Non-volatile bipolar resistive switching in sol-gel derived BiFeO3 thin films
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Abstract:
BiFeO3 thin films are deposited on FTO coated glass substrates using a simple sol-gel
deposition technique, limiting thickness about 70 nm and Ag/BiFeO3/FTO RRAM devices
are prepared. The devices showed low-voltage bipolar switching with the maximum Ion/Ioff ~
450, and low set and reset voltages ~ 1.1 V and -1.5 V, respectively. The devices are stable
against on-off cycles with ~ 104 s retention time without any significant degradation. The
variations in the set and reset voltages are 0.4 V and 0.6 V, respectively. We found that
ohmic and trap-controlled space charge limited conductions are responsible for low and high
resistance states, respectively. The resistive switching mechanism is attributed to the
formation and rupturing of the metal filament during the oxidation and reduction of Ag ions
for the set and reset states.
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Introduction:
The resistive random access memory (RRAM) based non-volatile memory devices are
attracting attention due to their simple device geometry, high switching speed, low power
consumption, longer retention time and switching endurance in conjunction with the
possibilities for scaling up towards practical applications.1-3 This works on the principle of
resistive switching, which can be realized in simple metal-insulator-metal (MIM) capacitorlike structures. The RRAM device switches between conducting and non-conducting states
by manipulating external stimuli, such as electric field.4-6 These devices are explored in
numerous transition metal oxides and perovskites like HfO27, TiO28, Al2O39, Ta2O510,
Pr0.7Ca0.3MnO311, BiFeO312, and SmGdO313. The onset of resistive switching behavior is
attributed to the formation and rupture of conducting filaments14-16, Schottky barriers
polarization induced tunneling effect
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and trap charging/discharging process.20 The

formation of the conductive filament (CF) is proposed as one of the main sources for
switching an RRAM device between the conducting low resistance state (LRS) and nonconducting high resistance state (HRS). The formation and rupture of the filament in RRAM
is attributed to either the oxygen vacancy generation or the diffusion of active metal ions
from the top or bottom electrodes into the active layer under the effect of the extremely high
electric field. 21-28
The formation of the filament is attributed to the presence of foreign atoms, especially
coming from electrodes or intrinsic defects in the active material. The oxidizing metals such
as Ag or Cu are used as the active top electrodes (TE) and inert metals such as Pt or W
bottom electrodes (BE). The active electrode atoms may act as the source for forming a
conducting filament, as foreign atoms in the active layer. The positive bias on TE leads to the
oxidation of active material and the metal atoms start depositing on the counter electrode.
The deposited metal atoms propagate from BE to TE because of the high electric field, and

thus, form a conducting path. This causes a short circuit in the memory cell, bringing the
device in ON state. Further, the filament can be dissolved by applying a negative bias on TE,
causing the memory cell to return to OFF state. The device working on this model is known
as conducting-bridge random access memory (CBRAM) or electrochemical metallization
cells (ECM). In contrast to the foreign atoms based filament approach, high work function
electrodes e.g Pt or W are used as TE for intrinsic defects mediated conducting filament.
Here, the application of positive field forces the migration of oxygen vacancies in the active
layer, leading to the formation of conductive filament. This will bring the memory cell in ON
state, which can be reverted back to OFF state by applying the opposite polarity causing the
rupture of the filament. 29 RRAM working on this model is known as valance change memory
(VCM). When the device is turned ON from OFF state, then it is in Set state and when it is
turned OFF from ON state, is in Reset state. These ON-OFF resistance states (RS) are
reproducible, where ON and OFF states are considered as low resistance state (LRS) and high
resistance state (HRS), respectively. These LRS/HRS memory devices are divided into two
sub-categories: the first one is unipolar RS, where the set and reset states are determined by
the amplitude of the bias voltage and is independent of the polarity and the second one is
bipolar RS where set and reset states depend on bias-polarity.
Various perovskite materials are explored for RRAM application and recently bismuth ferrite
is identified as a potential room temperature magnetodielectric material30-31. The
magnetodielectric properties of bismuth ferrite may provide an additional degree of freedom
to control the magnetic order parameter by external electric field or vice-versa. These thin
films are deposited using pulsed laser deposition (PLD)
gel methods
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and sol-

. However, the large leakage current limits its ferroelectric properties

because of the presence of unintentional oxygen vacancies. In contrast, these oxygen
vacancies can be of great importance, realizing the resistive switching characteristic in

BiFeO3 thin films. The formation of these vacancies depends on thin film growth process.
The recent work on BiFeO3 reports both unipolar and bipolar RRAM characteristics against
an external applied electric field, where the ferroelectric properties and relatively large
leakage current are attributed to the observed memory characteristics
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. These RRAM

memory devices are realized on BiFeO3 thin films deposited using PLD and sputtering.
However, the existence of both unipolar and bipolar resistive switching behavior in BiFeO3 is
not very clear. This motivated us to investigate the switching behavior in the simple and lowcost solution processed BiFeO3 thin films in Ag/BiFeO3/FTO RRAM device configuration.
We have used silver as top contact because of its better conducting nature. FTO is used as
bottom electrode because the small (~0.3 eV) work function difference between BFO and
FTO, which may allow easy flow of electrons at the BFO/FTO interface, even after applying
a small potential difference. The investigated device structure is the first report to the authors‟
knowledge, where silver (Ag) as the top and fluorine doped tin oxide (FTO) as the bottom
electrodes are used to investigate the switching characteristics in BiFeO3 thin films.
In this work, we report the resistive switching behavior of sol-gel derived BiFeO3 thin films
based Ag/BFO/FTO RRAM devices. This particular MIM structure showed relatively lower
operating voltage and power consumptions. The experimental results substantiate that the
switching behavior is bipolar and very stable against ON/OFF cycling. The probable
mechanism for this observed RRAM characteristics is attributed to the formation and rupture
of metal filaments due to the dissolution of TE under a bias voltage. These Ag/BiFeO3/FTO
RRAM devices showed enhanced on/off current ratio and retention time.
Experimental details:
The stoichiometric ratio of bismuth nitrate pentahydrate (Bi(NO3)3.5H2O, 98% Alfa Aser)
and iron nitrate nonahydrate (Fe(NO3)3.9H2O, 98% Alfa Aser) as precursors are used in 10

ml of 2-methoxyethanol to make a 0.3 M solution. The resulted solution is continuously
stirred at 80 °C till a transparent dark brown color gel is formed. This gel is aged for 24 hours
at room temperature to achieve the necessary viscosity for synthesizing thin films. The gel is
spin coated at 3000 revolutions per minute (RPM) for 30 seconds, followed by heating at 350
°C on a hot plate for 5 minutes in the air. This is repeated twice to achieve the desired
thickness for RRAM studies. Finally, the spin-coated BFO thin films are annealed at 450 °C
for 3 hours in air to achieve the desired crystallinity. The thickness of the films is measured
using profilometer and is about 70 nm ± 6 nm. The schematic structures of fabricated RRAM
devices are shown in Fig. 1(a). The silver “Ag” contacts are thermally evaporated on BiFeO3
using a shadow mask. The geometrical dimensions for these contacts such as thickness and
diameter are ~ 300 µm and 500 µm, respectively. The separation between these contacts is
kept about 500 µm. RRAMs are biased with a positive potential at top electrode (TE) in
conjunction with the grounded bottom electrode (BE), Fig. 1(a).
Results and discussion:
X-ray diffraction (XRD) measurements are carried out in the lock-coupled mode using
Bruker D8 powder diffractometer at room temperature with a Cu Kα (λ=1.5406 A˚)
monochromatic incident radiation source, operating at 40.0 kV and 40.0 mA. The scanned 2θ
range is 20°-70°. The step size is 0.02° per second.. The measured XRD diffractogram is
plotted in Fig 1(b) for synthesized BiFeO3 thin films. BiFeO3 thin films are polycrystalline
and crystallized in the rhombohedral crystallographic phase structure. The results are in
agreement with ICDD # 72-2035. A relative texturing along (012) direction is observed for
BiFeO3 thin films, Fig. 1(b), without any impurity phase.

Figure1: (a) Schematic representation of Ag/BiFeO3/FTO/Glass device configuration used in present
investigation, (b) X-ray diffractogram, (c) (.h)2 versus energy (h) and (d) atomic force microscopic
image for BiFeO3 thin films

The optical reflectance measurements are carried out using UV-Vis diffuse reflectance
spectroscopy (DRS) and data is plotted as an inset in Fig. 1(c). The reflectance data is used to
calculate absorbance „‟ using Kubelka-Munk function and (.E)2 is plotted against energy E
in Fig. 1(c). The measured optical band gap is ~ 2.47 eV, consistent with the reported
literature.
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Atomic force microscopic (AFM) measurements are carried out to probe the

surface morphology and the collected image is shown in Fig. 1(d). The microstructure
suggests that films are relatively smooth and root mean square (RMS) roughness is 12±0.4
nm. The observed surface roughness is attributed to the sol-gel deposition process, used for
synthesizing these BFO thin films.

The resistive switching characteristics are carried out using a Keithley 4200-SCS parameter
analyzer. The device configuration is shown in Fig. 1 (a) where positive potential is applied
at the TE and BE is grounded. The measured current-voltage (I–V) characteristics of the
Ag/BiFeO3/ FTO RRAM device is shown in Fig 2(a) under -2 V→ 0 V→2 V→ 0 V→ -2 V
voltage sweep. A compliance current of 10 mA is applied to avoid the hard breakdown of
devices. The direction of current conduction is from bottom electrode to the top electrode
through the BiFeO3 film in these devices as per the applied bias profile. A high voltage is
applied across the device to turn an RRAM device on for the first time and the process is
called electroforming. In the electroforming process, the current rises suddenly from low to
high value, leading to the resistance drop due to the formation of the primary conductive
filament (CF) between TE and BE. This process is shown as an inset in Fig. 2(a), showing an
abrupt increase in current at forming voltage (Vf) = 2.55 V. Further, when a sweep is applied
from 0 to 2 V, an abrupt current increase is seen at 1.15 V in positive bias region. This
increase in current switched the HRS to the LRS and the process is called the set process. The
device is maintained in LRS, while voltage sweeping is carried out from 2 V to 0 V. The bias
voltage is swept from 0 to -2 V without any compliance in the negative bias region, the
current decreased from high to low value around -1.5 V. This sudden drop in current is
attributed to the switching from LRS to HRS and is called the reset process. The device is
maintained in HRS while bias is swept from -2 V to 0. The maximum Ion/Ioff ratio is 450 for
these RRAM devices. The set and reset process depends on the polarity of the applied voltage
and not on the amplitude, substantiating that investigated devices are showing bipolar
resistive switching characteristics.
The reproducibility of the switching characteristics is measured upto 100 multiple cycles and
results are summarized in Fig 2(b). These measurements confirm the reproducibility and
stability of devices even after multiple cycles.

Figure 2: (a) First current-voltage (I-V) switching cycle, (b) Multiple I-V cycles up to 100 cycles with an interval of
20 cycles to ensure clarity in data, (c) retention characteristics i.e. resistance in LRS and HRS states as function of
time, and (d) cumulative distribution for set and reset voltage

The retention characteristics are investigated for LRS and HRS at room temperature for 104
seconds to ensure reliability and results are summarized in Fig. 2 (c). The resistance is
extracted at a read voltage of 0.2 V, which showed a well-maintained storage window. The
resistance values for HRS and LRSs are constant throughout the time without any significant
degradation, Fig 2(c), substantiating the non-volatility of programmed logic states of the
device.

Further, Vset and Vreset voltages are plotted in Fig 2(d) as Weibull's cumulative distribution
function, defined as

,

*

( )+-

( ); where β is the shape parameter of the

distribution and F(V) is the measured voltage (set or reset) function.
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The respective values

of shape parameter  are 6 and 11 for the set and reset voltage functions, respectively. The
variation in reset threshold voltage Vreset lies in the range of -0.9 V to -1.5 V and that for set
voltage in 0.9 V to 1.3 V voltage window. The statistical analysis also yields the average
values 1.15 V and -1.4 V for Vset and Vreset, respectively.
The onset of current conduction mechanisms is investigated to understand the switching
behaviors of BiFeO3 thin films by probing the first I-V cycle in both positive and negative
bias region. The logarithm of current and voltage measurements are shown in Fig 3(a) & (b).
The memory cell starts with HRS initially. The conduction mechanism in RRAM memory
cells, especially for HRS state, is assisted by the trap-controlled space charge limited
conduction (SCLC), which consists of three regions: (i) Ohmic region (I ∝ Vm; m = 1), (ii)

Child‟s law region (I ∝ Vm; m = 2 ), and (iii) the steep current increase region.

40-41

According to this conduction mechanism, at lower voltage (Ohmic region), the injected
carriers are lower than the thermally generated charge carriers, which depends on the applied
electric field and the electronic properties of the insulating materials. The injected carriers
exhibit large relaxation time, which does not allow these carriers to travel through the entire
film thickness. This condition leads the carriers to follow Ohm‟s law (m~1) and the device
remains in HRS state. Further increase in the applied voltage leads to the increase in injected
charge carriers, dominating over the thermally generated charge carriers. This causes filling
of the available trap sites in the film. This brings Ohmic region to space charge limited region
(Child‟s law, m~2). When all the trap sites are filled, the injected carriers are free to move
along the film, leading to a sharp change in current and bringing the device in LRS state. The

Ohm‟s law and Child‟s law region are described as

and

;

where q is the elementary charge, n0 is the free charge carrier concentration in thermal
equilibrium, μ is electron mobility, V is the applied voltage, d is the thickness of thin film and
ε is the static dielectric constant42.
The device switches from HRS to LRS state at 1.1 V during the set process and the slop of IV curve substantiate the Ohmic conduction mechanism in this low voltage region, Fig 3(a) &
(b). The different observed current conduction behavior of LRS (Ohmic conduction) and
HRS (superimposed Ohmic and SCLC conduction) also support that the ON state
conductivity is due to the confined filament effect rather than a homogeneously distributed
charge effect. This further suggests that the active medium is much smaller than the memory
cell size, providing a possibility of high-density RRAM devices.43 The similar current
conduction characteristics are observed for the negative bias region during reset process,
where the transition from LRS to HRS is taking place, Fig. 3(b).
The SCLC conduction mechanism model is used to describe both type of filament formation
i.e CBRAM and VCM as reported earlier44,45. However, resistive switching behaviour of the
devices with active TE (Ag/Cu) is attributed to the formation and rupture of active electrode
metal ion bridge formed between TE and BE under the application of the applied electric
field14,46,47. These observations substantiate that observed switching response in
Ag/BFO/FTO device is due to the formation and rupture of Ag metal ion bridge.

Figure 3: Current-voltage logarithmic plots for (a) set process and (b) reset process; Schematic
representation of (c) Ag atom mediated conductive filament formation and (d) rupturing of the filament

Further, when a positive bias is applied on Ag TE, the metal oxidizes. As a result, Ag+
cations are generated as Ag→Ag+ + e- . These Ag+ ions migrate toward FTO BE passing
through BFO layer under strong electric field and these cations with electrons at BE
recombine as Ag+ + e- →Ag, forming Ag atoms. The continuous accumulation of Ag metal
atoms at the cathode i.e. BE leads to the growth of an Ag conducting bridge, as shown
schematically in Fig 3 (c). This conducting bridge reaches the TE at Vset finally, causing the
onset of RRAM ON state. The transition of ON state, (i.e. formation of metallic bridge)
causing the Ohmic nature of LRS, as observed in Fig 3 (a) & (b). Further, on reversing the
bias polarity, the dissolution of Ag atoms start along the bridge, where power dissipation is
the maximum, because of Joule heating associated electrochemical reaction. This brings
RRAM device back to the OFF state, as explained schematically in Fig 3 (d). 48

Conclusion:
In summary, BiFeO3 thin films are fabricated on FTO coated glass substrates using a simple
and effective low-cost solution derived process. The non-volatile bipolar resistive switching
is observed for Ag/BiFeO3/FTO device configuration with moderate ~ 450 Ion/Ioff ratio. The
device showed large retention characteristics up to 104 s and low switching voltages ~ 1.1 V
and -1.5 V for the set and reset process, respectively. The devices also showed good
reproducibility up to 100 cycles. The dominant conduction mechanisms found are Ohmic and
space charge controlled SCLC in LRS and HRS, respectively for both negative and positive
bias regions. The LRS and HRS states are attributed to the formation and rupture of Ag
conductive filaments substantiating the bipolar resistive switching performance for
Ag/BiFeO3/FTO RRAM devices.
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