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Abstract

We demonstrate memristive functions of the room temperature thermoelectric material Bi-Se
fabricated by electrochemical deposition in combination with active electrode Ag-based
contacts. We present microfabrication steps for creating polymer molds for the growth of
compact memristive films. The electrical measurements show clear forming-free resistive
switching behaviour for the electrochemically deposited material while temperature dependent
measurements point to Schottky and space-charge-limited-current conduction mechanisms. For
the envisioned combination of the memristors with a thermoelectric device we can conclude that

electrodeposition is a viable method to produce silver-chalcogenide based non-volatile

memristors for co-integration in zero power sensors.

Supplementary material for this article is available online

Keywords: memristor, resistive switching, bismuth selenide, microfabrication, electrodeposition,

thermoelectric

(Some figures may appear in colour only in the online journal)

1. Introduction

The growing trends of miniaturization, reduction of power
consumption and increased portability of IoT devices call for
integration of components, using the same materials to per-
form multiple functions. If based on the same fabrication tech-
nology, this offers advantages in reduction of complexity and
costs for device fabrication. In microsystems technology the
co-integration of functions is applied for example for pass-
ive or zero power sensors, combining energy harvesters with
sensor functions. Zhang et al have integrated a thermoelec-
tric material into a microstructure capable of self-powered
pressure and temperature sensing [1], while Fu et al used
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Cu-ZnO nanowires as a nanogenerator with H,S gas sens-
ing functionality [2]. Abunahla er al demonstrated the co-
integration of Ag/TiO,/Cu memristors and proposed a sensing
crossbar structure to detect gamma radiation [3], while Vahl
et al presented the concept and modelling of memsensors that
respond to external stimuli [4].

Here we propose electrodeposition (ECD) as a versat-
ile additive manufacturing technology for the fabrication of
functional devices on polymeric substrates and for the co-
integration of thermoelectric based heat flux sensors with a
non-volatile resistive switching memory to sense and log crit-
ical values of temperature differences or heat flux. The applic-
ations are manifold, like in logistics and remote applications
where constant monitoring is not typically applied [5]. The
combined TEG-memristor devices therefore offer a solution
between constant monitoring of quantities that requires com-
plex battery powered electronics and single use indicators
that are non-reusable and offer less flexibility when sensing
external physical quantities.

A concept study with a commercial TEG (TPG-751) and
first samples of electrodeposited memristors demonstrate the

© 2021 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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Figure 1. Concept study of the envisioned combined device. The temperature difference across a TEG directly triggers resistance changes

in a memristive device.

proof of concept (figure 1) (for details see the S.I. (available
online at stacks.iop.org/JMM/31/095004/mmedia)) and allow
evaluating design and material options for the co-integration
of TEG and memristor. The voltage output of the TEG was
directly connected to the electrodeposited Ag/Bi-Se memris-
tor as schematically shown in figure 1(a). Once the temperat-
ure difference across the thermoelectric device is sufficiently
high, the TEG output voltage exceeds the memristor switching
threshold, causing ion transport to change the overall resist-
ance of the device (figure 1(b)). After the temperature differ-
ence is lowered, the resistance drops and drifts to a more stable
value until an ‘erase’ event where a voltage of the opposite
polarity is applied.

The advantages of the envisioned concept of co-integration
based on microfabrication processes and electrochemical
deposition yield restrictions on device design and material
combinations, for example similar device thickness for the
TEG and the memristor, similar lateral dimensions and mater-
ial combinations that can be deposited simultaneously.

With common material selection in mind for both devices,
the material should also display good thermoelectric proper-
ties. The best thermoelectric materials for operation around
room temperature to date are metal-chalcogenides, such as
Bi,Tes, BiSes, SbyTes and different ternary compounds of
these materials [6, 7]. Among these, BiySe; is also known
to have topologically insulating properties with highly con-
ducting topologically protected surface states, interesting for
spintronics and quantum computing applications [8]. This
wide range of different physical material properties make bis-
muth selenide interesting for autonomous sensor applications,
where combined functions and compatible process flows are in
demand. Memristive devices are two terminal elements where
a sufficiently high external voltage can reversibly influence
the internal resistance and switch it between two or more
stable states. Their non-volatility and non-linearity make them
attractive for use in computer memory applications [9], logic

circuits [10], neuromorphic computing [11] and analogue non-
linear circuits [12]. Memristors are commonly fabricated by
sputtering, CVD or ALD, however electrodeposited memris-
tors have so far mainly been shown in oxide based CuO,
[13],Zn0O [14], HfO;,, Nb,Os [15] or germanium chalcogenide
GeSbTe [16], GeS, [17] devices.

Resistive switching was also reported in Bi,Se; by Tulina
et al for sputtered and Bridgman method grown single crystals
with large area millimetre sized Ag contacts [18, 19]. How-
ever, up to date, the use of ECD to fabricate Bi,Se, based Ag
memristive devices has not been reported.

We select Bi,Se, and ECD for the memristor because it
allows co-integration of thermoelectric based heat flux sensors
and accommodate the design requirements to maintain a suf-
ficiently high temperature difference across the thermoelec-
tric device. ECD is commonly used to fabricate thermoelectric
harvesters and sensors [20] and offers the advantage of filling
small holes as well as covering larger device areas. It is a low
cost, facile and scalable method that enables control over crys-
tallinity, composition, doping and thickness by adjusting the
process parameters [21, 22]. ECD and co-integration reduces
the fabrication complexity, saves resources and allows integra-
tion on larger, even flexible areas for patch like structures and
as part of RFID tags, which are remotely readable and prefer-
ably erasable [23].

In this paper we demonstrate the feasibility of fabricat-
ing Ag/Bi-Se memristive devices with electrochemical depos-
ition, focusing on the characteristics such as low switch-
ing thresholds and obtaining non-volatile behaviour. We first
present the microfabrication of SU-8 polymer templates and
follow up with ECD of Bi,Se, with potentio- and galvano-
dynamic methods for depositing thick embedded memristive
pillars. The fabrication is followed by material characteriza-
tion and electrical characterization of the memristive transport
properties. The constraints by the envisioned co-integration
are applied and evaluated for use in combined systems.
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2. Experimental

The devices were fabricated using a bottom-up approach by
growing Bi,Se, with electrochemical deposition (ECD) from
a liquid electrolyte solution. In order to confine the growth
to specific locations and dimensions, molds were fabricated
using microfabrication techniques shown in figure 2(a). The
dies were made by first applying a photoresist lift-off tech-
nique (AZ1505, LORS5B) to pattern the four separate bottom
metal contacts onto a Si wafer with a 2 pm thermally oxidized
surface layer for preventing electrical conduction between the
electrodes. A 10 nm Ti adhesion layer, followed by a 200 nm
Au layer were sputtered onto the pattern and the unwanted
parts were lifted-off using DMSO (TechniStrip Micro D350).
The electrodes served both as a working electrode (seed layer)
for ECD, as well as a common bottom contact of the memrist-
ive devices. A chemically resistant SU-8 polymer layer was
deposited by spin coating, followed by UV photolithography
to pattern the circular holes for material growth. The wafer
was diced into 2 x 2 cm dies, containing approximately 1000
holes of different diameters, ranging from 10 to 500 pm. This
way, templates of different aspect ratios and dimensions were
fabricated, with (SU-8) thicknesses of 10, 20 or 30 um. A com-
mon problem with electrodepositing into microstructures is to
only expose the metal seed layer inside the molds and prevent
liquid penetration and ECD from occurring at the connections
to the instruments. This would faster deplete the electrolyte,
add additional resistance to the setup and change the charge
transfer and applied voltage during the deposition. To this end,
a custom PTFE die holder was designed to electrically con-
nect and hold the microfabricated dies in place with copper
clips, while two concentric Viton O-rings were used to only
expose the micromolds to the electrolyte (figure 2(b)) and pre-
vent leaks of the nitric acid based solution.

Bismuth selenide was electrochemically deposited with a
three electrode setup from an aqueous nitric acid based solu-
tion (0.5 or 1 M), containing equimolar concentrations (1.5, 3
or 6 mM) of bismuth nitrate pentahydrate Bi(NO3)3-5H,0O and
selenium dioxide SeO,. The die was connected as a working
electrode and a Pt coated Ti plate was used as a counter elec-
trode to close the circuit. An Ag/AgCl double junction refer-
ence electrode was used for potential monitoring with a Met-
rohm Autolab PGSTAT302 responsible for supplying voltages
or currents. Prior to deposition, the solution was ultrasonicated
and deaerated with N, gas to eliminate bubbles trapped in the
template holes. The pH was adjusted to around 1 by dropping
concentrated nitric acid into the solution, which was heated in
a water bath to 40 °C and stirred with a PTFE coated magnet
throughout the deposition.

While ECD offers the advantages of deposition into micro-
molds, the parameters have to be carefully adjusted to the
geometries to yield the desired material properties. In order
to test the flexibility of the method and accommodate the
thicker thermoelectric device requirements, several electro-
plating methods have been explored. We start with the cyc-
lovoltammetric (CV) investigations of the electrochemical
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Figure 2. Fabrication of microtemplates. (a) Microfabrication of
dies for the templated electrodeposition process. (b) Die clamped in
a custom PTFE holder for ECD.

potentials at which reduction and oxidation occur. We eval-
uate the use of constant vs. pulsed potentiodynamic depos-
ition methods and explore how different deposition cycle
timing affects the growth. The requirement of thicker films
can introduce a progressive increase of resistance from the
already deposited material and change the growth as the size
increases. To mitigate this by better controlling the num-
ber of electrons involved in the reaction, an approach of
galvanodynamic deposition was investigated and evaluated
with EDX.

In order to understand the reactions taking place at the
working electrode, CV sweeps from —0.8 to 0.8 V (vs. ref-
erence electrode) with a rate of 100 mV s~! were measured.
Singular depositions of either Bi or Se on a Au coated Si die
were performed from 1 M HNOj3 aqueous solutions containing
6 mM Bi(NO3)3-5H;0 or 6 mM SeO,, respectively. For cyclic
voltammetry of Se on Bi (figure 3(b)), Bi was first deposited at
a constant voltage of —0.05 V for 20 min on a Au coated die.
Similarly, Se was deposited at —0.35 V for 20 min. As seen
in figure 3(a) for the deposition of Bi on Au, the reduction
occurs in the negative voltage range with a significant peak at
—0.06 V (labelled ‘T’), attributed to the reduction of Bi:

Bi’T + 3¢~ — Bi’. (1)

The broad peak in the anodic scan with a maximum around
0.1 V (‘II’) represents bismuth oxidation back to Bi**,
whereas the small peaks at 0.17 and 0.24 V (‘II") result from
deposition and stripping of a Bi monolayer [24].

Further negative voltages below —0.7 V in all sweeps cause
hydrogen evolution:

2HT +2¢~ — Ho. )
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Figure 3. Cyclic voltammetry of Bi, Se on Au (top) and combined
Bi, Se solutions (bottom) on an Au sputtered electrode vs a 20 pm
thick micro template. The middle graph shows CV sweeps of Bi on
previously deposited Se and Se redox sweeps on previously
deposited Bi.

Depositing Se on Au (figure 3(a)) can be described by the
reaction:

Se*t +4e= — Se?, (3)

with a peak occurring at —0.41 V (‘IV’) where most reduc-
tion occurs. At lower potentials, solid deposited Se is further
reduced to soluble Se?~ [24].

The co-deposition from a 6 mM Bi(NO3)3-5H,0 and 6 mM
SeO, 1 M HNOs solution is shown in figure 3(c). A broad cath-
odic peak around —0.04 V (‘V’) is attributed to the reduction
of BiySes;, whereas negative potentials around —0.6 V (‘VI’)
further reduce the electrodeposited selenium to selenide.

3Se*t +2Bi* " +18e™ — BiySe; (s), (4)

Se(s) +2e~ — Se ™. )

The anodic scan direction shows oxidation of Bi to B3t at
0.1 V (‘VII’), as seen in the Bi-only CV sweep. An additional
peak appears at 0.4 V (‘VIII’) where Bi,Se; is oxidized to
Bi*t and Se*t, also visible in the scan of Bi on a Se sub-
strate (figure 3(b), ‘IX’). At higher potentials around 0.8 V, the
free Se oxidizes to Se**. The sweep of Se on pre-deposited Bi
(figure 3(b)) shows an opening in the CV sweep, likely due

a) Constant ECD Potentiodynamic— pulsed ECD
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Figure 4. Electrodeposition into molds. (a) Top views and
cross-sections of constant deposition at 0 Vpgp, vs. adjusted
potentiodynamic deposition at 0 Vpgp, 0.2 Vrgst. (b) EDX atomic
concentration measurements along 12 pm of the cross-section from
a 0 Vpgep/0.5 s, 0.2 Vrest/S s deposition.

to the additional stripping of Bi at positive voltages. When
the voltages return towards zero, the reduction of Se is also
occurring on the stripped locations with the exposed gold sub-
strate that shifts the peak locations and causes the discontinu-
ity. With CV sweeps performed on microtemplates, the diffu-
sion limited transport of reactants to the deposition sites and a
smaller area exposed to the electrolyte result in a smaller cur-
rent and a slight shift of the redox peaks (figure 3(c)).

Based on the CV experiments, we deduced that a voltage
window from —0.4 to 0.2 V was appropriate for material
growth by BiySe; reduction. At lower negative deposition
potentials, the deposits did not form a compact structure (see
S.I., figure 1) whereas high positive potentials yielded no
deposition. Experimentally it was determined that instead of
applying a fixed reduction potential for deposition, a pulsed
voltage signal alternating between a depositing potential and
a resting potential yielded more dense and smooth structures.
During the deposition time the reduction of ions from the solu-
tion occurs at the seed layer and continues to fill the mold
bottom-up. A resting potential, where according to the CV
sweep, no oxidation or reduction occurs allows for the side
products of the deposition to diffuse away and new react-
ants to reach the deposition sites. A comparison of differently
timed depositions performed at the same 0 Vpgp and 0.2 Vggst
potentials (vs. reference electrode) can be seen in figure 4(a).
Depositing at 0 Vpgp for 0.5 s with a resting potential at
0.2 Vggsr for 5 s yielded the best results in terms of film com-
pactness (figure 4(a), right), whereas a longer pulsed depos-
ition time of 1 s resulted in more dendritic growth (figure 4(a),
middle). With geometrical variations of microtemplates, a CV
sweep was performed prior to the start of the deposition to
accurately tune the potentials around 0.2 and 0 V. An EDX
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Figure 5. X-ray diffraction of electrodeposited Bi,Ses films show
the presence of an orthorhombic crystal structure (here shown for
two samples deposited at the same conditions). An XRD scan of the
substrate is included in the S.I.

scan for eight vertical positions along a broken-off cross-
section of such a deposit at six different horizontal locations
(error bars) shows a Se-rich uniform composition throughout
the thickness of the devices (figure 4(b)). The growth rate of
the templated deposits with the above mentioned parameters
was roughly 1 pum per hour and left until the deposits slightly
overgrew out of the templates.

To further investigate the crystallinity and structural prop-
erties, x-ray diffraction measurements were performed. Given
that the spot size of the XRD was too large to adequately ana-
lyse the material embedded in the microtemplates, a depos-
ition of thin-films was performed on Au sputtered Si dies
for the XRD scans seen in figure 5. The XRD scans of two
samples deposited with the same conditions 0 Vpgp/0.2 VRgsr,
0.5 s tpgp/5 s trest for 7.6 h exhibit pronounced peaks in the
(112) and (020) directions and match an orthorhombic Bi,Se;
structure as found in literature [25]. No additional pronounced
peaks are displayed, indicating that the excess Se observed
from the EDX measurements is likely in interstitial positions
without additional agglomeration that would be pronounced in
the x-ray diffraction.

Similarly to the potentiodynamic deposition, a resting
period of 5 s where the current remains zero Irgst = 0 was
applied with the galvanodynamic method. During the depos-
ition pulses of 0.5 s, a constant current value was chosen.
Figure 6 presents the resulting deposits grown at different
deposition current values, that show a decrease in selenium
content with increasing current. A deposition current dens-
ity of around 80 A m~? corresponds to 3:7 Bi:Se ratio dis-
played with the potentiodynamically deposited pillars at 0 V
in figure 4(b). Along with increasing surface roughness, the
deposits grow at a faster rate with higher deposition currents.

The depositions used for further fabrication of memrist-
ive devices were overgrown and manually polished using a
grit 4000 SiC paper to make the deposits level with the SU-8,
which allowed subsequent deposition of the top contacts. After
Arion surface cleaning, 150 nm of Ag was evaporated through
a shadow mask on top of the deposited structures, so that the
top electrode covered the whole surface of each deposit. A
Signatone probestation was used to contact the bottom layer

(common to all devices on one electrode) and a top Ag con-
tact of each device. Keithley 2400 SourceMeter was used
to acquire current—voltage characteristics and source pulses,
while a Temptronic TP03210 chuck, Tektronix AFG310
function generator and R&S RTB2004 oscilloscope with a
transimpedance amplifier DLPCA-200 were used to perform
temperature dependent measurements and scaling tests in
figures 10—12. The characterization included in this paper
presents measurements of multiple devices from different fab-
rication runs (a detailed table listing the devices is included in
the supplementary information). The reported behaviour was
repeatedly observed in our devices, however at this point a stat-
istical analysis has not been not performed.

3. Results

The current—voltage curve in figure 7 shows a typical bipolar
memristive pinched hysteresis comprising two distinct low
resistance (Ryrs) and high resistance (Rygrs) slopes, ranging
around 7.6 kOhm and 1 MOhm for a 30 pum thick device with a
75 pm diameter, deposited with the potentiodynamic method.
Starting from 0 V, as the voltage increases in the positive dir-
ection (+ on the Ag top contact), the current experiences a
drop in magnitude at around 0.1 V, leading to a higher resist-
ance of the device. Applying a sufficient voltage of the oppos-
ite polarity results in a transition from high resistance back to
the initial low resistance state. The devices exhibit low switch-
ing thresholds around 100 mV for both polarities and display
non-volatile behaviour, meaning that the resistance stays in
the same state when the external voltages are removed. As
seen in the inset of figure 7 and discussed later, no memristive
effect was observed when using Au as both the top and bottom
electrodes.

Both SET and RESET processes for the same device shown
in figure 7 are replotted in a log-log plot in figure 8. The slope
values around 1 indicate an ohmic transport regime at low
voltage regions with both polarities. In the non-linear regime,
a number of conduction mechanisms have been previously
discussed in memristive devices and can be either electrode-
limited (Schottky emission, Fowler-Nordheim or direct tun-
nelling, Thermionic-field emission) or bulk-limited (Poole-
Frenkel emission, Space-charge-limited conduction, hopping,
ionic or grain boundary limited conduction) [26]. To discern
between the different mechanisms, we here examine the /-V
characteristics in more detail.

Looking closely at the negative portion of the IV sweep
(figure 8), four separate regions can be distinguished, typical
for trap governed and space-charge limited conduction regime
[26, 27]. At low voltage levels, the current is linearly propor-
tional to the voltage through Ohm’s law / o< V and thermally
generated charge carriers govern the transport. As the voltage
increases, the injected charge carriers start prevailing over the
thermally generated electrons and dominate the conduction,
resulting in a square-law region I oc V2. Upon further voltage
increase, the traps in the interface region get filled by injected
electrons and display a high current 7 < V'!. Once all traps
are filled, the trapped electrons start repelling the injected
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Figure 7. Current—voltage pinched hysteresis. IV characteristic
displaying a clear memristive pinched hysteresis for a 30 um thick
75 pm diameter device. The inset shows an IV sweep with no
hysteresis for both top and bottom Au electrodes.

charges and the current—voltage relation returns to the square
law I oc V2, known as space charge limited current. Trap filling
and space-charge-limited bulk conduction effects are therefore
observed in the negative voltage sweep.

In the positive sweep direction, the same curves were
replotted as In(/) vs. \V and In(I/V) vs. VV to determ-
ine whether the devices exhibit Schottky or Poole—Frenkel
behaviour (figure 9). The linearity shows that the observed
transport is closer to the electrode-limited Schottky type beha-
viour, following the typical emission regime:

—(6- VaEiem0)

J=AT?e kT , (6)

where A is the Richardson constant, ¢ the barrier height, T
temperature and J the current density.

Temperature dependent measurements in figure 10 show
that the HRS to LRS voltage threshold under negative bias dis-
plays no significant change, with no energy barrier comparable
to kT. The LRS to HRS transition voltage threshold, however,
shows temperature dependency and shifts to lower values with
increasing temperature.

Bi,Se, displays a small bandgap lower than 0.3 eV for
rhombohedral Bi,Se; [28], smallest indirect gap 42 meV for
BiSe [29] and 0.9 eV for orthorhombic Bi,Sez [25]. The con-
tact region may contain a number of phases with the distribu-
tion of band gaps (0.02-0.2 eV, 0.6 V for Ag,Se and AgBiSe;
[30, 31]) and very similar work functions (4.3 eV silver,
Bi 4.25 eV [32], AgySe of 4.3 eV [33]). This results in com-
plex electrochemistry at the contact, which overall gives the
desirable properties for the observed memristive behaviour.
However, due to lack of methods that would allow obser-
vation of ionic transport in unmodified memristive devices
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Figure 9. Poole—Frenkel and Schottky plots. Non-linear portion of
the HRS in the positive sweep plotted in a Poole-Frenkel plot and
Schottky plot. Blue dots indicate the experimental data while the red
line shows a linear expected slope in each regime.

[34] it is difficult to discern the dominant switching mechan-
ism that can often appear as a combination of several effects.
The resistance changes are a result of redox reactions tak-
ing place in the memristive materials and can be caused by
voltage or local current-induced temperature. Electrochemical
metallization mechanisms (ECM) involve dendritic growth

Current [A]

30°C
_3 L L L L L ]

-0.2 0
Voltage [V]

0.2 0.4 0.6

Figure 10. Temperature dependence. Voltage threshold lowering
with temperature in the positive sweep direction and insensitivity of
the HRS to LRS transition threshold. The inset shows points taken
at the LRS to HRS transition at different temperatures, as indicated
by the red arrow.

of active electrode materials such as Ag to bridge the two
electrodes and form conductive paths. In transition metal
oxides, thermochemical mechanisms cause the formation of
conductive filaments through thermal breakdown of oxides
bridging the two electrodes. Valence-change mechanisms can
occur in filamentary switching or at a localized area around
the electrode interface [35]. This type of memristive behaviour
was previously shown in sputtered and sublimated Bi,Se, by
Tulina et al [18, 36] and explained by redistribution of Se ions
which move under electrodiffusion at sufficiently high elec-
tric fields. At the local region around the silver contact, Bi,Se,
forms selenium vacancies which exhibit low formation energy
and act as electron donors. Anti-site defects, grain boundar-
ies and impurities result in increased electrical conductivity
around the top electrode. When a positive voltage is applied on
the Ag electrode, selenium anions from bulk start to migrate
towards the electrode interface region, filling the vacancies and
thereby changing the resistance around the interface to a high
value. Applying a negative voltage (— on the top Ag electrode)
causes the Se anions electromigrate back to the bulk leaving
vacancies near the interface region, resulting in Ry rs [18].
No forming voltage was required to obtain the hysteretic
behaviour, as typical for interface-type memristors. According
to Pan et al [37], the low resistance state should be inversely
proportional to the memristor device area with interface-type
switching behaviour. Therefore the interface-type behaviour
with local redistribution of dopants was verified by perform-
ing scaling tests (figure 11) with 50, 100 and 200 ym diameter
devices and shows the inverse relation between the electrode
area and Ry gs. In a filament-type memristive device where
the local switching is caused by the formation of filaments,
scaling has a less pronounced effect on the resistance [9]. It
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Figure 11. Device diameter scaling. Scaling tests for 20 pm thick
devices show that the Ry gs is inversely proportional to the device
area (b), indicating interface-type memristive behaviour. The
sweeps in (a) are the averages of 18 different memristors at each
diameter size.

should be noted that the diffusion of reactants can vary when
electrodepositing materials in holes with different diameters
on the same die and can result in some variation of the depos-
its. This can in turn affect the memristor IV sweep comparison
between the differently sized diameters in figure 11.

To verify the role of silver on the memristive effect of
our devices, a gold top electrode was evaporated to form
a Au/Bi,Se,/Au device. In contrast to Ag electrodes, our
measurements with gold electrodes showed no memristive
behaviour, even at higher voltage sweeps of +2 V (figure 7
inset). According to Takagaki ef al, material incorporation
does not occur when Au is used to grow Bi,Se; films
[38, 39], also confirmed by Walsh et al with Au evapora-
tion on BiySes films [40]. The resistance of the as-deposited
films with Au contacts typically ranged from a few hundred
ohms to a few kilo ohms—Ilower or comparable to the LRS
of Ag/BiSe devices. In contrast to Au, previous publications
have shown different types of diffusion of Ag into Bi,Ses
crystals in the forms of intercalation, Ag™ solid solution or
new phase formation. Long range disorder in chalcogenide-
based memristive devices results in high mobility of metal
ions from the typically used active electrodes such as Ag

and Cu [18, 35, 41, 42]. Intercalation of Ag in Bi,Se; layers
has been observed, where the metal ions are placed between
the quintuple layers connected by Van der Waals forces [43].
Such intercalation however only occurs with very low Ag
atom concentrations [44] and precipitate nucleation is more
likely when more atoms are involved. Ag can appear in a sub-
stitutional arrangement, partially replacing Bi atoms to form
Ag,Biy_,Se;s compounds and cause Se excess or deficien-
cies [45] that play a dopant role in the resistance changes of our
devices. Substitution was also reported by Ferfolja et al who
have experimentally shown how Ag nanoparticles deposited
on single crystal Bi,Se; agglomerate and change morphology
after 3 d of exposure at room temperature [46]. After 70 d on
the surface, they completely disappear due to diffusion into
Bi,;Se; and new phase formation. Their XRD scans show that
a mixture of BiySes plates and Ag particles forms new phases
of AgBiSe; and Ag,Se, while diffraction lines of metallic Ag
were no longer visible. The following solid-state reaction was
proposed to describe this process:

3Ag+ BirSe; — AgBiSe; + Ag,Se + Bi. @)

In their study, they did not observe any intercalation that would
expand the unit cell and change the position of the x-ray dif-
fraction lines for Bi,Se;. From this we conclude that the dif-
fusion of Ag plays a crucial role in the memristive transport.

Since the distance between our electrodes is large in the
range of tens of microns, it is unlikely that a conducting Ag™
filament would occur connecting the top and bottom electrodes
as observed in ECM devices. However this does not exclude
the possibility of short filamentary path formation between dif-
fused Ag in the interface region, leading to a lower overall
device resistance. A comparison between the averaged meas-
ured currents of 10 different hysteresis displaying memristors
for 10, 20 and 30 pm thicknesses is shown in figure 12(a).
As the device thickness increases, the overall resistance is
increased and the additional material acts as a bias resistance
(Rp) in series to the interface region R; where the resistive
switching is taking place. While the overall current decreases
with the device thickness, the added bias resistance causes
the switching thresholds to slightly shift to higher values with
thicker devices. This is more apparent in the LRS to HRS
(RESET) transition, where the added resistance Rg is closer
to the ranges of the R gs and the voltage drop across the
memristor interface changes more significantly with different
thickness. The changes in the HRS to LRS transition (negat-
ive voltages) are lower since the voltage across the switching
interface is closer to the applied overall voltage because of
Ryrs > Rg. In a filamentary device where a conductive chan-
nel bridges the two electrodes, the RESET voltage does not
significantly change with increasing thickness, since the Joule
heating involved in the filament rupture is less affected by the
length changes [47].

Similarly, when comparing memristors with different sel-
enium content (figure 12(b)), the Se-richer devices display
a higher resistance value and result in a shift of the voltage
thresholds to higher voltages.
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Figure 12. Device thickness and Se content comparisons. (a) Mean

IV sweeps of ten (100 pm diameter) memristors at three different

substrate thicknesses. The red points indicate the approximate threshold voltages. (b) A comparison between the mean IV sweeps of 50 and
100 pm diameter memristors with different selenium content (deposited at 90 and 300 A m~?2). Red arrows show the shift in the switching
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Figure 13. Current changes with repeated IV sweeps. (a) The first sweep measured in a pristine device after fabrication is highlighted in
red. (b) 100 sweeps on a previously characterized device (the first sweep is coloured dark blue while yellow shows the 100th sweep).

While no forming voltage step was required to acquire the
hysteretic behaviour, we have however observed that the first
sweep in a new device starts with a resistance higher than the
Ry rs (figure 13(a)). In accordance with the discussion, this ini-
tial resistance points to new phase formation already upon Ag
contacting. Further application of a positive potential on the
Ag electrode increases the resistance to Ryrs with the first
positive sweep, meaning that the Schottky barrier increases.
As speculated by Tulina et al [18], this non-volatile resist-
ance change is likely due to electromigration of Se precipitates
drawn towards the vacancies left upon Ag atom substitution
after contacting.

The repeatability of the hysteretic behaviour in 100 cycles
of IV curves in figure 13(b) indicates that ionic transport likely
favours electromigration through already established paths
along grain boundaries and impurities. However, drift to lower

currents has been observed in some devices that have been
previously characterized. At this point, the current drift is not
completely clear. The increase of current in pristine devices
could be attributed to preferred microscopic path formation
with electrodiffusion, while lowering current could be caused
by device fatigue and dopant diffusion through local heating.

Based on the established literature and the present data we
conclude that both Se and Ag as well as combined newly
formed phases are involved in the switching process. The non-
trivial behaviour, complex switching process and the prom-
ising memristive properties make the topic stimulating for fur-
ther research towards clarifying the different mechanisms.

To further test the memristive operation, a series of square
programming pulses were applied. ‘RESET’ (500 mV, 20 ms)
and ‘SET’ (—500 mV, 20 ms) voltage pulses were each
followed by a ‘Read’ pulse (50 mV, 500 ms) to readout the
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Figure 14. Repeatability and retention. (a) The inset shows one
iteration of ‘set’, ‘reset’ and ‘read’ pulses applied to the memristor,
which changes resistance after each pulse for a 200 pm diameter,
30 pm thick device. (b) Longer 4 h retention in each state after
applying 500 mV RESET and —500 mV SET pulses to a 30 um
thick, 200 pm diameter device.

resistance of the memristor. As seen in figure 14(a) for 1000
iterations (1 iteration equals a sequence of RESET, READ,
SET, READ pulses with a total duration of 1040 ms), with
each reset or set pulse applied, the resistance changed value
by around 25 kOhm.

The non-volatile retention of resistance in an 4 h measure-
ment (in each state) is shown in figure 14(b), where a 500 mV
RESET (at 0 min) and a —500 mV SET pulse (at 240 min)
were used to switch the resistance while a continuous readout
bias of 10 mV was applied. The low resistance state displays
greater stability, while fluctuations in the high resistance can
be attributed to both a low readout current noise, as well as
resistance fluctuations from ion drift in the active layers.

Resistive switching devices often display multiple states
which might exhibit different retention times and relaxation
to more stable states [48]. This can be seen in figure 15(b)
where different amplitudes of RESET switching voltages lead
to resistance states with decaying values in a 15 min meas-
urement with a 10 mV continuous readout voltage. Simil-
arly, figure 15(a) shows how supplying RESET pulses with
increasing amplitudes bring the resistance to different levels.
A higher than necessary SET voltage of —0.5 V was applied
between each RESET, to ensure that the memristors were in
the lowest possible state. Switching with a low reset voltage
results in a low Rygrs to Ry Rrs ratio, while states obtained with
a reset voltage around 0.4 V decay faster. Higher amplitude
reset pulses lead to better resistance stability that does not rap-
idly decay towards lower values. An opposite direction drift
is shown in figure 15(c) for a 4 h measurement of the same
device as in figure 14(b). After the switching to a LRS, the
memristance starts to rise and ends up returning to the HRS
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Figure 15. State stability. (a) State stability variation, depending on
the applied reset voltage. (b) 15 min stability monitoring with
different reset voltages. Vertical axes are in log scale. (¢) 2 h
monitoring of pulses after reset and set processes, where the
resistance (log scale) returns to a higher value over time.

around 350 kOhm. The choice of switching pulses, as well
as the history of applied signals should therefore be carefully
considered when programming the resistive switching devices.

4. Discussion

Both presented potentiodynamic and galvanodynamic meth-
ods result in thick films displaying clear memristive behaviour
when combined with Ag electrodes. Galvanodynamic depos-
ition offers greater tuning control over the selenium content
of the memristors (figure 6), that affects the resistance of the
devices (figure 12(b)) and their thresholds. Comparing to the
previously measured sputtered or sublimated Bi,Se; memris-
tors [19], our electrodeposited devices show a greater overall
resistance in both LRS and HRS due to larger device thick-
ness and an orthorhombic crystal structure with a larger expec-
ted band gap. Tulina et al reported R gs ~ 41 Ohm and
Rurs ~ 840 Ohm with a rhombohedral structure and differ-
ent device sizes. The HRS/LRS ratio (~100) is greater with
our electrodeposited memristors, likely owing to more grain
boundaries and defects that are involved with the ionic trans-
port. The switching thresholds of the devices display similar
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voltages around 100 mV that are sufficiently low for the pro-
posed hybrid application in combination with thermoelectric
sensors. With thicker and more Se-rich devices (figure 12),
the thresholds shift to higher values by a few millivolts due
to the added bias resistance of the material not involved in
the switching mechanism. In contrast to that, a lowering of
the voltage thresholds in the RESET direction was observed
with the measurement of IV sweeps obtained at elevated tem-
peratures (figure 10), which also has to be considered in the
co-integration with a thermoelectric device.

As opposed to computing and memory applications where
fast switching speeds are highly desirable, the envisioned
application does not require the memristors to react to fast
changes of the applied voltage, since these are limited in speed
by the heat-flux transfer through the thermoelectric material.
The displayed interface-type memristors are typically slower
than filamentary switching, likely due to the lack of associated
Joule heating that elevates the temperature and increases ion
motion involved in the switching [34].

The retention measurement (figure 14(b)) displays the non-
volatility, necessary for the envisioned application, however as
seen in figure 15(a), applying increasing amplitudes of switch-
ing voltages leads to different resistance states with varying
stability over time. This is also visible in the concept of com-
bined memristive-thermoelectric system in figure 1 where the
initial resistance value decays over time. An observed climb of
resistance to the opposite HRS direction in figure 15(c) shows
that drift can occur in both directions. Given that the presen-
ted memristors are non-encapsulated devices with exposed Ag
top contacts prone to oxidation, this drift and state stability are
likely affected by moisture and air exposure. Kong et al [49]
have shown that ambient conditions introduce native oxide/hy-
droxide growth and local doping at the surface of Bi,Se;. BiO,
as well as SeO, presence in 2 d air exposed samples has been
observed with XPS measurements, as well as excessive Se
that tends to gradually precipitate since a ‘Se deficient state
is more thermodynamically favourable under ambient con-
ditions’ [49]. This surface depletion of selenium, leading to
n-type doping by Se vacancy formation was also reported to
result in a 1.4 eV decrease in work function [50] and goes in
hand with the Se deficiency at the top electrodes reported by
Tulina et al [18]. H,O molecular adsorption without additional
reactions taking place has been shown to act as an electron
donor in chalcogenides [51] which could, along with moisture
absorption of SU-8 photoresist [52], affect the long term sta-
bility of the devices. The effects of increased air and humidity
exposure between processing steps on the characteristics of the
memristive devices need to be further investigated.

Furthermore, the topology of electrical contacts has a con-
siderable effect on the electrical field geometry, and influ-
ences the local formation of percolation paths for current in
the memristive material [17]. Microscopic imperfections in
the top electrode due to polishing scratches and any porosity
of the electrodeposited materials mean that the electric field
applied on the macroscopic sized electrodes forms highly loc-
alized electrical fields that along with inhomogeneous impur-
ities and surface doping form for a complex system where a
quantitative approach and direct observation are not possible.

Therefore the addition of a passivation step and integration of
the memristors in a final device are also expected to improve
the demonstrated performance. An additional factor that has
to be considered in the comparison of memristors is that as the
material growth approaches the openings of the micromolds,
the deposition becomes less diffusion-limited and can result
in a different growth regime. This is also in the comparison
of diameters, since the different diameters on a common die
deposited in the same ECD step can display slightly different
deposition rates that can result in increased roughness. The
variation Se content also changes the device roughness that
affects the overall topology and introduces more grain bound-
aries. The ECD growth conditions can be further optimized for
a specific geometry of the devices in a final combined device.

5. Conclusions and outlook

Here we demonstrate that the room temperature thermoelec-
tric material bismuth selenide exhibits memristive properties
that can be used for functional co-integration in hybrid ‘zero-
power’ sensors for autonomous applications. We present that
bismuth selenide in combination with Ag exhibits memrist-
ive effects when deposited with the fabrication method of
electrochemical deposition. Applying resting and deposition
cycles for the electrochemical growth results in compact thick
films that can be used for memristive devices as well as offer
future possibilities of combining process flows for thermoelec-
tric sensors. Local Se doping redistribution, enabled by new
phase formation due to diffusion of the active Ag electrode is
likely the cause of memristive behaviour in our devices. Schot-
tky and space-charge limited mechanisms fit with the meas-
ured data acquired by IV sweeps, while retention and pulsed
measurements show non-volatile operation, with low switch-
ing thresholds. Not shown in the previous studies of resistive
switching in this material combination, we also present pulsed
measurements of 1000 set and reset cycles, endurance meas-
urements and state stability.

The ECD method shows the desired compatibility with the
fabrication requirements for thermoelectric devices that would
allow for reduction of processing steps in the fabrication of
zero power autonomous devices. ECD into molds as used in
this paper could also offer the advantage of progressive doping
throughout the thickness of the metal—insulator-metal memris-
tor structure, to tailor the ionic transport between the interlay-
ers and thereby tune the memristive behaviour (SI, figure 3).
This could enable seamless integration of different active/buf-
fer layers that can improve the switching characteristics of
memristive devices [53, 54]. Additionally, for better determ-
ination of the nanostructuration and crystallinity of the grown
materials that would help in understanding the memristive
transport, micro XRD scans or TEM observation of the mater-
ial grown inside the templates would be beneficial.

This research is continuing in the integration of the
presented memristors into devices joining thermoelectric and
memristive properties of bismuth selenide in a common fab-
rication process flow using ECD to form a novel type of ‘zero
power’ logging sensor.
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