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0.1 Abstract

In this work, a comprehensive study of thermoelectric chalcogenide ma-
terials is presented and the systematic optimization of n-type BisTes,
p-type SbyoTes and their ternary compounds is performed. Thermoelec-
tric films and nanowires are synthesized by potentiostatic electrodeposi-
tion on Au/Pt, stainless steel substrates and in AAO membranes. The
influence of the preparative parameters such as the composition of the
electrolyte bath and the deposition potential is investigated in a nitric
acid solution. A novel deposition method is developed using millisecond
potentiostatic pulses, which improves both the morphology and the com-
position of the material.

As a post-deposition step, the influence of annealing is investigated. The
optimized p-doped (Bi,Sby_,)2Tes and the n-doped Biy(Te,Se;_,)3 ma-
terials are annealed for a period of about 1 h under helium atmosphere
and also under tellurium atmosphere at 550 K for 60 h. The samples are
characterized in terms of composition, crystallinity, Seebeck coefficient,
thermal and electrical resistivity. p-Doped pulsed deposited films exhibit
Seebeck coefficients up to approximately +160 uV K~=! (SbyTes) and
+208 VK™ ((Bi,Sby_,)2Tez). For the n-doped films, approximately
—100 pVK~! (BiyTes) and —130 uVK™! (Biy(Te,Se;_,)3) are achieved.
Power factors and ZT values of up to 1325 pWm™'K=2 (ZT 0.4) and 825
pWm K2 (ZT 0.25) are realized at room temperature.
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0.2 Zusammenfassung

In der vorliegenden Arbeit wird eine systematische Studie ueber die
Herstellung thermoelektrischer Chalkogenid-Materialien mittels elektro-
chemischer Abscheidung praesentiert. Dabei wird die Fabrikation von
sowohl n-, als auch p-dotierten Halbleitern auf BisTez-Basis auf Au/Pt,
sowie Stahlsubstraten und in poroese AAO Membranen untersucht. Die
abgeschiedenen Materialien in Form von Filmen und Nanowires wer-
den dabei hinsichtlich Threr thermoelektrischen Eigenschaften, wie See-
beck Koeffizient, sowie elektrische und thermische Leitfachigkeit hin opti-
miert.Dabei wird der Einfluss von Parametern wie der Zusammensetzung
des verwendeten Elektrolytbades, des verwendeten Abscheidepotentiales,
sowie der elektrochemischen Abscheidemethode (DC, konstant) unter-
sucht. Die optimierte gepulste Abscheidung im Millisekundenbereich
fuehrt dabei zu einer deutlichen Verbesserung hinsichtlich Morphologie
und Zusammensetzung der abgeschiedenen Materialien.

Wesentliche Verbesserungen der thermoelektrischen Eigenschaften koen-
nen zudem durch optimierte thermische Behandlung der abgeschiedenen
Schichten erreicht werden. Dabei werden die elektrochemisch abgeschiede-
nen Schichten unter He oder Te Atmosphaere bei ca. 550 K ueber einen
Zeitraum von bis zu 60 h annealt. Die Proben werden hinsichtlich ihrer
chemischen Zusammensetzung, Kristallinitaet und Transportparameter
hin charakterisiert und die thermoelektrische Leistungsfaehigkeit bes-
timmt. P-dotierte Filme erreichen dabei Seebeck Koeffizienten von ca.
+160 pV K=! (SbyTes) und +208 1V K~ ((Bi,Sbhy_,)2Tes) - n-dotierte
Materialien —100 VK™ (BiyTes) and —130 pVK™! (Biy(Te,Se;_,)3)-
Power Faktoren und ZT Werte von bis zu 1325 pWm K2 (ZT 0.4)
und 825 pyWm~'K~2 (ZT 0.25) werden dabei erreicht.
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Chapter 1

Motivation

During the past two decades, the advantages of thermoelectricity have
become more interesting for various kinds of applications. Due to the
presence of extensive waste heat sources and due to manufacturing trends
such as the abdication of moving parts, the interest in the development
of thermoelectric generators has quickly increased. The principles of
thermoelectricity are simple, the components can be scaled up easily to
any kind of demand and the durability as well as the reliability are on
a high level. Thermoelectricity not only is used for energy harvesting,
but also for the cooling of highly sensitive electronic components, but
most famous applications for thermoelectric generators (TEG) have been
extraterrestrial space missions such as NASA’s "Cassini" (fig. (a)).
With this application, the demand for a continuously working electrical
power source has been realized by a TEG powered by a radionuclide as
a heat source. Although the generator could prove its reliability during
several missions, to date, the low efficiency of thermoelectric materials
has inhibited the broad use of TEGs for energy harvesting.

Figure 1.1: (a) "Cassini" mission, inlay: illustration of the radionuclide
thermoelectric generator [DoE 1990al; (b) illustration of semiconductor
thermocouple

Due to their peak performance between 300-400 K, both p- and n-doped
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semiconductors are of high interest for thermoelectric applications at
room temperature (compare fig. b).

Since several methods are available to fabricate such thermoelectric semi-
conductor materials, the advantages and disadvantages of some of them
should be pointed out in more detail. Best results in terms of mate-
rial quality are obtained by fabrication from the gaseous phase. Thus,
methods such as molecular beam epitaxy (MBE) and atomic layer de-
position (ALD) are commonly accepted, since they exhibit good control
over process parameters and materials’ attributes such as the chemical
composition and crystal structure. The thermoelectric performance is
well defined and of high standard.

Due to high costs of these high-vacuum based methods, low-cost alterna-
tives with comparable quality are of particular interest. Thus, electrode-
position of the materials may offer a convenient alternative to easily
realize the production of high-quality thermoelectric materials.

The main advantages of the electrochemical deposition of thermoelec-
tric materials are the comparably facile control over process parameters
and low costs due to the absence of high-vacuum systems, deposition at
room temperature and relatively simple technical requirements. Elec-
trodeposited materials such as these BisTes-based compounds can be
integrated into commercialized microdevices. Particularly, the electrode-
position of BiyTes films [BBCT09| [MBLI6| [LTST06] and nanostructures
[PSMGT01] [JXJIT04] [SGSS03| [MBL™06| [LJWQ9] is well reported in the
literature. Most references report that electrodeposited BisTes is typi-
cally obtained in n-doped form. Even though the type of doping theoret-
ically also can be of p-type, that has been reported exclusively by Glatz
et al.|[GSDHO09| In order to make the deposited materials applicable to
energy harvesting of waste heat, a second, p-doped material is necessary
for implementation into a thermoelectric generator.[SGDHO8| The knowl-
edge base on electrochemically deposited ShoTes as corresponding p-type
material is not as extensive by far, but also of high interest, because of
the possibility to combine both materials for generator use. ShoTes is
isostructural with BisTe; (R3m) whereby the Bi lattice sites are occu-
pied by Sb.[XHY 08| The preparation of electrolytes is more difficult due
to lower solubility of antimony ions in aqueous solutions.|Lid92| [Chell]
Furthermore, the deposition process is challenging due to lesser driving
force for the formation of SbyTes compared to BisTes, since the bind-
ing energy is significantly lower.[SRAT12| Nevertheless, the deposition of
SboTes also is of high interest, since this material could act as a dopant
for BisTe3 compounds in order to form p-doped ternary chalcogenide
compounds.[SS59] The deposition of polycrystalline films on indium tin
oxide (ITO) substrates was first reported by Leimkuehler et al. from a
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HCl-based electrolyte bath at pH 4.25 with a focus on the structural anal-
ysis of the films.[LKRKO02| The preparation of ShyTes films from solutions
based on perchloric acid was reported by Del Frari et al., whereby a satis-
factory control of the film composition was achieved.[FDST05| However,
power factors were found to be dependent on the length of the deposi-
tion pulses ("on"-time). Pulse times in the range of 3-9 s were investi-
gated and the best results were found for short times. Electroplating of
(Biy_,Sh, )2 Tes films using electrolytes based on nitric acid was reported
by Martin-Gonzales et al. and the deposition mechanism was found to be
similar to that of BiyTes.[]MGSPT03| The Seebeck values of as-deposited
films were reported to be in the range of 20-55 pVK~! with power factors
of up to 200 pWm K2, i.e. 10 % of bulk values. Annealing of the films
led to moderate increases in performance (decrease of sheet resistance
down to 10 % of the initial value) [KO09|,[JPL™10],[PXYT09|. Seebeck
coefficients of up to 250 VK~ were reported for (amorphous) materials
deposited with diaminourea polymer (DAUP) and uniaxial pressing as
post-treatment process with low electrical conductivity causing also rel-
atively low power factors [LKO09| [KO10] [QYZ™11].

Several works report on the fabrication of (Bi,Sb;_,)sTes using various
deposition methods such as pulsed laser deposition (PLD) [KAY 11| or
solution growth.[SOVT10] Tt exhibits the same crystal structure as BiyTes
with Sb atoms randomly occupying the Bi lattice places, forming a differ-
ent type of doping causing higher thermoelectric performances. [XHY 08|
Many previous works also report on the electrodeposition of (Bi,Sb;_, ). Tes,
although the deposition process is more challenging compared to binary
compounds due to limited control of the film composition by the deposi-
tion potential or charge density. The simultaneous control of three ma-
terials during the deposition requires the optimization of the electrolyte
more carefully. However, a successful deposition was reported by several
groups. Del Frari et al. reported the deposition of (Bi,Sby_,)sTes films
from solutions based on perchloric acid on stainless steel disks.[FDST05]
The results indicated good control over the films compositions, but poor
control of the films morphology. Thermoelectric performance was re-
ported in later works, exhibiting Seebeck coefficients up to +180 pVK=!
after annealing for about 1 h in argon atmosphere.[DEDST06| Poten-
tiostatic electrodeposition from electrolytes based on nitric acid with
tartaric acid in order to increase the solubility of Sb in the aqueous
solutions was reported by Xiao et al.[XYLMO07| Works by Tittes et al.
[TPO7] and in 2008 of Li et al. [LSZT08| report on the successful de-
position of (BiSb;_,)sTes films, but they lack the thermoelectric char-
acterization of the deposited materials. Nedelcu et al. and Li et al
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(2009) reported on (Bi,Sb;_,)sTes films with Seebeck coefficients of +150
puVK=! and +119 pVK~! and power factors of 322 pWK2m~! and 112
pWK~2m™!, respectively. The knowledge of the electrochemical depo-
sition of the corresponding ternary n-doped material, Biy(Te,Se;_,)3 is
not extensive by far, but also of high interest in order to combine both
ternary materials, e.g. for generator use. However, some works already
reported on the deposition of this thermoelectric material. Michel et al.
deposited Biy(Te,Se; )3 thin films and concluded that the key factor
of the deposition is the electrolyte composition as well as the deposi-
tion potential.[MSST03| Films deposited by Bu et al. on Au and stain-
less steel substrates exhibited strongly preferred orientations in (110)
direction.BWWO07| [BWWO08| However, also these works lack the ther-
moelectric characterization of the deposited films. In a later work, Michel
et al. followed up with up the electrical characterizations by report-
ing thermopowers of —70/—150 pVK~'.[MDS*08| Consistent with this,
Zimmer et al. deposited Biy(Te,Se;_,)s with a Te:Se -Ratio of 10:1 and
Seebeck coefficients of -40 yVK~! and Martin-Gonzales et al. reported
about thermopowers between -40 to -55 yVK~! for nanowires and films.
[ZSTBOT], [IMGSPT03| Very few of these works report on annealing treat-
ments on the electrochemically deposited materials (Bi,Sb;_,)oTes and
Big(TexSel_x)g.

Since the thermal treatment of as-deposited samples can achieve signif-
icant improvements due to a decrease in structural defects [LSZT08|, in
this work, samples fabricated over a wide range of deposition potentials
are annealed in He atmosphere during in situ XRD measurement for
structural analysis. In order to further improve the thermoelectric per-
formance of the films, the materials were annealed for 60 h at 250 °C in
an equilibrium Te atmosphere, since this treatment proved its ability to
improve the stoichiometry of V-VI in semiconductors.[RSW11]

In this work, the development and synthesis of high-performance chalco-
genide semiconductors based on reported knowledge on the electrochem-
ical deposition of BiyTes is presented. Not only it is the ambition to syn-
thesize and optimize materials with a significantly improved thermoelec-
tric performance, but also to develop both n-doped and p-doped ternary
materials, which are ready to be integrated to thermoelectric applica-
tions such as microstructured thermogenerators. In addition, the mate-
rials should be manufacturable at low costs and their geometry should
be customizable to any kind of applications, thus also the upscaling of
the materials should be proven.

The development of suitable electrolyte baths and substrates is performed
first in chapt. [3| In order to optimize the chemical and physical proper-
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ties, the deposited materials are characterized systematically using vari-
ous characterization methods, which are presented in chapt.

These methods are used in order to optimize both the n-doped and the
p-doped binary and ternary materials in chapt. [5] and [6] Further opti-
mization of the materials’ quality is achieved subsequently by the thermal
treatment of the electrodeposited materials in He and Te equilibrium at-
mosphere reported in chapt.

The optimized materials are then used for the deposition of nanostruc-
tured wires with diameters ranging from 80 to 200 nm (chapt. .
The nanostructured materials exhibit an improved thermoelectric per-
formance in terms of electrical conductivity and higher thermoelectric
power factors. The nanowires are characterized using single nanowire
measurements reported in chapt. A compendium followed by a con-
cept of perspectives will conclude the work in chapt. [0



Chapter 2

An Introduction into
Thermoelectrics and
Electrochemistry

In order to understand about the complex conditions of the thermo-
electric materials, the basic principles and correlations of transport pa-
rameters contributing to the thermoelectric performance are presented.
Figure shows the principle of the Seebeck effect: As long as two
(semi)conductors have two common contacts with a temperature differ-
ence AT between both contacts, they exhibit a potential difference V,
which is dependent on AT [Row06].

T1 T2

Figure 2.1: Seebeck effect

The differential Seebeck coefficient S is defined as the ratio of AV to AT
[Gol09):

S = g (2.1)

AT

Since the charge carriers within the conductor will have a higher ve-
locity with increasing temperature, the velocity distribution of carriers
(electrons or holes) exhibits higher values for particles located at the hot
junction of the conductors. Therefore, there will be a continuous diffu-
sion of carriers to the colder junction, causing an electromotive force that

6
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tends to generate an electric current from the hot to the cold junction.
Conversely to this, a current forced by an external source will cause heat-
ing at one and cooling at the other junction of the conductors. This is
named the Peltier effect and can be quantified by:

- Q
= (2.2)

with the heat affiliated /set out at the junctions @), the electrical current
I and the duration of the current ¢. The Peltier effect often becomes
important in case of cooling sensitive electronic components by the cold
side of a thermoelectric module. Since the Seebeck effect is reverse to the
Peltier effect, it alternatively can be described with the Kelvin equation

S = % (2.3)

These effects appear at all types of conductors, but increase significantly
for semiconductors, making them the main focus of investigations in the
field of thermoelectrics. In order to analyze the differences, one must
understand the principles of the electrical transport mechanism of such
materials [Gol09]. The interactions of electrons and periodic lattice struc-
tures within a crystal are important for the investigation of the differences
between conductors, semiconductors and isolators. It is well known that
the energy of electrons has to be within "energy-bands", which exhibit
discrete levels with gaps in between. The Fermi distribution reports on
the chance of an electron state E to be occupied by

Fo(E) = [1 + exp(C )] (2.4)

with the Fermi energy £, and the Boltzmann constant k. Since the
Fermi energy depends on the temperature 7', the probability F'(E) also
changes with 7', exhibiting values of 0 for 7" = 0K and at 7" > 0 at the
Fermi level it is % To calculate the number n of occupating electrons of
a certain energy level, F'(F) has to be multiplied by the density of states
G(F), which depends on the position within the band structure:

n = /OO G(E)Fy(E)dE (2.5)

n = /OOO 1) — (2.6)

14 e*T
This equation for the density of charge carriers (electrons or holes) is
required for the discussion of n- and p-doped semiconductors in more
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detail in chapt. [5land [6] It exhibits small values around the band edges,
which significantly increase within the band. Each state is characterized
by its wave function, belonging to the corresponding electron. Thus there
are gaps in the energy bands which correspond to energy states "not al-
lowed" for occupation of carriers. Crystals, that allow the electrons to
move between energy levels exhibit electrical (and thermal) conductiv-
ity. Completely filled or completely empty bands do not contribute to
the electrical conductivity. For metals, the Fermi level lies within the
conduction band, so that a high number of electrons can easily move
into vacant states, causing a high conductivity. For insulators, the Fermi
level directly lies between two allowed bands, causing no free carriers in
the conduction band. (Extrinsic) semiconductors also show Fermi levels
within the band gap, but here it is located closer to the edge of either
the conduction or the valence band. Thus, unless the total amount of
carriers is relatively low, all carriers can contribute to the electrical con-
duction — in case of a Fermi lever near to the conduction band edge, the
electrons are able to perform conduction in the conduction band. One
can promote this by adding impurities (donor atoms) to the structure,
which will increase the amount of negative carriers (electrons). If the
Fermi level is located near the valence band, there will be empty states
in the valence band, i.e. positive holes can perform conductance in the
valence band. This p-doping can be induced by adding acceptor atoms
to the crystal structure. If the band gap is small enough, the Fermi level
is located near both the conducting and the valence band and both type
of carriers can contribute to the conduction, these materials are so called
intrinsic semiconductors.

Together with the electrical conductivity o and the thermal conductivity
k, the major value, the figure of merit Z7', is defined as:

52
727 =221 (2.7)

K
Since the electrical conductivity ¢ and the thermal conductivity s are
linked directly, they can not optimized separately. The Wiedemann-

Franz law describes the link of these two values:

K
— = LT 2.8
p (2.8)
with the Lorentz-number
. K B 71'2(]{‘3)2
0T 3'e

which is constant for metals, but fluctuates due to the thermal conduc-
tivity & to be dependent on electrons and the lattice structure (phonons):
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K = K¢+ Kiqt- Thus, the main challenge of thermoelectric materials is the
optimization of the ratio between electrical and thermal conductivity.

Recently, thermoelectricity has become more interesting for terrestrial
applications, there is also a steadily growing interest in miniaturized ther-
moelectric generators for small-scale applications such as wireless sensors
based on waste heat recovery. Since there are many possible applications,
at which the harvesting of waste heat energy leads to significant improve-
ments in energy yield, there also is a growing demand for different types
of thermoelectric converters. Dependent on the thermoelectric material
used, the conversion works best at different temperatures based on the
peak performances of the particular material used (compare figure .

Figure 2.2: Thermoelectric Materials [STO08]

For high-temperature applications such as energy harvesting at power
plants or exhaust heat converters in vehicles, materials such as Skut-
terudites (e.g. CoSbs), SiGe alloys and Yby4MnSby; are ideal, due to
their peak performances at temperatures between 550 and 1000 °C. For
applications at mid-range temperatures, thermoelectric materials such
as GeTe-AgSbTe alloys (TAGS) and also lead telluride compounds work
best, since their performance shows a maximum at temperatures within
300-450 °C. [Row95)|

Last but not least, chalcogenide compounds not only exhibit high ther-
moelectric performances, they also appear at slightly elevated tempera-
tures within 0-200 °C. Thus, BisTes/SbyTes based materials are highly
interesting for all types of applications at room temperature, such as self-
sufficient sensor networks. Such sensors are employed e.g. in medicine or
aeronautical environments. Chalcogenide compounds to date are widely
fabricated by multiple deposition methods, such as high-vacuum meth-
ods, e.g. molecular beam epitaxy (MBE), atomic layer deposition (ALD)
or thermal co-evaporation. In contrast, the technical requirements for the
electrochemical deposition of Bi;Tes based compounds is not extensive by
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far, but also produces high performance thermoelectric materials. Thus,
the electroplating of thermoelectric materials is of high interest and worth
the extensive investigations reported in this work.

In figure [2.3] the principle of the electrochemical deposition process is
illustrated. The cell contains two electrodes in an electrolyte bath. The
deposition of the thermoelectric material takes place at the cathode by
reduction of (positive) ions in the solution.

Figure 2.3: Illustration of the electrochemical deposition

Thermodynamics of solids and solutions describes the equilibrium of two
chemical phases for equal chemical potentials ;. [Pet]

The electrochemical potential is defined as: [Pet]

0
Hi = Hy > v (2.9)
B

with the chemical standard potential ;Y. Part A of the equation is de-
pendent on the concentration/activity a;, part B to the charge of the ions
z;, the Farady constant F' and the electrical potential ¢;. B is equal to 0
as long as the particles’ charge is equal to 0.

A solid that comes in contact with a solution of its ions causes an electric
current, if

solid electrolyte
W FE :

Thus, electrons move from the solid to the solution and ions move from
the solution to the solid until the chemical potentials are equal. Equilib-
rium may be reached upon application of an electrical potential difference
between solid and solution:

solid __ | electrolyte
=
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ILLO’SOlZd—l-RTh’lCLSOhd—FZFgOSOhd — uO,electrolyte+RTlnaelectrolyte_i_ZF(pelectrolyte

__ _solid electrolyte
Ap =™ — ¢

0,electrolyte 0,solid RT aelectrolyte

—
—In— 2.1
zF + zF n asolid (2.10)

This is the potential of a half-cell, but the potential difference only can be
measured between two electrodes in the solution. In order to compare half
cells based on different materials, the potential is defined to be measured
against a standard electrode, that is defined as zero point (standard H,
electrode).

Agpzﬂ

Thus, the potential is defined as [Petl:

IuO,electrolyte o MO,solid RTl CLM
_—— n—
zF zF a

solid __ _electrolyte _

PMm=+/M = P

90 Mz+

and with respect to the Hy electrode:

Oomr+/m, =0

E= A90M2+/M - A902H+/HQ

MO,electrolyte - MO,solzd RT a]V[

— Il P
zF P naMz+

RT 2
E=E"+=—""Ind""
zF

Once more than one type of ions v; contributes to the reaction, the
equation becomes [Pet]

anode

RT .
AE = Ecathode — Fanode = Egathode —E? — ﬁ In H a;’

with the the coefficient of stoichiometry s, the convention E=E_.;node-
Esnode and the free enthalpy

AG = —zFAEFE.
The half-cell potential then can be described as
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T oxidation
E:ED_,_R_]naL

2.11
z2F Qreduction ( )

With this so called Nernst equation, the potential/energy of reduction
or oxidation processes can be calculated for given reactants. (compare
calculations made for Bi/Sb/Te in chapt. [3).



Chapter 3

Synthesis

The deposition of all thermoelectric materials investigated and reported
in this work is described subsequently. Some contents of this chapter
have already recently been published by the author. In order to deposit
the materials as films and nanostructures, at first, the deposition process
of the particular materials has to be developed. Therefore, the electrolyte
baths and deposition conditions for all binary and ternary BisTes alloys
have been optimized.

3.1 Electrolyte Baths

The electrolytes used for the electrochemical deposition of the films and
nanostructures are aqueous solutions based on 1M nitric acid. Concen-
trated nitric acid (Merck 69 %) is diluted with clean water (18.2 MO-cm
25 °C, TOC: <10 ppb) until the solution contains 1 M nitric acid. The
antimony, tellurium and selenium salts are subsequently dissolved in the
acidic solution, tentatively heated up to around 70 °C in order to increase
the solubility of the salts.

The thermoelectric materials used here are based on BisTes, since this
material has been reported extensively in the literature (compare chapt.
2). Bismuth(IIT) nitrate pentahydrate Bi(NO3)s + 5HyO (Sigma Aldrich,
99.999 %) is dissolved in 1 M nitric acid at room temperature. Tellurium-
oxide TeO, (Sigma Aldrich, 99.995 %) is dissolved subsequently in the
solution.

The cyclovoltamogramm displayed in Fig. indicates a sharp peak
for the deposition of BisTes at a potential more negative than —80 mV
vs. a AgAgCl reference electrode (KCl saturated). In order to explain

13
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the differences in energy of both the formation of BisTe; and SbyTes
(compare chapt. [3.1.2)), the formation energy of elementary Bi and Te is
calculated here [MGPG™02| One has to keep in mind, that this is not the
calculation of the real chemical reaction, since the formation here starts
with Te®®>). The external potential applied by the potentiostat is used
to transform the existing Te(*t) to Te(>7) first. Then the formation to
BiyTes takes place:

BT +3e” — Bi, AE® = 0.308V, and
Ter™ — Te +2¢~, AE® = 1.1431/1L1d92],
= 2Bi*" 4 3Te*™ — 2Bi + 3Te,

where

C kJ
AG" = —nFAE" = —6-10°— - (0.308 + 1.143)V = —870.6—

mol mol’

From the elements, the formation of BiyTes starts:

k
2Bi+ 3Te — BiyTes, AG® = —899, 1—J
mol

combined in one reaction equation:

2Bi*" + 3HTeOF + 9H' + 18~ — BiyTes(solid) + 6H,0,  (3.1)

where

kJ kJ
AG® = (870 — 899, 1)—1 = —1770—

1mo mo

Since this energy is high compared to the deposition of other chalco-
genide compounds (compare deposition of ShyTes), here the deposition
mechanism is very likely to produce one phase of stoichiometric BisTes.
Therefore, the electrochemical deposition of BiyTes starts with respect
to eq. at potentiostatic deposition potentials more negative than
—120mV vs. AgAgCl (compare fig. [B.1). At more negative reduction
potentials than —450 mV, the evolution of hydrogen starts.
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Figure 3.1: Cyclic voltammogram of the BiyTes electrolyte containing
0.0075 2 of Bi(NO3)3 + 5H,0 and 0.01 22 of TeO, in 1 M nictric acid
at a scan speed of 20 %

3.1.2 SbQTeg

The nitric acid solution is separated into two solutions. Tellurium-oxide
TeOy (Sigma Aldrich, 99.995 %) is dissolved in the first acidic solu-
tion similarly than before with the preparation of BisTes. Tartaric acid
powder (C4HgOq) (VWR, L(+)-tartaric acid for analysis) is dissolved in
the second solution with subsequently dissolving SboOj3 (Sigma Aldrich,
99.999 %) causing the tartaric acid to act as a complexing agent in order
to solve the antimony, although the solubility of Sb-IIl-salts in aqueous
solutions is low.[SRAT12| In case the salts are likely to precipitate from
the solution, the solution is heated up to around 70 °C with agitating the
solution using a magnetic stirrer. Afterwards, both solutions are mixed.
The formation energy of ShyTes can be calculated here. One should keep
in mind, that this calculation does not correspond to the real chemical

reaction (compare chapt. [3.1.1)):
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SbOt + 2Ht + 3¢~ — Sb+ Hy0, AE® = 0.212vI3BU2 4 g
Ter™ — Te + 2=, AE® = 1.1431/1L1d92]

= 25bT + 4H" +3Te* — 25Sb+ 3Te + 2H,0,

where
0 0 5 C kJ
AG® = —nFAE" = —6-10°— - (0.212 + 1.143)V = —813.0—.
mol mol
From the elements, the formation of ShyTes starts:
KkJ IABO2|
28b+ 3Te — SbyTes, AG” = —58.35——
mol
combined in one reaction equation:
250" + 4HT + 3Te*™ — SbyTes(solid) + 2H,0, (3.2)
where K K
AG" = (—813 — 58.35) — = —871.35——
mol mol

Since this energy is significantly lower than the corresponding value for
the deposition of BiyTes, the formation non stoichiometric ShyTes com-
pounds and pure Sb and Te phases is more likely. Thus, the reduction
peak is less sharp compared to BioTes. The deposition starts at potentials
more negative than —220 mV vs. AgAgCl (fig. [3.2).

3.1.3 (Bibel_I)QTeg

The ternary (Bi,Sb;_,)sTes compound is very similar to the correspond-
ing binary compound SbyTes, but with donator atoms of Bi randomly
occupying the lattice sites of Sb. |[Row95| Thus, the fabrication of the
electrolyte is related to the fabrication of the electrolyte for the deposi-
tion of ShyTes above, although a certain content of Bi** atoms is added
to the solution. However, since the deposition of three elements in paral-
lel is more complicated, the optimization of the electrolyte is much more
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Figure 3.2: Cyclic voltammogram of the SbyTes electrolyte containing
0.0056 22 of SbOs, 0.01 22 of TeO, and 0.84 2% of C,HsOg in 1 M
nictric acid at a scan speed of 20 mTV

time-consuming. (compare to the results presented in chapt.
Analogue to the fabrication procedure of the ShyTes solution, the elec-
trolyte for the deposition of (Bi,Sby_,)oTes is prepared from two solu-
tions. One of them contains tellurium-oxide TeO, (Sigma Aldrich, 99.995
%) dissolved in 1 M nitric acid and Bi(NO3)3 + 5H,0 (Sigma Aldrich,
99.999 %) subsequently dissolved in the solution. The alternative solu-
tion contains tartaric acid powder (C4HgOg) (VWR, L(+)-tartaric acid
for analysis) dissolved in 1 M nitric acid with subsequently dissolving
SboO3 (Sigma Aldrich, 99.999 %). The final electrolyte is fabricated by
mixing both solutions.

Figure [3.3| presents the cyclovoltamogramm (CV) of the electrolyte. The
deposition process of stoichiometric (Bi,Sb;_,)sTes starts at deposition
potentials more negative than —280 mV vs. AgAgCl. At deposition
potentials between —50 to —280 mV, the deposition of elementary Bi
and Sb and mixed phases of them occurs, since they are more likely to
be reduced at this potentials. At potentials more negative than —280
mV, the simultaneously deposition of Bi, Sb and Te will occur at the
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Figure 3.3: Cyclic voltammogram of the (Bi,Sb;_,).Tes electrolyte con-
taining 0.002 2 of Bi(NO3); + 5H,0, 0.006 2 of SbOs, 0.007 22 of
TeO5 and 0.9 mTOI of C4HgOg in 1 M nictric acid at a scan speed of 20

mV
=

electrode surface [BKS10].

3.1.4 Biy(Te,Se;_,)3

This compound is similar to BisTes with Se atoms randomly occupying
some Te lattice sites. [Row95| Thus, the fabrication of the electrolyte is
prepared by bismuth(III) nitrate pentahydrate Bi(NO3)3 + 5H,O (Sigma
Aldrich, 99.999 %) dissolved in 1 M nitric, tellurium-oxide TeO, (Sigma
Aldrich, 99.995 %) and selenium-oxide (SeOs) (Strem, 99.95 %) subse-
quently dissolved in the solution.

The underpotential deposition (UPD) starts at deposition potentials more
negative than —50 mV vs. AgAgCl (figure [3.4), while the overpoten-
tial deposition (OPD) occurs at reduction potentials more negative than
—220 mV. Due to the addition of Se to the electrolyte baths, the deposi-
tion potential shifts slightly to more positive potentials, this is consistent
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Figure 3.4: Cyclic voltammogram of the Biy(Te,Se;_, )3 electrolyte con-
taining 0.01 22 of Bi(NO3)3 + 5H,0 and 0.0011 2 of SeOs, 0.01 2 of
TeO5 in 1 M nictric acid at a scan speed of 20 mb_V

to electrolytes previously reported about.[MGSPT03|
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3.2 Deposition Parameters

The electrochemical deposition of the thermoelectric films and nanos-
tructures is performed using a Bio-Logic VSP Multichannel Potentiostat
System. An illustration of the deposition cell setup used for the electro-
plating process is presented in figure [3.5

Pt-electrode

Figure 3.5: Deposition setup used for the electrochemical deposition of
films and nanostructures

The deposition process is performed using a three electrode setup corre-
sponding to the conditions presented in fig. The deposition potential
is applied with respect to a AgAgCl reference electrode (Basi) and a plat-
inum mesh as counter electrode. The samples are mounted between a
copper plate and the bottom of the deposition beaker, that has an open
gap of circular shape cut out from the bottom. In order to ensure the
leak-tightness, an o-ring is mounted between sample and beaker. Then,
the copper plate as well as the counter and reference electrode are con-
nected to the potentiostat.

The deposition is performed using the "potentiodynamic millisecond pulsed"
method. This method builds up from two different techniques, the po-
tentiostatic and the potentiodynamic deposition methods (figure (a)
and (b)). The deposition takes place in two steps, periodically repeated
as displayed in figure (c)). During the on-time, a certain deposition
potential is applied for a well defined duration (t,, to the system between
the working and the reference electrode. The resulting current will be
dominated by the electrochemical system. During the off-time (tog), the
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deposition potential is fixed to a different value, causing also a change
in the resulting current. During the on-time, the deposition of material
takes place by the reduction of elemental Bi and Te and co-reaction to
BiyTes (compare chapt. at the deposition potential of —120 mV
vs. Ref (Ag/AgCl/KCl(sat.)) as determined from fig. During the
off time, the deposition potential is set to another value. One has to
distinguish between three different cases:

(i) The deposition potential is set to a value different from the one ap-
plied during the on time, but still able to allow the system to deposit
material at the working electrode (but with a different composition
due to the changed potential applied). This method may be appli-
cable in order to form multilayered stacks of layers with different
compositions.

(ii) The deposition potential is set to much more positive values, where
oxidation (compare fig. may deplete the material deposited
before. This method may be used in order to reach improved mor-
phologies by continuously dissolving and deposition of the material
to be deposited.

(iii) The deposition potential is set to the so called "open circuit po-

tential" (OCP), a potential, at which no current flow is observable
in the system. Thus, neither reduction nor oxidation occurs. The
OCP can be found from the CV displayed in fig. at the point,
where both lines cross between the reduction and the oxidation and
the current is equal to zero.
For the deposition of films and nanostructures presented in this
work, the OCP is chosen for the off time. Thus, the current is
equal to zero during off time after a certain current peak, which
occurs due to capacitive aspects (compare fig. (c)).

"Depositions with several different on/off ratios (1/x) are performed and
depositions with x > 5 turned out to work best (compare figs[3.7]and[3.8).

Furthermore, it is observed that the absolute value of the on time also has
lms

influences the morphology - films deposited with to, /tog = = show less

smooth surfaces than the films deposited with to, /tog = 225 0r ton /tog =

égﬁ:, which show best results. The advantages of quIgglél depositions
in the range of milliseconds can be used systematically to improve the
quality of deposited thermoelectric films. These improvements result
from several different, simultaneous effects during pulsed electrochemical

deposition processes, which are not yet fully understood. In principle,
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potentiostatic potentiodynamic
[2)]

> ) 4\

Figure 3.6: Schemes of electrochemical deposition methods (a) potentio-
static, (b) potentiodynamic; (¢) deposition potential and -current of a

111 1 : ton __ 10ms
deposition of BiyTes with = Some

the advantage of pulsed depositions is to allow the amorphous material
deposited during on time to crystallize during the off time [MLP04].

Significant improvements may be due to two different effects of crystal
growth: New crystals can grow on the surface in homogeneous distribu-
tion or atoms and ions can be added to existing layers [PL90]. A small
surface diffusion and a high electrochemical overpotential could possibly
abet the growth of new crystals and increase the desorption of defects,
while a high surface diffusion and a small electrochemical overpotential
could abet the adhesion of deposited atoms to existing layers. During
pulsed electrodeposition, a better supply of material within the solution
may result in smoother surfaces. As noted above, the absolute time of
the deposition cycles is also relevant to the morphology of the deposited
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Figure 3.7: Deposition speed, quality and optimum curve in function of
the (ton/toff)-ratio for t,,=10ms

films. Best results are obtained with on times of 10 ms or longer. This
is likely due to the timescale of the capacitive currents, which do not
contribute to the growth. Based on the currents measured during the
"on" time and the concentration of ions in the electrolyte, each pulse
must deplete a layer of several micrometers in the solution’ [SRAT12|. In
figure [3.8] cross section and top views of thermoelectric films deposited
with DC potential as well as with different t,, /t,fs ratios are presented.

3.3 Influence of the Substrate

"As a preliminary step for the electrodeposition of thermoelectric films,
different substrates were prepared as working electrodes for the deposi-
tion. Stainless steel disks as well as Si wafers with layers of gold and
platinum using Al, Ni, Co or Cr as an adhesion promoter were used as
substrates. Gold with a chromium adhesion layer was found to be most
stable during subsequent electrodeposition. These substrates were pre-
pared by using a low-resistance (0.01 Z2) Si wafer and depositing 20 nm
of chromium, followed by 20 nm of gold by magnetron sputtering using
a Cressington 308R without exposing the sample to air between both
sputter processes. Cr was deposited at I = 20 mA for 1:35 min, Au at [
= 40 mA for 4:05 min at pressures of 1 x 105 mbar’ [SRAT12].
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[ DC deposition

[ t_on/t_off=5/25 ms |

[t_on/t_off=10/25 ms |

[t_on/t_off=10/50 ms |

[t_on/t_off=107100 ms]

Figure 3.8: Cross section and top views of BisTes films deposited
with (a,b) constant (DC) deposition potential of —120 mV vs. Ref
(Ag/AgCl/KCl(sat.)); (c,d) a ton/tog ratio of 225 (e f) 10ms, (g ) l0ms,

25ms’? 25ms’? 50ms?
(1 ) 10ms
+J) T00ms
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Figure 3.9: (a) magnetron sputter coater Cressington 308R "diver s bell"
for the deposition Cr-(Au/Pt) electrodes; (b) deposited BiyTes film on
Si-Cr-Au substrate, cleaved and broken sample; (c) stainless steel disc
as substrate for the deposition of films; (d) BisTes film after lift-off from
the stainless steel substrate



Chapter 4

Characterization

In order to develop and optimize the electrochemical deposition process
for thermoelectric materials, an accurately characterization of the ma-
terials deposited is highly important. In tab. [£.I] the main methods
used for the characterization are listed. The methods are presented in
more detail consecutively and exemplary results are presented. The main
results for all thermoelectric films are presented subsequently in chapt.
bl [6] and [7] Single nanowire measurements require complex preparation,
thus their setups are presented separately in chapt. [§]

H Method ‘ Information ‘ Remarks
chemical& | SEM-EDX composition accuracy ~ 2-5%
structural || ICP-OES composition accuracy ~ 0.5-1%
GF-AAS composition analysis of nanowires
XRD crystal struct.
in-situ XRD crystal struct. | in function of T
GD-TOF-MS | composition depth profile (z)
SIMS composition depth profile (z)
Thermo- | PSM Seebeck cross-plane, in-plane
electric LSR/ZEM3 Seebeck & o | in function of T’
4 point-setup | u,n & o Van der Pauw and Hall
Laser flash thermal cond. | at 300 K
TDTR thermal cond. | at 300 K - first 300 nm
4P Single-NW | Seebeck & o | see chapt. 8
NW transistor | u,n & o, see chapt. g

Table 4.1: Survey of methods used for the characterization of the elec-
trodeposited, thermoelectric materials

26
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4.1 Structural Characterization

To achieve information about the structure, not only the composition of
the deposited material has to be determined, but also the parameters of
the lattice structure, especially for the identification of the materials. The
depth profile of the deposits is analyzed in order to prove the homogeneity
of the films in z-direction.

4.1.1 Composition
SEM-EDX

The composition of the films and nanowires has been analyzed using an
energy dispersive X-Ray spectroscopy (EDX) detector (EDAX) mounted
to a scanning electron microscope (SEM - Zeiss Sigma). Figureshows
the intensities measured for a SboTes films deposited on a Au substrate.
The results are presented in tab. exhibiting a small amount of tel-
lurium excess (Te [at. %] : 61.87).

Figure 4.1: EDX graph of intensities of ShyTes

Element | Line | Weight % | Atomic % | Net. Int. | Net. Int. Error
Bi M 0,94 0,56 33,68 0,13
Sh L 37,19 38,43 10155 0,01
Te L 61,87 61,01 1573,55 0,01

Table 4.2: Results of EDX measurement for SbyTez (compare fig.

To prove the composition’s homogeneity of the deposited samples, lines-
cans on the surfaces of the thermoelectric films are performed. Exemplar-
ily, the results of a 150-point linescan of BiyTes are displayed in fig.
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At the starting point of the linescan (very right side in fig. (a), left
side of fig. (b)), the substrate without thermoelectric film is scanned.
Thus, the counts at this point strongly differ from the rest of the scan.
At approximately point #5, the scan of the deposited BiyTes film starts.
In fig. (b), the count intensities presented in (a) are analyzed to in-
form about the composition. The film exhibits a constant composition
of about 57 at. % of Te and 43 at. % of Bi and the homogeneity of the
deposition is proved on the surface of the film.

ICP-OES

The analysis using inductively coupled plasma optical emission spec-
trometry (ICP-OES) has been performed at the department of analytical
chemistry (University of Hamburg) and is used for the calibration of the
chemical analysis of the films. Dependent to the material reviewed with
the EDX method, the specific signals of different materials may overlap,
making the interpretation and calculation of the materials composition
more difficult or improperly (compare ﬁg.. Therefore, the assistance
in determining the compositions by the ICP-OES is used with all samples
deposited and reported on in this work. In Fig. [£.3] the functional prin-
ciple of the ICP-OES is illustrated. In order to achieve the composition
of films, a dilution of the thermoelectric materials (films) is nebulized
into the inductively coupled plasma. Due to the plasma heater, the di-
gest emitts light with respect to the element-specific wavelength, that
is diverted at wavelength-specific angles and detected by multiple CCD
detectors, dependent on the angel of refraction.

For this analysis, BiyTes films are dissolved in 0.65 mL of 20 % HNO3
and SbyTes films in a mixture of 0.1 mL of 30 % HCI and 0.65 mL of 20 %
HNOj3, respectively. After dilution to 10 mL, the analysis was carried out
using the Spectro CirosCCD® (Spectro Analytical Instruments, Kleve,
Germany). Simultaneous detection of multiple elemental emission lines
allowed for the use of a multiline regression procedure, which reduces
statistical errors and confidence intervals for the concentrations deter-

mined. Further details about the analysis have recently been published
in [RSNCB11] and [SRAT12].

GF-AAS

The ICP-OES is not applicable for the analysis of the nanowires’ com-
position, since the concentration of ions for thermoelectric material is
insufficiently low in the dilution of nanowires. Therefore, an alterna-
tive for the determination of the composition has been used in order to
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Figure 4.2: Linescan of a BiyTes films surface: (a) SEM image of the
scanned area (green line) and count-intensities (red,yellow, rose, blue
and purple lines) with a total of x=150 points starting with x=0 from
the very right side of the drawing; (b) analysis of the linescan , starting
with x=0 on the very left side

prove the results achieved with the EDX measurement on nanowire ar-
rays. The graphite furnace atomic absorption spectrometry (GF-AAS) is
used, since this method is widely appropriated for high accuracy analysis

[BK93]. The principle of this method is illustrated in figure (a) -
a small amount of sample-dilution is injected into the graphite furnace,
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Figure 4.3: Illustration of the ICP-OES [Reinsberg]

where it is vaporized. The exhalation of the sample stays within the fur-
nace, that is located within the course of light with a Xe-specific spectra,
created by a Xe arc lamp. The specific wavelengths for the ions located
in the sample, are absorbed by the exhalation vapor cloud. The remain-
ing spectrum is dissociated by a prism and an Echelle-grating, focused
and headed to a CCD detector. In fig. (b), the extinction results for
Sb with the analysis of ShyoTes; nanowires are presented. The extinction
peak is observable at a wavelength of ~ 217.59 nm. Therefore it can be
determined to be antimony.

Since this method in general is developed for the analysis of solutions with
very low concentration, is has to be adapted to the actual requirements.
The most difficult part bears on different concentrations of nanowires in
the solutions. Since the deposition of nanowires leads to fluctuations of
the mass of deposited material (percentage of pores filles during the de-
position - compare , the amount of nanowires in the solution strongly
deviates. The samples were diluted where necessary to 10 45 to 500 4%
of every main element. In order to ensure the force of expression of the
AAS measurement, homogeneous samples are needed to make the injec-
tion of the thermoelectric material reproducible, which is necessary, since
the elements are not detected simultaneously, but sequentially. However,
to ensure the manageability and reproducibility of the dilution and sam-
ple introduction into the graphite furnace, samples with concentrations
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Figure 4.4: Scheme of an GF-AAS detection system used for the char-
acterization of thermoelectric nanowires (a) [RSM™12|; (b) extinction
graph of SB, measurement of SbyTes nanowire dilution [RSM™12]

higher than 10 %% and a volume of approximately 1 mL are desirable.
General properties of this method for nanowire analysis have recently
been reported with [RSM™12].
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4.1.2 Lattice Structure
X-Ray Diffraction analysis (XRD)

To date, the X-Ray diffractometry is an often used characterization
method to gain information about the crystal structure, e.g. differ-
ent phases, lattice parameter etc. It is based on the Bragg equation
nA = 2dsin(f) with the wavelengths of the X-Ray beam A, the lattice
plane distance d, the angle between the lattice plane and the beam 6 and
the degree of the maximum analysed n. The reflection is illustrated in
fig. where « is the angle of incidence.

Figure 4.5: Bragg-reflexion

The intensities of the reflected beams are plotted to 20 by a detector.
Since the reflection occurs at multiple lattice layers, the reflected beams
exhibit retardations, which show interference in between. Once the reflec-
tion takes place at parallel layers, the conditions comply with the Bragg
equation causing the interference to be constructive. Thus, the high in-
tensities induce peak maximums indicating the X-Rays to be reflected at
the preferred crystal orientations.

In-situ XRD

Since the crystal structure of the thermoelectric materials is supposed
to be highly dependent to thermal treatment (compare chapt. , the
films lattice structure is investigated during annealing in Helium atmo-
sphere, using an experimental heating chamber mounted to a Bruker D8
Discover XRD system. All in-situ XRD measurements are performed
at the University of Ghent, Belgium - Department of Solid State Sci-
ences (Christophe Detavernier/Geert Rampelberg). CuKa radiation and
a linear Vantec detector is used for characterization, while the sample is
heated up from room temperature up to 300 °C at a heating rate of 0.2
O?C. A diffraction pattern is recorded every 5 s in a 2 6 range of 20 °
[RSM*11]. The setup is shown in fig. During the in-situ XRD



4.1 Structural Characterization 33

measurement, the electrical resistivity is measured using a 2 point setup.
The results observed during the annealing process exhibit major surveil-
lances, which will be presented and discussed in more detail in chapt.

[

Figure 4.6: Experimental heating chamber mounted to a Bruker D8 Dis-
cover System

4.1.3 Depth Profile

In addition to the results presented in chapt. [£.1.1} which prove the ho-
mogeneity of the films’ composition on the surface (in x- and y-direction)
the homogeneity of the deposition in z-direction has to be investigated as
well. Since the deposition is accomplished by the control of the reduction
potential, the resistance due to the steadily increasing film thickness also
may change the effective reduction potential and therefore the films’ com-
position may change as well. The changes may be estimated for instance
as:

e resistivity of the deposited material: ~ 50 u2-m (Z5TB07)
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e thickness of the deposition: A =1-10"%m

e deposition area: r = 0.8 cm;A = mr? = 7 (0.8)? ¢cm? = 2.01 - 10~*

m—4

h 100 - 1074
R=2 =001 — 0.5

AU=R-I=05Q-001A=5-103V

= AU = -5mV

Since the calculation exhibits relatively small amounts of potential changes
during the deposition, the chance for significant changes in the films’ com-

positions also is small compared to the uncertainty of the control of the

deposition potential. However, in order to prove the film-compositions’

changes to be negligible, depth profile measurements in z-direction are

carried out using the Glow-Discharge Time of Flight Mass Spectrometry

(GD-TOF-MS) and the Secondary Ion Mass Spectrometry (SIMS).

The sample is mounted between an RF-generator and an o-ring in front
of a copper anode. The discharge, which is formed as soon as the RF-
power is applied abates the samples’ surface and the ions from the sample
surface are transferred into a time of flight mass spectrometer.

Figure 4.7: Depth profiles of a BiyTe, film deposited on Si/Cr/Au sub-
strate achieved with GD-TOF-MS, (a) intensities vs. time (depth); (b)
normalized intensities vs. time (depth)
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In figure4.7|(a), the depth profile of a BiyTes film is shown by the specific
element intensities detected over the depth in z-direction. Figure (b)
presents the data normalized to the maximum. Both graphs exhibit a
constant Bi:Te ratio, that indicates a constant composition of BisTes
over the whole depth of the electrochemical deposited material. This
is constant until the bottom end of the deposition is reached, which is
indicated by the increasing intensities of the seed layer materials Au and
Cr. Due to their small thickness of 20 nm each, the intensities exhibit
sharp peaks. With further increasing depth, the Si intensity becomes
dominant due to the Si wafer beyond.

At the very beginning of the measurement, the intensity curves exhibit
very high values. This is most likely due to phenomena caused by the
starting of the plasma, since the control of the output power is related to
the plasma current, which may be higher after engaging. In addition, it
also may take time to reach a constant ion concentration in the detection
chamber.

Figure 4.8: Depth profiles of a BiyTe, film deposited on Si/Cr/Au sub-
strate achieved with SIMS

In addition, measurements by Secondary Ton Mass Spectrometry (SIMS)
are performed. In figure [£.8 the depth profile is presented for the same
sample as above. In the very beginning of the measurement (surface of
the film), the intensities for Bi and Te strongly increase. After reaching
the depth, at which the seed layers are detected, both the Au and the
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Cr counts strongly increase. For the measurement, Cs ions are used for
sputtering the sample, therefore, a significant amount of Cs counts is
observable. With this measurement, the existence of an oxide layer can
be assumed, since there is is a significant amount of counts for O in the
very beginning of the measurement. This may due to the long storage
time between both measurements. The SIMS measurement is disrupted
after reaching the significant depth, at which the underlying Si wafer
becomes observable. However, the results of both the GD-TOF-MS and
the SIMS measurements show comparable results, that indicate the good
homogeneity of the electrochemically deposited thermoelectric material
in z-direction.
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4.2 Thermoelectric Characterization

In order to optimize the deposited materials, the Seebeck coefficient S,
electrical conductivity o and the thermal conductivity x have to be in-
vestigated and optimized in order to maximize the figure of merit Z7.

4.2.1 Seebeck Coefficient
Potential Seebeck Microprobe (PSM)

The Seebeck coefficients (compare to eq. [2.1]) are analyzed using different
setups in order to minimize the standard deviation of the measurement.

Standard measurements are performed using a potential Seebeck micro-
probe PSM (Panco, Germany [Pan(7]), which is illustrated in fig. [4.9]

Figure 4.9: (a) Illustration of the Seebeck Microprobe [Panco/DLRJ;
pictures of the measurement setup with mounted sample deposited on a
Si/Cr/Pt substrate: (b) without thermoelement, (¢) with thermoelement
contacted to the sample

The system originally is designed to measure bulk samples using a low
frequent alternating current (AC) by a lock-in amplifier. The sample is
contacted by a heated probe tip (fig. (b,c)) and the temperature
T, is determined by a thermocouple. In order to measure the corrected
Seebeck coefficient, two measurements are performed with Cu and CuNi
thermoelements (compare fig. (a)) and the Seebeck coefficient then
is calculated by:

U =Ty —Ty) (S — Scy)
Uy = (T —T1) - (S — Scuni)

Ui

S:
U, — U,

- (Scu — Scuni) + Scu (4.1)
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Since the tip is located on a 3 axis micro positioning stage, scans of the
surface of three dimensional samples can be performed. An area of up to
150 mm x 50 mm can be scanned with a max. resolution in the ym range
(dependent to the tip used) with samples, that exhibit small thermal
conductivity. The films are deposited onto Pt- and Au-substrates with
carefully control of height and homogeneity. The films are measured in in-
plane and in cross-plane direction. For in-plane measurements, the heat
sink thermocouple’ is connected to the surface of the film with the probe
tip scanning the remaining area of the surface (compare fig. (c). With
this method, free-standing films without substrates can be measured. For
cross-plane measurements, the films remains on the conductive substrate
used for the electrochemical deposition. The substrate then is connected
to the ’heat sink thermocouple’ and the probe tip scans the surface of

the film (compare fig. (b)).

Figure 4.10: (a) 2D distribution of the Seebeck coefficient on the surface
of a SbyTes film; (b) distribution of counts during the Seebeck measure-
ment

With this method, the homogeneity of the surface with respect to the
Seebeck coefficient can be determined. Figure [4.10] (a) presents the dis-
tribution of the Seebeck coefficient on the surface of a ShyTes films de-
posited with pulsed deposition (% = égﬁ:) at a resolution of 100 um.
Although there are slight changes in the Seebeck values observable, the
film’s composition may assumed to be quite homogeneous due to the good
homogeneity of the Seebeck coefficient. In figure (b), the count dis-
tribution of the measurement is displayed. It exhibits a good allocation of
the single-measurements, although there is a slight shift to higher Seebeck
coefficients. One may find the reason with the fact, that the highest See-
beck values are observed, the closer the distance to the border of the film
becomes. This behaviour is observable until a certain distance D = D,
from the border. At positions D < Dy, the ion concentration during the
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deposition process significantly decreases due to the limited electrolyte
diffusion caused by the O-ring (compare fig. [3.5). Thus, the gradient
of the diffusion is more negative than towards the middle of the film.
The use of a laminar flow of the electrolyte is likely to further improve
the homogeneity of the deposition. In order to realize a laminar flow, a
complex cell design is required.

Figure 4.11: 3D plots of a SbyTes electrodeposited thermoelectric film
(quarter); (a) distribution of the Seebeck coefficient on the surface of the
sample; (b) roughness (normalized) of the surface of the deposition.

In figure the Seebeck coefficients and the roughness of a quarter of
another SboTes sample is presented. As discussed above, the distribution
of the Seebeck coefficient is homogeneous, although the fringe and the far
right corner of the graph (middle of the sample) exhibit slightly decreas-
ing values due to deviating concentration conditions. This is consistent
with the results presented above - due to stirring with a magnetic stirrer,
the rotation axis of the stirrer is located above the center of the film.
Therefore, the circulation of the electrolyte is limited here. This is also
consistent with the roughness of the film presented in fig (b). Here,
an increased roughness due to limited ion concentrations is observable.

Linseis LSR/Ulvac ZEM-3

For measurements of the films’ power factors dependent on the temper-
ature, Linseis LSR and Ulvac ZEM-3 systems are used to perform the
measurements of the Seebeck coefficients and the electrical conductivi-
ties dependent to the samples’ temperature in in-plane direction. Figure
4.12| (a) illustrates the Linseis LSR System and a Seebeck measurement
of a free-standing, electrodeposited BiyTes film is presented in (b). the
measurement is performed mesuring the Seebeck coefficient starting at
RT, heating the sample up to about 450 K, annealing of the sample
for 50 h and decreasing the temperature back to RT. The measurement
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exhibit an increasing Seebeck coefficient with the temperature, a fur-
ther increase during the long-term annealing process and an improved
Seebeck coefficient ( = +20 %) decreasing with decreasing temperature
after annealing. Effects observed during annealing lack a discussion in
more detail, accomplished thereinafter in chapt.

Figure 4.12: (a) Linseis Seebeck measurement setup LSR; (b) Seebeck
coefficient vs. sample temperature (measurement with positive/negative
temperature gradient) of a free-standing BiyTes film

4.2.2 Transport Measurements
Electrical Conductivity & Hall Effect

In order to get a better understanding of the transport processes oc-
curring in the material, it is required to understand the thermoelectric
performances’ behavior in function of the transport parameter such as
charge carrier mobility and density. Thus Hall measurements are per-
formed which allow for the determination of these values. The electrical
conductivity is measured using the van der Pauw setup displayed in fig.
Thereby, a current flows between two directly neighbored contacts
(e.g. between 1 and 2 or 4 and 1), while a magnetic field is applied
perpendicular to the plane. The Lorentz force then causes a magnetic
deflection of the charge carriers, i.e. electrons and holes in the conduc-
tor. Therefore, the charge carrier density becomes inhomogeneous and
a resulting potential difference can be measured as voltage between the
both remaining contacts.

With the following assumptions, the measurement of the electrical resis-
tivity of the sample can be performed:

e The sample must have a flat shape of uniform thickness

e All four contacts must be located at the edges of the sample
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Figure 4.13: Geometry of the van der Pauw method for the characteri-
zation of (a) the electrical resistivity, (b) the Hall coefficient

e The sample must not have any isolated holes

e The sample must be homogeneous and isotropic

Then, the resistance
Vs
Lo

is measured for all pairs of next-neighbor contacts. Van der Pauw [vdP58§]
found

Rig34 =

md s
1= exp(—? - Rig34) + exp(—; + Raz a1)

with the specific resistance p, that can be determined by

_ 7T_d ‘ Ria34 + Roz a1
In2 2

with the correction f, that is given for % from [vdP5§].

This equation is valid for any type of surface area. Here, the surface area

is has two axes of symmetry, since the contacted films exhibit a quadratic
shape. Thus, f becomes equal to 1 and can be reduced to

p - f (4.2)
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md
P = m . R12734. (43)

The sheet resistivity then can be determined by

Psheet = g (44)

Figure 4.14: (a) geometry of the specimen holder of the H50 System
(MMR Technologies); (b) ITO sample with sputtered contacts - length
of the edges: 5 mm

Also the Hall coefficient of the sample can be measured using the same
geometry, but with a different contacting geometry. The current flow is
forced between two contacts in opposite corners of the sample, while the
voltage is measured between the remaining contacts. Once the Hall co-
efficient is determined, one can easily calculate the charge carrier density
and the charge carrier mobility.

A more detailed discussion of the correlation between these variables
is given in chapt. Since this method is widely used as a standard
characterization, more information can be found in the literature, e.g.
[vdP58].

The films are measured using the Hall H50 System (MMR, Technologies,
CA, USA) and a self assembled 4 point setup. The geometry used is dis-
played in fig. [4.14 Therefore, the samples are prepared in a quadratical
shape with a length of the edges of 0.5 ¢cm (compare fig. (b). First
samples are measured with and without sputtered Au contacts, finding
the results to be identically. The samples are mounted into the chamber
using the 4 probes to fix the sample (Figure (b)) before mounting
the whole chamber to the external magnet in order to apply the mag-
netic field required for the measurements at 300 K. The magnetic field
was applied with £1 Tesla (T) perpendicular to the film’s surface in both
directions.
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4.2.3 Thermal Conductivity

The thermal conductivity of the electrochemically deposited thermoelec-
tric films perpendicular to the films’ surface is analyzed with the Xenon
Flash method system XFA 500 (Linseis, Germany). Therefore, free-
standing samples are prepared by electrochemical deposition of thermo-
electric material on stainless steel substrates. After the lift off process
(compare , the samples are coated with graphite spray on both sides.
Thus, the samples no longer exhibit significant reflectivity. The samples
are mounted to the sample cylinder (fig. and a xenon flash shot
is sent to the bottom of the sample. Thus, the sample’s temperature
increases and an infrared (IR) detector is measuring the characteristic
temperature gradient on the top surface of the film. Then, the thermal
diffusivity a(7") can be calculated. Since this method is widely used for
thermal analysis, one may compare to [Lin|. Once the specific heat C,

and the density p is known, the thermal conductivity x may be calculated
by:

(T) = a(T) - p(T) - Gp(T) (4.5)

Figure 4.15: (a) Linseis Xenon Flash measurement setup XFA 500; (b)
tube for the optical path of the xenon flash with mounted sample cylinder
of XFA 500



4.2 Thermoelectric Characterization 44

Figure 4.16: Illustration of the Linseis Xenon Flash System XFA 500
[Linseis]

Time Domain Thermoreflectance measurement (TDTR) Using
the time domain thermoreflectance measurement (TDTR) first developed
by David Cahill, the electrodeposited films are characterized in terms of
thermal conductivity as well. This method is applicable especially for
thin films, since the thermal conductivity up to thicknesses around a few
hundred nanometers can be determined. All measurements presented in
this work are performed by D. Cahill.

A pulsed laser heats up the sample localized to a defined surface area.
This localized change in T" will cause local thermal stresses, which cause
a change in reflectance Ry of the surface. This change is measured by
a secondary laser. The change in Rp can be expressed by [Cahill et al.,
2003]

AT = (1 - Rp)

ooy esp(=b/s)

with the optical pulse energy @), the specific heat C),, optical absorption

length g, the spot size o and the in-sample distance 0. By applying a
model, these values can be expressed in terms of the thermal conductivity.
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4.2.4 Discussion of the Thermoelectric Analysis

"The measurement of the thermoelectric performance always requires sev-
eral measurements, each of them exhibiting uncertainties of around 5 - 10
%, which cannot be neglected. The composed uncertainty for the whole
thermoelectrical characterization can be estimated [STO08| by:

AZ 2AS Ao Ak

zZ 78S o K
with the thermoelectric figure of merit ZT', the Seebeck coefficient S,
the electrical conductivity o, and the thermal conductivity k. Since the
samples were prepared on Au/Pt-substrates as well as on stainless steel
substrates, which allow for the lift-off of the films after the deposition,
the influence of the conductive substrate to the Seebeck coefficients could
be determined, finding it to be negligible for our system, due to the small
thickness of the substrate compared to the films’ thicknesses. Although
this is consistent to the theoretical calculations presented in [NSWT11],
the error due to the measurement itself is somewhat higher at around 6
%. Since the measurement of the Seebeck coefficients was performed in
in-plane direction as well as in cross-plane direction, finding the differ-
ences to be negligible (AS < 3%) with respect to the accuracy of the
measurement itself, here S_ =S| can be assumed leading to

(4.6)

S2.o_ OS2
(zT)y =2="=p =217
K K1

=T (4.7)

with the thermoelectric figure of merit (Z7')*, which is actually identical
to to ZT, but with some contributing parameters measured in different
directions. The thermal conductivities in this work are measured with
the xenon flash method on free-standing films. The need for the knowl-
edge of density, heat capacity C, and thermal diffusivity a in order to
determine the thermal conductivity again decreases the accuracy of the
determination of ZT'. The uncertainties of a and C,, are in the order of
+ 10 % each and the density’s accuracy is assumed to be £ 15 % due
to the possibility of significant porosity of the deposited films [SOVT10].
Thus, the accuracy of ZT can easily reach + 40 % [SRAT12|".

Now, that the main characterization methods are known, subsequently
they are used in order to analyze both the n-doped and the p-doped
thermoelectric films and nanowires in chapt. [6] and [§



Chapter 5

N-doped Materials

The successful integration of thermoelectric materials requires the devel-
opment of n- and p-doped materials (compare chapt. , which exhibit
both majority charge carriers. Materials with electrons as charge carriers
are well reported in the literature. One of the major characteristics of
intrinsic semiconductor material is the Fermi-level to be located in the
middle on the gap between the energy bands. Since the wave vectors of
the charge carrier states has to be fair enough at the band edges, the
band gap has to be relatively small. Although the Fermi-level still lies
within the band gap at n-dopes extrinsic materials, it is located near to
the edge of the conductance band (compare chapt. [1)) as it is illustrated
in fig. 5.1} Thus, the wave functions of the electron states remain at sig-
nificantly high values, causing free electrons located at the lower edge of
the conduction band, which are contributing to the electrical conduction.

Figure 5.1: Energy bands of (a) an isolator, (b) an intrinsic semicon-
ductor, (c¢) an extrinsic n-doped semiconductor, (d) an extrinsic p-doped
semiconductor

The quantity of charge carriers (electrons for n-doped semiconductors)
can be specified using the density of states (DOS) near the band gap

46
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Ar(2m*)2dE

h3 ’
with the effective mass m*. Together with equation [2.6] the total number
is calculated as

G(E)dE = (5.1)

00 *) 2

n = / S CU LR, (5.2)
O Rh3(1+eFBT)

Although here the number of electrons near the conduction band is cal-

culated, this can be done in parallel, if the Fermi-level is located near

the valence band. Thus, the calculation then is performed for p-doped

semiconductors (compare chapt. @

5.1 Binary BiyTe;

Bismuth telluride has a rhombohedral unit cell consisting of five atoms
per unit cell. It crystallizes in the R3m point group and the crystal-
lographic structure is observed to be a hexagonal primitive cell. This
cell contains multiple layers perpendicular to the c-axis (symmetry axis).
These identical layers are to form the hexagonal lattice exhibiting the
sequence

—Te' — Bi —Te? — Bi — Te'— (5.3)
presented in fig. [5.2](a). In (b), the Brillouin zone is illustrated. [Row06].

Symbol Value Dim. | Description
ag 10.418 A Rhombohedral vector at 0 K
a 24° 127 40" Rhombohedral angle at 0k
by 1.6731 A1 | Reciprocal lattice vector
B 61° 307 37" Rhombohedral angle for reciprocal lattice
Vv 169.11 A3 Unit Cell Volume
IV 0.8366 | A= | 1/2 (100)
I'p 0.8556 | A1 | 1/2 (100)
Iy 0.3108 | A=Y | 1/2 (111)
(G} 7° 6’ 50" Angle between I'4 and 'y
O, 14° 0’ 50" Angle Y between I'p and T’

Table 5.1: Lattice parameter of the Brillouin zone for BisTes (compare
fig. (b) [Lov77][Row06]
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Figure 5.2: (a) crystallographic structure of BisTes; (b) Brillouin zone
for BiyTes [Row(6]

The hexagonal cell of Bi;Tes is composed from three sequences that are
connected with Te! — Te! bonds in between. Since these bonds are of
Van der Waals type [DG58|, BiyTes is likely to cleave along the planes
perpendicular to the c-axis. In contrast, the Te! — Bi and Bi—Te? bonds
are based on ionic covalence [BPNTI| and therefore they exhibit stronger
bindings. Since the crystallographic structure exhibits multiple layers to
form the lattice, in principle, the properties of BiyTes show anisotropic
behavior.

Electrochemically deposited bismuth telluride is very well reported in
the literature (compare chapt. , since the deposition of the material
is comparatively easy. Many reported materials exhibit large excesses
of either bismuth or antimony. Also, the thermoelectric performance of
such materials often is not satisfactory. Small changes in the materials’
composition may result in significant decreases of the thermoelectric pa-
rameters, in particularly the Seebeck coefficient [SS59]. However, many
works lack the careful control of the composition or/and the thermoelec-
tric characterization. Thus, the optimization process of BiyTes presented
in this work starts with the investigation on the morphology and com-
position.



5.1 Binary BiyTeg 49

5.1.1 Structural Properties

BisTes films are deposited using the potentiostatic millisecond pulse
method with tO{‘; — 10ms  SEM images are presented in fig. . In (a),

50ms ”
the cross section of a films with the thickness d = 13 pm is shown, Wlth a

homogeneous growth and thickness in z-direction and a crystalline struc-
ture of high compactness observable. In (b), the top view is presented.
It exhibits the characteristic structure with needlelike crystals.

Figure 5.3: SEM-pictures of BiyTes films electrodeposited with pulsed
deposition technique (10/50 ms), (a) cross-section, (b) surface

The SEM picture presented in fig. [3.§]in chapt. [3.2]also show BiyTes films
deposited with different pulse parameters. X-Ray diffraction pattern of
the BiyTes films are presented in fig. deposited with DC and pulsed
deposition (10/50ms).

The material’s characteristic peaks are observed at 28° and 42° indicat-
ing the preferred orientation in (015) and (110) direction, respectively.
DC deposited material exhibits a more pronounced orientation in (110)
direction, indicated by the reflection intensities Iz with % ~ 0.7 (DC)
and ~ 1.2 for pulsed deposited films.

DC | pulsed deposited BiyTes
(10/50 ms) bulk [Row95)]
a |A 4.363 4.392 4.3835
¢ |A 30.130 30.213 30.360
crystal size [nm] | 437 523

Table 5.2: Lattice parameter of BisTes films - calculated from XRD
pattern
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Figure 5.4: Comparison of both DC and pulsed deposited films’ XRD
pattern

The lattice parameters presented in table are calculated using the
Bragg equation nA = 2dsin(f) and the lattice plane spacing

1 4 h®>+ hk + k? I2
== +

— —_— )+ = 5.4
d? 3( a? ) c? (5-4)
The crystal size is achieved from:
FWHM - cos©
D = 5.5
0.9\ (55)

with the Miller indices h.k,, the lattice parameter a,c, and the half-
maximum (FWHM) of the reflectance peaks. They exhibit only slight
differences - this may be due to crystal imperfection or instrumental er-
rors - to the standard of reference [JCP] (¢ = 4.381A and ¢ = 30.4834)
and are also comparable to the ones reported in other works on the
electrochemical deposition of BiyTes, e.g. in ref. [FYXT07|. Pulsed de-
posited films show a smaller deviation from standard lattice parameters
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than DC deposited films. This is another indicator for higher crystallinity
and consistent to the observations in terms of morphology from the SEM
pictures above. Thus, consecutively, pulsed deposited films are discussed
in more detail.

Figure 5.5: Composition of BisTes films pulsed deposited (10/50 ms) at
multiple deposition potentials

In fig. the composition and Seebeck coefficient of pulsed deposited
Bi,Tes films is presented. In fig. (a), the composition is presented for
a wide range of deposition potentials appropriate for the potentiostatical
deposition of BisTes materials (compare fig. . Since the best results
are observed around -0.120 V vs. Ag/AgCl reference, several samples
are prepared with deposition potentials ranging from -0.125 V to -0.115
V with an increment of -0.001 V as presented in fig. (b). The films
exhibit almost ideal stoichiometry at 40 at. % of Bi and 60 at. % of Te
over a wide range. The Seebeck values show moderate changes within
-40 to -55 % The measurement of the Seebeck coefficient is performed
as described above (compare chapt. [4.2)).

Films, deposited with the millisecond pulse technique exhibit huge de-
viations in film thickness, although the deposition parameters, e.g. the
deposition remains constant for multiple samples. Since no constant de-
position rate is observed, the control of the film thickness is difficult.
This may be due to the very plain electrode surface used with sputtered
Au/Pt seed layers (compare chapt [3.3). Thus, the starting of the initial
nucleation process may be randomly deferred.

In order to realize predictable deposition rates, the start of the growth
process is forced by an initial "nucleation pulse" at a very high over-
potential more negative than -0.3 V vs. Ag/AgCl. Since the current
density achieves very high values, the nucleation even on the plain sur-
face is forced and a "starting layer" of deposited material is produced.
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After the nucleation pulse, the deposition process is performed normally.
In fig. (a), the length of the nucleation pulse is set to 3 s. Thus, the
pulsed deposition of BisTes films at a (on-time) deposition potential of
-0.15 V vs. Ag/AgCl scales linearly with the deposition time, while the
deposition BisTes films at a potential of -0.12 V do not. In fig. (b),
the length of the initial nucleation pulse is set to 5 s - here, both samples
exhibit constant growth rates. Thus, the length of 3 s of the nucleation
pulse is likely to force an insufficient amount of deposited material. Thus,
the starting layer may be fragmented or imperfect in some cases. On the
other hand, a nucleation pulse of 5 s in length is adequate in order to
ensure a satisfactory control over the depositions’ thickness.

Figure 5.6: Thickness dependent on the deposition duration - BisTes
films pulsed deposited (10/50 ms) at -0.14 V (black line) and -0.12 V vs.
Ag/AgCl (red line) reference, (a) deposited with a nucleation pulse of 3
s, (b) deposited with a nucleation pulse of 5 s

5.1.2 Transport Properties

In fig. 5.7] the charge carrier density (a) and the charge carrier mobility
(b) of pulsed deposited BisTes films are presented. As observed above,
the electrochemical deposition within the range of -0.125 to -0.115 V
causes very homogeneous films with almost identical materials’ quality.
The carrier densities diversify within a range of 0.1 - 10*° 5, comparable
to Bulk values reported (9.5 - 10" — 2 - 1020 L3) [FYX*07].

The carrier mobility shows slightly higher values compared to the liter-
ature (7-9 CVLSQ)7 indicating a good crystal quality by comparable large
crystals/grains (compare tab. [5.2)). Thus, the movement of charge carri-
ers (electrons) is inhibited by grain boundaries, causing a high mobility
and high crystallinity. Both the carrier density n and mobility p indicate
a homogeneous distribution of Seebeck coefficients, although the depen-
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Figure 5.7: Electrical properties of BiyTes films pulsed deposited (10/50
ms) vs. deposition potential, (a) charge carrier density (electrons), (b)
charge carrier mobility; lines are guides to the eye

dence of between S, n and p is more complicated and will be discussed
in chapt. [7 [Gol09]

5.1.3 Thermoelectric Performance

The electrical conductivity show moderate variations at deposition po-
tentials around -0.12 V vs. Ag/AgCl, consistent to the homogeneous
distribution of charge carrier density and mobility, since it can expressed
as 0 = neyu as discussed above. Based on the Seebeck coefficient S and
the electrical conductivity o, the power factor

pf=50 (5.6)

can be calculated (fig. (b)). The thermal conductivity is determined
by laser flash/TDTR method (compare chapt. [4).

BiyTeg
pulsed dep. (10/50 ms)
o [Sem™!] 158
S [WVK™1 -60
pf | [WWK2m-] 57
k (RT) | WK 'm™] 0.9
ZT(RT) 0.02

Table 5.3: Thermoelectric performance of BiyTes

The thermoelectric performance of the BiyTes films exhibits relatively
poor Seebeck values in the range of 25 - 60 ’% Since the power factor
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Figure 5.8: Electrical properties of BiyTes films pulsed deposited (10/50
ms) vs. deposition potential, (a) electrical conductivity, (b) power factor;
lines are guides to the eye

increases with the square of S, this is most likely due to the low Seebeck
coefficients of the films presented in fig. [5.5] However, the margin of
deviation of pf remains moderate for films deposited with best working
deposition potentials around -0.12 V vs. Ag/AgCl/KCI (sat.), indicating
a reliable and and repeatable deposition method.

5.2 Ternary Biy(Te,Se; )3

In order to optimize the thermoelectric performance of BiyTes, further
doping of the material may lead to increases of the electrical properties.
The doping is performed by adding Se to be an electron donor in order
to increase the amount of charge carriers in the semiconductor.

The crystal structure of Biy(Te,Se;_,)s is identical to BiyTes with Se
atoms randomly occupying Te lattice spaces. Since one of the valence
electrons of each Se atom remains without a binding process to the nearby
Te atoms. Thus, the (quasi) free electron may contribute directly to the
electrical conduction of the semiconductor.

5.2.1 Structural Properties

The morphology of Biy(Te,Se; )3 is pretty much similar to that of
BisTes, the SEM pictures of the films’ surface presented in fig.
show the same characteristic needlelike structure. This is consistent
to the deposition mechanism to be reported similar for both materials.
IMGSPT03|

The composition of the Biy(Te,Se;_, )3 films are quite homogeneous over
a wide range of deposition potentials. Thus, the optimization of the
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Figure 5.9: SEM-pictures of the surface of Biy(Te,Se;_, )3 films electrode-
posited with pulsed deposition technique (10/50 ms), (a) magnification
0.9k, (b) magnification 10k

ternary materials’ composition cannot be performed by a variation of
the deposition potential, as with the deposition of binary BisTes, but the
composition of the electrolyte used for the electrochemical deposition has
to be optimized in order to realize ideal stoichiometry of the materials.
However, this type of optimization is much more complicated and time-
consuming. Although the films’ compositions do not change too much
with the deposition potential, the Seebeck coefficients exhibit slightly
increased values at potentials of around -0.21 V vs. Ag/AgCl (compare
fig. [5.10). This may be due to increased morphology at films deposited
with higher electrochemical overpotential.

The X-Ray diffraction pattern displayed in fig. exhibit a preferred

orientation in (110) direction, the ratio g?—ioi is calculated to ~ 0.5. Thus,

the morphology and crystal structure of both BisTes and Biy(Te,Se; )3
is - as expected - proven to be almost similar.

BiyTes ‘ Biy(Te,Seq_z)3 BiyTes
pulsed dep. (10/50 ms) | bulk [Row95]
a |A 4.392 4.3735 4.3835
¢ |A 30.213 30.6239 30.360
crystal size [nm] | 523 275

Table 5.4: Lattice parameter of BiyTes and Biy(Te,Se;_,)3 - calculated
from XRD pattern

In figure|5.12} a high resolution TEM image of a pulsed deposited Bis(Te,Se;_,)3
film is presented. The material exhibits a high degree of crystallinity and
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Figure 5.10: Composition and Seebeck coefficients of Biy(Te,Se;_, )3 films
electrodeposited with pulsed deposition technique (10/50 ms)

a homogneous crystal structure over a large surface area. More informa-
tion of the TEM analysis can be found in the appendix (A]).

The lattice parameters (tab. are calculated from the pattern ex-
hibiting comparable values with moderate disparity caused by crystallo-
graphic imperfectness and certain unstability of process parameters dur-
ing the electrochemical deposition (compare chapt. .
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Figure 5.11: X-Ray diffraction pattern of Biy(Te,Se;_,)s films electrode-
posited with pulsed deposition technique (10/50 ms)

5.2.2 Transport Properties

As expected, the charge carrier density of BiyTes significantly increases
by adding Se as an electron donator. More free electrons are available at
the conduction band and contribute to the electrical conductivity.

The charge carrier mobilities of Biy(Te,Se;_, )3 also is increases compared
to those of BiyTes. Since a high mobility is suspect to denote a high
degree of crystallinity, the ternary compound should exhibit less electron
scattering processes, e.g. at grain boundaries.
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Figure 5.12: High resolution TEM image of a Biy(Te,Se;_, )3 film pulsed
deposited (10/50 ms) [MPI]

Figure 5.13: Electrical properties of BisTes and Biy(Te,Se;_,)s films
pulsed deposited (10/50 ms) vs. deposition potential, (a) charge car-
rier density (electrons), (b) charge carrier mobility; lines are guides to
the eye

5.2.3 Thermoelectric Performance

Since both the charge carrier density and the mobility strongly increase
by doping BiyTes with Se, the electrical conductivity also exhibits con-
siderable improvements of about 7 times the initial value for BisTes. (fig.
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5.14] (a)).

Figure 5.14: Electrical properties of BisTes and Biy(Te,Se; )3 films
pulsed deposited (10/50 ms) vs. deposition potential, (a) electrical con-
ductivity, (b) power factor; lines are guides to the eye

The power factors (fig. (b) show huge increases compared to BisTes.
Consistent to the deposition potentials determined to be best for the elec-
trochemical deposition of Biy(Te,Sei_;)3 (compare fig. [3.4), the best per-
forming materials are found for E ~-0.21 V vs. Ag/AgCl. The power fac-
tors are almost one order of magnitude higher for ternary Biy(Te,Se;_, )3
compared to binary BisTes.

Figure 5.15: Seebeck coefficients of BisTes and Biy(Te,Se; )3 films
pulsed deposited (10/50 ms), (a) vs. deposition potential, (b) vs. com-
position; lines are guides to the eye

In consistence, the Seebeck coefficients of ternary compounds also exhibit
significantly higher values than those of BiyTes for materials deposited
around -0.21 V vs. Ag/AgCl (compare fig. (a)). As discussed above,
the deposition of Bis Tes seems to work best, since the Seebeck coefficients
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exhibit the highest values. For ternary compounds, the Seebeck coeffi-
cients are comparable to those of BisTes in this potential range. Thus,
the deposition potential tends to significantly shift to more negative po-
tentials for ternary potentials. This is consistent to the discussions above.
In fig. (b), the Seebeck coefficients of both materials are presented
in dependence on the composition of the compounds. Both materials the
binary and the ternary compounds exhibit best Seebeck coefficients for
almost ideal composition of 40 at. %.

Most of the ternary compounds are slightly Te/Se-rich. However, the
data prove the best working samples for Biy(Te,Se;_,); (deposited at
E=-0.21 V vs. Ag/AgCl/KCI (sat.) - compare above) also are of almost
ideal stoichiometry at 39.95 at. % of Bi.

BiyTes Big(Te,Seq_4)3
puls-dep. (10/50 ms) | puls-dep. (10/50 ms)
o | [Sem 1 158 700
S | [uVK .60 80
pf [WWEK2m™] 57 448
k (RT) | WK 'm™] 0.9 1.2
ZT(RT) 0.02 0.11

Table 5.5: Thermoelectric performance of BisTes and Biy(Te,Se; )3
films pulsed deposited (10/50 ms)

In table[5.5] the thermoelectric performances of selected samples are pre-
sented. As already discussed above, the performance of n-doped ternary
compounds is significantly higher (about 5 times higher) compared to
that of binary n-doped material. Thus, subsequently, the deposition of
ternary compounds becomes the standard for the following chapters.
The materials presented here exhibit significantly higher thermoelectric
performances compared to results presented in the literature. [BBCT09],
IMBL96], [LTS™06], since the values of Seebeck and o exhibit improve-
ments of around 30 %.

The material exhibits a thermopower of about 25% (BiyTes) and 60 %
(Big(Te,Se;_,)3) of nanograin bulk materials.[TXL™07| [YPM™10] The
thermal conductivity is comparable to bulk values (105 %). Using the
Wiedemann Franz law (eq. , the thermal conductivity can be dis-
cussed in more detail:

K = Kiat. T Kel

Kel — LoT
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Thus, the electronic part x.; contributing to x can be determined to be 13
% (BigTes) and 42 % ((Biz(Te,Se;_z)3) of the total thermal conductivity.
This is provided that the Lorentz factor L the free electrons is correct.
Due to the high charge carrier density, this assumption may be allowed,
although mixed conduction may distort the value for L at temperatures
between 300-400 K.

Further improvements may be obtained by thermal treatment of the ther-
moelectric material, thus, a detailed comparison of the best materials
obtained in this work to best results reported in the literature is given in

chapt. [7]

In order to realize materials, that can easily transferred to applications,
such as microstructured thermogenerators, the development of p-doped
material is required. The results are shown subsequently in chapt. [0



Chapter 6

P-doped Materials

As already mentioned, the successful integration of the thermoelectric
materials into microgenerators requires both n-doped and p-doped ma-
terials. Thus, binary and ternary p-doped SbyoTes and (Bi,Sb;_,).Tes
films are characterized subsequently.

In order to ensure the conditions found in chapt. 2] and [ are valid for p-
doped materials with positive holes as the majority charge carriers, too,
some facts about p-doped semiconductors have to be recapitulated.
With the consideration of p-doped semiconductors, the calculations can
be performed analogue to n-doped materials. The total amount of (neg-
ative) charge carriers has been given by eq. for n-doped materials
above.

Now, with p-doped semiconductors, the Fermi-level is close to the edge
of the valence band, as shown in fig. (d). Thus, there are some
empty states in the valence band, which cause them to contribute to the
electrical conduction. The effective mass m* turns out to be negative
then, although the process is still due to electrons [Gol09]. This effect
then is understood by changing the carriers’ charge to positive — posi-
tive holes with, also positive, effective masses. Thus, one can understand
the electrical conduction in p-doped semiconductors to be performed by
"positive holes", which total amount p can be calculated by:

* 4r(2m*)?

p= / (—E‘zEde (6.1)
O 31+ eFBT)

The behavior of positive holes in an external magnetic or electric field is

analogue to electrons with a virtual positive charge. [Kit02] This can be
explained by the consistency of electrons and holes:

Wave Vector: Electrons exhibit the wave vector k.. Once they relo-
cate to the the conduction band by e.g. direct optical passing of the band

62
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gap, a photon with E=hw is absorbed and the entire wave vektor of the
valence band then is —Ee. Since this is only related to the hole, originated
by the missing electron in the valence band, the wave vector of the hole
can be assigned to: %h = —lge

Energy: As long as the band structure remains symmetrically, the en-
ergy of the electron abandoned from the valence band is constant after
relocating to the conductance band: e.(k.) = e.(—Fk.) Since the the en-
ergy of electrons and holes (caused by electrons) is identical, the absolute
value of the energy of electrons is equal to that of holes, but with opposite
sign:

—

(ko) = €o(—ke) = —en(—Fk.) = —en(—kp)

ee(ke) = —en(—Fky) (6.2)
Velocity: The velocity v = % can be written as v = % by using

w = 7. Thus, the velocity is:

vV e(k)
h

U=

As discussed above, the absolute values of the energy of electrons and
holes are identical, from eq. [6.2] one can find

Ve (ko) = Ve (k)

2

I

Effective Mass: From e = (2—)k2 for free electrons |Kit02], it s ob-

m
N~

C
vious, that C affects the 2°¢ derivation of (k). In consistence, one can

say — affects the bending of (k). For small band gaps, at the border of
the Brillouin zone, the bending of the bands are huge. If the band-gap
AFE is small compared to the energy € of the free electron (and the width
of a band), the bending is affected to increase by 1%, realizing effective
masses of 0.1 or smaller. Farther away from the band-gap, the beding
decreases and the effective mass aligns to that of a free electron.

The energy of an electron near the lower edge of the upper band is [Kit02]

h? Me 1

k= — =

2m, m o (%)-1

e(k) =€+ (

with the potential energy U and the effective mass for an electron m..
For an electron near the upper edge of the lower band, it is:
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h? 1
(k) = e— (5 = =2 =
2my, m () +1
and therefore, one can find
mp = —1M,

Based on the considerations above, the transport processes of both p- and
n-doped semiconductors can be understood by the same equations, but
since the conduction takes place in the conduction band with reference
to electrons for n-doped materials and in the valence band with reference
to the positive holes for p-doped materials, the energy E has to be de-
termined in different ways from the Fermi-level - upwards or downwards,
respectively.

6.1 Binary SbyTe;

SbyTes is a narrow band gap (AFE =~ 0.3 eV [JMI11]) and has the same
structure as BiyTes, with Sb atoms occupying the Bi lattice sites. Thus,
it exhibits almost similar physical properties. ShyTes also crystallizes
in the R3m point group and the cell also is build from multiple layers
perpendicular to the c-axis (compare fig. for BiyTes), although the
mass of Sb is smaller than that of BiyTes.

Electrical conduction in p-doped ShyTes takes place by positive holes in
the valence band as discussed above. Thus, ShbyTejs is of high interest as a
p-doped counterpart to BizTes to work in thermoelectric (micro)devices
and -generators. Amorphous ShyTes also is of high interest for phase
change applications, since it tends to become crystalline above around
120°C, and therefore is deposited by various deposition techniques such as
MBE, vapor techniques and also by electrochemical deposition.[HKROS]
[JPL710] [JM11]

As BisTes, SbyTes also exhibits it s thermoelectric peak performance
around 300 K (compare fig. (b)) and therefore is a proper candidate
for all types of applications at room temperature. Parts of the following
chapter already have recently been published by the authors.

6.1.1 Structural Properties

SEM pictures of SboTe; are presented in fig. - the cross section
of a pulsed deposited (10/50 ms) material (a) shows a smooth surface
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and a homogeneous growth of the layer on top of the Pt seed layer.
Also the top view in fig. (b) proves the surface to be smooth, since
the characteristic needlelike structure is observable, comparable to the
structure of binary and ternary BisTes compounds presented in chapt.
Bl

Figure 6.1: SEM-pictures of ShyTes films electrodeposited with pulsed
deposition technique (10/50 ms), (a) cross-section, (b) surface

X-Ray diffraction pattern presented thereby exhibit the main character-
istic peaks with the preferred orientation to be in (015) direction with

fos) 15 (DC) and ~ 2.7 for pulsed deposited films.

I(110)
DC | pulsed deposited SboTes
(10/50 ms) bulk [Row95]
a |A 4.271 4.263 4.264
c|A 28.730 30.323 30.428
crystal size [nm] | 137 637

Table 6.1: Lattice parameter of ShyTes films - calculated from XRD
pattern

The lattice parameters presented in table are accordingly to the bulk
values of SbyTesz. The DC deposited films show a shortened unit cell
in c-direction and about 5 times lower crystal size compared to that
of pulsed deposited films, likely due to crystal imperfectness during the
electrodeposition process, that may caused by the constant voltage and
therefore high current density applied.
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Figure 6.2: Comparison of both DC and pulsed deposited SbhyTes films’
XRD pattern - deposited at E=-0.42 V vs. Ag/AgCl

6.1.2 Transport Properties

In fig. [6.4 the charge carrier density (a) and the charge carrier mobility
(b) of pulsed deposited SbyTes films are presented. The pulsed depo-
sition method proves good reliability by a homogeneous distribution of
compositions over a wide range of E. Almost the ideal composition is
found for deposition potentials between -0.32 to -0.46 V with respect to
the Ag/AgCl reference. However, a significant increase of the Seebeck
coefficient is achieved at E around -0.36 V vs. Ag/AgCl.

The charge carrier (holes) density presented in fig]6.4] (a) is distributed
quite homogeneous over the whole range of deposition potentials, the
deviances are within 0.2 - 102 L5

The charge carriers’ mobility (shown in fig. (b)) exhibits deviations
between about 13 to 18 %, indicating a high crystallinity, since the mo-
bility of binary SbyTes is about 2 times higher compared to binary BisTes
(compare fig5.7 (b)). The mobility is slightly higher than reported for

2

electrochemically deposited chalcogenides before (10-14 $7-), but only
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Figure 6.3: Composition and Seebeck coefficients of SbyoTes films elec-
trodeposited with pulsed deposition technique (10/50 ms)

about 20 % of values reported for nanograined bulk. |[Row06]

Figure 6.4: Electrical properties of ShyoTes films pulsed deposited (10/50
ms) vs. deposition potential, (a) charge carrier density (electrons), (b)
charge carrier mobility; lines are guides to the eye
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6.1.3 Thermoelectric Performance

The electrical conductivity (fig. (a))show moderate variations over
the whole range of deposition potentials. The fluctuations are below 10
% around absolute values of 260 Cim Since these values are about 30 %
higher compared to ShyTeg, this is consistent with the fact, that ShyTe;
is found to exhibit higher values compared to Bl;Tes as discussed above.
Due to the increased electrical conductivity and Seebeck coefficient, the
power factor (fig. (b)) strongly increases, leading to a significantly
improved thermoelectric performance of binary p-doped SbyTes.

Figure 6.5: Electrical properties of ShoTes films pulsed deposited (10/50
ms) vs. deposition potential, (a) electrical conductivity, (b) power factor;
lines are guides to the eye

SboTes
pulsed dep. (10/50 ms)
o [Sem™!] 280
S | [uVK] 161
pf [WWEK2m™!] 726
k (RT) | WK 'm™] 1.0
ZT(RT) 0.21

Table 6.2: Thermoelectric performance of SbyTes
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6.2 Ternary (Bi,Sby_,).Tes

Significant improvements of the thermoelectric performance of binary
SbsTes compounds may be realized by doping of the material with bis-
muth atoms. Thus, the transport parameters such as ¢ and S may
increase due to an increased charge carrier density p.

6.2.1 Structural Properties

SEM pictures of (Bi,Sbhy_,)2Tes are presented in fig. . Both the cross-
section (a) as well as the top-view (b) prove a good crystallinity and ho-
mogeneity of the deposited materials, the grain size of (Bi,Sh;_,).Tes is
slightly increased compared to BisTes. Since the control of the deposition
of ternary materials is mainly realized by optimization of the electrolyte
bath, the morphology of the films may not be optimized by variation of
the deposition potential, like it was possible with the deposition of binary
compounds.

Figure 6.6: SEM-pictures of (Bi,Sh;_,)sTes films electrodeposited with
pulsed deposition technique (10/50 ms), (a) cross-section, (b) surface

In fig. [6.7, the XRD pattern of both the DC- and the pulsed deposited
(Bi,Sb;_,)2Tes films are presented. Analogue to DC deposited BisTes
and Biy(Te,Se;_, )3, the preferred orientation of DC deposited (Bi,Sby_,)2Tes

films is also (110), since @ ~ 0.5.
(110)

For pulsed deposited films, the preffered orientation is (015) with % ~
1.2. This is most likely due to the not optimized deposition parame-
ters during the DC deposition. Since the DC deposition does not show
promising results in terms of morphology, it has not been optimized too
far in terms of composition. Therefore, very high current densities may

occur during the deposition process, leading to imperfect crystal growth.
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Figure 6.7: Comparison of both DC and pulsed deposited (Bi,Sb;_,)sTes
films’ XRD pattern

DC deposited | pulsed deposited | (Bi,Sby_,)2Tes
(10/50 ms) (10/50 ms) bulk [Row95]
a |A 4.275 4.299 4.295
¢ |A 30.215 30.4262 30.350
crystal size [nm] 275 326

Table 6.3: Lattice parameter of (Bi,Sb_,)sTes films - calculated from
XRD pattern

In figure[6.8] a high resolution TEM image of a pulsed deposited (Bi,Sbi_; ) Tes
film is presented. The material exhibits a high degree of crystallinity and

a homogneous crystal structure over a large surface area. More informa-

tion about TEM analysis can be found in the appendix [A]

The lattice parameters of (Bi,Sby_,)sTes presented in tab. shovv com-
parable values for a reported for electrochemical deposited films (a=4.27-
4.29)[RDB10]. On the other hand, the cell-size in c-direction reported in

this work by Richoux et al. is determined to ¢=29.91-30.26, what is actu-

ally far away from the theoretical values.[Row06|[RDB10] In contrast, the
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Figure 6.8: High resolution TEM image of a (Bi, Sh;_,)2Tes film pulsed
deposited (10/50 ms) [MPI]

lattice parameters determined in this work (presented in tabl6.3) show
very good accordance to the bulk values reported in [Row95|. Thus, the
deposition of ternary (Bi,Sby_,)2Tes is proven to be successful in terms
of morphology and crystal structure.

6.2.2 Transport Properties

The charge carrier density of SbyoTes and (Bi,Shy_,)2Tes films is shown
in fig. (a). Due to the doping by Bi as an electron acceptor, more
electrons are fixed to bondings and therefore more positive holes are
located in the valence band. Thus, the charge carrier density increases
for ternary (Bi,Sb;_,)oTes compared to binary ShyTes.

Since the charge carrier mobility for (Bi,Sby_,)2Tes shows significantly
increases (figl6.9] (b)) up to about 160 % of the value for SbyTes, the
quality of the crystal structure also seems to be improved, although the
crystal size of the ternary compounds exhibits increases of not more than
17 %.
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Figure 6.9: Electrical properties of SheTes and (Bi,Sby_,),Tes films
pulsed deposited (10/50 ms) vs. deposition potential, (a) charge car-
rier density (electrons), (b) charge carrier mobility

6.2.3 Thermoelectric Performance

In consistence to the increased charge carrier density and -mobility, the
electrical conductivity of ternary (Bi,Sby_.)2Tes also increases up to
around 2 times the value for binary ShyoTes as shown in fig. (a).

Figure 6.10: Electrical properties of BiyTes and (Bi,Sb;_,)sTes films
pulsed deposited (10/50 ms) vs. deposition potential, (a) electrical con-
ductivity, (b) power factor; lines are guides to the eye

At the same time, the distribution is homogeneous, since the values’
deviation is small for the whole range of deposition potentials. This is
consistent to the discussion above, that the depositions’ quality is less
dependent on the deposition potential for ternary compounds than for
binary compounds.

The power factor of both the binary and ternary p-doped materials is
presented in fig. (b), exhibiting the ternary compounds - as expected
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- to be significantly higher. The power factor of ternary (Bi,Sb;_,)sTes
exhibits values up to about 1100 £%%  while the average for binary Sb,Tes

mK2”’
is at around 300 £75.
mK

Figure 6.11: Seebeck coefficients of BisTez and (Bi,Sb;_,),Tes films
pulsed deposited (10/50 ms), (a) vs. deposition potential, (b) vs. com-
position; lines are guides to the eye

In fig. (a), the Seebeck coeffients are presented in more detail.
In principle, the ternary compounds exhibit higher Seebeck values com-
pared to the binary compounds, although here some Seebeck coefficients
for ShyTes are actually higher. If S is plotted in function of the com-
position of the compounds (fig. (b)), a strong dependence of See-
beck coefficient to the composition is observed. For binary SboTes, the
Seebeck coefficients are significantly higher, once the material exhibits
almost ideal stoichiometry.

Sb2T63 ‘ (BiISbl_x)QTegg

pulsed dep. (10/50 ms)
o [Sem ] 280 560
S | [uVK] 161 135
pf | [WWK2m Y] | 726 1020
% (RT) | [WK~'m™!| 1.0 1.1
ZT(RT) 0.21 0.28

Table 6.4: Thermoelectric performance of ShyTes and (Bi,Sb;_,)sTe;
films pulsed deposited (10/50 ms)

For ternary (Bi,Sb;_,)oTes films, there is also a trend observed for ideal
composition, although Te rich films exhibit comparable high Seebeck co-
efficients as well. The dependence of thermoelectric performance on the
composition of the materials is analysed in more detail in chapt.



6.2 Ternary (Bi,Sb;_,).Tes 74

In table the thermoelectric performances of selected samples are
presented. Similar to the n-doped material discussed in chapt. [5 the p-
doped ternary compounds exhibit significantly improved thermoelectric
performances.

The material exhibits a thermopower comparable to that of nanostruc-
tured bulk materials: 77% of bulk (ShyTez) [PHM™T08| [MHP*08| and 59
% (Big(Te,Se;—,)3) [XTYT09]. The thermal conductivity is comparable
to bulk (110 %). As already discussed in chapt. [5.2.3] the thermal con-
ductivity may be analyzed in more detail using the Wiedemann Franz
law (eq. [2.8)), finding the electronic part . to be 20 % (SbyTes) and
37 % ((Bi,Sb;_,)2Tes). Although the ternary compounds exhibit signifi-
cantly higher electrical conductivity, the thermal conductivity’s increase
is small. Thus, the phononic part k;,; decreases, most likely due to sig-
nificant changes of the crystal structure. Further improvements may be
obtained by thermal treatment of the thermoelectric material, thus, a
detailed comparison of the best materials obtained in this work to best
results reported in the literature is given in chapt.

Now, both the n-doped and the p-doped ternary materials developed
exhibit good homogeneity and thermoelectric performance. Although the
materials can be used for integration into microdevices in the as deposited
state, further improvements may be realized by the thermal treatment of
the materials, which will be discussed consecutively in chapt. [7]




Chapter 7

Enhancement of Charge Carrier
Density and -Mobility

7.1 Thermoelectric Performance

The physical parameters S, o and k are dependent on the temperature,
thus the electrodeposited thermoelectric materials are subject to a ther-
mal treatment process in He and Te ambience.

Since the semiconductors’ thermoelectric performance is determined from
these values, the thermoelectric material may change it’s quality with the
temperature. In fig. this expected behavior for intrinsic semiconduc-
tors is presented in dependence on the materials’ charge carrier density.
With increasing charge carrier density, the Seebeck coefficient S de-
creases, while the electrical conductivity o increases. Thus, the ther-
moelectric power factor exhibits a maximum, which is located at
charge carrier densities of around 10" to 10* —L;. Since the thermal
conductivity k also increases with 7', the maximum of the thermoelectric
figure of merit ZT is slightly shifted from the p f-maximum, but remains
in this range of charge carrier density. In order to understand this be-
havior, one has to understand the origin of the parameters contributing
to the thermoelectric figure of merit. Consecutively, the dependence on
the temperature and charge carrier density/-mobility of all values con-
tributing to the thermoelectric figure of merit are derived from the legal

equations given in chapt.

The Boltzmann equation provides information about the occupied states
k located at 7 at time ¢ by charge carriers. Therefore, it relates the effects
of applied fields and the scattering of the charge carriers. If a function f
is disturbed from the equilibrium fy, it will relax back to f; correspoding
to [Gol09]:

75
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Figure 7.1: Thermoelectric parameter in dependence on the charge car-
rier concentration [Row06.

df(E) _ f(E) — fo(E)

dt Te/h
with the relaxation time 7./, of the form 7o E" for electrons and holes, re-
spectively. In most thermoelectric materials, the scattering of the charge
carriers is dominated by the acoustic-lattice vibrations (r=—3) and by
ionised impurities (r=32). [Gol09] Thus, the reciprocal relaxation time
can be added in case that none of the scattering processes is predomi-
nant. Small disturbances to F(E) can be described with the relation

above:

F(E) - Fy(E)  dFy(E) dF(E; (E— Ey)dT
Te/h - dE ( dx * T E)

with the charge carriers’ velocity (x-direction). Then, the electric current
density is:

(7.1)

i=F /OO evF(E)G(E)dE. (7.2)

The energy transported by each carrier here is (£ — Ey). For the case
F = F}, the system remains in the equilibrium and no flow occurs. Thus,
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Fis replaced by (F' — Fp) in the equation. Since the drift velocity of the
charge carriers is a small part of the total velocity [Gol09], v is replaced

by 5= 2E leading to
. 2e [ dFy(E) dE; (E— Ef)dT
= E E —)dE. .
! :F3m*/0 GE)Te/n dE (dx * T dx) (7:3)

with the effective mass m*. Analogue, this can be done for the heat flux
density:

— / (B - Ey)F(B)G(E)IE (7.4)

, dFO dEf (E— Ef)dT
= dE. .
J== orh Sm / dx + T da:> (7.5)

The boundary conditions are inserted in order to find the transport pa-
rameters: ¢ is determined by the ratio m7 when no temperature
gradient is applied (dT = 0). Analogue, k., = iT, if the electric current

dI . .
is zero. The Seebeck coefficient is given by W, if the electrical

dx
current is zero. [Gol09] Thus, the parameters can be determined (for
electrons as major charge carriers) by:

Fyf
°- ; T 3w ed ; )dE (7.6)
o 9 (((fooo G(E) EZdFo E)dE / G dF()( >dE)
Sl T G(E) edi?E
(7.7)
Ef — [ GE)r.E* 2 4E
Gy LE )G (7.8)

o0 dFp(
el j;G( E ) g
In order to simplify the equations above, the integrals can be substituted

by coefficients of the order:

oT  [°° dFy(E)
L,=— G(E)r, Bstt =0
%ﬂA (E)r dE

By using eq. (.1, G(E) and 7. can be eliminated in the way of [Gol86]:

dE

2
Lo = 2 ) (s + 7+ )RR,
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with the Fermi-Dirac integrals F,( fo X" Fo(x)dx, wherex is the

reduced energy, that substitutes i The transport coefficients then can

be expressed as:

(&
.y .
0= —L (7.9)
1 L?
1 Ly
=+t— (L — — A1
S =+ (B - 1) (T11)

These are the required equations in order to understand the dependence
of the main parameters contributing to the thermoelectric figure of merit
ZT.

Due to an increase of the free energy k,T" with increasing temperature,
more charge carriers will be excited to energy states within the conduc-
tion band (electrons) and can contribute to the electrical conductivity.
Thus, the electrical conductivity increases with increasing charge carrier
concentration n/p and temperature 7" as illustrated in fig. For the
same matter, the electronic part of the thermal conductivity increases.
In addition, the phonons also contribute to the thermal conductivity
(K = Kphonon + Ke). The Seebeck coefficient decreases with increasing n
and T, thus the potential difference between the hot and cold ends of the
semiconductor decreases.

Subsequently, the dependencies given in the eq. - are used in
order to understand the behavior of the electrochemically deposited ther-
moelectric materials.

The measurement data of BiyTes, presented in fig. exhibits an in-
creasing electrical conductivity with increasing T. This is as expected for
semiconductors, since o scales linear with the increasing charge carrier
density and - mobility by o = nep.

Since the behavior of the thermoelectric parameters changes for differ-
ent temperature due to irreversible annealing effects, such as recrystalli-
sation, crystal growth etc, the measurement will be discussed for two
different temperature-ranges:

300-550 K During heating of the BisTes sample, it exhibits a slight
increase of both Seebeck coefficient and electrical conductivity. As dis-
cussed above, the behavior of ¢ is consistent with the theory for semicon-
ductors. However, since the Seebeck coefficient also increases, this causes
S to be dominated by the temperature 7', which can be best described
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Figure 7.2: Thermoelectric performance of a BijgrgTes 024 film pulsed
deposited (10/50 ms) in dependence on the temperature, (a) Seebeck
coefficient and electrical conductivity, (b) power factor

with the Mott equation valid for higly doped semiconductors, that can
be found by expanding eq. with Sommerfeld [AMT6]:

KT, 1do

5= 3 Gap'® (7.12)
kT din(o)
=, g )E; (7.13)

from eq. and the ohmic law, it can be found, that the Seebeck
coefficient is related to the charge carrier density and mobility by: [Zas10]

_ wRT Ldp(B) | Ldn(E),
 3e ‘u dE n dE %

In consequence, the power factor increases up to a temperature of around
550 K.

S (7.14)

> 550 K At temperatures higher than 550 K, irreversible annealing
takes place: o still increases, while the Seebeck coefficient decreases.
Thus, the derivation of the power factor pf decreases (fig. , but re-
mains at positive values, since o still compensates the decrease of the
Seebeck coefficient. This is consistent to the theory discussed for intrin-
sic semiconductors. Additionally, o is observed to increase faster than
at T< 450 K. This is most likely due to annealing effects, which cause
structural improvements by decreasing the amount of defects. The charge
carrier mobility increases due to less crystal imperfectness. In addition,
the charge carrier density increases by more electrons moved to the con-
duction band.
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After the thermal treatment of the BisTes material, both the Seebeck
coefficient and the electrical conductivity remain at higher values for al-
most the whole temperature range - also they do after returning to room
temperature, the values remain at around 125 % for both S and o. The
overall improvements caused by the annealing process will be discussed

in more detail in chapt. [7.2.3]

Figure 7.3: Thermoelectric performance of Sbygs5Tes 0505 films pulsed
deposited (10/50 ms) in dependence on the temperature, (a) Seebeck
coefficient and electrical conductivity, (b) power factor

In fig. the results of p-doped SboTes are presented. Both the Seebeck
coefficient and the electrical conductivity exhibit significantly higher val-
ues of about 250 % of S compared to the value of BisTes. Although the
thermoelectric performance is higher, the behavior of the parameters is
comparable to those of BiyTes: the Seebeck coefficient increases up to
a temperature of about 550 K and the electrical conductivity increases
with increasing temperature. Above 550 K, the derivation of o remains
positive, but the increase of ¢ is lower compared to 450 K < T < 550
K. This most likely is caused by increased scattering processes, causing
a significant decrease of the charge carrier mobility pu.

In consistence, the power factor presented in fig. (b) shows signif-
icantly improved values of around 300 % of the value for BiyTes. It
exhibits a local maximum at around 550 K, which in general is consis-
tent to the theory discussed in fig. [7.I] Due to a high increase of o, the

power factor remains at high values around 1300-1500 I‘;XIVH .

In order to further improve the - already significantly - thermoelectric
performance of ShoTes, further doping is performed by adding acceptor
atoms (Bi), leading to highly doped ternary p-doped (Bi,Sb;_,)sTes,
whose results are presented in fig. [7.4]
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Figure 7.4: Thermoelectric performance of (Bi,Sh;_,)sTes films pulsed
deposited (10/50 ms) in dependence on the temperature, (a) Seebeck
coefficient and electrical conductivity, (b) power factor

Concurrent to the behavior of binary p-doped ShyTes, o significantly in-
creases with increasing T below 550 K, for higher T, the increase is lower
due to increased phonon-electron scattering, leading to high decrease of
the charge carrier mobility p. The Seebeck coefficient also shows a similar
behavior - it increases up to T' = 550 K, with falling values for tempera-
tures above. Thus, the power factor of (Bi,Sb;_,)sTes, presented in fig.
(b), also shows an increase up to 550 K. For higher T', it decreases
due to a predominant decrease of S and a moderate increase of o. This
is consistent with the theory for highly doped semiconductors.

In contrast to SbyoTes, here o exhibits a decrease due to annealing. After
returning to room temperature, the electrical conductivity is decreased
by about 15 % compared to the initial value. This is consistent to the
theory and will be discussed in more detail in chapt.
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7.2 Annealing experiments

The results presented above in chapt. [6] prove the electrochemical de-
position process to be sufficiently accurate in order to repeatably realize
thermoelectric materials of high quality. Nevertheless, the relevant pa-
rameters such as the electrical conductivity, the charge carrier mobility
and -density are highly sensitive to small changes in the composition of
the materials [Boul0)], accordingly, also the thermoelectric performance
is (compare e.g. fig. [5.15)). Electrodeposition in general exhibits a rel-
ative facile control over the composition [MDB705| and the materials
deposited exhibit performance deficits (e.g. excess of the charge carrier
density) compared to those deposited from the gaseous phase such as
ALD or MBE-deposited materials. [TBPT03]

Thermal post-treatment has been proven to reduce the density of crystal
defects [JLOOG|, thus, the electrical properties may exhibits significantly
improvements after the annealing process [LSZ08].

7.2.1 Annealing in He atmosphere with in-situ XRD

In order to avoid oxidation of the material, the thermal treatment is per-
formed under He atmosphere in a home made heating chamber. [RSM™11]
For the purpose of in-situ XRD measurements, the chamber is mounted
to a Bruker D8 Discover system presented in fig. All measurements
have been performed at the University of Ghent, Belgium (Christophe
Detavernier/Geert Rampelberg).

In fig. a scheme of the setup is illustrated, exhibiting the sample to
be mounted to a heating plate and electrically contacted by probe tips
at the edges of the samples’ surface (fig. (a)).

Figure 7.5: Scheme of the in-situ annealing with XRD measurement

The vacuum chamber features two notches sealed with capton foil in
order to enable the X-Ray beam to penetrate the samples’ surface. A
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metal shield ensures no scattered X-Ray intensity to reach the detector

(fg. [7. (b).

Figure 7.6: Experimental heating chamber mounted to a Bruker D8 Dis-
cover System; perspective of the sample mount without vacuum chamber

The samples are heated from room temperature up to 600 K with 0.2 %
Due to a constant He flow, the sample is tempered constantly and the
correct heat can be measured, since a delay in the sample’s temperature is
avoided. In fig. [7.7] the XRD pattern of DC- and pulsed deposited ShyTes
are presented with respect to the annealing temperature. For both films,
a decreased crystal imperfectness is observed, since the sharpened peaks
indicate a more pronounced crystal orientation of the material in (015)
and (110) direction.

In addition, the peaks indicating the orientation exhibit a crystal growth
above an annealing temperature of about 450-500 K by significantly in-
creased intensities of (1010) and (110) orientation. This is consistent to
the observations discussed above - for temperatures above 500 K, again
crystal growth starts, leading to a decrease of the amount of defects and
larger grain sizes. Thus, the charge carriers mobility negative derivation
with increasing T is lower.

The results presented indicate the quality of pulsed deposited (10/50 ms)
SboTes to be significantly higher compared to DC deposited films, this
is consistent to the results in terms of morphology observed during the
synthesis (compare chapt. . Thus, the measurements are performed for
pulsed deposited materials from now on. In fig. and the results
of annealing in He atmosphere for ternary p-doped (Bi,Sb;_,)sTes and
n-doped Biy(Te,Se;_,)3 are presented.

"The patterns of (Bi,Sb;_,)sTes corresponding to (015) and (110) show
a distinctive crystal orientation along these directions (fig. (a)). Dur-
ing the annealing process, improvements for these orientations as well as
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Figure 7.7: Diffraction pattern during annealing up to 600 K with 0.2
K/s, (a) for SbeTes film DC deposited, (b) for SbyoTes films pulsed de-
posited (10/50 ms); in-situ XRD intensity in function of the annealing
temperature, (¢) for a ShyoTes film DC deposited, (d) for SbyTes films
pulsed deposited (10/50 ms)

Figure 7.8: Measurement results for a (Big3s4Sbo 515)2Tes.203 film pulsed
deposited (10/50 ms) during annealing up to 600 K with 0.2 K/s, (a)
XRD patterns, (b) in-situ XRD intensity in function of the annealing
temperature

for (1010) direction are observed.
The in situ XRD measurement of Biy(Te,Se;_, )3 is performed in a slightly
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Figure 7.9: Measurement results for a Bij gg0(Teo.0035€0.110)3 film pulsed
deposited (10/50 ms) during annealing up to 600 K with 0.2 K/s, (a)
XRD patterns, (b) in-situ XRD intensity in function of the annealing
temperature

different geometry, in order to record the interesting range of 15° to 35°.
Since pre-annealing XRD measurements indicate distinctive peaks at 23°
and 24°, these are chosen to be analyzed in more detail. During anneal-
ing, both the clearly observable orientations of as deposited films, (012)
and (015) become more distinctive, while a new peak at 23,5°, indicative
of (010) orientation becomes observable after annealing.’[SRAT12| The
electrical conductivity improves as presented consecutively in fig.
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7.2.2 Annealing in Te atmosphere

The annealing process in He atmosphere leads to significant improve-
ments of the electric parameters as well as of the morphology and crys-
tal structure of the thermoelectric materials. Due to the fact, that
the thermoelectric performance is linked to the materials’ composition
[KOKO07], annealing under equilibrium conditions may lead to significant
improvements of the crystal structure and the composition in parallel.
[BS54],[Bre69]

Figure 7.10: Setup for equilibrium annealing; high precision furnace with
temperature-control; glass tube evacuated to P ~ 3 x 10~% mbar; inlay:
sealed glass-tube with samples and Te

In fig. [7.10] the setup for the equilibrium annealing of the thermoelectric
materials is illustrated. The small sample tube is evacuated inside the
large quartz-glass tube to a pressure of about 3 x 10~* mbar. Then, the
small tube is closed and the system is heated up to the annealing tem-
perature. Thus, the elemental Te in the sealed tube starts to evaporate
until an equilibrium atmosphere is set up inside the sealed tube. The
vapor pressure of Te in function of the temperature can be found in fig.

A3l
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Figure 7.11: Reactions during the annealing process in Te atmosphere
[RSW11J.

For BiyTes, the method has been used leading to reduced charge carrier
densities and significantly improved Seebeck coefficients of the electrode-
posited thermoelectric material. [RSWI11|. The materials’ composition
improves, causing lower electrical conductivities and higher Seebeck co-
efficients. Due to the square dependence of S to the power factor pf, the
thermoelectric performance was improved due to the thermal treatment.

Here, both the binary and the ternary chalcogenide materials have been
annealed under a Te equilibrium atmosphere at 525 K for 100 h. In fig.
the phase diagram is illustrated schematically for BiyTes. Materials
exhibiting a Te deficit are observed to form stoichiometric BisTes phases
by reaction of Biy layers with the gaseous Te. Materials showing a Te
excess are formed from stoichiometric BisTez phases and elemental Te.
Due to the high vapor pressure of Te at this temperature, the elemen-
tal Te from the material evaporates until the equilibrium to the gaseous
Te atmosphere is reached. Since the concentration-gradient scales lin-
early with the Te excess, the process’ reaction velocity becomes very low,
the higher the improvement of the stoichiometry gets. The equilibrium
annealing process can be found in more detail in ref. [RSWTI].

Although here ternary compounds are annealed, one can expect signif-
icant improvements as well, since the high aspiration of Te to evapo-
rate from the material may be compensated during the treatment in Te
equilibrium atmosphere. SbyTes is expected to behave almost similar
to BisTes, since the crystal structure is similar with just Sb located at
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the Bi lattice sites, but since the ternary compounds strongly exhibited
higher material quality in terms of morphology and also thermoelectric
performance, the annealing process is focused on the optimization of well
performing ternary compounds only.

In order to compare the results of both annealing methods, different
pieces of the same samples are used for annealing in He and Te atmo-
sphere.

7.2.3 Improvements after annealing

The improvements of the thermoelectric films during annealing are pre-
sented in the figures to The changes in the charge carrier
density and - mobility are presented in fig. and contributing
to the electrical conductivity of the deposited materials, which is pre-
sented in fig. The changes observed are summarized here:
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(Bibel_x)QTeg Big(Te:CSel_x)g
e as deposited:
— n-doped material shows higher electrical conductivity com-

pared to the p-doped material

— the Seebeck coefficient of p-doped material is higher compared
to that of n-doped material

— the power factor of p-doped material is higher compared to
that of n-doped material

e annealing in He ambience: e annealing in He ambience:

— the electrical conduc- — the electrical conductiv-
tivity exhibits improve- ity exhibits slight de-
ments of about 10 % creases of about -5 %

— the Seebeck coefficient — the Seebeck coefficient
increases with improved increases with improved
stoichiometry by around stoichiometry by around
10-20 % +10 %

— the power factor improves — the power factor improves
by up to +60 % by up to +50 %

e annealing in Te ambience: e annealing in Te ambience:

— the electrical conductiv- — the electrical conductiv-
ity exhibits decreases of ity exhibits decreases of
about -25 % about -35 %

— the Seebeck coefficient — the Seebeck coefficient
increases with improved increases with improved
stoichiometry by around stoichiometry by around
+50-100 % +50-80 %

— the power factor improves — the power factor improves
by up to +80 % by up to +100 %

Subsequently, the changes in the thermoelectric performance are ana-
lyzed by having a more detailed look onto the transport parameters such

as charge carrier density, -mobility, Seebeck coefficient and also the chem-
ical composition of the materials.

After returning to the initial room temperature, the resistivity of the de-
posited material abates to around 90 % of the initial value for (Bi,Sb;_, ). Tes,
thus the improvement of the electrical conductivity due to annealing
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in He atmosphere is of about +10 % (compare to fig. (a)). 'Al-
though the improvements for p-doped (Bi;Sby_,)2Tes are consistent with
previously results with - also p-doped - Sb2Te3 [SRAT12|, for n-doped
Biy(Te,Se; )3 films, a different behavior is observed: after returning to
RT, the resistivity remains at around 110 % of the initial value, results
in a slightly decrease of around -10 % in electrical conductivity (compare
fig. [7.14] (b)).

During the annealing in He atmosphere, the decrease in carrier den-
sity of the n-doped Biy(Te,Se; )3 films is higher compared to p-doped
(Bi,Sb;_,)2Tes films. Furthermore, as deposited n-doped films already
exhibit higher carrier densities. This suggests larger deviations from stoi-
chiometry. During annealing, these materials are likely to either combine
to stoichiometric phases or evaporate (e.g. Se and Te are likely to evap-
orate during annealing, reducing the carrier concentration significantly -
compare fig. [7.12)). In addition, at temperatures above 450-500 K, an
intensive crystal growth is observed during the annealing process leading
to larger crystal sizes compared to as deposited films (compare tab. .
This strongly decreases the amount of defects in the annealed materials,
leading to higher charge carrier mobilities (presented in fig. [7.13)). Also
the higher initial crystallinity of p-doped as deposited films, observed in
the XRD patterns as discussed above causes a 30-50 % lower decrease of
the carrier density during annealing compared to the n-doped films.

Figure 7.12: Charge carrier density of as-deposited and annealed samples
in function of deposition potential for pulsed deposited (10/50 ms) films,
(a) (Bibel_I)QTeg, (b) Big(TexSel_I)g

In table[7.T] the structural improvements to the films are presented, indi-
cating larger crystal sizes of p-doped materials already in the as deposited
state. This is consistent with the discussion above. The Seebeck values
of the films annealed in He atmosphere strongly increase for both ma-



7.2 Annealing experiments 91

terials (compare fig. [7.17] [7.18). Furthermore, a slight change in the
composition is observable as a decrease of Te for (Bi,Sh;_,)2Tes and an
increase of Bi for Biy(Te,Se;_,)s, respectively. This is most likely due
to the evaporation of Te and Se during the annealing process, but the
materials remain sufficiently stoichiometric due to short annealing times.

(Bi,Sb;_,)2Te; | Biy(Te,Se;_.)3
#2 #5
literature a |A 4.2842 4.3740
¢ [4] 30.5239 30.4242
as deposited a |A 4.2999 4.3735
¢ |A] 30.4262 30.6239
avg. cr. size [nm] 326 274
annealead in a |A 4.3002 4.3702
He atmosphere ¢ |A] 30.4972 30.6896
avg. cr. size [nm] 463 336
annealead in a |A 4.3074 4.3661
Te atmosphere ¢ 4] 30.5210 30.6931
avg. cr. size [nm] 482 351

Table 7.1: Structural parameters (measured) of selected pulsed deposited
(10/50 ms) . literature values [STOal,[STOD]

Significant improvements are achieved and a small decrease of Te-content
is observable. This may be due to the short annealing time of about 0.5
-1h.

Further annealing could additionally improve the composition of the
films. As presented in [RSW11], it is possible to change the films’ com-
position by postdeposition annealing under Te atmosphere to tune into
almost perfect stoichiometry. Here the treatment of n-doped BiyTes films
is presented. The results will also be transferable for (Bi,Sb;_,),Tes and
Biy(Te,Se;_,)3 by annealing in Te atmosphere, since the main indicator
of good thermoelectric performance is reported to be the (Bi,Sb):Te ratio
of 2:3.[SS59| Due to the strong tendency of tellurium to evaporate from
the materials during thermal treatment, this also may be of interest for
n-doped Bia(Te,Se;_,)s.

In the figures the Seebeck coefficients of the samples annealed
in Te atmosphere are compared to the Seebeck values of samples in as
deposited state as well as after annealing in He atmosphere for < 1 h. For
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Figure 7.13: Charge carrier mobility of as-deposited and annealed sam-
ples in function of deposition potential for pulsed deposited (10/50 ms)
ﬁlHlS, (a) (B1$Sb1_$)2Teg, (b) Big(TexSel_m)g

both materials, the Seebeck values strongly increase during annealing in
Te atmosphere to values of about +200 ’% and —130 "%, respectively.

Figure 7.14: Electrical conductivity of as-deposited and annealed samples
in function of deposition potential for pulsed deposited (10/50 ms) films,
(a) (BiISblfm)gTeg, (b) Big(TeISel,x)g

For (Bi,Sb;_,)sTes, the composition of the films changes strongly to-
wards ideal stoichiometry. Samples with almost ideal composition in the
as deposited state show a slight increase of the Te content but stay within
+ 0.25 at. % of 60 at. % Te. Samples with high Te deficit (~58 at. %)
show a strong increase of Te content to almost the ideal composition. The
excess of Bi in the material reacts with the gaseous Te to form BiyTes,
therefore the Te content increases. Samples with a high Te excess (~=62
at. %) exhibit a high decrease in Te content to also almost ideal com-
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position. The excess of Te evaporates from the sample, although at a
slower rate than in He atmosphere.

Figure 7.15: Power factor of as-deposited and annealed samples in func-
tion of deposition potential for pulsed deposited (10/50 ms) films, (a)
(Bibel,x)zTeg, (b) Big(TexSel,x)g

Samples with an initially high Te excess are improved as well, albeit not
to perfection. In general, all samples should reach a steady Te content
after a sufficient annealing duration. For Biy(Te,Se;_.)s3, the film com-
position also shows improvements. All annealed samples are Te/Se rich
in as deposited state. During the annealing process, the samples’ com-
position changes to a lower excess of Te/Se due to the Te atmosphere.
Since the Se is likely to evaporate from the films during annealing, the
compositions tend to do not reach completely the ideal composition in
terms of Se. Further improvements could be achieved by annealing under
combined Te/Se atmosphere. [NBKB11]

Figure [7.16| provides more detailed information about the transport pa-
rameters. The materials’ charge carrier density significantly decreases
during annealing. For (Bi,Sb;_,)2Tes, S steadily increases with decreas-
ing density. For Biy(Te,Se;_,)s, S also decreases with decreasing n, al-
though the annealing of the films may change the materials’ composition
and especially the Te/Se ratio, causing slightly different behavior. Dur-
ing the thermal treatment in Te atmosphere, the carrier density further
decreases for both materials compared to the samples in as deposited
state and after annealing in He atmosphere. This is most likely due
to further defect annealing during the annealing process, as well as the
formation of stoichiometric phases due to the equilibrium atmosphere.
Correspondingly, there is a strong decrease in the electrical conductiv-
ity during the annealing processes, although the carrier mobility of both
materials increases with respect to ¢ = neu and o = pepu, respectively.
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Figure 7.16: Seebeck coefficients of as-deposited and annealed samples in
function of charge carrier density for pulsed deposited (10/50 ms) films,
(a) (BiISblfz)QTeg, (b) Big(TeISel,x)g

For both materials, a decrease of up to around -45 % is observed (com-
pare fig. . Despite this decrease in the electrical conductivity,
all samples annealed in Te atmosphere exhibit a strong improvement
of the power factors (compare fig. - increases of about +70 %
and +80 % are observed causing maximum values of 1325 “W
gfn, respectively.”[SRAT12|. Thus, annealing in Te equlhbrlum ambience
emerged to be a suitable and effective method for thermal posttreat-
ment, since both the stoichiometry and the thermoelectric performance
of BisTes-based semiconductor compounds exhibit significant improve-
ments. Due to the high vapor pressure of Se, a process combining both

Te and Se equilibrium atmosphere could be optimal. [NBKB11]

For the ternary compound (Bi,Sb;_,)sTes, one can expect the ratio of
Bi/Sb to change, since Sb is more likely to evaporate, due to it’s higher
vapor pressure at lower annealing temperature compared to Bi (compare
fig. [A.3). For Biy(Te,Sei_,)3, the ratio Te-Se may change, since the
vapor pressure of Se is much lower and therefore Se is even more likely to
evaporate from the material than Te, since the Te annealing equilibrium
process requires sufficiently high temperatures for the evaporation of Te.

The results shown in figures and indicate, that, although a
not ideal composition in the as deposited state can be fixed, the highest
performance is obtained with starting composition around =+ 0.5 % from
ideal stoichiometry. Thus, the materials’ composition should be be care-
fully controlled during the deposition process, although the films exhibit
slight improvements during the thermal treatment.
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Figure 7.17: Seebeck coeflicients of as-deposited and annealed samples in
function of the materials’ composition for pulsed deposited (10/50 ms)
(Binbl_x)QTeg films
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Figure 7.18: Seebeck coefficients of as-deposited and annealed samples in
function of the materials’ composition for pulsed deposited (10/50 ms)
Big(TemSel_x)g films
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In table the results of selected samples are presented. As discussed
in chapt. [5] and [6] the thermoelectric figure of merit of p-doped films is
higher than that of n-doped films. This also is observed after the thermal
treatment of the films in He and Te ambience. The electrical conductiv-
ity of n-doped films is higher, so the charge carrier density also is about
70 % higher (compare fig. [7.12). Due to eq. the thermopower is
reciprocally proportional to the charge carrier concentration and thus,
the absolute value of the Seebeck coefficient of p-doped films is higher

compared to those of n-doped films (figs. [7.17} [7.18).

The thermal conductivity at 300 K exhibits higher values for as deposited
than for annealed materials and lower values for p-doped films compared
to the n-doped films. This is most likely due to decreasing crystal imper-
fectness during annealing and lower electrical conductivities of p-doped
compared to those of n-doped materials.

Big(TeiSel_x)g, (#5)
puls-dep. (10/50 ms)
as deposited ‘ aft. He ann. ‘ aft. Te ann.
dep. pot. | [V vs. ref] -210
compos. | [at. %] 30.2/54.1/6.7 | 39.9/53.9/6.2 | 39.9/55.3/4.8
o [Sem™] 702 659 488
S (VK] 82 97 -130
pf | WK 2m!] 472 620 825
k (RT) | WK 'm™] 1.2 1.2 1.0
ZT (RT) 0.12 0.16 0.25
(BizSbi_,)2Tes (#9)
puls-dep. (10/50 ms)
as deposited ‘ aft. He ann. ‘ aft. Te ann.
dep. pot. | [V vs. ref] -360
compos. | [at. %] 14.4/27.6/58.0 | 14.6/27.5/57.9 | 15.3/25.1/59.6
o [Sem™!] 560 606 400
S (VK] 135 143 182
pf | [pWK2mY 1020 1239 1325
k (RT) | [WK~'m™] 1.1 1.3 1.0
ZT (RT) 0.28 0.29 0.40
Table 7.2: Thermoelectric performance of Big(Te,Se;_,); and

(BizSby_;)2Tes films pulsed deposited (10/50 ms) as deposited and after
annealing in He and Te ambience

The electrodeposited films exhibit higher performances than most other
reported thermoelectric materials. For p-doped materials, the perfor-
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mance of the as deposited materials is already equal or up to +50 %
higher than best reported electrodeposited [KKLT10], [NSM™02], [LW09]
materials. The annealed Biy(Te,Se;_,)s films exhibit +20 % higher val-
ues compared to best reported annealed films [DEDST06|. Best perform-
ing samples exhibit thermopowers of up to 212 % (compare fig. .
This is actually comparable to bulk values, since about 90 % of the value
of nanograined bulk materials are achieved [XTY™09| [NBKB11].

The n-doped Biy(Te,Se;_, )3 films exhibit about +20-50 % higher values
compared to best reported electrodeposited films. [BWWO07| [BWWOS]|
[ZSTBOT] [LSZT08| After annealing, the films exhibit up to 320 % higher
values compared to almost all reported materials. Michel et al. reported
about the electrodeposition of an n-doped film, which exhibited very high
thermopower of about —150 %V, what is actually 15 % higher compared
to the films reported in this work [MDST08|, but the sample reported
about was one out of a bunch, with all other samples’ quality reported
to be significantly lower.

Samples annealed in equilibrium Te atmosphere exhibit values of about
50-70 % of nanograined bulk performances [YPM™10|, what is actually
less than the performances, the p-doped materials exhibit. This is most
likely due to the fact, that the annealing in Te atmosphere improves the
composition in terms of Te, but not in terms of Se, since there is no Se
equilibrium atmosphere during annealing. Further annealing in combined
Te/Se atmosphere is likely to achieve further significantly improvements
of these materials.

Now, that the materials’ fabrication processes are achieved and the qual-
ity of the deposited thermoelectric materials is proven, in general the ma-
terials are ready for application use, e.g. the integration into microdevice-
thermogenerators. In order to obtain more detailed information about
the transport properties, in particular the cross-plane transport parame-
ters, nanostructured materials are used subsequently. The nanowires will
allow for the characterization of thermoelectric performance and trans-
port parameter in small dimensions, thus more informations on the in-
fluence of the crystal structure can be achieved in chapt. [§



Chapter 8

Nanostructuring - Nanowires

As discussed in chapt. [7] the fabrication of the developed material in
nanoscale dimensions is an eligible instrument for the analysis of the
physical properties of the thermoelectric materials in more detail. Due
to the small dimension in the range of about 50-100 nanometers, effects
such as increased scattering processes may occur, leading to an improved
thermoelectric performance.

The thermoelectric figure of merit

2
ZT = &T
K

points out the need for a high electrical conductivity on the one hand
and a small thermal conductivity on the other hand in order to optimize
the ZT value. As already discussed in chapt. [2| both values are directly
linked to each other by the Wiedemann-Franz law (compare eq. .
Shrinking the size of the fabricated structure in general leads to an in-
creased amount of surfaces, at which (boundary) scattering processes of
charge carriers may occur. Thus, the increased scattering processes may
decrease the thermal conductivity and so improve the thermoelectric fig-
ure of merit.

In addition, the predominant crystal orientation may be changed due to
a different, more aligned growth process inside the pores of the AAO
membranes. As already discussed, a decrease of crystal imperfectness

may significantly improve the thermoelectric performance (compare to
the in-situ XRD analysis in chapt. [7)).

Due to the well defined geometry of a single nanowire, high precise electric
and thermoelectric characterization of the material can be achieved in
contrast to measurements of ensembles of nanowires or macroscopic films.
Thus, single nanowire measurements are performed and will be discussed

subsequently in chapt. and

99
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The electrochemical deposition of nanowires starts with the fabrication
of alumina templates, into which the thermoelectric nanowires are de-
posited. The feasibility of such self ordered, hexagonally structured
membranes is well reported in the literature. First works of Masuda et
al. present a two-step anodisation process with the fabrication of porous
alumina membranes with a pore diameter of 70 nm |[MF95|. Today,
many other related works report about the fabrication and optimization
of highly ordered Al,O3 alumina membrane structures with different pore
diameters (20-300 nm), e.g. about the use of pre-textured alumina tem-
plates to form the ordering of the membranes [ANNT01]. However, most
of the work was done for the self-organized structuring process for hexag-
onal porous alumina membranes [MHO97| [JMG98|, for two dimensional
systems [LMB™99| or for modulated pore diameters [LMBT98| [LSST08|.

8.1 AAO Membranes

The fabrication process can be described as presented in fig. and is
directly related to the works by Yuan et al. [YHSX04]| and Nielsch et al.
INCST02].

>
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Figure 8.1: TIllustration of the fabrication process of AAO membranes
for the nanowire deposition; (A), a first, non ordered, hole-structure is
etched, (B) the redundant AAO is removed, (D) another layer of pores,
perfectly ordered is etched, (D) removal of redundant AAO [YHSX04]

The process starts with the electrochemical oxidation of the Aluminum,
which leads to not yet perfectly ordered pores in the AAO. After removing
the aluminum oxide, a second anodisation is performed with forming
highly self-ordered holes in the AAQO layer. The pores may be widened
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by chemical etching in phosphoric acid to the desired diameter. After
detaching the barrier layer from the oxide, an AAO membrane is isolated
with both ends opened. The back side of the membrane then is covered
by first sputtered Au and afterwards, an electrochemically deposited,
thick Au layer as electrode.

This Au layer then is connected to a potentiostat and thus used as the
working electrode for the electrochemical deposition of thermoelectric
material into the pores of the AAO membrane. Thus, the electrode-
posited nanowires have predetermined diameter (pore diameter of the

AAO membrane) and length (thickness of the membrane). In fig. a
SEM image of a loaded AAO membrane is presented.

Figure 8.2: Cross-section SEM image of the AAO membrane after electro-
chemical filling with Biy(Te,Se;_, )3 nanowires with 1=40 pm, diam=200
nm each

The nanowires embedded in the pores of the membrane are observable,
indicated by the white stripes in fig. [8.2] Most of the nanowires fill
almost 90-98 % of the total length (40 pm) of the pores. The diameter
of the nanowires is determined by SEM to be 200 nm. After dissolving
the AAO membrane in concentrated NaOH solution or chromic acid,
the wires are cleaned by pipetting and replacing the solution with either
distilled water or isopropanol. The nanowires solved in the solution then
can be processed for multiple purposes.

TEM (Transmission Electron Microscopy) images of a selected BisTes
nanowire are presented in fig. The overview image (a) exhibits
a uniform geometry and structure with sharp edges over the length of
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the nanowire. The diffraction image presented in (b) exhibits the high
degree of crystallinity of the nanowire, since the common reflections are
observable and only slight circular diffractions are observable.

Figure 8.3: TEM picture of a Bi;Tez nanowire with 1=40 pm, diam=200
nm; (a) overview, (b) reflection view

In fig. and [8.5 the TEM images of ternary Biy(Te,Se;_,); are pre-
sented, indicating the structure of the ternary, Se-doped BisTes nanowires
to be of even higher quality compared to binary BiyTe;. The nanowire
exhibits an almost perfect homogeneity, since the edges are uniform with
very smooth surfaces. Although the deflection image shows some slight
circular deflections, the material is observed to be single-crystalline. The
single-crystallinity has been proven to be homogeneously distributed over
the nanowires” surface. (compare additional HRTEM images in chapt.
[Al The composition of the nanowire has been proven to be almost ideal
composition by TEM-EDX.

TEM images of the nanowires of ternary p-doped (Bi,Sb;_,)oTes are pre-
sented in fig 8.6|and 8.7 As observed from (a), the surface of the edges
of the nanowires is not that smooth compared to those of the n-dopes
nanowires presented above. Although the nanowire is observed to be
uniform over it’s whole length of 40 pm, the outer regions of the wire
exhibit some areas of reduced material density and therefore, inhomoge-
neous diameter of the nanowire.

This phenomenon may be solved by the imperative addition of complex-
ing agents for all types of electrolyte, that contain Sb. In order to solve
the Sh, tartaric acid is added, building very large complexes (compare
chapt. . Thus, the mobility of the ions in the solution may be signif-
icantly decreased, causing a very low diffusion of ions during the elec-
trochemical deposition. Thus, the electrochemical deposition inside the
pores does not start from the bottom growing uniformly in z-direction,
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Figure 8.4: TEM overview image of a Biy(Te,Se;_,)3 nanowire with 1=40
pm, diam=150 nm

Figure 8.5: High resolution TEM image of a Biy(Te,Se;_,); nanowire
with 1=40 pum, diam=150 nm; inlay: reflection image

but it may take place, building empty enclaves, especially at the outer
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Figure 8.6: TEM overview image of a (Bi,Sby_, )2 Tes nanowire with 1=40
pm, diam=200 nm

Figure 8.7: High resolution TEM image of a (Bi,Sb;_,)2Tes nanowire
with 1=40 pm, diam=200 nm; inlay: reflection image

areas of the pores/nanowires. Thus, the scraggy areas at the edges of the
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nanowires are observed here. This problem may be solved by lacing of
additives or coating of the membranes’ pores. However, this also is the
reason for the challenging fabrication of binary ShyTes nanowires, since
the moderate positive influence of the Bi-doping atoms is missing there,

causing an even larger size of complexes compared to those of ternary
(Bibel,x)gTeg.

Figure 8.8: Illustration of the measurement setup for single nanowire

measurement, of the Seebeck coefficient and the electrical conductivity
[BOEHNERT]

8.2 Measurement Setup for Single Nanowires

In order to perform the thermoelectric characterization of single nanowires
fabricated with binary and ternary BisTes based materials, the Seebeck
coefficient and the electrical conductivity are measured and the thermo-
electric power factor is achieved by pf = S%0. As already discussed
above, single nanowire measurements allow for the precise determination
of thermoelectric performance, since the geometry analyzed is well de-
fined. In contrast, the measurement of the transport parameters on films
and nanowire ensembles lack this precision.

In fig. the principle of the measurement setup is illustrated. This
method has proven to work properly for various nanostructured materials
by Tim Boehnert, University of Hamburg. A current of a few mA in the
heater (contacts # 9 & 10) leads to P ~ 0.3 mW, thus a temperature
gradient AT of about ~ 5 K is realized trough the length of the contacted,
distinct part of the nanowire.

In fig. SEM images of the structure made by lithography onto
a glass substrate is shown at different magnifications. The contacted
nanowire is presented at a higher magnification in fig.
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Figure 8.9: Tllustrated contact setup used for single nanowire measure-
ment

Figure 8.10: SEM pictures of the contacted Biy(Te,Se;_, )3 nanowire with
1=40 pm, diam=200 nm

After realizing the temperature difference AT in the nanowire, the Volt-
age Unermal 1s measured between the contacts # 1 & 8 (thermometers)
along the contacted nanowire. Subsequently, an AC current of ~ 10 uA
flows between contacts # 1 & 4 and between # 8 & 5. In order to avoid
interferences, different frequencies are used: fj4 # fg5. The contacts #
2 & 3 and # 7 & 6 are used as voltage probes for the measurement
of the resistivity of the well-defined part of each thermometer. Thus,
the temperature of each nanowire end can be determined. Simulation
results for the temperature gradient in function of the length along the
main nanowire axis and along the thermometer are presented in fig.
Thus, only very small deviations of the temperature are expected at the
contact points of the thermometers and in addition, a temperature gra-
dient is expected along the nanowire, since the heater is located at one
end of the mounted nanowire. This results have to be taken into account
for the evaluation of the single nanowire measurement. The Seebeck
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coefficient is achieved by

S - _Uthev'mal _Uthev'mal

AT B Thot - Tcold

In addition, the electrical resistivity Ryanowire 1S measured along the nanowire.
Thus, the electrical conductivity can be achieved by

lnanowire
o= (8.1)

Rnanowire : Ananowire

with Ajanowire a0d lianowire t0 be the cross-section area and lenght of the
contacted part of the nanowire, which are determined to be 200 nm and
9 pm, respectively.

By using pf = S?0, then the thermoelectric power factor is calculated.

Figure 8.11: (a) simulation of the temperature along the main nanowire
axis; (b) simulation of the temperature along the thermometer [BOEHN-
ERT]

8.3 Seebeck Measurements

In fig. [8.13] the electrical conductivity of a single Biy(Te,Se;_,)3 nanowire
is presented. The resistance of the nanowire is measured in dependence
on the temperature 7. The measurement starts at 50 K towards RT.
The resistance is measured between both ends of the nanowire contacted
to the structure presented above. Since the length and the diameter
of the nanowire is known, the electrical conductivity can be determined
with respect to eq. [8.1]

With increasing temperature, the resistance of the nanowire slightly in-
creases, which is characteristic for a metal-like behavior. For T' > 300 K,
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Figure 8.12: SEM picture of the contacted Biy(Te,Se;_, )3 nanowire with
1=40 pm, diam=200 nm

irreversible structural changes in the crystal structure start to occur, sim-
ilar to those observed with the annealing of thin films, which have been
discussed in more detail in chapt. However, the resistance starts to
decrease with increasing annealing time and -temperature (black curve).
This is most likely due to an improved crystal structure and a therefore
increasing mobility of the charge carriers. In addition, the contacts may
have changed due to diffusion of Pt through the barrier layer. Also the
nanowires’ geometry, e.g. diameter may have changed during the anneal-
ing process.

The resistance after annealing at RT finally appears to be reduced to al-
most 50 % the initial value before annealing. Further heating of the ma-
terial now shows a repeatable electrical resistance. The metallic behavior
is most likely due to the presence of low energy donator subbands, which
cause an almost homogeneous charge carrier density with increasing tem-
perature, leading to be the carrier mobility the dominant parameter to
contribute to the electrical resistance.

The Seebeck coefficient of the Biy(Te,Se;_, )3 nanowire as function of the
temperature is shown in fig. [8.14] S increases with increasing temper-
ature. This is consistent with the behavior of the resistance discussed
above. The initial Seebeck coefficient S of the as deposited nanowire is
around —30 ’% at 50 K. S increases up to a maximum value ~ —110 %
at 300 K, where the curve of S gets almost saturated.

After returning to room temperature, the Seebeck coefficient exhibits an
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Figure 8.13: Electrical conductivity of a Biy(Te,Se;_,)s (39.7 at.% Bi,
54 at.% Te, 6.3 at.% Se) nanowire with with 1=40 pm, diam—=200 nm
pulsed deposited (10/50 ms) in function of the annealing temperature

Figure 8.14: Seebeck coefficient of a Biy(Te,Se;_,)3 nanowire with 1=40
pm, diam—200 nm pulsed deposited (10/50 ms) in function of the an-
nealing temperature

improved value of around —37 % It increases in parallel to the behavior
of the as deposited wire, but keeps the improvement over the whole range
of T'. Thus, the structural improvements discussed above also indicate the
influence to the Seebeck coefficient, most likely by significantly decreasing
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Figure 8.15: Power factor of a Biy(Te,Se;_,)s nanowire with 1=40 pm,
diam=200 nm pulsed deposited (10/50 ms) in function of the annealing
temperature

the charge carrier concentration due to crystal improvements. Thus,
the power factor presented in fig. exhibits an improvement with
increasing temperature and also a strong irreversible improvement due
to annealing effects.,

In fig. [8.16] the conductivity of a (Bi,Sbi_,)»Tes nanowire is presented
in function of the temperature. In contrast to Biy(Te,Se;_,)s, the resis-
tance steadily increases. Thus, the electrical conductivity decreases with
increasing temperature 7.

After heating the material up to 400 K for 20 h, annealing effects similar
to those discussed above are observed. Thus, the electrical resistance
further increases at T=400 K (constant). This may most likely be due
to the reduction of crystal defects and therefore decreased charge carrier
density. After the annealing process, the electrical resistance remains
higher compared to the as deposited state, but still scales linearly with
the temperature.

In figure [8.17] the Seebeck coefficient is presented as function of the tem-
perature. It exhibits a strong correlation to the temperature. As much
as with the electrical resistance, it increases with increasing tempera-
ture. Also, the nanowire exhibits annealing effects, the Seebeck coeffi-
cient shows an increase of about +30 % after annealing. At temperatures
above 350 K, S starts to saturate.

The power factor of the (Bi,Shy_,)sTes nanowire is presented in function
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Figure 8.16: Electrical conductivity of a (Bi,Sb;_,)oTes nanowire with
1=40 pm, diam=80 nm pulsed deposited (10/50 ms) in function of the
annealing temperature

Figure 8.17: Seebeck coefficient of a (Bi,Sb;_, )2 Tes nanowire with 1=40
pm, diam=80 nm pulsed deposited (10/50 ms) in function of the anneal-
ing temperature

of the temperature in fig. It increases with increasing 7. At tem-
peratures above 350 K, the derivation of pf starts to decrease, dominated
by the behavior of the Seebeck coefficient discussed above. Since the elec-
trical resistance R (compare fig. is very high compared to that of
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Figure 8.18: Power factor of a (Bi,Sb;_,),Tes nanowire with 1=40 pm,
diam=80 nm pulsed deposited (10/50 ms) in function of the annealing
temperature

Biy(Te,Se1_,)s (compare fig. [8.13)), the power factor is low compared to
that of Big(Te,Se;_,)3. One reason for the high values of R may be the
fact, that the surface of the edges of the (Bi,Sb;_,)2Tes nanowire is rough
compared to those of the Biy(Te,Se;_,)3 nanowire (compare chapt. .
Thus, the effective diameter of the Bi,Sb;_,)sTes nanowire cannot be
determined accurately. In order to ensure reliable results, the diameter
used for the calculation of the power factor is set conservatively. It is
also possible to assume much smaller diameter, which would improve the
thermoelectric performance significantly.

8.4 Nanowire Field-Effect Transistor

In order to understand the nanowires’ electrical properties presented
above, they have to be analyzed in more detail. Since the electrical con-
ductivity scales with the charge carrier density and mobility (o = nep),
these values are of high interest.

Therefore, single nanowires are contacted similarly as discussed above
(compare fig. with the measurement setup for the determination of
the Seebeck coefficient, but onto a highly conductive Si wafer with 200nm
of thermal Si-oxide on top. This method has been intensely proven to
work by [Gooll]. The "nanowire field-effect" transistor (NFET) is com-
parable to a metal-oxide semiconductor field effect transistor (MOSFET),
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since the gate is separated from the drain and source of the transistor
by an isolating layer of Si-oxide. Similarly to an ordinary transistor, the
current through the nanowire is controlled by the voltage applied to the
gate. In fig. a scheme of the device is presented. Three differ-
ent analysis models with different IV-curve behavior are applicable for
MOSFET measurements - here, the device is analyzed using the "linear
model" [Zeh11], where the semiconductor is assumed to behave like an
ohmic resistor, that is modulated by a back gate. [Gooll]

Figure 8.19: illustration of a field effective nanowire transistor with con-
tacted nanowire of 200 nm diameter and a contact distance of 9 um
[Gooll]

The current through the nanowire Iyy is given by the current between
the transistor’s source and drain:

Q
Inw = Isp = 7 (8.2)
with the total charge () and the time ¢ = —M (v :velocity of charge

carriers) for the charge carriers to move through the nanowire. Drude
modeled the velocity of the charge carriers to be
%
v=pk = u% (8.3)

with the voltage Vsp along the nanowire of length L. Since the velocity
v is assumed to be constant, £ can be replaced. Thus, eq. can be
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expressed as

Isp = Q=2 (8.4)
gives the current through the nanowire. If one assumes the charge carrier
density to be constant throughout the length of the contacted nanowire
and Vg — Vipresn > Vs D, Q can be expressed by Q = —C (Vg — Vipresn)
for Vg > Vipresn and else Q=0. The threshold voltage Vi esn thereby is
defined as the threshold of the gate voltage once the current through the
nanowire starts. C is the capacitance of the nanowire, which has to be

simulated using the setup geometry - the resulting capacity distribution
is presented in fig. The mobility then can be expresses as

- LspL?
VspC(Ve — Vinresn)

Since the threshold value often cannot be determined accurately due to

(8.5)

0

imperfectnesses of the measurement setup, the transconductance g = ddTIG
is used instead. Thus, the charge carrier mobility is given by
L2
= 8.6
H=9v (8.6)

which appears to be dependent on the major charge carriers (positive /negative)
by the sign of the slope. Then, the charge carrier density (n/p) can be
expressed by using

Isp = /andA = qnuA (8.7)
finally to:

IspL
n=—2""_ 8.8
quVspA (8:8)
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Figure 8.20: Capacitance throughout the 200 nm nanowire on 200 nm
Si-oxide substrate (simulated)

In figure the transport parameter n (charge carrier density), u
(charge carrier mobility) and o (electrical conductivity) are presented for
a n-doped Biy(Te,Se; )3 nanowire with a diameter of 200 nm in function
of the temperature ranging from 77 to 300 K. The charge carrier density
n of as deposited nanowires increases with increasing temperature 7' -
as expected for semiconductors. This is due to an increased amount of
charge carriers to move to the conduction band, contributing directly to
the electrical conductivity. This is consistent with the results presented
above with the Seebeck measurement of the nanowire.

The charge carrier mobility decreases with increasing temperature, which
is most likely caused by increased phonon-electron scattering processes
at higher temperatures. After the thermal treatment of the samples in
He atmosphere at 550 K for 2 h, the electrical conductivity o increases by
approximately +50 % (at 78 K) and 422 % at 300 K. This is consistent
to the changes observed during annealing presented above (compare fig.
Although the electrical conductivity decreases in function of the
temperature T after the annealing process, the charge carrier density
remains proportional to 7" and the mobility reciprocally proportional to
T'. Thus, electrical conductivity after the thermal treatment is dominated
by the mobility.

The results for p-doped (Bi,Sb;_,)sTes nanowire with a diameter of 80
nm in function of the temperature are presented in fig. 8.22] Here, the
charge carrier density p also increases with the temperature 7" and the
charge carrier mobility decreases with increasing 7.



8.4 Nanowire Field-Effect Transistor 116

Figure 8.21: Charge carrier density and mobility, electrical conductivity
of a Biy(Te,Se;_;)3; nanowire with a diameter of 200 nm in function of
the temperature

Figure 8.22: Charge carrier density and mobility, electrical conductivity
of a (BiSbi_,)2Tes nanowire with a diameter of 80 nm in function of
the temperature

In contrast to n-doped material, the derivation of i is more negative, thus
the electrical conductivity slightly decreases with increasing temperature.
This is consistent with the behavior observed in the measurement of S
and o above (compare fig. [8.17). After annealing, the electrical conduc-
tivity decreases, this is consistent with the behavior observed above in
fig. Here, o still exhibits a reciprocal proportionality with 7. Nev-
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ertheless, the charge carrier density increases and the mobility decreases
with T, indicating a semiconductor-like behavior of the material. After
annealing, n exhibits a decrease of approximately —35 % and the mo-
bility increases by about 10 %, indicating an improved crystal structure
after the thermal treatment.

8.5 Discussion

The nanowires show a 200 % higher thermoelectric performance com-
pared to the electrodeposited thermoelectric films discussed in chapt.
and [6] This is caused by a significantly increased electrical conductivity,
which is most likely due to an improved crystal structure and improved
orientation. The results obtained for these nanowires are improved about
80-140 % compared to the best reported electrodeposited nanowires in
the literature (JMGSP™03| [ZSTB07| |[LSZ708|) and they are compara-
ble to best reported nanocrystalline bulk materials presented in fig.
The thermopower obtained here is about 62 % the bulk value. Similar
to the bulk, the Seebeck coefficient increases up to 7" about 400 K.
This behavior is expected for metals, since for semiconductors, the charge
carrier density n is expected to increase with 7" and S is reciprocally
proportional to n (compare eq. . Since the electrical conductivity
decreases with T', the charge carrier mobility is subject to decrease with T'
as well. This behavior is consistent to [PHM™08| and the results discussed
above with the electrodeposited nanowires. ¢ exhibits values of about 10
% the value for nanocrystalline bulk.

The more positive derivation of the thermopower S compared to that
of bulk material causes an increasing power factor pf (fig. and
values of almost 50 % the bulk value [PHM™08| [NBKB11]. Based on
the results achieved with the annealing in equilibrium Te ambience, the
thermoelectric performance of nanostructures thermoelectric material is
subject to further improvements due to this thermal treatment.
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Figure 8.23: Thermoelectric  performance of nanocrystalline
(Bi,Sb;_,)2Tes bulk material [PHM™08|; A: electrical conductivity; B:
Seebeck coefficient; C: power factor



Chapter 9

Compendium

In this work, a comprehensive study on the electrochemical deposition of
thermoelectric n- and p-doped chalcogenide materials has been carried
out. High material qualities comparable to those of more cost-intensive
deposition methods such as molecular beam epitaxy (MBE) or thermal
co-evaporation are realized by electrodeposition technique. Based on the
knowledge about the deposition of binary n-doped BisTes given in the
literature, the development of binary p-doped SbyTes materials has been
performed. The influence of chemical and structural parameters such as
the composition and the crystal structure on the thermoelectric perfor-
mance of the deposited materials has been investigated. In order to reach
ideal stoichiometry, a close control of the composition has been carried
out by highly accurate chemical analysis using various methods such as
ICP-OES and EDX. A novel millisecond pulsed electrodeposition tech-
nique was applied in order to significantly improve the material quality
by improved crystal growth. The deposited materials show good ho-
mogeneity in terms of growth, density, and thermoelectric performance.
Measurements of parameters contributing to the thermoelectric perfor-
mance such as o and S have been performed depending on the temper-
ature in order to understand the behavior of the semiconductor materials.

Further improvements of the deposited materials have been achieved by
forced doping using Bi and Se in order to realize ternary compounds.
These n-doped Biy(Te,Se; ;)3 and p-doped (Bi,Sb;_,),Tes materials ex-
hibit improved electrical transport parameters. Thus, the thermoelectric
figure of merit of the n-doped ternary compounds significantly improves
to 550 % the value of its binary counterparts (compare tab. .
p-Doped binary SbyTes already exhibits a very high quality compared
to n-doped BiyTes. However, further improvement of 133 % have been
realized for the p-doped ternary compounds as well.

119
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Figure 9.1: (a) SEM image of microstructured thermoelectric generator
[GSDHO9]; (b) electrodeposited SheTes film on a 4 inch wafer

Although the electrodeposition process has been optimized in order to
reach a high and reproducible material quality, the accuracy of chemical
composition is still in the order of £ 1-2 %. Further improvement towards
ideal composition are realized using a postdeposition thermal treatment
in He/Te atmosphere.

Thermal treatment in He atmosphere leads to a +20/35 % (p/n-doped)
higher thermoelectric performance due to an improved crystal structure
and lowered defect density. Annealing in Te atmosphere is proven to
cause further increases towards ideal stoichiometry. Due to a very strong
correlation of the thermoelectric performance with the composition of
the deposited materials, these improvements in the composition lead to
further, significant improvements in the thermoelectric performance of
+108 % (n-doped - ZT' 0.25) and +42 % (p-doped - ZT 0.4) compared
to the electrochemical as-deposited materials (tab. [7.2)).

Due to the given geometry of thermoelectric films, the measurement of
the thermoelectric performance is limited to the measurement of o and S
in the in-plane direction and the measurement of S and s perpendicular
to the surface. In order to obtain more information about the thermo-
electric performance of the deposited materials, a different geometry is
realized by the deposition of the optimized materials into porous alu-
mina membranes with pore diameters in the range of 80-200 nm. The
thermoelectric nanowires subsequently are used for single-nanowire mea-
surement of S and o. In order to characterize the behavior of the semi-
conductor materials, the charge carrier density and mobility are charac-
terized using a nanowire field effective transistor setup. All parameters
are determined in function of the temperature. Thus, an investigation of
the materials in more detail has been realized. Further analysis of the
(temperature dependent) thermal conductivity at single nanowires may
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allow for an almost full characterization of the thermoelectric figure of
merit in the future.

Due to their optimum working temperature between 300-500 K, the ma-
terials developed and characterized in this work are eligible to be used
for all kinds of thermoelectric application operating at around room tem-
perature. To date, several approaches of microstructured thermoelectric
energy converters (e.g. by Glatz et al. - fig. (a)) are expected to be
accomplished within the next couple of years. [SGDHO08| [GSDH09]

The fabrication of thermoelectric materials by the pulsed millisecond
electrochemical deposition method presented in this work may also be
extended to other thermoelectric materials of interest, such as lead tel-

luride or skutterudites, which perform best at a different temperature
range than BiyTes (compare .

Due to several advantages such as scalability (compare fig. (b)), high
material quality and low process costs, the electrochemical deposition is
suspected to become a practical future alternative for the fabrication of
thermoelectric materials.



Appendix A

Appendix

Figure A.1: High resolution TEM image of a n-doped Biy(Te,Se; )3
film pulsed deposited (10/50 ms) at E=-0.21V vs. Ag/AgCl/KCI (sat.);

overview
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Figure A.2: High resolution TEM image of a n-doped (Bi,Sb;_,).Tes
film pulsed deposited (10/50 ms) at E=-0.21V vs. Ag/AgCl/KCI (sat.);

overview
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Figure A.3: Vapor pressure chart of Bi, Sh, Te, Se [VEE].
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Figure A.4: High resolution TEM image of a Biy(Te,Se;_,)3 nanowire
with 1=40 pm, diam=150 nm; inlay: reflection image

Figure A.5: High resolution TEM image of an area of higher porosity of
a Biy(Te,Se;_, )3 nanowire with 1=40 pm, diam=150 nm
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Figure A.6: TEM-EDX image of an area of higher porosity of a
Biy(Te,Se;_,)3 nanowire with 1=40 pum, diam=150 nm
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Figure A.7: TEM-EDX image of a (Bi,Sb;_,)2Tes nanowire with 1=40
pm, diam=200 nm
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Appendix D

Versicherung an Eides statt

Ich versichere an Eides statt, dass ich die Inanspruchnahme fremder Hil-
fen aufgefiihrt habe, sowie, dass ich die wortlich oder inhaltlich aus an-
deren Quellen entnommenen Stellen als solche kenntlich gemacht habe.

Hamburg, den 04. April 2012

(Christian Schumacher)
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