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Abstract

Many applications benefit from sensing of several physical quantities. This
is often done by integrating different sensing units or by designing material
composites where each material responds to a distinct physical input stimuli.
New research trends can be observed in the direction of exploring novel ma-
terials that respond to various input signals. These materials can be utilized
for multi-modal sensing or for serving different functions in a sensor system
such as sensing and storing. This holds particular significance with regard
to enhancing the device simplicity and reducing the associated fabrication
costs.

This thesis explores the versatile properties of bismuth selenide for
thermoelectric and thermoresistive sensing in combination with memristive
storage. Bismuth selenide was synthesized by means of electrochemical de-
position. Here, Bi2Se3 micropillars were achieved for the first time, which
are tens of micrometers thick.

Potentiodynamic deposition at a potential of 0V vs. Ag/AgCl and a
duty cycle of 1min deposition, 10min rest, using an electrolyte with 1.5mM

Bi(NO3)3 and SeO2 dissolved in 1M HNO3 with 40mM KCl salt, lead to
the corresponding pillars. These were optimized for an atomic composition
Bi:Se of 2:3, smooth morphology and a high Seebeck coefficient that was
found to be around −162 µV/K. Furthermore, a significant thermoresistive
effect was identified.

Using microfabrication technologies, the pillars were furthermore in-
tegrated into vertical thermoelectric thermoresistive sensors. The sensor
performance characterization resulted in temperature sensitivities around
-36700 ppm/K, heat flux sensitivities of 0.125 µV/(W/m2), temperature and
heat flux accuracies around ± 0.6 K and ± 20 W and resolution around
0.05K. This sensor concept has the potential to be utilized in dual-mode
sensing of heat flux and temperature.

Last, the potential of co-fabrication or integration of Bi2Se3 thermo-
couples and Bi2Se3/Ag memristors was investigated and discussed. The
voltages coming from the thermoelectric heatflux sensor are explored for
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Abstract

switching the memristor for zero power sensing and storing of information.
Resistive switching was identified to take place between the low resistance
state with typical values around 8 to 15 kΩ and the high resistance state
with values around 40 to 80 kΩ. In combination with the Bi2Se3 based ther-
moelectric sensor, switching into the low resistance state was found to be a
promising solution for threshold temperature and heatflux detection.
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Zusammenfassung

Viele Anwendungen erfordern die Erfassung mehrerer physikalischer
Kenngrössen. Dies wird oft durch die Integration unterschiedlicher
Sensoreinheiten oder durch die Gestaltung von Materialverbunden
erreicht, bei denen jedes Material auf ein bestimmtes physikalisches
Eingangssignal reagiert. Neu werden auch Materialien erforscht, die auf
verschiedene Eingangssignale reagieren. Diese Materialien können für die
Multimodalsensorik genutzt werden oder verschiedene Funktionen in einem
Sensorsystem, wie beispielsweise Erfassung und Speicherung, übernehmen.
Dies ist vor allem hinsichtlich der Vereinfachung des Sensorsystems und
der Reduzierung der damit verbundenen Herstellungskosten von hoher
Bedeutung.

Diese Arbeit erforscht die vielseitigen Eigenschaften von Bismut-
Selenid für die thermoelektrische und thermoresistive Erfassung in
Kombination mit memristiver Speicherung. Bismut-Selenid wurde mittels
elektrochemischer Abscheidung synthetisiert. Dabei wurden erstmals BiSe-
Mikrosäulen erreicht, die ein Mehrfaches von zehn Mikrometern dick sind.

Potentiodynamische Abscheidung bei einer Spannung von 0V

gegenüber Ag/AgCl und einem Zyklus von 1min Abscheidung, 10min

Pause, unter Verwendung eines Elektrolyten mit 1.5mM Bi(NO3)3
und SeO2 in 1M HNO3 mit 40mM KCl-Salz, führten zur Bildung der
entsprechenden Säulen. Diese wurden optimiert mit Hinblick auf atomare
Zusammensetzungen von Bi:Se im Verhältnis 2:3, glatte Morphologie und
einen hohen Seebeck-Koeffizienten, der etwa bei −162 µV/K lag. Darüber
hinaus wurde eine signifikante thermoresistive Wirkung identifiziert.

Mithilfe von Mikrofabrikationstechnologien wurden die Säulen
zudem in vertikale thermoelektrische thermoresistive Sensoren integriert.
Die Charakterisierung der Sensorleistung ergab eine Temperatur
Empfindlichkeit von etwa -36700 ppm/K, eine Wärmefluss Empfindlichkeit
von 0.125 µV/(W/m2), eine Genauigkeit der Temperatur und des
Wärmeflusses von ungefähr ± 0.6 K bzw. ± 20 W sowie eine Auflösung von
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Zusammenfassung

etwa 0.05K. Dieses Sensorkonzept hat das Potenzial, für die Dual-Mode-
Erfassung von Wärmefluss und Temperatur genutzt zu werden.

Zuletzt wurde das Integrationspotenzial mit BiSe/Ag-Memristoren
untersucht, wobei die Spannungen, die aus dem thermoelektrischen Sensor
kommen, für das Umschalten des spannungsgesteuerten, nichtflüchtigen
Memristors verwendet werden. Wir haben gezeigt, dass der Schaltvorgang
des Memristors typischerweise zwischen dem Zustand mit niedrigen
Widerstandswerten von etwa 8 bis 15 kΩ und dem Zustand mit hohen
Widerstandswerten von etwa 40 bis 80 kΩ stattfindet. In Kombination mit
dem auf Bismut-Selenid basierenden thermoelektrischen Sensor wurde das
Umschalten in den Zustand mit niedrigem Widerstand als vielversprechende
Lösung für die Erkennung von Schwellentemperatur und Wärmefluss
festgestellt.
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1 Introduction

In today’s world, a significant amount of information, knowledge and deci-
sion making relies on sensors and sensor systems that are able to capture
data from the environment. Humans have the ability to simultaneously ac-
quire diverse information through the human senses which is processed in
the brain and the foundation of a large part of our own decision making
processes [1].

Similarly, sensor systems with the ability to detect various signals
profit from enhanced intelligence, autonomy and compactness. These are
commonly called multi-modal sensor systems (MMSS) and are capable of
detecting and measuring multiple input stimuli by using different sensing
modalities within one sensor system. MMSS are based on stimulus respon-
sive materials (SRMs) that change their chemical or physical properties upon
external input stimuli and create a change in electrical response (e.g. volt-
age, resistance) [2].

The level of integration (LoI) of MMSS can be categorized into three
groups, in accordance with the work of Yang and colleagues [3]. For a MMSS
with low LoI ("low" in Table 1.1), two or more independent sensing units
are integrated into the sensor system where each sensing unit gives an inde-
pendent output signal. The sensing units may, for example, be integrated
in arrays (horizontally) or in layers (vertically). In the next LoI ("med" in
Table 1.1), material composites are employed, i.e. engineered combinations
of materials that possess distinct sensing properties, each responsive to a
specific type of input stimuli. In the highest LoI ("high" in Table 1.1), novel
material compounds with more than one sensing mechanism are explored.
In terms of reduced space requirements, enhanced device simplicity and the
related reduced fabrication costs, the last solution is the most favourable [4].

Due to the objective of multimodal sensor systems to detect two or
more input signals, signal decoupling, i.e. the ability to accurately measure
several inputs without interference, becomes crucial in order to mitigate
cross-sensitivity.

Different approaches of signal decoupling exist. One possibility is dis-
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1 Introduction

crimination which refers to the distinction of different signal patterns upon
various inputs. For example, Choi and co-workers developed a tactile sensor
capable of differentiating various mechanical input stimuli. They achieved
this by utilizing a pyramidal sensor shape that produces distinct signal pat-
terns for pressure, shear force and torsion [5]. On the other hand, materials
and sensing mechanisms can be chosen such that they produce different
electrical signals with minimum interference.

The next paragraph summarizes different approaches in the field of
MMSS according to level of integration (LoI) and evaluates how decoupling
was achieved, if addressed. An overview can be found in Table 1.1.

A MMSS with low LoI was deloped by Boutry and co-workers based
on a bio-degradable strain and pressure sensor system of two elastomers
poly glycerol sebacate (PGS) and poly octamethylene maleate anhydrite
cirate (POMaC). The sensor design entailed two separate, vertically stacked
sensing units both based on the capacitive sensing principle [6].

Furthermore, a flexible pressure and temperature sensor that utilizes
two stacked buckling carbon nanofiber sensor components was demonstrated
by Pang and co-workers with thermoresistive and piezoresistive sensing prin-
ciple. Cross-sensitivity tests revealed minimum signal interference [7].

In addition, Xiao and co-workers presented an elastic dual-mode tem-
perature and strain sensor based on thermoelectricity and resistance changes
in the shape of fibers for possible integration in wearables. CuNi-Cu thermo-
couples in combination with Co-based amorphous wires embedded in PDMS
(PDMS/CoAWs) were utilized [8].

A sensor system of medium LoI with a composite material was, for
example, presented by Gao and co-workers. In their sensor design, sepa-
rate voltage and resistance signals for temperature and pressure indication
are obtained based on a combination of the thermoelectric material PE-
DOT:PSS/CNT that is also sensitive to pressures, integrated into PDMS.
Decoupling was demonstrated where the temperature signal obtained re-
mained unaffected by pressure fluctuations, while the pressure signal stayed
constant across different temperature conditions [9].

Another example is a material composite system based on carbon
nanocoils and carbon nanotubes (CNC-CNT buckypaper) that was pre-
sented by Li and co-workers with strain and temperature sensing capabilities
and signal de-coupling [10].

Furthermore, a temperature and pressure sensor was designed by Zhang
and co-workers based on a material composite consisting of organic thermo-
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Ref Sensing
capability

Input
stimuli

Sensing
mechanism

Material LoI

Boutry
et al.

dual-mode
multi-material

strain
pressure

capacitive PGS/POMaC low

Pang
et al.

dual-mode
multi-material

temp
pressure

thermoresistive
piezoresistive

buckling carbon
nanofiber

low

Xiao
et al.

dual-mode
multi-material

temp
strain

thermoelectric
resistive

CuNi-Cu TC &
PDMS/CoAWs

low

Gao
et al.

dual-mode
multi-material

temp
pressure

thermoelectric
thermoresistive

PEDOT:PSS/CNT
@PDA@PDMS

med

Li et
al.

dual-mode
multi-material

strain
temp

resistive
thermoresistive

CNC-CNT buck-
ypaper

med

Zhang
et al.

dual-mode
multi-material

temp
pressure

thermoelectric
piezoresistive

MFSOTE med

Bai et
al.

multi-mode
single-material

light
temp
pressure

photovoltaic
pyroelectric
piezoelectric

KNBNNO high

Table 1.1: A selection of multi-modal sensor systems grouped according to level
of integration (LoI), see last column.

electric material deposited on deformable microstructure frames (MFSOTE).
The thermoelectric material responds to changes in temperature by generat-
ing an output voltage while deformation of the material results in changes in
resistance when an external force is applied. A cross-sensitivity analysis was
conducted, revealing that the thermal signal remained unaffected by pres-
sure variations, and the resistive signal remained consistent across different
temperatures. Consequently, the decoupling of signals was accomplished
through the utilization of the two distinct signal pathways [11].

Not many examples of single materials with various sensing mechanisms
exist in literature. One system was developed by Bai and co-workers based
on the ceramic material compound (K0.5Na0.5)NbO3-Ba(Ni0.5Nb0.5)O3-∆

(KNBNNO) that can simultaneously harvest energy from several input
sources (solar, thermal and kinetic energy) and potentially perform multi-
mode sensing or sensing and harvesting activities [12].

From Table 1.1 it becomes apparent that MMSS presented in liter-
ature are usually based on the integration of several sensor units or the
design of rather complex material composites, see column 5 & 6. The data
in column 4 furthermore reveals a prevailing pattern where the majority of
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1 Introduction

technologies prioritize the correlation between temperature and either strain
or pressure measurements.

Temperature is indeed one of the most important physical quantities
in our environment [13–15]. In the field of dual-mode temperature and heat
flux sensing, on the other hand, little has been done.

Additional heatflux sensing capabilities are relevant in a lot of energy-
related areas. Examples are monitoring the earth surface heatflux in order
to be able to determine the earth’s energy balance [16, 17], assessing and
optimizing thermal energy storages such as sensible heat storage technolo-
gies [18, 19], monitoring and optimizing of building materials [20, 21] or op-
timization of food supply chains where deficiencies in the cold-chain and
inappropriate packaging are some of the key reasons for significant losses
and waste [22–25].

Furthermore, by choosing materials that display the thermoelectric
effect, a voltage signal is generated. Materials generating voltages or cur-
rents upon changes in physical input stimuli fall under the category of
active sensors as opposed to passive sensors that change their resistance or
capacitance. In sensor systems that focus on low power consumption, these
active transducers are beneficial as they can be utilized either as a power
source to read out a passive sensor or acting as a sensor itself where the
voltages or currents are forwarded to post processing units including an
analog to digital converter (ADC).

In this thesis, a single-material approach for a multi-modal sensor
system is explored. Multifunctionality will be explored in terms of multi-
mode sensing and sensing+storing capabilities, all with the same
material combination. Rather than building up complex material and
sensor systems (see Table 1.1), the focus of this work lies on reducing
complexity in the choice of materials and fabrication methods.

1.1 Material synthesis and properties of Bi2Se3

As a material, the chalcogenide Bi2Se3 is explored in view of its versatility.
The thermoelectric [26–29] and thermoresistive effect [30] as well as mem-
ristive properties [31–34] were found in that compound. Electrochemical
deposition (ECD) is the selected synthesis approach. ECD is attractive due
to its low-cost fabrication approach, scalability and compatibility with most
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1.1 Material synthesis and properties of Bi2Se3

microtechnology processes arising from its low processing temperature con-
ditions around room temperature. In addition, ECD enables the synthesis
of thick films and defined shapes through deposition into templates [35,36].
This is crucial for device integration such as thermolegs for thermoelectric
generators or sensors as will be outlined in this work.

As this work focuses on the thermoelectric, thermoresistive and mem-
ristive properties of Bi2Se3, those effects are briefly explained in the follow-
ing sections before the multi-modal sensing and sensing+storing concepts
are further outlined.

1.1.1 Thermoelectric and thermoresistive properties

Thermoelectricity describes the conversion of temperature differences into
voltages and vice versa where the Seebeck, Peltier and Thomson effect exist.
The focus of this thesis lies on the Seebeck effect which will be outlined here.

The Seebeck effect was discovered by Thomas Seebeck in 1821. It
describes the emergence of an electromotive force (emf) along a conductive
material when it is subjected to a temperature difference ∆T.

The relation between the potential V building up and the temperature
difference ∆T is given as follows:

V = α ·∆T (1.1)

with α the Seebeck coefficient which is an intrinsic material property.
When two dissimilar materials are joined together, the measured voltage is
derived as:

VTC = (αA − αB) ·∆T = αAB ·∆T (1.2)

with αA and αB the Seebeck coefficients of the two materials or αAB

the difference in the Seebeck coefficient. The convention is that the Seebeck
coeffient is defined by the ’potential of the cold side with respect to the hot
side’ [37].

In semiconductors, the classical model to describe the internal effects
is thermal diffusion of charge carriers from the hot side towards the cold
side [38]. On the atomic scale, charge carriers are distributed equally across
the material under thermal equilibrium conditions, as shown in Fig. 1.1a.
Once a temperature gradient is established, charge carriers located on the
hot side of the material get thermally more excited and thus, possess a higher
momentum. This leads to a thermally-induced charge carrier diffusion from

5
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the hot side to the cold side and an excess of charge carriers at the cold side.
This effect is displayed in Fig. 1.1b and 1.1c for n-type and p-type majority
charge carriers respectively. Hence, n-type (p-type) materials typically have
a negative (positive) Seebeck coefficient and output voltage.

Thermal
equilibrium

TH = TC

e  majority
charge carriers

TH
-

> TC

h  majority
charge carriers

TH
+

> TC

TH TH

TC TC

TH

TC

ET T

-
-

-
-

-
-

-

-

+
+

+
+

+
+

+

+

E

a) b) c)

Figure 1.1: Effect of temperature gradient on charge carriers in a material and
resulting electric field a) Temperature equilibrium, b) Temperature
gradient, respective charge carrier distribution for electron-type con-
ductor and resulting electric field, c) Temperature gradient, respec-
tive charge carrier distribution for hole-type conductor and resulting
electric field.

The thermal diffusion model is based on the ’free electron theory’ which
assumes that an increase in energy leads to an increased mean speed and
mean free path of charge carriers. Practically, scattering due to lattice vi-
brations has to be taken into account in the case of metals in order to be
able to describe the sign of the Seebeck coefficient in various metals. In
some metals such as copper, the mean free path decreases significantly with
increasing energy and electrons on average move towards the hot end. In
these cases, the Seebeck coefficient is positive [37].

Seebeck coefficients for metals are in the order of a few µV/K while
those of semiconductors can reach a few 100 µV/K [39]. In an application,
an n-type material is typically joined with a p-type material to profit from
a maximum relative Seebeck coefficient according to Eq. 1.3. This formula
also applies for a thermocouple (TC) that is the basic building block for ther-
moelectric coolers, energy harvesters and sensors as schematically depicted
in Fig. 1.2 [40, 41]. A TC typically consists of two semiconductor materials
that are connected to each other through metallic interconnects such that a
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1.1 Material synthesis and properties of Bi2Se3

series electrical connection and a thermal parallel connection emerges. An
external temperature difference causes charge carriers to move in the two
thermolegs resulting in a flow of current in a closed loop configuration with
an applied external load.

Hot Reservoir
TH

TC

-
-

+
+

Cold Reservoir

Q
Hea�lux

n-type
p-type

I

RLoad

Figure 1.2: 2D schematic representation of a thermocouple illustrating how a
temperature gradient is moving charge carriers in the two ther-
molegs, resulting in a current flowing through the device in case
of a closed loop configuration with an external load applied.

Thermocouples are well known devices that operate based on the ther-
moelectric effect where voltages are generated per degree of temperature
difference if two dissimilar metals are connected. They are commonly used
as temperature sensors in combination with a reference temperature mea-
surement [37,38,42,43].

By means of connecting several tens to hundreds of thermocouples to
each other and replacing metals by semiconductors, voltages in the millivolt
range are generated. These devices are commonly used for thermoelectric
energy generation and cooling as well as heatflux sensing [41]. It is important
to emphasize that they are able to detect temperature differences but no
absolute temperatures.

The figure of merit ZT is a dimensionless number quantifying the effi-
ciency of a thermoelectric material in converting heat energy into electrical
power:

ZT =
α2 · σ
κ

∆T (1.3)

with σ the electrical conductivity and κ the thermal conductivity.

7



1 Introduction

The thermoresistive effect describes the temperature-dependent resistance
of materials. In semiconductors, this temperature-dependence is caused by
changes in the amount of charge carriers and their mobility where usually,
the former drastically increases at higher temperatures due to thermal acti-
vation of charge carriers into the conduction band [44].

1.1.2 Memristive properties

One of the promising technologies for logic operations and information stor-
age are memristors that are two-terminal devices typically consisting of a
metal-insulator-metal (MIM) stack, see Fig. 1.3a. The memristor was first
theoretically predicted by Leon Chua in 1971, postulating that there must
be a fourth circuit element beyond resistor, capacitor and inductor [45]. It
took until 2008 that Strukov and co-workers experimentally demonstrated
the memristive effect in titanium dioxide devices [46]. Memristors combine
both advantages of high speed and non-volatility and therefore, have the
potential to overcome limitations of low speed of flash memories and volatil-
ity of SRAM and DRAM. Furthermore, small energy consumption and the
ability to be scaled down to less than 10 nm are advantageous [46,47].

Metal

Metal

Insulator

Current

Voltage

R L
OW

RHIGH

a) b)

Figure 1.3: Memristor functionality a) typical metal-insulator-metal (MIM)
structure b) simplified IV-characteristic leading to distinct resistance
states

Memristors are characterized by a non-linear internal change of resis-
tance as a consequence of electron and ion migration through the mate-
rial [48]. This effect, called resistive switching (RS), occurs upon electrical
stimulation and leads to a hysteretic current-voltage behaviour [46, 47], see
Fig. 1.3b. It can be utilized to program the memristor into two or more dis-
tinct resistance states with changes in resistance typically of a few orders of

8



1.1 Material synthesis and properties of Bi2Se3

magnitude [49]. Due to the non-volatility, the resistance state is maintained
even if the external electrical input is removed.

Commonly, one differentiates between two mechanisms for the resistive
switching effect: filament-type RS and interface-type RS. In filament-type
switching, formation and rupture of conductive filaments that connect both
electrodes is the underlying mechanism of RS. This mechanism is further
split up into electrochemical metallization (ECM) involving a redox reaction
with an active metal electrode and valence change memory (VCM) due to
anion migration.

ECM requires one electrochemically active electrode (AE) such as silver
or copper while the other electrode is normally an inert metal such as gold or
tungsten [50]. Upon a positive bias applied to the AE, the metal decomposes
and the resulting cations move towards the counter electrode (CE) where
they reduce back, forming metal-filaments across the solid electrolyte which
provide high conductance paths for electrons. The filaments are ruptured
during an inverse voltage [47]. VCM is caused by anion migration which,
similar to ECM leads to the creation and rupturing of conducting filaments
[51].

This effect is primarily caused by resistive changes near the electrode
interface, most likely due to oxygen vacancy migration or other forms of
vacancies in non-oxide compounds. Charge carrier trapping might further-
more be responsible. In case of metal-oxides which is the most extensively
investigated material group for RS, oxygen vacancies acting as positively
charged dopants are assumed to move in the electric field and change the
electrode interface resistance. Interface-type switching is electrode-area de-
pendent [46,52].

Memristive devices are conventionally investigated as memory and logic
devices [49], however more recently, research interest also points in the di-
rection of memristor devices for sensing applications where the memristor
material itself is sensitive to gas concentrations or the like [53,54].

1.1.3 Bi2Se3

Bi2Se3 will be approached here from the perspective of thermoelectricity
and a focus on electrochemical deposition. Materials with a high Seebeck
coefficient should have one single majority carrier. Furthermore, low carrier
concentrations and large effective masses are favourable for a high Seebeck
coefficient. This stands in direct contrast to the electrical conductivity which

9



1 Introduction

decreases for low carrier concentrations and large effective masses. On a
more structural level, the size of the bandgap has a direct effect on the
carrier concentration [55].

Bi2Se3, Bi2Te3 and Sb2Te3 all belong to the material family of chalco-
genides. Chalcogenides are material combinations with at least one group
16 chalcogen element such as sulfur (S), selenium (Se) or tellurium (Te) [56].
They are suitable thermoelectric materials due to low thermal conductivities
arising from the heavy atoms and possible manipulation towards n-type or
p-type behaviour [57].

To date, Bi2Te3 and Sb2Te3 are the most prominent thermoelectric
materials with high figure of merit ZT at room temperature and much at-
tention has been devoted to its ternary compounds such as Bi2-xSbxTe3

and Bi2Te3-xSex that generally exhibit better phonon glass, electron crystal
properties, that is, lower lattice thermal conductivity while maintaining high
electrical conductivity [55,58–60]. Bi2Se3 on the other hand has up to date
only been investigated on a fundamental level but has high potential with
respect to its versatility.

Bi2Se3 exists in two crystal structures, rhombohedral and orthorhombic
that exhibit different properties for thermoelectric generation or sensing.

Bi2Se3 in its natural phase is rhombohedral like Bi2Te3 and Sb2Te3 [61].
It is directly obtained with high temperature synthesis methods such as
melting and hot pressing with peak synthesis temperatures up to 850 ◦C

[26,62–64], molecular beam epitaxy [65] or the Bridgman technique to yield
single crystals [66].

For rhombohedral Bi2Se3, 0.2 eV to 0.3 eV bandgaps were predicted
[67] and experimentally determined [26, 68]. Room temperature Seebeck
coefficients α around −190 µV/K [26] and −175 µV/K [27] with moderate
semiconducting conductivities σ around 2.6×104 S/m to 104 S/m [26,27,63]
were measured for Bi2Se3 synthesized from these high-temperature methods
(Table 1.2).

The rhombohedral phase was also reported for room temperature de-
position methods such as electrochemical deposition (ECD). Seebeck coef-
ficients α measured were −62.3 µV/K after annealing at 300 ◦C [69] and
−90 µV/K after deposition [28] and are thus significantly smaller compared
to the high temperature synthesis measurements (see Table 1.2).

Due to the intrinsic defect chemistry, the Seebeck coefficient of Bi2Se3

is typically negative as donor-type defects such as Se vacancies VSe and
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1 Introduction

anti-site defects SeBi dominate [26,68]. This is favourable for a high Seebeck
coefficient.

Using room temperature synthesis such as ECD, Bi2Se3 is more of-
ten reported to be orthorhombic with larger bandgaps around 0.9 eV to
1.2 eV [71]. Bi2Se3 thin films in the orthorhombic phase were synthesized
onto silicon multiple times [29, 30, 70, 71] and negative Seebeck values of
−350 µV/K were measured for these thin films [30, 71] with one electrical
conductivity indication of 0.001 S/m, significantly lower than for the R-phase
which is due to the difference in electronic structure, in particular the sig-
nificantly larger bandgap [30].

A mixed orthorhombic rhombohedral phase on Au was achieved by
Ahmed and co-workers for film thicknesses between 0.74 µm to 5.72 µm
[28]. The same group predicted higher Seebeck coefficients for the O-phase
from a computational study and experimentally determined higher See-
beck values for mixed orthorhombic-rhombohedral materials (−120 µV/K

to −170 µV/K) over purely rhombohedral materials (−85 µV/K).
Because of the higher bandgap, orthorhombic Bi2Se3 has a lower elec-

trical conductivity. From the Seebeck measurements it can however be seen
that the orthorhombic phase may even have a larger Seebeck coefficient be-
cause of the resulting lower electrical conductivity. From this analysis, the
trade-off between high Seebeck coefficient and high electrical conductivity
becomes directly apparent.

Bi2Te3 and Sb2Te3 have been successfully fabricated into tens of
micrometer-sized pillars for integration into thermoelectric devices using
electrochemical deposition [72–75]. In contrast, Bi2Se3 has not yet been
synthesized into templates and growth has not yet been demonstrated for
tens of micrometers in thickness. Furthermore, Bi2Se3 in combination with
a silver electrode was demonstrated to display memristive properties based
on VCM [33, 76, 77]. In addition, a strong thermoresistive effect was found
in orthorhombic Bi2Se3 thin films [30]. In view of device integration and
the motivation to explore multi-modal sensor systems with a single-material
approach as outlined earlier, Bi2Se3 will be the material of interest of this
thesis.

1.2 Research objectives

The first research objective of this thesis is to utilize ECD to find a set of
experimental parameters to synthesize tens of micrometer-thick Bi2Se3 pil-
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TEG Memristor

RHIGH

RLOW

SENSE-LOG
DEVICE CONCEPT

Figure 1.4: Schematic of Sense-Log device consisting of a thermoelectric active
transducer responsible for the sensing operation and a memristor for
information storage. The figure was adapted from the author’s own
publication [34].

lars with a high Seebeck coefficient and strong thermoresistive effect. These
micro pillars are the key building block for the following investigations and
go beyond the state of the art thin-film growth of that compound.

The second objective is to explore the potential of Bi2Se3 to be uti-
lized for simultaneous, multi-modal temperature and heatflux measurements
based on the thermoresistive and thermoelectric effect by means of sensor
performance assessment with respect to sensitivity, accuracy and resolution.

The third objective is to investigate sensor systems based on Bi2Se3

with Bi2Se3/Ag memristors. This approach is based on the fundamental
working principles of memristors to be voltage-controlled resistive switching
devices. Here, the possibility of storing voltage signals in the memristor
coming from an active transducer are investigated in a so-called sense-log
device configuration. The principle of operation of the envisioned sense-log
device is depicted in Fig. 1.4 where the thermoelectric transducer detects
temperature differences or heat fluxes while the produced voltages are stored
in the non-volatile memristor that will change its internal state as a func-
tion of sufficiently high input voltages. The trade-off is that these sensor
system provides significantly less detailed information than sensor systems
with more complex architecture and readout electronics, hence, at maxi-
mum, serving as a one-time threshold detector within the time-frame of
sensing. Apparent advantages are its simplicity, low-cost and re-usability in
comparison to non-reusable sensor indicators.
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1.3 Thesis overview

While the dissertation of Ian A. Mihailovic [78] explored the properties of
Ag/Bi2Se3 based electrodeposited memristors and introduced the sense-log
device concept, the focus of this thesis lies in the thermoelectric and ther-
moresistive investigation of Bi2Se3 for multi-modal temperature and heat-
flux sensing, and explores the possibilities of combining Bi2Se3-based sensors
with Bi2Se3/Ag memristors for sense-log systems.

In chapter 2, a synthesis method for electrodeposited Bi2Se3 micropil-
lars is presented that is simple and reproducible. Furthermore, the material
is studied on a structural level as well as with respect to thermoelectric,
electrical and thermoresistive properties.

Second, chapter 3 presents a design and fabrication process for Bi2Se3-
based temperature and heatflux sensors which is subsequently characterized
with respect to a multi-modal sensing concept.

Last, chapter 4 is dedicated to introducing a memristor characteriza-
tion framework as well as the exploration of integration aspects of Bi2Se3-
based sensor systems with Bi2Se3/Ag memristors including lumped element
modelling and experimental results.
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2 Bi2Se3: electrodeposition and
material characterization

2.1 Introduction & motivation

In the current chapter, the functionality of Bi2Se3 is explored on a material
level. In order to do so, the first objective was to find a route to fabricating
thick Bi2Se3 micropillars using template assisted deposition. Micropillar
shapes are chosen such that material integration into vertical thermoelectric
and thermoresistive devices as presented in chapter 3 is facilitated.

In this chapter, an experimental approach is demonstrated that iden-
tifies the necessary electrochemical parameters for deposition of Bi2Se3 mi-
cropillars. Material characterization on several levels such as scanning elec-
tron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), ra-
man spectroscopy and X-ray diffraction (XRD) is utilized to understand the
structural properties of the material.

Furthermore the thermoelectric and thermoresistive properties are in-
vestigated at room temperature and as a function of temperature in the
283-343K range. The geometrical dimensions of the resulting Bi2Se3 mi-
cropillars are in the order of tens of micro-meters with respect to thickness
and diameters. Due to this compact geometry, they have versatile deploy-
ment opportunities as will be discussed. Part of this chapter’s content has
been adapted from the author’s publications [79, 80].

2.2 Experimental

2.2.1 Electrodeposition

The electrochemical cell is composed of two active metal electrodes, a so-
lution containing the metal ions and the two resulting metal-solution inter-
faces. The most important component hereby is the metal-solution interface.

During the electrochemical deposition, the metal ions reduce at the
electrode according to:
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2 Bi2Se3: electrodeposition and material characterization

M z+
solution + ze− → Msolid (2.1)

This occurs either by means of an external power source supplying
the required electrons e- called electrodeposition, or by means of a reducing
agent, called electroless or autocatalytic deposition [81]. In this thesis we
focus on the former process of electrodeposition.

In the two electrode configuration, the deposition voltage Vdep is ap-
plied between the working electrode (WE) and the counter electrode (CE).
The CE therefore completes the circuit and passes through the current.
There are two issues associated with this configuration: first, since current
is flowing through the CE, it cannot provide a constant counter electrode
potential, also termed reference voltage. Second, the voltage drop across
the solution depends on the current that is flowing through it according
to Vsol = iRsol. Hence, a significant amount of Vdep can drop across the
solution if a large amount of current is flowing.

The three electrode configuration as utilized throughout the current
thesis (see Fig. 2.1) solves this issue by separating the current flow from the
point of the reference voltage. The reference electrode provides a stable and
known reference voltage. Since it passes an insignificant amount of current,
the voltage drop across the solution between WE and RE is also negligible.

M

M+

V
A

RE WE CE

e- e-

Figure 2.1: Three electrode set up & illustration of ion adsorption

For the three electrode configuration, a potentiostat/galvanostat
(Metrohm Autolab PGSTAT302) was connected to the electrodes and con-
trolled by software (Nova 2.1.4). A Ag/AgCl double junction reference elec-
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2.2 Experimental

trode and a platinum grid counter electrode were utilized in all experiments.
The Ag/AgCl reference electrode is the most commonly used reference elec-
trode due to its simple fabrication, low toxicity and stability over time and
over a wide temperature window (up to 130 ◦C) [82]. A 20 x 20 mm silicon
chip with a patterned template, whose process flow is further outlined in the
next section, served as the working electrode.

The electrochemical experiments were performed with equimolar con-
centrations of Bi(NO3)3 (Sigma Aldrich, 98 %) and SeO2 (Sigma Aldrich,
99.8 %) of 1.5mM, 3mM and 6mM dissolved in the acid HNO3. After
weighting the chemicals, they were crushed with a mortar, added to 1M of
HNO3 and stirred with a TeflonTM-coated magnetic stirrer for several min-
utes to facilitate dissolution. The mixture was then diluted by pouring it
in deionized (DI) water and stirred for another few minutes to yield 1M of
nitric acid with Bi3+ and Se4+ ions. For the depositions with the inorganic
salt potassium chloride (KCl) that will be presented in the following sections,
20mM and 40mM of KCl salt (Sigma Aldrich, 99%) was subsequently dis-
solved in the electrolyte. The pH was measured every time before the start
of the experiment with values around 1.3. The electrochemical experiments
were conducted in a controlled room temperature environment at 21.5 °C
and no electrolyte stirring was applied.

In order to fixate the silicon chip, a holder was designed together with
Ian A. Mihailovic, as depicted in Fig. 2.2a. The holder consists of two
parts, a base and a lid, made of TeflonTM that are mounted together by
means of polyamide screws. Two Viton® O-rings prevent electrolyte leakage
to the contact pads of the silicon chip. The bottom part of the holder
accommodates the 20 x 20 mm chip and enables electrical contacting by
means of four copper contacts (Copper alloy S-Clips by Micro to Nano).
Electrical wires lead from the copper contacts to the outside of the holder to
connect it to the potentiostat/galvanostat. For depositions, the holder was
attached to a laser-cut PMMA lid that has the CE permanently integrated,
see Fig. 2.2b. Fig. 2.2c shows the assembled setup where the PMMA lid
accomodates all three electrodes.

2.2.2 Design and fabrication of templates

The chips were fabricated by means of microfabrication technology. Two
slightly modified processes were established, one for material characteriza-
tion including SEM, EDX and Raman Spectroscopy and one for determining
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2 Bi2Se3: electrodeposition and material characterization

Sample

2 cm

copper

base
TeflonViton 

contacts
Electrical

Polyamide 
screws

O-rings

contacts

TM

lid
TeflonTM

R

c)

a)

b)

slot for WE

slot for RE

CE

Figure 2.2: a) Designed TeflonTM holder to fixate sample b) laser-cut PMMA
lid with integrated CE c) assembled setup where PMMA lid acco-
modates WE, CE and RE.
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2.2 Experimental

the thermoelectric properties of the material. For the material character-
ization process, a metal stack of 20 nm Ti and 120 nm Au was deposited
on a silicon wafer (100 p-type) via eBeam evaporation that served as an
unstructured seed-layer for the electrodeposition (Fig. 2.3a i.). In order to
expose selected areas of the seed layer and control the size and shape of the
grown material, the positive photoresist AZ®40XT (MicroChemicals) was
spincoated and photo-lithographically patterned to yield templates of cylin-
ders with different diameters of 30, 50, 75 and 100 µm (Fig. 2.3a ii.), and
elongated structures with equivalent widths of 30, 50, 75 and 100 µm and
lengths of 2mm (Fig. 2.4a C), for cross-sectional morphology and stoichiom-
etry measurements as will be explained later. After the template-assisted
electrodeposition of Bi2Se3 (Fig. 2.3a iii.), the photoresist was washed away
with acetone and isopropanol (Fig. 2.3a iv.). Material characterization in-
cluding SEM, EDX and Raman Spectroscopy was subsequently performed
in the absence of the photoresist (Fig. 2.3a v.).

For thermoelectric measurements, the permanent negative resist SU-8
3025 (MicroChem) was utilized to yield a 45 µm thick template (Fig. 2.3b
ii.) after eBeam evaporation of the seedlayer (Fig. 2.3b i.) which does
not require any structuring. Bi2Se3 was deposited once again by means of
template-assisted electrodeposition (Fig. 2.3b iii.) and subsequently levelled
with the SU-8 3025 using a two-step polishing method. The surface was first
coarsely grinded with SiC sandpaper of 5 µm grain size. A polishing step
with an Al2O3 suspension with 3 µm diameter particles followed to remove
the surface scratches introduced by the SiC grinding paper. Top contacts
were applied by means of eBeam evaporation. A physical etching step with
Ar ions was introduced prior to evaporation in order to fully clean the surface
from remaining dust and dirt particles and remove any formed oxide on the
surface of the Bi2Se3 pillars. The etching step was performed in the same
chamber and the vacuum stayed low throughout both processes to prevent
the surface from re-oxidizing. The top contact consisted of a metal stack
of 20 nm Ti / 120 nm Au. Ti was utilized to optimize the adhesion to the
SU-8 while Au was used due to its good electrical conductivity and excellent
resistance to oxidation and corrosion which guaranteed long-term stability
and measurement repeatability of the pillars. The shape of the contacts
was determined with a laser cut metal shadow mask that was placed on top
of the chip during the evaporation (Fig. 2.4b). The bottom electrode was
hence shared by all pillars whereas top electrodes were uniquely defined for
every pillar. The processed chips were clamped between two copper plates
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2 Bi2Se3: electrodeposition and material characterization

Figure 2.3: Microfabrication based process flow to yield chips for a) material
and b) electronic characterization. Adapted from the author’s own
publication [79]

and a temperature gradient was applied across it to determine the Seebeck
coefficient α and the electrical conductivity σ (Fig. 2.3b v) as will be further
outlined. A processed chip can be seen in Fig. 2.4b and processing details
can be found in Appendix C.4.

2.2.3 Characterization

2.2.3.1 Structural properties

Morphology and stoichiometry of the Bi2Se3 micropillars were determined
using scanning electron microscopy (SEM) with energy-dispersive X-ray
spectroscopy (EDX) function (Zeiss ULTRA 55). The in-lens detector col-
lecting secondary electrons was used for surface morphology information and
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top contact

Db

a

non-contacted pillars and long structures

D

D

pillar

Figure 2.4: a) mold structures (left) and pillars after resist removal (right). b)
demonstration of processed chip for TE measurements. Adapted
from the author’s own publication [79]
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2 Bi2Se3: electrodeposition and material characterization

the selected backscatter (ESB) detector using back-scattered electrons was
used for information about atomic composition and possible phase sepa-
ration [83]. For the EDX measurements, an acceleration voltage of 15 kV

was used. Most SEM and EDX measurements for analysis of morphology
and stoichiometry focus on material cross-sections to understand the growth
behaviour. The material cross-sections were obtained by splitting the dies
in half using a diamond scribe such that the elongated structures (equal
width to the pillar diameters) reliably broke in half, exposing the inside of
the material. In some cases, the pillars also broke in half and repeatedly
revealed the same type of growth behaviour as the elongated structures, see
Fig. 2.5. This observation validated the use of elongated test structures
for facile cross-sectional analysis. EDX measurements were performed on
the cross-sections as well as on the outside of the Bi2Se3 micropillars for
stoichiometry analysis (results: see Fig. 2.13).

Figure 2.5: top: SEM image of chip broken in half that reveals cross-sections of
elongated structures, bottom left: zoom in on cross-section, bottom
right: pillar that broke in half. See Appendix E for sample details.

The crystallinity and structural fingerprint of the material was deter-
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mined with X-ray diffraction and Raman spectroscopy. Raman spectroscopy
is a method to measure the vibrational mode of a molecule. During the inter-
action between an incoming photon and the molecule, the molecule is excited
to a virtual state and inelastically scattered into a lower state changing the
molecules vibrational energy. This is called Raman scattering as opposed to
elastic scattering, also called Rayleigh scattering.

Raman spectra of the Bi2Se3 micropillars were obtained with a 488 nm

laser as the excitation source and a spectrometer (Renishaw inVia Qontor
confocal Raman microscope). The micropillars were measured as grown
with the laser directed towards the pillar top surface. The power was set to
0.29mW to avoid heating effects and the spectra was determined from an
average of 5 accumulations of 5 s each with a grating of 2400 grooves/mm.
To complement this, the crystallinity of Bi2Se3 films of 5 µm thickness was
determined by X-ray diffraction (Bruker AXS D8 Advance) and the spectra
were acquired from 2θ = 5◦ to 2θ = 60◦. Results can be seen in Fig. 2.14.

The reason for utilizing chips without photoresist are apparent. During
SEM and EDX measurements, in particular at high acceleration voltages
that are necessary to obtain clear EDX signals, severe charging effects can
impair the measurements. Charging effects arise when negative charges from
the incoming electron beam accumulate on the sample surface which is the
case for non-conductive samples [84]. Raman spectroscopy on the other hand
can excite the molecules in SU-8 which would distort the measurement of
the actual material of interest.

2.2.3.2 Electrical, thermal and thermoelectric characterization

Electrical, thermal and thermoelectric measurements were performed in an
existing setup from predecessors [85] that was further developed in this
project as can be found in Fig. 2.6. It consists of a stationary bottom
part (a.) to which the lower copper plate is attached (b.) and a movable
top part (c.) accommodating the upper copper plate (d.).

Temperature setpoints can be applied to the copper plates by means of
a PID mechanism between two RTD PT 1000 temperature sensors located
closely to the sample (e.) and two peltier elements on either side (f.) using
two Keithley 2510 TEC sourcemeters. Above the upper peltier element and
below the lower peltier element, an active water cooling area is mounted
(g.) that is attached to a cooling system (h.). Room temperature water
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2 Bi2Se3: electrodeposition and material characterization

m.

Figure 2.6: Thermoelectric measurement setup

flows through this system that is driven by a pump in order to help cool the
peltier elements and maintain the temperature setpoints.
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2.2 Experimental

In the standard procedure, the sample is first placed on the lower cop-
per plate and subsequently contacted (i.) by means of spring loaded Au
contacts (j.) that are attached to a 3D printed plastic component which can
be lowered manually. It is recommended that electrical contact is already
verified at this stage by means of the electrical connections (k.). Once ver-
ified, the movable top part can be lowered until the sample is clamped in
between the lower and upper copper plate (l.). To ensure repeatable mea-
surements, a thin film pressure sensor is used to obtain similar clamping
conditions from one to the next measurement (m.).

Fig. 2.7 furthermore illustrates the measurement setup schematically.
Electrical isolation between the sample and the copper plates was guaranteed
with Kapton tape that was permanently attached to the copper plates as
illustrated. The hardware used can be seen in Fig. 2.8.

T-controllable 
Cu plate

T-controllable 
Cu plate

SU-8Si Metal Bi Se

RTD sensors

2 3

Au contacts

100µm

SiO2

45µm

Kapton ® 

Figure 2.7: Schematic of experimental setup for thermoelectric and electrical
measurements for characterization of Bi2Se3 pillars

The electrical conductivity measurements were performed with a four-
probe technique in order to eliminate systematic measurement errors coming
from the influence of the test leads and hence, improve the measurement ac-
curacy. A pulsed delta method was applied with a fixed source current with
alternating sign. For this, a Keithley current source 6221 in combination
with a Keithley nanovoltmeter 2182 was utilized. Pulsed delta measurements
eliminate thermal EMF’s in the test leads due to the differential nature and
provide more accurate measurement results.

The accuracy of the setup with respect to electrical conductivity mea-
surements was analysed by connecting the hardware to four micropositioners
each containing tungsten probe tips with 20 µm diameter. These were used
to contact a 1mΩ SMD resistor with a ±1.5% tolerance indication. The
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resulting average measurements on three different SMD resistors (10 mea-
surements each in 1 location) were within the tolerance indication of the
SMD resistor of 1 ± 0.015 mΩ indicating high measurement accuracy. Con-
ductivities and resistivities were derived through the geometrical properties
of the samples.

The Seebeck coefficient was computed through the Seebeck voltage
measured with a Keithley 2000 multimeter and the temperature gradient
applied across the sample. The temperautre mismatch between the two
RTD PT 1000 temperature sensors was compensated in a calibration rou-
tine where a heater was clamped several times in different orientations in
between the two copper blocks. The heating power was gradually ramped
up while the temperature sensors were monitoring the surface temperatures.
Calibrating this offset was important in order to improve the accuracy of
the actual temperature difference applied across the sample which was used
to determine the Seebeck coefficient. No absolute calibration of the tem-
perature sensors was performed and hence, an offset is possible but not as
crucial. The potential at the cold end with respect to the hot end was used
as the convention of voltage measurements throughout this work. In case
of e- charge carriers accumulating at the cold end of a semiconductor, a
negative potential will hence be measured.

Room temperature as well as temperature-dependent thermoelectric
characterization was performed, see chapter 2.3.3.1 for results. For mea-
surements at room temperature, temperature differences of 5K and 10K

were applied. For the temperature-dependent characterization, the mean
temperature Tm where Tm = (Ttop + Tbot)/2 was incrementally ramped
up from 283K to 343K in steps of 10K. For every mean temperature step,
∆T = Ttop - Tbot was ramped from 0K to 10K. As ∆T refers to the ac-
tual temperature drop across the device under test (DUT) throughout this
paper, a calibration procedure was introduced in order to derive ∆T from
∆Tmeas. In the first routine, the thermal resistance of the Kapton tape
was determined by means of a differential heat flux measurement. In the
second routine, a heater was clamped in the setup and the temperature at
the surface of the heater (determined with two additional temperature sen-
sors) was compared to the temperature measurement by the temperature
sensors integrated in the measurement setup. The difference was assumed
as the temperature drop across the interface. See Appendix B.1 for further
details on the setup characterization. Electrical resistance measurements
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6221 DC Current source
2182 Nanovoltmeter

2000 Multimeter2000 Multimeter

2510 TEC Sourcemeter2510 TEC Sourcemeter

Figure 2.8: Thermoelectric measurement setup hardware

were performed in parallel to the thermoelectric measurements, see chapter
2.3.3.2.

The thermal properties were characterized in chapter 2.3.3.3. A dif-
ferential heatflux measurement was utilized for which a thermal resistance
network was established that is applicable for steady heat transfer without
heat generation. Fourier’s law of heat conduction in its one-dimensional
form is utilized:

Qcond = λ ·AdT

l
(2.2)

With Qcond the heat flux in [W] through the plane with thickness l in
[m], A the cross-sectional surface area in [m2], λ the thermal conductivity
in [W/mK], dT the temperature difference between the two points.

A gSKIN XP 26 9C heatflux sensor from greenTEG was utilized in
both measurements to acquire the heatflux. ∆Tmeas,x was fixed to a small
temperature difference using the thermoelectric setup while both, ∆Tmeas,x

and ∆Qmeas,x were monitored. Measurements were performed at room tem-
perature at steady-state conditions for which a waiting time of 5min was
employed. The first measurement was a reference meausurement of the setup
itself while in the second measurement, the material of interest was inserted
in series (see Fig. 2.21 for lumped element model). The advantage of differ-
ential measurements is that systematic errors, e.g. coming from the heatflux
sensor itself are eliminated which increases the measurement accuracy.
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2 Bi2Se3: electrodeposition and material characterization

2.3 Results

2.3.1 Electrodeposition studies

2.3.1.1 Electrolyte concentrations

First, cyclic voltammetry was performed in the photoresist templates on
gold with a working area of 0.014 cm2 in order to understand the electrode
processes. Cyclic voltammetry was executed with equimolar concentrations
of 1.5mM, 3mM, 6mM of Bi(NO3)3 and SeO2 in 1M HNO3 diluted in DI
water and the results are displayed in Fig. 2.9. Starting from 0.2V the
potential was first swept toward negative potentials up to −0.8V (shown up
to −0.6V below which hydrogen evolution occurs), followed by a sweep in
the positive direction towards 0.5V and back to 0.2V with a scan speed of
50mV/s. A starting potential of 0.2V was chosen to properly capture the
reduction behaviour around 0V. The observed behaviour is comparable to
the results obtained in [70] for 5mM equimolar concentrations.

Focusing on the cathodic scan, two main reduction peaks R1, R2 and
a small peak R3 are visible as displayed for the third scan in Fig. 2.9a.
In order to assign R1 at 0.05V and R2 at −0.05V vs. Ag/AgCl, a cyclic
voltammetry study of the individual ionic components was performed (inset
of Fig. 2.9a). It can be seen that reduction of Bi3+ to metallic Bi onto Au
occurs at −0.05V vs. Ag/AgCl and Se reduction onto a formed Bi layer
takes place at more negative overpotentials around −0.5V vs. Ag/AgCl.
Due to the first observation, R2 is assigned to the reduction of Bi3+ to Bi
and R3 is attributed to the reduction of Se ions onto a previously formed
layer. R1 is most likely corresponding to the co-deposition of bismuth and
selenium according to the general reaction:

3H2SeO3 + 2Bi3+ + 12H+ + 18e− = Bi2Se3 + 9H2O (2.3)

Other authors suggest that the more negative peak is related to the
reduction of selenium and the more positive peak to the reduction of bismuth
[70].

If the reaction at the electrode is diffusion-limited, it is dictated by
the supply of additional ions from the bulk [86]. The reduction peaks likely
increase in amplitude for increasing molar concentrations due to more ion
availability making it a diffusion-limited process. In order to verify this, CV
sweeps were performed for different scan speeds. An electrochemical system
is in the diffusion-limited regime when the reduction peak current is linearly
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Figure 2.9: a) Cyclic voltammograms for varying equimolar concentrations.
Third scan is displayed for each concentration that is representa-
tive for the reduction behaviour. Inset: Reduction of 6mM Bi3+

ions onto Au and 6mM Se4+ onto Bi b) Cross-sectional view of
10min potentiostatic depositions at varying potentials 0V, −0.1V,
−0.2V in electrolyte with 1.5mM Bi(NO3)3 and SeO2 c) Deposition
at 0V with 3mM and 6mM equimolar Bi(NO3)3 and SeO2, scale-
bars: 1 µm. See Appendix E for sample details. Adapted from the
author’s own publication [79]

dependent on the square root of the scan speed. This relationship is
what we observed in our experiments, see Appendix B.2, Fig. B.2. At
potentials more negative than −0.5V vs. Ag/AgCl, hydrogen evolution
occurs. 10min potentiostatic depositions were performed into templates in
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2 Bi2Se3: electrodeposition and material characterization

order to investigate the film growth at different potentials and electrolyte
concentrations and to find the most suitable voltage window. First, the
concentration was kept constant at 1.5mM Bi(NO3)3 and SeO2 respectively
while depositions were executed at 0V, −0.1V and −0.2V vs. Ag/AgCl,
close to the reduction peaks. Cross-sectional SEM images are shown in
Fig. 2.9b and are linked to the cyclic voltammograms. In addition, the
coulometric charges are indicated in Fig. 2.9b which are determined by
integrating the current over the 10min deposition time interval. Deposits at
−0.2V (and higher overpotentials) were spongy in nature and selenium-rich
with an atomic ratio of Bi:Se of 1:3 whereas deposits at −0.1V and 0V grew
in clusters with a stoichiometric atomic ratio of Bi:Se of 2:3. The coulometric
charges for deposits at −0.1V and −0.2V are higher than for deposits at
0V which helps explain the increased amount of deposited material.

While hydrogen evolution occurs at overpotentials higher than −0.5V,
concomitant hydrogen evolution reaction can also take place during the de-
position at lower overpotentials, that is, during the deposition of Bi2Se3.
Recently, thin films of the same family (Bi2Te3) have been reported to dis-
play hydrogen evolution reaction (HER) activity [87]. Concomitant HER
could explain the observed dendritic morphology of Bi2Se3 at low overpo-
tentials. Since the films grown at 0V were the most compact, the impact
of higher concentrations was studied (shown in Fig. 2.9c). The current re-
sponse recorded during the CV scans from Fig. 2.9a and the coulometric
charges shown in Fig. 2.9b increase with increasing molar concentration.
This is in agreement with the increased amount of material deposited that
depends on ion availability. The growth morphology remains similar com-
pared to the initial concentrations.

2.3.1.2 Effect of KCl

A cyclic voltammetry study was conducted for 1.5mM equimolar concen-
trations of Bi(NO3)3 and SeO2 with 0, 20 and 40mM KCl. The CV results
are displayed in Fig. 2.10a where the blue solid line is identical to the line
of same color in Fig. 2.9a for comparison. All CV sweeps roughly display
a similar profile. The inset shows an enlargement of the reduction peaks
near 0V. The current density corresponding to the peak R2 that was earlier
assigned to the reduction of Bi3+ at −0.05V vs. Ag/AgCl slightly increases
with increasing KCl concentration while shifting to higher overpotentials,
indicated by the short arrow in the inset of Fig. 2.10a. Additionally, the
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current density peak R1 assigned to the co-deposition decreases with in-
creasing salt concentration while moving closer towards 0V vs. Ag/AgCl,
indicated by the long arrow in the inset. This shift to higher overpotentials
was previously observed for the electrodeposition of Bi2Te3 in the presence of
HCl and was attributed to the need to break the bismuth complexes before
reducing bismuth [88]. Here, we investigated the speciation of bismuth in our
electrolyte. In the presence of KCl, Bi3+ ions form several complexes with
Cl- such as BiCl2+, BiCl3 or BiCl2+ as determined using MEDUSA® [89],
see Appendix B.4, Fig. B.3, while selenium ions remain in the form H2SeO3.
We hypothesize that the complexation of Bi3+ ions causes the shift of the
reduction peaks R1 and R2 towards higher overpotentials. Furthermore, Cl-

ions may adsorp on the metal surface during the electrodeposition. This has
previously been shown for other systems such as ZnO [90] and CoMo [91]
and a recent study shows the adsorption of chloride ions on bismuth as a
function of solvents and crystal structure on the surface [92]. Analysis of
the chemical diagrams (see Appendix B.4) suggests that the majority of
chloride anions in the electrolyte are free. The adsorption of free Cl- on the
surface could explain the decrease in the current density corresponding to
the co-deposition peak R1.

As before, films were deposited potentiostatically at 0V vs. Ag/AgCl
into templates for 20mM and 40mM KCl (Fig. 2.10b). The films deposited
in the presence of 20mM KCl form clusters that merge more in the early
stage of deposition compared to films without KCl. At 40mM KCl, the
films were significantly smoother and exhibit a metallic and mirror-like sur-
face. Films deposited without the addition of KCl appeared black to the
naked eye. It should also be noted that the coulometric charge is about
−3.5mC at 40mM KCl compared to a charge of 5.2mC at 0V in the ab-
sence of KCl (see Fig. 2.9b). The smaller charge implies a smaller current,
which is in agreement with the observations from the cyclic voltammetry
study and leads to a decrease in material deposited. This is most evident
in the growth comparison in Fig. 2.10c. The stoichiometry of the films
deposited in the presence of KCl remained unchanged with an atomic ra-
tio of Bi:Se of 2:3. This implies that KCl changes the electrocrystallization
and growth morphology of Bi2Se3 without changing the atomic composition.
Films were also deposited from an electrolyte containing NaCl with similar
film smoothening effects. This supports the assumption that chloride anions
are responsible for changing the process towards smooth film growth.

However, the structures grown from NaCl displayed high internal stress
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Figure 2.10: a) Effect of the addition of potassium chloride on the cyclic voltam-
metry at equimolar concentrations of 1.5mM of Bi(NO3)3 and
SeO2. Third scan is displayed that is representative for the reduc-
tion behavior. Inset: enlargement of reduction peaks R1 and R2 b)
potentiostatic deposition at 0V from 1.5mM Bi(NO3)3 and SeO2;
top: 10min 0mM KCl, middle: 10min 20mM, bottom: 30min

40mM KCl c) top: 120min potentiostatic deposition at 0V in the
presence of 40mM KCl, middle: 120min pulsed deposition without
KCl bottom: 120min pulsed deposition in the presence of 40mM

KCl, scalebars: 2 µm. See Appendix E for sample details. Adapted
from the author’s own publication [79]

32



2.3 Results

resulting in detachment from the seed layer and were not further investi-
gated.

2.3.1.3 Influence of pulsed plating

In order to achieve the deposition of thick Bi2Se3 micropillars, the deposition
times were increased. Fig. 2.10c (top) displays the growth of deposits after
2 h of potentiostatic plating at 0V vs. Ag/AgCl. It can be seen that the
surface is significantly rougher in comparison to the one shown in Fig. 2.10b
(bottom). A plausible explanation is the depletion of electroactive material
near the electrode causing dendritic growth as time progresses. In order to
overcome this, pulsed plating was introduced. The deposit grew smoothly
for 10 to 30min. Therefore, 10min was chosen as deposition pulse time
which was followed by a 10% off-time (1min). After 2 h of pulsed deposition
(Fig. 2.10c bottom), the films show enhanced film compactness and smooth-
ness compared to those obtained in the absence of resting pulses. This is
because the off-time facilitates ion replenishment and redistribution at the
electrode. The long 10min time interval for smooth deposition is probably
enabled by the slow reduction rate that delays the ion depletion near the
electrode. The growth behaviour of the pulsed plating without addition of
KCl (Fig. 2.10c middle) highlights the importance of KCl in the process.

Fig. 2.11a shows the deposition results for pillars of 50 µm in diameter,
and their cross-sections for experiment times of 4.4 h (24 repetitions of tdep =
10min, trest = 1min) and Fig. 2.11b displays the outcome after 18.3 h (100
repetitions of tdep = 10min, trest = 1min). These growth results underline
that at any point in time, the material grows in a compact way with a
relatively smooth surface. The growth repeatability during one deposition
run is reflected in Fig. 2.11c where Bi2Se3 micropillars of different aspect
ratios grow in the same fashion. The current response during every tenth
deposition pulse of 10min duration is plotted in Fig. 2.11d for the deposition
in Fig. 2.11c. It can be seen that the current stays relatively constant with
a slight increase in the negative direction. The increase is most likely due to
a small increase in surface area but the relatively constant current of -0.6 to
−0.7mA/cm2 nevertheless indicates a compact, well-controlled growth that
is reflected in Fig. 2.11a-c. The average growth rate of the micropillars was
determined to be 1.55 um/h with growth rate dependency on micropillar
diameter resulting in thicker pillars for smaller mold diameter as shown in
Fig. 2.11e.
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Figure 2.11: Micropillar growth analysis a) Bi2Se3 micropillar growth after 4.4 h
electrosynthesis (24 repetitions of tdep = 10min, trest = 1min) b)
after 18.3 h (100 repetitions of tdep = 10min, trest = 1min). c) mi-
cropillar forest showing growth repeatability during one deposition
run for different aspect ratio molds. d) current density response of
c), displaying every 10th pulse during 0V deposition e) pillar thick-
ness and growth rate depending on pillar diameter. See Appendix E
for sample details. Adapted from the author’s own publication [79]

The efficiency of the process was calculated using Faraday law:

mtheoretical =
Imeant

F

M

z
(2.4)

with mtheoretical: theoretical mass, Imean: deposition current, t : depo-
sition time, F : Faraday constant, M : weighted mean of molecular weight,
z : average of moles of electrons transferred per mol of metal ion. The theo-
retical mass mtheoretical was compared to the mass actually deposited. High
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values of 82% current efficiency were obtained and the detailed calculation
is found in Appendix B.3.

Table 2.1 summarizes the resulting plating conditions developed here
leading to smooth and compact growth:

Standard plating conditions
Salts 1.5 mM Bi(NO3)3

1.5 mM SeO2

40 mM KCl
WE seed layer: Au, template: SU8 or AZ40XT
CE Platinum
RE Ag/AgCl
Duty cycle 10min deposition & 1min rest
Dep. voltage deposition: 0V vs. Ag/AgCl rest: cell off
Bath temperature RT
Agitation no

Table 2.1: Plating conditions optimized for smooth and compact growth used
throughout the thesis

Material morphology of the cross-section was first analysed qualita-
tively using the in-lens and ESB detector. The cross-sections were obtained
by breaking the elongated structures with widths equivalent to the pillar
diameters mechanically with a diamond scribe (see Fig. 2.5). Fig. 2.12a
shows SEM images taken at the same position that display uniform and
compact material growth. This is likely fostered by the low current densi-
ties during the deposition and the associated slow growth rate [73,93]. The
back-scattered electron image (right) shows no apparent atomic number con-
trast indicating the absence of phase separation.

2.3.2 Structural properties

2.3.2.1 Cross-sectional morphology and stoichiometry

The stoichiometry along the growth direction was further investigated us-
ing EDX for the plating recipe developed above (Tab. 2.1). The material
was measured after stripping the photoresist as illustrated in Fig. 2.3a and
Fig. 2.5. Fig. 2.12b shows a qualitative EDX area mapping of a mechan-
ically broken cross-section of the elongated test structures. It can be seen
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that both elements are present in the material and the absence of color
gradients indicate equal distribution.

Figure 2.12: Qualitative SEM and EDX material characterization results (plat-
ing conditions see Tab. 2.1). a) Cross-sectional SEM images taken
at same position. Left: in-lens detector image for secondary elec-
trons for surface information. Right: ESB detector image for back-
scattered electrons for sample’s composition b) Qualitative EDX
area mapping of cross-section showing presence of Bi and Se in all
locations of the micropillars. See Appendix E for sample details.
Adapted from the author’s own publication [79]

For quantitative information, line scans were performed on cross-
sections of elongated structures (see e.g. Fig. 2.5) as well as on the surface
of pillars (see e.g. Fig. 2.11c) and compared.

For the former, three measurements on three distinct samples of 25 µm
thickness and 30 µm width (equivalent to the smallest pillar diameter) are
presented in Fig. 2.13a. The measurements were taken along the scan lines,
marked as the white line parallel to the material growth direction on the right
hand side of the figure. An atomic composition of Bi:Se of 40:60 (displayed
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as Se:Bi = 1.5) was repeatedly measured along the scan line for different
samples, indicating an optimal stoichiometry.

Fig. 2.13b presents Bi2Se3 micropillar diameter dependent measure-
ments of the atomic composition. On the right are SEM images of the
respective pillars with 30, 50 and 75 µm diameter with the scan lines. It
can be seen that the achieved stoichiometry of 1.5 (Se:Bi) is achieved, inde-
pendent of micropillar diameter and even for micropillars with aspect ratios
> 1, ideal stoichiometry is maintained.

While the accuracy of the measurements is very high, the precision
which is reflected in the fluctuating data around the value of 1.5 was not
further optimized. Increasing the signal acquisition time would lead to an
improvement of the measurement precision but was not furthermore inves-
tigated as the results obtained were sufficient for the current study.

2.3.2.2 Analysis of the crystal structure

The crystallinity was analyzed with XRD and Raman spectroscopy. XRD
measurements were taken after electrodeposition of thin films with a seed
layer area of 1.76 cm2 with the same morphological and stoichiometric prop-
erties as the material grown into the templates. Fig. 2.14a shows a repre-
sentative spectra. After deposition at room temperature, several peaks are
visible. Those peaks match the orthorhombic phase (ICDD 01-077-2016),
and the strongest peak located at 2θ = 44.25 is assigned to the (002) re-
flection implying a preferential orientation which is consistent with previous
findings for Bi2Se3 thin films [29, 30]. Two broad bands are located be-
tween 2θ = 20 and 2θ = 35 indicating some amorphous or nanocrystalline
content with very small grain size. Bands in the same position have been
observed for Bi2Se3 films electrochemically grown on silicon at 60 ◦C bath
temperature and agitation [29]. All other peaks with low intensity match
the orthorhombic phase. We used the Scherrer equation to estimate the
grain size of the Bi2Se3 deposits from the XRD data (we chose the promi-
nent (002) reflection). Nanocrystals with an average diameter around 12 nm

were determined. This further supports the nanocrystalline nature of the
material.

Previously, a pure orthorhombic phase deposited onto Si was reported
[29, 30, 70]. A mixed orthorhombic and rhombohedral phase was described
for depositions onto a gold seed layer in absence of strong preferential orien-
tations [28,70]. Here, the orthorhombic phase is identified with strong (002)
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30µm pillar diameter 

50µm pillar diameter 

75µm pillar diameter 

Figure 2.13: Quantitative SEM and EDX Material characterization results, plat-
ing conditions see Tab. 2.1. a) Stoichiometry measurements along
linescan of cross-section of elongated structures that were broken
in half b) Investigation of diameter dependency on stoichiometry
by means of linescan on pillar surface. See Appendix E for sample
details. Adapted from the author’s own publication [79]
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orientation. The presence of two broad bands, the analysis of the average
grain diameter and the observations from the SEM suggest that the pulsed
plated Bi2Se3 displays nanometer-sized grains.

Figure 2.14: Structural analysis a) XRD measurements acquired on thin films
as grown with the same conditions and resulting in equal growth
behavior b) Raman spectroscopy on pillar structure as grown (mean
and SD of measurements on several samples). See Appendix E for
sample details. Adapted from the author’s own publication [79]

Raman spectroscopy was utilized to confirm the crystal behaviour of
the template deposited Bi2Se3 micropillars. Measurements were conducted
on the pillar structures after ECD at room temperature. The spectra in
Fig. 2.14b displays the mean and standard deviation of several measure-
ments of distinct pillars. Three features are visible around 81, 150 and
250 cm-1. The broad peak around 150 cm-1 is the most pronounced feature
and was previously suggested to be the bulk vibrational Ag mode in the
orthorhombic structure [70]. A and E modes are Raman active where the
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capital letters are a labelling convention and bulk vibration refers to a dis-
placement in the bulk of the material rather than on the surface. The latter
is common for 2D materials. Further explanation of the exact movement and
displacement vectors of the Ag mode in orthorhombic Bi2Se3 can be found
in [94]. A small hump around 250 cm-1 can be attributed to the activity of
Se-Se bonds. This is the dominating mode found in amorphous selenium
that consists of Se8 monomer rings where the Raman signal corresponds to
the A1 stretching mode [95] which was also observed experimentally [96,97].
A Raman peak was found in the same position for molecular beam epitaxy
synthesized rhombohedral Bi2Se3 which was suggested to be caused by in-
plane Se-Se vibrations of the crystal structure [65]. In our Bi2Se3 pillars
with orthorhombic crystal structure, it is also related to such Se-Se vibra-
tions (see Appendix B.5 for further justification). The early peak around
81 cm-1 probably corresponds to the onset of the Ag

2 mode of the orthorhom-
bic structure [94]. Overall, the broad peak around 150 cm-1 in Fig. 2.14b
dominates, confirming the findings from the XRD measurements that the
orthorhombic phase is the dominant crystal structure in the material after
deposition.

2.3.3 Electronic properties

2.3.3.1 Thermoelectric properties

Thermoelectric measurements were performed on as-deposited pillars grown
with the standard plating conditions (Tab. 2.1) displaying smooth and sto-
ichiometric growth (see also Fig. 2.11 and Fig. 2.13). This was done in
order to demonstrate the feasibility of applying this method to thermoelec-
tric devices. The Seebeck voltage was measured in vertical direction along
the micropillars while applying a temperature gradient in the same direction
across the pillars by means of two copper plates, see schematic in Fig. 2.15
and chapter 2.2.3.2 for methodology.

Fig. 2.15 presents the results obtained from the measurements at room
temperature. Five different dies were characterized from five distinct depo-
sitions, all of which were grown with the same standard plating conditions
(Tab. 2.1). The different dies are displayed on the x-axis to estimate the
repeatability of the developed Bi2Se3 micropillar synthesis process. Every
die contained several electrically contacted pillars of 30 µm and 50 µm in
diameter and around 45 µm in thickness, which is reflected in the standard
deviation. The mean Seebeck coefficient of the measured pillars was found
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Kapton ® 

Figure 2.15: Seebeck coefficient measurements of Bi2Se3 on several samples at
room temperature. Top right: schematic displaying the clamping
of the die between the copper plates that can be temperature con-
trolled in order to induce a temperature gradient across the dies.
See Appendix E for sample details. Adapted from the author’s own
publication [79]

to be −162 µV/K (SD = 32 µV/K) with maximum values above −200 µV/K.
A negative Seebeck coefficient indicating n-type behaviour was expected as
Bi2Se3 naturally is an n-type semiconductor where donor-type defects such
as Se vacancies VSe and anti-site defects SeBi dominate [26,68]. On the band
diagram level, we hence expect the Fermi level to be located closer to the
conduction band edge and one or multiple donor impurity levels (e.g. Se
vacancies and anti-site defects SeBi) inside the band gap.

The measurements lead to Seebeck values in the same order of mag-
nitude, indicating a high repeatability of the developed Bi2Se3 micropillar
synthesis process. The die to die variability (see SD of 32 µV/K) most likely
comes from remaining processing differences, i.e. different growth conditions
for the different measured pillars. Compared to Table 1.2, the Seebeck coeffi-
cients measured here compete with the values obtained for high temperature
synthesized films [26, 27] and are in the range of those values measured for
orthorhombic thin films of Bi2Se3 synthesized with ECD [28,30,71].

In Fig. 2.16, the open circuit potential VOC arising from the Seebeck
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Figure 2.16: Temperature-dependent thermoelectric characteristic of electrode-
posited Bi2Se3 pillars. See Appendix E for sample details. Adapted
from the author’s own publication [80].

effect is plotted as a function of the mean temperature Tm for different tem-
perature differences ∆T across three distinct Bi2Se3 pillars that were fabri-
cated approximately 1.5 years later as compared to the pillars in Fig. 2.15.
The pillars have similar characteristics where the voltage amplitude linearly
increases with increasing ∆T as expected. Moving along the x-axis it can
be seen that the voltage drops in absolute value for increasing temperatures
which is due to a decreasing Seebeck coefficient. The underlying mechanism
of the decreasing Seebeck coefficient will be explained later.

2.3.3.2 Electrical and thermoresistive properties

The electrical measurements were performed in parallel to the thermoelectric
measurements on the same samples as shown in Fig. 2.15 (see chapter 2.2.3.2
for methodology). The electrical conductivity measurements can be seen
in Fig. 2.17 from which a mean electrical conductivity of 8.6 S/m (SD =
4.5 S/m) was determined. The investigation yields values of conductivity
that are in the same order of magnitude with the remaining discrepancy
arising for similar reasons of differences in the electrochemical deposition as
mentioned earlier for the case of the Seebeck coefficient.
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Figure 2.17: Electrical conductivity measurements of Bi2Se3 pillars at room tem-
perature. See Appendix E for sample details. Adapted from the
author’s own publication [79].

The measured electrical conductivity is significantly smaller than for
rhombohedral Bi2Se3 reported in literature, due to distinct material prop-
erties such as the difference in bandgap. There is limited information about
the expected electrical conductivity of orthorhombic Bi2Se3 and we are only
aware of one reported value of 0.01 S/m by Tumelero and co-workers [30]
which is smaller than our results. These previously reported films begin
growing in columnar grains merging to a compact layer below 540 nm, which
is followed by large grain growth with flower-like morphology creating voids
in the material beyond 540 nm. These discontinuities may interrupt charge
carrier paths and lead to a reduced electrical conductivity.

Fig. 2.18 illustrates the temperature-dependent resistance characteris-
tic of Bi2Se3 pillars which was carried out in parallel to the thermoelectric
measurements as shown in Fig. 2.16 (3 distinct pillars). The characteristics
of the three different pillars are very similar and an exponential drop as
temperature increases is visible.

In order to better understand the underlying physical mechanisms, sev-
eral more measurements are performed. Fig. 2.20b displays an IV-sweep of
pillar 1 for a voltage range of ±0.5V that results in a current range cover-
ing the selected source current for resistance measurements (±10 µA). The
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Figure 2.18: Thermoresistive characteristic of three electrodeposited Bi2Se3 pil-
lars. See Appendix E for sample details. Adapted from the author’s
own publication [80].

linearity of the IV-sweeps supports that the electrical contacts are ohmic.
Based on these observations, the exponential decrease in resistance must
hence come from the mechanisms taking place in the bulk of the semicon-
ductor material Bi2Se3.

A simple, widely used model for the electrical conductivity σ in semi-
conductors is:

σ =
1

ρ
= neµn + peµh (2.5)

with ρ the electrical resistivity, n and p the free electron and hole
concentrations, e the electrical charge, µn and µh the electron and hole mo-
bility respectively. The second term of the equation is omitted for met-
als where charge carriers are mostly electrons [98]. Furthermore, in met-
als, the free electron concentration n is almost independent of temperature
whereas scattering decreases the electron mobility µn. Overall, the con-
ductivity of metals decreases with increasing temperature. On the other
hand, the temperature behaviour of conductivity in semiconductors is more
complex and the amount of free charge carriers is strongly temperature de-
pendent [44,98–100].
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In case of extrinsic semiconductors, dopant atoms induce new impu-
rity levels inside the forbidden bandgap. Focusing on n-type semiconductors,
these donor levels are energetically closer to the conduction band than to the
valence band. Three distinct temperature regions are typically recognized:
the partial ionization region at low temperatures, extrinsic (or full ioniza-
tion) at intermediate and intrinsic at high temperatures [100,101]. Here, we
define partial ionization as the region in between the freeze-out at 0K where
little thermal energy is available to excite electrons into the conduction band
and the point of complete ionization where all donor impurities are ionized.

In the intrinsic region, the concentration of charge carriers ni resem-
bles the one of intrinsic semiconductors and is dominated by the thermal
excitation of electrons from the valence to the conduction band, described
as:

ni =
√
NcNvexp(−

Eg

2kBT
) (2.6)

with Nc and Nv the effective density of states at the conduction band
edge and valence band edge, T the temperature in [K], kB the Boltzmann
constant (8.62 x 10-5 eV/K) and Eg the energy bandgap in [eV] [98,100,101].
At intermediate temperatures, the semiconductor is found in the extrinsic
region where the electron concentration remains constant. In the partial ion-
ization region, the exponential increase in carrier concentration is dominated
by the thermal excitation of donor electrons into the conduction band.

The obtained resistance temperature characteristic shown in Fig. 2.18
fits the well-known Arrhenius equation for negative temperature coefficient
of resistance (NTCR) materials, that is given by [44,102]:

R = R0 exp

(
β(

1

T
− 1

T0
)

)
(2.7)

With R the resistance in [Ω], T the temperature in [K], R0 the re-
sistance at T0 and β the beta-value in [K]. For example, for the case of
pillar 1, T0 and R0 are set to 293K and 1.66 kΩ, respectively and a good fit
is obtained for β = 3400K, see Fig. 2.19 inset (pillar 1).

Furthermore, the natural logarithm of the Arrhenius equation is plotted
in Fig. 2.19 for all three pillars where the beta-values can be read from the
slope. The linearity in the plot indicates that in this temperature range, only
one physical mechanism is dominating the resistance-temperature behavior.

If the semiconductor is operating in the intrinsic region, β = Eg

2kB

while for operation in the partial ionization region, β = Eg−Ed

kB
[102], see
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3600
3560

Figure 2.19: Arrhenius plot for 3 distinct Bi2Se3 pillars, inset: fitting of Arrhe-
nius equation with experimental data for ∆T = 0K and a beta-value
of 3400K for the case of Pillar 1. See Appendix E for sample de-
tails. Adapted from the author’s own publication [80].

Fig. 2.20c for nomenclature. In order to make a suggestion on the working
point of Bi2Se3, β = 3400K is inserted into the two equations above.

For the former case, one obtains an energy gap Eg of 0.584 eV for
Bi2Se3. This is unlikely as band gaps of this size in Bi2Se3 are not known.
The rhombohedral phase of Bi2Se3 was reported to have small bandgaps of
0.2 - 0.3 eV [26,67,68] while investigations of orthorhombic Bi2Se3 revealed
bandgaps between 0.9 and 1.2 eV [30, 103]. Eg - Ed = 0.292 eV is in close
agreement with a donor level of 0.32 eV that was previously identified around
room temperature for orthorhombic Bi2Se3 [30]. A large band gap in com-
bination with a deep lying donor level would furthermore explain the overall
rather low semiconductor conductivity of 8.6 S/m around room temperature
that we meausured.

Full ionization occurs around room temperature for shallow donors
such as phosphorous atoms inserted into silicon where the ionization energy
Eg - Ed is only around 0.045 eV [101]. Incomplete ionization of dopants at
room temperature is a well-known phenomenon of deep lying donor levels
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c)

Figure 2.20: Physical mechanisms in Bi2Se3 (Pillar 1): a) Derived Seebeck coef-
ficient for Pillar 1 b) IV sweep at 298K and 343K showing ohmic
behaviour c) Band structure nomenclature. See Appendix E for
sample details. Adapted from the author’s own publication [80].

that occurs in particular in wide-bandgap semiconductors such as SiC, GaN
and diamond [104,105].

Hence, the strongly temperature-dependent resistance characteristic in
our study is likely related to a deep lying donor level around 0.292 eV below
the conduction band edge. We assume that the defect state comes from the
dominating selenium vacancies that create positive point charges and excess
electrons, determining the n-type behaviour of the material [68]. As the slope
of the resistance-temperature characteristic is still non-zero at the highest
temperature setpoint of 343K, the Bi2Se3 is not yet in the full ionization
regime. Precise determination of the point of full ionization would require
measurements at temperatures beyond 343K.

The high magnitude of the Seebeck coefficient can furthermore be ex-
plained by Ed which results in relatively low carrier concentrations that lead
to a low electrical conductivity but is favourable for a large Seebeck coef-
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ficient [55]. The temperature-dependent Seebeck coefficient of pillar 1 is
plotted in Fig. 2.20a which was determined from the open circuit voltage
and the knowledge about ∆T according to α = VOC

∆T . The error bars at
every Tm arise from computation of mean and standard deviation over the
different temperature differences that were applied across the device. The
reduction of the Seebeck coefficient for higher mean temperatures is due to
the higher probability of occupied energy states above the Fermi-level as
temperature increases which has a negative effect on the magnitude of the
Seebeck effect [38].

2.3.3.3 Thermal properties

Thermal measurements were performed as explained in chapter 2.2.3.2. The
objective here was to be able to determine the thermal properties of Bi2Se3

as well as SU-8 in order to assess the sensor performance (chapter 3) for
which the thermal material properties have to be known. The properties
of copper and Si/SiO2 could not be determined. Due to their high thermal
conductivities, the results fell within the limit of detection of the sensors
and hence, literature values were utilized for those materials.

The cross-sectional views (not to scale) as well as the lumped element
models (LEM) are displayed in Fig. 2.21 for the reference measurement
where only a Si chip is measured (Fig. 2.21a) in combination with the
measurement for SU-8 (Fig. 2.21b) and Bi2Se3 (Fig. 2.21c). Note that
SU-8 is already structured and hence, a parallel thermal resistance network
composed of air and SU-8 is considered as displayed.

For the thermal properties of SU-8, the system of equations (reference
measurement, see Fig. 2.21a and main measurement, see Fig. 2.21b) is set
up according to:

Qmeas1 =
∆Tmeas,1

KSi + 2Kint
(2.8)

Qmeas2 =
∆Tmeas,2

KSi + 2Kint +KSU8||Air
(2.9)

The thermal resistance network is subsequently solved as:

KSU8||Air =

(
∆Tmeas2

Qmeas2

− ∆Tmeas1

Qmeas1

)
(2.10)
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Figure 2.21: Lumped element model of a) reference and b) & c) main measure-
ments to determine thermal conductivities of SU-8 and Bi2Se3

Furthermore, to obtain the thermal resistance of SU-8:

KSU8x =

(
1

KSU8||Air
− 1

KAir

)−1

(2.11)

Three independent measurements were performed, hence:

KSU8 =
3∑

x=1

KSU8x

3
(2.12)

Next, the measurement error is propagated using Gaussian error prop-
agation (see Appendix A for details). The calculations result in a value for
the thermal resistance KSU8 and by inserting the known geometrical dimen-
sions, a value for the thermal conductivity λSU8 is derived as follows:

KSU8 ± δKSU8 = 2.51± 0.11
K

W
(2.13)
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λSU8 ± δλSU8 = 0.234± 0.011
W

mK
(2.14)

The value for the thermal conductivity of SU-8 that was experimentally
determined is in very close agreement to the value found in literature [106–
109]. The low error around 4.5% implies a high precision of the measured
results.

In a similar procedure, the thermal conductivity of Bi2Se3 was deter-
mined (see Fig. 2.21a in combination with Fig. 2.21c):

λBiSe ± δλBiSe = 0.13± 0.08
W

mK
(2.15)

The thermal conductivity λBiSe was derived to be 0.13 ± 0.08 W/mK.
According to the Wiedmann-Franz relationship [110]:

λ = LσT (2.16)

with λ: electronic contribution of the thermal conductivity in [W/mK],
L: Lorenz number in [V2/K2], σ: electrical conductivity in [S/m], T : temper-
ature in [K], the electronic contribution of the thermal conductivity linearly
depends on the electrical conductivity. Thermal conductivities of Bi2Se3

and Bi2Te3 have been reported to be around 1W/mK for the rhombohedral
phase. Since σ reported here is also smaller (see Table 1.2), λ was expected
to be smaller than 1W/mK as well according to Eq. 2.16.

2.4 Chapter summary

The objective of this chapter was to develop an electrochemical synthesis
procedure for vertical Bi2Se3 micropillars in order to assess the potential of
this material for sensor applications. In this scope, a stable and reliable pro-
cess was developed while process simplicity was maintained. By design of
experiment, the optimal deposition voltage of 0V vs Ag/AgCl was identified
while a combination of adding 40mM KCl salt and pulsed deposition (1min

deposition, 10min rest) proved essential for controlled, smooth growth be-
yond thin film deposition.

Thorough structural characterization was followed for which several
characterization approaches were developed with focus on simplicity and
minimal intervention. In particular, accessing of the material cross-sections
in order to better understand the growth of the material and quantify the
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composition was non-trivial but solved in the current work. Developing test
structures with a temporary resist that was stripped after electrodeposition
while processing elongated Bi2Se3 structures that were broken in half after
resist stripping enabled us to access the material and acquire processible
SEM, EDX and Raman signals.

The resulting ECD method developed in the current work is very re-
liable and repeatedly yields in material pillars of very similar structural
properties of atomic composition Bi:Se 2:3 and orthorhombic phase with
amorphous and nanocrystalline content.

Muntifunctionality of the synthesized pillars was demonstrated by mea-
suring the electrical, thermoelectric and thermoresistive properties, both
at RT and as a function of temperature. A high Seebeck coefficient
around −162 µV/K (SD = 32 µV/K) and electrical conductivities around
8.6 S/m (SD = 4.5 S/m) were determined at RT. Furthermore, a strongly
temperature-dependent NTC-type thermoresistive effect with beta-values
around 3520K (SD = 85K) was measured in the 283 - 343K temperature
range.

The combination of the different measurements provided new insights
beyond literature. In particular, due to the very good fitting of the experi-
mental data with the Arrhenius equation and extraction of the beta-value,
we assume that a donor level lies around 0.3 eV below the conduction band
in an orthorhombic structure according to our XRD and Raman measure-
ments with bandgaps, likely around 0.9 to 1.2 eV (literature). This causes
the material to be in the partial ionization region in our measured tem-
perature range, leading to the strong thermoresistive effect. This thermal
activation of charge carriers would also explain why the Seebeck coefficient
decreases with increasing temperature. We assume that the dominant donor
level arises due to the dominating Se-vacancies.

An important disadvantage is that the material conductivity was found
to be relatively low translating into pillar resistances in the order of 1 - 1.5 kΩ
around room temperature for pillar thicknesses around 45 µm and diamters
of 100 µm. This has a significant impact on the integration, specifically with
the memristors, limiting the design choices as well as the range of possible
applications in a sense-log configuration, as will be addressed in chapter 4.

On the other hand, the distinct properties of Bi2Se3 are interesting
for multi-modal sensor applications. The strong temperature-dependent re-
sistivity translates into a high thermoresistive sensitivity. In the area of
microtechnology, Bi2Se3 pillars could potentially be integrated in diverse
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microfabrication-based processes for device applications where on-chip tem-
perature control is desirable. Due to the bottom-up electrochemical process,
it can easily be integrated and the dimensions adapted to existing processes
and applications. Furthermore, integrating this material into vertical ther-
moelectric devices can lead to multi-modal sensing possibilities of tempera-
ture and heatflux as will be discussed in chapter 3.
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3.1 Introduction & motivation

In the previous chapter, the material properties of Bi2Se3 were studied with
an emphasis on thermoelectric and thermoresistive aspects. In the cur-
rent chapter, the potential of utilizing these various material properties is
explored by moving from material to device level. This means that the
objective is to integrate the synthesized Bi2Se3 micropillars into vertical
thermoelectric devices. This will also be a pre-requisite for further exploring
system architectures as presented in chapter 4.

In chapter 3.2, the choice of materials and corresponding fabrication
is elucidated which is followed by the presentation of the full process flow
in chapter 3.3. Next, the behaviour of the thermoelectric-thermoresistive
sensor is investigated in chapter 3.4. Part of this chapter’s content has been
adapted from the author’s own publication [80].

3.2 Sensor design considerations

3.2.1 Choice of substrate

For the vertical thermoelectric device, silicon was chosen as the substrate
material onto which the active sensor was built and no substrate-release was
considered.

The advantage of utilizing silicon was that this choice resembles the
test-structures presented in chapter 2 and thus, the adhesion properties be-
tween metals and photoresist to the substrate had already been investigated
and optimized.

The disadvantage of a device with a rigid substrate is the limitation to
applications with a flat surface. On the other hand, the substrate provides
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enhanced mechanical stability, robustness and longevity of the processed
device which is advantageous with respect to device handling for character-
ization. It was hence considered sufficient for demonstration purposes.

A thermally oxidized SiO2 layer was introduced on top of the Si sub-
strate such that the metal could be structured without creating electrical
shorts through the electrically conducting silicon.

As shown in chapter 2.3.3.3, a thermal resistance of 2.51 K/W was
experimentally determined for SU-8. In comparison, the thermal resistance
of the combined Si/SiO2 layer was only around 0.054 K/W. The temperature
drop across the substrate is hence negligible for the sensor performance.

3.2.2 Choice of matrix material

The permanent photoresist SU-8 had been utilized earlier to fabricate pillar
test structures. The advantage of SU-8 is that thick layers with high aspect
ratio molds can be achieved.

As an alternative, polyimide was considered due to its superior chemi-
cal resistance, mechanical strength and thermal stability [111]. A limitation
of polyimide can be found in the structuring process. Two approaches exist,
dry etching to obtain high-aspect ratio structures and lithographically pat-
ternable resists with limited thickness. While the first approach could not
be performed due to potential contamination of the dry etching chamber in
the corresponding cleanrooms, tests were performed with photopatternable
polyimide which, however, yielded only low aspect ratio structures with low
quality sidewalls.

SU-8 was hence the preferred material choice due to its superior pro-
cessing properties. Due to the decision not to release the matrix material
from the substrate, mechanical robustness was not as critical. However, it
needs to be stressed that SU-8 exhibits a high coefficient of thermal expan-
sion, significantly higher than that of polyimide [112] limiting the tempera-
ture range during the characterization and in a possible application scenario.

3.2.3 Bottom contacts

For the bottom contacts, a Cr/Au/Cr metal stack was utilized. Due to the
earlier mentioned decision not to release the sensor from the substrate, the
seed-layer for the electrodeposition had to be designed in such a way that
it later served as interconnection between neighbouring thermocouples. A
design was developed that enabled current flow along the substrate during
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the plating process and interconnect removal via wet-etch after both electro-
plating processes had been performed (see Fig. 3.1). For the interconnect
removal, etching trenches were introduced in the matrix material that were
passivated by an oxide layer such that no electrodeposition could occur in
the electrolyte. The pattern of the bottom metal layer itself was achieved
by means of a wet-etch process.

Figure 3.1: CAD visualization of bottom contact before matrix processing (left)
and at the end of the process flow (right).

In order to estimate the resistance contribution of the metal layer to
the overall device resistance, electrical measurements were performed. Since
the interconnect was relatively thin, in the order of 120 nm while the in-plane
dimension was up to hundreds of micrometers, the van der Pauw method
could be utilized according to [113]:

exp(− πt

ρIC
·RAB,CD) + exp(− πt

ρIC
·RBC,DA) = 1 (3.1)

with ρIC the interconnect resistivity, t the interconnect thickness that
was determined with a profilometer measurement and RAB,CD and RBC,DA

the resistances derived from the four-probe measurement that is schemati-
cally shown in Fig. 3.2. The bulk material properties according to [114] were
compared to the experimentally determined values in Table 3.1. It could be
seen that the derived values are in the same order of magnitude while slightly
higher than the bulk material properties. According to literature, the resis-
tivity of thin films begins to deviate from the bulk material properties with
decreasing thickness in the order of tens of nanometers [115,116] where the
resulting increase in resistivity can be related to enhanced surface and grain
boundary scattering [117,118].

Converting the obtained resistivity into a resistance for an electrode
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Figure 3.2: Probing example to determine the material resistivity of thin films
via the van der Pauw method.

ρIC [Ω m] σIC [S/m]
[114] 2.33 x 10-8 42.88 x 106

This study (3.26 ± 0.12) x 10-8 (30.72 ± 1.1) x 106

Table 3.1: Average resistivity and conductivity of copper interconnects deter-
mined in this work via the van der Pauw method as compared to
literature values

width of 200 µm, length of 340 µm and thickness of 100 nm as designed,
resulted in a resistance contribution of the bottom contact of 1.88× 10−4Ω

per thermocouple which is significantly smaller than the resistance of the
Bi2Se3 and can hence be neglected in the overall device calculations.

3.2.4 n-type and p-type

As has been outlined before, Bi2Se3 is intrinsically an n-type material, re-
sulting in negative Seebeck coefficients. Thermoelectric devices typically
consist of a combination of n-type and p-type semiconductor thermolegs. In
literature, many reports exist of the synthesis of p-type bismuth telluride or
antimony telluride. Several experiments with Bi2Te3 according to [119] as
well as Sb2Te3 according to [75] were performed but no immediate results
fulfilling the requirements of compact growth and high positive Seebeck co-
efficient were obtained (see Appendix C.10 for details).

For the first generation of devices demonstrated in this thesis, a com-
promise was hence made and copper (Cu) was chosen as a substitute for the
p-type leg. A thermoelectric device with only n-type (or p-type) material
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that is electrically connected by metal interconnects is also commonly called
a unipolar thermoelectric device [120]. The advantage of copper electro-
plating is that this is a well-known process frequently utilized in industry
for instance as an interconnect solution [121]. Therefore, standardized elec-
trolytes containing Cu ions exist.

Another advantage is the high electrical conductivity of copper and
hence, the copper pillars are expected to not significantly contribute to the
overall device resistance. The apparent disadvantage is that due to the pro-
portionality between electrical and thermal conductivity as described by the
Wiedmann-Franz relationship, see Eq. 2.16, the high electrical conductivity
will also lead to a high thermal conductivity of the Cu-leg and will lower the
device sensitivity.

3.2.4.1 Electrodeposition of copper

Copper electrodeposition was performed with a high speed copper electro-
plating solution (Sigma Aldrich). The electrolyte contained dissolved copper
ions Cu2+ from Copper(II) sulfate pentahydrate CuSO4.5H2O and further-
more sulfuric acid H2SO4 and chloride. The reduction reaction of Cu is given
as:

Cu2+ + 2e− → Cusolid (3.2)

Experiments were performed in a three electrode configuration (see
Chapter 2.2.1) and the reduction of copper was performed on the Au sub-
strate, equivalent to the reduction of Bi2Se3. During initial experiments,
the deposition voltage was varied and the resulting Cu pillars were optically
inspected with the SEM. Good film properties were obtained at −0.25V

vs. Ag/AgCl as seen in Fig. 3.3. 15min deposition time sufficed to com-
pletely fill the molds and overgrow slightly such that the Cu surface could
be polished subsequently.

3.2.4.2 Electrical characterization of copper

In order to assess the quality of the plated copper and ensure that the
electrical resistance is low, the electrical properties were characterized. For
this, elongated copper structures were grown onto Au (see Fig. 3.3 left)
that were subsequently carefully lifted off and transferred onto a sheet of
double-sided electrically isolating Kapton tape. Once attached, a four-probe
measurement was applied by contacting the ends of the copper structure.
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Figure 3.3: Electrodeposited Copper

The measurement was performed perpendicular to the growth direction
and hence, perpendicular to the flow of current in the final device. The
resistivity was derived through the geometrical dimensions using Poulliet’s
law [98].

Isotropic material properties were expected where the value of resistiv-
ity obtained for the direction perpendicular to the growth was assumed to
be equal to the resistivity value parallel to the direction of growth.

The values for the electrical resistivity and conductivity experimentally
determined in this work are displayed in Table 3.2 and compared to values
found in literature. Close agreement can be seen, indicating high film quality.

ρCu [Ω m] σCu [S/m]
[119] (1.82 ± 0.57) x 10-8 (54.95 ± 17.21) x 106

[114] 1.678 x 10-8 59.59 x 106

This study (1.69 ± 0.24) x 10-8 (59.12 ± 8.47) x 106

Table 3.2: Average resistivity and conductivity of copper experimentally deter-
mined in this work as compared to literature values

Converting the electrical resistivity into resistance per pillar for a pillar
thickness of 45 µm and diameter of 50 µm which is very close to the designed
dimensions, resulted in a resistance of 4.54 × 10−4Ω. Similar to the inter-
connect calculations, this value is significantly smaller than the resistance
values obtained for Bi2Se3 and hence, it can be concluded that the electrical
resistance of the copper pillar is negligible in the device calculation.
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3.2.5 Selective electroplating

The challenge for thermoelectric devices is that the different pillars need to
be deposited selectively and separately.

In literature, several approaches exist to overcome this challenge. Sny-
der et al. presented a method where the bottom contacts were already
patterned and the molds for the electrodeposition were developed one after
another [72]. While this is the most simple solution in terms of processing
steps, it requires the chips to not leave the yellow-light area of the clean-
room for dicing and electrodeposition and proves infeasible with the given
infrastructure.

In another approach presented by Glatz and co-workers, two distinct
electrodes that are electrically independent from one another were patterned
such that every electrode was responsible for one of the two deposition pro-
cesses [122]. In this approach, the matrix including the thermoelectric mate-
rial was released from the substrate and the bottom contacts were redefined.
Since release was not considered in this work, this solution was unsuitable.

The third approach consists of passivating the existing mold structures
either by a photoresist [123] or by a dry film resist [124, 125]. Dry film
resists are typically very expensive and need to be attached to the surface
via lamination and heat, introducing a complex process step and possibly
demolishing of the device due to the heat and pressure treatment. Passiva-
tion by means of a temporary photoresist was successfully demonstrated for
low aspect-ratio structures, however, a significant amount of air-bubbles was
formed over the mold structures in case of higher-aspect ratio molds where
uncontrolled leakage occurred during the plating process due to insufficient
passivation.

The solution pursued here was the passivation using the oxide SiO2 that
was deposited via Plasma enhanced chemical vapour deposition (PECVD)
and structured using lithography and wet-etch before the matrix material
SU-8 was applied.

3.2.6 Top contacts

To obtain top metal contacts, eBeam evaporation through a shadow mask
was preferred over wet-etch or lift-off structuring due to the significant re-
duction in process steps and prevention of possible chemical contamination.
As this process was already used to fabricate the pillar test structures (see
chapter 2.2.2), we were familiar with the minimum thickness of the laser-

59



3 Bi2Se3 thermoelectric & thermoresistive devices: design, fabrication &
characterization

structured metal-based shadow-masks to obtain sufficient stiffness and avoid
mask buckling and resulting blurring effects.

In the TEG design, the distance between neighbouring TC intercon-
nects was set to 65 µm, which was sufficient to guarantee proper electrical
separation. To begin with, a combination of a dry etch to physically clean
the surface by means of Ar-ion bombardment with subsequent Au evapo-
ration was chosen. This approach, however, yielded in a very low adhesion
between SU-8 and the Au contact and led to a rather soon deterioration of
the top contact. In order to improve the adhesion and long-term stability of
the TEG, a thin Cr adhesion layer of 10 nm in thickness was introduced prior
to evaporation of 150 nm of Au which significantly improved the adhesion
and led to long-term stable device contacts without introducing a significant
additional series resistance.

Please note that for the pillar structures, Ti adhesion layers below
the gold seedlayer and for the top contact were typically used (see also
Appendix E). The devices required structuring of the bottom contacts by
means of wet etch. Ti is removed in a hydroflouric acid etchant which could
not be utilized here for the seedlayer metal stack because it would have also
attacked the underlying thermally evaporated SiO2 layer. For reasons of
minimizing the amount of materials used per device, the top contact was
hence also changed from Ti to Cr. This, however, does not influence the
results since, as it has been shown, the metal thin films have an insignificant
contribution to the device behaviour.

3.3 Demonstration of process flow

This section presents the full process flow that resulted from the analy-
sis of the individual fabrication steps. Processing details can be found in
Appendix C.5 and the process flow is visualized in Fig. 3.4a.

3.3.1 Bottom contact structuring

Fig. 3.4a (1): A 4 inch Si wafer with 2 µm thermally oxidized SiO2 is
utilized as a substrate material. A metal stack of Cr/Au/Cr of 5/100/5 nm
was eBeam evaporated after an Ar-ion dry etch in the same chamber to
clean the substrate. Afterwards, the positive resist AZ4533 was processed,
structured and hard-baked to obtain the pattern that was transferred onto
the metal layer. Then, the metal layers were wet-etched where TechniEtch

60



3.3 Demonstration of process flow

Cr01 (Technic) diluted with H2O in a ratio of 1:4 was used to remove chrome
and gold etch type TFA (Transene) for removal of Au. Another Au etch
had to be performed to level-off the metal layers as the first chrome etch
resulted in a slight under-etch. As chemicals were trapped in the under-
etched area and led to residuals after photoresist release, a baking step
followed by plasma ashing was introduced to dry and remove these residuals.
The photoresist was subsequently removed from the wafer using acetone and
isopropanol.

3.3.2 Oxide structuring

Fig. 3.4a (2): Next, 600 nm of SiO2 was deposited after a dehydration
bake by means of PECVD. After another dehydration bake and application
of vapour HMDS, a temporary resist AZ4533 was patterned followed by
a hardbake step. The wafer was placed in the plasma asher to improve
the wetting capabilities of the surface and subsequently etched in buffered
HF after which the resist was stripped in acetone and isopropanol. The
same process-flow was repeated in order to obtain two levels of SiO2 electric
isolation for the selective plating process. Before stripping the second resist,
the top chrome layer that served as an adhesion layer between gold and the
600 nm-thick SiO2 layer was removed via wetetch to ensure that the seed-
layer of the first electrodeposition process was indeed gold and not chrome.
A substrate clean of residuals was absolutely crucial. Early on, problems
were encountered where surface particle contaminations of sufficient size
larger than the oxide layer thickness led to point-like defects where the metal
layer was uncovered. Later-on in the process, this led to strong punctual
plating in undesired locations. Furthermore, it was observed that oxide layer
thicknesses of at least 200 nm were needed to reliably protect the surface.

3.3.3 SU-8 processing

Fig. 3.4a (3): The SU-8 processing followed the recipe introduced in
chapter 2.2.2 for the fabrication of pillar test-structures. The SU-8 con-
tained cylinder-shaped structures 100 µm in diameter for electrodeposition
of Bi2Se3, 50 µm diameter structures for the copper plating as well as elon-
gated lines to etch the metal connections in one of the last steps.

Crucial during this process was a dehydration step prior to spincoat-
ing as well as temperature ramping of the softbake and post expusure bake
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(PEB) in order to minimize stress and enhance the adhesion. After process-
ing of SU-8, the wafer was diced into 2 by 2mm chips.

3.3.4 Bi2Se3 plating

Fig. 3.4a (4): The first electroplating process was performed in the elec-
trolyte containing Bi+ and Se+ ions with the standard recipe as defined in
Tab. 2.1. The passivation oxide ensured that electroplating neither took
place in the molds dedicated to copper deposition, nor in the trenches for
later removing the metal lines. The plating duration was adapted such that
the resulting Bi2Se3 slightly overgrew outside of the template.

3.3.5 Planarization

Fig. 3.4a (5): After the first plating process, the surface was planarized by
a grinding step with SiC paper in combination with DI-water, followed by
polishing with an Al2O3 suspension until the Bi2Se3 was levelled off with
the SU-8

3.3.6 Temporary photoresist & oxide removal

Fig. 3.4a (6): Next, the passivation oxide had to be removed to enable cop-
per plating. Before removing the oxide with BHF, a temporary resist AZ4562
was spincoated and structured such that only the molds to be plated next
were free. The small diameter of the copper molds of 50 µm in combina-
tion with the high viscosity of the resist prevented the resist to flow into
the molds which benefited the molds to be completely free from resist after
development and was reproducible.

It was absolutely crucial to adapt the baking process of the temporary
resist in order to minimize thermal shocks. For this purpose, a ramp from
40 to only 83 ◦C and a slow cool-down on a cleanroom towel was introduced.
Because the maximum baking temperature was significantly lowered from a
standard temperature of 110 ◦C, the baking time was increased from 1min

to 3.7min.
To remove the passivation oxide, the chip was dipped in BHF after

several seconds of oxygen plasma, and subsequently dipped in the chrome
etch to remove the underlying adhesion layer. The temporary resist was
not removed as it served to protect the already deposited Bi2Se3 pillars
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3.3 Demonstration of process flow

Figure 3.4: a) Process flow for thermoelectric device b) top view of fabricated
TEG chip and zooming in on the active area. Adapted from the
author’s own publication [80].
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during the copper plating process. Thinner temporary resists led to partial,
undesired plating on top of the Bi2Se3 pillars

3.3.7 Copper plating & planarization

Fig. 3.4a (7) & (8): Next, copper plating was performed where the mate-
rial was again slightly overgrown. Subsequently, the protection resist was
stripped and the surface planarized.

3.3.8 Temporary photoresist & oxide/metal removal

Fig. 3.4a (9): Once more, a protection resist was applied, this time to protect
both plated pillars in order to remove the connecting lines of the seedlayer.
During the lithography process, the temperature ramp and lowered baking
temperature was applied again. The passivation oxide protecting the metals
was first removed in HF after which the metal stack consisting of Cr/Au/Cr
was etched away with the metal etchants mentioned earlier. Subsequently,
the protection resist was stripped in acetone and isopropanol.

3.3.9 Top contact evaporation

Fig. 3.4a (10): Lastly, top electrical contacts were applied. For this, the chip
was placed on a magnetic metal holder and a shadow-mask was aligned with
the chip under an optical microscope and fixated with small magnets. Cr/Au
10 nm/150 nm were subsequently eBeam evaporated after an Ar-ion etch to
remove remaining residuals, the resulting device can be seen in Fig. 3.4b.

3.4 Sensor characterization

The feasibility of utilizing Bi2Se3 for high sensitivity temperature and heat-
flux sensors is assessed in the current section by presenting the measurements
of the thermoresistive and thermoelectric sensor output response of two dis-
tinct devices and furthermore, by investigating the sensor performance with
respect to sensitivity, accuracy and resolution of the better performing de-
vice. The measurement procedure was outlined in chapter 2.2.3.2.

As described in chapter 3.2.4, the n-type legs consist of Bi2Se3 and
are electrically connected by copper legs with positive Seebeck coefficient.
Since copper has a high electrical conductivity (calculated in chapter 3.2.4.2)
and low Seebeck coefficient (≈ 2 µV/K according to literature [38,126]), the
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effects observed on the device-level are expected to be dominated by the
Bi2Se3 material.

a)

b)

Figure 3.5: Sensor output as a function of the mean temperature Tm and the
temperature difference ∆T a) thermoresistive output b) thermoelec-
tric output. See Appendix D for another characterized device and
Appendix E for sample details. Adapted from the author’s own pub-
lication [80].
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The temperature dependent resistance RTeg of one Bi2Se3-based device
is plotted in Fig. 3.5a as a function of the mean temperature Tm for different
temperature differences ∆T across the device. We observe an exponential
drop in resistance with increasing temperature (see Eq. 2.7), which is in line
with the behaviour that was earlier shown for three distinct Bi2Se3 pillars
(Fig. 2.18). On the other hand, RTeg varies only slightly with respect to ∆T,
as visible in the inset of Fig. 3.5a. In Fig. 3.5b, the open circuit potential
VTeg arising from the thermoelectric effect is plotted as a function of Tm

for different temperature differences ∆T across the device which displays a
similar behaviour as what was shown for the pillars (Fig. 2.16).

For brevity, the characteristic of a second device is plotted in
Appendix D which has the same shape with an overall higher device re-
sistance (% difference ≈ 33%). Since both devices have the same amount of
thermocouples and geometry, the difference in resistance most likely comes
from differences in the electrochemical deposition that we also noticed during
the Bi2Se3 pillar investigations.

3.4.1 Sensor performance

3.4.1.1 Temperature sensitivity

The obtained resistance temperature characteristic fits the Arrhenius equa-
tion (Eq. 2.7) implying that the physical mechanisms in Bi2Se3 dominate
the sensor behaviour as expected. In Fig. 3.6, the experimental data for
∆T = 0K is fitted with the Arrhenius equation. T0 and R0 are set to 313K

and 57.580 kΩ, respectively. The equation is plotted for β = 3260K which
results in a temperature discrepancy below 1K between data and model
across the full temperature range as can be seen in the inset of Fig. 3.6a.
Furthermore, the beta-value of 3260K obtained here is in close agreement
to the one obtained for the Bi2Se3 pillars (3400 - 3600K, see Fig. 2.19).

The beta value determines how steeply the exponential resistance tem-
perature characteristic falls and is hence a common parameter to determine
the sensitivity of a thermistor with higher beta values implying higher sen-
sitivity [44, 102]. Values of β for thermistor applications should be in the
order of 2000 to 5000K [15,99,127]. As can be seen, the Bi2Se3 device archi-
tecture presented here falls well within that range and is hence a promising
candidate for NTC thermistor applications around room temperature from
a sensitivity point of view.

In addition to the beta-value, the temperature coefficient of resistance
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(TCR) is another metric to quantify device sensitivity [44, 102]. It is typi-
cally given in ppm/K or in %/K (1% = 10000 ppm) and can be derived by
differentiating R(T) with respect to the temperature:

TCR =
1

R

dR(T )

dT
(3.3)

The TCR for metals is usually positive, the one of semiconductors
negative [44]. Furthermore, the relation between the TCR and β is given
by [44,102]:

β = −TCR · T 2 (3.4)

The derivative of the Arrhenius equation with respect to the tempera-
ture yields:

dR(T )

dT
= −R0 ·

β

T 2
exp

(
β(

1

T
− 1

T0
)

)
(3.5)

Eq. 3.3 and Eq. 3.5 can be inserted into Eq. 3.4 and solved. In
Fig. 3.6b, the TCR is plotted as a function of Tm. From the plot it can
be seen that the sensitivity is higher for lower temperatures which is in line
with the exponential behaviour in Fig. 3.6a.

In Tab. 3.3, the sensitivity expressed through the beta-value as well as
the TCR of three commercial thermistors that are based on NTC ceramic
materials is compared to the Bi2Se3-based devices presented here. It be-
comes apparent that the sensitivity performance presented here competes
well with commercial bulk NTC devices.

Sensitivity
β-value @RT
[K]

TCR @RT
[ppm/K]

This study 3260 -36700
Molex [128] 3890 -43240
Vishay [129] 3530 -39200
Murata [130] 3380 -37550

Table 3.3: Comparison of Bi2Se3 resistance and sensitivity to commercial leaded
bulk NTC thermistors
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b)

a)

K

Figure 3.6: Sensitivity analysis for thermoresistive output signal a) fitting of
experimental data with Arrhenius equation; inset: temperature dis-
crepancy between fitted model and experiment b) Derived TCR. See
Appendix E for sample details. Adapted from the author’s own pub-
lication [80].

68



3.4 Sensor characterization

3.4.1.2 Heatflux sensitivity

Next, the sensitivity of the voltage signal is analyzed. The heatflux is derived
according to:

Q =
∆T

K
(3.6)

With K the thermal resistance of the integrated thermopiles in [K/W]
which was approximated by means of a differential measurement and found
to be 0.0515 K/W (see Appendix C.11 for details). The sensitivity is de-
fined as the slope of the transfer characteristic of VTeg(Q) and displayed in
Fig. 3.7.

increasing T

Tm = 283 K 

Tm = 343 K

Figure 3.7: Sensitivity analysis for thermoelectric output voltage displaying the
voltage-heatflux transfer characteristic; inset: derived sensitivity and
linear fitting function in dependence of Tm. See Appendix E for
sample details. Adapted from the author’s own publication [80].

A decrease for increasing mean temperature can be seen which is dis-
played in the inset of Fig. 3.7. A linear fitting function describes the tem-
perature dependent sensitivity where the derived sensitivity at room tem-
perature is found to be 0.125 µV/(W/m2). According to Tab. 3.4, the
sensitivity of the demonstrated sensor is smaller than commercial heatflux
sensors. For high sensitivities, VTeg must be maximized and K should be
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large. However, when the sensor is placed in an application, the sensor ther-
mal resistance should be smaller than the thermal resistance of the object
that is investigated [131]. This is crucial to ensure that heat flows through
the sensor element rather than bypassing the sensor as significant bypassing
of the heatflux would lead to a decrease in sensor accuracy.

In the current study, the reason for the lower sensitivity is the high
thermal conductivity of the copper pillars which reduces the overall device
thermal resistance. The low thermal resistance has further implications such
as relatively high heat fluxes through the sensor as for example shown in
Fig. 3.8c.

Sensitivity at RT
[µV/(W/m2)]

This study 0.125
greenTEG [132] 13.2
HukseFlux [133] 15

Table 3.4: Comparison of Bi2Se3-device sensitivity compared to commercial
heatflux sensors

3.4.1.3 Temperature accuracy

In order to investigate the accuracy, the sensor is exposed to an arbitrary
input sequence with varying temperature and temperature differences, per-
formed in the measurement setup outlined in chapter 2.2.3.2. The resistance
and voltage response to the input sequence is shown in Fig. 3.8a. The ad-
vantage of utilizing the measurement setup is that next to the sensor output
data, the temperature setpoints are stored which are subsequently used to
compare the values derived from the sensor output with the actual temper-
ature setpoint data and quantify the sensor accuracy with respect to the
reference sensors.

In order to obtain Tm, the Arrhenius equation is solved according to:

Tm =
1

ln(
RTeg
R0

)

β + 1
T0

(3.7)

A first approximation of the mean temperature Tm is derived using
Eq. 3.7. Upon careful inspection of the inset of Fig. 3.5a, it can be seen
that fitting the model coefficients for ∆T = 0K means that for ∆T > 0K,
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the model overestimates Tm. Hence, in particular the setpoints with high
output voltage (see Fig. 3.8a) will have an inaccuracy in terms of the derived
mean temperature. Without correcting for this, the measuring accuracy is
around ±0.8K. For this reason, a calibration is introduced in order to obtain
a device-specific correction function. This is done by collecting the actual
temperature as a function of RTeg (see Fig. 3.5a inset). Next, the actual
temperature is subtracted from Tm (∆T = 0) according to ∆Tcorr = Tm(∆T
= 0) - T(∆T ̸= 0). The resulting temperature correction ∆Tcorr linearly
depends on ∆T according to:

∆Tcorr = 0.066 ·∆T (3.8)

∆T is not a sensor output signal but it can be expressed as a function
of the sensor output VTeg. This requires an additional device-specific cali-
bration in a measurement setup where VTeg is monitored as a function of
∆T. The resulting dependence is linear as well and, solved for ∆T, is given
by:

∆T = 0.0504
K

V
· VTeg (3.9)

In summary, the new formula for expressing the corrected mean tem-
perature depends on both sensor output signals Tm,calibr(RTeg,VTeg) and by
inserting Eq. 3.9 into Eq. 3.8 and subtracting it from Eq. 3.7, is written as:

Tm,calibr =
1

ln(
RTeg
R0

)

β + 1
T0

− (0.033 · VTeg) (3.10)

Both, the mean temperature measured with the reference sensors as
well as the derived mean temperature Tm,calibr are plotted in Fig. 3.8b
(top). The difference between the two is furthermore visualized in Fig. 3.8b
(bot) where the discrepancy is utilized to define the sensor accuracy. Upon
close inspection of Fig. 3.8a, spikes in the sensor response can be seen which
arise due to the change in setpoint where the system requires approximately
80 sec to adapt to the new setpoints. For this reason, we consider only data-
points after the 80 sec period for defining the sensor accuracy. After the
introduced correction (Eq. 3.10), the measurement accuracy is improved to
around ±0.6K. A part of the remaining inaccuracy is a systematic error
arising from the offset in the beta function (see Fig. 3.6a inset), which
becomes particularly significant further away from where T0 was defined.
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Figure 3.8: a) Raw sensor output b) Tm accuracy indication c) Q accuracy in-
dication. See Appendix E for sample details. Adapted from the
author’s own publication [80].72
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3.4.1.4 Heatflux accuracy

Fig. 3.8c (top) depicts the reference and calibrated heatflux response. The
reference heatflux QRef is determined through knowledge of ∆T and the
thermal resistance K. The calibrated response is derived from the voltage
signal together with the temperature-dependent sensitivity fitting function
S that is given by (see Fig. 3.7 inset):

S = 3.78 · 10−10 V

(W/m2)K
· Tm − 1.34 · 10−7 V

(W/m2)
(3.11)

Since Tm is expressed through RTeg, the heatflux output signal is it-
self dependent on both sensor outputs: Qcalibr(VTeg,RTeg). In comparison
to other heatflux sensors, the temperature correction is performed through
the same sensor. The heatflux accuracy (see Fig. 3.8c bottom) is around
±20W/cm2 which is equivalent to an accuracy in ∆T of around ±1K (right
axis) in terms of temperature difference.

3.4.1.5 Resolution

Fig. 3.9a and 3.9b give an indication for the sensor’s resolution which was
assessed around room temperature. For the thermoresistive performance,
∆T = 0K and Tm was increased by small amounts δT, see Fig. 3.9a (top).
For the thermoelectric performance, ∆T ̸= 0K small differences in temper-
ature were applied across the device, see Fig. 3.9b (top). It can be seen that
the sensor is able to resolve temperature changes as low as 0.05K through
the thermoresistive response and temperature differences as low as 0.05K

which is equivalent to 1W/cm2 through the thermoelectric response.

73



3 Bi2Se3 thermoelectric & thermoresistive devices: design, fabrication &
characterization

W/cm2

[W
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2 ]

Figure 3.9: Resolution a) top: resistance response to changing sensor inputs,
bottom: corresponding calibrated sensor input based on conver-
sion operations b) top: voltage response to changing sensor inputs,
bottom: calibrated sensor input. See Appendix E for sample details.
Adapted from the author’s own publication [80].
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3.5 Chapter summary

In this chapter, a fabrication process was developed that integrated the elec-
trochemical deposition of Bi2Se3 into a thermoelectric device process. The
resulting devices where characterized for the multi-modal temperature and
heatflux sensor arising due to the simultaneous thermoelectric and thermore-
sistive effect in Bi2Se3 around room temperature.

Based on the sensor performance analysis with respect to sensitivity,
accuracy and resolution which is summarized in Table 3.5, the presented
sensor is promising for a new type of combined heatflux and temperature
measurement method.

Sensor specifications
Detector type thermoelectric, thermoresistive
Calibration temperature range 283 - 343 K
Sensing dimension 10 x 10 mm
Electrical resistance 20 - 170 kΩ
Temperature sensitivity -36700 ppm/K or β = 3260 K
Temperature accuracy ± 0.6 K
Temperature resolution 0.05 K
Heatflux sensitivity 0.125 µV/(W/m2)

Heatflux accuracy ± 20 W/cm2

Heatflux resolution 0.05 K

Table 3.5: Specifications for dual-mode temperature and heat flux sensor

In this project, a combination of Bi2Se3 and copper was utilized for
the thermocouple legs. Copper was overall advantageous to not further in-
crease the electrical device resistance. However, a deterioration in heatflux
sensitivity was observed due to the high thermal conductivity of copper. In
the next device generation, the copper thermocouple legs should preferably
be made out of a material similar to Bi2Se3 with moderate thermal conduc-
tivities in order to reduce thermal shortening effects. An increased electrical
device resistance could be avoided by reducing the number of thermocouples.
Since the utilization of a thermocouple material such as Bi2Te3 is expected
to have a higher Seebeck coefficient than copper, an optimal working point
could potentially be found between minimum device resistance and maxi-
mum heatflux sensitivity which depends on the Seebeck voltage.
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4 Bi2Se3 based sensor systems:
integration aspects

4.1 Introduction and motivation

The previous chapters focused on the synthesis of Bi2Se3 pillars and their
structural and electronic characterization in chapter 2 and the fabrication
and characterization of thermoelectric-thermoresistive devices in chapter 3.
The objective of the current chapter is to discuss system integration of the
in chapter 3 presented device.

Load, e.g. Resistor

Figure 4.1: Three different device configurations: 1. energy harvester, 2. dual-
mode sensor and 3. sense-log device

Three different configurations are considered as presented in Fig. 4.1.
The thermoelectric-thermoresistive device is thereby modelled as a series
connection of a temperature depentent resistance RTeg(Tm,∆T) and a tem-
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perature dependent voltage source VTeg(Tm,∆T) as shown in the dashed
box on the left hand side of Fig. 4.1.

In the first configuration, the purpose is energy harvesting where a
load is connected in series to the thermoelectric device in order to exploit
the generated power. This configuration is not novel and solely discussed
here in order to underline the differences and similarities particularly to
the third configuration. In the second configuration, a read-out circuit is
attached to the thermoelectric-thermoresistive device to show what is needed
to operate the device as a dual-mode heatflux and temperature sensor. In the
third configuration, the integration with Bi2Se3/Ag memristors is addressed.
While the first two configurations are only briefly touched, the main focus of
this chapter lies on the analysis of the sense-log configuration in combination
with memristors.

4.1.1 Energy harvester

In an energy harvester application the objective is to generate maximum
power. To do so, the electrical circuit is closed by connecting an external load
Rload. Ideally, the resistances RTeg and Rload are independent of temperature
and the open circuit voltage generated from the thermoelectric device solely
depends on the temperature difference across it, VTeg(∆T). Consequently,
the general schematic as shown in Fig. 4.1 changes to the one displayed in
Fig. 4.2.

Figure 4.2: Energy harvester configuration

In order to describe the voltage drop across the load, the voltage divider
function is utilized:

Vload = VTeg(∆T )
Rload

RTeg +Rload
(4.1)

The resulting output power is:
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Pload = Vload · I = V Teg
2(∆T )

Rload

(RTeg +Rload)2
(4.2)

For maximum power generation, the load resistance is matched with
the resistance of the thermoelectric device, Rload = RTeg [85, 134–136].

Furthermore, thermal load matching which involves matching of the
thermal conductivity of the heat source and the thermal conductivity of the
thermoelectric device must be considered to optimize the efficiency of the
system. If the temperature difference is too high or too low, the efficiency
of the thermoelectric conversion decreases. Therefore, the heat source and
the thermoelectric materials should be selected and designed to balance the
heat flow for efficient energy conversion.

4.1.2 Dual-mode sensor

For simultaneous readout of the voltage and resistance signal, one possibility
of a circuit configuration is suggested here. It consists of two inverted current
sources, the thermoelectric-thermoresistive device, an op-amp voltage buffer
and an analog-to-digital converter (ADC) for data processing, see Fig. 4.3.

The thermoelectric-thermoresistive device is modelled fully tempera-
ture dependent with RTeg(Tm,∆T) and VTeg(Tm,∆T). The device is con-
nected to the non-inverting (+) input of the op-amp with unity gain which
gets forwarded to the ADC. Alternating positive and negative currents ± Isrc
are send through the device. A clock ensures switching between the positive
and negative current branches.

Depending on the sign of Isrc, two output voltages V+ and V- can be
described where the corresponding system of linear equations is given as:

V+ = (V Teg +RTegIsrc) (4.3)

V− = (V Teg −RTegIsrc) (4.4)

In the ADC unit, two calculations can now be performed on the system
of linear equations:

V+ + V− = (V Teg +RTegIsrc) + (V Teg −RTegIsrc) = 2V Teg (4.5)

V+ − V− = (V Teg +RTegIsrc)− (V Teg −RTegIsrc) = 2RTegIsrc (4.6)
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Figure 4.3: Dual-mode configuration

It becomes apparent that by performing the two mathematical ma-
nipulations, value for RTeg and VTeg can be determined separately and the
temperature and heatflux through the Bi2Se3 device can be derived as de-
scribed in chapter 3.4.

According to Joule’s first law, the heat QJ generated in the material
with resistance R when an electric current I is passing through it is given
by [137,138]:

QJ = I2 ·R =
V 2

R
(4.7)

Joule heating affects the whole device. In a component with high in-
ternal resistance such as RTeg, the probe current should hence be minimized.
RTeg could furthermore be reduced by lowering the number of thermocouples
or changing the geometrical dimensions.

4.1.3 Sense-log device

The full lumped element model (LEM) for the sense-log device is shown in
Fig. 4.4 where both, the thermoelectric thermoresistive sensor as well as the
memristor are modelled as temperature-dependent components. While for
the sensor device this has been shown in chapter 3, we also demonstrated
memristive switching for Ag/Bi2Se3 memristors in earlier work [34].

The voltage divider function is utilized again to describe the voltage
drop across the memristor VMem:
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Figure 4.4: Sense-log configuration

VMem = VTeg(Tm,∆T )
RMem(Tm)

RTeg(Tm,∆T ) +RMem(Tm)
(4.8)

The Ag/Bi2Se3 memristors are voltage controlled devices where mem-
ristor switching is governed by the voltage drop across the memristor, VMem.
The amplitude of VMem must hence be assessed with respect to the char-
acteristic threshold voltage of the memristor VTh which is the minimum
voltage required to switch the memristor.

This configuration is most closely related to the energy harvester with
an external load connected. The main difference is the corresponding objec-
tive. While energy harvesting systems aim at maximizing power generation
which comes with load-matching (see chapter 4.1.1), the ratio of RMem/RTeg

should be maximized in sense-log configurations to enable a high voltage
drop across the memristor.

The focus of the next chapters lies on memristor processing
(chapter 4.2) and memristor characterization (chapter 4.3) after which
several configurations are modelled and experimentally tested.

4.2 Bi2Se3 memristors: fabrication

Efforts of synthesizing Bi2Se3 for memristive devices in combination with
a silver top electrode were performed by Ian Mihailovic in parallel to the
work presented in this thesis. The objective was to keep the processing of
both, the Bi2Se3/Ag memristors and Bi2Se3-based thermoelectric thermore-
sistive devices as similar as possible to enable potential parallelization and
integration into one device.
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Similar to the thermoelectric pillars and devices, the memristor pro-
cess starts with a bottom contact composed of gold and an adhesion layer
that is thermally evaporated onto SiO2 and structured, see Fig 4.5a (1).
This bottom layer serves as electrical connection during the electrochemical
deposition as well as a bottom contact during memristor characterization.
Subsequently, SU-8 is processed on top which contains the molds (2), and
template-assisted electrodeposition of Bi2Se3 follows (3).

Ian Mihailovic developed an electrochemical process optimized for
memristive properties utilizing the KCl containing electrolyte that was de-
veloped in the current work. Also here, the joint objective was to be able to
unify as many process steps as possible. Electrodeposition is thereby per-
formed under current-controlled conditions with 0.5 s deposition pulses at
−30A/m2 followed by 5 s resting pulses at 0A/m2. See Appendix C.7 for
details and Appendix C.9 for a comparison between memristor and TEG
process.

Next follows the same grinding and polishing step performed for the
thermoelectric devices (4) and evaporation of silver through a shadow mask
after an Ar-ion cleaning step (5), see Appendix C.8 for details on Ag evap-
oration. The shadow mask was designed such that Ag is deposited directly
on top of the Bi2Se3 as well as onto the SU-8 as well. This was done in
order to enable direct probing, i.e. placing the probe needle directly on the
Ag/Bi2Se3 stack (see Fig. 4.5b) as well as indirect probing, i.e. placing the
probe needle on the Ag that is deposited on top of the SU-8 (see Fig. 4.5c).

4.2.1 Top contact

The top contact of the memristor requires some further attention. In the
fabrication of thermoelectric pillars, Bi2Se3 was overgrown and polished to
mirror-like surfaces that were levelled with the SU-8. This process enabled
reliable indirect probing of the pillar structures and establishing of the TEG
chains where current can flow, see Fig. 4.5d.

On the other hand, good memristive properties in Bi2Se3 were found
by Ian Mihailovic for direct probing of material pillars that were under-
grown or only partially overgrown with subsequent polishing and Ag depo-
sition. Direct probing implies that the Bi2Se3/Ag pillar is probed directly,
see Fig. 4.5b. Partial overgrowth implies that after polishing, a mixture of
polished and unpolished areas will be visible (see Fig. 4.18 in [78]) while
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5) T

indirect probing

indirect probingdirect probing

shadow mask

shadow mask 

Ag

Figure 4.5: a) memristor process flow b) memristive contacts and probing
method achieved in the project exhibiting memristive properties c)
Ideal memristive contacts and probing d) thermoelectric contacts
and probing method achieved in the project exhibiting thermoelec-
tric properties
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those not overgrown at all display a relatively rough surface topology, as
schematically shown in Fig 4.5b.

Structures that were not overgrown and subsequently directly probed
could be reproduced in the current work with a small yield of 10%. For
the few working devices, similar characteristics to the ones obtained by Ian
Mihailovic [78] were found with direct probing.

In the current work, several attempts were made to further develop
this process, following two objectives. One objective was to overcome the
limitation of direct probing to make a step towards device integration which
depends on indirect probing. The second objective was to investigate silver
passivation opportunities in order to increase the long-term stability of the
devices.

In order to work on the first objective, the memristive Bi2Se3 pillars
were overgrown by making use of the standard memristive recipe (see Ap-
pendix C.7) and increasing the deposition time. Subsequently, the structures
were polished down to the level of the SU-8 such that the step at the poly-
mer edge was removed, see Fig 4.5c. In this case, however, neither direct
nor indirect probing led to the desired memristive properties.

In order to follow up on the second objective, two approaches were
tested. First, the thickness of the silver contact was simply increased by
changing from 150 nm silver evaporation to 1µm silver sputtering. A second
investigation aimed at passivating the Ag material with 150 nm Au and
secondly, a barrier layer of 10 nm Ti in between. Neither of the approaches
resulted in memristive behaviour even for direct probing.

For the experiments discussed in the previous paragraphs, the elec-
trolyte was regularly exchanged such that the possibility of electrolyte con-
tamination was excluded.

Due to time issues, the objectives were not further pursued. From the
observations during the current project it can be concluded that memristive
behaviour appears to be heavily determined by the surface properties of the
memristor and the interface between Bi2Se3 and Ag. Further research would
be necessary to better understand the underlying physical and electrochem-
ical mechanisms to be able to systematically solve the current obstacle.

4.2.2 Implication for integration

The fabrication process presented in chapter 3 was designed such that on-
chip integration with memristive structures can be possible in the future. As
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top connection 
(in the third dimension)

a) separate TEG and memristor b) electrically connected sense-log

SiO2 Cr/Au

bottom connection

Figure 4.6: a) separate TEG and memristor b) electrically connected sense-log
device

can be seen in Fig. 4.6, the integration envisions that TEG and memristor
are fabricated on two separate seed-layers. Subsequently, the two seedlay-
ers can be connected to establish an electrical connection on the bottom
side. Furthermore, the top is electrically connected, e.g. by an additional
evaporated metal contact line.

While the connection between memristor and sensor on the bottom is
assumed to be uncritical when it comes to integration and indirect probing
of the bottom contact was already performed throughout the project (see
Fig. 4.5b and 4.5d), the top connection requires that the functionality of the
TEG and memristor are maintained when the devices are probed indirectly.

Since this could not be ensured for the memristor in this work, the sense
log measurements performed in the current chapter refer to a configuration
where the memristor top contact is probed as illustrated in Fig. 4.5b, the
thermoelectric sensor is probed as shown in Fig. 4.5d and both devices are
connected with electric cables.

4.3 Bi2Se3 memristors: characterization framework

For sense-log integration both, understanding of the thermoelectric-
thermoresistive sensor as well as the memristor is crucial. While quantitative
characterization of the sensor component has been performed in great detail
in chapter 3 where the outcomes can directly be used in modelling sense-log
behaviour, the Bi2Se3/Ag memristor devices require a structured analysis.

In this section, a testing-framework for systematic characterization is
presented that specifically targets the understanding of the memristor device
functionality with respect to sense-log integration. The chips containing the
memristors are designed such that several memristors are fabricated on one
chip. The testing-framework presented here is suggested to be performed on
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the single memristors after which the best-performing device can be selected
for sense-log measurements.

Some of the terminology is hereby oriented on the work of Stathopoulos
and co-workers that proposed a methodology for benchmarking of memris-
tive devices in order to enable better performance comparisons amongst the
activities of diverse research laboratories [139]. Furthermore, the current
work builds up on the Ag/Bi2Se3 memristor characterization performed by
Ian A. Mihailovic [78] while some new characterization and data visualiza-
tion tools are presented here that go beyond [78] as will be outlined.

4.3.1 Framework theory

The proposed framework is displayed in Table 4.1 and suggests functional-
ity testing by means of four different data acquisition and data visualisa-
tion methods in order to systematically evaluate seven crucial performance
criteria for integration with thermoelectric devices. The latter are summa-
rized as first, the question of whether resistive switching (RS) is present in
the tested device, second the quantification of the switching thresholds for
positive and negative pulses, third, the quantification of the low and high
resistance states RLRS and RHRS, fourth, determination of the region of volt-
ages where non-invasive readout can take place, i.e. readout that does not
alter the memristor’s internal state, fifth, the quantification of ideal voltages
for non-invasive readout, sixth, how different voltage amplitudes above the
switching thresholds affect the memristor and seventh, how different voltage
pulse durations affect the memristor.

Performance criteria Functionality Testing
IV RV WE WRER

Presence of RS Y Y Y Y
Switching threshold Y Y
RLRS & RHRS quantification Y Y Y
Region of non-invasive readout Y Y Y
Stable non-invasive readout Y
Input pulse amplitude effect Y Y
Input pulse duration effect Y Y

Table 4.1: Overview of the memristor functionality testing to evaluate several
performance criteria
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To enable functionality testing, the four data acquisition and data vi-
sualisation methods utilized are current-voltage (IV) characteristics, specif-
ically including parametric sweeps over the voltage amplitudes, resistance-
voltage (RV) characteristics, pulsed write-erase (WE) characteristics as well
as pulsed write-read-erase-read (WRER) characteristics. The matrix on the
right hand side indicates whether the functionality testing methodologies
are able to evaluate the performance criteria which will be elaborated step
by step in the next paragraphs.

As the memristors are voltage driven, voltage is the device input for all
four methods of functionality testing. Before talking through the different
functionality testing methods in more detail, three voltage input properties
with the following terminology are defined:

• Polarity: positive vs. negative pulses, in [V]

• Amplitude: magnitude of the voltage input, in [V]

• Duration: the duration of an event, in particular for pulses in [s]

Fig. 4.7 visualizes the four utilized functionality testing methodolo-
gies. In Fig. 4.7a, an example of an IV-sweep is displayed which enables
fast identification of the device characteristic including presence of RS and
confinement of the region of non-invasive readout if a parametric sweep is
performed (shown in following figure, see Fig. 4.8). IV-characteristics are
the commonly found transfer characteristic in literature [46] and also regu-
larly found in the work of Ian A. Mihailovic [34, 78]. However, the transfer
characteristic is limiting in that it does not enable fast, visual quantification
of the resistive states which is why the current work proposes to directly
visualize the resistance in a so-called RV-plot as shown in Fig. 4.7b where
the values of the expected resistance states can directly be read from the
y-axis.

The second set of data acquisition and visualisation methods are pulsed
measurements as is regularly presented in literature [140–142]. WRER mea-
surements (see Fig. 4.7d) have been performed by Ian A. Mihailovic, how-
ever, only the reading phases were visualized in his work. Additionally vi-
sualizing the writing and erasing phases or even just performing WE pulses
(see Fig. 4.7c) provides a tool for resistance state and threshold voltage
quantification. In addition, pulsed measurements have the capability of in-
vestigating the effect of varying the input voltage pulse amplitude and pulse
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duration. Finding a stable voltage for non-invasive readout can only be
achieved by means of WRER pulses and is best performed in a parametriza-
tion routine.

Figure 4.7: Memristor functionality testing by means of a) IV-plots b) RV-plots
c) pulsed WE-characteristics d) pulsed WRER-characteristics

As can be seen, none of the methods is able to evaluate all seven per-
formance criteria, rather, they should be seen as complementary tools. The
next section further demonstrates this by means of real device measure-
ments. The presented devices are thereby based on the standard sense-log
recipe as described in Appendix C.7.

4.3.2 Framework application

4.3.2.1 IV & RV characteristics

Fig. 4.8 presents the IV and RV-plots of a device that is representative
for a vast range of measured memristors. By default, parametric sweeps
over voltage amplitudes ranging from ±0.5V to ±0.1V in steps of 0.05V
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were performed. The fluctuations in the RV plot when approaching 0V are
measurement artefacts.

From Fig. 4.8a and Fig. 4.8b it can be said that RS is clearly present
where the device is in the low resistance state RLRS until, at sufficiently high
voltages, switching occurs into the high resistance state RHRS.

1st level 
confinement of 
non-invasive 

read-out region

Figure 4.8: Pre-characterization of standard memristor. A parametric sweep of
voltage amplitudes is performed while measuring the current. The
resistance is derived from Ohm’s law. Top: current as a function
of potential. Bottom: resistance as a function of potential. See
Appendix E for sample details.

89



4 Bi2Se3 based sensor systems: integration aspects

Fig. 4.8b can furthermore be utilized for quantification of the resistance
states where RLRS is found around 14 kΩ. Moving in the positive direction,
the memristor abruptly changes to a higher resistance state which is in this
example a bit above 40 kΩ. A first level of approximation of the region of
non-invasive readout is marked in the figure which is confined as the region
where no clear switching is taking place. To further quantify a stable read-
out voltage, however, pulsed measurements are necessary as will be discussed
next.

4.3.2.2 WE-measurements

Further understanding the low and high resistance states of the memris-
tive devices in particular with respect to amplitude and duration of invasive
voltage inputs brings the investigation closer to sense-log applications. Next
to their ability to evaluate some performance criteria beyond the capabili-
ties of the IV and RV-characteristics, they furthermore resemble real-world
scenarios for sense-log devices more accurately where voltage pulse inputs
of variable shape are a consequence of a temperature gradient established
across the thermoelectric sensor. For simplicity, square voltage pulses are
considered in the current characterization framework and the characteriza-
tion is performed by means of butterfly-type write and erase pulses during
which the resistance is monitored, see Fig. 4.9. As shown, the pulse po-
larity was alternated and the pulse amplitude was ramped from ±0.5V to
±0.2V in steps of 0.05V which, according to Fig. 4.8, is in the invasive area
and therefore expected to change the state of the memristor. During the
measurement, the pulse duration was kept constant at 60 s.

From Fig. 4.9, it can be seen that as expected, all imposed voltage
pulses change the memristor’s state. Since the first reset pulse lead to a
significantly higher resistance than all subsequent pulses, the resistance se-
quence is enlarged in the very top, omitting the first pulse.

Between reset and set pulses, a significantly asymmetric resistance re-
sponse is registered. For voltage pulses of negative polarity, the memristor
switches into a state that is stable in resistance in a very short amount of
time, independent of the pulse amplitude. In the positive direction, RHRS

appears to increase with increasing input voltage amplitude. This resis-
tance never saturates to a constant value even when the pulse duration is
significantly increased.

The underlying resistive switching mechanism in Bi2Se3 as reported
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by Tulina and co-workers is explained as the migration of selenium anions
towards the silver electrode when a positive bias is applied to it. Those fill
interface vacancies near the silver electrode that previously formed during
the fabrication process, resulting in an increase in internal device resistance.

Figure 4.9: Memristor pre-characterization example of write and erase butterfly
sequence. See Appendix E for sample details.

When a positive bias is applied to the gold electrode, those anions mi-
grate back into the bulk [33, 76, 77]. It is possible that increasingly more
anions get generated in the deep bulk of the material, moving towards the
silver electrode and fill the vacancies there upon positive biases at the silver
electrode while reversing the bias, all generated anions move back to the
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bulk in a shorter period of time. However, it should be noted that memris-
tive switching is often times a result of several, complex and superimposing
mechanisms and could be more complex in Bi2Se3 than described [143].

4.3.2.3 WRER-measurements

Furthermore, WRER-measurements are performed on the same device and
compared to the results from the RV-plot in order to better understand the
relation between those two measurement approaches.

A representative WRER-measurement is shown in Fig. 4.10a where
applied voltages, resulting currents and derived resistances are visualized.
Set and reset voltage pulses of ±0.5V with pulse duration of 5 s each are
chosen while the readout voltage is varied in order to determine a stable
non-invasive readout point with 20 s pulse duration. Fig. 4.10b furthermore
displays the RV-plot for the same device for a voltage amplitude of ±0.5V.

Upon careful inspection it can be seen that during the positive voltage
pulse of 0.5V, the device resistance is at around 45 kΩ with upwards trend.
These points that are marked with blue circles correspond to similar resis-
tance values in the RV-plot at a pulse amplitude of 0.5V labelled with letter
’A’, displayed in Fig. 4.10b.

The resistance value reaches around 75 kΩ during the readout at 0.05V
(red circle, ’B’) which is in close agreement to the resistance value found at
position ’B’ in Fig. 4.10b. Other readout phases are labelled with red circles
and can be split up into two groups. Negative readout voltages are unstable
(marked with bent, dashed arrows) as they switch the device into RLRS.
The two remaining readout phases at positive voltages increase in resistance
value compared to point ’B’ which is in agreement with moving to the right
from point ’B’ in Fig. 4.10b. All three positive read-out values result in a
relatively stable readout signal of RHRS.

In the reverse switching direction, the resistance value returns to
around 14 kΩ during the set pulse VSET. Some readout pulses, in particular
the ones with larger positive magnitude reveal a slow drift to positive values
(straight, dashed arrows). As a consequence, the most suitable non-invasive
read-out voltage derived from the WRER measurement is at 0.05V.

While in the measurement shown in Fig. 4.10 the readout voltage was
varied, Fig. 4.11 visualizes the effect of varying the voltage magnitude as
well as the duration of the invasive voltage event. The read-out voltage was
thereby left constant at 0.05V. The butterfly measurements from Fig. 4.9
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a)

b)

LRS

A

B

C

B

C
A

Figure 4.10: Pre-characterization of standard memristor a)WRER measure-
ments b) RV-plot of same device and indication of the resembling
device behaviour. See Appendix E for sample details.
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Figure 4.11: Pre-characterization of standard memristor: WRER measurement
studying the impact of changing the pulse duration. See Appendix
E for sample details.

already suggested a positive correlation between voltage magnitude and re-
sulting resistance which is also seen here. In addition, the effect of the pulse
duration for positive pulses is studied in the current WRER measurement.
By increasing the duration of the voltage pulses, the resistance state drifts to
higher resistances and the magnitude of the resistance during the read-out
at 0.05V increases accordingly, as marked with the arrows. Of significance
is again the discrepancy between resistance values during voltage pulse ap-
plication in comparison to the much higher obtained resistances during the
read-out. To briefly summarize, it was shown that the voltage magnitude as
well as the pulse duration effect the state of the memristor which is seen in
the writing as well as in the reading phase.
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4.3.2.4 Conclusion on the framework

A framework was presented to systematically investigate the behaviour of the
Bi2Se3 memristors. It could be seen that the different functionality testing
methods provide different pieces of information and by relating them, a
holistic picture is enabled with respect to memristor device functionality.
It was shown that by acquiring and analysing the memristor resistances
during the write and erase pulses, a quantitative estimation of RLRS and
RHRS is possible. The most suitable characterization approach is hence a
combination of IV-measurements and IV as well as RV plotting, followed by
WRER measurements.

The RV-plot does not require an additional measurement but is solely a
derivation of the IV measurement with valuable insights such as the simple,
visual quantification of RLRS and RHRS. WE and WRER measurements are
almost congruent with respect to evaluating the performance criteria. While
the WE method is overall simpler and hence, easier to read, it lacks infor-
mation about the non-invasive readout-possibilities which is accomplished
with the more complex WRER read-out.

While the range of non-invasive read-out voltages derived from the IV
and RV-plot in the previous example was defined between −0.15V and 0.2V,
only 0.05V was eventually shown to be suitable as derived from the WRER
measurements.

With respect to sense-log applications, an important observation was
that reading out the high resistance state at non-invasive voltages strongly
deviates from the resistance state of the device during the time of invasive
pulses. If only read-out pulses are considered for characterization, an over-
estimation of the resistance is the consequence (see Fig. 4.10a location ’B’
vs. ’A’). In the sense-log configuration with the thermoelectric thermoresis-
tive device (see Fig. 4.4) which is characterized by a rather high internal
resistance, understanding of the resistance at the time of the voltage input
(location ’A’) is crucial to adequately predict switching behaviour. At the
same time, reading out the memristor in the sense-log configuration must be
performed at low voltages in order not to alter the state (= non-invasiveness),
hence, determination of the ideal non-invasive readout-voltage (= location
’C’) is equally important. As discussed, both pieces of information can be
extracted in particular from the WRER pulsed measurements.

WE and WRER measurements furthermore reveal information about
the effect of input pulse amplitude and pulse duration. In the switching
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direction from RHRS to RLRS, the memristor falls back into the same state
independent of amplitude and duration as long as the voltage amplitude is
sufficiently high (see particularly Fig. 4.9). In the other direction, both have
an impact on the resistance during the invasive pulse as well as the resistance
during read-out (see particularly Fig. 4.11). To what extent these properties
can be exploited will be explored in the following chapters.

4.4 Bi2Se3 sense-log systems

4.4.1 Bi2Se3 modelling

Here, we aim at roughly assessing the sense-log system capabilities by com-
bining the knowledge from the thermoelectric-thermoresistive measurements
performed in chapter 3 with the memristor measurements performed in chap-
ter 4.3 in a LEM.

From the previous chapter, a number of characteristic memristor re-
sistances and threshold voltages can be identified as shown in Table 4.2.
Furthermore, the characteristic values of the TEG sensor are summarized in
Table 4.3.

Parameter Characteristic value
RLRS 8 - 15 kΩ
RHRS 40 - 80 kΩ
VTh ± 0.15 - 0.2 at RT

Table 4.2: Approximate characteristic memristor properties

Parameter Characteristic value
Resistance at 10 ◦C 170 kΩ
Resistance at 70 ◦C 20 kΩ
Voltage at 10 ◦C, ∆T = 10 250mV

Voltage at 70 ◦C, ∆T = 10 210mV

Table 4.3: Approximate characteristic TEG properties

In the sense-log measurements shown in the next chapter, the thermo-
electric thermoresistive sensor was exposed to variations in Tm while the
memristor was kept at room-temperature. To resemble this, RMem was as-
sumed to be temperature-independent in the LEM according to:
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VMem = VTeg(Tm,∆T )
RMem

RTeg(Tm,∆T ) +RMem
(4.9)

Where the corresponding lumped element model is shown in Fig. 4.12.

Figure 4.12: Lumped element model for sense-log modelling

This resembles a real-world application if the memristor is thermally
isolated from the temperature gradients that the TEG experiences. Other-
wise, the influence of temperature on the memristor behaviour is as follows.
At higher temperatures, the low resistance state is expected to decrease
in resistance by roughly 25% between 30 ◦C and 80 ◦C. Furthermore, the
threshold voltage in positive direction is expected to decrease by roughly
25% from 30 ◦C to 80 ◦C. These observations, although not explicitly part
of the given model can be included in the following analysis.

Fig. 4.13 displays the results for eight different scenarios which differ
in the choice of memristor resistance RMem. VMem is evaluated per scenario
according to Eq. 4.9. The grey lines indicate VTh of 0.2V (dahed line) and
0.15V (dotted line) at room temperature. The slope takes into account the
approximate decrease in threshold voltage at higher temperatures that was
just discussed.

The first two plots (Fig. 4.13a and b) cover the range of resistances
that were found for RLRS throughout the measurements performed (see
Table 4.2). Fig. 4.13c through g cover resistances of RHRS that were reg-
ularly found throughout the characterization. Fig. 4.13h displays a rare
scenario of a memristor in a high resistance state in the order of almost
1MΩ.

As was seen in chapter 3, the TEG device resistance drops at higher
Tm while the Seebeck voltage decreases. In Fig. 4.13, all graphs except h
display an upwards trend with increasing Tm because the drop in resistance
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VTh,RT = 0.2 V
VTh,RT = 0.15 V

Figure 4.13: Expected voltage drop VMem across memristor for temperature de-
pendent TEG and for different memristor scenarios. Grey lines:
temperature-dependent threshold voltages of memristor for 0.2V

(dashed) and 0.15V (dotted) at room temperature

RTeg is dominating. In Fig. 4.13h, RMem » RTeg such that the decrease in
voltage at higher Tm is more dominant.

Fig. 4.13a and b which represent the range of expected RLRS show
that maximum voltages VMem obtained are below the highest values of the
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expected threshold voltage (see grey dashed line). From Fig. 4.13c through g
which represent scenarios of RHRS, it can be seen that some output voltages
VMem, specifically at higher Tm reach above the threshold voltages, see
particularly Fig. 4.13f and g.

From this modelling approach it is evident that the device is unable
to switch from RLRS to RHRS as the memristor threshold voltage is not
reached in the given range for Tm and ∆T (see Fig. 4.13a and b). Switching
in the opposite direction is possible at sufficiently high temperatures and
temperature differences and becomes more favourable with higher memristor
resistances as expected.

Higher memristor resistances would also provide higher degree of sense-
log design options. Ideally, the memristor resistance is as high as in
Fig. 4.13h. A number of memristors and differently dimensioned TEGs
could then be combined such that switching occurs at different inputs of
Tm and ∆T, providing more detailed information on the temperature pro-
files throughout the sensing period. Switching from RHRS to RLRS will
furthermore be explored in the next chapter.

4.4.2 Bi2Se3 measurements

It was experimentally verified that switching from RLRS to RHRS is not
successful as expected from the previous chapter. In the set of experiments
shown here, switching capabilities from RHRS to RLRS are investigated with
the following experimental conditions:

• The memristor pre-characterization revealed a high resistance state of
around 50 to 60 kΩ, which resembles the results in Fig. 4.13d and e
and a voltage threshold of 0.14V

• Before the experiment, the memristor was programmed into the high
resistance state by applying a 0.5V pulse for 3min

• The thermoelectric sensor was exposed to two different mean temper-
ature levels Tm of 25 and 65 ◦C

• At each mean temperature level Tm, the temperature difference across
the thermoelectric sensor ∆T was varied in incremental steps according
to ∆T = (Tm + (Ttop - Tm)) - (Tm - (Tm - Tbot))
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• The sign of ∆T across the TEG and hence, the polarity of the voltage
was kept the same throughout the experiment, hence, switching only
in one direction (from RHRS to RLRS) was triggered.

• TEG and memristor were connected such that the top silver contact
of the memristor experienced a negative voltage

• The memristor was kept at room temperature throughout the mea-
surements.

• During the first set of pulses, the pulse duration was set to 3min while
it was set to 4min for the second set to investigate the influence of the
pulse duration

• Longer readouts for 30min at ∆T = 0 were implemented to analyse
retention

In earlier temperature-dependent Bi2Se3 memristor measurements it
was shown that in the negative switching direction, no threshold voltage
shift occurs as the mean temperature is changed. Solely, a small increase in
current could be observed which leads to a slight decrease in the value of
RLRS [34]. This justifies why in the current experiments for demonstration
purposes, it is not essential to expose the memristor to the same mean
temperatures as the TEG.

The measurement results can be seen in Fig. 4.14 for the two different
mean temperatures Tm. As expected from the model, switching does not
occur at room temperature as the threshold voltage of the memristor is
not reached. However, noticeable switching occurs at higher temperatures
(arrows). After the second set of temperature pulses, the memristor clearly
switches into the low resistance state which is located around 18 kΩ (long
arrow). A change in resistance is also visible after the first set of pulses
(short arrow). From the memristor pre-characterization this is unexpected
since our measurements showed switching into the same low resistance state
independent of pulse duration and pulse amplitude (if larger than threshold
voltage). Here, this could be an intermediate, possibly unstable state of
switching.

The study of this configuration lead to the following learnings:

• the system does not switch from RLRS to RHRS (not shown experimen-
tally)
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2.5

2.5

Figure 4.14: Sense-log measurement with high resistance BiSe-based TEG,
temperature-dependent switching from RHRS to RLRS. See Ap-
pendix E for sample details.

• the system can switch from RHRS to RLRS in case of the right condi-
tions (i.e. sufficiently high RHRS, sufficiently high Tm)

• the lumped element model results are useful to predict whether switch-
ing occurs, if the memristor is well-understood. However, it gives only
limited information about whether the theoretical voltage drop across
the memristor VMem can be reached. This information is given as a
function of VTeg(Tm, ∆T) and RTeg(Tm, ∆T) for the state in which
the memristor is found in at the moment of interest RMem

• exploiting switching into RLRS has the advantage that this state will
likely be maintained as switching back from RLRS to RHRS is very
unlikely due to the voltage divider configuration in that moment where
RMem « RTeg, see Fig. 4.13a and b

More experimental results could not be demonstrated due to the fact
that most memristors displayed smaller values of RHRS which did not lead
to the desired switching. Tuning possibilities for more favourable switching
capabilities are as follows: in theory, thicker memristors should result in an
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overall higher memristor resistance in both the RLRS and RHRS state. An
increased Bi2Se3 thermoelectric pillar diameter would result in a lower over-
all RTeg which, however, leads to less favourable conditions in the thermal
domain (maintaining ∆T across the device).

4.5 Low resistance TEG sense-log systems

In this section, a configuration is considered where the internal resis-
tance of the TEG is significantly smaller than the values presented for the
thermoelectric-thermoresistive device in chapter 3. The corresponding LEM
can be found in Fig. 4.15.

Figure 4.15: Expected voltage drop VMem across memristor for TEG with low
internal resistance

The utilized commercial thermoelectric sensor (TEG Micropelt TPG-
751) is characterized by a relatively low resistance of 300Ω and a Seebeck
voltage of 110mV/K such that RTeg « RMem and hence:

VMem =
RMem

RTeg +RMem
· VTeg (4.10)

VMem ≈ VTeg (4.11)

From the pre-characterization study of the memristors it could be seen
that the device switches into the low resistance state RLRS for negative volt-
ages. Furthermore, the resistance value of the low resistance states was rela-
tively constant independent of the voltage amplitude as long as the threshold
voltage was exceeded, which was typically found to be around −0.15V to
−0.2V. On the other hand, several states exist in the reverse direction that
were voltage amplitude dependent with typically at least 0.15V required to
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switch the memristor into the high resistance state with lowest resistance in
the order of tens of kΩ. Furthermore and next to the voltage amplitude, the
pulse duration of positive voltage pulses was shown to impact the resistance
while no saturation with increasing pulse duration was observable.

This set of measurements aimed to investigate whether the observa-
tions from the memristor pre-characterization are transferable to a sense-log
device with a low internal TEG resistance. This is expected from a voltage
divider point of view. In particular:

• whether device switching behaviour can be predicted from the mem-
ristor pre-characterization through the functionality testing method-
ologies presented

• whether varying ∆T amplitudes across the TEG that result in different
potentials lead to different obtained resistance states if the resulting
voltage is positive and sufficiently high

• whether the memristor returns to the low resistance state if the result-
ing voltage is negative and sufficiently high

Fig. 4.16a depicts the first measurement which includes the memris-
tor pre-characterization in Fig. 4.16b. From the pre-characterization, in
particular from the RV plot, it can be observed that:

1. At least 150mV of positive voltage is required for switching into RHRS

(letter A)

2. The high resistance states are in the order of 80 kΩ (letter B)

3. The resistances readout with a small, positive readout voltage around
0.05V will likely result in reading values ≥ 100 kΩ (letter C)

4. Negative applied potentials of at least −100mV return the memristor
to RLRS (letter D)

During the sense-log measurements as shown in Fig. 4.16a, the pulse
duration is kept constant while the pulse amplitude is varied by exposing
the TEG to different temperature steps in order to test for the potential
multitude of high-resistance states. The readout voltage was set to 0.05V

which was the ideal determined value from the performed memristor pre-
characterization and voltage pulses with pulse duration of 2min were ap-
plied. Before the start of the experiment, the memristor was programmed
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Figure 4.16: Sense-log measurement with low resistance TEG a) Effect of pulse
amplitude variation on obtained resistances b) Memristor IV- and
RV-characteristic before connecting to TEG. See Appendix E for
sample details.

into the low resistance state by applying a negative voltage pulse. In this set
of measurements, the temperature difference across the TEG is progressively
increasing while its polarity is alternating. The TEG output voltage follows
the same trend as is expected.

From the memristive response it can be observed that the memristor
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is programmed into the low resistance state to begin with while the first
voltage pulse of 100mV is not sufficiently high to switch the memristive
device as expected. The second pulse clearly switches the memristor to a
higher state and all subsequent pulses lead to an alternation between a low
resistance state constant in magnitude while the higher state increases with
increasing voltage input amplitude.

The observations from the memristor pre-characterisation are summa-
rized in Tab. 4.4 along with the evaluation of whether those are transferable
to the sense-log device. As can be seen from the table, transferability is
indeed possible which facilitates device behaviour prediction.

Memristor Sense-Log Device
observation obs. conf? remark

1
Switching to RHRS

for ≥ 150mV
Y ≥ 150mV induces switching

2 RHRS ≈ 80 kΩ Y RReadout ≥ RHRS

3 RReadout ≥ 80 kΩ Y RReadout ≥ 80 kΩ

4
Switching to RLRS

for ≥ −100mV
Y ≥ −100mV induces switching

Table 4.4: Observations from memristor pre-characterization and translation of
observations to ideal sense-log configuration with low resistance TEG

In the next set of measurements, displayed in Fig. 4.17 with another
memristor, temperature events were followed by time-spans of zero input sig-
nal to the memristor in order to verify stability and retention of the devices.
While sense-log retention capabilities have been demonstrated before by Ian
A. Mihailovic [78], we are adding here the retention capabilities for pulses
of distinct amplitude. In this measurement, a 1min temperature pulse was
followed by 20min readout. It can be observed that for longer readout pulses
and zero input voltage, the state is maintained after which it decays from
an initial value. This decay has also previously been observed by Ian A.
Mihailovic [78].

From Fig. 4.17b, a minimum voltage requirement of 200mV can be
derived (different memristor to the one utilized in Fig. 4.16) which explains
why the last positive voltage pulse in Fig. 4.17a does not lead to switching
of the device.

Lastly, the system capabilities are tested for pulse amplitude as well as
pulse duration. We previously showed that the pulse duration influences the
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Figure 4.17: Sense-log measurement with low resistance TEG a) Effect of pulse
amplitude variation and retention capabilities b) Memristor IV-
and RV-characteristic before connecting to TEG. See Appendix E
for sample details.

high resistance state of the memristor (see Fig. 4.11) and should therefore
alter the resistance in the sense-log configuration. In the next set of mea-
surements as shown in Fig. 4.18, pulse durations of 30 s, 60 s and 120 s are
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applied while at the same time, the pulse amplitude is varied. The readout
time after every positive voltage pulse was set to 1 hr.

The memristor is always shortly switched back to the low resistance
state which is repeatedly found to be at 12.5 kΩ. From the data in Fig. 4.18
it can be seen that indeed, the pulse duration affects the state in which
the memristor is found. For example, focusing on the blue circles in the
resistance response after a 600mV input pulse, the resistance significantly
increases for longer pulses.

a)

30s pulses 60s pulses 120s pulses

Figure 4.18: Sense-log measurement with low resistance TEG a) Effect of pulse
amplitude magnitude and duration and retention capabilities, read-
out voltage is set to 0.05V. See Appendix E for sample details.

The study of the ideal sense-log system with low TEG resistance pre-
sented in this sub-chapter leads to the following learnings:

• the system switches similarly easily in both directions due to the ab-
sence of resistance limitation

• in the direction of positive voltage inputs, several high resistance states
exist, hence, heat flux magnitude and duration can be differentiated
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4.6 Discussion and sense-log opportunities

One of the main differences between the BiSe sense-log configuration (chap-
ter 4.4) and the low resistance TEG sense-log configuration (chapter 4.5) is
that for the latter, switching in both directions occurs equally easily while
this is not the case for the former. From Fig. 4.13a and b which represent
RLRS values that were obtained with the memristor functionality testing
framework presented in the current thesis, it can be derived that no switch-
ing from RLRS into RHRS is expected to occur due to the unfavourable voltage
divider configuration where RMem « RTeg with the BiSe TEG. For increas-
ing temperatures, the memristor low resistance state is expected to decrease
even more which furthermore reduces the switching capabilities.

Switching in the other direction is represented with Fig. 4.13c to g.
Assuming a voltage requirement VMem of 150mV scenario f and g would
accomplish switching from RHRS to RLRS for sufficiently high Tm and ∆T
if the TEG produces a negative voltage drop across the memristor (i.e. top
electrode of memristor connected to negative potential).

From the data displayed with the BiSe TEG, one sensing possibility is
to program the device into RHRS and utilize the switching capabilities into
RLRS. The advantage is that after switching, the device will very likely re-
main in RLRS, because the memristor threshold voltage will not be reached
anymore (see Fig. 4.13a and b). Such a device in it’s simplest architec-
ture would be able to detect whether an event of sufficiently high Tm and
∆T has taken place within the timeframe of sensing. An integrated device
could furthermore contain several of such building blocks with either differ-
ent memristor threshold voltages or different TEG sensor layouts such that
even finer information is obtained.

The advantage of utilizing the switching into the other direction from
RLRS to RHRS is that the pulse amplitude and duration capabilities that were
demonstrated in chapter 4.3.2 could be exploited. This would - however -
require a combination of, e.g. RMem of 80 kΩ in the low resistance state with
800 kΩ in the high resistance state which is at this point not achieved and
would require further research and tuning of the two components.

Next, the sense-log opportunities are discussed qualitatively on system-
level where we differentiate between the low-R TEG configuration (TEG
with low internal resistance) and the BiSe configuration. Several descriptors
are utilized for this analysis as seen below:
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4.6.0.1 Sensing complexity

Sensing complexity is related to the question of what type of signals are gen-
erated by the sensor component and what type of information can be stored
by the memristor. It was shown that the memristor has more capabilities
when positive voltages are applied to the top electrode, particularly reacting
in a distinguished way to voltage amplitudes and voltage durations while this
distinction cannot be made in negative direction. These capabilities were
demonstrated in the low-R TEG configuration. For the BiSe configuration,
it was shown that the device is expected to only have capabilities of switch-
ing from RHRS to RLRS which reduces the sensing complexity because in this
direction, no differentiation of voltage amplitudes and duration is possible,
see e.g. Fig. 4.17.

4.6.0.2 Directionality

Directionality describes to what extent switching in both directions, i.e.
from RHRS to RLRS and vice versa can be utilized. While directionality
is guaranteed for the low-R TEG configuration, the BiSe configuration is
mostly one-directional, i.e. from RHRS to RLRS.

4.6.0.3 Reversibility

Reversibility refers to the question of whether after the switching event, the
device can be switched back into the original state, either by a naturally-
occurring reversed signal (i.e. a changing sign of the voltage) or an externally
applied signal. This is indeed possible for the low-R TEG configuration.
For the BiSe configuration, once switching has occurred into RLRS, it is
very likely that the device will not be switched back unless a signal with
significantly higher amplitude is applied. This observation can be made
use of: during the period of sensing, the switching is irreversible, i.e. the
system serves as a threshold detector making any other circuit element such
as the requirement for a diode obsolete. After the event of sensing, one can
manually (i.e. by applying an externally, sufficiently high voltage) switch
the memristor back, guaranteeing re-usability.
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4.6.0.4 Heatflux sensing capability

Heatflux sensing capability refers to the ability of the device to sense and
store heatfluxes. As heatfluxes are coming from temperature differences that
get converted into voltages, both sensors display heatflux sensing capability.

4.6.0.5 Temperature sensing capability

Furthermore, the BiSe configuration displays a temperature threshold sens-
ing capability due to the strong thermoresistive effect. Hence, at sufficiently
high mean temperatures switching is enabled which could provide additional
device information.

4.7 Chapter summary

The goal of this chapter was to explore the opportunities for integrating
Bi2Se3 thermoelectric thermoresistive devices and memristors. For this, a
framework was presented that targets the characterization of Bi2Se3/Ag
memristors with emphasis on understanding the leading quantities such as
RLRS, RHRS and VTh. Next, sense-log modelling and measurements with
the Bi2Se3 thermoelectric thermoresistive devices and sense-log modelling
and measurments with a commercial TEG of low internal resistance were
presented.

More extensive measurements could be performed in combination with
a commercial TEG. The main findings were that the observations from the
memristor are transferable to the sense-log device. In particular by switching
in the positive direction from RLRS to RHRS, the capabilities of differentiat-
ing voltage pulse amplitude and duration can be exploited.

Important steps have been taken in the direction of sense-log function-
ality with Bi2Se3-based TEGs in combination with Bi2Se3/Ag memristors.
The electrodeposition processes developed in the current work in parallel to
the efforts of Ian Mihailovic [78] would enable on-chip integration where the
same electrolyte can be utilized, see Appendix C.9. In comparison to the
configuration with the commercial TEG, it was demonstrated by means of
modelling and measurements that the device would be able to switch from
RHRS to RLRS for sufficiently high voltages. While the system cannot dif-
ferentiate differences in voltage pulse amplitude and duration beyond the
threshold voltage, the advantage is that the device remains in that state as
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inadvertent switching upon a change in voltage magnitude is unlikely once
in RLRS (Fig. 4.13).
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5 Conclusion

In this thesis, the multifunctionality of Bi2Se3 was explored with respect to
two sensor concepts while the activities can be split up into three blocks.

In the first block, an electrochemical synthesis method was achieved
that yields in tens of micrometer-sized Bi2Se3 micropillars. This adds to
the state-of-the-art where to date, only thin film growth was obtained with
ECD. The key parameters identified for successful electrodeposition were
the following: first, the deposition voltage had to be chosen adequately.
While too low (too negative) voltages lead to uncontrolled, dendritic or
spongy growth rich in selenium, the optimum voltage was found to be near
the cyclo-voltammetric deposition peak of Bi which was significantly higher
(0V vs Ag/AgCl). Second, the electrolyte had to be modified with KCl salt
which contributed to a higher electrolyte conductivity and lead to a slower
growth rate which likely benefits controlled growth. Third, pulsed plating
was necessary, probably enabling ion re-distribution during the off-phases.

Since the sensor concepts were building upon the previously synthe-
sized Bi2Se3, it was important to understand the material properties. For
this, material characterization test-structures were developed in order to
verify the material stoichiometry and crystallinity. The test-structures con-
tained Bi2Se3 pillars and elongated structures with width equal to pillar
diameter. A photoresist was utilized that could be stripped in acetone after
electrodeposition. By breaking the chips in half, we were able to access the
material cross-sections and could perform EDX along the growth direction.
The orthorhombic phase, homogeneous atomic content of Bi:Se 2:3 along
the growth direction and nanocrystallinity were derived from the material
characterization activities.

While this method led to controlled, repeatable growth and high See-
beck coefficients around -162 ± 32 µV/K, the deposited pillars showed a
relatively low conductivity around 8.6 ± 4.5 S/m (equivalent to a resistiv-
ity of 0.12Ω), although still significantly lower than literature values for
orthorhombic Bi2Se3. Resistances measured around room temperature for
pillars approximately 45 µm in thickness and 100 µm in diameter were in the
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order of 0.8 - 1.5 kΩ. This high resistance is expected in the orthorhombic
structure due to its large bandgap.

As the temperature-dependent measurements also showed very good
thermoresistive properties, the pillars were further investigated in the second
block where integration into vertical TEG devices with vertical heatflux was
achieved. The high pillar resistance mentioned in the previous paragraph
means that for a TEG with 100 TC’s, the expected device resistance which
is dominated by Bi2Se3 is expected to lie in the range between 80 kΩ and
150 kΩ which is what was demonstrated experimentally. Furthermore, the
good thermoresistive properties were maintained on a TEG level, giving the
opportunity to read out heatflux and absolute temperature with the same
sensor element. This is a novel approach presented in the current thesis.

On the other hand, the high resistance of the TEG device was shown
to have important consequences for device integration together with mem-
ristors which was investigated in the third block. During the memristor
characterization activities performed, low memristor resistances compared
to the TEG were observed. By utilizing a simple LEM model to predict de-
vice behaviour, a one-directionality in the switching capabilities was shown,
i.e. switching capability only from RHRS to RLRS. This can be utilized in
an application where after switching from RHRS to RLRS, the memristor will
remain in this state with high likelyhood. Very high voltag drops of opposite
magnitude will have to be applied across the memristor to switch it back
into RHRS.

Furthermore, it was experimentally demonstrated that sensing com-
plexity is enhanced in combination with a TEG of low internal resistance
where the switching capabilities from RLRS to RHRS can be exploited. The
possibilities of further tuning memristor and TEG for more favourable con-
figurations will be discussed in the outlook section.
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6 Outlook

The investigations demonstrated in this project with respect to thermoelec-
tric, thermoresistive and memristive properties of Bi2Se3 have contributed
to better understand device opportunities where Bi2Se3 serves several func-
tions in the same sensor system. Several project aspects could require further
attention in the future which are outlined below.

6.1 n-type legs

Thermoelectric-thermoresistive sensing was demonstrated by means of
Bi2Se3 in combination with copper pillars. Replacing copper with a less
thermally conducting material would significantly increase the device sen-
sitivity due to a higher overall device thermal resistance. Ideally, another
thermoelectric material from the family of chalcogenides such as Bi2Te3 with
a moderate thermal conductivity is selected. Since those materials have See-
beck coefficients similar to Bi2Se3, half the amout of thermocouples would
suffice to result in similar output voltages compared to the ones presented
here. Simultaneously, half the amount of thermocouples would yield similar
overall device resistances.

6.2 Memristor tuning

Memristor tuning refers to changing the memristor properties to obtain more
favourable properties for sense-log devices. For example, Ian Mihailovic in-
vestigated the diameter and thickness dependence of the high and low resis-
tance state with the outcome that a thicker device introduces an additional,
serial device resistance while a device diameter decrease increases the device
resistance as well which is typical for interface type switching mechanisms.
Hence, for sense-log devices to increase the memristor resistances, thicker
devices with lower diameter would be favourable and could be explored fur-
ther.
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6 Outlook

6.3 Indirect probing & device integration

Indirect probing capabilities of the memristive device would be beneficial
for device integration. During the activities of this project, it was observed
that following the same approach like the thermoelectric pillars and over-
growing and polishing Bi2Se3 before contact deposition systematically led to
not working memristive devices. This means that the memristor behaviour is
probably highly dependent on the surface properties while the thermoelctric
and thermoresistive behaviour is clearly dependent on the bulk Bi2Se3 prop-
erties.

The working devices obtained in the current thesis were grown until
below the edge of the SU-8. Hence, at the time of top contact evaporation,
the surface was not altered by the grinding step.

The most promising approach would be to optimize the deposition time
such that Bi2Se3 grows until just under the SU-8 edge (< 1 µm) and deposit
a thick Ag top contact by means of PVD.

Overall, however, a very small yield was observed, hence, a more in-
depth and systematic study would be necessary to solve the current limita-
tion of direct probing and better understand the reasons for the low yield.

Indirect probing capabilities of the memristor and a higher working
device yield are pre-requisites for device integration which would be the
next suggested step to better understand device possibilities.
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A Appendix A - Error propagation

Further details on gaussian error propagation can be found in [144].

A.1 General gaussian formula for error propagation

The general formula used for Gaussian error propagation is shown in Eq.
A.1. All error calculations during this project were done accordingly, as-
suming a Gaussian distribution for several estimated inaccuracies.

δi =

√(
∂i

∂x1
· δx1

)2

+

(
∂i

∂x2
· δx2

)2

+

(
∂i

∂x3
· δx3

)2

+ ... (A.1)

A.2 Simplification for case of multiplication by a
constant

When the unknown value i is derived from multiplying the measurement
quantity x by a contstant c (Eq. A.2), the uncertainty is multiplied by the
same constant (Eq. A.3).

i = c · x (A.2)

δi = c · δx (A.3)

A.3 Simplification for case of addition and
subtraction

When the unknown value i is derived from additions or substractions of
several measurement quantities (Eq. A.4), the general Gaussian error prop-
agation formula can be simplified, according to Eq. A.5.

i = x1 ± x2 ± x3 + ... (A.4)
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A Appendix A - Error propagation

δi =

√
(δx1)

2 + (δx2)
2 + (δx3)

2 + ... (A.5)

A.4 Simplification for case of multiplication and
division

When the unknown value i is based on multiplications and divisions
(Eq. A.6), the general Gaussian error propagation formula can be simpli-
fied, according to Eq. A.7.

i = x1 ·
x2
x3

· ... (A.6)

δi
i
=

√(
δx1

x1

)2

+

(
δx2

x2

)2

+

(
δx3

x3

)2

+ ... (A.7)
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B Appendix B - Electrochemistry
and characterization

B.1 Thermoelectric setup

This section presents further details on setup understanding and calibra-
tion described in chapter 2.2.3.2. The first objective was to understand and
quantify the thermal interface resistances of the setup utilized in this work
which is visualized by means of a lumped element model in Fig. B.1a. In
the first calibration routine, the thermal resistance of Kapton ("Kapt") was
determined by means of the same differential measurmeent that is presented
in chapter 2.3.3.3 for SU-8 and Bi2Se3. A second routine was implemented
to account for additional temperature drops across an interface ("Gap") be-
tween the device under test (DUT) and "Kapt". To quantify this, a resistive
heater was clamped in the setup as the DUT. The heating power was slowly
ramped up. The temperature on the surface of the heater was recorded with
two RTD PT1000 temperature sensors on either side. The temperature sen-
sors implemented in the measurmeent setup acquired data for Tmeas,top and
Tmeas,bot during the heating events. The resulting temperature difference
between heater surface sensors and setup sensors was taken as the total
temperature drop across the interface. Thermal resistance values for Si were
taken from literature in order to furthermore account for the Si substrate.
The derived calibration curve to obtain ∆T from ∆Tmeas can be seen in
Fig. B.1b.
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LEM for
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Kapt
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Si

a)

b)

Figure B.1: a) LEM of measurement setup and b) calibration curve for the mea-
surement setup used to characterize the thermoelectric and ther-
moresistive effects

B.2 Deposition regime

Additional measurements to chapter 2.3.1.1 where Fig. B.2 presents the scan
speed dependent measurements to verify that the reaction at the electrode
is diffusion-limited. In order to verify this, CV sweeps were performed for
different scan speeds (Fig. B.2a and b). According to the Cottrell and
Randles-Sevcik equations, the system is in the diffusion-limited regime if
the reduction peak current is linearly dependent on the square root of the
scan speed which is what we observe in Fig. B.2c.
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B.2 Deposition regime

Figure B.2: a) reduction peak current in the first scan b) reduction peak current
in the third scan c) reduction peak current as a function of the square
root of the scan speed for the first and third scan and corresponding
linear fits. Adapted from the author’s own publication [80].
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B Appendix B - Electrochemistry and characterization

B.3 Determination of the faraday efficiency

Detailed calculation to determine the Faraday efficiency (see chapter 2.3.1.3)
where massdeposited was determined from the information of area and thick-
ness of the deposit (Scanning electron miscroscope and white light interfer-
ometer) and the value for the density of Bi2Se3 that was taken from literature

F = 96485.3
sA

mol
(B.1)

M = 0.4 · 208.98 g

mol
+ 0.6 · 78.96 g

mol
= 130.968 (B.2)

zaverage = 3.5(Se4+, Bi3+) (B.3)

Imean = −3.451E − 06 (B.4)

t = 1000min = 60000s (B.5)

mtheoretical = (
Imeant

F
)(
M

z
) = (

−3.451E − 06A · 60000s
96485.3 sA

mol

· (
130.968 g

mol

3.5
))

(B.6)

= −0.00008031g (B.7)

massdeposited = 6.82
g

cm3
· 9.63E − 06 = 0.0000656g (B.8)

efficiency ≈ 82 %

B.4 Chemical diagrams from medusa

Additional material to chapter 2.3.1.2.
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B.4 Chemical diagrams from medusa

 

 

Figure B.3: top: fraction of formed complexes between Bi3+ and Cl- in the elec-
trolyte as a function of pH, bottom: fraction of free and bound Cl-

in the electrolyte as a function of pH. Note that we excluded the
formation of solid substances such as BiOCl because our solutions
were stable and no precipitates were observed prior or during the
electrodeposition. Adapted from the author’s own publication [80].
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B Appendix B - Electrochemistry and characterization

B.5 Raman and XRD measurements

Additional matrial to chapter 2.3.2.2. On top of the standard electrolyte
(1.5 mM Bi(NO3)3, 1.5 mM SeO2, 40 mM KCl), electrochemical deposition
was performed in an electrolyte with three times higher selenium content
(4.5 mM SeO2). Experimental conditions were kept at RT with standard
duty cycle (10 min deposition at 0V vs. Ag/AgCl, 1 min resting). These
conditions result in a significantly less smooth and more Se-rich sample.
From the Raman spectra in Fig. B.4a, a peak around 250 cm-1 is visible
for both molar concentrations which is significantly more pronounced for
a selenium-rich sample. A peak around 250 cm-1 was found in amorphous
selenium [95–97] and rhombohedral Bi2Se3 [65], both associated with Se-Se
bond activity. From the XRD analysis, both samples match the orthorhom-
bic crystal structure (Fig. B.4b), although with variations in the spectrum
and intensity of detected peaks.

In a selenium-rich orthorhombic sample, we assume a significant
amount of Se anti-site defects SeBi, i.e. selenium atoms substituting bis-
muth atoms in the lattice. These defects probably create Raman-active
Se-Se bonds. Hence, the peak around 250 cm-1 for the stoichiometric sam-
ple is most likely related to Se-Se bonds in an orthorhombic lattice structure.

It should also be noted that in the Raman shift range from 120 to
180 cm-1, the response varies between the stoichiometric and Se-rich sam-
ple. Based on the XRD-measurements, both materials are found in the
orthorhombic crystal structure but with different peak distribution, i.e. a
very pronounced (002) reflection for the stoichiometric sample and instead,
smaller (002) reflection but more visible peaks of other reflections for the
Se-rich sample. Generally, little information is available on the vibrational
modes of the orthorhombic phase of Bi2Se3. The Raman active modes B3g

2

at 123.4 cm-1 and B2g
2 at 169.2 cm-1 belonging to the orthorhombic phase

were calculated and experimentally observed by Souza and co-workers as
stated in their preprint [94]. Along with the bulk vibrational Ag mode at
155 cm-1, it is possible that these are the visible modes in the Se-rich sample.
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B.5 Raman and XRD measurements

Figure B.4: a) Raman spetra for films grown from equimolar and from selenium
ion rich electrolyte b) corresponding XRD spectra. Adapted from
the author’s own publication [80].
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C Appendix C - Device processing

C.1 Electrochemical experiments

As the electrochemical deposition was core to fabricating the thermoelectric
and memristive devices, this section outlines the steps necessary for success-
ful experiments.

C.2 Electrolyte mixing

The following list describes in detail the steps necessary for obtaining the
standard electrolyte utilized in this thesis

• Measure 1M of HNO3. The molar concentration is converted into
gram for a desired final standard volume of 600ml. Pour in a small
beaker, insert a TeflonTM-coated magnetic stirrer and place beaker on
a hot-plate with stirring option, turn rotation to around 60 rpm

• Measure 1.5mM of Bi(NO3)3 (Sigma Aldrich, 98 %) with high-
precision scale, crush with a mortar and add to HNO3

• Measure 1.5mM of SeO (Sigma Aldrich, 99.8 %), crush with a mortar
and add to HNO3

• Wait several minutes until all crystals have fully dissolved

• Dilute the mixture by pouring it in deionized water to yield 1M of
HNO3, mix again for several minutes with a magnetic stirrer

• Measure 40mM of KCl salt (Sigma Aldrich, 99%) and pour in the
electrolyte as you keep stirring, the KCl will dissolve within seconds

• The electrolyte should be poured in a glass-beaker for storage or can
alternatively be immediately used
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C Appendix C - Device processing

C.3 Electrochemical deposition of thermoelectric
pillars

The memristor recipe optimized for sense-log applications uses the elec-
trolyte optimized for thermoelectric Bi2Se3 pillars (1.5mM Bi, 1.5mM Se,
1M HNO3, 40mM KCl) for a galvanodynamic deposition according to:

• Deposition at 40 ◦C bath temperature and electrolyte stirring at
100 rpm

• Deposition pulse: −30A/m2 for 0.5 s

• Resting pulse: 0A/m2 for 5 s

• Deposition time: 27.5 hrs for a mold thickness of 20 µm

C.4 TEG pillar processing

Additional material to chapter 2.2.2.

Process Step Time Temp or other pa-
rameter

Description

Bottom electrodes
Dehydration 5min 180 ◦C Hotplate
Evaporation Cr/Au 5/100 nm Prior: Ar-ion etch
Dehydration 5min 180 ◦C Hotplate

SU-8 processing
Spincoating 10s 500rpm 200rpm/s SU8-3025

30s 1800rpm 500rpm/s
Soft bake start 40 ◦C Power 55%

4.8min 40-95 ◦C Power 55%
12min 95 ◦C

12min 95-70 ◦C Power 0%,
T=20 ◦C

Exposure 18sec soft contact
PEB 2min 40-65 ◦C Power 60%

40sec 65 ◦C

2min 65-95 ◦C
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C.5 TEG chain processing

5min 95 ◦C

Cool down 5-10min
Develop 4min PGMEA

1min PGMEA
IPA rinse

Drying

Dicing

ECD
Bi2Se3 ECD 36.6 hrs

Planarization grinding & polish-
ing

Top contact PVD
Evaporation Cr/Au 10/150nm Ar-ion etch before-

hand

Table C.1: Process flow for pillar test structures

C.5 TEG chain processing

Additional material to chapter 3.3

Process Step Time Temp or other pa-
rameter

Description

Bottom electrodes
Thermal Oxidation 2 µm SiO2 on Si (by BRNC staff)
Dehydration 5min 180 ◦C Hotplate
Evaporation Cr/Au/Cr 5/100/5

nm
Prior: Ar-ion etch

Dehydration 5min 180 ◦C Hotplate
Spincoating 40 sec 4000 rpm AZ4533
Softbake 1min 110 ◦C Hotplate
Explosure 8.2 sec hard contact
Develop Autom. Spinner AZ400K 1:3
Rinsing & drying
Hardbake 1min 110 ◦C Resist adhesion
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C Appendix C - Device processing

H2O wetting
Cr etch 10-15 sec diluted 1:4 TechniEtch Cr01

Technic
Rinsing don’t dry
Au etch 15-18 sec Au etch TFA,

Transene
Rinsing keep wet
Cr etch 10-15 sec diluted 1:4 TechniEtch Cr01
Rinsing & drying
Resist stripping 20min TechniStrip P1316

SiO2 passivation
Dehydration 5min 180 ◦C Hotplate
PECVD of SiO2 14min 600 nm

Dehydration 5min 180 ◦C Hotplate
HMDS Autom. Hotplate
Spincoating 40 sec 4000 rpm AZ4533
Softbake 1min 110 ◦C Hotplate
Exposure 8.2 sec hard contact
Develop Autom. Spinner AZ400K 1:3
Hardbake 1min 110 ◦C Resist adhesion
Plasma asher 20 sec 200W wetting
HF etch 1 115 sec BHF 400nm/3.62nm/s

= 115s
Resist stripping Acetone, IPA
Profilometer SiO2 thickness
Dehydration 5min 180 ◦C Hotplate
HMDS Autom. Hotplate
Spincoating 40 sec 4000 rpm AZ4533
Softbake 1min 110 ◦C Hotplate
Exposure 8.2 sec hard
Develop Autom. Spinner AZ400K 1:3
Hardbake 1min 110 ◦C Resist adhesion
Plasma asher 20 sec 200W for wetting
HF etch 2 115 sec BHF

400nm/3.62nm/s
= 115s

keep wet
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C.5 TEG chain processing

Cr etch 10-15 sec diluted 1:4 TechniEtch Cr01
Rinsing & drying
Resist stripping 20min TechniStrip P1316

SU-8 Processing

Dicing

1st set ECD
(Memristor ECD 39 hrs current controlled)
TE ECD 36.6 hrs Bi2Se3

Planarization grinding & polish-
ing

2nd hole etch
Plasma asher 20 sec 200W surface activation
Spincoating 40 sec 4000 rpm AZ4562
Softbake 3.7min 40-83 ◦C cool down on CR

paper to avoid
thermal shocks

Exposure 25 sec soft contact
Develop 2min AZ400K 1:3
Plasma asher 20 sec 200W wetting
H2O dip wetting crucial

(deep trenches)
HF etch 1 55 sec BHF
Rinsing keep wet
Cr etch 20sec diluted 1:4 TechniEtch Cr01
Rinsing & drying

2nd set ECD
Metal ECD 15min -0.25V Copper plating
Resist stripping Acetone & IPA
Planarization Grinding & polish-

ing

Metal line etch
Plasma asher 1min 200W surface activation
Spincoating 40 sec 4000 rpm AZ4562
Softbake 3.7min 40-83 ◦C cool down on CR

paper to avoid
thermal shocks
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C Appendix C - Device processing

Exposure 25 sec soft contact
Develop 2min AZ400K 1:3
Plasma asher 20 sec 200W wetting
H2O dip wetting
HF etch 1 55 sec BHF
Rinsing
Cr etch 20sec diluted 1:4 TechniEtch Cr01
Rinsing keep wet
Au etch 15-18 sec Au etch TFA
Rinsing keep wet
Cr etch 20sec diluted 1:4 TechniEtch Cr01
Rinsing & drying

Top contact PVD
Evaporation TEG
chain

Cr/Au 10/150nm Ar-ion etch before-
hand

(Sputtering mem-
ristor

600nm Ag Prior: Ar-ion etch)

(Connecting lines Cr/Au 10/150nm Ar-ion etch before-
hand)

Table C.2: Process flow for thermoelectric devices with integration option for
memristors (in parenthesis)

C.6 Top contact of thermoelectric pillars and
devices

Au evaporation
Parameter Au
Power [%] 3
Rotation [rpm] 20
Rate [nm/s] 0.2
Source distance [mm] 600
Pressure SC [mbar] 5.5e-7
Emission current [mA] 30

Table C.3: Summary of Au deposition process
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C.7 Electrochemical deposition of memristors

C.7 Electrochemical deposition of memristors

The memristor electrodeposition optimized for sense-log applications starts
with the electrolyte developed in the current work (1.5mM Bi, 1.5mM Se,
1M HNO3, 40mM KCl). A galvanodynamic deposition is performed ac-
cording to:

• Deposition at 40 ◦C bath temperature and electrolyte stirring at
100 rpm

• Deposition pulse: −30A/m2 for 0.5 s

• Resting pulse: 0A/m2 for 5 s

• Deposition time: 27.5 hrs for a mold thickness of 20 µm

C.8 Top contact of memristors

Ag evaporation
Parameter Ag
Power [%] 6.5
Rotation [rpm] 20
Rate [nm/s] 0.2
Source distance [mm] 600
Pressure SC [mbar] 2e-7
Emission current [mA] 9

Table C.4: Summary of Ag deposition process
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C.9 Processing comparison of TEGs and
memristors

TEG Memristor
Salts 1.5 mM Bi(NO3)3

1.5 mM SeO2

40 mM KCl
WE seed layer: Au, template: SU8
CE Platinum
RE Ag/AgCl
Dep time 1min 0.5 s

Rest time 10min 5 s

Deposition type potential controlled current controlled
Dep V/I 0V vs. Ag/AgCl −3mA/cm2

Resting cell off 0A/m2

Bath temperature RT 40 ◦C

Agitation no 100 rpm

Table C.5: Standard plating conditions for TEGs and memristors

Fig. C.1 displays a typical CV sweep with the electrolyte described in
Table C.5. The figure serves to compare the two methods in terms of the
potentials. The dark green line indicates the depostion pulse voltage of 0V
vs. Ag/AgCl during the synthesis of the TEG pillars. The light green area
indicates the resulting range of voltages acquired during the applied cur-
rent density of −3mA/cm2. Throughout the current controlled deposition
(memristive recipe), the resulting voltage gradually shifts to higher poten-
tials which is the reason for the visible range indicated in the figure. This
can be explained with Ohm’s law where the current stays constant while
the resistance increases due to an increase in film thickness, resulting in an
increase in the voltage drop. From the overlap in voltages it becomes clear
that both methods operate at similar currents/potentials.

The duty cycle is significantly different which could explain the result-
ing differences in memristive behaviour. I. Mihailovic compared the two films
with respect to their crystallinity, see Fig. C.2. While the 002 peak that was
very visible in the TEG recipe (top) is almost invisible for the memristive
recipe (bottom), other peaks belonging to the orthorhombic phase could be
noticed. As was demonstrated in chapter 2.3.2, the thermoelectric structures
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C.9 Processing comparison of TEGs and memristors

were characterized by a high degree of growth compactness and smoothness.
The memristive structures resulted in surfaces with much coarser surface
morphology which could indicate larger grain sizes.

Silver diffusion which plays an important role in the memristors pre-
sented here has been shown to be affected by the extent of crystallinity
where amorphous structures led to silver ion scattering and a deterioration
in performance while furthermore, tightly packed grains were shown to limit
the formation of conduction paths [145].

TEG deposition pulse voltage

Resulting memristor deposition
pulse voltage range

Resulting memristor resting 
pulse voltage range 

Figure C.1: CV sweep TEG vs memristor

Figure C.2: XRD spectra from TEG recipe (top, by author) vs memristor recipe
(bottom, by I. Mihailovic). Reprinted with permission from I. Mi-
hailovic [78].
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C.10 Electrodeposition experiment with Sb2Te3 &
Bi2Te3

Additional matrial to chapter 3.2.4. The objective of these experiments
was the synthesis of a p-type material for the integrated thermoelectric-
thermoresistive sensor as discussed in chapter 3. For Sb2Te3, the recipe
according to Trung and co-workers [75] and for Bi2Te3 according to Glatz
and co-workers [119] was utilized.

The former method did not result in compact films but rather, a porous
growth in clusters was observed which made it impossible to characterize the
thermoelectric and electronic properties, see Fig. C.3a.

The latter method to deposit Bismuth Telluride resulted in compact
growth of thick BiTe films where the atomic ratio could be tuned by altering
the concentration of Te+ and Bi+ ions in the electrolyte, see Fig. C.3b. How-
ever, thermoelectric characterization resulted in very small Seebeck voltages
with n-type nature in the order of −12 µV/K.

136



C.10 Electrodeposition experiment with Sb2Te3 & Bi2Te3

Figure C.3: Plating process of a) antimony telluride and b) bismuth telluride
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C.11 Thermal computations

Additional material to chapter 3.4.1.2 where the objective here is to be able
to determine the heat flux performance Q of the presented Bi2Se3 sensor by
the following equation:

Q =
∆T [K]

K[KW ]
(C.1)

With ∆T the temperature drop across the DUT and K the thermal
resistance of the DUT. As can be seen in Fig. C.4, several materials form a
parallel network of thermal resistances on the chip. While the thermal prop-
erties of SU-8 and Bi2Se3 were determined experimentally in chapter 2.3.3.3,
literature values were taken for copper and air as can be seen in Tab. C.6.
The areas indicated in Tab. C.6 correspond to the total area of each material
taken up on the 1 by 1 cm area (see Fig. C.4 right).

Material Area A [m2] Th. cond. λ [W/mK]
Copper 2.39 E-6 398
Bi2Te3 6.119 E-6 0.13
Air gaps 1.17 E-5 0.026
SU-8 7.97 E-5 0.234

Table C.6: Area and thermal conductivity of corresponding materials on chip

Subsequently, the thermal resistances can be computed for a device
thickness of 45× 10−6m:

KSU−8 =
l

A · λ
= 2.7276

K

W

1

KSU−8
= 0.3666

W

K

KBiSe =
l

A · λ
= 62.8559

K

W

1

KBiSe
= 0.0159

W

K

KCu =
l

A · λ
= 0.0526

K

W

1

KCu
= 19.011

W

K

KAir =
l

A · λ
= 164.366

K

W

1

KAir
= 0.00609

W

K

The thermal equivalent circuit to determine the device thermal resis-
tance (see also Fig. C.4 bottom) is then given as:

1

K||
=

1

KSU−8
+

1

KBiSe
+

1

KCu
+

1

KAir
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C.11 Thermal computations

Figure C.4: left: considered chip area for the determination of the thermal re-
sistance of the chip; right: zooming in on arbitrary area. For ther-
mal equivalent circuit, components with grey font not considered
(because negligible) while components with black font considered;
bottom: resulting thermal equivalent circuit for the determination
of the thermal device resistance.

1

K||
= (0.3666 + 0.0159 + 19.011 + 0.00609)

W

K
= 19.4

W

K

Resulting in an overall thermal resistance of:

K|| = 0.0515
K

W

As can be observed, the thermal resistance of the proposed device is
dominated by the copper material. The thermal material properties were
determined at room temperature, hence, K || is defined at room tempera-
ture accordingly. However, the device thermal resistance is dominated by
the copper material which only changes its thermal conductivity by 1.2%

between RT and 343K [114] which is why we assume a constant thermal
resistance within the investigated temperature range.
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D Appendix D - Thermoelectric
thermoresistive device B

Additional material to chapter 3.4.

Figure D.1: Sensor output a) thermoresistive b) thermoelectric. See Figure
3.5 for a second characterized device and Appendix E for sample
details.
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E Appendix E - List of samples

Electrolyte:

* : 1.5mM SeO2, 1.5mM Bi(NO3)3, 1M HNO3

** : 3mM SeO2, 3mM Bi(NO3)3, 1M HNO3

*** : 6mM SeO2, 6mM Bi(NO3)3, 1M HNO3

**** : 1.5mM SeO2, 1.5mM Bi(NO3)3, 1M HNO3, 20mM KCl
standard : 1.5mM SeO2, 1.5mM Bi(NO3)3, 1M HNO3, 40mM KCl

Procedure:

_ x(10+1) : _ times 10min rest followed by 1min deposition
_ x((5+0.5): _ times 5 s rest followed by 0.5 s deposition

Top contact:

all E-beam evaporated, see Appendix C.8 and C.6 for processing de-
tails.
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