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Preface

Thermoelectric materials convert (waste) heat directly into usable electricity and
thereby help to increase power efficiency. It has been shown in 2008 that silicon
nanowires can be processed such that they have thermoelectric properties compa-
rable to BisTes, the state-of-the-art material. Since silicon has great advantages
in terms of abundance and processability compared to BisTes, nanostructured Si is
a high potential candidate for future thermoelectric applications. This thesis deals
with the fabrication of macroscopic amounts of well-ordered, single crystalline silicon
nanowires with a defined geometry, a novel measurement method for the complete
characterization of thermoelectric materials, and the thermoelectric properties of
porous Si, which is an alternative approach to fabricate thermoelectric nanostruc-

tured silicon.

The opening survey in Chapter [Il starts with an introduction to the basic ther-
moelectric phenomena and established thermoelectric materials. For efficient ther-
moelectric materials high electrical but low thermal conductivity is necessary. As
discussed in Chapter [1 electrical and thermal transport are coupled in bulk ma-
terials. This interdependency limits the achievable efficiency and led to a relative
standstill in the field of thermoelectrics after 1960. In the 1990s several concepts
have been proposed to create superior thermoelectric materials. Of those concepts
the most successful is to decouple heat and charge transport by nanostructuring the
material. This allows diminishing thermal conduction without affecting the electrical
properties of the material and thereby enhances the overall thermoelectric efficiency.

It has been shown previously that this concept can be successfully applied to silicon



nanowires. Single nanowires can be utilized for proof-of-principle studies. However,
for a silicon-nanowire-based thermoelectric device a large number of nanowires is

necessary, preferable with a uniform geometry of each individual wire.

One approach to fabricate macroscopic amounts of silicon nanowires with defined
position and geometry is presented in Chapter Bl Metal-assisted etching, a simple
wet chemical etching process, has been combined with laser interference lithography
to create arrays of silicon nanowires with uniform diameters strictly periodic over
areas of several cm?. The working principle of laser interference lithography using
a standard Lloyd’s mirror interferometer is discussed first, then two improvements
of the interferometer are presented. One combines the standard interferometer with
immersion lithography and extends the working area of the interferometer to smaller
periodicities and structure sizes. The second improvement allows the patterning of
genuinely hexagonal structures at a single exposure. For nanowire fabrication laser
interference lithography has been used to create a noble metal mesh on a silicon
substrate. If the patterned substrate is immersed in an etching solution, the silicon
beneath the metal film is selectively etched away while the uncovered parts remain;
this leads to the emergence of silicon nanowires. Adjusting the parameters of the
lithography the geometry, position, and ordering of the wires can be tailored. The
obtained arrays of silicon nanowires with tailored geometry present a crucial step

towards the realization of a silicon nanowire-based thermoelectric device.

Chapter [ is dedicated to the field of thermoelectric measurement techniques.
In order to extract the thermoelectric properties of materials its Seebeck coeffi-
cient, electrical conductivity, and thermal conductivity have to be obtained. Here
we present a measurement concept that enables the determination of those three
properties concurrently on the same sample. This measurement approach can be
naturally combined with a direct figure of merit measurement which can be used
to cross-check of the experimental results. After demonstrating the feasibility of

the method on two materials an overview over the different measurement errors of
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the technique is given. The most relevant ones are analyzed in detail in the main
text while a detailed discussion on the minor errors can be found in Appendix
The chapter is concluded with a discussion and demonstration on how to minimize

experimental errors for thermoelectric van der Pauw measurements.

Chapter M is based on the preceding parts of the thesis. We have fabricated
porous Si, which can be thought of as the inverse structure to an array of Si
nanowires. Porous Si is fabricated by electrochemical etching and initially exhibits
a very low electrical conductivity so that it is inappropriate as thermoelectric ma-
terial. We show that the electrical conductivity can be increased dramatically by
doping and surface passivation. It is furthermore shown that properly prepared
porous Si exhibits thermoelectric properties superior to its bulk counterpart. How-
ever, further improvement is necessary and therefore a systematic investigation of
the thermal conductivity of porous Si as a function of structure size, i.e. average
wall thickness is presented. It is indicated that porous Si with a structure size below
10nm is necessary to obtain a material with thermoelectric properties comparable

to state-of-the-art materials.

The appendices contain further, more detailed technical information for the in-
terested reader: Appendix [A] shows that convection and conduction through air are
negligible if working in high vacuum while Appendix Bl presents a thorough analysis
of further experimental errors of the thermoelectric van der Pauw method. The
fabrication of the porous samples that are discussed in Chapter M is outlined in
more detail in Appendix [C] while deeper insight on the measurement procedure and
the data analysis for the thermal conductivity measurement with the 3w -method is

provided in Appendix [Dl
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Errata

Between submission for evaluation (21.01.2011) and submission for publication
(13.06.2011) of this thesis two inaccuracies have been noted, these shall be corrected
here.

1.) Page 56, taking the effect of the Seebeck coefficient of the wires into account:
Eqn. (3I2) must be rewritten as

Us ? S i
ZT — ZT Lple = ZT Lple 1
H,sample H,meas (US _ US H,meas Ssample - Swire ’ ( )

sample wire

since the relative Seebeck coefficient effects both the measured voltage and the aris-
ing temperature gradient; the correction term therefore enters quadratically. The
correction is relatively small so that all conclusion drawn in this section still remain
valid.

The same holds true on pb9, where the two-heater method is discussed. The
correct equations for the calculation of ZTi sample, Ssample, and « as well as a correct
measurement data set are given in

J. de Boor and V. Schmidt. Efficient thermoelectric van der Pauw measurements.
accepted in Applied Physics Letters, 2011.

2.) Page 96, discussion on the thermal conductivity of porous Si:

Although stated differently in the thesis it is possible to understand the ex-
perimental results quantitatively in terms of a simple kinetic model for the heat
transport. The model is based on a reduction of the phonon mean free path due
to the nanostructuring and explains both the temperature and structure size de-
pendence of the experimental data. The model and the interpretation is discussed
in

J. de Boor, D. S. Kim, X. Ao, D. Hagen, A. Cojocaru, H. F6 11 and V. Schmidt.
Temperature and structure size dependence of the thermal conductivity of porous
silicon. submitted to Europhysics Letters, 2011.
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List of Symbols

Abbreviations
AAO anodized aluminum oxide
AC alternating current
BC boundary condition
DC direct current
DMM digital multimeter
FWHM full width at half maximum
ILIL immersion laser interference lithography
LIL laser interference lithography
NW nanowire
PID proportional /integral /differential (coefficients)
pSi porous Si
pSiGe porous SiGe
RPM rounds per minute
SEM scanning electron microscope
SiINW silicon nanowire
TEM transmission electron microscope
VLS vapour-liquid-solid
ZIF zero injection force (socket)

Frequently used symbols

Symbol  Description

a sample side length [m]

a factor related to fitting interval in 3w measurement; dimensionless
A sample cross sectional area [m?]

b half of the heater width used for 3w measurement [m]|

c specific heat capacity [J/(Km?)]

d sample thickness [m]

D thermal diffusivity [m?/s]

e elementary charge ~ 1.6 - 107 C
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é polarization unit vector

E energy [J]

Ep Fermi energy [eV]

E electrical field [V /m]

f (excitation) frequency [1/s]

h Planck constant ~ 6.6 - 10734 Js

1 electrical current [A]

I(r) intensity [W/m?]

J electrical current density [A/m?]

k wave vector [1/m]

k:_} fringe vector [1/m]

kp Boltzmann constant ~ 1.38 - 10~2% J /K
l sample length [m]

l heater length [m)]

Lt phonon mean free path [m]

mfp electron mean free path [m]

L Lorenz factor ~ 2.4 -10~8 WQ /K2
m sample mass [kg]

m* effective mass [kg|

charge carrier concentration [cm 3]
refractive index of medium i; dimensionless
periodicity [m]

porosity; dimensionless

power [W]

Joule heating [W]

Peltier heating/cooling [W]

heat flux [W/m?|

phonon wave vector [1/m]
reflectivity; dimensionless
Resistance [Q]

mm@@h»?:gw%%gz

R™ thermal resistance [K/W]

S Seebeck coefficient [V/K]

R(AT) real part of the temperature amplitude [K]
t time [s]

t thickness [m]

T temperature [K]

Ty average temperature [K]

U voltage, potential difference [V]

Us Seebeck voltage [V]

Uq Ohmic voltage [V]

speed (of sound) [m/s]
electronic Brownian motion velocity [m/s]
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vD electronic drift velocity [m/s]

Vv volume [m?]

ZT thermoelectric figure of merit; dimensionless

ZTy thermoelectric figure of merit by Harman method; dimensionless
a linear resistance-temperature coefficient [Q2/K]

4] contact radius/side length

J structure size, average wall thickness [m]

A contact displacement [m]

A difference (of e.g. temperature)

A Laplace operator

€ emissivity; dimensionless

0] electrostatic potential [V]

n efficiency [%]

K thermal conductivity [W/(mK)]

Ke electronic thermal conductivity [W/(mK)]

Kl lattice thermal conductivity [W/(mK)]

L charge carrier mobility [Vs/cm?]

v (phonon) frequency [1/s]

s Peltier coefficient [V]

0 angle between incoming light and substrate normal [°]
p density [1/m3]

p resistivity [Qcm]

o electrical conductivity [S/m]

oB Stefan-Boltzmann constant ~ 5.68 - 1078 W /m?K~*
rth thermal relaxation or scattering time constant [s]

w circular frequency [1/s]



Chapter 1

Thermoelectrics - Introduction
and Survey

Most of the consumed electrical power is produced by burning fossil fuels in combus-
tion engines with efficiencies below 50%, therefore power of the order of ~ 10 TW is
dissipated uselessly as waste heat each year [BP09]. This figure is expected to rise in
the coming years while the amount of fossil energy sources decreases. Further prob-
lems arise, since the burning of fossil fuels produces greenhouse gases and mankind
becomes increasingly aware of the current and future consequences of climate change
[wik10al. In order to tackle both problems, enormous efforts are undertaken to re-
place fossil fuels by renewable energy sources and/or use the produced electrical
energy more efficiently. Thermoelectricity has the potential to be part of the solu-
tion because thermoelectric materials can convert waste heat directly into electrical
energy and thereby increase energy efficiency.

The thesis begins with an introductory survey to thermoelectrics. In Section
[[.1] basic phenomena like the Seebeck and the Peltier effect will be introduced and
it will be shown, how these effects can be used for waste heat to energy conver-
sion and cooling. The key parameter for a high efficiency of these processes is the
so-called figure of merit ZT', whose physical interpretation and background will be
established. Section gives a short overview over thermoelectric materials and
their current applications. The following Section first illustrates why the field
of thermoelectrics reached a relative standstill after 1960 and then discusses sev-
eral approaches to superior thermoelectric materials that have been proposed and

realized.

1.1 Thermoelectric phenomena

The two basic thermoelectric phenomena are the Seebeck and the Peltier effect.
These can best be explained considering a thermocouple as shown in Figure [[LT1

Here two different electrically conducting materials x and y are joined at two
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external current
external temperature gradient source

Figure 1.1: Basic thermoelectric phenomena. a) Seebeck effect: an external temper-
ature gradient in a material couple xy joined at A and B causes a potential difference
between C and D. b) Peltier effect: If a current is driven through two thermoelectric
materials heat is absorbed at one junction and released at the other. Note that there
is no external electrical current in a) and no external temperature gradient in b).

junctions A and B. If these two junctions are at different temperatures, a voltage
Ug arises between C and D. This voltage is proportional to the temperature dif-
ference, i.e. Ug o« (T4 — Tp), as found by T. J. Seebeck [See23]. The constant of
proportionality is called the differential Seebeck coefficient S, of the material couple
and defined by
_ Ucp
ATap
The definition is here such that for S;, > 0 and T4 > Tp the electrical potential
is lower at C than at D, i.e. if the circuit was shorted the electrical curren@ would

flow clockwise [Row06].

The somewhat opposite situation is shown in Figure [[Tb). Here an electrical

current [ is driven externally in a clockwise direction through the circuit. Now
heating with a rate Ppe occurs at one of the junctions and cooling with — Ppe; at
the other. The differential Peltier coefficient 7, is the constant of proportionality
between I and Ppe and given by

PPel_
I b

Tab = (12)
it is positive if junction A is heated and B cooled.

Superconducting materials below the critical temperature have a Seebeck coeffi-
cient of S = 0 [Row(06, Nol01] and from measurements on couples of superconductors
and other materials absolute values for S and 7 can be determined, not only dif-
ferential values as in Figure [Tl The Seebeck and Peltier coefficient are coupled by

'Tt is referred to the physical, not the technical current direction throughout this thesis.
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the Kelvin relation [Nol01]
T =2ST, (1.3)

where T is the absolute temperature. The heat produced by the Peltier effect can
hence be written also as
Ppag =1S8T. (1.4)

A simplified microscopic explanation of both effects is as follows: the charge
carriers in a material occupy states according to the Fermi function
f(E) = [exp((E — Er)/kgT) — 1]7!, where Ep is the Fermi energy and kp the
Boltzmann constant. If a piece of the material is at higher temperature than an-
other, charge carriers in the hotter part will have a higher energy and a larger
momentum on average and will therefore travel to the colder part of the material.
Thus a potential difference arises which is observed as Seebeck voltage. This voltage
is negative if electrons are the majority charge carriers and positive for holes; the
migration of the majority charge carriers is balanced in steady state by electrostatic
repulsion. The Peltier coefficient on the other hand, corresponds to the difference of
the average charge carrier energy and the Fermi energy, divided by the elementary
charge e. This energy difference is material specific and therefore charge carriers
either release or absorb energy when traveling from one material to the other. This
energy manifests macroscopically as Peltier heating or cooling.

Based on these two phenomena, thermoelectric devices can work in two differ-
ent ways. If an external temperature gradient is applied, a Seebeck voltage arises
and the resulting current can be used to drive a resistive load, i.e. (waste) heat
can be converted into electrical energy. In the other operation mode an external
electrical current is driven through a thermoelectric couple and one junction is used
for cooling of external parts utilizing the Peltier effect. Since the Seebeck voltage
and the Peltier cooling are proportional to the differential Seebeck coefficient of the
two materials, usually materials with Seebeck coefficients of opposite signs are com-
bined. In practice several thermoelectric couples are arranged electrically in series
but thermally in parallel to increase the power output or the cooling rate, respec-
tively Nol01]. It can be shown, that the maximum efficiency @pax, i.e. the
highest ratio of electrical power output and heat energy absorbed at the hot side, is

approximately given byﬁﬂm

é _TH—TC \/1+ZT—1
e Ty 14+ 2T +Tc/Ty’

with T' = 0.5(Ty + Tc). The first factor is the Carnot efficiency which is the max-
imum efficiency for any thermodynamical process converting heat into mechanical

(1.5)

or electrical energy. In the second factor the so-called thermoelectric figure of merit

2 Assumptions: constant material properties within each material, negligible electrical and ther-
mal contact resistances
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ZT appears, which is determined by the material properties and is given byﬁ

2
gr = 25T (1.6)

KR

where o and k are the electrical and thermal conductivity, respectively, and S the al-
ready introduced Seebeck coefficient. The main conclusions from Eqs. (L5) and (L6
are: first, the efficiency for heat to electrical power conversion with a thermoelectric
generator depends (like any other thermodynamical energy conversion process) on
the absolute process temperatures and the temperature differences. Furthermore,
it also depends on a material parameter, the figure of merit Z7T', and increases ap-
proximately linear with it, at least for small ZT'. It can be shown that the efficiency
of thermoelectric cooling depends on ZT' in a similar way, see e.g. [Row06]. A
good thermoelectric material must have a high electrical conductivity, a large See-
beck coefficient and a low thermal conductivity. This is often summarized under
the catch-phrase that thermoelectric materials should be a ‘phonon-glass electron-
crystal’. This can be understood intuitively: the material must have a high electrical
conductivity (like crystalline semiconductors) to keep the re-conversion of electrical
power into resistive heat as low as possible. The thermal conductivity must be as
small as in glasses to minimize the heat flow through the material that tries to level
the external temperature gradient. .S must be as high as possible because the used
current is driven by the voltage developing due to the Seebeck effect.

The electrical conductivity relates the current density ; and the electrical field
E and is defined for an isotropic material by

9¢

A T

(1.7)
where the current density and the gradient of the electrical potential ¢ are parallel
and no thermal gradient exists. The electrical conductivity is in general a second-
order tensor, however, for isotropic materials or the electric field along one of the
symmetry axes, it simplifies to a scalar and is the reciprocal of the resistivity, i.e.
1

o = p~— . This will be assumed throughout this thesis.

The thermal conductivity & is likewise defined

= —kK, 1.8
¢= 5k (1.8)
where ¢ = P/A is the heat flow density (analogue to j) and the temperature gradient
VT the thermal equivalent of the electric field £ = V¢. The analogy between
electrical and thermal quantities will be exploited in Chapter [ to establish the
thermoelectric van der Pauw measurement method.

3The ZT in Eq. (I3) is actually the figure of merit of the couple, which is roughly the average of
the figures of merit of the two materials forming the couple. However, the material and the couple
ZT are identical if the conductivities of the materials are equal and the Seebeck coefficients are
opposite equal.
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Figure 1.2: Thermoelectric figure of merit for n-type materials in a) and p-type
materials in b). The shown materials are either commercially available or at least
used in industrial research. Adapted by permission from Macmillan Publishers Ltd:
Nature Materials [Sny08], Copyright 2009.

The
Thompson effect is the reversible generation/absorption of heat Pry, accompanying

A further, less important thermoelectric effect is the Thompson effect.

a current flow through a thermoelectric material with a temperature gradient and
arises because S is temperature-dependent. The Thomson coefficient 7 is defined as

[Nol0T]

oT
Pry=71—

- (1.9)

where x is the spatial coordinate.

1.2 Thermoelectric materials and applications

In this section state-of-the-art materials and their applications are discussed. It also
serves to illustrate similarities between different thermoelectric materials and to give
a feeling for the magnitudes of thermoelectric quantities.

Figure shows ZT for several thermoelectric materials as function of temper-
ature, both for n and p materials, i.e. materials with S < 0 and S > 0, respectively.
The most widely used materials are alloys from BisTes and SboTes. BisTes was
recognized as high potential thermoelectric material in the 1950s and triggered a
decade of intense research on thermoelectrics [Gol54) [Ros61]. It was realized soon
that alloying of BisTes with SbsTes and BisSes can further reduce the thermal
conductivity and fine-tune the electrical properties. These alloys from BisTes have
peak ZT's around unity at room temperature and are therefore commercially used
in Peltier elements. Peltier elements are used for cooling or temperature regula-
tion e.g. in laser cavities, in scientific laboratories, in life science applications, and

in car seats [Wit89, [Sny08, Row00 [Tri0§]. BisTes is also used for thermoelectric
power generation e.g. if attached to the exhaust pipe of cars Mat02]. For
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energy harvesting in the temperature range from 500 — 900 K materials contain-
ing group-IV elements are commonly used; prominent examples are PbTe, GeTe,
or alloys like LAST (lead-antimony-silver-telluride) or TAGS (tellurium-antimony-
germanium-silver) [Yan08, [EG05]. For high temperature applications SiGe alloys
are employed. These are used for waste-heat recovery in vehicles [Iko98|] and, very
prominently, for the powering of space-flight missions, where waste heat generated
by a slow radioactive decay is used to power a thermoelectric generator, see e.g.
[Row06).

The figure of merit and its constituents are shown in Figure [[3h) using fitted
empirical data for BiyTes at room temperature as example [Row95l [Sny08]. The
axes scalings relate to ZT" on the left hand side and to o, S, and x on the right hand
side of the diagram.

- 10W/mK
100
S K
80 Carnoteff. __J
g ZT=infinity
2500S/cm s 601
Ko.s |
250uV/K >
" g ZT=10—"
'8 40} ]
b ZT=3—
w
20§ ZT=1—
ZT=05—""
0 I | 0 0
18 19 120 121 - L L L L
10 o ' 10 400 600 800 1000 1200
Carrier concentration (cm) Heat source temperatureT [K]

Figure 1.3: a) Thermoelectric properties of BiyTes as function of charge carrier
concentration. While a low carrier concentration causes high S and low k, only a
high carrier concentration results in a high electrical conductivity. Optimization of
ZT therefore requires to find a compromise; the highest ZT is obtained for a carrier
concentration around 109 — 10?0 cm™3. This regime corresponds to heavily doped
semiconductors and is typical for thermoelectric materials. Taken from
and modified. b) Efficiency for thermoelectric power generation after Eq. (LH) for
different ZT's. The heat source temperature is given as abscissa while the heat
sink temperature is fixed at 300 K. Energy conversion efficiency increases with heat
source temperature and with increasing Z7, it remains well below the Carnot limit
(ZT — o0) though, for all available ZT's.

While the exact numbers are of course BisTes-specific, the orders of magni-
tude are typical for common thermoelectric materials. In particular the charge
carrier density regime is typical for thermoelectrics. BisTes has its maximum ZT
at 109 — 10%° cm =2 and is thus a heavily doped semiconductor. The optimal elec-
trical conductivity is around 1000 Scm™!, the Seebeck coefficient around 200 VK1
and the thermal conductivity around 1 Wm~'K~!. It can clearly be seen, that the
maximum Z7 can not be found by an optimization of the individual constituents
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with respect to the charge carrier concentration. In fact, optimizing Z7T requires
a compromise between high S, ¢ and low x. The interplay between these three
material properties will be analyzed in more detail in Section

Thermoelectric generators have many advantages compared to mechanical heat
engines: they have no moving parts, need no lubrication or other maintenance to
operate, and work very reliably even under harsh conditions as proven e.g. during
space flight missions. Furthermore, thermoelectric cooling provides a way of tem-
perature regulation that, in terms of controllability and precision, can hardly be
matched otherwise. The efficiency of both processes is largely independent of device
size, in contrast to traditional heat engines that are less efficient for smaller devices
[VinQ9].

Given the facts that there is a great need for increased energy efficiency together
with the tremendous amounts of waste heat energy, the question arises why thermo-
electric materials have still found only niche applications and why the world market
for thermoelectric generators and refrigerators is only around 3 x 108 US$ per year
[Vin09]. This is a small number compared to other energy technologies like solar
energy and wind power, which have market volumes of 10 x 10°€ and 6 x 10° €,
respectively, in Germany only [Fral0].

The answer to this is basically given in Figure [[3b), where the efficiencies of
thermoelectric energy conversion are plotted for different ZT's. The figure of merit
for commercially available materials falls between 0.5 and 1.0 in the temperature
range of questiOIH. At such ZT values the energy conversion efficiency for available
materials is still low, way below the theoretical Carnot limit. This low efficiency
is one of the mayor reasons why thermoelectrics only plays a minor role in energy
harvesting or cooling. Besides efficiency other important criteria for the applicability
of thermoelectric materials are cost, availability, and processability. This regarding
many of the state-of-the art materials have clear disadvantages: Ge is expensive
[Bux09], Pb is poisonous and there are tendencies to restrict its application [Pbw11],
and Te is one of the rarest stable accessible elements with a yearly production of
~ 100t. Te is already relatively expensive, while prices are expected to go up furthe,
due to the increased demand of the solar cell industry [Zwel0]. It is therefore not
only important to identify high efficiency materials, but also inexpensive and easily
processable thermoelectric materials. It can be seen from Figure [[3b) that the
efficiency does increase sub-linearly with Z7T, i.e. the impact of doubling ZT is
higher for smaller ZTs. For many applications it might be better to find/design an
inexpensive material with a ZT around unity than finding an expensive material
with ZT = 2. The next section will introduce several ways to design materials with
improved thermoelecric properties.

4Note that it is usually necessary to operate thermoelectric generators over a not too small
temperature range. So, even if materials have a peak ZT of ZT > 1 at a certain temperature, the
average ZT for the operational temperature range will be somewhat lower. A possibility to decrease
this effect are segmented or graded thermoelectric materials, see e.g. [Mul03, [Sny08].
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1.3 Strategies for improved thermoelectrics

After a first boom in the 1950s the field of thermoelectrics reached a relative stand-
still that lasted till the 1990s. The reason was that after the “discovery” of BisTes
and related alloys, few materials with comparable or better properties could be iden-
tified. In this section the interplay between o, k, and S will be illuminated and it
will be shown how it limits the achievable ZT for common bulk materials. In the
1990s and the following years several ideas have been proposed and experimentally
verified to overcome those limits, a development that lead to a renewed interest
in thermoelectrics, novel materials with superior properties and increased research
activities in the field of thermoelectrics. These ideas will be discussed as they were
partly pursuit during the course of this thesis.

But let us start with the optimization of thermoelectric properties and its limi-
tations. As already displayed in Figure the charge carrier concentration n does
affect o, S, and k and is therefore of paramount importance in the optimization
process. Since the electrical conductivity is given by

o=enu, (1.10)

where e is the elementary charge and p the mobility of the charge carriers, it is clear
that a high charge carrier concentration favors a high electrical conductivity. The
thermal conductivity, on the other hand, should be as low as possible. However, the
electrical and the thermal conductivity are coupled since the total thermal conduc-
tivity is the sum of the lattice thermal conductivity (heat conduction by phonons) &;
and the thermal conductivity due to the charge carriers k.. The electronic thermal
conductivity is related to the electrical conductivity by the Wiedemann-Franz law
Fras3p:

ke = LoT = enulLT (1.11)

where L is the Lorenz factor, 2.4 - 1078 WQK~2 for free electrons. Using the num-
bers from Figure at optimal ZT the electronic thermal conductivity amounts to
Ky~ 24-107WOQK=2-10°Q 'm~! - 300K ~ 0.7Wm~'K~! and is not negligible.
The contribution of the charge carriers to thermal transport limits the benefit of
increasing the charge carrier density eventually.

Probably even more important is the trade-off between electrical conductivity
and Seebeck coefficient with respect to n. As discussed previously the Peltier co-
efficient and hence the Seebeck coefficient are proportional to the energy difference
between the Fermi energy and the average energy of the charge carriers, which in
turn depends on various parameters like temperature, density of states, and mobil-
ity, but also on the energy difference between Fermi energy and band edge. Since
the Fermi level approaches the band edge for higher n, it is qualitatively clear that S

5Note that the Wiedemann-Franz law does not account for bipolar thermal transport, which is,
however, important for most materials only at high temperatures [Sny0§].
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usually decreases as n increases. A simple quantitative relation can be given for the
limit of a degenerate semiconductor (single, parabolic band and energy-independent
scattering approximation), where S is given in terms of n by [Sny0§]

8m2k% 7 \?/3
S = scnz ™ T(?m) (1.12)

(kp: Boltzmann’s constant, h: Planck’s constant, m* density-of-states effective
mass) and thus decreases with increasing n. For most thermoelectric materials
n is not high enough for the degenerate semiconductor approximation to be a very
good approximation. A more exact description is given e.g. in [Nol01], the general
statement, however, that S decreases with increasing n, remains valid; see also Fig-
ure In summary, optimization of ZT with respect to n requires a compromise
between S, o, and k while the resulting optimum charge carrier concentration is
material specific.

A second material parameter that might be used for optimization, but that is
also subject to an inherent trade-off, is the effective mass of the charge carriers. It
can be seen from Eq. (LI2) that a large effective mass would favor a high S. The
mobility p in Eq. on the other hand, decreases with large effective mass and
leads to smaller o [Sze81]. A general optimal value for the effective carrier mass can
not be given and there are good thermoelectric materials with low and high effective

masses [Sny08].

The mentioned trade-offs illustrate why material optimization is challenging and
the field of thermoeletrics came to relative standstill between 1960 and 1990. This
is furthermore visualized in Figure [[.4], where reported maximal values for ZT are
given with respect to their publication date. After 1995 several reports for materials
with thermoelectric properties superior to the already mentioned traditional mate-
rials appeared. The improvements are mainly based on two basic ideas: Firstly,
disentangling of S and ¢ can lead to an enhancement of the power factor 052 and
secondly a reduction of the lattice thermal conductivity by nanostructuring without
deteriorating the charge transport significantly.

Let us first discuss the three main concepts to reduce the lattice thermal con-
ductivity: the first is to scatter phonons within the unit cell of the crystal by pro-
viding scattering centers like vacancies, loosely bound heavy atoms ('rattlers’), and
atomic mass differences from alloying. Famous examples are the alloys of BisTes,
the clathrates, and the skutterudites [Pou06l, [Ber03, [Fel00]. The second approach
relies on complex unit cells where some regions work as electronic crystal and others
as phonon glass [Gas05]. The third way is to create scattering interfaces at a length
scale between typical electron and phonon mean free paths, thus disrupting heat
but not charge transport. The latter approach is so far the most successful one and
will be exploited in Chapter @ using Si. It will therefore be examined in a bit more
detail.
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Figure 1.4: Improvement of thermoelectric materials. The figure shows reported
figures of merit and their publication date. The renewed interest of thermoelectrics
in the 1990s led to significantly improved thermoelectric materials. The reports
on SiNWs show a ZT that is comparable to the state-of-the-art material BisTes
[HocO8, BouOg|. Higher ZT's have been reported e.g. for superlatice structures but
Si has significant advantages with respect to processability, abundance and costs as
discussed in the main text. Reproduced from [Zhe0§].

In a simple approximation the lattice thermal conductivity is given by
Ky = —cvl] (1.13)

where ¢ = ¢,p is the specific heat capacity, v the speed of sound and lzlfp the mean
free path of the phonons, i.e. their average traveling distance between scattering
events. The charge carrier mobility, which is proportional to the electrical conduc-
tivity Eq. (LI0), can likewise be expressed in terms of a charge carrier mean free

path I ¢ [Sze81] imob10]

e
o o Vg elmfp
o=enp=enp=__",

(1.14)

where F is the magnitude of the electric field, vy the drift velocity of the charge
carriers, e the elementary charge and v their Brownian motion velocity. Internal
or external interfaces in nanostructures can decrease the mean free path. If these
interfaces can be designed such that the phonon mean free path is decreased but
the charge carrier mean free path remains unaffected then Z7T would increase. This

is possible since l?nfp > lﬁlfp in many materials, e.g. l?nfp ~ 43nm and lﬁlfp < 12nm
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Figure 1.5: Electronic density of states (D.O.S) for a) a bulk semiconductor, b) a two-
dimensional thin film, ¢) a one-dimensional nanowire and d) a quantum dot. Systems
with lower dimensionality have a higher DOS that can improve the thermoelectric
properties of materials. Taken from [Dre(7].

for highly doped bulk Sﬁﬁ Furthermore, phonons of different wavelengths are
differently important for heat conduction and it is possible to scatter predominantly
those phonons that carry most of the heat.

The proof-of-principle of this concept was provided using BiyTes/SbyTes super-
lattice structures by Venkatasubramanian et al. [Ven01] in 2001. They measured a
ZT > 2 which was mainly caused by a reduction of the thermal conductivity while
the electrical conductivity was not altered significantly. Thereafter, the concept was
confirmed for several other material systems, notably also for Si in 2008. While
bulk Si is a poor thermoelectric material (ZTp—300k ~ 0.01) due to its high thermal
conductivity of kg ~ 150 Wm~'K~!, two groups showed ZT > 0.5 at room tem-
perature for Si nanowires [Hoc08]. Again, the main reason for an enhanced
ZT was a drastic reduction of the thermal conductivity by more than one order of
magnitude.

The key point for an enhancement of the power factor is that quantum phe-
nomena provide means to partly disentangle o and S which are coupled in bulk
materials as discussed previously. When the system size approaches the angstrom
scale in one or several dimensions, the density of states changes dramatically as
depicted schematically in Figure In two seminal papers Hicks and Dresselhaus
showed that the change in density of states can lead to drastic enhancements of ZT',
provided that the structures are restricted in one or two dimensions to less than
10 A [Hic93bl [Hic93al. The experimental proof for this concept was given in 1996
for PbTe quantum wells [Hic96]. A related concept is the so-called electron filtering
[Zid06): In superlattice or quantum dot supelattice structures one can create en-
ergy barriers that filter the electrons which have low energies (“cold electrons”) and

6As discussed in Section FZ3.1 the phonon mean free path is an average quantity whose precise
value depends on how the averaging is performed. Another value stated often for Si is a mean free
path of 300 nm which increases the difference between electron and phonon mean free path even
further [Ju99].

"The mean free path can be estimated from the mobility and the thermal velocity. Using
log = vT with 7 = pm*/e and inserting p = 100cm®V~'s™" for highly doped Si, v = 10° ms™"
[[ofT1] and the free electron mass yields 5, ~ 12 nm.

mfp
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contribute only little to the Seebeck coefficient while letting hot electrons pass. It
has been shown that this can enhance S more than it decreases ¢ and thus leads to
higher power factors.

Enhancement of power factor and lattice thermal conductivity reduction can be
combined for further ZT enhancement. Harman et al. reported ZT = 3.5 at 570 K
for a PbTe/PbSep 9sTep 02 quantum dot superlattice structure. They found both an
increase of the power factor S?c and a decrease of the thermal conductivity compared
to bulk PbTe and PbSe [Har05]. There are also increasing number of reports on so-
called nanocomposites with superior thermoelectric properties. Nanocomposites are
nanostructured bulk materials with more than one constituent that are fabricated
by e.g. ball milling and hot pressing [Bux09]. For these type of materials, also power
factor enhancement and thermal conductivity reduction at the same time have been

reported .

1.4 Conclusion of Chapter [

In summary it has been shown that nanostructuring can be used to fabricate materi-
als with superior thermoelectric properties. On the other hand it is clear that macro-
scopic amounts of nanostructured materials are necessary for most real-life devices.
We show in Chapter 2l how laser interference lithography and metal-assisted etching
can be used to fabricate arrays of ordered Si nanowires that have a well-defined ge-
ometry and homogeneous over macroscopic areas. These wires have diameters down
to 65 nm so that size effects and superior thermoelectric properties can be expected.
In Chapter @ the fabrication and the thermoelectric properties of porous Si, a related
kind of nanostructured Si are discussed. Nanocomposites, or more general, nanos-
tructured bulk thermoelectric materials like porous Si appear to be very promising
from a practical point of view. For such samples bulk measurement techniques can
be applied, whilst for nanowires or thin films more sophisticated techniques have to
be employed [Hoc08, Bou08, [VOIT0, [Hic96]. As optimizing a thermoelectric material
usually requires repeated characterization, fast and easy measurements are essential.
The other big advantage of the nanostructured bulk materials is that their produc-
tion is often less involved than e.g. the fabrication of quantum dot superlattices.
Their fabrication moreover appears to be easily scalable.

Thermoelectric measurements are an important part of this thesis, therefore the
introduction is concluded with a remark on thermoelectric measurements: As can
be seen from Figure [[4l and the various references there have been many reports
on materials with superior Z7T'; however, few measurements could be confirmed
by others and no device with efficiencies as high as expected from the ZT values
has been realized H Direct efficiency measurements are complex and most

SHarman et al. [Har02] used an n-type quantum dot superlattice to build a Peltier cooler. Indeed
they show, that the cooling power of this “device” is superior to n-type BizTes, however, since they
used a metal wire as p-leg the cooling power of the whole device is lower than for the commercially

12
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reported ZT's have been obtained from measurements of o, S, and x and use of Eq.
(C6). The relative error of Z is given by

AZ Ao AS Ak

7—7+2?+7, (1.15)
and while o can usually be determined with an accuracy better than 5%, relative
errors of 10-20% are not unusual for S and x measurements. The relative error
for ZT can thus amount easily to 50‘7(@. Another source for uncertainties
is that often different quantities are measured on different sample pieces and since
small inhomogeneities can cause significant variations of thermoelectric properties
within a sample [Che05], combining measurement results from different samples can
lead to erroneous results. Further work in thermoelectrics must therefore aim for
reproducibility and careful cross-checking of the measurement data. The thermo-
electric van der Pauw method which will be presented in Chapter Bl can measure all
properties on a single sample and allows several cross-checks.

available combination of p and n BizTes. Progress in thermoelectric devices has also been presented

in [Ven01, (Haraa).
9Note also, that if & is determined indirectly from thermal diffusivity and heat capacitance
measurements, as is done in many transient measurement methods, the error might increase further.
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Chapter 2

Fabrication of Si Nanostructures
by Laser Interference
Lithography

2.1 Laser interference lithography

Laser interference lithography (LIL) is frequently applied to the fabrication of or-
dered arrays of nanostructures [Bru05]. It enables fabrication of two- or even three-
dimensional templates [Lai05, [Moo06, [Ram08|] with perfect ordering over complete
wafers[Che(2] and gives the user precise control over pattern ordering and geome-
try of the individual elements. The perfect long range order is a distinct difference
to structuring methods based on self-assembly and gives LIL an advantage over
techniques such as nanosphere-lithography [HuaQ7], anodic alumina pore etching
[Kaw89, [NieO1], or block-copolymer lithography [Cha09]. Since LIL provides de-
fined microscopic structures on a macroscopic scale, it can be a powerful tool to
fabricate materials that have potential for thermoelectric applications. We have
employed LIL to fabricate arrays of Si nanowires (SiNWs) and Si fins with defined
geometry and ordering. The first section of this chapter will deal with LIL itself,
the fabrication of thermoelectric nanostructures will be treated in Section

In the first section of this chapter the basic working principle of LIL will be
explained and our system, a Lloyd’s mirror interferometer, will be described. A
Lloyd’s mirror interferometer is a relatively simple optical setup and flexible in
terms of the periodicity of the created pattern, in contrast to other setups like
Mach-Zehnder interferometers [Zeh91l, [Mac92]. In Section and two im-
provements/modifications of a standard Lloyd’s mirror interferometer will be shortly
presented: an immersion Lloyd’s interferometer and a two-mirror Lloyd’s interferom-
eter [dB09, [dBI10D]. The two-mirror setup allows production of hexagonal patterns
with a single exposure, whilst the immersion interferometer extends the range of
achievable structure sizes to below 50 nm. These two extensions of a Lloyd’s inter-
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Chapter 2: Fabrication of Si Nanostructures by Interference Lithography

ferometer have been developed during the course of this thesis.

2.1.1 General principle

Photoresist patterns were fabricated in a Lloyd’s mirror interferometer setup. We
will start with the setup and the basic physics of interfering electromagnetic waves. A
more detailed and comprehensive description can be found in classic electrodynamics
textbooks, e.g. [Jac99]. Then the fabrication of resist patterns is explained in detail
and the various parameters that affect the obtained patterns are discussed.

Lloyd’s mirror interferometer

The setup used for LIL is shown in Figure [21h). The laser used for illumination is
a frequency-doubled Ar-ion laser (Lexel SHG) with a wavelength A of 244nm and a
typical output power of 3 mW. Following the beam propagation the setup consists of:
a shutter (Thorlabs) to control exposure times, a spatial filter, and a Lloyd’s mirror
interferometer. The spatial filter (Newport) consists of an objective lens (focal length
of 3.4mm) that expands the laser beam, and an aperture with a diameter of 10 ym
to remove optical noise and enhance the quality of the beam. The Lloyd’s mirror
interferometer itself consists of a rotational stage, a mirror (5cm x 5cm), and the
sample holder. A metallic mirror (Al-coating) rather than a dielectric mirror is
used because the reflectivity of metallic mirrors shows only minor dependence on
the incidence angle. All components are fixed on an actively damped optical table
to minimize the effect of vibrations on the interference pattern.

Intensity homogeneity across the macroscopic sample is a prerequisite for the
fabrication of homogeneous patterns. The radial intensity profile of the laser is
approximately Gaussian

I(r) = Ipexp(—r?/(2s?)), (2.1)
with a full width at half maximum (FWHM) of 0.15mm in front of the objective
lens. The beam radius s and the FWHM are related by FWHM = 2v/In 2s ~ 2.35s.

The distance between lens and interferometer is &~ 1.4 m and so the radial intensity
profile of the expanded laser beam at the interferometer I’ is given by

I'(r) = I(/) exp(—r2/(25/2)) (2.2)
0.15mm x 1400 mm
ith s = ~ 206. 2.
with 3.4mm x 2.35 6.3mm, (2:3)

where s’ is the beam radius at the interferometer stage. The relative intensity at
r = 10mm is ~ 0.93, which is sufficient. Better homogeneity can be achieved
by simply increasing the distance between objective lens and interferometer; this,
however, comes at the cost of increased exposure time.

Due to its large curvature radius, the electromagnetic field of the laser light E (7)
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Figure 2.1: a) Laser interference lithography setup: The laser beam is expanded by
an objective lens and filtered by a 10 ym pinhole. b) Interference in a Lloyd’s mirror
interferometer: A fraction of the laser light is directly incident on the sample at an
angle 6. Another fraction is reflected at the mirror (yellow) which is perpendicular to
the substrate. Thus this fraction of the light is incident at an angle —0. Interference
of the two waves creates a static sinusoidal intensity distribution with a periodicity
p in the photosensitive material (red).

can be described in terms of plane waves:

-

E(r) = Egé exp(ik) (2.4)

where Ej is the amplitude, é the unit vector in the direction of E (r), or the polar-
ization of the electromagnetic wave, and k the wave vector of the electromagnetic
wave; 7 is the imaginary unit. The magnitude of the wave vector is related to the
wavelength of the laser by k = |k| = 27 /A and the time-dependence of the field is
given by E(r,t) = R(E(r) exp(iwt)), where R denotes the real part and w the circu-
lar frequency. Note that not the electric field itself , but the intensity I is “recorded”
in the photosensitive material and therefore responsible for pattern formation. It is
related to E by

I= i % (B 1)?) (2.5)
where ¢ is the speed of light, € the permittivity and p the permeability. If the aver-
aging () is performed over a time interval much larger than the temporal periodicity

of the wave, the time dependence vanishes and the intensity is

—

I < E(7) - E*(7), (2.6)

where the constants of proportionality are dropped for simplicity and E* is the
complex-conjugated of the electrical field. Obviously, the intensity of a single plane
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wave is spatially uniform and thus of little interest for patterning. The intensity of
two superpositioned plane-waves

Ey(7) = Eyoéiexp(ikif) (2.7)
Ey(7) = Eaoéyexp(ikaf + iAd),

(A¢ accounts for an arbitrary phase shift between both waves), is

N - 2
o = |Bi(7)+ Ba(7) (2.9
= L+ I+ 2V L(6 - &) cos|(ky — k2)7+ Ag)] (2.10)

where the amplitudes have been replaced by the (measurable) intensities I; = |Ey o|*.
It can be seen that the intensity depends on the polarization of the two waves €] - €5
and is not spatially uniform, as for a single plane wave. In fact, the intensity shows
a sinusoidal modulation with a periodicity

2 21

[k — ko|  [ky|

p

in the direction of kz_}, where k} = 151 — 152 is denominated as fringe vector.

In the specific case of a LIL setup as shown in Figure 2Ib) one has to consider
the wave vector of the direct incident light and the wave vector of the light reflected
from the mirror. Since the mirror is perpendicular to the substrate normal, the
waves are incident at the angles # and —f, measured from the substrate normal.
The wave vectors follow from geometrical considerations:

ki = k(sin6,0,— cos®) (2.12)
ky = k(—sin,0,—cosf), (2.13)

and thus the fringe vector is given by
ki = kipd + kiyd + k122 — (koo + koy@) + ko22) = 2kio& = 2ky sin 03 . (2.14)

Using k = |E| =27/, p can be expressed as function of wavelength and 6 only:

A
~ 2sinf’

p (2.15)

So far, electromagnetic waves and interference in vacuum have been discussed. How-
ever, the interference pattern is transferred into a photosensitive medium, called
photoresist as described in Subsection [ZT.Il It is therefore necessary to consider in-
terference in a medium with refractive index n;. In the medium, the wave vectors of
the plane waves have to be replaced by k — n; -k and Eq. (2I3]) has to be rewritten
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Figure 2.2: a) Periodicity vs. 6. b) Interference pattern at low and high contrast
as defined in Eq. (ZI8). ¢) maximal contrast for transverse electric and transverse
magnetic polarization vs. 6.

as

A

p= 2’1’Li sin 91 ’

(2.16)

where 0; is the angle to the substrate normal in the corresponding medium. It should
be noted though that the tangential component of the wave vector is conserved upon
refraction [Jac99]. Thus for the situation shown in Figure ZIb) the fringe vector
k:} and the periodicity p are the same in air and in photoresist. Conservation of
the tangential component of the wave vector can also be expressed in form of the

well-known Snell’s law )
sinfy ng

sin 92 N nq (2'17)
and Eq. (ZI0) is most conveniently computed by using 6,i; and n,; ~ 1, because
Oqir is experimentally easily accessible. Eq. ([2I6]) is plotted in Figure 2Z2h). It
can be seen that interference patterns with periodicities larger than A/2 = 122 nm
can be created with the employed setup. Changing p requires only a rotation of the
interferometer, which can be done easily since its mounted on a rotational stage. The
rotational axis is in the center of the beam so that no realignment is necessary after
adjusting p. This is in distinct contrast to other types of interferometers, where
changing p often requires dis- and reassembling as well as realignment of optical

components [Zeh91l, Mac92, Moo06].

Another important parameter besides the periodicity is the contrast or visibility

V' of the interference pattern. It is defined by

Tnin — 1 - € - 2y I 1
min max _ €1 €2 142 with (218)

Inin + Imax L+ 1

Inax = 11+ 12+ 2y 1113(é1 - €2)

Imin = Il + IQ — 2\/ 11[2((51 . ég) .

vV =

The intensity pattern for high and low contrast is shown in Figure2:2b) and it is clear
that for a good transfer of the interference pattern into a photosensitive material
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high contrast is crucial. Contrast depends on the amplitude of the interfering waves
and on their polarization. The interfering plane waves are linear polarized with the
polarization orientation é depending on the setup. Any arbitrary polarization can
be expressed by superposition of transverse electric polarization (polarization per-
pendicular to the plane defined by k_i and k:_é) and transverse magnetic polarization
(polarization in the plane defined by k_i and k_é) If both plane waves have transverse
electric polarization, €} - €5 is always unity and contrast is maximized. If both waves
show transverse magnetic polarization €; - €3 = — cos(26) and the contrast depends
on 6, as shown in Figure [Z2F).

In the employed setup, we used transverse electric polarization to ensure optimal
contrast. Even for transverse electrical polarization the contrast is not unity if the
two interfering parts of the beam have different amplitudes, be it due to a reflectivity
R < 1 of the mirror shown in Figure 1] or because of the intensity distribution of
the beam not being uniform. Nevertheless, even for a relatively large amplitude
mismatch Io = 0.8 the contrast is still V = 0.994 =~ 1, which is sufficient for most
practical applications.

Another prerequisite for high contrast intensity patterns is temporal and spatial
coherence. The temporal coherence length has to be larger than optical path length
differences between different fractions of the laser light. For the employed laser, the
temporal coherence length is specified as 10 m by the manufacturer, which is orders of
magnitude larger than any possible optical path difference. A lower-limit theoretical
estimation of the spatial coherence can be obtained from the van Cittert-Zernike
theorem, see e.g. [Sol99]. This gives the spatial coherence for a small, incoherent
light source. Considering the pinhole diameter of 10 um as the diameter of the light
source and inserting the parameters of our setup one can estimate that resist patterns
with a width of 5 mm should not suffer from spatial coherence loss. One should keep
in mind though that this estimation is a lower limit and since the laser light is not
completely incoherent one can expect that the effect of spatial coherence loss is much
smaller. Insufficient spatial coherence would lead to differences in pattern quality
between the fraction of the resist that has been close to the mirror compared to the
resist that was further away from the mirror. Such effect has not been observed for
samples with a width of > 3 cm.

Issues of minor importance for this thesis, but potentially interesting for the
reader, include systematic errors of p due to misalignment of the interferometer with
respect to the beam, a non-perpendicular mirror, the effect of substrate bending,
and a more detailed description of the influence of spatial and temporal coherence
on the obtained interference pattern. This and more is thoroughly described in the
PhD thesis of Mr. Walsh [Wal04].

Photoresist patterns

With the Lloyd’s mirror interferometer an interference pattern is created that has
a sinusoidal modulation in one spatial direction. This pattern can be transferred
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into a photosensitive material, termed photoresist. In short, upon illumination, the
cross-linking between polymer chains in the resist increases/decreases for a nega-
tive/positive resist. Furthermore, the solubility of the resist can be modified by
light-induced chemical reactions within the resist [Moo07]. Thus the exposed and
unexposed parts behave chemically different, and when brought into contact with
an appropriate solution, the developer, are selectively removed. A simple model
for the behavior of the resist is the ideal binary response model [Ji0§]: considering
a negative resist, the parts of the resist that experience a dose D = I -t above a
certain threshold exposure dose Dy, will remain after developing, while resist parts
with D < Dy, are developed away. The threshold dose is a parameter of the resist,
but can be influenced by the post-baking temperature. Usually Dy, decreases with
increasing post-baking temperature [MooQT7, [Ji08]. The intensity the sample is ex-
posed to, depends on the nominal intensity Iy given by the laser, on the angle 6, and
on the reflectivity of the air-resist interface R, pr as well as the resist-substrate
reflectivity Rairsub- The intensity of a sample at angle 6 is given by

I = Io((l — Rair,PR)(l + Rair,sub) cos 9) . (2.19)

For large 0 the intensity decreases and thus the time to achieve Dy, increases. De-
pending on the desired pattern and on the setup conditions, samples were exposed
between 1 and 30 min during this study, without discernible differences in pattern
quality.

For a given sample and fixed 6 the fraction of the resist that receives a dose
> Dy, increases with increasing exposure time. For a fixed p one can thus control
the width of the resist stripe to a certain degree.

spin coating 1*t exposure 2" exposure resist pattern

I ost-bake
-~ -
I
post-bake

Figure 2.3: Fabrication scheme of photoresist patterns: Spin-coating is followed
by a pre-bake and exposure. The resist pattern is obtained after post-bake and
development. Two-dimensional patterns can be fabricated by two exposures with a
rotation of the sample in between.

The full fabrication scheme is shown in Figure 2.3l Using the negative resist
AR-N 4240 the individual steps were
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1. Rinsing with acetone, isopropanol and de-ionized water to clean the wafers.
2. 10min drying on a hot plate at 200 °C to remove any residual water.

3. Spin-coating of primer AR 300-80: 3s at 500 rounds per minute (RPM), then
30s 2000 RPM. A primer improves adhesion between substrate and resist,
which becomes critical for small resist structures.

4. Bake-out of the primer at 200 °C for 30s. Cooling of the sample.

5. Spin-coating of resist: 3s 500 RPM, 30s 4000 RPM. We used only the negative
resist AR-N 4240, diluted with AR 300-12 in the ratio 1:2 or 1:4. Diluting 1:2
yielded resist thicknesses around 150-200 nm while with a dilution of 1:4 films
with a thickness of around 100 nm were fabricated.

6. Pre-bake at 85°C for 2 min. The pre-bake enhances the sensitivity of the resist
against illumination.

7. Exposure in the Lloyd’s mirror LIL setup.

8. Post-bake at 85°C for 30 min. The post-bake increases the degree of cross-
linking in the resist and enhances its selectivity tremendously. Moreover it re-
duces the effect of the vertical standing wave, that arises due to back-reflection
from the substrate as explained in the text below.

9. Developing for 30s in AR 300-47 or AR 300-475.

10. Removing (optional): developed resist can be removed with acetone or remover
AR 300-70. All chemicals were obtained from Allresist GmbH, Germany.

A single exposure yields a resist line-grating. If two-dimensional structures are
desired, the sample has to be rotated after the exposure and then exposed a second
time, as shown in Figure In Figure 2.4l exemplary SEM images of resist patterns
are displayed. SEM images were recorded with a JSM-6701F (JEOL), usually with
an acceleration voltage of 3kV.

A striking feature of the fabricated patterns is their regularity. The patterns
are strictly periodic over cm? and virtually defect free. In b) and c) patterns with
different types of two-dimensional structuring are shown. Long exposures lead to
a continuous resist film with an array of holes (see b)), while short exposure times
result in an array of resist posts as shown in ¢). In Figure[2Z3d) and e) cross section
images of a) and c) are presented. Arrays of resist posts are used to fabricate arrays
of SiNWs as discussed in Subsection [ZZIl The height of the resist stripes/posts is
around 150 nm and both show some undercut. The reason for the non-perpendicular
side walls is the reflection of the laser light from the Si substrate. The reflected light
interferes with the incoming light and creates a vertical standing wave. Its period
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resist lines

Si substrate

200 nm

Figure 2.4: SEM images of photoresist patterns on Si substrates: A line pattern is
shown in bird’s eye view in a) and in cross section in d). A continuous resist film
with an array of holes is presented in b), while the inverse structure, an array of
resist posts is displayed in top view and cross section in c) and e), respectively.

Pysw can be deduced from geometrical considerations similar to what was presented

in section 2.1 and is \

I 2.20
2npr cos b ( )

Dvsw =

in the direction normal to the surface. The undercut becomes more severe for smaller
resist structures and eventually limits the obtainable structure size. This problem
can be overcome by an anti-reflection coating that minimizes the back reflection from
the substrate [Wal04), [Ji08, [Che0T]. Generally, an anti-reflection coating improves
the resist profile but requires additional fabrication steps and equipment, wherefore
this approach was not pursued during this work.

For most applications, the resist pattern is only an intermediate step for further
structuring. This can be done by etching the substrate material (wet chemical
etching or reactive ion etching) [Lan96, [K6h99, Win92] or by selective deposition
of another material. Examples for both approaches are presented in Figure and
are combined in Subsection Z22.1] for the fabrication of SINWs. Figure [ZDh) shows
a resist pattern after thermal evaporation of &~ 20nm Ag. A continuous Ag film is
observable, as well as isolated metal islands in the holes of the resist. In b) the same
sample after dissolution of the resist is displayed and now an array of uniform silver
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Chapter 2: Fabrication of Si Nanostructures by Interference Lithography

Figure 2.5: Applications of LIL: Resist after evaporation of 20nm Ag before a) and
after lift-off b). In b) an array of regular Ag islands is visible. ¢) and d) show arrays
of SiO4 islands that have been produced by wet chemical etching.

islands can be seen. Arrays of metal islands can be used for nanowire growth [Kim07],
for magnetic data storage[Mar(3], or for optical applications [SchI0bl [Sivi0]. In
c) and d) an array of SiOs islands on a Si substrate is displayed. A resist post
pattern was fabricated on a Si wafer with a 70 nm top SiO4 layer. After development
the sample was immersed in 5% hydrofluric acid (HF) for 3min and the SiOy was
etched away except for the areas beneath the resist posts. Due to its mechanical
stability such a SiO2 pattern might e.g. be used as stamp in nanoimprint lithography

[Cho935l, [Cho96, [Aus04].

2.1.2 Immersion laser interference lithography

Immersion lithography is a concept to extend the working range of lithographic
techniques to smaller structure sizes and higher densities [Kaw89, Bra06, Bru05].
People are interested in smaller structures for several reasons. Firstly, smaller struc-
tures can correspond to a higher structure density, i.e. to faster devices. Secondly,
the physics of nano-scale objects often differs substantially from the physics of their
bulk counterparts. Considering Si for example, the electronic quantum confinement
in nanoporous Si leads to visible photoluminescence [Leh91]. In terms of thermo-
electrics, the increasing impact of electron/phonon surface scattering as well as the
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more pronounced charge carrier depletion due to localized surface states with de-
creasing structure size are important [SchiOal, [Hoc08|, Bou08, [Hic93h].

Regarding LIL, it can be seen from Eq. (ZI0) that the minimal periodicity is
A/2. And while it is possible to vary the structure size by adjusting the exposure
time it is difficult to reduce the structure size below p/4 [Ji08]. One way to reduce
periodicity and structure size is to employ lasers with smaller wavelength. Another
option for smaller periodicities is to place a medium with high refractive index in
the optical path. Doing so, the wavelength in the medium with refractive index n
is smaller than the wavelength in vacuum by a factor that corresponds to n [Jac99].
In standard lithography often a liquid is used for that purpose, therefore this type
of lithography is known as immersion lithography [Kaw89, [Bru05].

Immersion interference lithography has been employed previously in a multi-
beam setup [Blo06] and a Talbot prism [Bou04] to produce patterns with period-
icities below 50 nm. However, these setups are designed to produce patterns with
fixed periodicities. If periodicities are to be changed, optical components have to
be replaced or exchanged and time-consuming realignment is required. Therefore
we aimed for combining the more flexible Lloyd’s mirror interferometer with immer-
sion lithography. As described in Subsection 22Tl a Lloyd’s interferometer basically
consists of a sample holder and a mirror perpendicular to it. In order to decrease
the obtainable structure sizes the mirror is replaced by a prism with nprem ~ 1.5.
One side of the prism has a metal-coating and acts as a mirror. A standard and an
immersion Lloyd’s mirror interferometer are directly compared in Figure and it
can be seen that the working principles are the same: part of the light is reflected
from the mirror and interferes with the directly incident light, creating a sinusoidal
interference pattern in the resist.

There are, however, differences as well. The wave vectors of the electromagnetic
waves are konalr in air and k:onpmsm in the prism (ko wave vector in vacuum), thus,
following the line of argument of Section ELT.1], the periodicity for the immersion
interference lithography (ILIL) setup is

A

2nprism S11 aprism

p= ) (2.21)
and thus a factor of nprism/Nair smaller than in the standard setup. A second dif-
ference is that the angles to the substrate normal inside and outside of the prism, 6
and @', respectively, are not identical; due to the refraction at the air/prism inter-
face. While 6 enters Eq. [221]), 6’ is experimentally easily accessible. From simple
geometrical considerations, it can be seen that 6 and 6’ are related by

sin(60° — 9,) __ NPrism
Sin(60° —0)  nag

(2.22)

The third difference is a layer of an immersion liquid between the prism and the
resist. If there was an air gap between prism and resist, total internal reflection would
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7
z%%\
p \
RIAVAVAVAN 2

Figure 2.6: a) Standard Lloyd’s mirror interferometer: A fraction of the light from
an expanded laser beam reaches the sample directly while another fraction after
reflection from a mirror (yellow); this results in a sinusoidal intensity pattern across
the sample. The substrate (dark gray) is coated with photoresist (red) as described
in Section 2111 b) Scheme of the immersion Lloyd’s mirror interferometer that was
developed during this thesis. Here the laser light is directed onto a triangular prism
at an angle ¢’ to the sample normal. Instead of by a separate mirror, the light is
reflected by the metal-coating (yellow) of the prism. The working principle is as in
in a) but the periodicity in b) is smaller due to the refractive index of the prism.
Total reflection at the bottom side of the prism is avoided by using an immersion

liquid (blue). Taken from [dB10D] and modified.

occur for sin@ > ngir/Nprism i.€. @ > 41.5°. Since one is usually interested in small
periodicities, i.e. large 0, this is undesirable, but can potentially be circumvented if
a substance with a higher refractive index is situated between photoresist and prism.

We have used 30°-60°-90° prisms, so-called Littrow prisms, for the ILIL setup.
Prisms with dimensions 22 mm x 37.9 mm x 22 mm made from fused silica were pur-
chased from Altechna Co. Ltd., Lithuania. The long leg of the prism acted as mirror
and had an Al coating (A/10 quality). Littrow prisms are standard components in
laser optics (used e.g. for wavelength selection in laser cavities), and are therefore
relatively inexpensive (=~ 100 §). Regarding the choice of prism angles, one should
consider that depending on the angle between prism normal and incident light, a
part of the incident light is reflected at the prism/air interface, increasing exposure
time. To reduce reflection, laser light should enter the prism nearly perpendicularly
for the range of periodicities that is desired. So, one is not restricted to 30°-60°-
90° prisms, they just have to be rectangular. For the employed prism, reflection at
the air/prism interface is minimal for § = 60°, corresponding to §'=60°, i.e. small
periodicities.

The refractive index of the silica prism can be calculated from the Sellmeier
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2.1: Laser interference lithography

equation and is 7prigm = 1.51 at 244nm [Mal65]. The refractive index of water
is nmp,0 ~ 1.38 [Hal73| [Kap06], and therefore the critical angle for total internal
reflection is .3 ~ 66°. It is of course possible to use liquids with higher refractive
indexes to increase the critical angle even further. However, since sin(65°) =
0.91 = 1 the reduction in periodicity is only very moderate for angles 6 larger than
65°.

To test the setup, we used standard silicon wafers as substrate for the photore-
sist. The fabrication process was described in Subsection 22T.1] here usually a resist
diluted at a ratio of 1:4 was used. While the samples were rinsed with deionized
water, they were carefully pressed against the short side of the prism. Doing so,
a thin water film separated prism and sample. Sometimes air bubbles can be ob-
served between prism and sample. Since air bubbles tend to go up in water due to
buoyancy, they can be removed by soft pushes on the sample. We also experimented
with glass slides (thickness 0.2 mm) as spacers between sample and prism to have a
well-defined distance. However, better results were achieved without the spacers.

Figure 27h) shows a low magnification SEM image of the obtained resist pattern
after a single exposure and development. One can see a regular and uniform line
pattern. From the higher magnification image presented in Figure[27b) a periodicity
of 90 £ 2nm ~ 0.37\ can be deduced from image analysis. This is well below the
limit of a standard Lloyd’s mirror and fits to the result expected from Eq. (Z2I]):
piLi, = 93nm at @ = 0 = 60°. The width of the resist stripes is 43 & 4nm and
exhibits some roughness. One reason for the roughness is that the employed resist
is a standard, non-chemically amplified resist with a spatial resolution of =~ 50 nm.
Moreover, since the fabrication process was not done in a cleanroom, the presence
of dust particles can not be excluded. Possible stray light would effect the contrast
and thus the resist profile more severely than in the standard LIL setup. An anti-
reflection coating would at least suppress the back-reflection from the resist-substrate
interface and thereby reduce stray light and improve the resist profile.

As indicated in Subsection ZTT] resist patterns are usually only an intermediate
step in the fabrication scheme. Figure Z7c) shows a silver line pattern that was
obtained after evaporation of 15nm Ag and subsequent lift-off with acetone. The
metal stripe pattern is again regular and has a stripe width of 47 £+ 6 nm.

One of the big advantages of a Lloyd’s mirror interferometer is the ease with
which patterns with different periodicities can be fabricated. This still holds for
the ILIL setup and a couple of experiments at different ¢’ have been conducted.
The resulting periodicities were deduced from SEM images and are shown in Figure
2.8 as red diamonds. The black line represents the theoretical curve for the ILIL
setup according to Eq. ([22]]), while the periodicity of a standard Lloyd’s mirror
interferometer (Eq. (Z2I0]) is plotted as dotted line.

It can be seen that structures with 86 £4nm < p < 132+ 5nm have successfully
been fabricated. Larger # and smaller p are not accessible due to total internal
reflection, while structures with larger periodicities are not of interest, since they

26



Chapter 2: Fabrication of Si Nanostructures by Interference Lithography

P

3 sapaidi,

bl

AR by o e By R Ty )

DN AR gl ' X i
K N ol - Y

A S A A e o .

Aol .

it
| %
||
!

e

Figure 2.7: SEM images of photoresist patterns after exposure in ILIL setup and
development. a) Low magnification image of a sample after exposure at = 6’ = 60°,
showing the periodicity and regularity of the pattern. b) The same sample at higher
magnification; the width of the resist lines is 43 + 4 nm. c¢) Patterned silver lines
after evaporation of 15 nm Ag onto the sample shown in a) and b) and subsequent
lift-off. Taken from [dB10Db] and modified.

can be fabricated in the standard setup. The measured periodicities follow the
theoretical curve albeit being systematically about 5% too small. The most probable
error source is an incorrect measurement of ', mainly because # = 0 could not be
determined experimentally with an accuracy better than 3°. Other error sources are
inaccuracies in the analysis of the SEM images and a refractive index of the prism
that was different from the assumed value of nprism = 1.51.

The results shown in this section have been obtained with a laser with \ = 244
nm. The concept, however, is general and can be applied to lasers with different, in
particular smaller wavelengths, provided that the laser source fulfills the coherence
requirements for the desired sample sizes. This is especially appealing for immersion
lithography, since the refractive index of SiOg and other typical prism materials
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Figure 2.8: Periodicity of the ILIL interferometer as a function of the angle between
substrate normal and laser beam in air for a laser wavelength of 244nm. The
values calculated from Eq. (Z2I]) are given by the solid line while the measurement
data is shown as diamonds. For comparison the periodicity of a standard Lloyd’s
mirror interferometer (Eq. [210) is plotted as dashed line. The smallest obtainable
periodicity for a standard Lloyd’s interferometer is A/2 = 122 nm, while with prism
and immersion liquid the working range is expanded well below 100 nm. Taken from

[dBI0b] and modified.

increases with decreasing wavelength [Smi04], and thus the "gain" will be twofold if
smaller wavelengths are applied.

A novel, simple, and inexpensive modification of a Lloyd’s mirror interferometer
has been developed during the course of this thesis. Using a metalized fused silica
prism, photoresist line patterns with sub-100 nm periodicity and 45 nm width were
fabricated. This is beyond the smallest periodicities achievable with a standard
Lloyd’s mirror interferometer and shows that the setup extends the working range
of LIL to smaller dimensions. Since the working principle is essentially unchanged
the immersion Lloyd’s mirror interferometer retains the advantages of the standard
setup, in particular the flexibility in periodicity.

2.1.3 Three-beam interference lithography: hexagonal patterns at
a single exposure.

In this section we will present a three-beam alternative of a Lloyd’s mirror interfer-
ometer that allows for the fabrication of hexagonal photoresist patterns at a single ex-
posure. Single exposure in a standard Lloyd’s interferometer or the immersion inter-
ferometer yields a resist line grating, see Section [Z1] and Section ZT.2] respectively.
However, for applications like ordered nanowire growth/etching [(Cho08] or
magnetic/ferroelectric media for data storage [Mar03, [Han09], two-dimensional pat-
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terns like dot arrays are required. As discussed before, this can be achieved with a
Lloyd’s interferometer by a double exposure of the sample, see e.g. Figure and
24l A rotation of the sample is required in between the two exposures and makes
the fabrication process more demanding. Rotating the sample by 90°yields a pat-
tern with square symmetry and round resist posts/holes. Other symmetries may be
required as well, in particular patterns with hexagonal symmetry, since these have
the highest areal density and are therefore ubiquitous in self-organized processes like
nanosphere lithography [Hua0O7] or the anodization of aluminum [Lee06]. Using a
standard Lloyd’s interferometer, a rotation of the sample by 60°between the two ex-

posures yields a pattern with hexagonal symmetry, the individual resist posts/holes
are, however, elliptically deformed [Lee06].

Thus, a standard two-beam Lloyd’s interferometer is not an ideal setup with re-
spect to the fabrication of patterns with hexagonal symmetry. Optical setups with
three beams that can be aligned independently of each other are a possibility to
produce hexagonal patterns with round structures, but these setups are designed for
patterning at fixed periodicities [Moo06l, Lu07]. Furthermore, they are more complex
than a Lloyd’s interferometer and less convenient to handle. We have therefore de-
signed a three-beam version of a Lloyd’s interferometer, which is presented in Figure
29, and can be compared directly to a standard two-beam Lloyd’s interferometer.

In contrast to a standard Lloyd’s interferometer, which consists of a sample
holder and a single mirror, the three-beam interferometer consists of a sample holder
and two mirrors. These mirrors are perpendicular to the sample plane and at an
angle of 120°with respect to each other. Due to the reflection of the light at the
now two mirrors there are three incident plane waves, whose wave vectors have a
threefold symmetry as shown in Figure 29k). This results in a hexagonal intensity
pattern, as depicted in Figure ZZ9f). The wave vectors for the two-beam setup are
stated in Eq. ([ZI3)), for the three-beam setup they follow from geometry:

ELg_beam = k(—sinb,0,—cosb),
E2,3—beam = k(0.5sin6,,/3/4sinf, —cosb),
k33 beam = Kk(0.5sin6, —\/3/4sin6, —cosf). (2.23)

As for the two-beam setup, a key quantity is the periodicity of the intensity pattern
of the three-beam setup. Since the wave vectors have a threefold symmetry, the
intensity pattern will have one, too. Generalizing the argument from Section [Z1] the
periodicity of the pattern in a certain direction d is given by

2w
Pi= = (2.24)

ki-d
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Figure 2.9: Comparison of two-beam and three-beam interferometer. a) Photograph
of a standard Lloyd’s interferometer, b) resulting wave vectors and intensity pattern
with a one-dimensional periodicity in ¢). d) Three-beam Lloyd’s interferometer, e)
resulting wave vectors and hexagonal intensity pattern f). Taken from [dB09].

The fringe vectors k_} can be calculated for each combination of the wave vectors:

= k(—1.5sin6,—,/3/4sinh,0),
= k(—1.5sin6,4/3/4sin6,0),
= k(0,V/3sin6,0). (2.25)

Considering the periodicity along the x-y projection of El’g,beam it follows for the

three fringe vectors

P12

P13

P23

271' B 27T B )\
Friz-(1,0,0)  L5sin6k  L5sind’
A
"~ 1.5sinf’
=0 (2.26)

thus, the periodicity along the x-axis is A\/(1.5sin ). From symmetry follows that
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Figure 2.10: (a) SEM image of a photoresist pattern after exposure in the three-
beam setup and development. The periodicity of the pattern is p = 186 nm while
the holes in the photoresist have a diameter of around 100 nm. (b) Periodicity vs.
angle to the normal of the sample 6 for a three-beam Lloyd’s interferometer and
A =244 nm. As in a standard Lloyd’s interferometer setup € is adjusted by rotating
the sample holder in the plane of the optical table. The solid red line corresponds
to Eq. (Z27) while the red marker represent experimental results, which match the
theoretical curve very well. With the three-beam setup periodicities above 165 nm
are continuously achievable. The periodicity of a standard two-beam setup (Eq.
([218])) is illustrated as a dashed-dotted line for comparison.

the periodicity is the same along the x-y projections of the other wave vectors. The
overall periodicity of the hexagonal intensity pattern ppex can then be defined as

A

Hex — 7 - ., -
PHex 1.57n44 8in Oy

(2.27)

For correctness and consistency the effect of the medium (here air) has to be included
in Eq. (Z2Z10).

For experimental realization, Si wafers were used as substrates and prepared as
described in Section ZI.Il The distance between spatial filter and sample holder
was around 1m and typical illumination times were 1 to 5 minutes. Both dielec-
tric mirrors (75x50x5 mm with a HfOy/SiO2 multilayer coating, Laseroptik GmbH,
Garbsen, Germany), and metallic mirrors have been employed in the setup.

An SEM image of the resist pattern obtained after an exposure time of t = 150 s
at @ = 58° is shown in Figure 2I0h). On the low magnification image the large-scale
regularity of the hexagonal resist pattern is clearly visible while the close-up inset
shows the smooth feature of the photoresist. A distinct advantage of the three-
beam interferometer is that the obtained pattern show true hexagonal symmetry,
i.e. the resist holes/post are round and not elliptical as for the two-beam setup;
for a detailed discussion see [dB09]. As for the two-beam setup, the periodicity of
the three-beam setup can be varied by a rotation of the whole interferometer, thus
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2.2: LIL structures for thermoelectric applications

by adjusting 6. Experimental results for different 6 are presented in Figure ZT0b).
The experimental data fits very well to Eq. (ZZ17) and it can be concluded, that
periodicities above 165 nm are continuously accessible.

The introduced three-beam interferometer is no full replacement of the standard
two-beam setup, mainly because it can produce only hexagonal patterns. The pe-
riodicity is also larger by a factor of 4/3 and the contrast is not unity, since the
three beams are not completely transverse electrically polarized to each other. It is
advantageous, however, if patterns with hexagonal symmetry are required or if just
any two-dimensional structure is required, since these can be fabricated with the
three-beam setup faster and more conveniently.

As structuring technique, and in particular regarding hexagonal patterning, LIL
competes with techniques based on self-organizing processes, like pre-patterning
with nano-sphere lithography [Hua(7], or anodization of aluminum [Li98]. These
techniques usually offer only short-range order and a domain-like structure on a
larger scale. The LIL fabricated resist patterns show strict long range order over
cm? and can even be used to enforce long-range order on self-assembling processes,

see e.g. [Lee00].

2.2 LIL structures for thermoelectric applications

After presenting the working principle of LIL in Section 211 this Section will deal
with the fabrication of Si nanostructures using LIL. We have combined LIL pattern-
ing with a simple, electroless, wet-chemical method — the so-called metal-assisted
etching — to fabricate arrays of SINWs with diameters between 350 nm and 65 nm,
see Section [Z2.J1 Another interesting structure for thermoelectric investigations are
Si fins which were fabricated by anisotropic KOH etching. LIL was used to define
and vary the fin thickness (Section [Z2.2]).

2.2.1 Arrays of silicon nanowires

In 2008, two groups investigated the thermoelectric properties of SINWs and showed
that those can have ZT > 0.5 at room temperature [Bou0O8, [HocO8|. Since Si is
relatively cheap and a huge technological processing background is already avail-
able, SINWs appear to be promising candidates for thermoelectric applications.
Hochbaum et al. [HocO8] compared the properties of differently prepared SiNWs
and showed that nanowires fabricated by so-called metal-assisted etching had lower
x and thus larger Z7T" than SiNWs grown by the vapour-liquid-solid-mechanism
[Schi0a]. Metal-assisted etching of Si is a relatively new process, but received
an enormous amount of attention, due to its simplicity and practicability. There
have been several hundred publications on this topic within the last years, see e.g.

[Li00, [Hua07, [Hua08, [Hua09l [Gey09]. Metal-assisted etching usually consists

of the following steps: firstly a somehow patterned metal film (usually gold or sil-
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ver) is brought onto a Si substrate. Secondly the sample is immersed in a solution
containing HF and an oxidative agent, usually HoOs. Due to the redox potential
of the agent Si is oxidized and subsequently removed by HF. The key point is, that
the metal film acts as catalyst for this reaction, i.e. the etching speed far away and
in the vicinity of the metal film differ by several orders of magnitude. If a closed
metal-film containing holes is employed, SiINWs can be obtained from the etching,
since, to a very good approximation, only the Si below the metal film is etched away,
so that the metal film sinks into the Si substrate. The picture presented here is only
a rough approximation. Process details are discussed in literature, and partly still
under investigation. An overview about process parameters like choice of metal, Si
doping and orientation, etching solution composition, and etching temperature can
be found in a recent review by Huang and Geyer et al. [Hualll.

In their mentioned work on SiNWs for thermoelectrics, Hochbaum et al. mea-
sured single nanowires [Hoc08| while Boukai et al. measured several hundred [Bou08];
for a real device, however, one has to find a way to produce macroscopic amounts.
Macroscopic amounts of SINWs can be fabricated by metal-assisted etching fast and
simply, as shown by Peng et al. [Pen06], who deposited an irregular metal film by
precipitation of elemental Ag from a salt solution. The wires obtained in this fashion
are of irregular shape and have varying “diameters”. The thermoelectric properties
of SINWs depend sensitively on their diameter and therefore control over wire ge-
ometry is necessary for thermoelectric applications. Control over wire position is
furthermore desirable, since it simplifies contacting and assessing the wire areal
density. For these reasons, several prepatterning techniques have been combined
with metal-assisted etching. To mention are: nanosphere lithography, AAO masks,
and LIL [Hua0T7, [Cho08]. The former two techniques give Si nanowires in a
hexagonal pattern with some control of nanowire diameter. However, the obtained
wires show only a short-range order and a domain structure on larger scales. Such a
domain structure complicates contacting of the individual wires and often leads to
wires with different geometries (thus properties) at the domain walls. LIL, on the
other hand, yields pattern with strict long-range order and very well defined geome-
tries. Choi et al. have combined LIL and metal-assisted etching to fabricate arrays
of SINWs with round or elliptical shapes of various length and sizes. However, the
smallest wires they presented had a diameter of 150 nm, which is way too large for
thermoelectric applications. Hochbaum et al. showed their best ZT for nanowires
with a diameter of ~ 50nm. Thus for an earnest attempt to fabricate SINWs for
thermoelectrics one should aim for huge amounts of geometrically well defined wires
with diameters approaching 50 nm.

We have matched LIL with metal-assisted etching to produce arrays of regular
SiNWs with various densities and diameters down to 65 nm. The fabrication scheme
together with the corresponding SEM images is shown in Figure ZTTl At first, arrays
of resist post are fabricated by double exposure as described in Subsection 2.1.1] on
(100) Si wafers (0.3 — 0.7Qcm). Subsequent exposure to an Og plasma (100 W, 15-
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Figure 2.11: Fabrication scheme for ordered arrays of SiNWs and corresponding
SEM images: Arrays of resist posts are created by LIL (a, b); resist post size can
be decreased by Os plasma treatment, the posts are then covered with a thin but
continuous metal film (c); the metal caps are lifted-off by dissolution of the resist
(d, e); immersion of the sample in the HF/H202 solution yields arrays of uniform
SiNWs. The scale bar corresponds to 1 ym in each of the SEM images.

90s) reduces the size of the resist posts by several tens of nanometers and is used
to fabricate arrays of small posts. Secondly, the sample is coated with a Au film
by thermal evaporation (Auto 306, Edwards). This is followed by a lift-off of the
photoresist. At this fabrication step, the Si sample is covered with a Au film with
a regular array of holes (see Figure [ZI1k)), whose sizes corresponds to the size of
the resist posts. The final step, metal-assisted etching, is done at room temperature
in a solution containing 5.0 M HF and 0.42M H3O,. For the chosen parameters
the etching proceeds along the <100> direction, i.e. perpendicular to the surface.
As example, nanowires with p ~ 357 nm are shown in Figure ZTTk); the wires are
arranged in a square pattern and very regular. For a successful fabrication one has
to choose the “correct” film thickness: a Au film thickness above 15 nm was found to
be necessary to obtain a closed film. For thinner films additional holes in the metal
film led to the etching of “parasitic” wires at undesired positions. On the other
hand, lift-off becomes unsuccessful for too thick metal films, this became important
especially for resist posts, whose size (and height) had been decreased by O9 plasma
treatment.

By adjusting exposure angle and times, the periodicity and the size of the resist
posts can be chosen. Since the diameter of the wires matches the diameter of the
resist posts, arrays of wires with various diameters and densities can be fabricated.
The etching speed depends on the etching solution composition [Hualll, but is ap-
proximately constant, thus wires length can be controlled by etching time. Examples
are shown in Figure

For application of the wires in thermoelectrics or electronics, good electrical

34



Chapter 2: Fabrication of Si Nanostructures by Interference Lithography

e BNy e
WHOECE B R R R S
O S Rt R e R ]
F N TR LS e b T
9 4 C P DYV

n®agpoey's .
r 3 e D
s aary 2“m

*yn 9

’
*
L
.
.
«
-
®
L
(2

Figure 2.12: Arrays of SiINWs: a) is a close-up of Figure ZITg); it can be seen that
the wires have an almost rectangular shape with a diagonal of ~ 230nm length.
In b) nanowires with a periodicity of 244 nm and a diameter of approx 150 nm
are shown. Wires with diameters around 60 nm and a periodicity of 190 nm are
presented in c). Note that a periodicity of 190 nm corresponds to an areal density
of 2.8 x 10" mm~2. Taken from and modified.

conductivity of the wires is paramount. This can only be guaranteed for single-
crystalline wires. As can be seen from the transmission electron microscope images
in Figure [ZI3d) and e) the wires itself are indeed single-crystalline and moreover
form a single crystal with the Si substrate. Since the wires were etched from a single
crystal this comes not unexpected and shows a principal advantage of metal-assisted
etching compared to nanowire growth techniques.

Nanowires with diameters below 100 nm are finally shown in Figure ZT4l Mea-
suring the diameters d of the wires shown in Z17h) yields d = 66 + 8 nm.

A high nanowire density is desirable for most applications. The density D is

2

given by D = p~2 = 1.7- 10" mm? for the wires shown in Figure T4l This is larger

than density values reported previously, obtained by LIL or nanosphere lithography
[ChoO08), [Hua(7] and comparable to results obtained with AAO templates [Gey09].
Advantageous compared to grown wires is that the etched wires all have the same
height. This simplifies contacting which is nessary for thermo(-electric) measure-
ments and device implementation. Moreover, the wires are etched along the Si
<100> direction, while VLS grown wires usually grow along the <110>, <111>, or
<112> direction [Sch10a]. For electronic applications, the <100> direction is often

preferred [Zha09].
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Figure 2.13: TEM images of a single SINW. a): nanowire foot and Si substrate;
b): high resolution TEM. It can be concluded that the wire and substrate form a
single crystal (scale bars are 10nm and 5nm in a) and b), respectively). Taken from
dB10a] and modified.

2.2.2 Silicon nanofins

As prospective new materials for thermoelectrics, not only one-dimensional struc-
tures like SINWs shown in Subsection [Z2.] but also two-dimensional structures like
thin films or quantum wells have received a great deal of attention. In fact, it has
been a thin film measurement reported 2001 by Venkatasubramanian et al. [Ven01]
that renewed interest in thermoelectrics significantly. In this paper Venkatasubra-
manian et al. studied a thin film sample composed of BisTes/SboTes and found a
figure of merit ZT = 2.4 at room temperature. Although a higher thermoelectric
efficiency is predicted for nanowires compared to thin films [Hic93bl [Hic93a], thin
films have considerable advantages over NWs. They are more easily and in larger
quantities produced and they are furthermore much easier characterized [Ber(9], a
consequential advantage, since singling out a good thermoelectric material usually
requires a lot of optimization, thus characterization.

Since the effect of confinement in one or more dimensions is a fundamental
physical question thin films are furthermore test-cases for the modeling of lower-
dimensional objects.

Si thin films are often prepared by wafer-bonding [Mas88|, [Bru95] or by growth
techniques [Tab81]. Here we present a simple alternative way to produce two-
dimensional Si structures of well-defined and adjustable thickness. By combining
LIL and anisotropic KOH etching arrays of vertical standing Si fins have been pro-
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Figure 2.14: Arrays of sub-100 nm SiNWs. a): Low magnification tilted view show-
ing regularity and good homogeneity of the nanowires. The size distribution of the
wires shown is given in the inset, the wires have an average diameter of 66 nm with
a standard deviation of 8 nm, the periodicity is 244nm. A top view of the same
sample is shown in b). The sample was re-etched and the resulting, much longer
wires are shown in subfigure c). The scale bar corresponds to 500 nm in each image.
Taken from [dB10a] and modified.

duced; fin widths and height can be adjusted by choosing different optical or etching
parameters. The obtained structures show good homogeneity and might be used to
investigate size effects of the thermal conductivity.

The fabrication is shown as scheme in Figure 218l with the corresponding SEM
images below the scheme. Si wafers with a SiO2 layer of 25 nm-100nm thickness
are used as substrates, SiOs covering is achieved by thermal growth in dry oxy-
gen [Nic82]. Resist stripes are prepared with LIL as described in Subsection [ZT.T],
a sample SEM image is shown in Figure 2I5b). The pattern is transferred into
the silica layer by etching in 5% HF. For this concentration the etching rate is
~ 30nm/min and allows convenient handling [Mai66]. The resist itself shows some
resistance against dissolution or detaching from the silica layer. For clarity it has
therefore been removed in the SEM image shown in Figure d), and so silica
stripes on a Si substrate are visible. This pattern of silica stripes is then used as
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sioa

Figure 2.15: Fabrication scheme for Si nanofins with the corresponding SEM images.
a) and b): Resist stripes are prepared on a Si substrate, covered with a SiOz layer. c)
and d): The structure is transferred into the SiO layer by etching in a HF solution.
The resist remains during this step on top of the SiOs stripes but was removed
before taking the SEM shown in d. e) and f): Si fins are created by anisotropic KOH
etching. Due to the high selectivity between different crystallographic directions in
Si the Si fins show virtually no tapering.

template for KOH etching. KOH etching is a standard process in Si micro-machining

[Cam95, [K6h99]. In an alkaline solution Si is etched (without applied bias)
according to the following reaction [Leh02]

Si+ 20H™ 4 4H,0 — Si(OH)g 2 + 2H,. (2.28)

KOH etching is highly anisotropic due to the different bondings of Si atoms at the
Si/electrolyte interface. In <100> and <110> Si an interface Si atom has two Si-
Si bondings and two Si-H bondings which can be attacked by the OH™ groups of
the electrolyte. If the H end groups are replaced by OH the two Si-Si bonds get
weakened due to polarization and the Si interface atom can be dissolved from the
bulk completely. In <111> Si however, an interface atom has three Si-Si bonds and
only one Si-H bond. Now only one H can be replaced by OH and the remaining
three Si-Si bonds are not sufficiently weakened to allow a fast dissolution of the Si
interface atom [Leh02]. Consequently, at room temperature the etching rate along
the Si <111> direction is two to three orders magnitude smaller than along the
<100> or <110> direction [Sei90]. Thus, a [111] plane in a Si crystal acts like an
etch-stop. If the SiOg lines are parallel to the <111> axis in Si, grooves are etched
into the Si wafer. SiOy has also a very low etching rate [Sei90] and so the silica
patterns hinders a dissolution of the fins from the top.

The resist is removed very fast in the basic KOH solution. A silicon wafer is
cleaved most easily along the <111> directions, thus in the LIL setup the sample
has to be arranged such that the stripes are parallel to the cleaving edge, which can
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be done manually with fair precision.
Since resist stripe width can be tuned by adjusting exposure time and angle and

the fin depth is roughly proportional to etching time [Sei90], this method allows for
the fabrication of Si fins with different width and depth. Examples for fins with
widths between 60 nm and 500 nm are shown in Figure

Figure 2.16: Examples for Si fins. The fins shown in a) have a width of 60 nm and a
length of more than 2 ym, i.e. an aspect ratio > 30. Moreover, a striking regularity
and large-scale uniformity is clearly visible. Thicker fins with a width of 500 nm are
shown in b). Subfigure ¢) presents a close-up of fins with a width of 60 nm, while in
d) Si fins embedded in polymer are shown.

It has been noted that for very large aspect ratios the fins collapse and attach
to each other, as shown in Figure [l top image on the right hand side. The reason
are presumably adhesive forces during the drying process. These can be minimized
if the samples are dried supercritically, e.g. in a CO9 atmosphere [Cha09]. Thermal
conductivity of the fins can be measured on the Si substrate with techniques like
the 3-omega technique [Cah87, [Cah89] or time-domain thermal reflectance [Cah(4],
[Per09]. If the thermal properties are to be measured with the 3-omega technique,
the fins have to be covered with a thin insulating layer. An SEM image of an
embedded sample is shown in Figure 2I6H), where a layer of photoresist polymer
was brought onto the sample by spin-coating. In total, a powerful approach for
the fabrication of Si nanofins has been presented. The obtained structures allow
systematic investigations of size effects on the thermal conductivity or other physical
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quantities in Si.

2.3 Summary of Chapter

The working principle of LIL using a Lloyd’s mirror interferometer has been pre-
sented. Interference of two or more beams leads to a temporally constant, but
spatially varying intensity profile that can be transferred into a physical pattern of
a photosensitive material by simple wet chemistry. The fabricated patterns show a
striking regularity and their properties, i.e. the feature size and their periodicity can
be chosen by adjusting the optical parameters. Furthermore, an immersion Lloyd’s
interferometer has been designed and presented which extends the working range to
significantly smaller periodicities. Finally, a three-beam Lloyd’s interferometer has
been introduced, which has the power to produce truly hexagonal patterns after a
single exposure.

LIL has been combined with two wet-chemical etching methods to produce Si
nanostructures. On the one hand Si fins with width between 50 nm and 500 nm
have been produced by KOH etching using silica stripes as mask. On the other
hand metal-assisted etching has been employed to fabricate SINWs with diameters
down to 60 nm and areal densities up to 2 x 10" mm~2. Using LIL produces arrays of
nanostructures that are strictly periodic over cm? and have a homogeneous geometry
(width, diameter, length) that can be tailored by setting the LIL /etching parameters.
While Si fins represent a test case for size effects on two-dimensional objects, arrays
of SINWSs represent one step towards the realization of a Si-based thermoelectric
device.
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Chapter 3

Thermoelectric van der Pauw
Measurements

During the course of this thesis, the thermoelectric van der Pauw measurement
method has been developed. This is a novel technique that comprises electrical and
thermal conductivity measurements as well as Seebeck coefficient and direct figure
of merit gaging. With this method a complete thermoelectric characterization of
materials is possible. In the first section of this chapter, Section Bl the employed
setup will be introduced. The thermoelectric van der Pauw method itself will be
presented in Section Error analyses are important to validate physical results,
so much the more for a novel measurement technique. For this reason a table with
an overview of experimental errors and a detailed discussion of the most significant
problems is presented in Section B4l Section concludes this chapter with a
discussion on the minimization of experimental errors and gives experimental proofs
how this can be achieved.

3.1 Measurement system

The groundwork of this thesis, i.e. the setup for thermoelectric measurements will
be introduced in this section. The employed setup, its possibilities and limitations
will be discussed. Furthermore, the instrumentation and the user interface will be
introduced. The possibility to run various types of temperature-dependent thermo-
electric measurements in a fully automated fashion was paramount for the progress
of the work.

3.1.1 Setup

As discussed in Chapter [l the efficiency of a thermoelectric generator is linked to
the thermoelectric figure of merit Z7', which itself can be expressed in terms of basic
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Figure 3.1: a) Thermoelectric measurement system and b) detailed view of the sam-
ple holder. The sample holder with suspended sample was used for thermoelectric
van der Pauw measurements. For 3w measurements (see Sectiond3]) a similar holder
with the sample on top of the temperature regulation block was used. A detailed
description of measurement system and sample holder is given in the text.

sample holder

material parameters
S T
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Here o and k are the electrical and the thermal conductivity, respectively, S is
the Seebeck coefficient and T the absolute temperature. For a complete thermo-
electric characterization a measurement system has to be designed that provides
measurement options for these three quantities. Furthermore, these quantities are
interdependent (see Section [[3)), which requires repeated measurements for material
optimization, thus measurements have to be fast, convenient, and reliable. More-
over, a measurement system should be designed such that temperature-dependent
measurements are possible. This is important for two reasons: firstly, many mi-
croscopic parameters like charge carrier mobility or phonon mean free paths are
strongly temperature-dependent and information about those can be retrieved from
temperature dependent measurements of o, S, k. From a device point of view it is
vital since thermoelectric devices are always operated over a temperature range, of-
ten up to several hundred Kelvin, therefore temperature-dependent knowledge about
material properties is indispensable.

Many measurement systems operate either exclusively below or above room tem-
perature by sample cooling or heating [Hoc08| [Bou08, Bof05l, [Zho05]. Our system
was designed such that measurements could be performed over a broad tempera-
ture range. Using a combination of liquid nitrogen cooling and resistive heating the
sample temperature could be varied between 120 K and 500 K in our setup.

The employed thermoelectric measurement system is shown in Figure B.Ih) while
Figure BIb) shows the sample holder in more detail. For thermal conductivity mea-
surements heat exchange with the environment by conduction through the ambient
gas and by convection is highly detrimental. It is therefore necessary to measure ther-

mal properties in high vacuum with pressures < 107 mbar [Sal09, Row06], NoI01],
see also Appendix [Al The measurement chamber (Trinos Vakuum Systeme, Ger-
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many) consists of an outer chamber, an inner chamber and the sample stage. The
inner chamber has a volume of roughly 151 and can be filled with liquid nitrogen.
The outer chamber can be evacuated and is connected to a membrane pump (Vac-
uubrand, Germany) and a turbo pump (Pfeiffer Vacuum, Germany). The sample
is thermally connected to the liquid nitrogen filled inner chamber by a copper cold
finger. A ZIF (zero injection force) socket (Aeries Electronics, Inc., USA) is inte-
grated in the cold finger, in the socket the sample holder with the sample can be
inserted. From the ZIF socket electrical leads are connected to feedthroughs of the
outer vacuum chamber, which in turn are connected to the electrical measurement
instruments and a PC. In Figure BIb) the sample holder plus sample are shown
in more detail. On the sample holder (Schott Electronics, Germany) a metal block
(copper or aluminum) is mounted, in which a resistive heater (Pt100) and a resis-
tance thermometer (Pt1000, both from Jumo GmbH, Germany) are embedded. For
the thermoelectric van der Pauw measurement the sample is mechanically attached
to the heat sink by a clamp. Again, good thermal contact is ensured by the use
of graphite between sample and clamp. Electrical connections are made from the
sample, the heater, and the thermometer to the pins of the sample holder.

In order to control the sample temperature the heating power is adjusted by a
Lakeshore 332 temperature controller such that the reference thermometer matches
the desired temperature with an accuracy of 0.01 K. Good thermal contact between
metal block, thermometer and sample is important because the measured refer-
ence temperature should be as close as possible to the actual sample temperature.
This is achieved by applying thermally conductive paste (RS Components GmbH,
Germany) between these parts. The sample holder is covered by a lid which can
minimize radiative heat loss of the sample if it has a temperature close to the sam-
ple temperature. Therefore good thermal contact between metal block and sample
holder is ensured by screwing the metal block on the sample holder. Between sample
holder and metal block as well as sample holder and lid thin graphite or silver foil
is placed. This reduces thermal contact resistances further[Asa93) [Kho97, [Lam97].

The sample holder can be inserted into the ZIF socket and electrically connected
by a clamp mechanism inside the socket. The electrical connections between sample
and sample holder (soldering and/or high temperature conductive silver paste, Poly-
tec Pt, Germany) can be made outside of the measurement chamber which makes
preparation convenient. The sample holders have 16 or 24 pins (electrically insu-
lated from the main part of the sample holder) for multiple electrical connections
to the sample. In particular, this allows for the concurrent measurement of three
resistance heaters for the 3w thermal conductivity measurements (see Section F3])
or the thermoelectric van der Pauw measurement.

3.1.2 Instrumentation and programming interface

The instrumentation for the thermoelectric measurements comprises of a Lakeshore
332 temperature controller, a Keithley 2182 nanovoltmeter, a Keithley 6221 AC/DC

43



3.1: Measurement system

current source, and a Keithley 3706 digital multimeter (DMM), which was combined
with a Keithley 3721 dual multiplexer card. For temperature measurements standard
platinum resistors like Pt1000 with known resistance-temperature behavior (see Eq.
(B4))) are employed. These are connected to one of the two input channels of the
Lakeshore temperature controller, which converts the measured resistances internally
into temperatures. The temperature controller furthermore provides a primary and
a secondary PID control loop which can supply up to 50/10 W heating power. For
heating mostly Pt100 are employed. In practice a setpoint is defined for one of
the thermometers and the temperature controller automatically provides electrical
power such that the recorded temperature reaches the setpoint at the reference
thermometer. For this to work efficiently the proportional/integral /derivative (PID)
coefficients of the control-loop have to be set according to the system design and the
thermal connection between heater and reference thermometer has to be sufficiently
good. If there are large thermal resistances or capacitances between thermometer
and heater, temperature regulation will be very slow or fail completely.

The DMM is mainly used for voltage and resistance recordings during a ther-
moelectric van der Pauw measurement. In combination with the multiplexer card
concurrent four-point measurements of up to 10 resistances are feasible. This is
a prerequisite for the realization of the thermoelectric van der Pauw measurement
which will be described in the following section.

Unintended static or slowly varying thermoelectric voltages arising inside the
measurement system can lead to incorrect electrical measurements. For electrical
conductivity measurements this can be overcome with the employed nanovoltmeter
and current source, which can be operated combined in a lock-in mode: the current
source provides a square wave current output and the voltmeter takes a triggered
reading at each high and low output level. This lock-in AC measurement cancels
the mentioned static or slow thermoelectric voltages from within the system and
significantly increases measurement accuracy. This type of measurement can be
performed at frequencies of up to 12 Hz.

The electrical instruments are controlled by MATLAB programs that
have been developed together with the system and have been adopted accord-
ing to measurement requirements. Once the electrical connections are made, the
temperature-dependent thermoelectric measurements run fully automatically, which
enabls overnight measurements and an efficient use of the system. A screenshot of
the graphical user interface is shown in Figure

In total the setup and the software allow for a highly automated, efficient and
convenient measurement of thermoelectric samples.
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Figure 3.2: Graphical user interface of the software for thermoelectric measurement.
Using the software one can assign different measurement quantities (reference tem-
perature, resistances) to different channels of the system (1). One can also set
instrument parameters like measurement range or the integration time for DMM or
nanovoltmeter (2). For the thermal van der Pauw measurement (Section B2 it is
necessary to create a temperature gradient across the sample. The power supplied
to the resistive heater can be set in 3. 4 and 5 display in real-time the two temper-
atures measured with the temperature controller, while 6 and 7 display measured
resistances and Seebeck voltages. The PID coefficients can be changed in 9. When
changing sample temperature, resistances and Seebeck voltages where measured per-
manently, but recorded for later analysis only once the sample reaches a steady state.
For an automatic measurement thus stability criteria have to be defined (8). These
are e.g that the measured temperature differs from the setpoint by less than 0.05 K
and that the measured resistance R1 did not change by more than 0.5 within the
last 200s. The recorded data is saved once the measurement is completed and is
analyzed with different MATLAB scripts.
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3.2 Principle and realization of a thermoelectric van der
Pauw measurement

As discussed in Chapter [ optimizing the thermoelectric properties of materials
requires delicate adjustment of parameters like the charge-carrier concentration; for
most materials, there will be additional degrees of freedom. In case of porous silicon,
whose properties will by discussed in Chapter [, experimental parameters include
porosity, average structure size as well as doping and annealing temperatures and
times. The exact parameters of course depend on the investigated material system,
but optimization of a zoo of parameters is typical for the engineering process of good
thermoelectric materials [Sny08|, Nol01]. In consequence repeated measurements of
all thermoelectric quantities are indispensable for the material optimization process.
Ideally one would have a measurement system which allows a fast, convenient and
precise measurement of all thermoelectric quantities on one sample. This would
allow a fast assessment of the quality of the material under test and thus a rapidly
converging optimization process.

However, studying the literature, the situation is rather opposite. There exist
various measurement methods for each of the three components that usually re-
quire different sample preparation and measurement setups [Cah87, [Cah04] Par61],
ivdP58al [V6I90]. There are also several reports of combinations of o and S mea-

surements [Sin09, Bur01), Zho05], or S and x measurements [Yan02l, [Zhal0].
Furthermore, a direct ZT measurement [Har58| [Har59] can also be combined with

a o or S measurement [[wa05 [Kob0§].

Nevertheless, a convenient all-in-one solution that does not require a special
geometry is still missing. In this chapter we will present a concept for a complete
thermoelectric characterization as well as a successful experimental realization. This
novel method permits the measurement of o, S, k, and ZT concurrently on the same
sample using the same setup. It is therefore a powerful tool in the pursuit of superior
thermoelectric materials. The method is based on a standard method for electrical
characterization which was invented in 1958 by L. J. van der Pauw [vdP58a], which
therefore will be explained first. Afterwards it will be discussed how this concept
can be transferred to a thermal conductivity measurement. Combining electrical
and thermal measurements the Seebeck coefficient S can be obtained so that ZT
can be calculated. The method will be introduced using the data of measurements
on Ni as example. Then, measurements on InSb, a better thermoelectric material,
will be presented. Here furthermore a direct determination measurement of Z7T' by
means of a four-point Harman measurement will be introduced. This complements
the measurements of o, k, and S and can be used to cross-check the experimental
data.

L. J. van der Pauw showed that the electrical conductivity of a sample can be
determined by two simple four-point resistance measurements. These two measure-
ment configurations are shown in Figure
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Figure 3.3: Electrical van der Pauw measurement. The sample is equipped with
four electrical contacts F1-E4. The color coding represents the electrical potential:
the potential decreases from red to blue. a): Current is driven from Fy — FEj, the
voltage is measured between E4 and E3, and Rgj 43 = Usz/I21 can be calculated.
b): Current from E3 — E; and measurement of Rgq 42 = Uia/I31.

In the first configuration a current Io; is driven from contact Es to E1. Between
the other two contacts the voltage Uys is measured. This gives the first resistance
R‘fﬁg, = Uyz/I2;1. In order to avoid the build up of a thermoelectric voltage al-
ternating current has to be used for conductivity measurements of thermoelectric
samples [Har59, [NoI0I]. Then, the function of the leads is changed such that a
second resistance, Rg“fm = Uyo /131, is obtained by driving a current from F3 to F;
and measuring the voltage between F4 and Fy. Provided that the thickness d of the
sample is known, ¢ can then be obtained by solving the van der Pauw equation:

eXp(—W(TnglAg) + eXp(—ﬂUnglAg) =1. (3.2)

For this equation to be valid, several conditions have to be met: the sample has
to be thin, homogeneous, without holes, and the current flow from source to sink
has to be two-dimensional; finally infinitesimal small contacts have to be located
at the edge of the sample [vdP58a]. These conditions can be met experimentally
only approximatively. However, the van der Pauw method is robust with respect to
these requirements. A quantitative analysis shows that the effect of contact size and
sample thickness can be kept below 2% easily, see the error analysis in Section [3.4]
The van der Pauw method is a four point measurement and therefore insensitive to
electrical contact resistances. In contrast to the linear four point method [Sch06] the
van der Pauw method has neither requirements on sample shape (except uniform
thickness) nor on contact positioning.

After introducing the electrical van der Pauw measurement technique we will
now turn to the similarity between electrical and thermal physics to extend the
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concept of van der Pauw to thermal measurement techniques. As explained in the
following, there is a fundamental analogy between the principles of electrical and
thermal physics. The electrostatic potential ¢ obeys the Laplace equation A¢ = 0
in a material without free charges; A is the Laplace operator. The electrostatic
potential gives rise to an electrical current density j. that is related to the electro-
static potential by jo = —oV¢ where the factor of proportionality o is the electrical
conductivity. The governing equations are analogous in a static thermal physics
situation in the absence of heat sinks or sources: the temperature 7" obeys a Laplace
equation AT = 0. A temperature gradient gives rise to a heat flux jiperm = ¢ and
the constant of proportionality between temperature gradient and heat flux is the
thermal conductivity k: ¢ = —«VT. The measurement quantities in an electrical
van der Pauw measurement are voltage or potential difference U, current I = jA
and resistance R = U/I. These macroscopic quantities also have their thermal
equivalents: temperature difference AT, heat flow P = ¢A and thermal resistance
Rtherm — AT/P. Table summarizes analogue electrical and thermal quantities.

variable electrical thermal
potential 10) T
potential difference U AT
current density Jel q
current 1 P
resistance R=U/I | R" = AT/P
conductivity o K

Table 3.1: Comparison of basic quantities in electrical and thermal physics

Due to the analogy the electrical van der Pauw measurement concept can be
transferred to thermal conductivity measurements. To do so the sample has to be
equipped with a heater and a heat sink as well as two thermometers. Then a heat flow
P can be created and a temperature difference AT measured. If this is done in two
configurations (analogues to Figure B.3]) two thermal resistances RE}{743 = ATyz/ P
and RE}{AQ = ATy/Ps; are determined and x can be calculated from

exp(—m{ng{Ag) + exp(—m@ng{AQ) =1, (3.3)

which is the thermal equivalent to the electrical van der Pauw equation [Pau99]. In
comparison to the electrical measurement two additional things have to be consid-
ered for a practical realization. Firstly, the van der Pauw method requires perfect
insulation of the sample except for the sink. While electrical insulation is easily
accomplished, the sample can lose heat e.g. by conduction to the environment, by
convection and by radiation. These heat loss mechanisms can not be prevented
completely but extenuated to an acceptable level, as will be shown in Section 341
Convection and conduction to the environment can be easily minimized by sus-
pending the sample (leaving one thermal contact as heat sink) and performing the
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measurements at high vacuum p < 10~°mbar. The second point is that one of
the thermometers in the first configuration has to act as heat source in the second
measurement configuration, i.e. its function has to be exchangeable. We equipped
the sample with three resistive heaters that can be used as thermometers as well as
heat source. A drawing and a photograph of the sample, the connections and the
heat sink is shown in in Figure 341

a) E3 (AT
. N/ {AT)

R/ 4
Hs

heat sink +E1

Figure 3.4: Drawing and photograph of a sample prepared for a thermoelectric van
der Pauw measurement. The sample is equipped with four electrical contacts Fq-
FE, and three resistive heaters Ho-Hy; it is thermally connected to the heat sink
Hi. The heat sink itself contains a heater and a reference thermometer and is
used to control the sample temperature. The heater Hy creates a heat flow Pay
from Hy — Hi and thus a temperature gradient within the sample as indicated
by the color coding (red — hot, blue — cold). The heaters H3 and Hy are used
as thermometers and measure the temperature difference ATy3. From these values
RE}{’@ = ATy3/ Py can be calculated. Performing a second measurement with Hj
used as heater Rglhz = AT)y/P3; can be deduced and k can be calculated from
Eq. 33). The four electrical contacts are used to determine o by an electrical van
der Pauw measurement. They can furthermore be used to measure S, and thus
ZT can be calculated from Eq. (B]). Additionally, the figure of merit Z7 can also
be measured directly by means of a four-point Harman method. Image taken from
dB10¢| and modified.

The heat sink is equipped with a separate heater and reference thermometer that
are connected to the Lakeshore temperature controller which allows adjusting the
temperature of the heat sink and thus the sample. Three resistive heaters (Pt1000)
are glued onto the sample with a thermally conductive glue (Cerambond). They
are electrically insulated from the sample but electrically connected to the pins of
the sample holder, similar to Figure BIb). In order to perform precise resistance
or electrical power measurements all heaters/thermometers are connected in a four
point manner, two to the digital multimeter, which measured resistances and the
third to current source and nanovoltmeter, measuring electrical power P = U -1. To
evaluate Eq. (83]) the measured resistances have to be converted into temperatures,
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3.2: Realization of thermoelectric van der Pauw measurements

which is done by means of a resistance-temperature calibration.

The heater creates a heat flow P = UI, where [ is here the current supplied
to the heater and U the voltage drop. From the measured resistances of the two
thermometers AT can be deduced and R™ be calculated. Usually, R*" measurements
were performed for several heating current values, i.e. different heater powers. By
doing so, one can to check for errors and an average of the obtained R*™ values can
be used. The resistance-temperature calibration is performed with respect to the
reference thermometer within the heat sink (see Figure[BIb) for zero heating current
and was included into the measurement routine. Figure B.5h) shows a resistance-
temperature calibration and b) the measured R for different heating current values.
It can be seen that the two calibration curves are very similar and approximately
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Figure 3.5: a): Resistance-temperature calibration of two Pt1000 on a Ni sample.
R3 and R4 are the resistances of H3 and Hy, respectively. The coefficients of the
resistance-temperature fit are shown as insets and compare well with the expected
values for a Pt1000. b): Thermal resistance Rg{743 = ATy3/ Py for different tem-
peratures and heater current values. The values show only little scattering and no
unexpected systematic current dependence. For latter analysis the mean values are
taken.

linear. The expected resistance-temperature relation for a Pt1000 is

R(T) = 1000Q(1+3.91-1073/KT —5.775- 107" /K ~>T?), (3.4)
R(T) = 1000Q(1+3.85-107%/KT) for 0°C <T <100°C  (3.5)

where the temperature 7" is given in °C and the second relation is the linear ap-
proximation for the temperature regime around room temperature. The agreement
between the measured and the expected fit coefficients is excellent for the linear
resistance coefficients and moderate for the less important quadratic coefficients.
With the obtained fit the measured electrical resistances can be converted into tem-
peratures and the thermal resistances can be calculated. These are shown in Figure
Bb) for four different currents as a function of heat sink temperature. The values
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Chapter 3: Thermoelectric van der Pauw Measurements

of Rgli,43 show no systematic dependence on the heating current level (which would
indicate a flawed measurement) and the deviation of the individual values from their
mean value is < 2%.

The data shown was obtained from a Ni sample (purity 99.98%, sample size
20 x 10 x 0.25mm). Ni is no applicable thermoelectric material but is often used as
reference material for electrical characterization, since it can be obtained at a high
purity and has well-defined and reproducible properties [Bof05]. Furthermore, it has
a relatively large Seebeck coefficient for a metal and a non-vanishing Z7T'.

After the first temperature dependent R*™™ measurement a second measurement
was taken were Hg was used as heater and Hs and Hy as thermometers. With the
two obtained R data sets the thermal conductivity can be calculated using Eq.
B3). The results are presented in Figure B.6h) together with reference data from
several sources Pow65].
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Figure 3.6: a) Measured thermal conductivity of Ni in comparison with reference
data from several sources [Bae69, Bin86, [Pow65]. The error bars are ~ 6% and
within those errorbars the measured values agree to a polynomial fit through the
reference data. b) Temperature dependent electrical conductivity of Ni. The agree-
ment between measured and reference data is excellent, error bars are 4%;
their calculation is discussed in Section [3.41

In addition to the three heaters, the sample is also equipped with four electrical
contacts. These can be used to determine the electrical conductivity o, see Figure
and Eq. (32). The result is shown in Figure[B:6b) and shows excellent agreement
with reference data [Bur(1].

For the o and x measurement the electrical contacts and the resistive heaters
can be placed at any position of the sample edge. However, if the electrical contacts
are placed at the same lateral position as the heaters, the Seebeck coefficient S =
—U/AT can be measured in combination with x: in the configuration were Hs is
used as heater AT}3 is recorded for the k measurement. Using the electrical contacts,
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3.2: Realization of thermoelectric van der Pauw measurements

U,z is recorded simultaneously and S can be calculated from

Uiz

S=-ar-

(3.6)

The voltage Uys is a pure Seebeck voltage, since no electrical current is driven
through the sample. For the measurement to be accurate, the temperatures where
voltages and temperatures are recorded have to be identical. This can practically
be realized if the electrical contact is placed between heater and sample or exactly
opposite to it, as shown in Figure B4l The latter requires two-dimensional current
flow, but this is anyway a prerequisite for the validity of the van der Pauw method. In
the second measurement configuration S can be determined from S = —Uys/AT)s,
thus two independent measurement can be taken. During the measurements it was
observed, that small voltages could be measured even for no applied heat current.
These stem from temperature gradients within the sample or within the wiring from
the sample to the instruments. It is therefore common practice to determine S rather
from —0U/OAT than from a single value [Bof05, Row06]. A linear fit of U vs. AT
yields a more accurate value of S and is shown in Figure B7h). One has to be aware
that the measured Sheas is not the Seebeck coefficient of Ni, but the differential
Seebeck coefficient of sample and wire material :Sieas = Sni — Swi, see Chapter
M and [Nol01l, Row06]. We used Cu wiring for the measurement of the Ni sample,
which has a small positive Seebeck coefficient around 2 xVK~! at room temperature.
Using a polynomial fit through Cu reference data [Cusbg]|, the measured values were
corrected for the wire contribution and Sy; was obtained. The results of the two
independent measurements, their mean, and reference data is presented in Figure
BTb).

From the measured o, x, and S the figure of merit can be calculated from Eq.
3I). The result is shown in Figure The “reference ZT” was obtained from
the polynomial fits to the reference data shown in Figures B:6h) and b), and B
The error bars shown correspond to the sum of the relative errors of the individual
measurements, which were 4% for o, 6% for x, and 10% for the measurement of S.
Since ZT depends quadratically on S, the relative error of the Seebeck coefficient
measurements adds twice to the relative error. A thorough error analysis is presented

in Section [3.41

Thermoelectric characterization of InSb We now want to prove the applica-
bility of the measurement method to a better thermoelectric material. Bulk InSb has
decent thermoelectric properties with ZT ~ 0.4 at T' = 700 K [Bow59], while ZT > 5
has been calculated for InSb nanowires [Min04]. We used a basically intrinsic InSb
sample with very low Te doping and a size of 10 x 10 x 0.5 mm. The charge carrier
concentration of the InSb wafer was specified as 1 — 1.5 x 10%cm ™3 (at 77 K) by the
supplier (Firebird Inc. Canada). This corresponds to about &~ 3 x 10'"cm ™ at room
temperature [Osz88]. The results for the complete thermoelectric characterization
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Figure 3.7: a): Measured Seebeck voltage vs. temperature difference for a mea-
surement at 1" = 310 K. The Seebeck coefficient is obtained from the fitted slope.
b):Temperature dependent Seebeck coefficient of Ni. Shown are the results of the
two van der Pauw measurement configurations, their mean values as well as refer-
ence data [BurOl]. The agreement between the two independent measurements and
the reference data is better than 10%; the error bars correspond to a relative error
of 10% and are discussed in Section 3.4l
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Figure 3.8: Thermoelectric figure of merit of Ni. ZT" was calculated from the exper-
imental data and the fits to reference data shown in Figures B.6h) and b), and B
The error bars correspond to 30% and the agreement between the reference ZT and
the ZT calculated from the measured values is good.

are shown in Figure together with reference data [Bus61].

In Figure[39h) the measured electrical conductivity is plotted together with liter-
ature data for intrinsic InSb [Bus61]. The electrical conductivity of a semiconductor
strongly depends on the specific impurity concentration, this is particularly true for
a high mobility material such as InSb. For the reference data an impurity concen-
tration of 10" — 10 cm =2 at 90K is stated, which is comparable, but not identical
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Figure 3.9: Complete thermoelectric characterization of an intrinsic InSb sample.
a): Electrical conductivity, error bars 4%. b): Mean Seebeck coefficient, error bars
10%. ¢) Thermal conductivity, error bars increase with temperature from 13% to
20%. Subfigure d) shows the ZT calculated from the measurement data (blue), the
ZT calculated from the reference data (black) and the directly measured ZTy. ZTH
was measured by means of a four-point Harman method, as explained in the text.
The error bars for the combined ZT increase with temperature from 33% to 40% and
from 11% to 18% for the directly measured ZTy. All three ZT values show good
agreement. Figure taken from [dBI10c] and modified, reference data from [Bus61].

to our sample. For this reason some variations can be expected between different
“intrinsic” samples. Here, the conductivity of our sample is somewhat larger than
the literature data, but both measured and reference conductivity increase with
temperature, as is expected for a small band gap material. The Seebeck coefficient
displayed in [B9b) is the mean of the two independent measurements in the two van
der Pauw configurations and has been corrected for the contribution of the Ni wires.
The Seebeck coefficient is negative as expected from the n-doping and its absolute
value decreases with increasing temperature; the agreement between reference and
measured S is within 10%. The thermal conductivity deviates from the reference
data by less than 10% as well. In Figure B.9d) finally, the results for the figure of
merit calculated from the reference data and from the measured data presented in
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Chapter 3: Thermoelectric van der Pauw Measurements

a)- c¢) are shown in black and blue, respectively. The relative error of the combined
ZT is the sum of the relative errors of o, x, and S (twofold). For the InSb sample
the relative error increases with T from 33% to 40%. This may appear to be a
large error, however, it is the sum of three individual measurements and therefore
typical for thermoelectric measurements [Sny08]. Nevertheless, the reference and
the measured ZT show good agreement, especially for lower 7.

Direct measurement of ZT One way to obtain ZT with better accuracy is to
directly measure it. In 1959 Harman showed that ZT can be measured directly by

simple AC/DC measurements [Har58), [Har59, Twa05]

ZTH:%_UDC—UAC‘

— 3.7
Uq Uac (37)

The result of the Harman characterization is labeled ZTp in the following to dis-
tinguish it from the combined ZT'. In Eq. (81) Us is the voltage that is caused by
the Seebeck effect and Ug the ohmic voltage. The equation can be understood as
follows: if a current flows from one end of a sample to the other, a potential differ-
ence develops between the two ends due to the ohmic resistance of the material, i.e.
Uqg = IR = Ipl/A, if we assume a linear sample with cross section A and length [
here. In a thermoelectric material Peltier heat Ppe = 157 is created at one end of
the sample and consumed at the other upon current flow. The Peltier effect creates
a heat gradient within the sample and is balanced in steady state by normal heat
flow through the sample from hot to cold side. The temperature difference between
hot and cold side is given by AT = Ppgl/(kA). The developed temperature differ-
ence causes a potential difference due to the Seebeck effect in addition to the ohmic
potential drop. The magnitude of the developed Seebeck voltage is Ug = AT'S.
Combining the last equations yields
Us ATS  PpaSo ISTSo  oS5°T

A — — = 3.8
Ug Ipl/A k I kI ko (38)

which is the definition of ZT, see Eq. [BI]). The initial assumption of a sample with
linear geometry is not necessary since the geometrical factors cancel. Eq. (87) thus
holds for samples of arbitrary shape. The second part of Eq. [B7) uses the fact
that the build up time of ohmic and Seebeck voltage differs by orders of magnitude.
While the ohmic voltages arises quasi instantaneously (the dielectric relaxation time
is & RC [Ven01]), the Seebeck voltage has a time constant in the order of seconds, at
least for macroscopic Sampleﬂ. If one applies a direct current, one therefore detects
Uq + Ug, while an AC measurement detects only Ugq, provided the frequency is high
enough.

This measurement technique is known as Harman measurement and was per-

!See Subsection BZ7 and Eq. ([340) for a derivation.
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3.2: Realization of thermoelectric van der Pauw measurements

formed for the InSb sample in a four-point fashion using the electrical contacts E; to
Ey, see Figure[3:4l For the measurement of o, R‘Q“&?, = Uys /121 and R?&Z = Uy /I3
are determined. By simply measuring these resistances with a direct current as well,
ZTy can be determined directly from

DC AC DC AC
Upc —Uac  Rovus — Rotus  Rayjas — Rir

2Ty = = =
AC AC
Uac R21,43 R31,42

(3.9)

Again, two independent measurements are possible. In Figure B9d) the average of
both measurements is shown as red diamonds. Similar to the Seebeck measurement
the ZTy measurement has to be corrected for the effect of the wires. The as-

measured figure of merit ZTj yeas is obtained experimentally from

S S S
T _ Usample,wire _ Usample B Uwire
H,meas — UQ = UQ s (3.10)
sample sample

while the true figure of merit of the sample ZT} sample is given by

US ol
ZTH,sample = s;;mp = . (311)
sample
Combining both equations one obtains
Ul Ssampl
ZTH,sample = ZTH,meas% = ZTH,meas& . (312)
Usample - Uwire Ssample — Swire

Consequently the shown ZTy measurements of InSb (Figure B:9H)) have been mul-
tiplied by Stusb/(Smsb — Sni) to correct for the effect of the Ni wires. In order
to calculate the correction factor, the Seebeck coefficient of Ni [Bur(Ol] and the
measured Seebeck coefficient of InSb were used. The correction factor depends on
temperature and varies between 1.08 (310K) and 1.12 (390K). It can be seen that
the ZT obtained from measurement of the individual quantities (blue) agrees well
with the Harman ZTy and that both show good compliance with the reference data.

Combined ZT vs. Harman ZTy The measurement of ZTy requires only four
electrical contacts and is faster than the determination of the combined ZT. Fur-
thermore, the relative error of ZTj; is smaller than the relative error of the combined
ZT, as discussed in Section B4 and shown in Figure Since the efficiency of a
thermoelectric generator/cooler directly depends on ZT the question arises, why one
should bother with the more time-consuming thermoelectric van der Pauw measure-
ment. If one is really only interested in a single ZT value, the Harman measurement
is indeed the more attractive alternative. However, the more typical situation is
that a thermoelectric material is characterized for further optimization. Knowing
only ZT does give no hint which of the three basic physical quantities needs further
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Chapter 3: Thermoelectric van der Pauw Measurements

attention. Furthermore o, S, and x are coupled to other material parameters like
charge carrier concentration and effective mass as well as phonon mean free paths,
see Chapter [[I For a deeper understanding and hence an efficient optimization
process, knowledge of o, S, and k is indispensable and a single Harman Z7T mea-
surement insufficient. For most cases it is therefore a quick and useful complement
to the thermoelectric van der Pauw measurement, not a replacement.

3.2.1 Summary

In summary, the presented thermoelectric van der Pauw measurement allows (i) a
four-point measurement of electrical and thermal conductivity, (ii) two independent
measurements of the Seebeck coefficient in a four-point geometry, and (iii) two direct
measurement of the thermoelectric figure of merit Z7T by means of a four-point
Harman measurement.

It has several advantages compared to other measurement techniques. The most
important one is that by the newly presented method o, .S, and k can be determined
concurrently on a single sample; thereby permitting a complete thermoelectric char-
acterization. Compared to the situation where individual quantities have to be
measured in different setups this saves preparation and measurement time and can
also decrease experimental errors.

The second gain is a consequent realization of four-point measurements. This
renders the method insensitive to thermal and electrical contact resistances which
are often troublesome in thermoelectric measurements, see e.g. [VenOI].

Very advantageous is furthermore that it offers several possibilities to cross-check
the obtained experimental data. Firstly one can compare the ZT calculated from
the measurement of the individual quantities with the directly measured Harman
Z Ty, which of course should be identical within the measurement accuracy. Sec-
ondly, one can perform two independent measurements of S and ZTy, observed
discrepancies indicate experimental errors as well. One can thirdly check whether
R§C13/ R equates RY} 45 /RY} 4, throughout the measurements. Since the ratio of
the resistances stems only from sample geometry and contact arrangement, it should
be identical for thermal and electrical conductivity measurements. Consistency in all
these points does not prevent inaccurate measurements, but inconsistencies indicate
experimental errors undeniably and quickly.

A nice plus of the method is that it works for arbitrary sample geometries and
contact arrangements; the only restriction is a uniform thickness. Since not all
thermoelectric materials are easily sliceable/breakable this is an advantage.

Very important from a practical point of view is furthermore that the method
requires very little sample preparation. In fact, merely three electrical contacts and
three resistive heaters have to be attached to the sample, this can be done with
silver paste and thermally conductive paste. Compare this e.g. to the 3w method,
where preparation requires lithographic pre-patterning, see Chapter Moreover,
the employed system does not require any sophisticated electronics and is easy to
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3.3: Two-heater thermoelectric van der Pauw measurements

realize. Merely a current source, several voltmeters and a vacuum chamber are
needed.

The measurement method has many distinct advantages compared to state-of-
the-art techniques. Nevertheless, there are some restrictions which shall not be
concealed. The method is a steady-state method. If heat sink temperature or
heating power are changed, the system needs to equilibrate before measurements are
performed. This usually takes several minutes and is thus slower than e.g. the flash
method for thermal conductivity measurements [Par61]. Since it is a steady-state
method and the samples furthermore have a relatively large surface/volume ratio,
measurement of k and ZT is more severely affected by radiation losses than e.g.
the thermal conductivity measurement with the 3w -method [Cah87]. Strategies
to minimize this effect are presented in Section A further restriction is that
the method is an in-plane characterization technique. For anisotropic samples two
measurements on differently cut samples are necessary.

Before focusing on the errors of the thermoelectric van der Pauw method we
want to present a modified measurement approach, that allows for an even faster
complete thermoelectric characterization.

3.3 Two-heater thermoelectric van der Pauw measure-
ments

In this section a modification of the thermoelectric van der Pauw measurement
presented in Section will be introduced. Consider a sample as shown in Figure
B4 but equipped only with the heaters/thermometers Hs and Hs. The measurement
described in the following will be referred to as two-heater thermoelectric van der
Pauw measurement, in contrast to the three-heater van der Pauw measurement that
was introduced earlier. The o and ZT measurement are performed using the four
electrical contacts F1-FEy as described before. For the third measurement first a heat
flow from Hj to H; is created and the Seebeck voltage Ug 43 is measured. Secondly
a heat flow from H3 to Hj is created and Ug 42 is recorded. Using Rt = AT /P =
—Ug/(SP) the thermal van der Pauw equation (B3] can be rewritten as

I<6U543 HLS42
. . — 1 .1
exp <+7TdS Py )—l—exp <+7Td5’ Py ) , (3 3)

whose solution yields the ratio x/S. Since o and ZT can be measured separately, k
and S can be determined from the definition of ZT' (B1J) and so all thermoelectric
quantities are again measured on a single sample. In order to avoid the effect of
Seebeck voltage offsets dUg/OP rather than Us/P should be used. This can be
obtained by varying P, in analogy to what was presented in Figure B.71

For correctness, the effect of the Seebeck coefficient of the wires S,, has to be
taken into account. Using the same notation as in the section about the three-
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Chapter 3: Thermoelectric van der Pauw Measurements

heater thermoelectric van der Pauw measurement (see Eq. (B10) and Eq. (312))
the actually measured quantities are

Ssample — Swire USsampleT Ssample — Swire

ZTH,meas = ZTH,sample S = " 5 , (3.14)
sample m sample
and
(“) _ " Ssample (3.15)
S meas Ssample Ssample - Swire
Combining both equations yields
S, T S, — Swi S, T
(g)meas ] S:ample sample (g)meas

Now, Ssample can be calculated from the measured quantities (%) and ZTH meas:

meas

K 1
Ssample = ZTH,meas (S> O’iT . (3.17)
meas

With Sgample known, the sample figure of merit is given by

S,
ZTsample = ZTmeas% s (318)
sample — Pwire
and k by
K
K= (S) (Ssample — Swyire) - (3.19)
meas

In order to prove the feasibility of the two-heater thermoelectric van der Pauw
method the measurement data of InSb (see Figure for the three-heater mea-
surement results) is reanalyzed. From the measured heating powers and Seebeck
voltages OUg/OP is determined. (k/S)meas is obtained from Eq. (BI3]) and from
the result all thermoelectric quantities can be calculated as described. The results
are shown in Figure Subfigure a) shows (£/S)meas While b) shows the Seebeck
coefficient obtained from Eq. ([BI7T) together with the result of the three-heater mea-
surement and reference data [Bus61]. Both measurement results differ by ~ 10%,
but the two-heater result agrees better with the reference data, especially for higher
temperatures. This is not true for the thermal conductivity results: the two-heater
results is ~ 15% larger than the three-heater results and more than 20% larger than
the reference data, the discrepancy furthermore increases with temperature.

Figure BI0d) shows the two-heater Harman ZTy calculated from Eq. (8IF)),
the three heater ZT' calculated from measurement of the individual quantities, the
Harman ZTy from the three-heater measurement and the reference ZT. The raw
data is the same for the two-heater and the three heater Harman ZT}, however both

are multipied with a correction factor that depends on the measured Seebeck sample
coefficient, see Eq. (BI8)) and Eq. (B:12]). Since those values are slightly different for
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Figure 3.10: Complete thermoelectric characterization with the two-heater van der
Pauw measurement. The same sample and measurement data as shown in Figure
were used. a): K/Smeas as determined from Eq. ([BI3]). b) Seebeck coefficient
calculated with Eq. (8I7) in comparison with the result from the three-heater mea-
surement and reference data. The electrical conductivity data that was used for the
calculation of S is shown in Figure B0h). The results agree within the error bars,
which correspond to 10% relative error. c¢) Two-heater, three-heater, and reference
thermal conductivity. The two-heater results are =~ 20% larger than the reference
data, which is worse than the three-heater results. d) Calculated and measured
figures of merit. Although obtained from the same measurement the two-heater
Z Ty and the Harman ZT from the three heater measurement are not completely
identical since the correction factors accounting for the effect of the Ni wires differ
slightly. The agreement between the directly measured ZTy, the three-heater ZT
calculated from the measurement of o, S, and x and the reference ZT is fair and is
better at lower temperatures. Reference data from [Bus61].

the two-heater and three-heater measurement, the ZTzs are close but not identical.
The details of the error calculation are presented in Appendix It is shown
there that the S and x determined by the two-heater method have basically the
same errors as the results obtained with the three-heater method.
Compared to the three-heater thermoelectric van der Pauw measurement the
two-heater measurement exhibits some disadvantages. One is that it is less robust
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since only three independent measurements are taken (o, Z7', and x/S) while the
three-heater variant allows four independent measurements (o, ZT, S, and k). It
is furthermore only suitable for thermoelectric materials. If the material under
investigation has a ZT too small to be determined accurately, its Seebeck coefficient
and thermal conductivity can not be determined either.

On the other hand, it has several advantages: since only two heaters are required,
the sample preparation is even faster than for the three-heater variant. One heater
less also means four wires less through which heat can be lost. The second benefit
is that the measurement does not require a resistance-temperature calibration. This
is especially advantageous if quick measurements at only a single temperature are
desired. With the two-heater measurement really only measurements at a single
temperature are necessary, while with the three-heater method the calibration would
require resistance measurements at several temperatures and would thus take longer.
The necessity of a resistance temperature calibration furthermore requires to use
heaters with a relative pronounced temperature dependence. For the two-heater
measurement there is no such requirement.

In summary two-heater thermoelectric van der Pauw measurements also permit a
complete characterization of thermoelectric materials. Compared to the three-heater
measurement presented in Section it offers faster measurement results and less
sample preparation at the expense of the ability to cross-check the experimental
results.

3.4 Error analysis for the thermoelectric van der Pauw
measurements

So far we have presented the concept for a measurement technique and its successful
realization, proven by the shown experimental data. Since physical data is only
as good as the error related to it, it is now important to analyze the errors of the
thermoelectric van der Pauw measurement method which was described in Section
The section starts with the main result: Table B4l lists the different errors and
their significance. From this table the most important errors can be identified; these
are discussed subsequently.

Most errors can be estimated by considering a square sample with symmetri-
cally placed contacts/heaters/thermometerdd. These results are supported or com-
plemented by experimental findings or finite element simulations. For each of the
quantities o, k, S, and ZT the effect of uncertainties in several experimental param-
eters is analyzed. In the third column the reference to the section that is dedicated
to this error is given. In the forth and fifth column the relative errors for the Ni and
InSb sample are given; for these samples the results were presented in Section

2Comparing different sample geometries/contact arrangements it is found that a square sample
with symmetric contact arrangement gives an upper limit for measurement errors. This is shown

in Appendix [B1l
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3.4: Error analysis

The errors are calculated for 7' = 310K and are usually not strongly temperature
dependent. This does not hold for the effect of radiative heat losses which scale with
T3. Therefore here the relative errors are calculated for 7 = 310K and 7' = 390 K.
The relative errors of o, k and S (twofold) are added up, except for the errors in o
and x due to incorrect and finite thickness, which cancel. The sum then gives the
relative error of the combined ZT from Eq. (LG). Afterwards, the errors for the
Z Ty obtained by means of the four-point Harman measurement are listed. Since
this measurement was performed for InSb, but not for Ni, the errors are listed for
InSb only. The direction of the error is indicated by the algebraic sign in the sixth

column: “-”

indicates that the quantity is measured too small due to the error while
“4” indicates that it is measured too large. In the final column an evaluation of the
importance of each of the errors is given. Naturally, this a subjective assessment.
People interested in samples with a negligible emissivity will not consider radiation
important, but the evaluation should hold for typical thermoelectric materials.

It can be seen that the systematic error due to radiative heat loss is the most
severe one, this error affects the k and the ZTH measurement equally. Furthermore
important is the error that arises due to imperfect placing of the electrical contacts
with respect to the thermometers which influences the S measurement. Of some
relevance are furthermore the effect of heat loss through the electrical wires between
sample and sample holder and the result of a too low measurement frequency for
the Harman Z7Ty measurement.

For a quantification of the errors it is necessary to calculate the temperature
profile of the sample under measurement conditions, i.e. with a temperature gradient
that is caused by a heat flow from the heater to the heat sink. The mentioned errors
will be discussed in the following, other points to consider like the effect of finite
sample thickness, finite contact size, contact resistances or an incorrect calibration
are dealt with in Appendix [Bl

3.4.1 Effect of heat losses

One requirement of the van der Pauw method is the insulation of the sample. While
this does not constitute a problem for electrical measurements, good thermal insu-
lation is hard to ensure. The effect of imperfect insulation can be seen qualitatively
from the thermal van der Pauw equation (3.3]) with symmetric contact arrangement:
ﬂ:lnizlnli. (3.20)
mdR%™  wd AT

If a fraction of the heat is lost then the assumed heat flow P is larger than the actual
one and the measured AT is smaller than it would be without heat loss; thus « is

determined too large.
There are three heat loss mechanisms: convection and conduction through the
surrounding medium, conduction through the leads to the electrical contacts and
resistance thermometers, and radiation. To avoid heat loss through the surrounding
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quantity error source Section Ni InSb sign | relevance
o fin. thickn. d B.2 <-1% <1% — low
o cont. size § low
o cont. displ. A B2 1.5% 1.5% + low
o thickn. err. <1% <1% + low
o Yo <3.5% | <3.5%
K fin. thickn. d B.2 <1% <1% — low
K cont. size § B2 low
K cont. displ. 1.5% 1.5% + low
K thickn. err. B2 <1% <1% + low
K heat loss wires 1.2% 1.3% + average
k@310 K radiation BZA | 0.5% 7.5% + high
k@390 K radiation BZ4 | 1.0% | 15.0% | + high
K wire self heat B3 <0.1% | <0.1% + low
K calibration <0.1% | <0.1% + low
K Y k@310K <5.4% | <12.5%
K ST k@390K <5.9% | <20.0%
S fin. thickn. d B.2 <0.1% | <0.1% — low
S cont. displ. 10% 10% + high
S calibration <0.1% | <0.1% — low
S S8 10.2% | 10.2%
ZT comb. | > ZT@310K 26% | 33%
ZT comb. | > ZT@390K 26% 40%
ZTyH heat loss wires | B3 1.3% — average
ZTy@310K | radiation B2 7.5% — high
ZTy@Q390K | radiation B4 15.0% — high
ZTy wire self heat B3 <0.1% + low
ZTy AC frequency B.47 1.5% — average
ZTx S 2T Q310K 1% | -
7T S ZT;@390K 18% | -

[T [heat flow P | B [ 13K [ 15K [ + [ low |

Table 3.2: Error overview: This table lists the relative errors of the o, S, k, and
ZTy for the thermoelectric van der Pauw measurements.

medium the samples are suspended, with thermal/mechanical contact to the envi-

ronment only at one position, which acts as heat sink. Convection and conduction

through the surrounding gas can be decreased to a negligible level by performing the

measurements in high vacuum [Sal09]. This is shown in Appendix [Al In order to

quantify the effects of radiation and conduction through the electrical connections

the temperature profile of the sample has to be obtained.
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3.4: Error analysis

3.4.2 Calculation of the sample temperature profile

In order to estimate heat loss by radiation and through the leads knowledge about
the temperature profile of the sample is necessary. In general, the temperature
profile is obtained by solving the stationary heat equation

KAT = Plogs , (3.21)

where P, accounts for the various heat loss mechanisms. For the thermal conduc-
tivity, the Seebeck, and the ZT; measurement it is necessary to have a temperature
gradient across the sample. Since the amount of heat loss itself depends on the
temperature and therefore varies spatially over the sample, the heat loss equation
becomes a coupled integral-differential equation which can not easily be solved ana-
lytically in the general case. It could be solved numerically in analogy to approach
presented by Weiss et al. [Weiss2008], however, the important points can be demon-
strated clearer by finding an analytical solution to a simplified problem. Therefore
the temperature profile will be calculated for Poss = 0 and simplified boundary con-
ditions (BCs). From the obtained idealized temperature profile heat loss through
wires and by radiation as well as the effect of displaced contacts on the S will be
quantified. It will also be shown that the chosen simple BCs are sufficiently correct.

Let us consider again a square sample with side length a, thickness d, and a
semicircular heater with radius 6/2 that is placed at x = a/2, y = 0 in the sample
plain. Setting Poss = 0 in Eq. (82I) and disregarding the effect of the sample
boundaries for the moment this is a problem with cylindrical symmetry and the
steady state heat equation (32T becomes

kKATH(r) = 0p(ro,Ty) =0. (3.22)

The BCs are as follows: Firstly, the amount of heat P produced in the heater flows
uniformly from heater to sample, i.e. over a semi-cylinder with area 0.57dd:
-P

W = /QaTH(T)|T:0.55 (323)

The heater itself shall have uniform temperature T and the temperature profile
should be steady, i.e. T (0.59) = T ; in this case the heat equation can be solved
by simple integration. Inserting the BCs yields a logarithmic temperature profile

P r
TH(T) = TH}O - m In <055> y (324)

the slope of which increases with decreasing heater size and decreasing sample thick-
ness at constant P. The above reasoning also holds for the case of a semi-cylindrical
heat sink at x = 0 y = a/2 with a heat “production” of —P. The temperature
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Chapter 3: Thermoelectric van der Pauw Measurements

profile of such a sample is

To(r') = To+ — -1 (’"/> (3.25)
S\ =a80 ™ 056/’ ’

where 75 is the heat sink temperature. The temperature profile of sample with
heater and heat sink is given by a linear combination of source and sink profile

P r’ r P r’

where Ty = (T,0 + Ts,0)/2 is the average temperature of the sample. The experi-

mental situation is such that Tg( (the heat sink temperature) is set, while Ty, and
Tw o depend on P. Setting

T(zx=6/2,y=a/2) = Tso (3.27)

and converting r = /(z —a/2)?2 + 4% and ' = /22 + (y — a/2)? into Cartesian
coordinates this yields

- P (JORIE (@202
Tso = Tu+ I <¢(5/2 YRR (a/2)2> (3:28)
- TM—{—%IH <\/5%> :TM—WHdln<\ga> , (3.29)

for 6 < a. Inserting this in Eq. (B:20]) yields the temperature profile of the sample:

P V2a Va2 + (y—a/2)?
T(x,y) =Ts0+— |1 In 3.30
(@) 5,0 ﬁmdln< ) >+ <\/(x—a/2)2+y2 (3:30)
The temperature difference between heat sink and heat source is
V2a
Tho —Tso = 2(Tn — Tso) = 1 : (3.31)
TK d e

and proportional to P and inversely proportional to x as for a linear geometry. It
is interesting to compare the temperature difference between heater and sink to
the (measured) temperature difference between the two thermometers. If those are
placed at T3: = a/2, y =a and Ty: = = a, y = a/2 as shown in Figure B4 their
difference is Ty — T3 = PIn 2/(mrd) and the ratio of the two temperature differences

is approximately
TH70 - TS,O o In2

Ty —Ts 21n(f“)N

(3.32)

for 0 = 0.1a. Thus, the measured temperature difference is roughly one order of
magnitude smaller than the one between heater and sink.
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3.4: Error analysis

For the derivation of Eq. (830) the effect of the sample edges has been neglected.
If the sample is thermally insulated no heat flows across the sample edges and the
isothermal lines are perpendicular to the sample edge. This can be included in the
solution of the heat equation by choosing appropriate boundary conditions, however,
this complicates solving of the heat equation and subsequent analysis. In Figure 31T
exact and approximate solution of the problem are compared and it can be seen
that the introduced deviations are small. a) and b) show the exact solution, while
c) shows the temperature profile and isothermal lines according to Eq. (830). The
numerical result was obtained with the finite-element-method program COMSOIE,
which computes temperature profiles by solving the heat equation numerically for
the designed geometry. For the shown result, a fixed temperature was set for the
sink contact, a heat flow for the heating contact and insulation at the sample edges.
The isotherms are similar in both calculations.

COMSOL @ COMSOL Eqgn. (3.30)
\ |
W
?\\\\ | / g
D)) / ]
5’?/ ////—/—

/ .
‘ // ///f’m\ \ \\

Figure 3.11: Temperature profile of a square sample with a semi-circular heat source
and heat sink. a) Exact numerical solution obtained by the FEM program COMSOL.
For the heat source a heat flow was set, for the heat sink a fixed temperature and
for the rest of the sample insulating boundary conditions. b) Isotherm lines of the
profile shown in a). ¢) Approximate solution from Eq. (830) with 11 isotherms as in
b). The exact and the approximate temperature profile appear very similar as can be
seen from the distribution and the shape of the isotherms. Small differences can be
seen at the sample edges where the isothermal curves are not exactly perpendicular
in ¢) as they are in b). However, the differences are minor and the temperature
profile from Eq. ([830) is found to be a good approximation.

3The basic operation mode of COMSOL is as follows: One defines the basic physics and under-
lying differential equations (here steady state heat transfer), implements the sample geometry and
the relevant parameters (e.g. sample thermal conductivity) and sets the boundary conditions for
the sample (e.g. heat flux in and out of the sample, insulated areas). The program splits the sample
into a large number of cells and then calculates the resulting temperature profile by solving the heat
equation simultaneously for a each cell. Although not a universal remedy it can help to visualize
physical phenomena and give numerical solutions to a specific problem. Further information can
be found under [COMTI] and in the handbooks of the software.
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Chapter 3: Thermoelectric van der Pauw Measurements

3.4.3 Errors due to heat loss through the electrical connections

We can now estimate the heat that flows from the electrical contacts Fy — E4 and
the heaters/thermometers Hy — Hy via the electrical wiring to the sample holder
Pigss,w- The heat loss through a single wire is given by

-1
Ploss,w = AT (/Wli/l) ) (333)
and depends on the temperature difference between the two ends; 1y, Kw, [, and
A, are number, thermal conductivity, length and cross sectional area of the wire.
The sample holder ends of the wires are at heat sink temperature due to good
thermal contact between heat sink and sample holder. The temperature of the wire
ends at the sample depends on their position. Five wire ends are at heat source
temperature Ts, five at the temperature of the thermometer T and another five at
the temperature of T5. Assuming again a square sample with symmetrical contacts
and using Egs. (B31) and 332) the ratio of heating power and loss through the
wires becomes

Plossw 21In(v/2a/8)kwnwsAw N (2In(v/2a/8) +1In 2)kwnws Aw
P a Trdly, 2w kdly,
(2In(v2a/8) — In 2)KwnwsAw
2mkdly, (3.34)
21 2 wNw2Aw 1 2 w \Mw w3) Aw
_ n(v2a/8)kynws N (Inv/2a/8) K (Nuwa + Nuw3) (3.35)
Trdly, TRdly,

For measurement of the Ni sample (¢ > lem, 6 = 1.2mm, k = 85W/mK, d =
0.25mm) Cu wires (I, = 0.05m, fy, = 400 Wm K= A = 7(25 x 107%m)?) were
used and thus Pogsw/P = 1.2% < 1. For the InSb sample (¢ = 1cm, § = 1.2mm,
k= 17TWm K™ d = 0.5mm) Ni wires (I, = 0.05m, x, = 90Wm 'K~ A =
7(35 x 107%m)?) were used and the relative heat loss amounts to ~ 1.3%. For the
samples measured the heat lossed through the wiring is thus small compared to the
created heat and will not affect the measurement severely. It can also be seen from
Eq. (333)), that heat loss can be diminished by using long and thin wires made from
a material with low thermal conductivity.

3.4.4 Errors due to radiative heat loss

The last mechanism for heat loss is radiation. A body at temperature 7', which is
in thermal exchange with its environment at Ty, has a net power emission of [[V08]

Plossrad = €0gA(T* — Ty) = 4eop AT (T — Tp) , (3.36)

where € is the sample emissivity, op = 5.67 - 1078 WK~ the Stefan-Boltzmann
constant, and A the total surface area of the sample. The approximation (7% —
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3.4: Error analysis

Ty) ~ AT$(T — Tp) holds for (T — Tp) < Tp, which was fulfilled for the performed
experiments. If the body has a spatially varying temperature Eq. (830]) can easily
be generalized to

F)loss,rad = 460’3,113 / dA(T(.%', y) - TO) : (337)

However, the temperature profile of the considered samples is symmetrical (see Fig-
ure B.IT]) and the integral can be further simplified to

Ploss,rad = 4€UBT]:\34(TM - TO) / dA, (338)

where Ty is the mean sample temperature from Eq. (831]). Taking A = 2a(a+d) ~
2a” as the surface area, the ratio of heating power and radiation loss is

Prel o -Ploss,rad o SCLQGUBT(? 111(\/5@/5)
loss,rad — P -

p— : (3.39)
Using an emissivity of € = 0.6 [Lev98] for InSb, Eq. (8:39) yields ~ 7.5% at 310K
and =~ 15% at 390K for the employed sample.

For polished Ni the radiative heat loss is less pronounced due to the higher
material thermal conductivity and the lower emissivity, which is ex; < 0.1 [Emil0].
The relative power loss is thus ~ 0.5% at 310K and ~ 1% at 390 K.

Eq. B39) yields the relative power loss for given sample properties and tem-
perature. However, the measurement quantity used to determine « is the measured
temperature difference and it is not clear upfront how Prel

loss,rad
in temperature difference and hence the measurement error. Furthermore, Eq. (3:39)

relates to the change

has been obtained for simplified BCs and so the accuracy has to be checked. We
have therefore performed a simulation of the thermal conductivity measurement in
COMSOL using the parameters of the InSb sample. The simulation has been per-
formed with and without radiation losses and from the differences the validity of
B39) can be tested.

For the simulation we defined a square sample with heater, sink and thermome-
ters arranged as in Figure 24l Due to the symmetrical arrangement the apparent
thermal conductivity of the sample can be obtained from the simplified version
of the thermal van der Pauw equation ([B:20). Using the InSb sample geometry,
Tsp = 310K, and P = 0.01 W the following temperature difference is obtained be-
tween the thermometers AT = T'(Hy) — T'(H3) = 311.827K — 311.569 K = 0.258 K
without radiation losses. Inserting this temperature difference in Eq. (320) yields
k = 17.1Wm'K~!, which is very close to x = 17.0 Wm'K~!, which was used
as input parameter the for simulatiorﬂ Now that we have shown that this ’'vir-
tual’ measurement yields correct results the same analysis can be done taking into
account radiation losses. Performing the same simulation but allowing radiation
loss over the sample surface (¢ = 0.6) the “measured” temperature difference is

4Small differences can arise from finite size contacts and rounding errors.
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AT =311.577TK — 311.340 K = 0.234 K. Now, the apparent thermal conductivity is
k=186 Wm 'K~ ie. 9% larger than without radiation losses.

The effect of radiation losses can be calculated precisely with a finite-element
simulation program like COMSOL. Thus, one could in principle quantify systematic
errors by inserting the sample parameters in the simulation. On the other hand, the
result for the measurement error of the numerical simulation is comparable to the
more convenient analytical estimation given by Eq. ([8:39), which will therefore be
used to quantify radiation loss errors for x and ZTy.

3.4.5 Errors of the Seebeck measurement

The most severe error of the S measurement arises from imperfect placement of the
electrical contacts with respect to the heaters/thermometers. Let us assume that the
heater, heat sink, and the two thermometers are placed symmetrically at the center
of the edges, as shown in Figure B4l Using Eq. (830) the temperature difference
between the two thermometers (Hy, H3)is given by (z4 = a, y4 = 0.5a, x3 = 0.5a,

Z/3=CL)

x2 4+ —a/2)? x2 4+ —a/2)?
ATz = 2 |In Vet —e22) (Ve a2 ) (3.40)

TKd \/(x4—a/2)2+y2 \/(nga/2)2+y?2>

If the electrical contacts are placed at the same positions as the thermometers they
will sense the Seebeck voltage that corresponds to this temperature difference and S
will be measured correctly. However, if one or both electrical contacts are misplaced,
the measured Seebeck voltage does not correspond to the measured temperature
difference. Using a = 1 cm the correct ATJS is

. P P
ATiS = — (In2) ~ —(0.69).. 3.41
== ()~ ——(0.69) (3.41)
If e.g. the electrical contact E3 is misplaced by 1 mm in x and y with respect to Hs,
i.e. 3 = 0.004, y3 = 0.009 the temperature difference is

P .
AT ~ — (0.817) ~ 1.18AT . (3.42)

It can be concluded, that careful positioning of the contacts is indispensable. One
would notice displaced contacts from differences between the Seebeck measurements
in the two measurement configurations. After characterizing ~ 100 samples we
found that the results of the two measurements differed typically by less than 10%,
see e.g. Figure B
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3.4.6 Error of the combined ZT

If ZT is calculated from Eq. (L6), the relative error is the sum of the relative errors
of 0, S, and k, where the error of S counts twice.
AZT Ao 2AS Ak

7T o PE T w (3.43)
Note though, that the errors in o and & that are caused by the finite sample thickness
and an incorrect thickness measurement do not add up but cancel, since they are
the same for o and k. Adding up all discussed errors (except the mentioned two)
this amounts to AZT/ZT = 26% for the Ni sample and AZT/ZT = 33% for the
measured InSb sample at 310 K. This may appear large, but is actually very typical

for thermoelectric measurements [Sny08§].

3.4.7 Errors of the Harman 77Ty measurement.

Heat losses With the Harman-method, ZTy is determined from the Seebeck
voltage a sample develops if an electrical current is driven through it, see Eqs. (8.7)
or (B9). Since ZT x Ug x AT, the ZTy measurement is affected by heat losses
through the wires and by radiation. Due to these losses the temperature difference
will be reduced and ZTy will be measured too small. The magnitude of the error is
the same as for the k measurement, see Subsections 3.4.3] and B:Z.4l In addition to
the errors due to heat losses the Harman ZT is also measured incorrectly if the AC
resistance measurement frequency is too small or if the DC measurement is taken
before equilibrium is reached.

Measurement frequencies The (temporal) period of the AC resistance measure-
ment has to be smaller than the build up time of the Seebeck voltage in order to
distinguish ohmic and thermoelectric response. The build up of the Seebeck voltage
is given by

Us(t) = Uso (1 — exp[—t/7™]), (3.44)

where Ug « is the Seebeck voltage in steady-state and the time constant 7 the
thermal equivalent to the dielectric relaxation (RC) time constant: 7th = R™MC™h,
Using R'™ = [/(kA) and rewriting the thermal capacitance of the sample as O =
cpV , where c is the specific heat, p the density and V' the volume of the sample, the
thermal time constant is given by

o Bep P

2=, (3.45)

where D is the thermal diffusivity. Inserting the numbers for the InSb sample gives

o 107*m?200 Jkg~'K~'5800 kgm —*
TInSb ~ 17 Wm—1K-1

~ 6.8s. (3.46)
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The measurement frequency was ~ 10 Hz which means that UPSP(0.1s) ~ 0.015 -
Us,. The AC resistance is measured too large, since it contains a fraction of the
Seebeck voltage AUg. The (incorrect) measured ZTy is

Upc —Uac _ Upc — (UK. + AUSs) _ Us—-AUs  Us—AUs
U™ (Uac + AUs) (Uac + AUs) Usc '
(3.47)
i.e. for the InSh sample ZT was measured ~ 1.5% too small. This systematic error

Ty =

is acceptable, but could be further reduced using a higher measurement frequency.

A second type of error affects the DC measurement: if the measurement is taken
before the Seebeck voltages reaches its steady-state value, Upc is measured too
small. In our experiments the DC measurement was taken after 35 — 45s. After
35s the Seebeck voltage reaches ~ 0.994Ug ~; the error for the DC measurement is
therefore negligible.

Electrical contact resistances and wire heating For the Harman ZT mea-
surement a current is driven through the sample and the electrical connections. If
the Joule heat created due to wire or contact resistance is comparable to the Peltier
heat, the temperature gradient across the sample and thus the measured ZTy will
be changed. Since the Joule heat scales with I? but the Peltier heat only with I,
one can often observe an apparent dependence of ZTy on the current. However,
since the Peltier heat changes its sign upon current change while the Joule heat re-
mains unaffected the correct ZTy can be obtained by measurement of ZTy in both
current direction and averaging the corresponding values. A more detailed analysis
and visualizing experimental data is presented in Appendix [B.5

3.4.8 Comparison of combined and Harman ZT

As discussed, the combined ZT from Eq. [BJ) includes the errors of the o, S,
and k measurement. Of the systematic errors heat losses were clearly the most
important factor. The relative errors due to heat losses are the same for the Harman
ZTy and k and thus for the combined ZT. However, the Harman ZTy does not
suffer from geometrical systematic errors (contact size, positioning) nor from the
considerable error due to imperfect placing of the electrical contacts with respect to
the thermometers of the Seebeck measurement. The relative error of the Harman
Z Ty is therefore significantly smaller than the relative error of the combined ZT,
see Table [3.41

3.5 Error minimizing strategies

In this subsection strategies for thermoelectric van der Pauw measurements with
low systematic errors are presented. Of all types of errors considered, heat loss by
radiation is clearly the most severe and affects the ZTy and the x measurement
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equally. The systematic errors are most easily analyzed from Eq. [39), which
mlatelsH the amount of power lost by radiation to the total power created in the
heate

Prel _ ]Dloss,rad _ SG(CL + d)(EO'BTO3 ln(\@a/é)

= . A4
loss,rad P (3 8)

Tkd
The relative power loss and thus the measurement error increases with decreasing
k, which is unfortunate since good thermoelectric materials have a low thermal
conductivity. However, there are other parameters that can be adjusted such that
measurements can be performed with good accuracy for low x materials. First of
all one can design the samples to have a larger thickness-to-length ratio, since this
reduces the geometrical term a(a+ d)/d. The requirement for two-dimensional heat
flow of the van der Pauw equation sets an upper limit to this, but as stated earlier
the systematic error is <2% up to d/a = 0.5. This ratio can be increased further if
the contacts are placed at the sample side faces and not on top or bottom. Doing
so, Kasl and Hoch showed accurate (electrical) van der Pauw measurements up to
d/a = 2 [Kas05].

Surprising on the first glance is the second option to reduce systematic errors:
if the whole sample is scaled linearly the measurement error also decreases linearly,
since Pf;eslsmd x a(a + d)/d. Exploiting this, Hafizovic et al. measured thin layers
of silica with a related method [Haf02], although the samples had an unfavorable
thickness-to-length ratio. Their approach required lithographic prepatterning of the
heaters though, which would complicate measurement preparations severely.

The third factor affecting accuracy is the temperature. The error scales with 73
which means that low temperature measurements are significantly more accurate.
The accuracy furthermore scales with the sample emissivity e, which can be reduced
e.g. by metalization of the surface. In order to back the above error discussion a
thermal conductivity measurement on a SiOs slide was performed. The dimensions
were (a = lem, 0 = 1.2mm, d = 0.5mm) and since d/a = 0.05 the geometry is clearly
not optimal for thermal van der Pauw measurements. On the other hand, radiation
losses will be clearly recognizable from the results and therefore anything reducing
radiation loss can be identified the easier. If one assumes x = 1.4 Wm™'K~! and
e = 1 it follows from Eq. 839) Plossrad/P ~ 1.4 and therefore a highly inaccurate
measurement can be expected. The measurement results are shown in Figure B.12h)
and are ~ 100% too large compared to the reference data, which was obtained by
means of a 3w measurement (see Section 3]). To improve the measurement the
sample surface was coated with ~ 50nm Ag by thermal evaporation. Since metals
have a low emissivity this decreases the emissivity of the sample, while the
contribution of the silver layer to heat conduction is negligible. The results of the
coated sample are shown in Figure[3.I2h) as well and it can be seen that the deviation

"Eq. B39) was written for the case d < a, here the general case A = 2a(a + d) is stated.

6Ploss,rad > P is unphysical and stems from the fact that the radiation losses in Eq. (339) are
calculated from the ideal temperature profile. This is only a good approximation if the radiation
losses are not too large, which is not the case here.
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Figure 3.12: Reducing radiation losses in a thermal conductivity measurement on
a glass slide. a) Measured thermal conductivity of a glass slide before (red) and
after coating with ~ 50nm Ag. The Ag coating reduces the sample emissivity
and hence the discrepancy to the reference data (black) is strongly diminished. b)
Thermal conductivity of the Ag coated sample for a larger temperature regime.
Since radiation losses scale with T2 the deviation from reference data decreases for
lower temperatures.

from reference data is roughly halved. The effect of temperature on measurement
accuracy can clearly be seen in Figure BI2b) where measurement results between
170 K and 370 K are presented. As expected from Eq. (8:339]) the discrepancy between
reference and measured data decreases with decreasing temperature.

Finally, even a low thermal conductivity material can be measured with the pre-
sented thermoelectric van der Pauw method, provided that the sample geometry
is chosen appropriately. BisTes is the state-of-the-art thermoelectric material and
has K ~ 1 Wm 'K~ and an emissivity that strongly depends on the exact com-
position [Seh62]. For the estimation of the radiation error we will use an average
value of € = 0.6, also reported in [Bow61]. If we choose the sample with small but
still manageable dimensions (¢ = 5mm, d = 2.5mm, § = 1 mm) the relative heat
loss from Eq. ([348) amounts to Rff’sls’md = 0.3% at 100K, Plf)esls,rad =2.0% at 200K
and Hﬁ;lsjrad = 6.9% at 300K; i.e. up to room temperature the x and Harman-ZT
measurement would be reasonably accurate and a complete thermoelectric charac-
terization feasible.

3.6 Summary of Chapter

In this chapter a novel method for the concurrent measurement of o, S, k, and ZT
has been presented. The method is based on the electrical van der Pauw measure-
ment and the fundamental analogy between electrical and thermal physics has been
exploited to transfer the concept of van der Pauw to a thermal conductivity mea-
surement technique. An incorporated Seebeck and a four-point ZT" measurement by
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3.6: Summary of Chapter

means of the Harman method complement the measurement approach to a complete
thermoelectric characterization technique. Experimental data has been presented for
two different materials and showed good agreement with reference data.

A thorough error discussion is desirable for all presented physical data but in-
dispensable for a novel measurement technique. Therefore in Section [3.4] first an
overview over the experimental errors was given and then a detailed discussion of
the most important ones; the less significant errors are presented in Appendix Bl It
has been shown that the most severe systematic error is due to radiative heat loss,
which affects the x and the ZTy measurement. For this reason strategies to min-
imize radiative heat loss have been discussed in Section and experiments have
been presented which show decreased experimental errors.
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Chapter 4

Thermoelectric Characterization
of Porous Silicon

The thermoelectric properties of porous silicon are the focus of this chapter. Porous
Si is a material similar to silicon nanowires (SINWs) for which very good thermo-
electric properties have been reported in 2008 [Hoc08, Bou08]. Both publications
showed ZT values close to unity at room temperature and argued that the increase
in ZT is mainly due to a reduction in the thermal conductivity while the power
factor is largely unaffected compared to its bulk value. The structure size of the
nanowires, i.e. their diameter, was chosen such that phonon transport is diminished
significantly, but charge carrier transport not. With a ZT of unity Si would be
competitive to state-of-the-art materials, in particular with the advantage that sil-
icon is abundant and relatively inexpensive. A further, very important advantage
is the enormous technological background for silicon. Si is probably world’s best
investigated material and various practical problems that might occur on the way
from concept to device (charge carrier tuning, good electrical and thermal contacts,
packing materials with suitable properties to name but a few) have already been
solved for Si, but not necessarily for other, new thermoelectric materials. Especially
for low power applications like remote sensors Si is very attractive. For such de-
vices efficiency is not crucial but the compatibility with standard microelectronic
fabrication is highly advantageous.

On the other hand, SINWs as presented in the mentioned publications are not
easily applicable in real devices. First, for most applications enormous amounts of
nanowires would be necessary with at least some degree of control in order to get
reliable characteristics of the device. The wires furthermore have to be aligned and
contacted individually, which is not trivial from a technical point of view. Porous Si,
however, has the potential to combine the silicon-specific advantages with a simple,
scalable process that readily produces macroscopic amounts. The material is single-
crystalline yet nanostructured with Si wall thicknesses that are at least partially
controllable. In analogy to SiNWs this offer the possibility to adjust the structure
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size of the material such that the thermal conductivity decreases but electronic prop-
erties might be preserved. Since the samples are macroscopic, bulk characterization
techniques can be applied, which accelerates the material optimization process com-
pared to nanowires.

The potential of porous Si (pSi) as thermoelectric material has also been rec-
ognized by theoretical physicists. Using molecular dynamics Lee et al. calculated
an optimum Z7T of ~ 0.4 for porous Si with a square arrangement of circular pores
[LeeO8a]. While the typical dimensions (pore diameter and spacing ~ 1nm) were
very small the authors also showed that the shape of the pore has negligible influence
on the results and furthermore that a strict periodicity of the pores is not required.
The same has been argued by Dresselhaus and is important in view of the
somewhat non-ordered structures of the mesoporous Si samples that are discussed
later.

There is also one experimental report on the thermoelectric properties of macro-
scopic porous Si sampleﬁﬁl but the reported results seem questionable and will there-
fore not be used as referencef.

At first the fabrication of porous Si will shortly be outlined in Section 1], while
a more fundamental description can be found in Appendix[Cl Afterwards results on
the electrical conductivity and the figure of merit for doped pSi will be presented in
Section 2l It will be shown that the efficiency of pSi can be enhanced compared to
bulk Si. On the other hand, the efficiency remains low compared to state-of-the-art
materials. The mayor reason for this is the unexpected high thermal conductivity
of the characterized porous Si samples. Therefore systematic thermal conductivity
measurements of porous Si for different porosities and structure sizes have been
performed and the results will be presented in Section Finally, initial results for

Tn a recent paper Tang et al. [Tanl0] presented results for holey Si which was prepared by
lithographic prestructuring and reactive ion etching of an SOI wafer. Thus this holey Si is essentially
a structured thin film and therefore not comparable to the macroscopic porous Si investigated in
this thesis.

#Yamamoto et al. [Yam99] etched a Si wafer (19 mQcm) from both sides and obtained two 125 um
pSi films connected by a 30 um bulk Si core. They state an approximate wall thickness of 10 nm
and a porosity of p & 0.47, i.e. the sample is roughly comparable to the samples discussed in Section
Measuring the in-plane properties of this sandwich structure they obtain opsi &~ 2000 Sm~!,
Spsi ~ 4000 uVKfl7 and kpsi ~ 22 Wmflel, which corresponds to a ZT of around 0.45 at
room temperature. Although few measurement details are presented, the values for electrical and
thermal conductivity appear to be plausible, while the reported value for the Seebeck coefficient
raises questions and concerns. First, no details are given how the stated Sps; is deduced from the
measured values of bulk Si and the sandwich structure. Second, the reported value is 10 times
higher than the Seebeck coefficient of the bulk Si substrate with the same doping concentration and
still 3-4 times higher than the Seebeck coefficient of low doped Si. In fact, a value comparable to
S = 4000 VK ™! has not been reported for any kind of Si to the best of my knowledge. While it
is in principle possible to increase the Seebeck coefficient beyond its bulk value by nanostructuring
(energy filtering or band structure engineering), experimental results and theoretical calculations
usually show an increase of up to 50%, which is much smaller than the reported increase by a factor
of 10. Furthermore, a Seebeck coefficent of S = 4000 uVK ! corresponds to a Peltier coefficent of
1.2V, i.e. the average energy of the charge carriers with respect to the Fermi level would be larger
than the Si bandgap.
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Chapter 4: Thermoelectric Characterization of Porous Silicon

porous SiGe are presented, which shows lower thermal conductivity than porous Si
and might have thermoelectric properties superior to pSi.

4.1 Fabrication of porous silicon

The details of the porous Si fabrication process were not the main area of research
during this thesis; most of the samples have been produced by others, mainly Dr.
Dong Sik Kim. Thermoelectric characterization of pSi samples, however, was one
of the main topics of this thesis and is discussed in the following. Since there is an
interplay between thermoelectric properties, sample geometry, and the fabrication
parameters, the fundamentals of the fabrication process will be explained and it will
be discussed how sample properties can be tuned.

Porous Si is formed under applied bias in an electrochemical cell as shown in
Figure @Ih). This top-down approach to create nanostructured Si is known since
the 1950s [UhI56, [Turb§] and has similarities to the metal-assisted etching process
introduced in Section ZZZI] Under anodic bias, i.e. with a negative electrical poten-
tial at the silicon sample compared to the other electrode, Si is dissolved directly

Si+4HF, +h' — SiFz~ +2HF + Hy +e ™, (4.1)

upon hole (h™) injection. The electrical field is largest at the tips of the randomly
created pores, therefore further etching proceeds preferentially in the direction of the
pores. The Si regions between the pores are partially depleted due to the applied
bias. Since current flow is essential for the dissolution process the etching of the Si
regions between the pores is stopped when their size approaches the dimension of
the space charge region. This prevents the complete Si dissolution, the process is
self-limiting, and a Si skeleton with a typical structure size of two times the space
charge region width remains. Pore distance and structure size can be adjusted by
changing the wafer resistivity and the applied voltage or current density. Exemplary
samples are shown in Figure ]l and Figure Figure IIk) and d) are magnified
images of the top and the bottom regions of a single sample; it can be seen that the
sample is homogeneous on a microscopic scale and that the structure is similar in
different regions.

When determining electrical or thermal conductivity the result corresponds to
an effective medium consisting of the Si skeleton and vacuum. For a better com-
parability with data e.g. from nanowires it is necessary to normalize the obtained
effective medium result by the porosity p, i.e. opsi = oet/(1 — p). Porosity is the
volume fraction of the pores, i.e. p = Vjores/Vsi, where Vg; is the volume of bulk Si
before etching. Porosity has been determined by gravimetric analysis and it holds

Vpores mo —my mo —my

pr— pr— _= 4-2
=" msi psiAt (42)
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4.2: Electrical conductivity and figure of merit of porous silicon

| |,\D Si+4HF, +h"
— SiFy” +2HF +H, +e”

o Y

Figure 4.1: a) Scheme of an electrochemical cell used for the fabrication of (meso-
porous) Si. b) Large scale SEM image of pSi film on Si substrate. The film has a
thickness of 100 ym and appears uniform on a large scale. c¢) and d) show magnified
images of the bottom and the top part of the pSi sample depicted in b). Both ap-
pear similar and show that the sample has a homogeneous geometry over the film
thickness of 100 pm; the porosity was p = 0.40. For better distinction between Si
and pores, a part of the Si skeleton is indicated in c).

where mg and m; are the masses of the sample before and after etching, mg; is the
mass of Si (before etching) in the volume that has been etched, pg; = 2.329 gcm =3
the Si density, A the area of the etched film and ¢ its thickness. This measurement
relies on a homogeneous pSi film thickness, which was well fulfilled for the later
characterized samples. More details on the fabrication as well as the underlying

electrochemistry can be found in appendix

4.2 Electrical conductivity and figure of merit of porous
silicon

In this section the results for the electrical properties of porous Si will be presented.

While the etching process was discussed already in Section 1] further doping and

passivation steps are necessary to enhance the electrical properties. Those will be
introduced shortly in Subsection .21l while the results are presented in Subsection
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Doping Passivation
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spin-
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Figure 4.2: Porous Si doping (left) and annealing (right). Typical processing tem-
peratures and times are indicated in the figure, although those were varied between
samples in order to optimize thermoelectric properties. Also indicated are the at-
mospheres under which the process step was performed.

The section is concluded with a discussion of further optimization strate-
gies. For most samples, doping and passivation was performed by Dr. Dong Sik
Kim. Preparation parameters were chosen jointly by Dr. Kim and the author after
analyzing the results of preceding measurements.

4.2.1 Doping and passivation

The wafers from which the pSi samples are etched have charge carrier concentrations
of 101" ecm ™3 — 10"¥ cm™3. From fundamental considerations (see Section [[2)) and
experimental results from SINW [Hoc08| one can expect optimal thermo-
electric properties for 10" cm ™3 < n < 10%° cm ™2 which makes re-doping of the pSi
samples necessary. It has furthermore been observed that the freshly etched sam-
ples show a high resistivity of around 10° mQcm. After etching, a low-quality native
oxide forms at the pSi surface and the interface Si atoms exhibit many dangling
bonds. These can trap charge carriers resulting in an extended, highly resistive de-
pletion layer. Since the structure size is typically less than 100 nm this explains the
observed increase in resistivity compared to bulk. Apart from increasing the number
of free charge carriers, re-doping also decreases the thickness of the depletion layer
and therefore enhances electrical charge transport [SchiOal.

The processing steps after etching of the samples are indicated in Figure
First the pSi membranes are soaked in spin-on-dopant (Filmtronics Inc., USA) which
contains either boron or phosphorous. In order to diffusive the dopant into the pSi
the samples are baked at a high temperature (= 1100 K — 1300 K) for several tens of
minutes in an argon atmosphere. After the dopant diffusion the samples are covered
with a thick oxide due to the SiOs content of the spin on dopant. This oxide is
removed by a dip in HF. Doping homogeneity was checked by Raman spectroscopy.
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4.2: Electrical conductivity and figure of merit of porous silicon

Due to the interaction of phonons with charge carriers (Fano-effect) the Si Raman
peak at =~ 520 cm ™! becomes asymetric and from the degree of asymmetry one can
deduce the charge carrier density. By scanning across sample cross sections doping
homogeneity could be confirmed. Further details are given in [Agal0].

The mentioned interface trap states can severely degrade the electrical conduc-
tivity. Application of a high quality oxide is a standard measure in silicon processing
to decrease the density of interface traps [Sze81]. We produced high quality oxide
by rapid oxidation at elevated temperatures. The samples are loaded into a rapid
thermal annealer (RTP-1200-100, UniTemp GmbH Germany) that is able to ramp
the temperature very fast (up to 100 Ks~!). The number of active surface states can
be further reduced by annealing in a Hy containing atmosphere as diffusing hydrogen
atoms have the ability to saturates the dangling bonds [Nic82]. After doping and
annealing the samples are contacted and ready for thermoelectric characterization.

4.2.2 Thermoelectric characterization

Typical pSi membranes have a size of 0.25cm? and a thickness of 70 ym — 100 pm.
Due to the fragility of the samples a complete characterization by the thermoelectric
van der Pauw method is challenging, in particular gluing the heaters onto the sample
and soldering all the electrical connections without breaking the sample. On the
other hand, for a test whether the concept of porous Si as thermoelectric material
is plausible a direct ZTy measurement by means of the four-point Harman method
(see Section [B.2)) is sufficient. We therefore adjusted the etching parameters such
that the structure size was ~ 44nm and thus comparable to the SiNWs for which
ZT =1 had been reported [Hoc08]. The structure size measurement is discussed in
Section 33 and an SEM image of the sample is shown in Figure[CIb). The thermal
conductivity of a sample obtained under the same etching conditions was measured
separately with the 3w method (see Section E3) and was keg = 7.0 Wm 1K1,
Taking into account the gravimetrically determined porosity of p = 0.6, the thermal
conductivity of the silicon matrix itself is xps; = 17.6 Wm'K~!. Several samples
have been doped under varying conditions in order to obtain optimal properties.
The measurement results for o and Z7T are shown in Figure [£3] both for boron
and phosphorous doping. The doping parameters are given in the figure caption,
while the parameters of the passivation and annealing step were kept constant (as
indicated in Figure [L2]). From Figure [£3h) and c) it can be seen that the electrical
conductivity increases drastically after doping and passivation and that it can be
tuned over several orders of magnitude by adjusting the doping parameters. Since
the dopant solubility is known to increase with doping processing temperature and
the diffusion length with doping time [Sze81], it can be concluded that the observed
increase in o is in agreement with an increase of charge carrier concentration, as
would be expected. The conductivity of the as-etched sample shows a temperature
dependence that is typical for Si of that dopant concentration [Bul68], while for the
doped samples the electrical conductivity decreases with increasing T. This can be
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Figure 4.3: Electrical conductivity and figure of merit for a), b) boron and c), d)
phosphorous doped porous Si. The doping times and temperatures for the samples
shown in a) are Tyop = 1173 K for tqop, = 40min (red); Tyop = 1173 K for tqep, =
10min (green); Tyop = 1223 K for 4o, = 10min (blue) and Tyop = 1373 K for tgo, =
50 min (magenta); for comparison also the electrical conductivity of an as-etched
sample is shown in black. It can be seen that the electrical conductivity increases
with doping temperature. In b) the figure of merit of those samples is shown. For
sufficient doping ZTy of the pSi samples exceeds the ZT' of optimal doped bulk
Si, which is plotted in black for comparison. In c) the electrical conductivity of
phosphorous doped samples is shown (Tgo, = 1223K for tqop = 4min (green);
Taop = 1223 K for tgop = 10min (blue); and Tyop = 1373 K for tqep = 50 min (red)).
The conductivity decreases with increasing temperature as is typical for highly doped
semiconductors or metals. The data in c) is shown in a linear plot while a) is plotted
on a log scale. The figure of merit for n-pSi in d) exceeds that of bulk Si for properly
doped samples and increases with T.

seen in Figure 3k) where the data is plotted on a linear scale and is expected for
highly doped semiconductors, see e.g. [Web91]. The data shown in a) and ¢) has
been corrected by the porosity, i.e. 0psi = Omeas/(1—p) and the relative measurement
error is 4% as discussed in Section [3.41

Figure @3b) and d) show the ZTy measured by the Harman method both for
n and p-type pSi. In b) it can be seen that the sample with the lowest charge
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4.2: Electrical conductivity and figure of merit of porous silicon

carrier concentration (green) has a ZT = 0, while for the others it increases from
~ 0.01 to 0.025 with increasing charge carrier concentration. With increasing T
the figure of merit of all samples increases and the results for p and n-type pSi are
comparable. It is important to note that in Figure [3d) the sample with the highest
charge carrier concentration (red) does not show the largest ZT. As discussed in
Section there exists an optimum charge carrier concentration and this sample is
presumably already too highly doped. The optimum ZT of bulk Sﬁ is plotted in
b) and d) for comparison and it can be seen that the ZT of pSi is superior to bulk
Si for adequate doping conditions, i.e. appropriate charge carrier concentrations.
The shown error bars correspond to a relative error of 10% and account for observed
deviations between the two performed Harman measurements as well as for the small
error due to the AC measurement frequency (see Eq. (3:47)).

Summarizing these initial results on the thermoelectric properties of porous sil-
icon, two main conclusions can be drawn. First it has been shown that pSi can
be designed such that it has properties superior to bulk Si, i.e. the validity of the
fundamental concept of nanostructuring to improve thermoelectric properties has
been successfully proven thereby. The results are comparable to recent data for
nanostructured bulk Si obtained by ball-milling and pressing from Bux et al. who
reported ZT = 0.023 at room temperature [Bux(09]. The other conclusion is that
with a ZT of ~ 0.02, pSi is as yet not interesting for real applications and the re-
sults are furthermore a factor of 50 worse than the two reported results for SINWs
Hoc0§|. Reasons for this discrepancy are analyzed in the following and
strategies for further improvements of pSi are discussed.

As discussed in Section B.4] the Harman ZTy measurement is affected by radi-
ation loss such that ZTy is measured systematically too small. Using Eq. (339)
the relative measurement error can be estimated. With a = 0.005m, d = 100 pm,
§ = 0.001m and keg = 7.0 Wm~'K~! and an assumed emissivity of ¢ = 1 the figure
of merit ZT is measured =~ 30% too small at 310 K and 50% at 370 K. A more exact
FEM calculation yields similar values: ~ 23% at 310 K and 39% at 370 K. The emis-
sivity of pSi can be expected to be comparable to unity and it is therefore clear that
the measured values are systematically too small. However, since the precise value
of € is unknown, a mathematical correction of the measured values assuming ¢ = 1
would be incorrect. Furthermore, the samples all have similar geometries which
means that they are intercomparable and the drawn conclusions remain valid. Most
important is however, that the measurement error due to radiation losses does not
even rudimentally explain the differences between pSi and the reported results for

3The electrical conductivity at room temperature as function of charge carrier concentration was
obtained for boron and phosphorous doped Si from [Bul93] and the temperature dependence was
estimated from the data shown in [Web91]. For the thermal conductivity a fit equation from [Ful6§]
was employed. Geballe et al. [Geb55] measured the Seebeck coefficient for n and p-type Si for charge
carrier concentrations up to 2-10'® cm ™ and from 20 K to 330 K. This data was combined with an
analytical expression for the Seebeck coefficient in the degenerate limit [Nol01] and an polynomial
fit in the intermediate region. From the combination of these data sets the maximum bulk Si Z7T
could be estimated.
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the SINW.

The second point are the electrical properties. Reference experiments have been
performed on SOI wafers with a Si thickness of 150 nm. Figure 4] shows the elec-
trical conductivity of a pSi sample in direct comparison with a thin Si film.
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Figure 4.4: Electrical conductivity of pSi sample and Si film for similar doping
conditions. It can be seen, that the electrical conductivity of pSi is approximately
a factor of eight below that of the Si film.

Both were doped at 1223 K but the displayed conductivities differ by a factor of
eight. One possible reasonj for this is a decreased mobility of the charge carriers
in porous Si due to scattering at the pSi/ambient interfaces as has been observed
previously [Sim95]. More likely is though that the passivation and annealing step is
not optimized and charge carriers are therefore trapped at the surface. Determining
the mobility by a Hall measurement would lead to further insight.

The main point is, however, that the thermal conductivity of the electrically mea-
sured samples is relatively large (rkpsi = 17.6 Wm™'K~!) and only a factor of eight
below bulk Si. Comparing this with the results from Hochbaum et al. (2 Wm 1K1
at a similar structure size [Hoc08]) this is somewhat surprising and demands further
investigationsﬁ. For this reason, systematic thermal conductivity measurements as
function of structure size were performed. This is the focus of the following section.

4.3 Thermal conductivity of porous silicon

In this section results on the thermal conductivity of porous Si and porous SiGe will
be presented. The measurements were performed with the 3w method, whose work-

4The doping times were 50 min for the Si film and 10 min for the pSi sample. Since the dopant
diffusion length is already & 2.4 yum after 10 min [Sze81] this can not explain the observed conduc-
tivity difference.

5The sample used for the thermal conductivity measurement was undoped. The electronic part of
the thermal conductivity is < 1 Wm ™ K~! even at high doping concentrations, and the contribution
will furthermore be reduced since electronic charge transport is not as effective as in bulk Si, see
Figure 4l The electronic contribution is therefore negligible compared to the lattice part.
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ing principle will be discussed first. Temperature-dependent results were obtained
for several sample porosities and average structure sizes; from this data the thermal
conductivity of porous Si as a function of structure size can be inferred. For all sam-
ples measured the thermal conductivity exhibits a drastic reduction (one to three
orders of magnitude) due to the effects of the nanostructuring. For porous SiGe an
even lower thermal conductivity is obtained, presumably due increased scattering of
phonons with short mean free paths on the Ge atoms.

The motivation for systematic thermal conductivity measurements is twofold:
first this sheds light onto phonon transport on a microscopic level. It will furthermore
help to explain the apparent differences between porous Si and SINWs. In this regard
it is interesting to note that while the results for ZT are comparable in both SINW
papers, the measured thermal conductivities differ significantly [Hoc08, Bou0g|. At
room temperature Boukai et al. report k = 5Wm 'K~ and ¥ = 1 Wm'K~!
for quadratic nanowires with a side length of 10nm and 20 nm, respectively, while
Hochbaum et al. measured k = 5 Wm 'K~ and k = 2 Wm'K~! for a wire diameter
of 100nm and 50 nm, respectively. Thus the wires investigated by Hochbaum et al.
show a much more drastic size effect than the wires in the other study. The authors
argue that the reason for this is the high surface roughness of the wires (fabricated
by metal-assisted etching, see Section 2.2]), however, a thermal conductivity for a
single-crystalline 50 nm wire that is comparable to amorphous silica demands further
investigations, as also concluded by Hochbaum et al. [Hoc08]. The second point is
that only with structure-size-dependent thermal conductivity measurements one can
estimate the potential of pSi as thermoelectric material and find the structure size
that yields acceptable thermoelectric properties.

4.3.1 Thermal conductivity of bulk silicon

In this subsection the thermal conductivity of Si is reviewed. First this establishes
the reference, which the later shown results for pSi can be compared to. Second,
some basic quantities and concepts can be introduced. These help to understand
and illuminate the physics behind the measurement data.

The thermal conductivity of bulk Si over a large temperature range is shown
in Figure [Gla64]. One can see that the thermal conductivity increases from
8 K to 20 K and decreases approximately linearly on the log-log plot for higher tem-
peratures. The vast majority of the heat in Si is transported by phonons. Treating
phonons as ideal gas particles within the solid the thermal conductivity of the lattice
can be written as 1

K| = gc(T)v(T)lglfp(T) , (4.3)

where ¢ is the specific heat capacity and v the speed of sound or phonon group
velocity. The thermal conductivity is limited by the scattering of phonons with other

phonons, boundaries, or impurities. The average distance phonons travel between

Y

mfps the mean free path of the phonons. Using

the scattering events is termed [
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Figure 4.5: Thermal conductivity of bulk Si from [Gla64]. With increasing temper-
ature an increase of the thermal conductivity up to 20 K is observed. Beyond this
so-called Umklapp-peak the thermal conductivity is governed by phonon-phonon
scattering and shows approximately a 7! dependence. At very high temperatures
heat conduction by charge carriers becomes more important and causes deviations
from the 7! dependence.

bulk Si values x; ~ 150 Wm 1K™, ¢ = ¢,p 2~ 1.6 - 10 Jm 2K~!, and v ~ 6500 ms~!
[McCO05], the phonon mean free path can be calculated to 43nm at 300 K. The
value for the speed of sound used here is an weighted average over the different
phonon branches and in general given by the slope of the phonon dispersion, i.e.
the relation between phonon wave vector/momentum and frequency/energy. The
phonon dispersion curves for Si are shown in Figure L6h), the details are discussed
further below.

For high temperatures phonon-phonon scattering determines the thermal con-
ductivity [Nol0I]. There are two types of relevant phonon scattering events: in the
N-(normal) process two phonons combine and energy and momentum are conserved,
while for the U- (Umklapp) processes momentum is not conserved but transferred
to the lattice. Two-dimensional representations of the two scattering processes are
shown in Figure [6b): ¢; labels the wave vectors of the phonons, G is the recipro-
cal lattice vector and the square indicates the two-dimensional Brillouin zone. The
N-processes redistribute the phonons but constitute no thermal resistance to first
order), therefore U-processes govern the thermal conductivity at high temperatures.
R. Peierls explained theoretically that the scattering rate of U-processes increases
linearly with T for high temperatures, i.e. the phonon mean free path and thus
show a 1/T dependence [Pei29]. This behavior is not restricted to silicon and has
been observed first by Eucken [Eucl]].

SNevertheless, due to redistributing the phonons N-processes enhance the chance for U-processes
and thereby indirectly create a thermal resistance [McCO05].
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Figure 4.6: a): Phonon dispersions of Si for the [100], [110], and [111] direction. The
x-axis is the reduced wave vector q/gmax, the y-axis the angular frequency w = 27v
of the phonons and TO, LO, LA, and TA label the different phonon branches,
i.e. transverse optical, longitudinal optical, transverse acoustical, and longitudinal
acoustical. The two transverse optical and acoustical branches are degenerated in
the directions shown here. The velocity of phonons is proportional to the slope of
the dispersion curves. Therefore acoustic phonons are responsible for most of the
heat transport. b): Phonon N-process (top) and U-process (bottom). While in the
N-process energy and momentum are conserved, momentum is transferred to the

lattice in the U-process. a) Taken from [McC05].

Phonons are Bosons and their occupation-probability is thus given by b(v) =
lexp(hv/kgT)]~'. At low temperatures the occupation of states with high energy hv
and large wave vector becomes less likely and the chances for U-processes diminish.
Therefore, at very low temperatures, the phonon mean free path is not determined
by phonon-phonon scattering but by phonon-interface scattering. In this regime
the phonon mean free path is given by the crystal dimensions and independent of
temperature; therefore  follows the behavior of the specific heat, which shows a T3
dependence [Deb12]. For somewhat higher temperatures impurity scattering may
determine the thermal conductivity before U-processes take over and the thermal
conductivity decreases.

With these basic concepts the temperature dependence of the bulk Si thermal
conductivity, displayed in Figure €5 can be understood qualitatively. However, for
a detailed description the simple ideal phonon gas picture used for Eq. (£3]) is not
sufficient. It has several shortcomings: first, the speed of sound is not constant as
can be seen from the dispersion shown in Figure .6} second, there exist transverse
and longitudinal as well as acoustic and optical phonons since Si has two atoms per
unit cell. These all have different dispersions. It can be seen from Figure [L.6h) that
acoustic phonons tend to have larger group velocities than optical phonons. Acoustic
phonons are therefore mainly responsible for heat transport. Third, the phonon

86
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mean free path is also energy dependent, since the various scattering mechanisms
have different energy dependences. These issues can be accounted for using the

following equation, see e.g. [Liu04, [Hao09):
1 Vmax
KL= 3 ZZ:/O ci(V)v2(v)rri(v)d . (4.4)

The sum is over the different phonon branches and ¢; is here the specific heat per
frequency. Comparing Eq. (£4]) with Eq. (Z3)) one can see that the phonon mean free
path has been replaced by the relaxation time 7 and the group velocity: l?nfp(y) =
7r(v)v(v). The relaxation time is the inverse scattering rate and relaxation times
from different scattering processes are inversely additive%:

=yt (4.5)
J

this is known as Matthiessen’s rule [McC05].

When investigating nanostructured Si one would expect thermal conductivity
reduction due to boundary scattering when the sample dimensions are of the order
of the phonon mean free path. However, since the mean free paths of phonons of
different energies are very different, size effects on the thermal conductivity have
been observed for films with thicknesses of the order of 1 um, which is much larger
than the average mean free path of 43 nm from Eq. (3]) [McC05]. Size effects have
even been observed for Si films with 10 um pores and a spacing of 20 um [Son04].
This emphasizes that for a quantitative modeling of phonon transport Eq. (A3]) is
too simple.

With this short discussion the basic quantities to understand the thermal con-
ductivity measurements have been defined. It is also clear, that size effects of the
thermal conductivity can be expected for mesoporous Si.

4.3.2 Thermal conductivity measurements with the 3w method

The 3w method is a non-steady-state thermal conductivity measurement method
that was invented at the beginning of the 20th century by Corbino [Corl0, [Corll],
but thoroughly investigated and made popular by Cahill et al. in the late 1980s
[Cah87, [Cah89, [Cah90]. First, the basic idea will be introduced, afterwards the
measurement system and the equipment and finally the data analysis will be pre-
sented.

A schematic picture of a sample prepared for a 3w measurement is shown in
Figure @7l The key feature is the metal line which is situated on top of the sample.
The metal line has four contacts. Two are used to drive a current and the other
two to measure the voltage that drops over a fraction of the metal line with length
[. If a current is driven through the metal line, Joule heat Pj is produced and the

7if the scattering rates due to the different mechanisms are independent of each other.
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sample holder

Figure 4.7: Sample prepared for 3w measurement using pSi as example. On top of
the sample is an electrically insulating layer and a metal stripe (heater) with width
2b. Four electrical contacts are made to the heater, two to drive an alternating
current and two to measure the dropping voltage over a fraction of the heater with
length [. If an alternating current is driven through the heater, a thermal wave is
excited in the heater and spreads into the sample. The measured voltage depends on
the amplitude of the thermal wave which in turn depends on the thermal properties
of the sample. Appropriate choice of the excitation frequency confines the thermal
wave into the porous Si layer and allows to extract the thermal conductivity of it.

metal line temperature increases. It is intuitively clear that the temperature change
depends on the sample properties: if the sample is a very good thermal insulator,
the temperature increase will be large, while it will be small for a good thermal
conductor; this is one of the fundamental ideas of the 3w method. The second
point is that an alternating current with circular frequency w creates a measurable
voltage signal that is proportional to the temperature change in the heater: A
current [(w) = Ipsin(wt) creates a potential difference U(w) = RI. The resistance
of the metal line itself is temperature-dependent R = Ry(1 + o1 + ...) and since
AT o Py = RI?  sin(2wt) the measured voltage

U=RI = ...+ asin(2wt) sin(wt)... = ...asin(3wt)..., (4.6)

contains a signal that goes with the third harmonic of the excitation frequency w
(therefrom the name 3w method) and is furthermore proportional to the amplitude
of the temperature change AT in the heater. If the linear resistance-temperature
coeflicient « of the heater is known or obtained from a calibration, AT can be ex-
tracted from the voltage signal. Using an alternating current has another advantage:
While a direct current would create a steady temperature gradient (after some initial
phase) across the complete sample, an AC signal creates a thermal wave that decays
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rapidly within the sample. In fact it can be shown that

K

(4.7)

-1
a1 = ‘ 12wpce
is a measure of the decay length of the excited thermal wave and |¢~!| is consequently
known as thermal penetration depth. p is here the density and ¢ the specific heat
of the sample and it can be seen that the thermal wave decays more rapidly in
dense, thermally insulating samples. Since furthermore |¢71| oc \/1/w the region
of the sample that is affected by the thermal wave can be chosen by adjusting the
excitation frequency w. This can be used to measure films on a substrate as shown
in Figure [£7] without having the substrate affect the measurement.

The exact relation between sample thermal conductivity and measured temper-
ature amplitude/voltage signal is complex [Wan09, [Moo96]. However, if w is chosen
such that the thermal penetration depth is much larger than half the width of the
heater line b, but smaller than the sample/film thickness d, i.e. if b < |¢7!| < d, it
an be shown that the amplitude of the thermal wave is given by [Cah87], Moo96]

P
AT =~ <0.5ln B 205772 - 05w — 0.25m> : (4.8)
mik pch?

i.e. the real part of the temperature amplitude R(AT) is proportional to % In w.
That means if AT is extracted from the measured voltage signal x can be obtained
from the slope of AT vs. Inw. A resistance-temperature calibration is shown in
Figure[d.8h) while b) shows the real part of the temperature amplitude vs. excitation
frequency. The linear region that is used to determine the thermal conductivity is
indicated. This frequency regime can be used to fit the data and x is obtained from

P i LF iy (4.9)

27l OR(AT)

where P — the power supplied to the heater — is predefined in the measurement
program. More details on the measurement routine and the sample preparation are

described in Appendix [D11

4.3.3 Measurement results for porous silicon

Apart from thermoelectrics porous Si can be employed in optoelectronics, as sensor,
and as thermal insulator [Bis00) [Leh91l Woo08| [Yer99]. There have been previous
experimental and theoretical studies [Ran09], e.g. thermal conductivity measure-
ments on microporous Si [Ges97] and sintered pSi [Wol06]. Benedetto et al. report
thermal conductivity values for mesoporous Si, however, no structure size is given

8The thermal penetration depth must also be much smaller than the length of the heater, oth-
erwise the assumed symmetry in heater direction breaks down. However, this is usually not a
problem.
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Figure 4.8: a:) Resistance-temperature calibration for an evaporated Pt heater with
width 2b = 10 pm and thickness ~ 100 nm. The calibration is basically linear with
a small quadratic component. A good resistance-temperature fit is crucial for the
measurement. b): Real part of the temperature amplitude as a function of frequency
(logarithmic); sample is fused silica. In the region where the thermal penetration
depth is larger than half the heater width but smaller than the sample thickness
R(AT) o In f and the thermal conductivity can be obtained from the slope. The
frequency region that was used for fitting is indicated as well as the linear fit, which
coincides with the measured data points. At higher frequencies a deviation from the
linear fit can be observed, here the penetration depth becomes smaller/comparable
to b and Eq. (L)) becomes invalid.

and it is furthermore unclear, whether the results have been normalized by porosity
[Ben97]. We therefore aimed for systematic thermal conductivity measurements in
a structure size regime that is relevant for thermoelectrics, i.e. mesoporous Si.

The samples used for 3w measurements are shown in Figure [fIh) and c), in
Figure L9 and in Figure Their porosity was determined gravimetrically and
varied between 0.17 and 0.66, see Eq. ([A2]); the sample details are stated in the
corresponding figure captions. For further comparison a macroporous Si samples
was measured as well. Macroporous SE has a larger wall thickness than mesoporous
Si and is therefore interesting for systematic investigations of size effects. A SEM
image of a macroporous Si sample is shown in Figure 9¢). Around the crystalline
core a layer of microporous Si is clearly visible. This microporous layer does not
contribute significantly to thermal transport but prevents accurate wall thickness
measurements. It was therefore removed by a mild oxidation (925°C for 4 min) and
subsequent HF dip. The etched sample is shown in Figure [L9f).

As described in Subsection the thermal conductivity is determined from
the slope of the real part of the temperature amplitude over the logarithm of the
measurement frequency with Eq. (£9)). The slope has to be determined from the
frequency interval where the thermal penetration depth |¢~!|, given by Eq. [&7), is

For fabrication details see e.g. [Leh02].
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Figure 4.9: SEM images of measured samples. a): p = 0.17, d = 97 um, b): p = 0.33,
d = 100 pm, ¢):p = 0.66, d = 118 ym, d):p = 0.5z, d = 90 pm, e) like d), but after
mild oxidation and HF dip to remove microporous layer, f): porous SiGe (2.8% Ge)
p = 0.66, d = 100 pm.

much smaller than the film thickness and larger than half the heater width. Plotting
R(AT) vs. In f this region can be recognized since it shows a linear behavior, see e.g.
Figure L8b). So, after obtaining the raw measurement data, the linear region was
identified and an initial value for the thermal conductivity ki, was calculated from
Eq. (9). Then it had to be checked, whether the obtained kj, and the frequency
fitting regime match. To do so, |¢~!| was calculated using kj,. The thermal pen-
etration depth furthermore depends on the sample parameters specific heat ¢ and
density p, which in turn depend on temperature and porosity. Since pSi is basically
nanostructured Si, its specific heat is identical to the Si bulk value as also shown in
[Wol06]. To account for the temperature dependence a polynomial fit using litera-
ture data [Okh72, Tofl0] was employed. The density can be obtained from the bulk
Si value and the porosity ppsi = psi(1 — p); the temperature dependence of the den-
sity is negligible. The fitting region was calculated such that a x b < [¢~!(f)| < d/a,
where a is a factor that was chosen between 1.7 and 3. Using the calculated fitting
interval k was recalculated and compared to ki,. Usually both values agreed within
10%. If not, x was calculated again, using the now obtained value to calculate |¢~*|
and the fitting region.

The such obtained thermal conductivity is determined systematically too large,
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Figure 4.10: Thermal conductivity of porous Si vs. temperature. The porosity of
the samples is indicated in the legend, the corresponding SEM images are shown in
Figure and LIl The samples show a decrease of k for low T', but otherwise only
a weak temperature dependence. The curves for the samples with lower thermal
conductivity have been plotted for clarity magnified in b). All results have been
normalized by the porosity of the samples.

because Eq. ([LJ)) is exactly valid only for semi-infinite samples with vanishing heater
width. For real samples correction factors can be calculated as explained in Ap-
pendix The presented thermal conductivity data has therefore been divided by
the correction factor. The correction factors varied between 1.05 and 1.12 for the
samples with k < 10 Wm~'K~!. For the samples with higher x the linear fitting
range lies partially outside the instrumentally accessible range, therefore the fitting
region had to be increased and the correction factors were larger, up to 1.3 at 120 K,
where the thermal penetration depth is largest.

Finally, in order to obtain the thermal conductivity of the porous Si matrix, the
measured thermal conductivity has to be corrected for the porosity of the sample:
kpsi = ket/(1 — p), where kg is the measured thermal conductivity of the effective
medium. The results for the samples shown in Figure and [Tl are presented in
Figure 100

All samples show a decrease in thermal conductivity that can not be explained
by a pure porosity effect@. Instead, the observed thermal conductivity reduction is
due to a decrease of the phonon mean free path due to increased interface scattering,
also called size-effect.

In order to analyze this more quantitatively it is necessary to define a structure
size & of porous Si. The thermal conductivity is governed by the smallest typical

00ne classical formula for the thermal conductivity of porous media has been derived by Eucken:
Kporous/ksolid = 1 — p/(1 + 0.5p), see [Tic05]. Using this equation one would expect Kporous =
0.76ks0ia ~ 115 Wm™'K™" for p = 0.17 and ~ 38 Wm™ 'K~ " for p = 0.66 at 7" = 300 K. These
values are much higher than the measured values. Other classical models exist, see e.g. [Tic05] but
they yield similar results. Note also that the plotted values have been normalized by 1/(1 — p),
which makes the difference even larger.
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size of the system, it is therefore reasonable to define the structure size § as the
length between two adjacent holes. For samples with large structure sizes this can
be determined from the cross-sectional SEM images, where the shortest distance
between two pores is taken as structure size. This becomes increasingly difficult
for smaller structure sizes though, because the image is only a two-dimensional
projection of a three-dimensional structure. The visible wall thickness between two
pores varies and depends on the orientation of the visible edge with respect to the
pore arrangement. However, one can determine the average periodicity of the sample
by counting the number of pores within a certain length. Together with the known
porosity this can be used to estimate §. The diameter d of the pores and ¢ are
related for a given periodicity such that d increases with increasing porosity while §
increases; the exact relation depends on the specific geometry. We can determine this
relation for three simple cases. First let us assume square pores that are arranged
with a tetragonal symmetry as shown in Figure LTTh). The structure size is given
by 6 = a — d, where a is the periodicity and d the side length of the pore. Since
2= pA = pa?, where A is the area of the square, it follows for the structure size

Seq = a(l — \/P) . (4.10)

If we assume round pores in tetragonal arrangement the relation changes to

dsqr = @ (1 - \/3@) ~a(l—1.1\/p). (4.11)

For the third case let us assume round pores that are arranged in a hexagonal

|
arrangement as shown in Figure EIIb). Using A = 1.5v/3a? and 3 - 7/4d? = pA it
follows for the structure size

Shex =a [ 1— \[\[ ~ a(l —1.05,/p), (4.12)

i.e. the result is very similar to a square pore arrangement. The real pSi shows
neither perfect hexagonal nor tetragonal ordering but since the results for the three
cases are very similar Eq. [I2]) can be used to estimate the structure size of the
porous Si samples. Self-organized processes like pSi formation often tend to follow a
hexagonal symmetry, therefore Eq. ([LI2) is probably the most realistic assumption.
Note that for perfectly ordered pores the counted number of visible pores might
depend on the orientation of the visible sample edge with respect to the sample unit
cell. However, since the ordering is not perfect the pore distribution is approximately
isotropic and the visible number of pores is independent of the orientation of the
sample edge if averaged over a sufficient long distance.

The porosity of the macroporous Si sample has been determined from a top-
view SEM image, see Figure [C.1l while the structure size was determined from a
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Figure 4.11: Determination of structure size of pSi samples for in idealized sample
with tetragonal symmetry in a) and hexagonal symmetry in b). The periodicity
can be obtained from the SEM images by counting pores while the structure size
0 can be calculated from Eqs. (£I0) and (£IZ) using the known porosity p. The
results are similar for both arrangements and therefore the precise geometry of the
real pSi samples is of minor importance. Note though, that the real samples are not
perfectly ordered and therefore the pore distribution is roughly isotropic.

cross-sectional image as shown in Figure LOe). Geometrical and electrochemical
parameters of the measured samples are summarized in Table [£.3.3]

sample no. wafer p curr. dens. j | por. p | period. a | struc. size §
1 15— 20mQcm | 12mAcm—2 | 0.43 28 nm 9nm

2 15 —20mQem | 4mAecm=2 | 0.33 32nm 13nm

3 15 —20mQcm | 8mAcm~2 | 0.40 35nm 12nm

4 15 —20mQcm | 10mAcm—2 0.66 47nm 7nm

5 20 — 50mQem | 4mAcm 2 0.17 64 nm 36 nm

6 20 — 50mQem | 14 mAcm ™2 0.6 235 nm 44nm

7 m. pSi - 0.42 - 114 nm

8 pSiGe 35mQcm 14mAcm=2 | 0.66 110 nm 17 nm

Table 4.1: Geometrical and electrochemical parameters of the six mesoporous Si,
the macroporous Si and the porous SiGe sample that are analyzed in this thesis.

For further discussion it is useful to compare the measurement results with liter-
ature data for nanostructured Si. Li et al. measured the thermal conductivity of Si
nanowires grown by the vapor-liquid-solid mechanism for different nanowire diame-
ters [Li03], while Hochbaum et al. measured similarly sized nanowires obtained by
electroless etching (see Section [Z2]) [Hoc08]. Tang et al. structured thin Si films with
nanosphere lithography /block-copolymers and reactive ion etching and obtained ho-
ley Si [Tanl0]. This material is quite similar to pSi from a geometry point of view,
except that it is better ordered than pSi and that only thin films were be created.
Figure I2h) directly compares this reference data with the results for some of the
measured pSi samples. Though different in absolute values the data sets show the
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Figure 4.12: Thermal conductivity of pSi in comparison with reference data for Si
nanostructures from several sources [Hoc08| [Li03, [Tan10]. All data sets show a de-
crease of the thermal conductivity at low temperatures but otherwise a much less
pronounced temperature dependence than bulk Si. b) shows the thermal conduc-
tivity at T = 300K over structure size. Porous silicon exhibits a lower thermal
conductivity than VLS grown SiNW but a higher thermal conductivity than the
results reported for electroless etched SINW.

same trends. Starting from low temperatures the thermal conductivity increases
with temperature and shows a very broad peak or settles at a plateau value. For the
VLS grown nanowires a shift and a decrease of the Umklapp peak to higher tem-
peratures with decreasing structure size has been observed. In contrast, the curves
show no distinct peak for the holey Si and the pSi sample.

As discussed previously the Umklapp peak in Si arises because at low tempera-

2l
mfp

creases with the specific heat c. With higher temperature phonon-phonon scattering

tures the phonon mean free path [’ . is given by the crystal dimensions and & in-
increases and k decreases when the scattering length for phonon-phonon interaction
becomes smaller than the scattering length for phonon-interface interaction, i.e. the
crystal size. For the VLS grown nanowires l?nfp is of the order of the diameter of the
nanowires. With increasing temperature phonon-phonon scattering increases again,
but the temperature were it becomes comparable to phonon-interface scattering is
higher, since the size of the nanowires is smaller than a bulk crystal. In consequence,
the smaller the nanowire diameter, the higher the temperature of the Umklapp peak.
The reasoning in principle also holds for pSi. However, the Umklapp peak becomes
less pronounced for smaller structure sizes as was e.g. observed for holey Si [Tan10)
and smears out further for pSi since the structure size is less clear defined than for
SiNWs.

The structure sizes of the samples is also indicated in Figure E12h). If one
compares those, quantitative differences between the data curves become apparent.

HThe macroporous Si sample may exhibit a thermal conductivity peak at lower T than were
experimentally accessible
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4.3: Thermal conductivity of porous silicon

This is exemplified in Figure L12b) where x at 7' = 300K is plotted as function
of structure size. With decreasing structure size x decreases, that is consistent for
all curves shown, however, the VLS grown nanowires show a much higher x for a
given structure size than the electroless etched nanowires or the holey Si; the re-
sults for pSi fall somewhere in between. Comparing VLS and etched SiNWs it has
been argued that the reason for the remarkable difference is the different surface
[HocO08]. The etched SiNWs exhibit a rough surface due to the etching process while
the grown SiNWs show an atomically smooth surface. A smoother surface enhances
specular phonon scattering and thus the phonon mean free path is longer than the
wire diameter, as it would approximately be for diffuse scattering [McC05]. Differ-
ent surfaces might also explain the difference between holey Si/etched SiNWs and
porous Si. Electroless etching of the wires and the electrochemical etching of porous
Si are very similar processes, though, one would therefore expect similar surface
roughness and consequently similar thermal conductivity for a given structure size.
The observed differences in thermal conductivity therefore demand further inves-
tigations, in particular since a lower thermal conductivity is desired for high Z7T
thermoelectric materials.

Also shown in Figure £I2b) is a fit to the measurement data for porous Si. This
allows to interpolate and extrapolate — to a certain extend — the measurement data
and thus to fabricate pSi with desired thermal properties. Several reports have been
published which model the thermal conductivity, typically as function of structure
size or porosity or both. Those however, either have unphysical limits [Lia06] or do
not match the measurement data [Alv10], presumably due to modeling assumptions
that are not well fulfilled for the measured porous Si samples. It is also not possible to
fit the data to a simple expression that depends e.g. on the ratio of structure size and
average mean free path. This is not too surprising since it has been discussed before
that the concept of an average mean free path is too simple and can not describe
transport in nanostructures with sufficient accuracy. The experimental data could
be verified though with Boltzmann-transport calculations [Cal59), [Hol63] or more
advanced modeling [Kaz10]. This however, is beyond the scope of this thesis.

In summary systematic investigations of porous Si samples with different porosi-
ties and structure sizes were performed. The temperature dependence of k is com-
parable to what has been previously observed for SiINWs. It was also shown that
the thermal conductivity depends strongly on the structure size of the porous Si
samples and that lower structure size corresponds to smaller thermal conductivity.
Overall the thermal conductivity is reduced by one to three orders of magnitude due
to increased phonon scattering at the surface of the pSi matrix. Comparing the pSi
results with literature thermal conductivity data for SINWs or similar structures one
finds that for a given temperature and structure size the pSi results fall in between
the data for VLS grown nanowires with a very smooth surface and a high percentage
of specular phonon scattering and rough, etched nanowires, where diffusive phonon
scattering is dominant.
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Regarding the potential of pSi as thermoelectric material it can be concluded
that a structure size of well below 10nm is necessary for a thermal conductivity
k < 2Wm~'K~!. This in agreement with the experimental findings of Boukai et
al. [BouO8]. If the power factor could be largely preserved this would correspond
to a ZT approaching unity at room temperature. Fabrication of such structures is
possible and has been demonstrated (see Figure EI2h)), the greatest challenge is
probably to preserve the power factor. At this scale the structure size approaches
the charge carrier mean free path of around 10nm (see footnote [1 in Chapter [I])
which makes it difficult to keep bulk electrical properties. Furthermore, the effect of
surface states gets more pronounced with decreasing structure and good passivation
becomes more and more crucial [Sch10a].

If decreasing the structure size turns out to be not successful, the other ex-
perimentally adjustable parameter appears to be the surface roughness. Following
the argument from Hochbaum et al. very low thermal conductivities should be ob-
tainable for moderate structure sizes [Hoc08]. This could be achieved e.g. by an
appropriate chemical treatment of the pSi surface. However, there is an ongoing
debate how the published results can be explained and there is also a dis-
cussion among theoreticians, see e.g. [Moo08] but also [Kaz10]. It therefore remains
to be seen whether the results by Hochbaum et al. can be reproduced consistently
and whether the surface modification effect can be exploited systematically.

Instead an alternative approach to achieve low thermal conductivity is presented
in the following.

Thermal conductivity of porous SiGe

Thermal conductivity measurements on porous SiGe with a Germanium content of
2.8 atomic percent have been performed. For such a low Ge content SiGe behaves
chemically basically like pure Si and can be fabricated analogously to porous Si. An
SEM image was presented in Figure L9f) and it can be seen that the structure and
texture is comparable to pSi.

It has long been recognized that alloying of materials can lead to materials with
thermal conductivities lower than either pure components. The reason is increased
phonon scattering at the density variations within the alloy. This is also true for
SiGe alloys which are an important high temperature thermoelectric material
k098 Row06]. It has been shown that the nanostructuring in pSi decreases the
thermal conductivity of the sample by several orders of magnitude. If the alloying
results in an additional reduction of the thermal conductivity, porous SiGe might be
a thermoeletric material with properties superior to pSi or Si nanowires. The thermal
conductivity of pSiGe is plotted in Figure £ I3h) and it shows the same temperature
dependence as pSi. However, comparing the thermal conductivity as function of
structure size it can be seen that the thermal conductivity of pSiGe lies below the
results for pSi, see Figure LI3b). Although more systematic investigations would
be necessary to complete the picture it can be concluded that the Ge atoms within
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Figure 4.13: Comparison of thermal conductivity of porous Si and porous SiGe with
comparable structure size. Though have a slightly higher structure size the thermal
conductivity of the pSiGe sample falls below the result of the pSi for all temperatures
in a). On the plot k vs. d in b) this effect is clearly visible.

the pSiGe cause an additional thermal conductivity reduction. Point scattering
centers like the incorporated Ge atoms cause a scattering length 7 oc ¥4, where v is
the energy of the phonons [Nol0I]. Thus predominantly phonons with high energy
and small wavelength are scattered by the Ge atoms. This effect is in addition
to the scattering of low energy/large wavelengths phonons at the silicon/ambient
interface. Since phonons of all energy carry heat, additional scattering of small
wavelength phonons cause a further decrease of the thermal conductivity. This
might be exploited to fabricate a thermoelectric material with higher ZT" than pSi.

4.4 Summary of Chapter [4

Porous Si has been fabricated in an electrochemical cell. In some sense, pSi is the
inverse structure of an array of SiINWs and has therefore the potential to combine
the silicon specific advantages with the benefits of macroscopic samples (macroscopic
measurement techniques, scalable fabrication, simpler contacting). Adjusting the
fabrication parameters samples with different porosity and wall thicknesses have
been produced. For good electrical conductivity re-doping of the fabricated samples
is necessary. This was achieved by liquid-phase doping and both n- and p-type
samples with ZT higher than bulk Si have been fabricated. A further increase in
efficiency might be expected for pSi with smaller structure size. This has been
indicated by systematic thermal conductivity measurements by means of the 3w
method on samples with different porosities and structure sizes. For a thermal
conductivity approaching the properties of state-of-the-art materials structure sizes
below 10 nm appear to be necessary. Finally it has been shown that porous SiGe
exhibits a lower thermal conductivity than pSi of a similar structure size.
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Chapter 5

Summary, Open Questions, and
Outlook

Summary The purpose of this last part of the thesis is to summarize and discuss
the results that were presented in detail in the chapters before. With the aim to
investigate the potential of Si as thermoelectric material we have fabricated differ-
ent forms of nanostructured silicon, developed a new measurement technique, and

obtained results for the thermoelectric properties of porous Si.

It has been shown previously that silicon nanowires can have thermoelectric prop-
erties comparable to state-of-the-art materials and might therefore be employed in
future thermoelectric devices. For real-life modules very large numbers of nanowires
are necessary. In Chapter 2] we therefore have presented a process flow for arrays
of silicon nanowires potentially applicable in thermoelectric devices. We have ex-
ploited a combination of laser interference lithography and metal-assisted etching
to fabricate arrays of Si nanowires with a sample size of cm?, i.e. macroscopic di-
mension. Laser interference lithography is a powerful prestructuring technique that
allows the fabrication of strictly periodic templates with user-defined geometry and
arrangement. Metal-assisted etching is a wet-chemical etching process enabling the
selective Si dissolution in the vicinity of a noble metal film. Using gold meshes de-

fined by laser interference lithography we have obtained Si nanowires with uniform
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diameters ranging from 350 nm down to 65nm. A uniform and tailorable wire ge-
ometry is crucial since the thermoelectric properties of Si are size-dependent. The
obtained wires are furthermore single crystalline and have a uniform height and can
thus easily be contacted. Characteristics like the single-crystallinity, the large-area,
parallel fabrication process, and the uniform, user-defined geometry let the samples
appear very promising from a device point of view. We have furthermore shown
improvements of the laser interference lithography process itself. The developed
immersion laser interference lithography setup has been used to fabricate patterns
with a periodicity significantly smaller than what is achievable with the standard
setup. A two-mirror setup allows for hexagonal patterning at a single shot and thus

for even faster and more convenient pattern fabrication.

Thermoelectric characterization is one of the bottlenecks for progress in ther-
moelectrics since repeated measurements are necessary for optimized thermoelectric
materials. In Chapter[3we have presented a novel measurement method that enables
a complete thermoelectric characterization on a single sample. The method is based
on the established van der Pauw method for electrical characterization and combines
measurement of the electrical conductivity, the thermal conductivity, the Seebeck
coefficient, and the thermoelectric figure of merit. A consequent realization of four-
point measurements renders the method insensitive to thermal and electrical contact
resistances; it furthermore contains several inherent possibilities to cross-check the
obtained experimental data. A thorough analysis of the errors of the measurement
technique has revealed heat loss by radiation as the most severe problem, at least at
higher temperatures. A simple analytical equation to estimate this error has been
derived and several strategies to decrease the radiative heat loss have been explored

and successfully experimentally implemented.

With Chapter @] we have returned to nanostructured silicon. Porous silicon is

— like the arrays of silicon nanowires shown in Chapter 2] — nanostructured, single
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Chapter 5: Summary, Open Questions, and Outlook

crystalline silicon. Samples with macroscopic dimensions have been produced in a
simple electrochemical process. The average wall thickness of the porous Si samples
has been adjusted through the electrochemical parameters which has also allowed
controlling the thermoelectric properties of the material. Using the developed ther-
moelectric van der Pauw method we have shown that porous Si can have a higher
figure of merit than its bulk counterpart if properly doped and passivated. This
proves the validity of the concept that nanostructuring can be used to enhance the
thermoelectric properties of materials. We have shown this for both p- and n-doped
material which is a prerequesite for thermoelectric devices which consist of both
types of materials. Using the 3w method systematic investigation of the thermal
conductivity as function of average wall thickness have been performed. The results
indicate that wall thicknesses below 10 nm are necessary to obtain material that is
competitive with state-of-the-art materials like BisTes. Using SiGe wafers with a
Ge content of around 3 atomic percent we have shown that the fabrication of porous
SiGe samples is possible. Initial results on the thermal conductivity of the sam-
ple have revealed a lower thermal conductivity than comparable porous Si samples
and have demonstrated that the thermal conductivity can be decreased further by
a combination of alloy scattering and scattering at the silicon/ambient interfaces.
In total we have presented progress in thermoelectric characterization, nanos-

tructuring, and the use of silicon as thermoelectric material.
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Open questions and outlook It is presumably the nature of research to open
more questions than answers have been given. We want to discuss here shortly
the most important uncovered questions/topics that arose during the course of this
thesis; roughly following the thematic outline of the thesis.

Since they are almost in a device-like state, thermoelectric characterization of
the arrays of silicon nanowires would be very interesting, in particular since the
presented immersion interference lithography setup could be used to obtain wires
with even smaller diameters. However, since this kind of measurement is inherently a
two-point measurement, a controlled contacting procedure, which yields low contact
resistances, is indispensable.

The developed thermoelectric van der Pauw method proved to be a powerful tool
in thermoelectric research. Unfortunately, the effect of radiative heat loss limits its
applicability range. It has been proven that the applicability range can be increased
by good heat-shielding and optimized sample geometry; in the current state the
use of the method is nevertheless restricted to temperatures not far beyond room
temperature for most thermoelectric materials. Further progress might be achieved
by changing from steady-state to transient measurements. Two further concepts for
high temperature figure of merit measurements are currently under investigation.
One of these concepts relies on a four-point cross-plane figure of merit measure-
ment. Cross-plane measurements have a much smaller heated region than in-plane
measurements which reduces the influence of radiative heat loss.

The thermoelectric van der Pauw method can be readily combined with a Hall
coefficient measurement by applying a magnetic field perpendicular to the sample
plane. The contact arrangement used in the van der Pauw measurements is already
a standard geometry for Hall measurements and the obtained results for charge
carrier density and mobility would lead to deeper insight in the properties of the
material under investigation and a more rapidly converging optimization of the ther-
moelectric properties. On top of that thermogalvanometric effects like the Nernst-,

the Ettingshausen-, and the Righi-Leduc effect could also be measured. This would
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Chapter 5: Summary, Open Questions, and Outlook

provide a multitude of information about transport in the material and improve the
physical understanding.

Concerning porous Si we expect higher efficiencies for samples that have a smaller
average structure size. This has been unsuccessful so far, presumably due to insuffi-
cient surface passivation which becomes more challenging at smaller structure sizes.
Further insight is expected from mobility measurements, a Hall measurement sta-
tion is currently set up. While the measured thermal conductivity of porous SiGe
is promising, further electrical and figure of merit measurements are necessary to
explore the possibilities of porous SiGe as thermoelectric material.

Silicon has undeniably numerous advantages compared to other (potential) ther-
moelectric materials, it is furthermore the base of todays semiconductor industry.
Therefore chances are good that some kind of nanostructured Si will eventually be
used commercially as a thermoelectric material. Providing a fabrication route for
arrays of silicon nanowires capable of being integrated into thermoelectric devices, a
novel thermoelectric characterization technique, and a study on the thermoelectric
properties of porous silicon, this thesis has added a drop of insight to the sea of
knowledge.

There has been significant progress in the field of thermoelectrics within the last
three years. This holds for the development of new materials, the enhancement of
“old” materials as well as for the fundamental understanding; eventually this will
lead to a larger and broader impact of thermoelectrics on society. However, although
stated frequently in publications, it is not evident how thermoelectrics could be
the answer to the energy/climate crisis of the 21st century. For this to be true
thermoelectric generators would have to be competitive with other heat engines at
energy scales of megawatts or higher. Even believing the most optimistic predictions
for future figure of merit values this is highly unlikely. That said, thermoelectrics
remains a rapidly developing field with a lot of interesting physics and a diversity of

actual and potential applications.
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Appendix A

Convection and Thermal
Conductivity of Air at Low
Pressures

For an ideal gas, the mean free path of the gas particles is given by [KIeQ0]

l (A1)

1
mfp = ﬂnat )

where n is the particle density and o, = wd? the scattering cross-section of the parti-
cles with diameter d. Using the ideal gas law pV = NkpT', where kp is Boltzmann’s
constant the mean free path is given as function of pressure by

kT
mfp — ﬂﬂ' d2p )

Using d = 155 pm, the van der Waals radius of nitrogen [wikI0c], the mean free path
is of the order of 10' m at p = 10~° mbar and therefore orders of magnitude larger

(A.2)

than the dimensions of the measurement system. Since convection is collective trans-
port based upon particle-particle interaction it can be concluded that heat transport
by convection does not take place for the employed measurement conditions.

Let us now consider heat transport by individual gas particles, i.e. conduction
by air at low pressures. Using again ideal gas laws the heat transport between two
bodies with area A and a temperature difference AT is given in the ballistic regime

by [Dem02]
TLT)ka

P=A AT, (A.3)

where n is the particle density, v = \/8kpT/(mwm) the average velocity of the particles
and f the number of degrees of freedom. If we define a thermal conductivity for for



this system in analogy to P = kAAT/d we obtain

dnvkp
Kball = Tf ; (A.4)
where d is the distance between the two bodiesﬁl Using again the ideal gas law this

can be written as function of gas pressure

dpv f
8T

Kball = (A.5)
Using the values of nitrogen m = 4.6710726kg, f = 6 it follows kpa ~ 1.2 -
107 Wm 'K~ for T = 300K and d = 0.1 m. The “thermal conductivity” of air at
low presssures is therefore negligible.

It can be concluded that neither convection nor conduction through the ambient
gas are relevant at pressures below 10~° mb.

Tt may appear counterintuitive that x o d, however, since we are in the ballistic regime, the
transported heat does not depend directly on d and therefore the apparent s increases with d.
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Appendix B

Further Errors of
Thermoelectric van der Pauw
Measurements

In the error analysis of the thermoelectric van der Pauw method (Section B4]) sev-
eral errors have been omitted. Though apparently less important than the errors
discussed in the main text the errors that are analyzed here are consequential for
at least two reasons. Firstly some of the errors are only less significant because of
experimental measures to decreases them and secondly errors of less importance for
this work may cause severe problems under different conditions or with different
samples.

Errors that are discussed in the following include the effect of sample geometry
(finite sample thickness) and contact arrangement (finite contact size, contact not
placed exactly at the edges) (Section [B.2), the effect of wire self-heating (B.3)), ther-
mal contact resistances (B.4]) and electrical contact resistances (on the Harman ZTy
measurement) (B.E). It is furthermore explained why a resistance-temperature cali-
bration is necessary in Section[B.6] what the consequences of an incorrect calibration
are (B.), and how the errors of the two-heater van der Pauw method compare to
the three heater method (B.g)). At first, though, I want to discuss error propagation
for the van der Pauw equation and justify discussing errors on a square sample with
symmetrical contact arrangement.

B.1 Error propagation for the van der Pauw equation

The quantities obtained from the van der Pauw equation (B.2)) are o and «, but exper-
imental errors occur for e.g. the measured resistances Ro1 43 := R and R31 42 := Ra.
To relate the errors in the measured quantities to the errors in o and k error propa-
gation has to be discussed. The van der Pauw equation (B.2]) is transcendental, but
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Figure B.1: a): f from Eq. (B)). b):Relative error in p for Ry # Ra, if Ry is 10%
too large (blue), Ry and Ry are measured 10% too large (red), and if R; is measured
10% too large and Ry 10% too small. The error is largest if both R; and Ry are
measured too large and is the same as for the special case Ry = Ra

can be rearranged to [vdP58al

nd R1+ Ry
p—ii

=g g (Bi/R2), (B.1)

where f(R1/R2) depends on the ratio of R;/Ry only and varies slowly with it. For

R1=R2 —>f:1and
wd
=—R B.2
p=5 (B.2)
holds. If uR; is the relative error of the measured resistance and ud the relative

error of the measured thickness then the uncertainty of the calculated resistivity is

up  uRy  ud
- B.3

) "R T (B.3)
For a sample of arbitrary shape and contacts anywhere at the sample edges
Ro1 43 # Rsia2. In this case the solution given by Eq. (B.) and f is defined by

[vdP58D]

(B.4)

cosh[ /Ry — 1 ]—1 p{m}

Ri/Ry+122| ~ 2P [7f
The geometrical function f is plotted in Figure [Bdh) and it can be seen that it
varies slowly with R;/Rs.

The special case Ry = Ry was discussed previously, here we want to analyze how
errors in Ry or Ry affect p for Ry # Ro. Or put differently, if Ry is measured 10%
too large, how much is p off from the correct value? Figure [B.Ib) shows the relative
error of p, which is given by |1 — p°™/p'd| for various Ry /Ra. p'd is given by Eq. (B.)
and for p®" three limiting cases are considered: Firstly, only Ry is 10% too large but
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R5 has the correct value; secondly, both Ry and Ry are 10% too large; thirdly R; is
10% too large and Ry is measured 10% too small. It can be seen that the relative
error is largest for the second case and smaller for the other two. However, this is
the same relative error as for symmetric van der Pauw equation (B.2) and so Eq.
(B.3)) is indeed an upper limit for the relative error.

B.2 Systematic errors due to sample and contact geom-
etry

For the van der Pauw equation to be exactly valid (see Egs. (82) and (B.3]) the
sample has to be homogeneous, free of holes and the infinitesimal small contacts
have to be at the edge of the sample. It is furthermore required that the current
flow is purely two-dimensional, i.e. homogeneous over the sample thickness and that
the sample is insulated from the environment except for the two points where the
current enters and leaves.

Several authors, including van der Pauw himself, have investigated the effect of
violations to these initial assumptions [vdP58al [Koo89]. It turns out that the van
der Pauw method is quite robust against deviations from the ideal conditions, as
discussed in the following. Weiss et al. solved the electrostatic problem of a square
sample with side length a and finite thickness d [WeiO8]. For this geometry, which
resembles the geometry of the used Ni and InSb samples, they investigated the effect
of contacts with finite size §, that are placed a distance A away from the sample edge.
They found that the agreement between measured and actual sample conductivity
is better than 2% for d/a < 0.5. Finite sized contacts cause deviations of < 1%, as
long as §/a < 0.15 and A/a < 0.1.

In order to prove that contact size and placement lead indeed to small systematic
errors, electrical van der Pauw measurements were performed on a sample with
six contacts, which are referred to as Fq to Eg, counted clockwise. The contacts
were arranged in an arbitrary manner at the sample edge and while being small,
did not have the same size. With six contacts 12 independent measurements with
two configurations can be taken. The resistances depend on the contact geometry
and can therefore differ by one order of magnitude. The resistivities calculated
from the two corresponding measurements, however, coincide nicely as presented in
Figure[B.2h). It was found that the measured resistivities deviate by less than 1.5%
from their average value as visualized in Figure [B.2b). For comparison the result
of the room temperature measurement with a linear four-probe station [Sch06] is
also shown, which agrees well with the van der Pauw measurements. It can be
concluded that contact size and (dis)placement does have a small effect on the
measured conductivity values and that for electrical measurements the error is =
1.5%.

The effect of a finite sample thickness was investigated experimentally by Kasl
and Hoch [Kas05]. They measured samples with a cylinder geometry and obtained
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Figure B.2: Electrical van der Pauw measurement of an InSb sample with six con-
tacts. With six contacts 24 resistivity measurements are possible and from the
two corresponding resistances 12 resistivities can be calculated. These 12 resis-
tivities calculated with the van der Pauw equation (B3:2)), agree with each other
very well as shown in a). The legend labels the 12 results, where “1243” means
I = FE, I~ = E>,,U" = E3,U" = E4 and the contacts on the sample are labeled
clockwise. The black cross is the result of a linear four-probe measurement and
agrees well with the (extrapolation of the) van der Pauw results. b) shows the de-
viation of each resistivity p; from their mean value p,, and it can be seen that this
deviation is less than 1.5%.

results comparable to the calculations of Weiss et al. For the used Ni sample d/a =
0.025 and for the InSb sample d/a = 0.05, therefore the error due to the finite
thickness is in both cases < 1%.

It should also be noted that in other cases, where sample or contact geometry
are such that large systematic deviations occur, the obtained experimental values
can be multiplied with correction factors [Wei08] to account for sample and contact
geometry. Furthermore, incorrections due to the finite sample thickness can be
circumvented totally if the contacts are placed at the side faces of the sample. In this
geometry the current flow is two-dimensional for all sample thicknesses, provided the
contacts are as high as the side faces. In this case the current can enter the sample
uniformly, as pointed out by Kasl and Hoch [Kas05].

Apart from the effect of finite sample thickness on the measurement results an
error in the thickness measurement also affects the calculated conductivities, see Eq.
(B:3). By means of scanning electron microscopy and micrometers the thickness can
be determined with an relative error < 1%.

The error due to finite sample thickness and errors in the thickness measurements
are the same for the x measurement as for the ¢ measurement, i.e. < 1%. The
effect of contact size and contact placement can be estimated from [Wei0g]: using
0/a =0.12 and A/a = 0.06, the sum of both relative errors amounts to 0.3%. Since
it was found experimentally that for o the error due to contact size and placing
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is of the order of 1.5%, this larger, experimental value is used, rather than the
smaller theoretical predictions. Therefore, for the employed samples and contacts,
the geometrical errors are assumend to be the same for the o and the x measurement.

paragraphThe effect of finite sample thickness on the S measurement

The finite sample thickness can cause a systematic error for the Seebeck measure-
men. If the heaters are placed at the top of the sample (Figure B4]) and not at the
side surface the temperatures will differ at top and bottom side of the sample, the
less the thinner the sample. If the electrical contacts are placed at the bottom side,
as was done in our experiments, the Seebeck coefficient will be measured somwhat
incorrectly. In order to quantify this, a COMSOL simulation was performed. Using
the parameters of the InSb sample, the calculated temperatures at the thermometers
H, and H3 where compared to the temperatures at the same lateral positions, but
at the bottom side. For the temperatures at the center of H4 and H3 the calculation
results are ATAfgp = 313.504 K — 312.521 K = 0.983 K. At the bottom the temper-
ature differences is AT' = 313.502K — 312.526 K = 0.976 K, thus 99.3% of the
measured temperature. For the samples measured this systematic error is of minor
concern, but will clearly become more important for larger thickness/side length
ratio. Note that the error due to finite sample thickness for the Seebeck coefficient
measurement is not the same as for the o and x measurement, which was discussed
in Subsection [B:2] although both arise from deviations from purely two-dimensional
current flow.

B.3 Self heating of the wires

While long and thin wires are ideal to minimize parasitic heat conduction one also
has to be aware of Joule heating of the wires. The wires, where the heating current
is driven through, produce Joule heating P; = RI?. Since a fraction of the Joule
heat produced in the wires flows into the heater and the sample this will create a
heat flow through the sample. This heat flow is additional to the measured heat
flow that is produced in the heater and used in Eq. (33)). The resulting error will be
negligible as long as the resistance of the wires is much smaller than the resistance
of the heater =~ 10002 but sets an upper limit on how long and thin the wires can
be mad. For our experiments the resistances of the wires were less than 1€ and
therefore did not heat sufficiently to affect the thermal conductivity measurement.

B.4 The influence of thermal contact resistances

Both the analytical and the numerical analysis have so far disregarded the effect of
thermal contact resistances that occur between the heater/thermometers and the

'One might consider taking a wire material with low thermal but high electrical conductivity,
but since electrons are responsible for charge and thermal transport in metals both conductivities
are coupled, as expressed by the Wiedemann-Franz law, see Eq. (II)).
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Figure B.3: Circuit diagram for thermal van der Pauw measurement.

sample. It will be shown here, that their effect is indeed negligible. In order to
analyze the problem, the thermal van der Pauw measurement has been “translated”
into a circuit diagram.

The circuit diagram corresponding to the thermal van der Pauw measurement
without radiation losses is shown Figure [B.3h), while in Figure [B3b) these are
taken into account. Without radiation, one can see a simple series connection of
a heat source P, a contact resistance R, between heat source and sample, and the
sample thermal resistance Rg = Rg1 + Ry + Rgo. Hi to Hy label heat sink, heat
source and the two thermometers as in Figure B4l The measurement signal is the
temperature difference that drops over a fraction Rj; of the total sample resistance:
T}& =Ty—T5 = Ry Psot. Since it is a series connection the magnitude of R, does not
affect the amount of heat flow through the sample and the measurement signal, i.e.
disregarding radiation losses contact resistances do not affect the measurement as
expected. The diagram is drawn such that the heat sink (the cold “side” of the heat
source) is at the same temperature as the cold side of the sample and the ambient,
the “ground”. One could consider a thermal contact resistance between sample and
heat sink however this resistance can be expected to be small compared to the heater
contact resistance. While the heater was glued onto the sample, contact at the heat
sink was done by mechanical clamping, with graphite or silver foil for good contacts.
This usually results in contact resistances orders of magnitude smaller than gluing
[Kho07].

The circuit diagram including radiation losses is shown in Figure [B.3b). Radia-
tion losses of the sample itself are treated as a thermal resistance Rg;aq in parallel
to the sample resistance. This has been analyzed before, see Eq. ([8:39). Not consid-
ered beforehand were radiation losses of the heater and of the thermometers. They
are considered as heat leakages through the thermal resistance Rcorad, Rc4,rad, and
Rc3raa to ambient temperature (ground).

The amount of radiative heat loss of the heater can be calculated from comparing
R aq with the sum of the other thermal resistance in the system, labeled Rgum.
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Using the rules for electrical parallel and series circuits this can be calculated to

RS vad(Rs1 + Rar + Rsoa)
Rs rad + Rs1 + Ry + Rso

Rs 1aqaRs
Rs aq + Rs

Rsurn = RcQ,rad + = Rc2,rad + (B5)

The fraction of the heat that flows through the contact resistance Pres/P is given
by

PRC2 - RC2,rad
- )
P RC2,rad + Rsum

(B.6)

and it is clear that this significantly deviates from the ideal value (unity) if Reo yad ~
Reum- If heat loss of the sample itself is considered the heat flow splits again after
Rc2 and a fraction will be lost across Rg ;aq. Only the fraction that enters the sample
Pg causes the measured temperature difference and this (normalized) heat flow is
given by

& Rc2,rad RS,rad

p— 3 B.7
P RcQ,rad + Rsum RS,rad + RS ( )

Let us now consider the effect of the thermal contact resistances of the thermometers.
Without radiation losses, the measured temperature difference is given by AT =
RysPyyr. If radiation is considered a parasitic heat flow from the sample through the
thermometer will occur. This heat flow is determined by the contact and radiative

resistance and given by
Ty —T,

e et S B.8
RC4 + Rc4,rad ( )

Pc4,rad =

P.31aq is given similarly. This has two effects: first the heat flow through Rjs is
reduced compared to Pgq

PRM _ E Rc4 + Rc4,rad (B 9)
P P Rc4 + Rc4,rad + RM + RSZ '
_ Rc,rad RS,rad RC4 + RC4,rad (B 10)

Rc,rad + Rsum RS,rad + RS Rc4 + Rc47rad + RM + RS2 ’

and secondly this parasitic heat flow causes a temperature difference at the contact
resistance: 074 = Peyradfca. The measured temperature difference is now given
by AT™* = Ry;Pyr — (8Ty — 6T3). Note that heat loss through the thermometers
decreases both measured temperatures, therefore the temperature difference is less
affected than the individual temperatures. In fact, if Ry = Re3 and Reqrad =
Re3rad, as can be roughly expected, the measured temperature difference depends
only on the temperature difference between the thermometers, not on the difference
between thermometers and environment

Ty — 13

AT™ = Ry Py — Ry——t ™%
M ot RC4 + RC4,rad

(B.11)

Finally, the ratio of measured temperature difference and ideal temperature differ-
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ence is given by

ATreal - Ry Pryr — Rey RcﬂliiRZ}:rad . Pry Ry (B 12)
ATid a RMP N P Rc4 + RC4,rad 7 '

where Eq. (B32) was used for the last replacement. With this equation the effect
of radiation and thermal contact resistances can be quantified. The sample thermal
resistance is given by Rg = AT/P, where AT is the average temperature increase
of the sample due to P. Using Eq. (B31) and the parameters of the InSb sample
Ry is estimated to

In(v/2a/d
Rg = (v20/0) g0 gew-1 (B.13)
Trd
Rgs is roughly half of the total sample resistance, i.e. 50 KW~! and Rj; can be
calculated from Eq. 332): Ry ~ 13KW~!. The resistance of the sample against

radiative heat loss Rgaq can be calculated from Eq. ([3:39)

AT 1

== ~ 1400 KWL, B.14
-Ploss,rad 8&260'BT€ ln(\/ﬁa/é) ( )

RS,rad =

Similarly, R¢raq can be computed to R aq ~ 10°KW~! and is thus much larger
than any other resistance. The only remaining unknown are the contact resistances
R.. Those were determined using thermography: the heater were supplied with
electrical power and from the observed temperature difference between heater and
sample the contact resistance can be estimated. Testing several heaters we found
that the thermal contact resistances were R. < 100 KW~!. Inserting those numbers

yields
Pry
5 = 0.999 - 0.940 - 0.999 (B.15)
ATTe RS rad
—— = 0.938-0.001=0.937~ —————— B.16
AT Rs raq + Rs ( )

It can be seen that the measured temperature difference is affected by radiation
losses, as discussed previously. However, the additional effect of the thermal con-
tact resistances between sample and heaters/thermometers leads to relative errors
of ~ 0.1% and is negligible small. Generally, the error due to contact resistances
will be o< R./Rcyad. It is no problem to keep this ratio below l%ﬁ. In summary
the effect of the contact resistances was shown to be negligible and in this sense
the measurement is a true four-point measurement. Note though, that the thermal
contact resistances are comparable to the sample thermal resistance. If tempera-
ture differences were measured in a two-point fashion the results for the thermal

2Since the contact area and the emitting area are approximately the same, this can be discussed
best in terms of the heat transfer coefficient h = 1/(RA). The heat transfer coefficent is around
6 Wm 2K ™! for radiation at 300 K, while it can easily exceed 1000 Wm 2K ~! for mechanical con-

tacts [Kho97, TVO0g].



conductivity would be grossly wrong.

B.5 Further errors of the Harman/7Ty; measurement

Since the Harman Z7Ty measurement is based on the formation of a temperature
gradient it is affected by heat loss in the same way as the x measurement, the same
holds for the effect of wire self-heating.

Electrical contact resistances and wire heating Let us now investigate the
effect of electrical contact resistances and wire resistance on the Z7T measurement.
Upon current flow a temperature gradient ATp establishes between the two voltage
sensing electrical contacts due to Peltier heating and cooling. If there is an electrical
contact resistance R.ont at the connection of sample and lead, Joule heat Py will be
produced: Py = Reont [ 2,

Likewise, heat is produced in the wires through which the current is driven,
due to their intrinsic resistivity. A fraction of this heat will flow into the sample
and create a temperature gradient within the sample. This temperature gradient is
superimposed on the Peltier gradient and the temperature difference between the
two sensing contacts changes by ATj. Since

US,meas o _SATP + ATy
Uy Ugq

ZTH meas = (B.17)
this also effects the measured ZTH yeas- Correct measurements can be taken if the
current direction is changed. While the Peltier temperature gradient changes its
direction with the applied current, the gradients due to electrical resistances are
unaffected. Thus ZT can be obtained correctly by averaging the results for both
current directions (superscripted with “+” and “-”):

ATp + AT
ZT s = —S% (B.18)
3 UQ
—ATp + AT ATp — AT
ZTIEmeas = -5 Pj— ] = _S—+ P+ J (Blg)
' Ug Ug
= 7Ty = (ZTI;meas+ZTI;meas)/2. (B.20)

Both, the effect of electrical resistances on the ZT measurement and also the can-
cellation upon averaging can be seen from Figure [B.4] where measurement data
from an InSb sample is presentedﬁ. In Figure [Bi4h) the ZT measured for different
currents is shown, the average of the values is plotted for comparison as thin black
line. It can be seen that ZT; I}L < ZTI; for all temperatures and that the ZT
values measured with 5/10 mA deviate approximately by 5/10% from their mean.

meas meas

It is now necessary to check whether wire or contact resistance can indeed explain

3The data shown here has not been corrected for the Seebeck coefficient of the used Ni wires.
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Figure B.4: The effect of Joule heating on the ZTy measurement. a) Measured
Z Ty over temperature for different currents. It can be seen that the measured ZT
is always smaller for a positive current than for a negative current. The difference
between both values increases with increasing current, the mean of all values is
plotted in black. Averaging the measurements of “+” and “-” yields a constant
value, independent of current magnitude as shown in b). This illustrates that the
effect of electrical contact resistances and wire self-heating can be overcome if both
current directions are measured.

the observed values. With S & 31074 VK~! the Peltier heating/cooling is approx-
imately Pp = 9-10~%* W for the InSb sample at 300 K and a current of 10mA. The
sum of wire and contact resistance is of the order of 12 and thus the Joule heat-
ing amounts to P; = (0.01A)?1Q =1-10"*W =~ 0.11Pp. Thus the experimental
observed deviations of ZTy can be explained by the effect of Joule heating due to
wire/contact resistances. Since Pp o I but Py oc I? it is also clear that the deviation
of the measured ZTy from the mean ZTy increases linearly with current, as can
be seen in Figure [B.4h). As predicted by Eq. (B.20) the average of ZT; ﬁL meas and
ZT

H.meas 1 independent of current magnitude and the “correct” ZTy value.

B.6 Errors of the temperature measurement

The thermoelectric measurements are performed temperature-dependently, where
the reference temperature is the temperature of the heat sink. This temperature
is measured by a Pt1000 resistance thermometer, see Figure Bl The accuracy of
the Pt1000 (class B) is specified as AT = +(0.30°C + 0.0057") [wik10b], where T
is here measured in °C. Thus measuring ca. 150 K around room temperature the
resulting uncertainty is of the order of 1 K, which is not sufficient for thermoelectric
van der Pauw measurements. However, this large uncertainty is basically an offset
between different Pt1000 and stems from differences in the fabrication process. The
resistance-temperature coefficient is exact and the reproducibility of Pt1000 read-
ings is very high. Furthermore, only temperature differences have to be know for
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the thermoelectric van der Pauw measurements with a high accuracy, not absolute
temperatures. One can therefore circumvent the inaccuracy problem by perform-
ing a resistance-temperature calibration. To do so, the heat sink temperature was
changed and resistance readings of the two sensing Pt1000 were taken, once the tem-
perature of the sample and thus the resistances were stable. The readings were sta-
ble within 0.1 2 and the average of 20 points was taken, i.e. temperature differences
were measurable with an accuracy of 0.01 K. The described resistance-temperature
calibration was included in each thermoelectric van der Pauw measurement.

In contrast, the absolute temperature is known with smaller accuracy and given
by the stated equation for a class B Pt1000, see Eq. B4l One should note also
that both the S and the x measurement rely on a temperature gradient within the
sample. Since the cold side (heat sink) temperature is kept stable this means that
the average temperature of the sample increases slightly upon heat flow. For the Ni
sample the difference between heat sink and average sample temperature was < 2 K
and for the InSb sample < 4 K. For materials that posses moderately temperature-
dependent properties this is acceptable, for other materials smaller heat flows might
be necessary.

B.7 Error due to incorrect resistance-temperature cali-
bration

While a resistance-temperature calibration is necessary for accurate temperature
difference measurements it can also be a source of measurement errors. If the ther-
mal contact between sample and heat sink is not good and the temperature of the
heat shield is lower than the heat sink temperature, the temperature of the sam-
ple can deviate from the heat sink temperature due to thermal exchange with the
environment. A calibration under such conditions is shown in Figure [B.5l For the
small temperature region shown a linear resistance-temperature fit is sufficient (see
Eqgs. 4) and [Z3)) and the parameters for the linear fit of each thermometer are
given in the figure. Also shown is the expected resistance temperature curve for a
Pt1000. One can clearly see that measured and expected values differ more than
can be explained by normal variations between different Pt1000. Furthermore, the
differences increase with higher temperatures. This is what one would expect if the
heat shield is coupled insufficiently to the heat sink and therefore the temperature
difference between heat sink and heat shield increases with rising temperature. In
consequence the sensing thermometers are not at heat sink temperature when they
are calibrated. This leads to two errors: firstly, for all types of measurements, the
reference/heat sink temperature does not correspond to the average sample temper-
ature. For the data shown in Figure [B.5h) this means that a measurement with a
reference temperature of 370 K would actually be taken at ~ 355 K. Secondly, the .S
and x measurement are affected. Both are determined from measured temperature
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Figure B.5: Correct and incorrect resistance temperature calibration of the two
sensing Pt1000 on the same sample. In a) the measured resistances R1 and R2
are lower than expected from a Pt1000 at heat sink temperature. The reason is
radiative exchange of the sample with a heat shield at too low temperature, which
causes the sample temperature to be below the heat sink temperature as well. For
the measurement shown in b) the heat shield temperature was regulated with an
independent heater-temperature control loop to match the heat sink temperature.
In this case the measured resistances follow closely the expected values.

differences and since

R(T) = Ro(l + aT) = AT = a(R1 — RQ) (B.Ql)
1 1 1
Sx AT «x «a, (B.23)

k is measured too large and S too small if the linear resistance coefficient « is
calibrated too small.

The described problem can easily be circumvented by a good thermal exchange
between heat shield, heat sink and sample and/or by a separate temperature regu-
lation for the heat shield. A calibration for the same sample this time with separate
heating of the shield can be seen in Figure [B.Bb). Here the expected and the mea-
sured values lie very close together.

B.8 Errors of the two-heater thermoelectric van der
Pauw measurement

Now the systematic errors of the two-heater measurement are to be discussed in

comparison with the three-heater measurement. Most prominent of the errors was

the effect of heat loss by radiation. Using for error analysis again the simplified form
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of the van der Pauw equation for symmetrical contacts ([BI3]) can be written as

K 2P (B.24)

S wd Ug
Since Ug o< AT, the k/S measurement is thus affected by radiation loss. For a given
P the established temperature difference and thus the Seebeck voltage will be too
small, consequently /S will be determined too large. The amount of the error is
the same as for the x and ZT measurement described in Section B.4] and can be
estimated by Eq. (839). The Seebeck coefficient is determined from the product of
ZT and k/S using Eq. (BI7) and since the former is measured too small and the
latter too large with the same systematic error, S itself is not affected by radiation
losses. The thermally conductivity finally, is determined too large due to radiation
losses, see Eq. (B19). This analysis is qualitatively supported by the measurement
results shown in Figure The measured Z7T is smaller than the reference ZT
and the difference increses for higher temperatures. The Seebeck coefficient S, on
the other hand, shows good agreement with the reference data, while x is determined
clearly too large. The three-heater and two-heater s should be affected equally by
radiation losses and it remains unclear why the two-heater measurements exhibits
systematically larger deviations from the reference data than the three-heater data.
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Appendix C

Fabrication of Porous Silicon

The section will start with a short outline on general Si (electro-)chemistry. The
different types of pS will be introduced and the different mechanism leading to pore
formation will be discussed. The effect of sample parameters (doping, orientation)
and etching parameters (composition of the etching solution, applied bias) on the
resulting pore geometry will be analyzed. In addition, SEM images of the samples
used for characterization but not shown in the main text are presented. Porous Si can
be categorized according to the pore diameter. Following the IUPAC convention,
microporous Si has pore sizes below 2nm, mesoporous between 2nm and 50 nm
and macroporous Si pore diameter > 50 nm[Ilup72]. Measurements were performed
mainly on mesoporous Si from n-type wafers.

Electrochemical dissolution of Si Si can be dissolved in a solution containing
HF under anodic bias. A typical electrochemical cell is sketched in Figure [ Th).

Under anodic bias, i.e. with a negative electrical potential at the silicon sample
compared to the other electrode, two different electro-chemical reactions are possible
to dissolve Si. Applying a current density below a critical current density Si is
dissolved directly

Si+4HF, +h' — SiFz~ +2HF + Hy +e ™, (C.1)

while above this threshold current density Si is first oxidized and then dissolved by
HEF"

Si+Hy0 +4ht — SiO, +4H' (C.2)
SiOy + 2HF, + 2HF — SiF?~ + 2H,0. (C.3)

In both reaction paths holes (h*) are consumed. The samples used were fabricated
below the critical current density, i.e according to Eq. (CIl). Details and microscopic
reaction analysis can be found in the literature [Leh02].
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Formation of porous Si The formation of porous Si by etching has been the
object of intense research and several models have been developed [SmiSS8| [Joh95]
[Cul97]. Indeed, even knowing that Si can principally be dissolved electrochemically
in HF, the questions remains why a porous structure is formed (and Si is not dis-
solved completely) and why the obtained structures often show a certain regularity
e.g in terms of interpore distance. The fact that parts of the initial silicon wafer are
etched away, while others remain, shows that there is a “passivation” mechanism at
work which protects some Si parts but others not.

One of these mechanism is of quantum mechanical nature and stems from the fact
that the Si bandgap increases if the structure size approaches the exciton bohr radius,
which is around 5 nm for Si [Rea92]. The dissolution of Si requires consumption of a
hole h as shown in Egs. (C]) and(C.2)). With decreasing wall size the holes from the
bulk need additional energy to enter the confined region since the band gap increases
with decreasing size [Leh91]. At given experimental conditions hole injection into
the confined area becomes energetically unfavorable below a certain structure size,
the Si dissolution stops and the confined area is stable. At the unconfined regions
hole consumption is still possible and so these are etched. The quantum confinement
passivation mechanism is responsible for pSi with structure sizes of a few nm, the
so-called microporous Si [Leh02]. This etching mechanism shows no dependence
on crystal orientation nor doping [Leh02]. The quantum confinement effect is also
the reason for the experimentally observed blue shift of the absorption and the
visible photoluminescence, which led to an extensive research on pSi in the last two

decades [Leh91] [Cul97, [Hoc09]. Often a thin layer of microporous Si covers meso-

Oor macropores.

The second passivation and pore formation mechanism arises from the applied
electrical field: n-type Si is under reverse conditions if the positive electrode is at the
sample. Therefore a depleted region (also called space charge region) with the width
width wgcr forms between the electrolyte and the bulk Si. This depleted region
forms an energy barrier for hole consumption but can be overcome by charge carriers
by several mechanisms, e.g. tunneling and avalanche breakdown. The curvature of
the Si/electrolyte interface is largest at the pore tip. Therefore the electric field is
larger at the pore tips than at the pore walls. This implies that the depletion layer
can be overcome more easily at the pore tips, while the pore walls are protected.
Different types of passivation breakdown lead to different structure sizes and pSi
types. Tunneling is the relevant mechanism for the formation of mesoporous Si, while
thermionic emission and minority carrier collection (created e.g. by illumination)
are responsible for the formation of macroporous Si.

The depleted region is also the reason why macro/meso pSi usually shows a
typical structure size: The pores tend to be separated by the twofold width of the
depleted layer Wgcr. The distance can not be smaller because the region between
two pores at this distance is depleted and hole consumption is unlikely. If the
distance between two pores was much larger part of the Si in between would still be
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active and another pore would be formed. The width of the depleted layer depends
in general on the pore geometry, for a planar geometry it can be defined as

2eegV
eN ’

Wscr = (C4)
where € &~ 11.9 [Sze81] is the relative permittivity of Si, € the free space permittivity,
e the elementary charge and N the dopant density. The voltage V' is the build in
potential of the Si/electrolyte contact (around 0.5V) minus the externally applied
potential and k7T'/e [Leh02]. While Eq. (C4) is only a rule of thumb for real pSi it
nevertheless shows that the structure size can be tuned by the doping density of the
sample used and by the externally applied voltage.

For the measurement of structure-size dependent thermal conductivity and for
optimizing pSi thermoelectric properties samples with various structure sizes have

been produced, examples are shown in Figure @1l Figure 9, and Figure

Figure C.1: SEM images of the samples not shown in the main text. a) Sample
with porosity of p = 0.43. b) Image of the type of samples that was used for the
electrical measurements discussed in Section 4.2l p = 0.6. d) Top view image of the
macroporous Si sample after oxidation and mild etching to remove the microporous
layer as well as cutting and polishing. The particles which fill some of the pores are
residuals from the polishing process.

Figure@Ik) and d) are magnified images of different regions of the sample shown
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in @Ib). It can be seen that the sample is approximately homogeneous on a mi-
croscopic scale. Sometimes a slight pore increase was observed with increasing film
thickness, this is due to a decrease of the HF concentration. HF is consumed during
the Si dissolution, and so if the pores become deeper the HF concentration sinks
due to diffusion limitations. This can be prevented by a slow etching speed and so
for the samples produced in house fabrication usually took several hours.

It was found experimentally that the porosity increases with current density and
decreases with HF concentration. Furthermore, pore diameter increases with current
density which can be applied to lift the pSi layer off the substrate and obtain a free-
standing film[Leh00), [Leh02) [Sim95]. Free-standing membranes have been used for
the electrical characterization discussed in Section 2] while films on substrates were
used for the thermal conductivity measurements with the 3w -method, see Section
4.0

By adjusting fabrication parameters or initial wafer doping densities pSi samples
with different structure sizes and porosities have been produced. Compared to SINW
the control about these parameters is less precise for pSi, however, pSi samples are
macroscopic and can be characterized by macroscopic techniques which make them
an object much easier to study.
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Appendix D

Details and Error Analysis of
the 3w Method

This chapter gives further insight into the sample preparation, the instrumentation,
and the data analysis that was employed to obtain the thermal conductivity data
shown in Chapter @l The results shown were divided by a correction factor which
was of the order of 1.1. This correction factor is first motivated and afterwards
details of the calculation are presented.

D.1 Details of the 3w measurement

Let us discuss the experimental realization of a 3w measurement first. A metal
stripe used as heater and thermometer is a key component for the 3w method and
can be brought onto the sample by lithographic pre-structuring, metal evaporation
and subsequent lift-off. In order to insulate the sample electrically from the metal
stripe a thin insulation layer needs to be brought onto the sample, this can be done
by evaporating, sputtering or spin-coating. The such prepared sample is brought
onto a sample holder similar to what is shown in Figure BIb); electrical contacts
between between 3w heaters and the sample holder are made by soldering and high
temperature silver paste (Polytec PT, Germany), while good thermal contact be-
tween sample and holder is ensured by thermally conductive paste (RS components,
Germany). The sample is then mounted in the measurement system shown in Figure
BIh); electrical connections are made to the measurement devices and the analyzing
PC. The measurement devices comprises of a frequency generator (A33220 Agilent
Technologies Inc., USA) and a signal conditioner. The frequency generator creates
a periodic voltage signal at a chosen frequency which is transformed into a periodic
alternating current. This current causes the measured voltage signal which con-
tains the temperature amplitude information. In order to retrieve the 3w signal it
is necessary to eliminate the large 1w component of the voltage signal. For this rea-
son the excitation current is driven through a reference resistor that has the same
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resistance as the metal heater but no temperature dependent 3w component. In
the signal conditioner the voltages from the metal heater and the reference resistor
are subtracted so that mainly the 3w signal from the metal line remains which can
now be analyzed. This is illustrated in Figure [D.I] where a) shows reference and
sample signal before the subtraction and b) the difference of reference and sample
signal, after the reference resistance was matched to the heater resistance. In b)
a 3w signal is clearly visible, while in a) it is buried in the much larger lw signal.
The electronic components and the software were obtained from Fraunhofer IPM,

Fle  Settings Deviss Mode Pause PID Restart

Cou 00
a

0-%100 3535

Fle  Seitings Devies Mode Pause FID Restart

FEF. 6. MILP1
Cyeke
G2nt5m21
[ GPIB busy
4 0 b

Busy.
busy.

Figure D.1: Screenshot of 3w measurement a): Initial phase of the resistance match-
ing process. Red shows the reference signal, i.e. the voltage dropping over the
internal reference resistor. Blue is the voltage signal from the heater on the sample;
here only a signal proportional to the reference signal is visible, the 1w signal with a
frequency of 1000 Hz. During the resistance matching process the reference and the
sample signal are subtracted and the remaining voltage is amplified; "M” indicates
the current amplification factor. This is repeated iteratively until a clear 3w signal
is obtained as shown in b): final phase of the resistance matching process. The blue
line is now the amplified result of reference minus sample voltage. It varies with
triple frequency compared to the reference signal and is proportional to the temper-
ature amplitude of the thermal wave in the heater. This 3w signal is convoluted with
a remaining lw signal. Note that the amplification factor is 200 in b), which shows
that the 3w signal is orders of magnitude smaller than the 1w signal and explains
the necessity of the resistance-matching algorithm.

Freiburg, Germany.

Let us now examine the measurement and data analysis process. The employed
sample is fused silica (“Lithosil” Heracus GmbH, Germany), wich was delivered as
reference sample together with the setup. The thickness of the sample was 0.5 mm,
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the heater width b = 10 ym and the length of the heater 1 mm. As can be seen from
Eqgs. [@0) and ([A8) the linear resistance-temperature coefficient a has to be known
in order to obtain the thermal conductivity. Therefore, a resistance-temperature
calibration was integral part of each 3w measurement. Such a calibration is shown
in Figure[D.2together with the obtained linear and quadratic resistance-temperature

coefficient.
70 T T . 3
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Figure D.2: a:) Resistance-temperature calibration for an evaporated Pt heater
with width 2b = 10 um and thickness ~ 100 nm. The calibration is basically linear
with a small quadratic component. A good resistance-temperature fit is crucial
for the measurement. b): Real part of the temperature amplitude as a function
of frequency (logarithmic); sample is fused silica. In the region where the thermal
penetration depth is larger than half the heater width but smaller than the sample
thickness R(AT) x In f and the thermal conductivity can be obtained from the
slope. The frequency region that was used for fitting is indicated as well as the linear
fit, which coincides very well with the measured data points. At higher frequencies
a deviation from the linear fit can be observed, here the penetration depth becomes
smaller /comparable to b and Eq. (£8)) becomes invalid.

The heater was made of platinum and it can be seen that the fit is basically
linear with a small quadratic component. Comparing the obtained a with reference
data for platinum, see e.g. Eq. (84) or Figure B.Bh), the question arises why « is
smaller here. The reason is that thermally evaporated or sputtered metal films are
usually polycrystalline. Due to increased charge carrier scattering the resistivity of
the material increases, while the temperature dependence decreases compared to
single-crystalline material [Tel77, [Tel79, [V6I09).

After calibration the amplitude and the phase of the 3w signal are measured
for several frequencies at each chosen temperature. Temperatures could be cho-
sen in terms of a start and a final temperature as well as a temperature interval.
Measurement frequencies were fixed to f = 1 Hz,4 Hz, 10 Hz, ..., 10000 Hz, 20000 Hz
with the option to define up to ten additional measurement frequencies. As spec-
ified by the supplier, only the data for frequencies up to 1500 Hz is heavily re-
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Figure D.3: Thermal conductivity of fused silica. The colored circles are the data
from several measurements, while the black pluses are reference data provided from
the 3w setup vendor and the gray crosses are literature data from [Maq96]. The
individual measurements are consistent with each other and differ from the reference
data by less than 10%.

liable, which is why higher frequency data is sometimes shown but not used for
thermal conductivity retrieval. In Figure [£8b) the real part of the temperature
amplitude is shown at a measurement temperature of 370K over In f o« Inw. Up
to frequencies of &~ 1000 Hz the real part of the temperature amplitude decreases
linearly with In f, for higher frequencies it decreases sublinearly. After Eq. (3]
the thermal conductivity can be obtained from the slope of the linear regime,
i.e. the regime where b < |¢7!| < d. Fused silica has the following properties:
kK~ 14Wm K™ pa2200kgm™3, ¢~ 740 Jkg 'K~!. This allows to calculate
lg~Y| and it is found that |¢~(f = 4Hz)| ~ 120 um and |¢~'(f = 400 Hz)| ~ 12 pum;
i.e. for 4Hz < f < 400 Hz the condition for the validity of Eq. (@X) b < |¢7!| < d
is fulfilled. Therefore this frequency regime can be used for fitting and ~ is obtained
from
P Olnf

" T 2l OR(AT) (D-1)

where P, the power supplied to the heater, is predefined in the measurement pro-
gram. A more thorough discussion on how good the condition b < |¢~!| < d has to
be fulfilled is given below.

The final result, the temperature dependent thermal conductivity of fused silica,
is shown in Figure[D.3l In order to convey a feeling for the accuracy of the 3w method
data from several measurements (colored circles) and reference data is shown. The
individual measurements differ by less than 10%, i.e. the individual measurements
are consistent. The black '+’ (Refl) is measurement data from the vendor of the
equipment who measured on an identical sample. The grey crosses are literature data
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from . The agreement between measurement data and the two references
is better than 10%.

Some final remarks on the 3w technique in general. First of all, the fitting region
was estimated by calculating the thermal penetration depth from Eq. (7). The
penetration depth itself depends on k, the very quantity one wants to measure,
so this approach may appear inconsistent. In most cases, however, one does have
at least a vague expectation on the material properties and can make a guess for
k. Secondly, if the k obtained from the slope and Eq. (£39)) is inconsistent with
the x that was used to estimate the fitting region one simply redefines the fitting
region with the new s and checks whether the results are consistent now. Thirdly
if not chosen too large, the exact choice of the fitting region affects the results for
 only slightly. From Figure 8b) it can be seen that including one additional data
point would have changed the fit and thus s very little. Note also, that the fitting
region can be different for different measurement temperatures if the sample thermal
properties are strongly temperature dependent; this is not the case for used fused
silica sample [Cah87), Yue(6].

Compared to other thermal conductivity measurement techniques, the 3w method
has several advantages. While radiation losses are a fundamental, significant prob-
lem for steady-state measurement techniques these are of minor concern for the 3w
technique; for standard materials high accuracy is expected up to 1000 K [Cah87].
The reason for this is twofold: first the heated region is confined to a very small
region of the sample and second the temperature increase per input power (and
therefore the radiation loss) decreases with increasing excitation frequency.

In contrast to other transient techniques like Flash- and time-domain-thermo-
reflectance-method the 3w method yields s, not only the thermal
diffusivity D = k/(pc). A further important advantage is that it can be used to
measure the thermal conductivity of films on a substrate since the thermal wave
can be confined into the film. This has been exploited for the thermal conductivity
measurements of porous Si. It is furthermore worth noting that if applied as pre-
sented, i.e. k obtained from Eq. (A9, the method is insensitive to thermal contact
resistances. The thermal resistance of a thin insulation layer or a thermal contact
resistance would add a frequency independent contribution to the measured tem-
perature amplitude. Since x is obtained from the slope a constant offset does not
affect the result.

The 3w method can also be used to measure very thin films with a thickness in
the order of 100 nm. For these kind of samples the thermal wave can usually not be
confined into the film because the necessary frequencies are too high and the metal
heaters too wide. Consequently s can not be obtained from Eq. (£9]). Instead,
is then obtained from the temperature amplitude difference between a sample with
the to-be-measured film and a reference sample without it. Although less robust

!Note that the thermal conductivity of fused silica samples may slightly differ from each other
due to differences in the production process.
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this method has been employed successfully e.g. for superlattice structures grown
by molecular beam epitaxy or chemical beam epitaxy [Yan02] [LeeOSb].

Drawbacks of the 3w technique are the elaborated sample preparation and the
requirement of flat surfaces for the lithography step.

D.2 Error analysis of the 3w method

As mentioned in Section 3] the slope method (Eq. (L9)) requires a frequency fitting
region where b < |¢~1(f)| < d holds; i.e. the thermal penetration depth has to
be between film thickness and half the heater width. However, this statement is
rather qualitative and it does not say how good the relation have to be fulfilled to

get accurate results. That means that it is unclear what ratio between b and ¢*

as well as d and ¢!

is necessary so that Eq. ([@L3) is accurate within the desired
value. Furthermore, if the sample/heater geometries are fixed due to experimental
restrictions it may be useful to calculate the error the slope method yields compared
to an exact solution of the problem, since this error might be used as an correction
factor.

Borca-Tasciuc et al. calculated the measured temperature amplitude of a heater
with half-width b on a sample with finite thickness d and compared the results
with the results from Cahill’s simple slope formula Eq. (£9)[BT01]. They assumed
adiabatic boundary conditions on the bottom of the sample and studied the require-
ments for the slope equation to be correct. If a relative error of <1% is desired
ab < |¢7(f)| < d/a with a = 5 must be fulfilled. On the other hand if a = 1 they
found that the relative error of the thermal conductivity is ~ 23%, a fact that has
been repeatedly ignored in the analysis of experimental data, see e.g. [Ges97]. Their
treatment shows that a large ratio of d/b is desirable for 3w experiments. However,
if this is not possible due to experimental restrictions, the deviations due to the
sample geometry can be used as a systematic correction factor.

Adiabatic boundary conditions at the bottom of the sample correspond to a
perfect thermal insulator. For the investigated pSi samples the situation is rather
opposite: the porous layer with low conductivity is on top of a bulk Si substrate
which has a very high thermal conductivity; this corresponds approximately to a
sample with isothermal boundary at the bottom. Following their treatment the
temperature amplitude at the heater for a sample with isothermal boundary condi-
tions can be derived and is given by

—P [ —tanh(Bd) sin?(b)) ,
AT = d\ with D.2
Ik, /o B oz M (D-2)
9
B = (kgy\* + 72‘*})1/2 ;

D

where r, is the cross-plane and r, the in-plane thermal conductivity, Ky = Kz/Ky
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Figure D.4: a): Real part of the temperature amplitude for finite samples with
different thicknesses (blue and red) and the limiting case of d — oo from Eq. (@),
whose validity is assumed for the experimental data. It can be seen that the slope
of the real samples (indicated as thin lines) is always smaller than the limit and
therefore k is determined too large as shown in b). From the deviation in the fitting
region (gray shadowed) a correction factor can be determined and used to correct
the experimental data.

the anisotropy, and D the thermal diffusivity of the material. The exact solution of
the temperature amplitude is plotted in Figure [D.4] for P/l = 1Wm™!, x, = Ky =
1Wm K™, D ~ 6.1107"m?s~! but different d and b. For small frequencies the
temperature amplitude of the finite sample with isothermal boundary conditions is
smaller than the result of Cahill’s slope equation which assumes an semi-infinite
sample. Below a certain frequency the thermal wave is not confined in the sample
anymore and “sees” the sample boundary which exhibits no thermal resistance. At
high frequencies the thermal penetration depth is smaller than half of the heater
width and Cahill’s approximation Eq. ([A38]) yields too small results. Over the whole
frequency region the slope of the curves from Eq. (D.2)) is smaller than from Eq. [£S).
In the analysis of the experimental data the validity of Eq. (£J]) is assumed and &
is determined from Eq. (£9), i.e. k = %%. Thus, since the slope of a sample
with finite d and b is always smaller than the slope of the ideal case the thermal
conductivity determined from the experimental data will always be too large.

From the experimental data xk was determined from a fit of the measurement
data in the frequency interval ab < |¢~(f)] < d/a. Obviously the deviation of
the measured thermal conductivity Kmeas from the real sample thermal conductivity
Kideal decreases with increasing a. a is limited by two things: first by the ratio of
half the heater width and sample thickness a? < d/b and secondly by the necessity
to have a sufficient number of data points in the chosen region. For the typical case
b =10 pum and d = 100 um a could be chosen around 2.5. For this case Kmeas/Kideal
is plotted in Figure [D.4b) and the fitting region for a = 2.5 is indicated. It can be
seen that x is measured systematically ~ 8% too large. However, since the sample
geometry is known this ratio can be calculated and thus the experimental data can
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be corrected for this systematic deviation. This has been done for the curves shown
in Section

Furthermore the correction factor also affects the shown relative error. This was
chosen to 5% plus half the correction factor. The 5% are a typical value for the
reproducibility of experimental data while the latter was chosen for several reasons.
First, while bulk Si has a very high thermal conductivity, the assumed isothermal
boundary condition is not met perfectly. Second, anisotropic thermal conductivity
can alter the correction factor in both directions. Finally, the maximal deviation
of the slope has been used as correction factor, but the deviation is not exactly
constant within the fitting region, see Figure [D.4b).

Note furthermore that the fitting region can also be affected by the available
measurement regime. For the samples with high x the optimal fitting region partially
exceeds frequencies of 1500 Hz, which was the instrumentational limit for reliable
data acquisition. This is particular severe at low temperatures (k high, C' small)
where small values for a had to be chosen. This results in relatively large correction
factors and also large relative errors.
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