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Conventional implantable electronics based on von Neumann architectures encounter significant limitations in
computing and processing vast biological information due to computational bottlenecks. The memristor with
integrated memory-computing and low power consumption offer a promising solution to overcome the
computational bottleneck and Moore’s law limitations of traditional silicon-based implantable devices, making
them the most promising candidates for next-generation implantable devices. In this work, a highly stable
memristor with an Ag/BaTiO3/MnOy/FTO structure was fabricated, demonstrating retention characteristics
exceeding 1200 cycles and endurance above 1000 s. The device successfully exhibited three-stage responses to
biological signals after implantation in SD (Sprague-Dawley) rats. Importantly, the memristor perform remark-
able reversibility, maintaining over 100 cycles of stable repetition even after extraction from the rat. This study
provides a new perspective on the biomedical application of memristors, expanding the potential of implantable
memristive devices in intelligent medical fields such as health monitoring and auxiliary diagnostics.

1. Introduction

Over the years, advances in information technology as well as ad-
vances in medicine have led to a growing demand for implantable
medical devices. Traditional implantable devices such as orthopedic
prostheses [1], cardiovascular devices [2], ocular and cochlear implants
[31, and tissue engineering scaffolds [4], are no longer able to meet the
demands of the current information development. Digitization of de-
vices in the medical industry has become a major trend in development.
So far, a number of wearable and implantable devices have been pro-
posed to monitor patient vital sign information such as blood glucose,
blood pressure, etc. [5,6]. However, these devices do not have the ability
to collect data in real time. At the same time, these digital devices

generate a large amount of data on patient’s signs, which cannot be
efficiently stored and processed by existing systems to accurately
monitor the patient, which becomes one of the most problematic issues
in realizing implantable monitoring [7].

Memristor is regarded as one of the most promising candidates to
solve computing bottleneck problem of traditional von Neumann-based
computing system due to its high operating speed, low power con-
sumption, strong parallel computing ability and computing in memory
[8-10]. These features make it well suited for storing and processing
large amounts of data information in real time. In addition, the extensive
range of materials available for the fabrication of resistive switching
devices determines the unparalleled flexibility of memristor compared
to other implantable devices. Currently, a series of works has been
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devoted to explore the application of memristors in implantable devices.
A memristor based on the Ag/CuMnO,/Ti structure whose conductance
values vary with the magnetic field levels is exhibited, demonstrating its
potential application in health monitoring [11]. A number of polymer
materials have also been used to fabricate memristor for implantable
research, such as silver-doped PDMS, which maintains synaptic func-
tionality even under 60 % strain and can perfectly composite on the
surface of the organism or in vivo, which makes it prospective for use in
implantable or wearable devices [12]. In addition to inorganic mate-
rials, organic materials have become the main focus in the fabrication of
implantable memristor. Chen et al. [13]. prepared a non-volatile
implantable memristor based on the Pt/AIOOH/ITO structure. The de-
vice achieved multi-resistive memristive characteristics and excellent
biocompatibility. Compared with other biological memristor, the
alooh-based memory resistor has a highly reliable multi-level resistive
state, excellent environmental stability, and outstanding antioxidant
performance, showcasing their excellent performance as implantable
devices. Additionally, real-time monitoring and adaptive control of
neuronal populations can be addressed by taking advantage of the fact
that memristor can mimic synaptic behavior. Using the ex vivo hippo-
campal neuron cultures, a real-time adaptive control memristor system
with a W/C + GesSey/SnSe/GesSe; Mix/Ag/GesSes Adhesion/W
structure is showcased. This monitoring-computation-driving paradigm
exhibits high reproducibility and could be envisioned for further
application in automatic detection and inhibition of epileptic seizures in
epilepsy patients [14]. However, the current application of memristors
for biological health monitoring is limited and remains in the prospec-
tive stage, with no real biological implantation tests conducted yet.

Ferroelectric materials stand out among a host of functional layer
materials due to their stable electrochemical properties as well as
excellent ferroelectric properties [15-17]. BaTiOs, as a typical ferro-
electric material, exhibits excellent piezoelectric properties, as well as
facile nano-synthesis and doping-modifiability. These characteristics
make it highly suitable as a functional material for memristors [18-21].
However, it also suffers from a series of problems, the most fatal of
which is that high dielectric losses and low Curie temperatures lead to
reduced device durability, which is not conducive to long-term data
storage and processing [22-24]. Reducing the dielectric loss and
increasing the Curie temperature by doping the BaTiOs with oxides
becomes an effective way to regulate the stability of BaTiOs-based
memristors [25-27]. On the other hand, among many oxides, MnOx--
based memristors have attracted widespread attention due to their
excellent switching speed, superior magnetic field controllability, and
high memristor stability [11,28,29]. The multiple valence states of the
Mn element endow it with robust oxidizing and adsorption capacity.
These distinctive properties position it as a pivotal candidate for
modulating memristors [30,31].

In this work, a memristor with Ag/BaTiO3/MnQO,/FTO structure was
prepared, which exhibited excellent memristive stabilization properties.
The first implantation study of this memristor in animals was conducted,
as well as the implanted memristor in SD rats exhibited remarkable
sensitivity to organismal information. Meanwhile, the memristive
characteristics observed at three stages post-implantation highlighted
the significant impact of voltage-driven organismal ions on memristive
switching signals. Notably, reversible memristive switching behavior
was achieved in implantable testing. This research demonstrates the
feasibility of conducting implantable studies on memristors, showcasing
their promising advantages for sensing applications in medical health
monitoring, assisted diagnosis and treatment, as well as post-operative
health recovery.

2. Experimental section
2.1. Devices preparation

A memristor featuring the Ag/BaTiO3/MnOy/FTO structure was
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fabricated using the magnetron sputtering method. Initially, a 0.1 mm
thick, 20 x 20 mm? FTO sheet underwent polishing to eliminate surface
oxides, followed by cleaning with ultra-pure water and ethyl alcohol.
The BaTiOs and MnO; layers were deposited using magnetron sputter-
ing, with a sputtering pressure of 0.7 Pa, sputtering power of 60 W, and
sputtering time of 60 min. Finally, metal Ag was selectively deposited on
the BaTiOs surface using a metal mask plate with 0.5 mm circular holes,
employing magnetron sputtering at a pressure of 0.8 Pa, a power of 70
W, and a duration of 15 min.

2.2. Material characterization

Energy-dispersive X-ray spectroscopy spectrum (EDX spectrum) and
mapping (EDX-mapping) were used to analyze deposited BaTiO3 and
MnOs; thin film. The cross-section morphology of BaTiO3 and MnO; was
analyzed via scanning electron microscope (SEM). The electrochemical
characteristics of memristor devices were characterized by employing
keysight 2901B.

2.3. Animal experiments

The male Sprague-Dawley rat (8 weeks old) used in this study, pur-
chased from the Experimental Animal Center of Xi’an Jiaotong Uni-
versity, was housed with a 12-h light/dark cycle and free access to water
and chow. This study was approved by the Ethics Committee of the
Animal Experiments of Xi’an Jiaotong University (XJTUAE2024-1547).
The experimental protocol complied with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals. The rat was
weighed and then anesthetized with 1 % pentobarbital sodium solution
(3 mL/kg) by intraperitoneal injection. The rat was fixed in the supine
position, a median incision was made in its abdomen, and then a
memristor was placed on the liver to detect the memristive effect. At the
end of the experiment, the rat was euthanized by injecting air through
the tail vein.

3. Results and discussion

The schematic diagram of the Ag/BaTiO3/MnOy/FTO device was
presented in Fig. Sla, and SEM cross-section of the memristive device
can be found in Fig. S1b, providing a clear depiction of the sandwich
structure and the functional layers comprising BaTiO3 (~320 nm) and
MnO; (~206 nm). Fig. Slc depicts the EDX spectra of BaTiOs films,
revealing the presence of Ba, Ti, and O elements. The corresponding
weight percentages for these elements in the films are 23.43 %, 9.68 %
and 66.89 %, respectively. Then, the existence of the BaTiO3 and MnO,
interface layer was reaffirmed using SEM-EDX elemental mapping based
on elemental analysis of the functional layer interface, as shown in
Figs. Sle-i. It can be observed that the titanium, copper, silver, barium,
and oxygen elements exhibited a uniform distribution on the surface,
aligning consistently with the EDX spectra. In addition, the resistance
switching behavior is further analyzed when MnO; and BaTiOs at
different thickness ratios, as shown in Fig. S2. Here, the thickness of the
MnOs layer is fixed, and the film thickness ratio of MnO, and BaTiOs is
adjusted by changing the thickness of the BaTiOs layer. It can be seen
that the different ratios of thicknesses have not a huge influence on the
memristive performance. However, the device exhibits a larger switch-
ing ratio about 6.3 when the thickness ratio of MnO; and BaTiOs3 is
around 1:1.5, as shown in Fig. S2i-1. When the thickness ratio of MnOs is
larger the device exhibits a better endurance. Besides, the retention
properties of the memristive devices shows a significant decrease as the
thickness ratio of BaTiOs increases, as shown in Fig. S2m-p. It can be
seen that the variation of the thickness of MnO, and BaTiOs is not the
main factor affecting the memristive performance.

It is well known that the implantable devices play a crucial role in
patient health monitoring and postoperative diagnostic assistance. The
integration of smart chips with sensing, storage, and arithmetic
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capabilities in implantable research significantly accelerates the
advancement of implantable devices [30-33]. Unlike previous device
preparation means such as hot-melt extrusion, injection molding and 3D
printing [34-37]. To determine the optimal scanning voltage range, the
typical I-V curves are analyzed for six different voltage window ranges,
where the arrow shows the sweep direction. Here, the 50th circle is
selected for analysis, revealing minimal changes in memristor charac-
teristics under increasing positive voltage. Notably, under the negative
voltage range, the device displayed an optimal resistive switching
window between —2.8 V and 2.8 V, as shown in Fig. S3. Further, it is
analyzed the endurance performance under 100 cycles scanning, as
shown in Fig. S4. Therefore, the —2.8 V-2.8 V loop scan range was
selected to probe the memristor implantation test. The testing procedure
is illustrated in Fig. 1. Initially, pre-implantation tests are conducted on
the memristive device, subjecting it to memristance cycling tests
exceeding 1300 cycles at a bias voltage ranging from —2.8 V to 2.8 V.
Subsequently, the memristive device, connected with conductive wires,
was implanted into the anesthetized abdominal cavity of SD rats. I-V
cycle scanning tests are then performed at a bias voltage of —2.8 V-2.8
V. Finally, the memristive device is extracted, undergoes cleaning pro-
cedures, and it is reinstated for memristive performance testing under a
bias voltage of —2.8 V-2.8 V.

The pre-implantation resistance switching performance of the
memristor device is illustrated in Fig. 2. The schematic of the memristor
with sandwich structure and the crystal structure of the functional layer
are shown in Fig. 2a. Typical I-V curves above 1300 turns are demon-
strated in Fig. 2b, where the arrows label the voltage sweep order. It can
be found that the bias voltage of 0 V-2.8 V causes the device to initially
remain in the high resistance state (HRS). Subsequently, the device
undergoes a resistive transition from the HRS to the low resistance state
(LRS) under a reverse voltage of 2.8 V to —1.8 V. Interestingly, the de-
vice conductance exhibits negative differential resistance (NDR)
behavior at the bias voltage of —2.1 V to —2.8 V, which is mainly due to
the migration of oxygen vacancies in the functional layer [38-41].
Fig. 2c illustrates the dynamic correlation between input and output
signals. The peak output current is achieved when the chosen voltages in
the positive and negative voltage regions reach approximately 2.8 V and
—1.88 V, respectively. In the positive voltage range, currents and volt-
ages exhibit temporal discrepancies, revealing asymmetric characteris-
tics [42,43]. The I-V curves in logarithmic scale are demonstrated in
Fig. 2d. The device always maintains in a LRS when the voltage shifts
from positive bias to negative bias through 0 V, exhibiting a typical
non-volatile behavior [44-46]. On the other hand, the SET process re-
quires a positive voltage sweep, while RESET depends on a negative
voltage sweep, indicating a typical bipolar resistance switching char-
acteristic [47-49]. To further evaluate the performance of the mem-
ristive devices, endurance, retention, and statistical analysis are also
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Fig. 1. Schematic diagram of the implantable testing procedure.

Materials Today Bio 26 (2024) 101096

performed. The cycle-to-cycle measurement above 1300 cycles demon-
strate the robust endurance characteristic of Ag/BaTiO3/MnOy/FTO
memristor as shown in Fig. 2e. The device stability and reliability are
analyzed in Fig. 2f. It can be seen that there is a significant performance
degradation of the memristive device at time scales. In addition, the
HRS/LRS of the memristor show a tendency to become progressively
smaller with the number of scanning turns, as shown in Fig. 2g. This is
due to the fact that the Ag™ of the upper electrode extend to the MnO,
and BaTiOs under the positive voltage, which in turn reduces the
effective thickness of the functional layer, leading to a decrease in the
resistance value and a drop in the device retention characteristics. On
the other hand, the oxygen vacancies in the functional layer are
continuously depleted due to the constant scanning at 2.8 Vto —2.8 V,
which reduces the electron mobility and thus the device stability.
However, it can be seen that the device becomes gradually stable after
decreasing for a period of time. This is the result of the Ag ions continue
to enter the functional layer with the scanning time, causing the resis-
tance to gradually decrease. At the applied voltage amplitude of +2.8 V,
Ag ions can migrate into the MnO, and BaTiOj3 layer faster and reach
saturation. Therefore, the device retention characteristics initially
decrease with the sweeping cycle and then remain relatively stable. The
HRS and LRS of the memristive device conforms to the Gaussian dis-
tribution as shown in Fig. 2h.

The mode of electron hopping between the BaTiO; and MnO; in-
terfaces is analyzed based on fitting in different voltage regions. The
work functions of the four materials (Ag ~ 4.26 eV [50], MnO; ~ 4.44
eV [51], BaTiO3 ~ 4.0 eV [52], FTO ~ 4.6 eV [53]) are labeled in
Fig. 3a. In the positive voltage region, the gradual increase in voltage
causes the BaTiOs layer barrier to narrow, and the electron energy in-
creases and hopping in the form of Fowler-Nordheim emission, as shown
in Fig. 3b. The positive voltage continues to increase (1.2 V-2.8 V),
causing the potential barrier difference between BaTiO3 and MnO; to
decrease, and the main conduction mechanism of electrons is hopping
conduction, as shown in Fig. 3c. Due to the large number of electron
leaps at this time, the device transforms from HRS to LRS. The higher
voltage leads to a transient breakdown of the interface between MnO,
and BaTiOs, and the electron transition is mainly dominated by direct
tunneling, as seen in Fig. 3d. When a small negative voltage is applied
(—0V to —2 V), although the barrier difference between the MnO, and
BaTiOs interfaces increases, the energy barrier of MnO, and BaTiO3 are
narrow at this time, and electrons still have the ability to cross the
barrier. Therefore, the transition mode of electrons at this stage is still
mainly direct tunneling, as shown in Fig. 3e. As the negative voltage
continues to increase (—2 V to —2.8 V), the barrier layers become
thicker, causing the transition mode of electrons to change into Schottky
emission, as shown in Fig. 3f.

Furthermore, the implantable testing on the Ag/BaTiO3/MnO2/FTO
memristor aim to explore the sensitivity of memristive signals to bio-
logical environments. Here, SD rats are selected for intraperitoneal im-
plantation of the memristor, and conductive wires through Ag wire at
the top and bottom electrodes to facilitate testing, as shown in Fig. S6.
Typical I-V curve of three stages at 20-turn intervals is depicted in
Fig. S7. Fig. 4a shows the semi-log I-V curve performance of the Ag/
BaTiO3/MnOy/FTO memristor with different sweeping cycles. The
memristive window area of the device became significantly smaller as
the device was continuous sweeping under bias voltage of —2.8 V-0 V —
2.8V, indicating the biological tissue fluid of the SD rat caused a pretty
dramatic effect on the memristive characters. To visualize this effect, the
memristor device durability is analyzed by the distribution of HRS and
LRS at a reading voltage of —0.12 V, as shown in Fig. 4b. It can be
observed that the HRS and LRS shows phase changes with the sweep
cycle at a reading voltage of —0.12 V, which can be mainly divide into
three stages. In the first stage, the ratio of HRS/LRS is relatively large,
and HRS and LRS present a better distinction between them. As the
device is continuously swept, the resistive state of memristor reaches the
second stage, i.e., the ratio of HRS/LRS decreases significantly, and the
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resistive switching performance decays rapidly. After the 40 cycles of
scanning, the resistive switching is gradually stabilized, and the mem-
ristive performance basically disappears. Fig. 4c shows the retention
testing within three stages after device implantation in SD rats. It ex-
hibits a similar effect to Fig. 4b, in which the retention performance
shows stage changes with time.

Furthermore, the Gaussian distribution of the HRS and LRS are
analyzed as shown in Fig. 4d, indicating there is a tendency toward a
Gaussian distribution in stage 1 and stage 3. However, in stage 2, the
resistance distribution does not align perfectly with a Gaussian distri-
bution. This is due to the infiltration of body fluids around the electrode
when the memristor is implanted into the SD rat. This phenomenon
arises from the infiltration of body fluids around the electrode upon
memristor implantation in SD rats. As bias voltage is applied, ions in the
body fluids enter the functional layer driven by voltage, leading to
distinct stages. In stage 1, a few ions impact memristor performance,
causing fluctuations in HRS and LRS. With an increasing ion presence in
stage 2, memristive behavior sharply declines, resulting in an unstable
period where HRS and LRS poorly fit a Gaussian distribution. During
stage 3, ions saturate the functional layer, stabilizing memristive device
performance. Although HRS and LRS still adhere to a Gaussian distri-
bution, the active involvement of ions significantly increases the con-
ductivity of the functional layer, leading to the essential disappearance
of memristive window.

Moreover, we conducted a deeper analysis of the reversibility by
examining the resistive switching behavior of the memristor after it was
removed from the external environment. The semi-log I-V curve dem-
onstrates that the device undergoes periodic changes with scanning
loops, as depicted in Fig. 5a. The typical I-V curves of the memristive
devices as shown in Fig. S8, and Fig. 5b illustrates the endurance with
160 loops. During the initial 63 loops, the distinction between the HRS
and LRS is minimal. Subsequently, a significant rise in the device’s

switching ratio occurs, reactivating resistive switching and marking
stage 2. The typical semi-log I-V curve of memristive device at different
are shown in Fig. S9. Here, the memristive behavior in stage 2 is
emphasized, ant the stability of the memristive device is analyzed, as
depicted in Fig. 5c. The device exhibits robust stability for almost 100 s
without noticeable performance degradation. Additionally, the distri-
bution of HRS and LRS conforms to a Gaussian statistical pattern, as
shown in Fig. 5d. It effectively demonstrates the outstanding revers-
ibility of the memristive device post-implantation despite a modest
switching ratio. Fig. Se illustrates the alterations in the HRS and LRS of
the memristor before and after implantation. It is evident that following
implantation, the HRS of the test device is reduced compared to the
initial state, while the LRS is increased. This phenomenon primarily
stems from ions entering the functional layer during the implantation
process under applied voltage, with crystal defect sites capturing some
biological ions.

Despite undergoing voltage cycling tests for a certain period, these
ions remain bound from BaTiO3 and MnOs, impacting the conductivity
of memristor. The changes of HRS and LRS contribute to a specific
attenuation of HRS/LRS ratio after device implantation, as depicted in
Fig. 5f. Additionally, the current changes of the memristor before and
after implantation at 2.8 V and —2.8 V are further analyzed, as depicted
in Fig. 5g and h, respectively. It is noticeable that the current at the
maximum negative voltage (—2.8 V) shows a slight increase compared
to the initial state, though the magnitude is not substantial. Conversely,
A distinct current increase is observed under post-implantation state at
the maximum positive voltage (2.8 V). This suggests that the introduc-
tion of biological ions notably improves the conductivity of the func-
tional layer, where Na® and Cl~ identified as the primary ions
contributing to degradation of memristive device. A more visual repre-
sentation of the memristive performance changes is shown in Fig. 5i,
where the performance decay is predominantly reflected in the
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Fig. 5. Memristive characterization of the device after removal from the SD rat body. (a) The I-V curve with current on the logarithmic scale. (b) The HRS and LRS
retention properties under two stages. (c¢) Endurance testing more than 1000 s. (d) Gaussian distribution for HRS and LRS. (e) Box plots illustrating the HRS and LRS
performance changes in memristors after implantation compared to the initial state devices. (f) Box plots illustrating the HRS/LRS ratio changes after implantation
compared to the initial state devices. (§) Compare the change in current values of memristors before and after implantation at applied voltage of —2.8 V. (h) Compare
the change in current values of memristors before and after implantation at applied voltage of 2.8 V. (i) Memristor performance indicators decline before and after

implantation. Where A = (Xposr—implanmtion - Xinitial)/ Xpost—i (Xposr i

alterations of HRS and LRS. Post-implantation, the device exhibits a 49
% increase in LRS compared to the initial state and a 29 % decrease in
HRS, marking the most direct impact on memristive performance.

Therefore, the as-prepared memristor exhibits significant sensitivity
to biological information. Applying this highly sensitive implantable
memristor to biomedical applications has the potential to achieve
monitoring of biological signals [54,55]. This highlights the broad po-
tential of implantable devices based on memristors in medical moni-
toring and diagnosis. On this basis, as shown in Fig. 6, an application
program was designed to monitor blood supply during liver trans-
plantation using a memristor. The migration of blood ions leads to sig-
nificant changes in the conductivity of functional layer materials, which
further affects the memristive behavior of implantable devices. Ulti-
mately, real-time feedback was achieved, promoting real-time moni-
toring during liver transplantation.

4. Conclusions

In summary, a memristor with an Ag/BaTiO3/MnOy/FTO structure
was successfully fabricated by employing magnetron sputtering. The as-
prepared memristive device exhibited highly stable resistive switching
behavior and demonstrated phased responses to biological signals upon
implantation into SD rats. Notably, the device demonstrated remarkable
reversibility after extraction from the rat, underscoring its significant
potential for implantable health monitoring. This pioneering effort

represents the current at +2.8 V, HRS, LRS and HRS/LRS after implantation, Xi,iiq
represents the corresponding values of the memristive device in its initial state.).

e

\//‘ Monitor
—h G
Signal Feedback
Implanted
Reversible
- R

Memristor

Fig. 6. A reversible and implantable memristor for hepatic transplantation
blood supply monitoring.

represents the first implantation trial of a memristor, affirming its
feasibility as a health monitoring device. Based on this, an implantable
memristive device for functional monitoring of blood supply during liver
transplantation is proposed. Furthermore, these findings provide valu-
able insights for future memristors applications of in biological
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information detection, aiding diagnostics, and postoperative recovery
monitoring.
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