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A bio-memristor fabricated with ferritin exhibits novel resistive
switching characteristics wherein memory switching and threshold
switching are made steadily coexistent and inter-convertible through
controlling the magnitude of compliance current presets.

A memristive device based on resistive switching effect encodes
‘0’ and ‘1’ by switching between the low resistive state (LRS) and
the high resistive state (HRS) under an external electric field."
Due to the simple structure, low power consumption, high
operation speed and suitability for 3D ultrahigh density inte-
gration, the memristor has attracted a lot of attention for the
potential applications of information storage, logic circuit and
neuromorphic computing.>® Commonly, resistive switching
behaviour can be divided into two modes: non-volatile memory
switching behaviour in which original LRS or HRS can be
maintained even after the removal of the external electric field,
and volatile threshold switching behaviour in which LRS is
restored to HRS at a low bias voltage.” The former is often used
as a memory device for information storage while the latter is
chosen as a selector in series with a memory device to suppress
the crosstalk problems in a cross-point or a multi-stack structure.’
Moreover, volatile resistive switching also has great potential
applications in the fields of neuromorphic computing and beyond
von-Neumann computer architectures.® Over the past few years,
some researchers have reported that the two types of resistive
switching behaviours can coexist and inter-convert between each
other in a single device with appropriate external stimulations.””®
Most of these functional layers are metal oxides that are fragile
and poorly compatible with organisms, so they are hard to be
applied in flexible and even implantable electronic devices.’
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On the other hand, ferritin is a metalloprotein that can store
and release iron to maintain a suitable level in vivo to sustain
certain physiological functions.'® It bears not only the basic
characteristics of an organic material, such as light weight, easy
fabrication process and mechanical flexibility,"* but also the
features of unique biodegradability, biocompatibility, non-toxicity
and an abundant source that are good for economically viable,
environmentally benign and implantable device applications.'” In
recent years, some efforts have been devoted to the investigation
of the resistive switching characteristics of proteins.'>™* Herein,
we demonstrate that ferritin not only exhibits memory switching
behaviour, but also shows threshold switching behaviour. Both
behaviours can be inter-converted steadily.

Generally, ferritin has a nearly spherical shell and the iron
ions are stored as the mineral core,' as schematized in Fig. 1a.
Under the electric field, iron ions can be released from the
shell, which is possibly responsible for the observed resistive
switching effects.'®'® In the present study, we have fabricated
bio-memristor devices with the sandwich structure of the
Pt/ferritin/Pt on a SiO,/Si substrate. The surface topography and
the thickness of the ferritin film were characterized by atomic
force microscopy (AFM) and scanning electron microscopy (SEM),
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Fig. 1 (a) Schematic diagram of ferritin. The spherical shell consists of
peptide subunits (green) and the mineral core consisting of hydrous iron
oxide (orange). Lower right panel is the schematic illustration of the
Pt/ferritin/Pt memristor on the SiO,/Si substrate. (b) Non-volatile memory
switching and volatile threshold switching of the Pt/ferritin/Pt device
obtained with different current compliances.
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respectively (Fig. S1 and S2, ESIt). The results show that the
ferritin film has a promising morphological uniformity with a
root-mean-square (rms) roughness of ~3 nm and a thickness
of ~250 nm. In addition, X-ray photoelectron spectroscopy
(XPS) indicates that the iron ion of the protein is trivalent
(Fig. S3, ESIY).

To investigate the resistive switching behaviour of the
Pt/ferritin/Pt device, the current-voltage (I-V) characteristics
were measured using a Keithley 4200 semiconductor character-
ization system at room temperature. It is evident from Fig. 1b
that both memory switching and threshold switching behav-
iours are achieved by adjusting the compliance currents (CCs).
When the CC is 100 nA, we observe the threshold switching
behaviour under DC voltage sweeps (0 V — 4V — 0 V) at room
temperature. Upon sweeping from 0 to 4 V, the current level
abruptly increases at about 1.0 V and reaches the LRS; this is
defined as the SET operation, and the voltage is defined as Vy,.
Then upon sweeping from 4 to 0 V, the current level abruptly
decreases at about 0.15 V and the device is switched back to the
HRS; this is defined as the RESET operation, and the voltage is
defined as Vj,01q. Subsequently, we adjust the CC to 100 pA. The
resistive switching behaviour is converted to memory switching.
With the increase of the positive voltage, the device switches
from the HRS to the LRS at about 1.3 V (this is also defined as the
SET operation, wherein the voltage is defined as V) and the
LRS can remain stable for a long time (>6 x 10° s, as shown in
Fig. S4, ESIt) after the removal of the voltage. Then, upon
sweeping the voltage reversely, the device switches back to the
HRS at about —0.4 V (this is also defined as the RESET operation,
wherein the voltage is defined as Vjesei). This means that the I-V
characteristics exhibit a typical non-volatile bipolar switching
behaviour. It is noteworthy that an unusual current increase can
be observed in the negative sweep, wherein the CC of 100 pA has
been employed in the respective positive scan to protect the
device from current overshot and permanent breakdown. This
can be ascribed to the discharging procedure of the parasitic
capacitance of the semiconductor characterizing system and the
ferritin device."®

Furthermore, we explore the electrical switching properties
such as the resistance of HRS/LRS and switching voltages of
Vset aNd Vieger, as shown in Fig. 2. Fig. 2a displays the endurance
characteristics of the non-volatile HRS and LRS for 70 switching
cycles (read at 50 mV). Although the resistance in the ON state
(LRS) and the OFF state (HRS) shows a slight fluctuation, the
effective switching window is still clear in our device. The
median resistance values of LRS and HRS are ~510 Q and
~4 x 10® Q, respectively. And the ON/OFF ratio is larger than
10° during the multiple consecutive voltage cycles (Fig. 2b).
Further improvement of the device ON/OFF ratio can be made by
inserting a metal oxide insulating layer between the electrode
and the switching medium, which greatly suppresses the leakage
current of the HRS.'® Fig. 2¢ shows the cumulative distribution
of SET and RESET voltages in the same 70 consecutive switching
cycles. It is found that the SET and RESET voltages range from
0.5 Vto 2.2 Vand —0.16 V to —1.1 V respectively, and the SET
voltage is generally larger than the RESET voltage.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Endurance performance, (b) resistance and (c) switching voltage
distributions of the non-volatile memory switching with a CC of 100 pA.
(d) Typical I-V curves with three different CCs of 5 pA, 100 nA and 10 nA.
(e) Reproducibility and (f) switching voltage distribution of the volatile
threshold switching.

It is worth noting that the volatile threshold switching can
be held readily when the CC is less than 5 pA. And yet, thres-
hold switching and memory switching are random when the CC
is between 5 pA and 100 pA. Fig. 2d shows the I-V curves with
three different CCs of 5 pA, 100 nA and 10 nA. From this figure,
we can see that they all show typical threshold switching
behaviours. When sweeping the voltage reversely, a symmetric
threshold switching loop can also be obtained, as shown in
Fig. S5 (ESIt). Besides considering the CC, the impact of voltage
is also studied. Fig. S6 (ESIt) shows the I-V curves at different
sweeping voltages of 1V, 1.5V, 2V, 2.5V and 3 V with the CC
of 5 pA. It is found that the device can maintain the threshold
switching behaviour at all sweeping voltages from 1 V to 3 V,
implying that voltage has very little impact on the switching
behaviour. The reproducibility of the threshold switching and
the cumulative distribution of V4, and V;,414 are also studied, as
shown in Fig. 2e and f, which demonstrate minor fluctuation
but are still applicable for selector applications.

More importantly, memory switching and threshold switching
are made inter-convertible through controlling the magnitude of
the CCs. First, the voltage-sweep mode is used for evaluation
(Fig. 3a). It can be seen that the device can convert from threshold
switching to memory switching repeatedly. Second, the pulse
mode is used (Fig. 3b). When a stimulating pulse (amplitude of
1V, width of 15 s) is applied, the response time of current is 0.7 s
(with the CC of 100 pA) and 2.2 s (with the CC of 100 nA),
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Fig. 3 (a) Transition between volatile and non-volatile switching with
different CCs of 100 nA and 100 pA. (b) The responding current (black or
red line) of a stimulating pulse (blue line) for the CCs of 100 nA and 100 pA.

respectively (Fig. S7, ESIt). The responding speeds, though
relatively slower than that of the electronic devices, are never-
theless compatible with and suitable for physiological applica-
tions. Moreover, the current values (read at 0.1 V) have a great
difference between two different CCs of 100 pA and 100 nA.
When the CC is 100 pA, the current is about 60 pA which is
slightly less compared to the CC (that is, the resistive switching
is non-volatile); when the CC is 100 nA, the current is about
2.5 pA which is far less than the CC (that is, the resistive
switching is volatile). These results further confirm that memory
switching and threshold switching are made inter-convertible
through controlling the magnitude of CC.

To understand the current transport mechanism inside
the thin film, the non-volatile I-V curve is replotted in the
log(I)-log(V) scale of Fig. S8 (ESIf). It is found that the conduc-
tion mechanism of the HRS at a low voltage is dominated by
ohmic conduction (the slope of log(I)-log(V) curve is ~1). Upon
the increase of applied voltage, the curve becomes slightly
steeper and the slope is 1.7 (the linear relationship can be
regarded as I oc V?), which indicates that the space-charge-
limited-current (SCLC) conduction mode is activated.’” When the
applied voltage approaches the threshold, the HRS is converted
to the LRS and the logarithmic plot of the -V characteristics in
the LRS is fitted with a straight line (slope = 1), indicating that the
conductive current in the LRS also follows Ohm’s law. The
transport mechanism of the volatile switching behaviour is
similar (Fig. S9, ESIT).

In order to probe the resistive switching mechanism in
ferritin film, local electrical conduction is investigated by con-
ductive atomic force microscopy (C-AFM) using the Pt-Ir canti-
lever tip as the top electrode (Fig. 4a). With the limited current
compliance of the microscope (1.25 nA), the I-V curve demon-
strates a volatile behaviour similar to that of the Pt/ferritin/Pt
device (Fig. 4b). On the other hand, the current map of the
pristine ferritin film has no apparent leakage at 50 mV (Fig. 4c),
while multiple conductive spots arise when the applied voltage
is increased to 1 V. This directly implies that the filamentary
conduction mechanism is responsible for the resistive switching
in ferritin devices (Fig. 4d). Considering the chemically inert
nature of the platinum electrode, we propose that iron ions are
the sources for constructing conductive filaments in ferritin
films." In the case of low CC preset (below 5 pA for the macro-
scopic device, for instance), the dimension and strength of the
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Fig. 4 (a) Simplified schematic diagram of the C-AFM measurement.
(b) I-V characteristics of a single spot. (c) and (d) Current distribution upon
being subjected to voltages of 50 mV and 1V, respectively.

conductive filament would be really limited, which leads to the
easily rupturing nature and thus volatile switching behaviour of
the device.*” When the CC preset is high enough (e.g. (100 pA)),
memory switching can be expected with strong and stable con-
ductive filaments. The schematic illustration of the mechanism is
shown in Fig. S10 (ESIt).

In summary, a biocompatible memristor device based on
natural ferritin has been fabricated. The device not only exhibits
a non-volatile memory switching behaviour, but also shows a
volatile threshold switching behaviour. More significantly, the
two behaviours can be made reliably inter-convertible by control-
ling the magnitude of compliance current presets. The features
mentioned above make it promising for novel logic and bio-
electronic device applications.
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