resistance 
switching materials. The broadly reported 
RS mechanisms in oxides are related to 
the formation of conducting filaments. In 
filament-type memristors, migration of 
defects (metal ions and/or oxygen vacan-
cies, OVs) plays a pivotal role in the fila-
ment formation. Depending on the nature 

of the defects and the formation of conducting filaments, three 
different types of switching behaviors are generally catego-
rized for filament-type memristors, namely the electrochemical 
metallization (ECM), the thermochemical memory (TCM) and 
the valence change memory (VCM).[22] Figure  1 shows sche-
matically different types of resistive switching mechanisms 
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1. Introduction

Voltage-driven modulation of the electrical resistance in a 
metal/metal oxide/metal (MIM) structure has attracted wide 
attention due to its potential impact on the developments of 
next generation ultrahigh density nonvolatile random access 
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observed in memristors using oxide materials as RS layers. 
Compared to literature defined counter figure-eight and figure 
eight rotation directions, Figure  1 shows two more rotation 
directions. Here we use current rotation direction at first Quad-
rant and the third Quadrant in linear I–V plot as a new way 
to define I–V rotation direction. The figure-eight is equivalent 
to counterclockwise–clockwise (CC–C) and counter-figure-eight 
corresponds to clockwise–counterclockwise (C–CC). In ECM, 
for example, the migration of metal ions from active electrodes 
such as Ag and Cu form the conducting filament. Figures  1a 
and  1g correspond to the I–V and mechanism illustration, 
respectively. In TCM, electroforming generates large amount of 
OVs due to Joule heating. The diffusion of OVs, perpendicular  
to the electric field (E), in and out of the filament region deter-
mines the on/off ratio of the TCM. Figures  1b and  1h are the 
I–V and mechanism illustration, respectively. In the VCM, the 
electroforming creates filaments in the bulk part of the film,  
and a redox reaction related to OV migration (drift along E field 
direction) modulates Schottky barrier height (SBH) and pro-
duces on and off states. It is noted that this SBH modulation 
often occurs locally near the filament. In other words, the VCM 
under such circumstances is an interface-type but confined to 
filament regions. Figures  1c,d and  1i are the I–V and mecha-
nism illustration, respectively. All above mentioned filament-
type memristors often require an electroforming process.

Recent work has shown that the filament can change from 
cycle to cycle.[23] The stochastic nature of the filament leads to 
variability of the RS behavior. Interface-type non-filamentary 
memristors, on the other hand, are often electroforming-free. 
They offer the advantage of superior stability, non-linear current 
with self-rectification characteristics, and area scalability.[24,25] 
Interface-type switching is related to the physical or chemical 

phenomena occurring at the oxide/electrode interface. The  
most observable feature of such a switching process is  
the scaling of the device resistance with the electrode area. In 
the case of interface-type RS devices, three switching mecha-
nisms are often considered: i) electronic and/or electrostatic 
effect, ii) polarization-induced barrier modification, and iii) 
change of valence state of cations resulting from OV migra-
tion. The most common RS processes related to electronic 
and electrostatic mechanisms are charge (electrons) trapping/
detrapping[26] and tunneling at the interface.[27] The dynamics of 
space-charges resulted from trapping/detrapping of carriers can 
modulate SBH and lead to a hysteresis current versus voltage 
(I–V) characteristic, as observed in Pt/Nb:SrTiO3/Pt structure.[27]

Ferroelectric materials, which also give rise to interface-
type switching, have been explored for potential applications 
in ReRAM in two ways: a) ferroelectric diodes (FeDs), where 
the spontaneous polarization can be switched by applying an 
E field of opposite polarity and such a polarization switching 
can modulate the SBH[28] and therefore the conduction, and b) 
ferroelectric tunnel junction, where the tunnel junction bar-
rier can be modified.[29] The I–V and switching mechanisms 
for FeDs are shown in Figures 1e,f and 1l. In addition to pola
rization, it is also possible that the OV drift occurs under the 
whole area of the contact electrode in these insulating oxides 
based MIM and Figure  1j shows the illustrated mechanism. 
Different from the polarization mechanisms (electronic effect), 
OV drift is an ionic effect. Such two effects can produce similar 
I–V curves with counterclockwise–counterclockwise (CC–CC) 
rotation direction (Figure  1e) as reported in defect engineered 
BFO and porous silicon films.[30] However, the ionic and elec-
tronic nature of these two effects can be distinguished by time 
response of the reading/writing steps.[31] Regardless of the 

Figure 1.  Schematic illustration of different types of resistive switching mechanisms observed in memristors using oxide materials as RS layers. From 
left to right shows filament-type and interface-type switching with different types of I–V characteristics along with the possible switching mechanisms.
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switching mechanisms, FeDs can be used as the building block 
for memristors. Different switching mechanisms have been 
classified broadly and are schematically shown in Figure 1.

The role of defects in filament type resistive switching is 
widely investigated but it is less clear for interface-type FeD-
based memristors.[32,33] For example, the interplay between 
defects and polarization and their effect on current injection as 
well as RS behavior has not been fully understood yet. Therefore, 
it is imperative to systematically investigate the coupling between 
defects and polarization on RS phenomena in FeD-based mem-
ristors. In addition, as shown in Figure  1, filament-type and 
interface-type memristors can exhibit different type of I–V 
curves with distinct rotation direction of hysteresis loops. The 
investigation of the correlation between these two types could 
shine light on the reported puzzle about the rotation direction 
of I–V hysteresis loops.[34] In this work, we have systematically 
investigated the switching properties of BaTiO3 (BTO), BiFeO3 
(BFO) and Bi1-xFeO3-δ thin film-based memristors. Our results 
indicate that not only the polarization but also the cation off-sto-
ichiometry-induced defects play critical roles in determining the 
I–V switching mechanisms such as the rotation direction of the 
I–V hysteresis loops and switching properties. For instance, the 
on/off ratio is correlated with the trap concentration and energy 
level. In addition, the interface-type memristors based on FeDs 
can be irreversibly switched into filament-type memristors by 
increasing the power dissipation, where the rotation direction 
of I–V hysteresis loops is also altered. It is noted that we have 
used BTO and BiFeO3 (BFO) as the model systems since such 
materials are ferroelectric and have been intensively studied due 
to their potential device applications. The principles discovered 
here are applicable to other (non)ferroelectric materials.

2. Experimental Section

Pulsed laser deposition (PLD, KrF excimer laser, λ = 248 nm) 
was employed to grow both BFO and BTO films on SrRuO3 
(SRO) buffered SrTiO3 (STO) (001) substrates. Four BFO tar-
gets with different Bi/Fe ratios were used to deposit BFO 
films with different Bi/Fe ratios (or different defect concen-
trations). Four BFO targets were made by sintering Bi2O3 and 
Fe2O3 powder. The Bi/Fe molar ratio in the raw materials are 
0.95:1, 1.0:1.0, 1.05:1.0, and 1.1:1.0, respectively. These four tar-
gets were named as Bi0.95FeO3, Bi1.0FeO3, Bi1.05FeO3, Bi1.1FeO3 
and the films grown by these four targets were defined as 
BFO (0.95), BFO (1.00), BFO (1.05), and BFO (1.10), respec-
tively. The substrate temperature was initially optimized and 
maintained at 680 °C for both SRO and BFO deposition. SRO 
bottom electrodes (≈18  nm) were deposited under 100 mTorr 
oxygen and 2 Hz laser repetition rate. BFO films with a thick-
ness of ≈150 nm were grown under 10 Hz and an oxygen pres-
sure of 20 mTorr. After deposition, the BFO/SRO/STO stacks 
were in situ annealed at 400  °C and one atm. oxygen for one 
hour before cooling down to room temperature at a cooling 
rate of 5 °C min−1. For the growth of BTO/SRO/STO (001) het-
erostructures, the detailed experimental conditions have been 
reported elsewhere.[35] Briefly, an optimized substrate tempera-
ture of 700 °C was employed for the growth of both SRO and 
BTO layers. After deposition, the stack was in situ annealed in 

pure oxygen environment (1 atm) at 600 °C for one hour before 
cooling down to room temperature at a rate of 5  °C min−1. 
Circular Au (≈100 nm thick) top electrodes with a diameter of 
350 µm defined by a shadow mask were deposited by magne-
tron sputtering at room temperature. One BFO/Nb:STO film 
synthesized by the sol-gel method was purchased from MTI to 
compare with BFO/SRO/STO and BTO/SRO/STO. The Bi/Fe 
ratio of the BFO films made by such a solution method was 
determined to be 1.17. This sample is defined as s-BFO. The  
ferroelectric hysteresis loop of the devices was tested by a TF 
Analyzer 1000 at 1 kHz. An Agilent E4980A precision LCR 
meter was used to measure electrical field (E)/Voltage (V) 
dependent capacitance (C), dielectric loss (tanδ), and current 
(I) of the devices. The current is defined as positive when the  
positive bias voltage is applied on the top Au electrode.

3. Results and Discussion

Electrical properties of Au/(BFO or BTO)/SRO and sol-gel 
made BFO/Nb:STO (s-BFO) were fully investigated by meas-
uring both the ferroelectric/dielectric and the I–V characteris-
tics of the devices. Figure 2 shows the typical P–E, capacitance 
C–E, tan δ–E, and I–E of three devices with BTO, s-BFO, and 
BFO (1.05), as the switching layers, respectively. As can be seen 
from Figure  2a–c, the polarization of BTO layer saturated at 
27 µC cm−2 with increasing bias field, indicating a typical fer-
roelectric behavior (Figure  2a). A saturation polarization of 
≈70 µC cm−2 and a coercive field of ≈200 kV cm−1 (Figure 2b) 
were measured for the s-BFO film, which is similar to values 
reported in the literature,[36,37] indicating that the BFO film 
exhibits normal ferroelectric behavior. For BFO (1.05), the 
polarization and coercive fields keep increasing with applied 
bias field without saturation, indicating deviation from the 
normal ferroelectric behavior (Figure  2c). The polarization 
value at maximum E field is much lower than that reported in 
literature.[38,39] The round shape of P–E loop at maximum field 
indicates that the leakage current makes a significant contribu-
tion to the measured results.

In the BFO (1.05) films, defects such as Bi vacancy and 
oxygen vacancy and a mixed valence of Fe ion likely contribute 
to the high leakage current and the deviation from normal fer-
roelectric behaviors.[40–42] The chemical formula of BFO (1.05) 
should be Bi1-xFeO3-δ while that of s-BFO is Bi1.17FeO3+y. The 
C–E, dielectric tan δ–E, and I–E behaviors of these devices are 
shown in Figure  2d–i. The C–E and tan δ–E curves of BTO  
(Figures  2d and  2g) and s-BFO (Figures  2e and  2h) samples 
show a typical ferroelectric behavior. The BFO (1.05) sample 
also shows a butterfly-like shape in C–E loops. However, the 
capacitance tunability, defined as (C0–Cv)/C0, is much smaller 
for BFO (1.05) since charges leak through the film (Figures 2f 
and 2i), where C0 and Cv are the capacitance at zero bias and a 
given bias, respectively. The tan δ–E plots show that the dielec-
tric loss increases significantly with bias voltage, confirming the 
existence of large leakage in BFO (1.05) (Figure 2i). It should be 
noted that P–E loops in our experiment have been measured by 
a voltage-ramp technique (≈1 ms per data point). To reveal DC 
leakage currents, a voltage-step technique with longer charging 
and discharging time was used (≈250 ms per data point).[43] The 
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I–E loops, shown in Figure 2j–l, were measured at longer time 
scales for BTO, s-BFO, and BFO (1.05) films, respectively. In the 
BTO and s-BFO films, the current-bump at location 1 and 3 is 
due to the polarization current as the leakage current is low. On 
the other hand, we do not see the polarization current-bump in 
the BFO (1.05) film, because the leakage current dominates the 
overall I–E characteristics.

It is interesting that the rotation direction of I–E hysteresis 
loops changes from clockwise–clockwise (C–C) in BTO and BFO 
to counterclockwise–counterclockwise (CC–CC) in Bi1-xFeO3-δ  
(see Figure S1, Supporting Information). In addition, the 
overall leakage current follows IBTO < IBFO < IBi1-xFeO3-δ. 
The C–C type RS has been often seen in memristors where 
ferroelectric materials such as (Pb,Zr)TiO3,[44] BTO, and BFO 
(≤213 K)[45] are used as the RS layer. The current-bump in 
the C–C type hysteresis is due to the transient displacement 
current from polarization switching. This feature is frequency 
dependent.[46] Therefore, the CC–CC type I–V hysteresis in 

Bi1-xFeO3-δ (defect-engineered BFO) should have a different 
physical origin.

To investigate the role of defects on the I–V hysteresis 
loop with a CC–CC type rotation direction, devices using 
BFO RS layers deposited from BFO targets with different Bi 
compositions were studied. As BFO (0.90) is highly defective, 
it acts as a pure resistor. Devices fabricated using higher Bi 
compositions are less defective with less Bi vacancies and 
hence are resistive enough to enable polarization measure-
ments (Figure S2, Supporting Information). We note that Bi 
vacancies introduce deep levels in the bandgap of the mate-
rial, and such deep level traps influence the overall transport 
properties of the devices, depending on the energy level and 
concentration of the traps.

The I–V curves of these ferroelectric memristors are shown in 
Figure 3a. It can be seen that all these samples have the CC–CC  
type I–V characteristics. The switching mechanism, band struc-
ture and I–V curve fitting have been previously reported.[47] It 

Figure 2.  Electrical properties of a–c) P–E loops; d–f) C–E; g–i) tan δ–E; and j–l) I–E for BTO, s-BFO, and Bi1-xFeO3-δ thin films. The P–E loop in  
(a) is reproduced with permission.[35] Copyright 2013, American Institute of Physics.
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was reported that the I–V curves can be fitted into three seg-
ments on the positive bias. The first segment is polarization 
modulated Schottky barrier conduction, which corresponds to 
the high resistance state (HRS). After the Schottky interface 
becomes a non-blocking interface because of the induced polar-
ization, the current is then controlled by space charge limited 
conduction (SCLC) of deep-level trap filling. At the second seg-
ment, the current can be described by I ≈ Vm (m > 2). During 
the voltage ramp-down (corresponding to low resistance state, 
LRS), the polarization coupled SCLC current is given by I ≈ Vn 
(m > n ≥ 2).[47] A large opening of the hysteresis is observed for 
the voltage ramp-up and -down due to different current trans-
port mechanisms. The on/off ratio, strongly depending on the 
Bi concentration, increases from ≈10 in the BFO (1.00) sample 
to ≈103 in the BFO (1.05) sample, then drops to ≈102 in the BFO 
(1.10) sample (Figure  3a). The I–V curves of all samples are 
analyzed, according to the conduction mechanism discussed 
in ref. [47] as shown in Figure 3b. They exhibit similar slopes 
(n ≈ 2) during the voltage ramp-down. It indicates that the deep 
traps are screened by polarization charges. The trap filling limit 
(TFL) region can be linearly fitted. The slopes for BFO (1.00), 
BFO (1.05), and BFO (1.10) are 6, 17, and 8, respectively. If we 
define the on/off ratio, r, as the ratio of the currents in the ther-
mally activated region versus the trap-free region, then, this 
ratio can be calculated from,[48]

= /r eE k Tt B 	 (1)

where Et is the energy difference between the conduction band 
bottom and the trap energy level, T is the temperature, and kB 
is the Boltzmann constant. Therefore, the on/off ratio of a fer-
roelectric memristor is controlled by the trap energy level. A 
deeper energy level often indicates a larger on/off ratio.

Figure S3, Supporting Information shows the RBS results 
of BFO (1.0) film. The Bi/Fe ratio of 0.91 indicates Bi vacan-
cies could be the source of traps. We speculate the following 
scenario to explain on/off ratio in these BFO samples. A BFO 
(1.0) sample exhibits a small on/off ratio (≈10) due to the 
existence of a larger amount of shallow level Bi vacancies, 
that is, smaller Et. The shallow traps contribute to thermally 
activated free carriers, which is consistent with the smaller 
resistance at HRS (green curve). A slightly increasing Bi con-
tent will increase Et. Therefore, the BFO (1.05) sample shows 
a larger on/off ratio (≈103). A further increase in Bi content, 

as shown in the BFO (1.10) sample, the decrease of the on/
off ratio could be due to the decrease of deep-level traps con-
centration. Therefore, to achieve a large on/off ratio in ferro-
electric memristors, it is important to achieve an optimized 
concentration of deep-level traps (and limit shallow traps). 
Therefore, tuning cation-related deep level traps and energy 
levels, whether these traps be cation vacancies, as in this 
work, or cation substitution in others (e.g., Sm and Ni co-
doped BFO polycrystalline films give on/off ratios of ≈104),[49] 
is a feasible approach to achieving high performance ferro-
electric memristors.

It is interesting to estimate the trap energy level and concen-
trations in BFO films. Zhang et  al. pointed out that the inter-
play between dopants and traps can be the dominating factor 
for the slant of the vertical current rise in an insulator with a 
single and discrete trap level.[48] The deep level traps density 

can be described as ε ε= 2 0
TFL2

2N
V

el
t st , where l is the film thick-

ness, ϵ0 is the permittivity of vacuum, ϵst is the static low fre-
quency dielectric constant, and VTFL2 can be obtained from 

Figure 3a. The dopant density, ε ε= −+ 2 0
TFL2 TFL1

2N
V V

el
d st , and the

 
VTFL1 can be obtained from Figure 3a. Table 1 summarizes the 
key parameters based on above discussion, where Neff is defined 
as = − +N N Neff t d . The calculated parameters are consistent with 
the on/off ratio discussed above. For example, the Et of a BFO 
(1.00) memristor is 0.07 eV, while the value is as large as 0.2 eV 
for BFO (1.05). Although BFO (1.05) and BFO (1.10) have sim-
ilar trap energy levels, the Neff of BFO (1.05) is twice of that in 
BFO (1.10). It is worth to mention that trap energy states in the 
material can be measured by photothermal deflection spectros-
copy[50,51] and deep-level transient spectroscopy.[52]

Above discussion outlines that the rotation direction of I–V 
hysteresis loops and current switching levels of defect-engi-
neered BFO film are much different from normal FeDs-based 
memristors. Now, let’s study the I–V hysteresis loops in BTO 
films. In the case of wide-bandgap BTO films with limited 
traps, the I–V characteristic is quite different. The I–V of an 
Au/BTO/SRO device shown in Figure  4a can be fitted with 
Equation  (2) which describes the current through the reverse 
biased Schottky contact[53] with built-in field far less than 
applied field V,

Figure 3.  a) I–V characteristics of three different Au/BFO/SRO devices 
with different Bi concentration. b) The Log (I) versus Log (V) of Au/BFO/
SRO devices, where m = 2 in the ramp-down region indicates that traps 
are all filled. Slope in the TFL region is equal to 6, 17, 8 in the TFL regime, 
respectively, for BFO (1.00), BFO (1.05), and BFO (1.10) samples.

Table 1.  Physical parameters for traps and dopants in different BFO 
memristors, where a single discrete energy level is assumed for the 
deep-level traps. The trap energy level is referenced from the conduction 
band.

Target for PLD growth BFO (1.00) BFO (1.05) BFO (1.10)

Slope (m) 6 17 8

VTFL1 (V) 2.56 2.67 1.35

VTFL2 (V) 3.96 4.06 3.06

Nt (cm−3) 1.93 × 1018 1.98 × 1018 1.49 × 1018

Nd (cm−3) 6.84 × 1017 6.8 × 1017 8.36 × 1017

Neff (cm−3) 1.25 × 1018 1.30 × 1018 0.65 × 1018

Trap energy level Et (eV) 0.07 0.2 0.17

RS on/off ratio at 0.9V ≈101 ≈103 ≈102
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β φ
πε ε ε ε ( )= − −













− β∗ −exp

4

2
12

0 0

4I A AT
q qN

V eb
st

eff

st

V 	 (2)

where q is electron charge, β = q/kT, T is the temperature, A 
is the area, φb is built in potential, ϵ0 and ϵst are the dielectric 
permittivity of vacuum and the medium respectively, Neff is the 
effective charge density and A* is the Richardson’s constant. 
The I–V can be clearly described by ≈ln ( ) 4I V . It is also found 
that stoichiometric BFO can be fitted by Equation (2), as shown 
in Figure S1, Supporting Information.

These results indicate that the I–V characteristics of stoi-
chiometric BFO and BTO are governed by the interfacial effect. 
Figure 4b shows I–V hysteresis loops of BTO films cycled 200×. 
It shows that the BTO based device exhibits the C–C type resis-
tive switching (Figure S1, Supporting Information). It can 
be also seen that the loops are overlapped, indicating good 

retention. The on/off ratio is ≈50 at −0.5 and 1.0  V. It should 
be noted that the operation current in the C–C type is in the nA 
range, while that of CC–CC device is in the µA range with the 
same electrode size (Figure S1, Supporting Information).

The pulse measurement of BTO memristors is shown in 
Figure 4c. A −6 V is applied to set the device to LRS. The reading 
pulses (+1  V,  red) read out a positive current, consistent with 
Figure S1b, Supporting Information. On the other hand, when a 
+6 V is applied to reset the device to the HRS, then the reading 
pulses (+1 V, blue) read out a negative current. This is related to 
the depolarization field. Another interesting feature is that there 
is a strong decay of the reading current/resistance, as shown 
in Figure 4c. This might be due to the non-linear decay in the 
depolarization field when the voltage drops from ±6 to 1 V.

Defect-engineered BFO (1.05) FeDs based memristors show 
completely different characteristics in pulsed measurements. 
Figure 5a shows the pulse measurements at a reading voltage of 

Figure 4.  Resistive Switching of Au/BTO/SRO devices. a) The Log (I) versus V1/4 of Au/BTO/SRO. b) The Log (I) versus Log (V) curves cycled for 200×. 
c) The reading of pulse measurements. The solid circles represent the reading pulses at +1 V after +6 and −6 V writing pulses.

Figure 5.  Pulse measurements of Au/BFO (1.05)/SRO devices. a) Pulse reading at a reading voltage of 0.9 V. b) Zoom in of pulse measurements in (a). 
c) The writing and reading for pulse measurements. The solid squares represent the writing pulses and the solid circles represent the reading pulses. 
d,e) The pulsed measurements at a reading voltage of 2 and 2.5 V, respectively.
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0.9 V (well below the BFO coercive field), confirming the high 
on/off ratio of ≈103, which is consistent with the I–V hysteresis 
loop (Figure 3a). Figure 5b shows details of the reading at 0.9 V 
from Figure 5a. The reading stabilizes after 4–5 reading pulses, 
which may be related with the filling of traps. One significant 
difference is that the on/off ratio in reading (below coercive 
field) is quite stable in defect-engineered BFO. Figure 5c shows 
the pulse measurement configuration. A +4.5  V writing pulse 
is applied on Au/BFO to SET the device into LRS. Reading 
pulses (e.g., +0.9 V, +2 V) are applied to read out the states. A 
−5  V  writing pulse is then applied to RESET the device into 
HRS, followed by subsequent reading pulses. The HRS reading 
at 2 and 2.5  V displays an obvious aging effect while LRS 
reading is constant (Figures 5d and 5e). After a −5 V RESET, a 
reading voltage of 2–2.5 V, close to the coercive field, affects the 
RESET status by changing the ferroelectric domains and thus 
aging is observed. The reading of LRS is quite stable. This is 
because LRS is controlled by polarization coupled SCLC.

The above results have demonstrated that the characteris-
tics of FeDs-based interface-type bipolar RS (BRS) memristors 
can show both CC–CC and C–C I–V hysteresis loops. The cou-
pling between polarization and deep traps is the underlying 
mechanism for the CC-CC type rotation direction in defect-
engineered FeDs. However, the connection between the inter-
face-type and filament-type switching, as shown in Figure 1, is 
largely unknown. Next, we will demonstrate that the power dis-
sipation on the devices can be used to manipulate defects and 
alter switching behavior by applying a large forming voltage. 
Figure  6a shows the I–V curves of the Au/BTO/SRO device 
before and after electroforming. We observe that the switching 
current increases two orders of magnitude. Figure 6b shows 200 
hysteresis loops in linear scale with the CC–C rotation direction 
after electroforming. It shows excellent repeatability. The dielec-
tric loss, C–V and polarization of Au/BTO/SRO sample before 
and after electroforming are shown in Figure S4, Supporting 
Information. The dielectric loss of the BTO film increases more 

than two orders of magnitude after electroforming, consistent 
with the increase of leakage current from the filament. P–E 
loops after electroforming have a banana shape and the C–V 
curves are also altered. These results indicate that an appro-
priate forming voltage can generate structural defects which can 
irreversibly make the highly resistive ferroelectric BTO into a 
leaky dielectric and can modulate the switching characteristics. 
During the forming process, a large bias of +20 V is applied on 
the top interface. The forward condition means most of the bias 
will be applied on the BTO film, which causes a breakdown. It 
is commonly believed that such a high forming voltage will gen-
erate a large amount of OVs and result in filament formation in 
the BTO film. This process corresponds to the VCM mechanism 
and the illustrations are shown in Figures  1d,j. This process 
should be similar to forming process reported in non-ferroelec-
tric oxides.[58–60] Once forming is finished, ferroelectric polariza-
tion will have limited contribution to the I–V characteristic due 
to the conducting filament formation. Since the LRS and HRS 
after electroforming show strong nonlinearity, the interface 
still plays an important role in the switching process. For VCM 
mechanism, it is often believed that the filament is not fully 
penetrated through the Schottky interface, where the working 
Schottky interface still results in the nonlinearity in I–V.

Figure  6c shows a typical I–V curve of a BFO (1.05) mem-
ristor before and after electroforming. It is very clear that the 
rotation direction of the I–V hysteresis loop changes from 
1→2→3→4 (CC–CC) to 1→2’→3’→4 (CC–C). The linear plot 
of Figure 6c is shown in Figure 6d, which shows the change of 
rotation direction of I–V hysteresis loop after electroforming. 
A counterclockwise I–V curve with m = 1 by sweeping voltage 
from 4 to −4  V suggests the formation of conducting fila-
ments in the BFO layer (the resistance of devices are around 
≈10 kΩ after forming filaments as shown in Figure S5, Sup-
porting Information). Therefore, high power dissipation such 
as an electroforming process switches the BRS behavior from  
CC–CC and C–C type to CC–C. Since the LRS after electro-
forming shows a linear characteristic, this indicates that the 
switching is controlled by filaments, not the Schottky interface. 
The filaments likely penetrate through the top/bottom interfaces. 
Different from the VCM mechanism in formed BTO films, the 
BFO films show TCM mechanism (Figures 1b,h) after forming.

Figure 7 summarizes that the rotation direction of I–V hyster-
esis loops (of the types shown in Figure 1) and switching current 
can be controlled by defect engineering and power dissipation. 
Such defect engineering can be achieved via changing stoichio
metry during growth (to influence the concentration of deep traps, 
in our case cation vacancies) and/or by formation of a filament 
via an electroforming process. Interface-type FeDs-based memris-
tors using near-stoichiometric BTO and s-BFO (Bi excess) as the 
switching layer often show low switching current (nA range) with 
C–C type I–V hysteresis loop (green curve of Figure 7). There are 
at least three scenarios which can modify the I–V characteristics:

a)	 The first one is related to defects such as vacancies gener-
ated during synthesis. When the Bi vacancies are introduced 
during growth, a C–C type I–V hysteresis loop (green curve 
of Figure  7) can be switched to a CC–CC type (blue curve 
of Figure  7) with slightly increased switching current (µA 
range). This is consistent with previous results.[46] These 

Figure 6.  a) I–V characteristic in log scale of Au/BTO/SRO device before 
and after electroforming by applying 20 V bias and b) the linear plot of 
the I–V curve after electroforming. c) I–V curves in log scale of Au/BFO 
(1.05)/SRO device before and after electroforming and d) the linear plots 
of the I–V curves.
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two types of I–V hysteresis loops correspond to BRS with 
nonlinear I–V at both HRS/LRS with extremely low power 
dissipation, as shown in Figure 1. I–V hysteresis loops of both 
systems are controlled by interface. Interestingly, some of  
devices can have CC–C type rotation direction by combining 
C–C and CC–CC together. For example, Lee et  al. reported 
CC–CC type I–V hysteresis loop in BFO films grown by a 
stoichiometric BFO target while CC–C type I–V hysteresis 
loop in BFO films grown by a 10% Bi excess BFO target.[61] 
This is consistent with another report.[46] It is critical to men-
tion that the underlying mechanisms governing the CC–C 
type I–V in insulating BFO films grown by Bi excess target 
are completely different from filament controlled CC–C type 
I–V in relative leaky samples. The switching current in such 
“C” rotation I–V curves (Quadrant 3) is orders of magnitude 
lower than that in filament dominated I–V curves. This is 
because that I–V curves for above BFO films are controlled 
by bulk ferroelectric and polarization modulated Schottky  
interface. The current magnitude or current density is a key 
parameter to distinguish them. It should be noted that some 
reported BFO films also show filament dominated CC–C type 
I–V.[62] In this case, the ferroelectricity is not a dominating 
mechanism and BFO can be treated as a regular semicon-
ducting oxide.

b)	 The second parameter is temperature. For example, chang-
ing temperature can switch the I–V hysteresis loop between 
C–C type and CC–CC type in BFO films.[45] This is because at 
higher temperatures some defects are thermally activated and 
interface states and traps become active.

c)	 When filaments are introduced by increasing the power dissi-
pation during the measurement, the C–C type I–V hysteresis 
loop can be switched into a filament-type BRS with a CC–C 
type hysteresis loop (red curve of Figure 7) and mA switch-
ing current. In addition, by increasing the power dissipation, 

interface-type FeDs-based memristors using a defect-engi-
neered BFO layer as the switching layer can also be trans-
ferred into filament-type BRS with CC–C type hysteresis loop 
and mA switching current. These results indicate that both 
interface-type switching with both C–C type and CC–CC type 
I–V hysteresis loops can be irreversibly switched to filament-
type BRS with CC–C type I–V hysteresis loops.
I–V curves with CC–CC rotation direction can be observed 

in FeDs via an electronic effect. Ideally, such I–V curves with 
CC–CC rotation direction should also exist in non-ferroelectric 
systems via an ionic effect.[30] However, they have a completely 
different time response. We argue that such CC–CC I–V hys-
teresis loops can be achieved by polarization (via an electronic 
effect, see Figure 1l) and/or charged species (positively charged 
OV via an ionic effect, see Figure 1j) and deep traps. Such I–V 
loops are controlled by interface and bulk conduction and should 
be area dependent. Applying a large field or engineering more 
defects will convert this into a filament type switching in general.  
Therefore, the change of I–V characteristics in Figure  7 is a 
general mechanism which is also suitable for non-ferroelectric 
materials. Overall, our experimental results clearly indicate that it 
is plausible to manipulate the defects in the RS layer during the 
growth process as well as post-growth to control the conduction 
mechanism and I–V characteristics of ferroelectric memristors.

4. Conclusion

Using ferroelectric oxides as the resistive switching materials, 
we have investigated the role of defects and power dissipation 
on the RS properties in FeDs-based memristors. BTO systems 
with negligible traps as the RS layers exhibit I–V characteristics 
with the C–C I–V hysteresis loop as expected for FeDs. BFO 
systems with deep traps exhibit greatly enhanced RS proper-
ties, where the on/off ratio is related to trap energy level and 
concentration. Such defect engineered BFO FeDs show CC–CC 
type I–V hysteresis loop. By controlling the power dissipation 
during forming process, interface-type switching in FeDs-based 
memristors can be switched to filament-type RS with changes 
in both switching current and rotation direction of I–V hyster-
esis loop. Our experimental results clearly indicate that defect 
control during synthesis and post-synthesis via forming play 
important roles in determining the switching mechanisms 
and I–V hysteresis loops. These findings provide insight for 
understanding RS in ferroelectric memristors and demon-
strate unique approaches for controling I–V hysteresis loops in 
memristors.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
The work at Los Alamos National Laboratory was supported by the 
NNSA’s Laboratory Directed Research and Development Program and 
was performed, in part, at the Center for Integrated Nanotechnologies, 

Figure 7.  Transformation among different switching types by changing 
defects and power dissipation. The interface-type with C–C and CC–CC 
I–V hysteresis loop can be transformed into filament-type switching with 
CC–C or C–CC I–V hysteresis loop by controlling the power dissipation. 
The C–C I–V hysteresis loop can be also transformed into CC–CC type by 
controlling defects during synthesis and temperature can make reversible 
change between CC–CC and C–C.

Adv. Electron. Mater. 2022, 8, 2101392



www.advancedsciencenews.com
www.advelectronicmat.de

2101392  (9 of 10) © 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

an Office of Science User Facility operated for the U.S. Department of 
Energy Office of Science. Los Alamos National Laboratory, an affirmative 
action equal opportunity employer, is managed by Triad National 
Security, LLC for the U.S. Department of Energy’s NNSA, under contract 
89233218CNA000001. The US-UK collaborative effort was funded by the 
U.S. National Science Foundation (ECCS-1902623 (University at Buffalo, 
SUNY), ECCS-1902644 (Purdue University)) and the EPRSC, grant EP/
T012218/1. J.L.M.-D. acknowledges the Royal Academy of Engineering, 
grant CIET 1819 24. P. R., Z. C., and Q. X. J. acknowledge the CINT Users 
Program. B. X. R. acknowledges the support of the Office of Science 
Graduate Student Research Program.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Keywords
defects, electrical properties, ferroelectric memristors, resistive 
switching, thin films

Received: December 24, 2021
Revised: February 14, 2022

Published online: March 25, 2022

[1]	 M.-J. Lee, C. B. Lee, D. Lee, S. R. Lee, M. Chang, J. H. Hur, Y.-B. Kim, 
C.-J.  Kim, D. H.  Seo, S.  Seo, U.-I.  Chung, I.-K.  Yoo, K.  Kim, Nat. 
Mater. 2011, 10, 625.

[2]	 D.-H. Kwon, K. M. Kim, J. H. Jang, J. M. Jeon, M. H. Lee, G. H. Kim, 
X.-S.  Li, G.-S.  Park, B.  Lee, S.  Han, M.  Kim, C. S.  Hwang, Nat. 
Nanotech. 2010, 5, 148.

[3]	 J. J.  Yang, M. D.  Pickett, X.  Li, D. A. A.  Ohlberg, D. R.  Stewart, 
R. S. Williams, Nat. Nanotech. 2008, 3, 429.

[4]	 H. J. Hovel, Appl. Phys. Lett. 1970, 17, 141.
[5]	 M. Afifi, N. Hegab, A. Bekheet, Vacuum 1996, 47, 265.
[6]	 B. C. Das, A. J. Pal, Small 2008, 4, 542.
[7]	 C. L.  He, F.  Zhuge, X. F.  Zhou, M.  Li, G. C.  Zhou, Y. W.  Liu, 

J. Z. Wang, B. Chen, W. J. Su, Z. P. Liu, Y. H. Wu, P. Cui, R.-W. Li, 
Appl. Phys. Lett. 2009, 95, 232101.

[8]	 H. Y.  Jeong, J. Y. Kim, J. W. Kim, J. O. Hwang, J.-E. Kim, J. Y.  Lee, 
T. H. Yoon, B. J. Cho, S. O. Kim, R. S. Ruoff, S.-Y. Choi, Nano Lett. 
2010, 10, 4381.

[9]	 H. Li, R. Wang, S.-T. Han, Y. Zhou, Polym. Int. 2020, 69, 533.
[10]	 L. Gao, Q. Ren, J. Sun, S.-T. Han, Y. Zhou, J. Mater. Chem. C 2021, 

9, 16859.
[11]	 S.  Kumar, C. E.  Graves, J. P.  Strachan, E. M.  Grafals, 

A. L. D. Kilcoyne, T. Tyliszczak, J. N. Weker, Y. Nishi, R. S. Williams, 
Adv. Mater. 2016, 28, 2772.

[12]	 Y. S. Lin, F. Zeng, S. G. Tang, H. Y. Liu, C. Chen, S. Gao, Y. G. Wang, 
F. Pan, J. Appl. Phys. 2013, 113, 064510.

[13]	 D. C.  Kim, S.  Seo, S. E.  Ahn, D.-S.  Suh, M. J.  Lee, B.-H.  Park, 
I. K.  Yoo, I. G.  Baek, H.-J.  Kim, E. K.  Yim, J. E.  Lee, S. O.  Park, 
H. S. Kim, U.-I. Chung, J. T. Moon, B. I. Ryu, Appl. Phys. Lett. 2006, 88,  
202102.

[14]	 J. Y. Son, Y.-H. Shin, Appl. Phys. Lett. 2008, 92, 222106.

[15]	 D. S.  Jeong, H.  Schroeder, R.  Waser, Electrochem. Solid-State Lett. 
2007, 10, G51.

[16]	 R. Dong, D. S.  Lee, W. F. Xiang, S. J. Oh, D. J.  Seong, S. H. Heo, 
H. J. Choi, M. J. Kwon, S. N. Seo, M. B. Pyun, M. Hasan, H. Hwang, 
Appl. Phys. Lett. 2007, 90, 042107.

[17]	 Y.  Watanabe, J. G.  Bednorz, A.  Bietsch, C.h.  Gerber, D.  Widmer, 
A. Beck, S. J. Wind, Appl. Phys. Lett. 2001, 78, 3738.

[18]	 R.  Muenstermann, T.  Menke, R.  Dittmann, R.  Waser, Adv. Mater. 
2010, 22, 4819.

[19]	 Z. Yan, Y. Guo, G. Zhang, J.-M. Liu, Adv. Mater. 2011, 23, 1351.
[20]	 A.  Beck, J. G.  Bednorz, C.h.  Gerber, C.  Rossel, D.  Widmer, Appl. 

Phys. Lett. 2000, 77, 139.
[21]	 A. Asamitsu, Y. Tomioka, H. Kuwahara, Y. Tokura, Nature 1997, 388, 

50.
[22]	 E. W. Lim, R. Ismail, Electronics 2015, 4, 586.
[23]	 C.  Baeumer, R.  Valenta, C.  Schmitz, A.  Locatelli, T. O.  Menteş, 

S. P. Rogers, A. Sala, N. Raab, S. Nemsak, M. Shim, C. M. Schneider, 
S. Menzel, R. Waser, R. Dittmann, ACS Nano 2017, 11, 6921.

[24]	 T. Menke, R. Dittmann, P. Meuffels, K. Szot, R. Waser, J. Appl. Phys. 
2009, 106, 114507.

[25]	 J. Ma, Z. Chai, W. D. Zhang, J. F. Zhang, J. Marsland, B. Govoreanu, 
R. Degraeve, L. Goux, G. S. Kar, IEEE Trans. Electron. Devices 2019, 
66, 777.

[26]	 Y. Cui, H. Peng, S. Wu, R. Wang, T. Wu, ACS Appl. Mater. Interfaces 
2013, 5, 1213.

[27]	 D.  Seong, D.  Lee, M.  Pyun, J.  Yoon, H.  Hwang, Jpn. J. Appl. Phys. 
2008, 47, 8749.

[28]	 P. W. M. Blom, R. M. Wolf, J. F. M. Cillessen, M. P. C. M. Krijn, Phys. 
Rev. Lett. 1994, 73, 2107.

[29]	 A. Chanthbouala, A. Crassous, V. Garcia, K. Bouzehouane, S. Fusil, 
X.  Moya, J.  Allibe, B.  Dlubak, J.  Grollier, S.  Xavier, C.  Deranlot, 
A. Moshar, R. Proksch, N. D. Mathur, M. Bibes, A. Barthélémy, Nat. 
Nanotech. 2012, 7, 101.

[30]	 O.  Marin, R.  Urteaga, D.  Comedi, R. R.  Koropecki, IEEE Electron. 
Device Lett. 2013, 34, 590.

[31]	 C. Ferreyra, M. Rengifo, M. J. Sánchez, A. S. Everhardt, B. Noheda, 
D. Rubi, Phys. Rev. Appl. 2020, 14, 044045.

[32]	 M. Hasan, R. Dong, H. J. Choi, D. S. Lee, D.-J. Seong, M. B. Pyun, 
H. Hwang, Appl. Phys. Lett. 2008, 92, 202102.

[33]	 D. Ielmini, R. Waser, R. Switching, Fundamentals of Nanoionic Redox 
Processes to Memristive Device Applications, John Wiley & Sons, 
Hoboken, NJ 2015.

[34]	 S. Lee, J. S. Lee, J.-B. Park, Y. K. Kyoung, M.-J. Lee, T. W. Noh, APL 
Mater. 2014, 2, 066103.

[35]	 A. P.  Chen, F.  Khatkhatay, W.  Zhang, C.  Jacob, L.  Jiao, H.  Wang, 
J. Appl. Phys. 2013, 114, 124101.

[36]	 J. Wang, J. B. Neaton, H. Zheng, V. Nagarajan, S. B. Ogale, B. Liu, 
D.  Viehland, V.  Vaithyanathan, D. G.  Schlom, U. V.  Waghmare, 
N. A. Spaldin, K. M. Rabe, M. Wuttig, R. Ramesh, Science 2003, 299, 
1719.

[37]	 D.  Kan, V.  Anbusathaiah, I.  Takeuchi, Adv. Mater. 2011, 23,  
1765.

[38]	 B.  Yang, L.  Jin, R.  Wei, X.  Tang, L.  Hu, P.  Tong, J.  Yang, W.  Song, 
J. Dai, X. Zhu, Y. Sun, S. Zhang, X. Wang, Z. Cheng, Small 2021, 17, 
1903663.

[39]	 D.  Chen, Z.  Bai, Y.  Zhang, A.  Jiang, J. Appl. Phys. 2018, 124,  
194102.

[40]	 J. F. Scott, J. Phys.: Condens. Matter 2007, 20, 021001.
[41]	 H.  Yang, M.  Jain, N. A.  Suvorova, H.  Zhou, H. M.  Luo, 

D. M. Feldmann, P. C. Dowden, R. F. DePaula, S. R. Foltyn, Q. X. Jia, 
Appl. Phys. Lett. 2007, 91, 072911.

[42]	 H. Yang, Y. Q. Wang, H. Wang, Q. X. Jia, Appl. Phys. Lett. 2010, 96, 
012909.

[43]	 G. W.  Dietz, M.  Schumacher, R.  Waser, S. K.  Streiffer, C.  Basceri, 
A. I. Kingon, J. Appl. Phys. 1997, 82, 2359.

Adv. Electron. Mater. 2022, 8, 2101392



www.advancedsciencenews.com
www.advelectronicmat.de

2101392  (10 of 10) © 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

[44]	 L. M.  Hrib, A. G.  Boni, C.  Chirila, I.  Pasuk, I.  Pintilie, L.  Pintilie, 
J. Appl. Phys. 2013, 113, 214108.

[45]	 Z.-X. Lu, X. Song, L.-N. Zhao, Z.-W. Li, Y.-B. Lin, M. Zeng, Z. Zhang, 
X.-B.  Lu, S.-J.  Wu, X.-S.  Gao, Z.-B.  Yan, J.-M.  Liu, Chinese Phys. B 
2015, 24, 107705.

[46]	 A.  Tsurumaki, H.  Yamada, A.  Sawa, Adv. Funct. Mater. 2012, 22, 
1040.

[47]	 A.  Chen, W.  Zhang, L. R.  Dedon, D.  Chen, F.  Khatkhatay, 
J. L.  MacManus-Driscoll, H.  Wang, D.  Yarotski, J.  Chen, X.  Gao, 
L. W.  Martin, A.  Roelofs, Q. X.  Jia, Adv. Funct. Mater. 2020, 30, 
2000664.

[48]	 X.-G. Zhang, S. T. Pantelides, Phys. Rev. Lett. 2012, 108, 266602.
[49]	 L. Zhang, J. Chen, J. Cao, D. He, X. Xing, J. Mater. Chem. C 2015, 

3, 4706.
[50]	 S.  Jia, H.  Li, T.  Gotoh, C.  Longeaud, B.  Zhang, J.  Lyu, S.  Lv, 

M.  Zhu, Z.  Song, Q.  Liu, J.  Robertson, M.  Liu, Nat. Commun. 
2020, 11, 4636.

[51]	 J. Shen, S. Jia, N. Shi, Q. Ge, T. Gotoh, S. Lv, Q. Liu, R. Dronskowski, 
S. R. Elliott, Z. Song, M. Zhu, Science 2021, 374, 1390

[52]	 D. V. Lang, J. Appl. Phys. 1974, 45, 3023.
[53]	 L. Pintilie, M. Alexe, J. Appl. Phys. 2005, 98, 124103.
[54]	 M.  Tyunina, J.  Peräntie, T.  Kocourek, S.  Saukko, H.  Jantunen, 

M. Jelinek, A. Dejneka, Phys. Rev. Res. 2020, 2, 023056.
[55]	 D. Kan, Y. Shimakawa, Appl. Phys. Lett. 2011, 99, 081907.
[56]	 A.  Lahmar, K.  Zhao, S.  Habouti, M.  Dietze, C.-H.  Solterbeck, 

M. Es-Souni, Solid State Ionics 2011, 202, 1.
[57]	 L. You, N. T. Chua, K. Yao, L. Chen, J. Wang, Phys. Rev. B 2009, 80, 

024105.
[58]	 A.  Zaffora, D.-Y.  Cho, K.-S.  Lee, F.  Di Quarto, R.  Waser, 

M. Santamaria, I. Valov, Adv. Mater. 2017, 29, 1703357.
[59]	 K. Qian, G. Cai, V. C. Nguyen, T. Chen, P. S. Lee, ACS Appl. Mater. 

Interfaces 2016, 8, 27885.
[60]	 D. Ielmini, Semicond. Sci. Technol. 2016, 31, 063002.
[61]	 J. H.  Lee, J. H.  Jeon, C.  Yoon, S.  Lee, Y. S.  Kim, T. J.  Oh, 

Y. H. Kim, J. Park, T. K. Song, B. H. Park, Appl. Phys. Lett. 2016, 
108, 112902.

[62]	 Z.  Hu, Q.  Li, M.  Li, Q.  Wang, Y.  Zhu, X.  Liu, X.  Zhao, Y.  Liu, 
S. Dong, Appl. Phys. Lett. 2013, 102, 102901.

Adv. Electron. Mater. 2022, 8, 2101392


