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Abstract

The introduction of nanotechnology and new horizons enabled previously unattainable
by thermoelectric devices. The nano-scale phenomena began to be exploited through
techniques of thin-film depositions to increase the efficiency of thermoelectric films.
This chapter reviews the fundamentals of the phenomenon of thermoelectricity and its
evolution since it was discovered in 1822. This chapter also makes a review about the
thermoelectric devices the macro to nano devices, where it is described the most used
techniques of physical vapor depositions to deposit thermoelectric thin-films. Then, it is
presented a custom made deposition chamber for depositing thermoelectric thin-films
by the thermal co-evaporation technique, where the construction issues and
specifications are discussed. All the steps for obtaining a thermoelectric generator in
flexible substrate with the custom deposition chamber (to incorporate in thermoelectric
microsystem) are described. The aim of thermoelectric microsystem relays to introduce
in a human energy harvesting applications to power wireless sensor networks (WSN) or
biomedical devices. The scanning probe measuring systems for characterization of the
thermoelectric thin-films are also described in this chapter. Finally, a few number of
prototypes of thermoelectric thin-films (made of bismuth and antimony tellurides,
Bi,Tes and Sb,Tes, respectively) were obtained by co-evaporation (using the custom
made deposition chamber) and characterized for quality assessment. All of the issues
involved in the co-evaporation and characterization are object of analysis in this
chapter.
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1 Introduction

The need for production of electricity by mankind has intensified and is likely to
increase. Much of the actions of human beings inevitably require a power source,
whether in food, transportation or work. The energy sources from fossil materials shall
disappear, and therefore, the solution in generating electricity lies from renewable
sources. Renewable energy solutions exist to date, and the one that brings a greater
potential is the thermal/geothermal. Not always the source is available in solutions for
renewable energies such as sunlight, wind or water. The increase in global temperature
of the Earth produces a great potential for generating electricity by heat released or
waste heat. The phenomenon of thermoelectricity may be the solution to be adopted in
renewable energy thermal/geothermal applications. One of the challenges that mobile
devices face is the need to obtain a reliable source of power, beyond the limitations
imposed by the batteries. The solution lies in devices capable of recovering energy from
the environment surrounding the device or the user. The human body radiates heat
continuously and the devices that are in direct contact can recovery the waste heat, i.e.,
the thermoelectric generators (TEG). Until now TEGs have low efficiency, a factor that
has been changing in recent years with the use of thin-film deposition techniques and
the exploration of phenomena at the nano-scale. It thus becomes important to build
systems capable of producing thin films for flexible microsystems for production of
electricity.

1.1Thermoelectricity

In 1822 Thomas Seebeck discovered that if applied a temperature gradient between the
junction of two different materials, occurs an voltage like in a temperature sensor, and
consequently by an electric current in a closed circuit as a thermoelectric generator (in
Fig. 1) [1]. The Seebeck effect («) is given by the difference of temperature (AT) which
causes a voltage difference (AV).
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Fig. 1. Seebeck experiment; (a) Temperature sensor; (b) Thermoelectric generator.




Only 12 years later Jean Peltier found that in the junction of two materis — bismuth (Bi)
and Antimony (Sb) — thermic energy is released or absorbed depending on the electric
current [2]. Although Peltier used the Seebeck effect in his experiments, he could not
estimate the foundations of their observations or relate to the effect Seebeck's findings.
Only in 1838 Heinrich Lenz was able to explain the nature of the Peltier effect with an
simple experiment (Fig. 2) [3,4]. He put a drop of water on top of the junction of
bismuth (Bi) and antimony (Sb). He managed to freeze the water drop and changing the
direction of electric current between junctions, it melted.
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Fig. 2 - Lenz’s experiment by Peltier effect; (a) Cooling; (b) Heating.

Thus Lenz made the first thermoelectric device. In 1851 William Thomson - better
known as Lord Kelvin and the absolute temperature scale - proposed in 1848 [5] to
establish the Peltier coefficient (1) may be related to the Seebeck coefficient (@) using
the following formula.

m=aTl,[V] ?2)

Where T represents the temperature of in junction of the materials [6]. Thomson
predicted the existence of a third effect. The Thomson effect defines the cooling and
heating of an electrical conductor in the presence of electric current when exposed to a
gradient temperature. It is generally despised for being well below the Peltier effect [7].
In 1885 John William Strutt also known as the 3™ Baron Rayleigth (Nobel Prize in
physics 1904) used the phenomenon of thermoelectric power generation but with
incorrect calculations and regarding the efficiency of thermoelectric generator [8].
Studies on the satisfactory thermoelectric generation and cooling were achieved by
Edmund Altenkirch in 1909 and 1911 [9,10]. Altenkirch concluded that good
thermoelectric materials needed to have a high Seebeck coefficient (a) but with low
thermal conductivity (4) to retain heat in the junction, and low electrical resistivity (p)
to minimize the Joule heating. These properties would then be designated to
characterize the thermoelectric materials by assigning the name of figure of merit (2).
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Where (o) represents the electrical conductivity inverse to the electrical resistivity (p)
and given by.
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1.2Thermoelectric devices

Until around 1930 the thermoelectric materials had a Seebeck coefficient in the order of
10 uVK!' or below and with efficiency of 1% therefore a weak source of electrical
energy. In 1947 Maria Telkes gave another boost by using synthetic thermoelectric
semiconductors with a Seebeck coefficient of 100 uVK™" and efficiency of 5 % [11].
During the beginning of 1900 Abram Ioffe studied the theory of thermoelectric
materials with semiconductor published in 1949 [12]. He encouraged his PhD student
Yuri Maslakovets to truly develop the first thermoelectric generator (TEG) efficiently
than 5% through the semiconductor material lead sulfide (PbS). His PhD thesis [13] was
during World War II a secret document because their study allowed the development of
a TEG that fed a Soviet military radio station for 400 hours and produced 12 W with a
temperature gradient of AT > 300 °C. The loffe’s group formulated the principles for
thermoelectric devices that are used up to today. In 1950 Ioffe and another student
Lazar Stilbans presents the first thermoelectric cooling device (TER) with the best
thermoelectric material so far by joining bismuth, antimony and tellurium (BiSbTe)
with a Z=2 x 107 K! [14-16]. In 1952 Stilbans presents for the first time the bismuth
telluride (BixTe;) which later came to be used as material in the n-type thermoelectric
structures and published only in 1956 with Ioffe due the Soviet secrecy [17]. In 1954
H. Julian Goldsmid and R. W. Douglas presented the first thermoelectric device capable
of cooling below 0°C from room temperature [18]. Until then, the compound of
bismuth telluride (Bi,Tes;) had the highest figure of merit (Z) with many potential
applications for power generation and cooling but their efficiency is reduced at
temperatures above 200 °C. It was then studied a silicon germanium compound (SiGe)
which although not present a higher figure of merit (Z) but have operating temperatures
much higher in the order of 730 °C to 1000 °C [7]. The first studies of the thermoelectric
materials at high temperatures were conducted and published in 1955 and 1958 [19,20]
by I. M. Templeton and his group. R. B. Roberts reformulated them and published in
1977 [21].

1.2.1 Macro-devices

The great breakthrough in semiconductor technology has allowed in the 60 decade the
development of modern technologies of communication and data acquisition which
were meeting with the characteristics of thermoelectric generators. Equipment’s such as
radio transmission towers in remote locations need a trustworthy and reliable energy
supply. Without the thermoelectric generators was not possible due to the limitations of




batteries. The solar cells were a very new technology and inefficient, motor generators
did not last long or the construction of power lines was too expensive. All these factors
contributed to the use of thermoelectric power generation and as an independent source
for seismographs, weather stations, and radio transmission towers in isolated places like
Mount St. Helens (Alaska - USA) and gas platforms [7]. Thermoelectric generators
were used in space in the 60’s to 90’s missions like Apollo, Voyager, Galileo and
Ulysses. The radioisotope thermoelectric generators (RTG) were used in space and in
isolated environments on Earth. The heat obtained from the decay of plutonium (Pu)
and strontium (Sr) where are used in nuclear auxiliary generators (SNAP) and the SiGe
as thermoelectric material to withstand the high operating temperatures [7,22,23]. Since
then important patents have been registered for the manufacture of thermoelectric
devices [24-26] that culminated in a modern thermoelectric device (Fig. 3). The
thermoelectric device is constituted by semiconductor thermoelectric materials
(alternating between p-type and n-type), electrically connected in series and thermally in
parallel by metal contacts. Two ceramic plates are electrical insulators but good thermal
conductive and serve as substrate for the thermoelectric structures. The devices are
silent, do not require maintenance and are very robust.
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Fig. 3 - A modern thermoelectric device.

Thermoelectric devices have been used in numerous areas. With efforts to reduce CO,
emissions by the automotive industry the research company /A V GmbH presents for the
first time in 1986 the Eco-Polo with thermoelectric generators in the exhaust pipe. In
2004 the BSST develop to BMW a similar system capable of producing 1 kW [27-29].

Fig. 4 - BSST thermoelectric project to introduce in a BMW S series.

The human body radiates heat continuously which promotes many thermoelectric
applications, ie, TEG in wristwatches, like Seiko Thermic and Citizen Eco-Drive
Thermo [30,31].

Fig. 5 - Thermoelectric wristwatches; (a) Seiko Thermic; (b) Citizen Eco-drive Thermo.
1.2.2 Micro-devices

The first attempt to miniaturize a thermoelectric generator was carried out by
D. M. Rowe [32] and patented in 1988 [33]. With deposition techniques of thin-films
thermoelectric took the interest of other researchers and it was possible to develop
small-scale thermoelectric devices. The Micropelt was among the first companies to
commercialize thermoelectric micro devices. It is used a semiconductor material
(BiyTes) n-type and p-type deposited in a separate silicon wafer. Later the two substrates
are bonded resulting in the micro device with 540 junctions and capable of generating
approximately 24 W/cm® with a temperature gradient of 120 °C [34-36].
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Fig. 6 - Micro thermoelectric device - Micropelt MPG-D751.

The Nextreme Thermal Solutions Inc. sells micro thermoelectric devices with
technology developed by the RTI laboratories (Research Triangle Institute).

Fig. 7 - Thermoelectric devices from Nextreme; (a) OptoCooler UPF4 with cooling capacity of
112 mW/em?; (b) eTEG UPF40 in comparison with a small dimensions common thermoelectric
device; (¢) eTEG UPF40 structure, announced 4 W/cm?> with gradient temperature of 120 °C [37].

Since then numerous projects of miniaturization of thermoelectric devices have been
developed by F. Volklein and V. Leonov from IMEC (Interuniversity Microelectronics
Centre) (Fig. 8). This group explored the fabrication process of thermoelectric sensors
with MEMS techniques (Micro-Electro-Mechanical Systems) [38,39] which are used in
human harvesting applications. [40,41].

Fig. 8 - Thermoelectric projects form do IMEC; (a) Pulse oximeter powered by a TEG with power
consumption of 62 pW at 22°C; (b) Body-powered ECG headband. [42].

D. D. L. Wijngaards presents in his PhD thesis a micro thermoelectric membranes
developed through a process compatible with CMOS fabrication. It was used the
polycrystalline SiGe (polySiGe) and polycrystalline Si (polySi) has the thermoelectric
materials and deposited by CVD (Chemical Vapor Deposition). The figure of merit
obtained for the n-type has 0.203 mK™ and 0.123 mK™ for the p-type with maximum
with maximum gradient temperature of 2 °C [43]. Also in the PhD thesis of L. da Silva
is shown a cooling thermoelectric device (Fig. 9(a)). L. da Silva used the co-evaporation
technique to deposit thin-films thermoelectric materials of Bi,Te; and Sb,Tes; with the
desired stoichiometry. The thermoelectric materials are characterized during the
deposition. It was achieved a stable temperature of the device of 63 °C from ambient
temperature and resistance of 51 Q at 23 mA of electric current [44].

Fig. 9 - (a) L. da Silva micro thermoelectric device with 60 junctions and thermoelectric structures
of 7 pm in dimension [44]; (b) L. M. Goncalves planar thermoelectric device in flexible substrate
with 8 junctions [45].

L. M. Goncalves presents in his PhD thesis the first planar micro thermoelectric cooling
device (Fig. 9(b)). The device has fabricated in flexible polyimide substrate with 25 um
of thickness. The thermoelectric materials were deposited by thermal co-evaporation
and the Bi,Tes as n-type and the Sb,Tes as p-type. He obtained ZT = 0.85 for Bi,Te;
and e ZT = 0.3 for S,Te; with Seebeck coefficient between 150 to 250 uVK'1 [45].

1.2.3 Nano-devices




The compound bismuth telluride (BiyTe;) and antimony telluride (Sb,Tes) presents a
figure of merit higher than the compound polysilicon-germanium (polySiGe) but lower
operation temperature. During nearly four decades the figure of merit never passes the
unit value. Then the researchers focused on increasing the figure of merit using thin-
film depositions and the nano-scale phenomena. In 1993 L.D.Hicks and
M. S. Dresselhaus published the theoretical models about electron confinement through
quantum wells and increasing the figure of merit. This way the Seebeck coefficient is
increased and reduced the thermal conductivity of the thermoelectric material [46].
R. Venkatasubramanian from RTI laboratories presents in 2001 an semiconductor
thermoelectric material p-type (Bi,Tes/Sb,Tes) in superlattices with ZT = 2.4. This
value inspired the researches and has completely revolutionary up to date.
R. Venkatasubramanian marked them as one of the most important personalities in the
thermoelectric field. He published well the approaches to increase the figure of merit:
by quantum wells, superlattices and thermionic effects in heterostructures [47]. Recently
he announced a thermoelectric generator with efficiency of 19 % (Fig. 10 (b)).

Fig. 10 - R. Venkatasubramanian thermoelectric projects; (a) Project presented in 2001;
(b) Thermoelectric generator presented in 2009 with efficiency of 19 % (RTI courtesy) [48].

1.3 Motivation

The scientific research in thermoelectric took another interest since 1993 [46] with the
introduction of nanotechnology and new horizons enabling previously unattainable by
thermoelectric devices. The nano-scale phenomena began to be exploited through
techniques of thin-film depositions to increase the efficiency of thermoelectric films. As
presented in Fig. 11 the thermoelectric generators have been applied in several areas.
The waste heat is the source with the largest range in the power range (/) that the
thermoelectric devices can acquire. Space applications have great potential for
application because they produce large amounts of electrical energy but presents serious
risks by using radioactive materials [49]. The micro thermoelectric generators have a
great potential of application in biomedical devices like the pacemaker [50] or powering
wireless sensor networks (WSN) [51-55].
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Fig. 11 - Power consumption scale by energy sources for thermoelectric generators [7].

Also a motivation of building a low cost chamber for deposit thermoelectric thin-films
is worth. This deposition system is custom fabricated for the thermoelectric thin-films
by the thermal co-evaporation technique. The necessity of build such a chamber lies on
the contamination of the thermoelectric materials in the actual deposition PVD
chambers. A small size chamber for depositing thermoelectric thin-films is represented
in Fig. 12. The chamber needs to have performance like the complete deposition
systems but with low costs. Also the thermal co-evaporation technique needs a custom
configuration to obtain the right stoichiometric of the thermoelectric thin-films. The
chamber was projected with a cylindrical special glass shape allowing the visualization
of the process by the operator. To obtain a uniformed thin-film the chamber was
projected by a rotated and heated substrate holder.
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Fig. 12 — Design of a deposition chamber to deposit thermoelectric thin-films.




2 Thermoelectricity

2.1 Thermoelectricity theory

The thermoelectricity consists in the conversion of temperature gradients to electric
energy and it is quantified by the Seebeck coefficient (@) in 1822. When a material
(metal or semiconductor) with a negative Seebeck coefficient is heated at one end and
cooled in the other, the electrons present in the material tend to move from the hot to the
cold section (Fig. 13). The hot section is in excess of ions (positively charged) while the
cold is to lower energy levels. The reverse is obtained for materials with a positive
Seebeck coefficient () (Fig. 14) [7,45].
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Fig. 13 — Seebeck effect by d tration the electron movement from the hot section to the cold
section.

It is reached a load balancing of the material when the electrical field obtained by the
load prevents electrons movement. The Seebeck effect is the voltage obtained by the
temperature difference.
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Fig. 14 — Junction of two materials with negative Seebeck coefficient (on top) and positive (botton).

When the junction of two materials is covered by an electric current thermal energy is
released or absorbed at this junction. The thermal energy released or absorbed is
proportional to the electrical current introduced at the junction. This effect is quantified
by the Peltier coefficient (1) through the relationship with the Seebeck coefficient (a)
and the temperature (T') at the junction [7].

w=aT,[V] 2

In terms of electrical conduction the materials can be conductors, insulators,
semiconductors and superconductors. All materials have two energy bands: the valence
band and conduction band (Fig. 15). There is an energy associated with each of these
two bands, the valence energy (E,,) to the valence band and the conduction energy (E)
to the conduction band. The energy gap (Eyqp) is the energy between the valence and
conduction bands. A metal is semiconductor if:

Egap = EC - Ev B [CV] (6)

An insulator has a very high energy gap with makes very difficult the transfer of
electrons from the valence band to the conduction band (Fig. 15(a)) [56]. As the energy
gap is smaller in a semiconductor then the electrons can move from the valence band to
the conduction band as a result of temperature is different from 0 K (Fig. 15(b)). In
semiconductors the electrons that pass from the valence band to the conduction leave a
gap in the valence band. In the conductors is not clear a separation between the valence
and the conduction band (Fig. 15(c)) [56].
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Fig. 15 — Structure of the energy bands; (a) Insulator; (b) Semiconductor; (¢c) Conductor.

In a semiconductor the temperature rising is enough for electrons to gain energy to leave
the valence band to the conduction. It is known the pair electron-gap formed by a free
electron in the conduction band and a hole in the valence band [56]. In the case of
non-doped semiconductors (intrinsic) to move the electron from the valence band to the
conduction band is necessary provide energy (E;,,) greater than the energy between the
two bands (Ei, > Egqp). In an intrinsic semiconductor the number of electrons (72) that
pass into the conduction band is equal to the number of gaps formed in the valence band
(p), in other words n = p = n;. Where n; is the intrinsic concentration in a
semiconductor. The intrinsic concentration depends on the energy gap (Egqp). The
electron and gap concentrations are given by:
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Where K is the Boltzman constant, A = h/ o is the Planck constant, m} and mj, are

the effective masses of electrons and gaps in grams (g) [56]. The effective mass of the
electrons is given through [57,58]:

mg = dz—*; [e] 8)

ax2

And the effective mass of gaps is given by [57,58]:

my, = % [e] ©)

dxc2

For the intrinsic semiconductors the Fermi level is given by [57]:
Epi =42+ 2 KpT In(mj, /m}), [eV] (10)

At the ambient temperature %KBTln(m;/mZ) < %, the Fermi level in an

intermediate point of the two bands (Ep; & Egqp/2) [56]. The doped semiconductors
(extrinsic) have filled the valence band of five or three electrons. The doping is the
addition of impurities within the semiconductor. A doped semiconductor form group V
elements of the periodic table is called n-type semiconductor. If the semiconductor is
doped with elements from group III is called p-type semiconductor. As presented at Fig.
16 in extrinsic semiconductors the Fermi level decreases and the energy bands required
for electrons to move to the conduction band to the valence are smaller. In n-type
semiconductor the electron energy necessary to move to the conduction band is E. — E,4
and in the p-type semiconductor the energy is E, — E,,.
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Fig. 16 — Energy bands; (a) n-type semiconductor; (b) p-type semiconductor.

The Fermi level for the electrons in the extrinsic semiconductor is given by [58]:
Np
Epq = E; + KgT In-2, [eV] 11
L

Where E; is the Fermi level for intrinsic semiconductors, Nj, is the concentration of
donor impurities. Since the Fermi level for the gaps in the extrinsic semiconductor sis
given by [58]:

Epq = E; = KgTIn "2, [eV] (12)
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Where N, is the concentration of acceptors impurities. In Fig. 17 is represented the
junction between a p-type semiconductor with a metal and a n-type semiconductor. As
can be seen in the n-type semiconductors the Fermi level lies near the conduction band
and in the p-type is located near the valence band (Ery > Eg,). The Fermi level in the
metal (Eg,,) is located between the p and n-type semiconductors [45].
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Fig. 17 — Junction between p-type semiconductor with metal and n-type semiconductor.

In the region of contact of a metal with a semiconductor there is an excess of electrons
and is called the region of accumulation. In Fig. 18 is represented the junction between
a metal and an n-type semiconductor when traversed by an electric current (i) [59].
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Fig. 18 — Junction between a metal and n-type semiconductor; (a) Absorbed heat in the junction;
(b) Released heat in the junction.

The electrons in the displacement of a region of lower energy to a region of higher
energy absorb heat from the environment (@) and in the area of contact region cools the
environment by the Peltier effect (Fig. 18(a)). Reversing the direction of the electric
current there is in the opposite direction of electrons and release heat to the environment
(Q) heating the junction (Fig. 18(b)) [59].
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Fig. 19 — Junction between a metal and p-type semiconductor; (a) Absorbed heat in the junction;
(b) Released heat in the junction.

In Fig. 19 is represented the junction between a p-type semiconductor with a metal
when traversed by an electric current (i). When the electric current travel the junction
from the metal to the p-type semiconductor, the charges moves in the same direction
and the heat is absorbed from the environment (Q). Heat is released in the junction to
the environment when the electric current flows from the p-type semiconductor to the
metal [59]. The same principle occurs in the thermoelectric device by the Peltier cooling
which is made by thermoelectric structures connected in series by metal junctions (Fig.
20). The electric current enters from one the terminal and flows through all the
structures and their metal contacts then exit at the other end. The n-type thermoelectric
structures have a negative Seebeck coefficient () and the p-type have a positive.

Fig. 20 — Conventional Peltier device.

When the electric current travels the junction between the metal and the n-type
semiconductor (metal-n) is released thermic energy by the Peltier effect and heats the
bottom part of the device. On the top part the junctions between n-metal and metal-p is
absorbed heat. In the base of the device, when the electric current flows the junction
p-metal releases heat [45]. The junctions in the top part of the device absorbed heat by
the Peltier effect and the junctions at the bottom part release heat [45]. There is an
electrical and thermic resistance between the metal and the thermoelectric structures
called the contact resistance. This contact region is created essentially by diffusion of a
material junction with another material. The contact resistance (R.) is given by [45]:

Rc =£¢,10] (13)

R is proportional to the contact resistivity (pc) and is inversely proportional to the
contact area or section (S) [45]. The internal resistance (R;) of a thermoelectric device is
the sum of several resistances given by [7,45]:

R; =Ry, + R, + 4R, + 2R; , [Q] (14)

Where R, and R, represents the internal resistance of the n and p-type thermoelectric
structures. R, represents the contact resistance in the junction between the
thermoelectric materials and the metal. R; represents the internal resistance of the metal
in the junction [45]. In a thermoelectric device as a generator bases in the Seebeck effect
(Fig. 21). Each junction of p and n-type material (p-n junction) generates a voltage
proportional to the difference in temperature between the hot and cold side.




Fig. 21 — Thermoelectric device as a thermoelectric generator.

The voltage produced in the p-n junction is smaller (in order of uV/°C). This voltage
can be multiplied by each junction in series (n) and given by [7,45]:

Vour = n(a, — a,).AT, [V] (15)

Where a, and a, are the Seebeck coefficients () for the p and n structures. The AT is
the gradient temperature between the hot and cold side. The power that a thermoelectric
generator can produce depends of his internal resistance (R;). This power is maximum
(Ppyax) When the internal resistance (R;) is equal to the load resistance (R;) and given
by [7,45]:

_ Vour® _ ["(“p_an)-AT]z
Puax = 4R;  4(Rp+Rp+4Rc+2R))’ (W] (16)

The performance of the thermoelectric structures is measured by the value of the figure
of merit (Z). The figure of merit is not constant with the temperature and is also
designated by (ZT). The performance of a thermoelectric device is quantified by the
coefficient of performance COP. This coefficient measures the quantity of heat
absorbed by the ambient (Q.) in function the quantity of electric energy consumption by
the device (Q.) [7,45].
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Where T}, and T, are the temperatures in the hot and cold sides. I is the electric current
and R; is the internal resistance of the thermoelectric generator. K is the thermal
conductivity of the thermoelectric generator. The performance of the thermoelectric
thin-films is measured by the power factor given by:

aZ
PF=—, [WK~2m™] (18)

2.2 Thermoelectric materials

The figure of merit of the thermoelectric materials has been optimized over the years
(Fig. 22) by advances in research and fabrication or by the introduction of the
nanotechnology [46]. The thermoelectric materials have been deposited by several
deposition techniques like: flash evaporation, hot wall epitaxy, pulsed laser deposition,
sputtering, metal organic chemical vapor deposition, among others. However these
techniques require a long period of preparation of the materials or are relatively
expensive or complicated [60].
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Fig. 22 — The evolution of the figure of merit (ZT) over the years.

The superlattices structures promote the electrons mobility and gaps allowing flow of
electric current. But hampers the movement of the phonons responsible of the heat
transfer. In the PhD thesis of D. D. L. Wijngaards is presented the study of the figure of
merit for the majority thermoelectric materials by the operation temperature (Fig. 23)
[43]. The red zone in Fig. 23 represents the most common stoichiometric variations for
the compounds of tellurium (Te), bismuth (Bi), antimony (Sb) and selenium (Se). These
compounds present a higher figure of merit and for that reason is chosen for the
majority of the thermoelectric devices.
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Fig. 23 — Figure of merit vs. operation temperature of the majority thermoelectric materials [43].
2.3 Thermoelectric converters modeling

In Fig. 24 is presented the thermoelectric device as a generator. The resistance R,
represents the internal resistance of the device when is traveled through an electric
current I,. On the left side is represented by the Seebeck effect of the voltage generated
by the p-n junctions of the device (&, — &,)(T}, — T.). The voltage generated depends
on the temperature at the junction of the hot side T}, and the temperature of the cold side
T, [43,45]. The Peltier effect is present due to the electric current that passes between
the junctions. On the right side of the block the Peltier effect of the cold junction is
represented by the current source (@, — @&,)I.T and for the hot junction (et,-at,)I Th.
The thermal capacity equivalent to the cold junction is represented by €. and for the
hot junction by C,j [43,45]. The losses by convection and radiation to the ambient
temperature ambient T, are represented for the cold junction by R,. and for the hot
junction by Ry, . The resistances R,q4 represents the internal resistances of the
thermoelectric structures [43,45]. The Joule effect for the thermoelectric structures is
represented by @;. The heat fluxes due to the Joule effect for the metal contacts are
represented by Q. Finally are added to the system thermal loads to ensure the gradient

temperature (Q. € Qyp) [43,45].

Seebeck Peltier
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Fig. 24 — Model of a thermoelectric generator [43].
2.4 Thermoelectric energy scavenging microsystem

The construction of a custom deposition system allows the development of a
thermoelectric microsystem in a flexible substrate. The design of the microsystem is
represented in Fig. 25. The microsystem is constituted by several thermoelectric
generators and a solid-state battery in flexible substrate and connected to a step-up
DC-DC voltage converter. This microsystem is design to be applied in a human energy
harvesting applications to power wireless sensor networks WSN and biomedical
devices.
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Fig. 25 — Design of an energy harvesting micro system in flexible substrate.

2.5 Voltage converters

The levels of voltage generated by most of the micro thermoelectric generators are not
sufficient to power electronic devices. For the widespread use of power micro systems




need to be able to power common devices. The solution for this problem lies in the
step-up DC-DC voltage converters. A model for a voltage converter to introduce in a
power micro system is presented in Fig. 26.
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Fig. 26 — Schematic circuit of a step-up DC-DC voltage converter [61].

The voltage conversion through the step-up DC-DC converter is done by the help of the
capacitor C,,, and the coil L,,,. The electric current at the exit of the thermoelectric
generator charges the capacitor Cy,, while the switch SW is systematically closed and
opened at high frequency. In the way to obtain a necessary voltage at the exit the signal
of the switch need in very low duty-cycle to avoid the discharge of the capacitor .
When the switch SW is open the energy storage in the coil Ly, forces the discharge of
the capacitor C,p, by the diode D. Finally the electric current charges the high charge
capacitor Cgore and the current is rectified to the system or designed Rjqq.

3 Deposition and characterization technology

3.1 Measurement system of the thermoelectric properties

The electrical resistivity of the thermoelectric thin-films is measured by the van der
Pauw four point probe method, and is independent of the shape of the thin-film [62].
With this method is even possible to obtain the carrier density, the mobility and also the
concentration by the Hall effect through a magnetic field [63]. The system for measure
the resistivity by the van der Pauw method is presented in Fig. 27.

Fig. 27 — Four point probes resistivity measurement system; (a) Top view; (b) Side view.

The method consists in the application of a known electric current in two probes and
measured the voltage in the other two probes. The method is repeated in the four
configurations represented in Fig. 28 and Fig. 29. By the van der Pauw method is
obtained the sheet resistance R for a thin-film independent of the shape. It is obtained
by the horizontal resistance (R4) and vertical resistance (Rg). The horizontal resistance
R, value is given by:

Ry =3(22+%2), (0] (19)

2\ly3  I12

Fig. 28 — Horizontal configuration; (a) First configuration; (b) Second configuration.

The vertical resistance R value is obtained by:

Ry =3 (2+32), [Q] 20)
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Fig. 29 — Vertical configuration; (a) Third configuration; (b) Fourth configuration.

According van der Pauw the sheet resistance is related with the horizontal resistance R,
and vertical resistance R as follows:

R R
o) 4 o(mRE) _ g @1

By knowing the thin-film thickness (h) is possible obtained the electrical resistivity by:
p =Rs X h,[Qm] (22)

The error is in the order of 2r/D.
The measurement of the Seebeck coefficient (@) is done by the system presented in Fig.
30.

Fig. 30 — System for measure the Seebeck coefficient (top view).

To obtain the Seebeck coefficient («) is necessary a gradient temperature. The sample is
placed between two plates with different temperatures. The hot plate has inside a cooper
filament which serves as heater when a constant and known voltage is applied. Each
plate has inside a resistance temperature detector (RTD) reference PTo to obtain the
plates temperature. The temperature sensor has a range from 0°C to 100 °C. The
difference in temperature is obtained by:

R=Ry(1+a,T —a,T?,[Q] (23)
Where:

Ry = 100 %;

a, = 3,90802me°C™%;

a, = 0,5802 u°C1.

After obtaining the temperature in the two plates, voltage is measured in the same
plates. Then the Seebeck coefficient () is calculated.

3.2 Thin-films deposition technology

All materials are composed of atoms in constant motion, which attract each other at
close range. In solid state the atoms are very close and form spatially ordered structures
called lattices [64,65]. The atoms have strong force which leads to an equilibrium state.
The temperature increase induces the removal of atoms together and causing the solid to
be liquid if there are still cohesive forces between atoms. Further increasing temperature
the atoms acquire enough kinetic energy to leave the surface of the liquid and passing
into a gaseous state. With the increasing of temperature the number of atoms in the
gaseous state also increases. The atoms in a gaseous state are the vapor of the substance.
All the materials have a vapor pressure that is greater the higher the temperature. In the
gaseous state the forces between atoms are much weaker and are more important
interactions through collisions. The collisions depend on the number of atoms per unit
volume or numeric density and particles energy. The energy is related to the
temperature of the gas where the pressure is a very important factor [64]. To obtain a
thin-film deposition is necessary to control the pressure inside a deposition chamber.
The deposition of a material occurs by heating the material to be deposited. Where it
changes its phase from solid to liquid and then to a gaseous state. Sometimes occurs a
sublimation of a material which consists in the transition from solid state to gaseous
state without passing through the liquid state [65]. In the deposition the material
particles moves in all directions and are deposited on the substrate. Normally the
substrate is parallel to the charge (deposition material) which it is the shortest way that
the particles have to go. The position of the substrate induces a uniform thickness of the
material deposited on its surface. And to obtain a desire deposition of a material is
primary necessary to consider the tension pressure and is temperature on a certain
pressure. In Table 1 are presented the proprieties of most common deposited materials.




Table 1 — C materials proprieties for deposition [66,67].

Fusion Temperature (°C) Deposition
. Densit @ Pressure (mbar) technique
Material e 3})7 temp. Thermal
(°C) 10® | 10° | 10 | e-beam
evap.
Aluminum (Al) 2.7 660 677 821 | 1010 | Excellent Bar
. 279 345 | 425
Antimony (Sb) 6.62 631 Sublimes Weak Boat
Bismuth (Bi) 9.8 271 330 410 | 520 | Excellent Boat
Cooper (Cu) | 894 | 1083 727 | 857 | 1017 | Excellent ]3;:2
. 837 977 | 1157 Wire,
Cromium (Cr) 7.2 1890 Sublimes Good Boat
Silicon dioxide 1610 -

(Si0y) 2227 1710 - - 1025 | Excellent -
Lithium (Li) 0.53 180 227 307 | 407 Good Boat
Nickel (Ni) 8.91 1453 927 |1072|1262 | Weak vg:z

Boat,
Gold (Au) 19.32 1962 807 947 | 1132 | Excellent | .
Filament
Platinum (Pt) 21.45 1769 1292 | 1492 | 1747 | Excellent -
Silver (Ag) | 1049 | 961 847 | 958 | 1105 | Excellent ‘g(‘f;
Silicon (Si) 2.33 1410 992 1147 | 1337 | Weak Boat
Tellurium (Te) 6.25 452 157 207 | 277 Weak Boat
Titanium (Ti) 4.5 1668 1067 | 1235 | 1453 | Excellent Boat

To obtain a pure deposition chamber is necessary to extract the gas inside with vacuum
pumps. The first vacuum pump was invented by Otto von Guericke in 1650 and
published in 1672 [68]. All actual vacuum pumps are based on positive displacement
which involves the mechanical movement of a piston, vanes, diaphragm or a suction
system to extract the gas inside the chamber. The vacuum pumps have three stages: a
capture of a certain gas volume, the compression, and the expulsion the same gas [69].
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Fig. 31 — Operating pressure of different types of vacuum pumps.

Generally, the deposition of materials can be made by physical vapor deposition PVD
or by chemical vapor deposition CVD. The most common physical deposition
techniques are the thermal evaporation with the variations of flash evaporation and co-
evaporation, e-beam (electron beam) and sputtering, among others.
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Fig. 32 — Typical PVD deposition system.

In Fig. 32 is represented the typical PVD deposition system with a deposition chamber
and vacuum pump connected in series to control the pressure inside. The charge is
inside a crucible and when the deposition starts also is deposited in the mass sensor. The
mass sensor typically is located near the substrate. Is constituted by a piezoelectric
crystal which during the deposition is vibrating and is possible to obtain the deposition
rate and thin-film thickness [64,65,70]. The thermal evaporation technique is
represented in Fig. 33. This technique consists in heating the charge by means a




resistance called crucible. The charge is located between the resistance and the heating
is due the flow of electric current. This method is simple and cheap, but presents the
inconvenience of projecting impurities or other contaminants present in the crucible.

Crucible 1
- (filament, boat, ete) |

Fig. 33 — Thermal evaporation technique.

In Fig. 34 is represented he flash evaporation technique and as the name indicates is a
technique where the evaporation of the material to be deposited is processed very
quickly and at high temperatures. The charge is placed in a reservoir on top of the
crucible. The crucible is heated by a power source and the charge falls by a gutter into
the crucible. By a mechanical vibration in the gutter is controlled the material falling.
This technique as the advantage of being able to deposit in small holes in great depth
because de atoms have more energy than the thermal evaporation technique. All the
charge evaporates which leads to a composition of the thin-film equal to the charge
[65].

Fig. 34 — Flash evaporation technique.

The depositions by thermal evaporation techniques have the disadvantages of projecting
impurities and others contaminants present in the filaments or boats. As well is
difficultly to deposit materials with high melting temperatures at a controlled rate
deposition [69]. In Fig. 35 is represented the electron beam technique (e-beam). With
the e-beam technique is to deposit a large range of materials and control the deposition
rate. The charge is placed in a crucible inside the evaporator. The evaporator is made of
cooper (Cu) with a very good thermal conductivity and is refrigerated. Through this
technique is obtained a much pure thin-film due the evaporator refrigeration which
avoids the contamination by impurities from the crucible or evaporator [65,69]. The

power source used in this technique uses voltage in the range of 4 to 20 kV to heat the
filament. The heated filament promotes the emission of accelerated electrons by
thermionic effect. Typically the filament is coated by an oxide to promote the electron
releasing in vacuum. A magnetic field is generated on top of the filament to steer the
electron beam to the crucible [69]. Two problems are associated to this technique: the
shifting density of the beam and the dispersion of the beam. These problems need to be
resolved by the operator. The beam density can be controlled by changing the electric
current of the power source. In the case of the beam is not steered to the middle of the
crucible the operator change the crucible position [69].

Remigeraton sysiem

Fig. 35 — Electron beam (e-beam) technique.

In Fig. 36 is represented the sputtering technique which allows the deposition of
materials without significant change the charge (target). Contrary to the evaporation
techniques the sputtering presents conformal thin-films in regions of degrees. This
factor is due to the large area of the target which is not seen in the e-bam or thermal
evaporation. The sputtering technique could be by direct current DC or by radio
frequency RF. The DC sputtering is typically for conductive materials i.e., metals. In
the case of RF sputtering is focused for nonconductive materials i.e., oxides. In the
sputtering technique is necessary the entry on gases to promote the plasma. In the
plasma creation is used inert gas like argon (Ar). In the reactive sputtering is used a gas
which enters in the composition of the thin-film. As represented in Fig. 37 the
magnetron is constituted by magnets placed on top to create a magnetic field centered to
the middle of the target.




Fig. 36 — Sputtering technique.

The plasma is generated when the gas molecules ionize and charges are added or
removed — like electrons — this process is called ionization. The accelerated ions beam
collides with the negatively charged target. When the ions collide release atoms from
the target which are deposited in the substrate [64]. In this process is produced a lot of
heating in the target which is necessary a refrigeration system to maintain the target
integrity. The plasma color depends on the used gas. On RF sputtering for oxides is
normally used the frequency of 13,56 MHz which produces relatively lower deposition
rates. The disadvantage of RF sputtering faces the DC sputtering is on the use of
dielectric targets with low thermal conductivity which leads to break easily due the
mechanical stress generated by cooling/heating [65].
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Fig. 37 — Sputtering technique (in detail).

In Fig. 38 is presented a complete thin-film PVD deposition system.
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Fig. 38 — Thin-film PVD deposition system.

In Fig. 39 are presented the techniques inside the PVD chamber shown in Fig. 38.
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Fig. 39 — Techniques inside the thin-film PVD chamber (top view).
3.3 Thermoelectric thin-films by co-evaporation

To deposit compounds, i.e., thermoelectric materials, it’s necessary deposit different
materials at the same time in order to obtain the desired stoichiometry. In Fig. 40 is
represented the thermal co-evaporation technique to archive compounds thin-films.
Each charge have different deposition rate and is necessary a power source, a mass
sensor crystal and controller for each material. By this way is possible to control the
desired stoichiometry for the compound. In this technique is necessary fabricate a
separation shield between the charges and has two main reasons: control the meeting




point of the two charges in the substrate, and allowing each mass sensor only read
values of one material.

Mass sensor 1
(crystal) B

Power source A 1 Power source B
I: N A ——

|[ Separation shield |
4
Fig. 40 — Thermal co-evaporation technique (cut view).

In Fig. 41 is presented a complete thin-film PVD thermal evaporation system for
thermoelectric materials.
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Fig. 41 — PVD thermal co-evaporation system.

In Fig. 42 is presented the co-evaporation technique system inside the PVD chamber
shown in Fig. 41.
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Fig. 42 — Thermal co-evaporation technique system (top view).
3.4 Device Patterning techniques

The patterning techniques to fabricate thermoelectric structures focuses in
photolithography and wet-etching techniques, using HNOs/HCl based etchants. The
tentative deposition of thin-films by direct evaporation of the bulk materials - Bi,Tes
and Sb,Tes - proved to be impossible due to the large differences in vapour pressure of
bismuth (Bi), Antimony (Sb) and Tellurium (Te), resulting in a compositional gradient
along the film thickness [71]. Other techniques have been reported in the literature for
the deposition of telluride thin films. Co-sputtering, electrochemical deposition, metal-
organic chemical vapour deposition or flash evaporation, are some examples.
Concerning the use of patterning techniques on thermoelectric films, few approaches
have been reported in the literature. Silva ef al. [72] uses lift-off, with SU-8 photoresist,
to create vertical columns of thermoelectric materials. But due to the maximum working
temperature of SU-8 photoresist (=180 °C), thermoelectric properties of Bi,Tes; and
SbyTe; films incorporated in the devices are worse than those obtained in bulk
materials, since 200-300 °C of substrate temperature is required to fabricate high quality
thermoelectric films. Bottner ef al. [73] uses dry etching to pattern thermoelectric
devices. Shafai [74] reports the patterning of BirTes films by wet etching but no details
are given of the process [75].




(O o

Dehimade Depecitppr ~N
WV E: = Deviap FR
-
L] e @ i Zais
1]
JJH'R =M
s A T e
e’y Eccd N
Falvimide 12 100y ® ,__\ e
@ =
T R Derelep FR. Ty, Suip PR
Pohimids - @ A
FraN A
® 7 it Tianam — AT L Denea
- Seip PR il Talyvirside
UV Eishe N
b S Dipeit-nps N —:H;—:—:,H:—
e oty FR Dhepecit paciers and
wa —E AT inkeER
£ g
B .
ot e Depuitand Ed
L] i 3
R A : paem FR o Wm@ﬁ St PR

Fig. 43 — Fabrication steps of a thermoelectric cooler by patterning techniques [75].

In Fig. 43 shows the fabrication process of thermoelectric cooler. The p-type SboTe;
thin-film is deposited by thermal co-evaporation followed by a thin layer (100nm) of
nickel (a).The thin layers of nickel are used to avoid diffusion of thermoelectric material
into the next deposited layers. Photoresist (PR) is spun and p-type elements are
patterned by photolithography (b),(c). Nickel is etched in a chromium etchant (Transene
1020), thermoelectric film is patterned by wet-etching in HNO;:HCI bath (d) and PR is
removed. N-type film is then deposited by co-evaporation, followed by a 100 nm nickel
layer (e). PR is applied and patterned by photolithography for n-type element definition
(£),(g)- Nickel is etched in a chromium etchant (Transene 1020), n-type film is etched in
HNO; (h) and PR removed (i). Contacts are deposited, starting with a 100 nm layer of
nickel, followed by 1 pum of aluminium (j). PR is spun and contacts patterned by
photolithography (k). Nickel is etched in a chromium etchant (Transene 1020), and
aluminium with a standard aluminium etchant (Transene type A). PR is removed (). A
protective layer of SizsN4 can also be deposited by low-temperature hot-wire chemical
vapour deposition (HW-CVD) and patterned if required, depending on the application.
In Table 2 is represented the most relevant etch rates.

Table 2 — Summary of etch rates for patterning techniques [75].

Material
Etchant Bi,Te; ShyTe; Aluminum Nickel
Al — Transene type A 8 A /sec 5 A /sec 10-80A/sec <0.1 A/sec
Cr - Transene 1020 =20 A /sec <1 A/sec - 10-40A/sec
3HNO3:1HCI (dil 70% H20) 2000 A /sec 800 A /sec <2 AJsec <0.2 A/sec

HNO3 (dil 70% H20) 2500 A /sec 50 A /sec <0.1 A/sec <0.1 A/sec

4 Thermoelectric thin-films by co-evaporation

The proprieties of thermoelectric materials vary depending on the deposition technique
chosen or the stoichiometry of the compound. In Table 3 are presented the variations of
the thermoelectric materials properties by various authors and centered in compounds
based in bismuth (Bi), antimony (Sb) and tellurium (Te). To obtain a thermoelectric
compound is necessary knowing the materials proprieties. In Table 4 are presented the
materials properties of the most common deposited materials. Generally the depositions
of thermoelectric materials are in a heated substrate holder. The Bi,Te; compound was
deposited in a heated substrate at 250 °C with a pressure of 6.1 E-7 mbar. The
deposition rate for bismuth is obtained at 0.5 A/s with 110 A of electric current and the
rate for telluride is archived at 1.5 A/s with 50 A. The SbyTe; compound was deposited
with the substrate at 150 °C and 1.2 E-6 mbar of pressure. The deposition rate of
antimony is obtained at 1.1 A/s with 70 A and rate for telluride is archived at 2.2 A/s
with 55 A.

Table 3 — Thermoelectric materials.

.. Seebeck | Figure of | Thermal .
. Resistivity ) .. Deposition
Material Qm) coeff. merit condutivity technique Ref.
@wvKk'y | @n | wm'K?" q
Bi;Tes 13 -228 - -
SbsTes 10.4 171 - - Co-ev. | [76]
Bi;Tes 28.3 -228 0.28 2
SbTes 255 126 0.09 2.1 Co-ev. | [77]
BizTe3 9 =210 - -
Sb,yTes 3.5 110 - - MOCVD | 78]
(BiTeshs |5 2200 0.5 1.6
(BixSes)o.1
(BiTes) Flash [79]
2 3)0.2
12 240 0.96 1.5
(SbyTes)o.7
Bi;Tes 21 -155 - -
Co-sputt. 35
(BL,Sb)Tes 23 227 - - o-sputt. | [35]
BizTe3 10 —60 - -
Bis. Electpl. [80]
xSby, Tes
Bi,Tes 12.6 -248 0.98 1.5%
Co-ev. 45
SbsTe 126 188 0.56 1.5% o-ev. | [43]

* Estimated values.




Table 4 — Seebeck coeficiente and electrical proprieties of the most

materials [7,81,82].

| seebeck | 0
) Resistivity Electrl‘ca.l Therma.l coeff. @n
Material P conductivity | conducti. | (uVK”) 2
(x 10°Qm) C 1070m™y | (WK x107)
300 K
Aluminum (Al) 2.74 3.65 237 -1.7 0.13
Cooper (Cu) 1.72 5.88 401 1.83 0.15
Lead (Pb) 21 0.48 353 -1.047 0.04
Chromium (Cr) 12.9 0.78 94 17.3 7.4
Molybdenum
(Mo) 53 1.89 138 5.57 1.27
Nickel (Ni) 7 1.43 90.9 -19.5 17.93
Gold (Au) 22 4,55 318 1.94 0.16
Palladium (Pd) 10.5 0.95 71.8 -9.99 3.97
Platinum (Pt) 104 0.96 71.6 -5.28 1.12
Silver (Ag) 1.59 6.21 429 1.51 0.1
Rhodium (Rh) 4.8 2.08 58.2 0.4 0.02
Tungsten (W) 5.3 1.89 173 1.07 0.04
Vanadium (V) 19.9 0.5 30.7 1 0.05

- 6

E ¢ Tsub=190°C

¥ 5 Tsub=230°C  , . .

= s Tsub=270°C :

& 41+ - sivald]

= Single Gry:

w3

o

s 2

[+

e s

p 1 % o

z ST °

o 0 T T T T T
e 50% 55% 0% 65% 70% 75%  80%

Composition {%Je)
Fig. 45 — Power factor of Bi,Te; thin-films as function of Te composition, obtained by EDX [83].
4.2 P-type thermoelectric thin-films made of bismuth telluride

The study of characterization power factor of p-type thermoelectric thin-films is
presented in Fig. 46.

4.1 N-type thermoelectric thin-films made of bismuth telluride

As early reported the temperature of the substrate during the deposition is a very
important issue to obtain the desire stoichiometry for the compound. This temperature
also influences the power factor of the thermoelectric thin-film. In Fig. 44 is presented a
study of the n-type thermoelectric thin-film power factor as function of substrate
temperature during the deposition. In Fig. 45 is presented power factor of the n-type
thermoelectric thin-films as function of Te composition.
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Fig. 44 - Power factor of Bi,Te; thin-films as function of substrate temperature [83].
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Fig. 46 — Power factor of Sb,Te; thin-films as function of substrate temperature and as function of
Te composition, obtained by EDX [84].

4.3 Thermoelectric devices

The developed thermoelectric devices were obtained through shadow masks presented
in Fig. 47. The technique of shadow masks are simple and well used in thin-film
depositions were the precision distance is not critical. The distance of p-type and n-type
deposited thin-films are 500 um. The contact area of the thermoelectric structures is
1 mm?. The aluminum metal contacts have 7 mm? of area.
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Fig. 47 — Shadow masks to obtain the thermoelectric device.

The developed thermoelectric devices are presented in Fig. 48.

Fig. 48 — Developed thermoelectric devices in polyimide foil of 50 pm of thickness.
4.4 Why Scanning Probe?

The local resolution of the Seebeck coefficient (a) is a measure for different electrically
active components in materials. This becomes important especially investigating

functionally graded material. A scanning Seebeck microprobe is a device for measuring
the Seebeck coefficient (@) on a sample surface spatially resolved to achieve
information on the homogeneity or distribution of the components. The Seebeck
coefficient (@) is a measure of the electrically active components in a material. Different
components in a single unit become visible by measuring the local (&) with a scanning
thermoprobe. This applies accordingly for the electrical conductivity (@) and therefore
the behaviour of the material in a certain temperature gradient becomes predictable. A
scanning Seebeck microprobe is presented in Fig. 49 and combined with the
measurement of the electric potential along the surface of semiconducting or metallic
material [85].

-150°C < T<60°C

CuNi
P a— U2
/
Ut
T r
Sample To !
Wood-metal

Fig. 49 — Sch tic of the Seebeck microprobe. The temperature of the sample and the probe tip as
well as the Seebeck voltage can be measured. The probe tip is positioned by linear stages [85].

A heated probe tip is placed onto the surface of the sample under investigation,
measuring the Seebeck coefficient (a). Using a specially designed sample holder, an
AC current can be applied to the sample, allowing for the detection of the voltage drop
between one current contact and the travelling probe tip. This voltage is proportional to
the electrical conductivity (o) at the tip position. With this technique a spatially
resolved imaging of the Seebeck coefficient (e) as well as the electrical conductivity
(o) can be performed. Furthermore the electrical contact resistance between different
materials becomes visible, e.g., in segmented thermoelectric or other devices. So far it
was reported about a measurement equipment for the spatial resolution of the Seebeck
coefficient (ar) [86,87]. With this equipment it is possible to detect inhomogeneities,
different phases, even different doping levels or anisotropies [66], that is hardly possible
by other surface analysis methods like SEM, EDX etc. For many materials also the
homogeneity of the electrical resistivity plays an important role in their performance,
especially for good quality of semiconductors.
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Fig. 50 — Thin-film surface image of a Seebeck coeficiente peer pixel by scanning Seebeck
microprobe [45].

The behavior of the Potential-Seebeck-Microprobe PSM consists in a heated probe tip
that is positioned onto the surface of a sample. The probe is connected with a
thermocouple (in this case type T, Cu-CuNi) measuring the temperature T4. The sample
is in good electrical and thermal contact to a heat sink and also connected with a
thermocouple measuring T. The heat flow from the probe tip to the sample causes a
local temperature gradient in the vicinity of the tip. Combining the Cu-Cu and the
CuNi-CuNi wires of the thermocouples a voltage Uy and U, is measured yielding the
Seebeck coefficient ag of the sample at the position of the probe tip according to
equations [85]:

U = (a5 — acy)- (Ty — Tp), [V] (24)
And:
U1 = (as - aCuNi)- (Tl - TO)' [V] (25)
Yielding in:
— UO 1
as = [TASA (acy — Aeuni) + acw, [MVKTH] (26)
1 0

Where a¢, and ac,y; are the Seebeck coefficients of Cu and CuNi, respectively.
Mounting the probe to a three dimensional micro-positioning system (Fig. 49) allows
the determination of the thermopower of each single sample position for a certain
temperature range [87], in the easiest case at room temperature. The result is a two
dimensional image of the Seebeck coefficient (Fig. 50) [85].

LQ_/IG.I HZ
Fig. 51 — Schematic of the potential probe. An electrical AC current is applied to the sample and a

probe tip scans the surface of the sample and measures the electric potential in each point resulting
in the electrical resistivity [85].

Similar to the Seebeck surface scan the electric potential can be measured. Therefore a
sample holder was constructed not only to support the sample mechanically, but also to
apply an electric current to the sample. A probe tip for the voltage pick-up was installed
(Fig. 51). The tip’s movement by linear stages allows for scanning the sample, and the
change of the electric potential can be measured along the sample. The specific
resistivity can be calculated for each measurement point according to Ohm’s law with
the measured voltage U, the current I applied to the sample and with the resistance R ,
the specific resistivity p, the lenght [ and the cross section A of the sample [88].

= R%, [Qem?] @

With help of this tool not only the electric resistivity can be measured, but also the
ohmic contact resistance between different materials, i.e., in a stacked thermoelectric
device or contacts [85]. In Fig. 52 is presented the instrument of scanning probe
microprobe called SPM-Potential-Seebeck Microprobe developed by D. Platzek to
spatial resolution of the Seebeck coefficient and the electrical conductivity in
thermoelectric thin-films. This product is sold by Panco GmbH [89].




Fig. 52 — Scanning probe instrument for spatial resolution of the Seebeck coefficient and the
electrical conductivity — SPM-Potential-Seebeck Microprobe (Courtesy of D. Platzek).
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