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List of Symbols (unless otherwise stated)
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A - Change in ...
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1 Introduction

The problem is, we think we have

time.

Unknown

1.1 The Energy Problem

The main driving force that fuels the push for renewable energies and a reduction of fossil
fuels does not seem to steam from a sense of responsibility or protection of the planet, but
from an urgent need to satisfy the global energy demand as rising costs have made otherwise
expensive alternative energies more competitive. Strictly speaking, thermoelectricity is not
intrinsically a renewable energy because it may be implemented in the form of heat waste
recovery where the wasted heat from the combustion of fossil fuel is harvested or in the
form of a solar-thermal system in which solar energy is absorbed to produce heat. The
latter case being the example of a renewable energy.

In order to realize the need and motivation (moral or practical) to search for alternatives
to satisfy the world’s energy demand, it is necessary to bring some perspective to know
where renewable energies stand with respect to other energy sources and to what extent
they can change the course of things. Figure 1.1 shows the distribution of fuels needed to
k%

satisfy the world energy demand in the years of 1973 and 2009. The category other

contains the sum from alternative energies such as solar, geothermal, and wind. While
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alternative energies have seen an 10-fold increase in the last 39 years, they are still lacking
to be a global change as they only produce about 1 percent of the global energy today, hence

research efforts should continue in order to develop successful renewable energy sources.

1973 2012
e Biofuels Biofuels
ydro and waste * k% Hydro and waste .
8% 10.5% %"’f} . Y 100% ?'h]i;
Nuclear C?’Z?il & Nuclear : nglz):
. D 4.8% 0%

6 106 Mtoe 13 371 Mtoe

*World includes international aviation and international marine bunkers.
**In these graphs, peat and oil shale are aggregated with coal.
***Includes geothermal, solar, wind, heat, efc.

Figure 1.1: World energy as provided per different fuels [1]. (TOE is a unit of energy
defined as the amount of energy released by burning one tonne of crude oil).

As far as the potential for thermoelectrics to play a role as an alternative energy, recall
from Figure 1.1 that the vast majority of the world energy is produced by burning different
forms of fossil fuels, which means that the efficiency of this thermodynamic process is
limited by Carnot’s efficiency which is defined by the operating temperatures. Carnot’s
efficiency for most combustion processes has remained between 20-50% [2], and this has to
do with the difficulties in finding high temperature stable materials.

Figure 1.2 shows the energy distribution in the United States. The breakdown is in-
teresting but the main point in this context is that around 60% of the total energy is
wasted and most of that energy waste is in the form of heat since most of the energy comes
from combustion of fossil fuels, hence theoretically there is much room where thermoelec-
tric technologies could assist conventional fossil fuel system to be more efficient. If only

1% of all lost heat is recovered, thermoelectricity would contribute as much as all other



CHAPTER 1. INTRODUCTION

alternative energies combined, hence the potential for thermoelectricity is there.

M Lawrence Livermore
National Laboratory

Estimated U.S. Energy Use in 2009: ~94.6 Quads
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| "
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26.98

Source: LLNL 2010, Data is based on DOE/EIA-0384(2009), August 2010, If this information or a reproduction of it is used, credit must be given to the Lawrence Livermore National Laboratory
and the Department of Energy, under whose auspices the work was performed. Distributed electricity represents only retail electricity sales and does not include self-generation. EIA
reports flows for non-thermal resources (i.e, hydro, wind and solar) in BTU-equivalent values by assuming a typical fossil fuel plant "heat rate.” The efficiency of electricity production is
calculated as the total retail electricity delivered divided by the primary energy input into electricity generation. End use efficiency is estimated as 80% for the residential, commercial and
industrial sectors, and as 25% for the transportation sector. Totals may not equal sum of components due to independent rounding. LLNL-MI-410527

Figure 1.2: Break down of energy resources in the U.S. (1 Quad = 1.055 x 108 J).

Thermoelectricity despite discovered almost 200 years ago remains as a low efficiency
technology and this has limited its applications to deep space exploration where solar
energy is no longer available. On earth most of the usage of thermoelectric devices is as
solid state heat pumps and very limited commercial electricity generation applications.
Thermoelectric devices are traditionally made from semiconductor materials since their
electrical properties can be readily tunned. Traditionally a thermoelectric device consists
of an intercalating series of p-type and n-type semiconductors connected electrically in
series and thermally in parallel, sandwiched between two substrates were the interconnects
are located.

In this work a new device architecture is tested experimentally; a thermoelectric gener-
ator (TEG) is built by joining the complementary doped silicon legs together forming a

large area PN junction that acts a mechanical and electrical junction. The combination
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of a PN junction and a TEG gives rise to the therm PN-TEG. In a PN-TEG the hot
side substrate is no longer needed, and this provides technological advantages because it
eases the fabrication process and opens the door for high temperature applications. The
nanostructured silicon PN-TEGs presented in this work are shown to be competitive with
equivalent conventional technologies, and some of the fundamental working principles are

proposed and experimentally demonstrated.



2 Transport Theory

Scientists are called to see what
everyone else has seen and think

what no one else has thought before.

Albert Szent-Gyorgyi

2.1 The Adapated Landauer Approach

In the following sections, some of the thermoelectric phenomenon relevant to this work
are introduced using an adaptation on the Landauer model. In 1957 Landauer proposed a
model for metallic electrical resistance, in which he considered current as an integral over
the transmission probability [3]. This model was later adapted to explain thermoelectric
phenomena [4, 5], and following this adaptation, some thermoelectric aspects will be intro-
duced. The starting point for this approach is an elastic resistor where all scattering energy
is conserved and inelastic contacts that maintain equilibrium conditions where all energy
transfer occurs. From this starting point, relevant thermoelectric phenomena is introduced
and most importantly, it will be shown that by starting Landauer model, great insight can
be gained on fundamental mechanics of thermoelectric phenomena at the quantum level

that are otherwise invisible.
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2.2 Electrical Current Due to Voltage Difference

From conventional electronics theory, Ohm’s Law, the proportionality between unipolar
electrical current density J and electric field E is derived from Drude’s model and written

as:

J=qgupE (2.1)
el

where ¢ is the elementary charge, n the carrier concentration, x the mobility and o the

electrical conductivity. While equation 2.1 is extremely practical, it has abstracted much

information that is important to understand some thermoelectric aspects. Consider the

elastic resistor in Figure 2.1, recall that the channel is connected to ideal contacts that

maintain near-equilibrium conditions. Each contact is described by a electronic thermo-

dynamic occupation equilibrium described by the Fermi function:

1
falB) = 1+ exp(

y (2.2)
=)

kBT 2

where F is energy, EF is the Fermi level which depends on the voltage of the contacts, kg
is Boltzmann constant, 1" the temperature of the contacts and the subscripts refer to the
contact. The Fermi function is a probabilistic description of whether a given energetic state
should be filled with an electron or not, and since the contacts are connected to a battery
they will try to maintain this equilibrium condition by providing any needed electrons or
removing them.

If one considers that the general expression for the number of carriers at every energy
level is given by:

N(E) = D(E)f(E) (2.3)

where D(F) is the density of states, then the differential change of the number of carriers

at each contact (assume electrons for simplicity) due to a differential change in the Fermi

10
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9

Channel
Contact 1 Contact 2

E E E

N N
l\ Empty States
1)
’ V4
/ l E
\lled States
>, (E) >f,(E)

3D(E)

Figure 2.1: Current flow due to different Fermi functions.

function due to an applied voltage can be written as:
Nio(E)dE = D(E) fi2(E)dE (2.4)

If it is assumed that all non equilibrium carriers reach the opposite contact, then the rates
for the number of electrons injected or extracted per unit time between the contacts and

the channel can be written as:

AN o(E)  Nyo(E) — Ny(E)
dt 7(E)

(2.5)

where 7(E) is the transit time and assumed to be the same for both contacts, and Ny(E)
is the number of electrons in the channel. From the rate equations above as a starting
point, the electrical current in the channel can be written using Landauer’s expression for

conductance as follows [5]:

=2 A(zfﬂsz1<E><f1<E> ~ fu(E))dE (2.6)

here h is Planck’s constant, A(E) is the mean free path of the charge carriers, M(FE) is

11
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known as the number of conducting channels (modes) and is related to D(E), and L is the

length of the conducting channel. For further reference and simplicity, written as:
2q
1= [T(E)ME)(£(E) - fu(B))dE (2.7)

and for small biases after a Taylor’s expansion and differentiation rewritten as:

[=V 222 /T(E)M(E) (-Zéﬂ’) dE (2.8)

G

V is the applied voltage and fy =~ fi ~ fo. Equation 2.8 is basically Ohm’s law in a
very general form. The advantage of describing current flow using the Landauer formalism
is that it can be applied to any dimensional system and explaining current flow follows
directly from thermodynamic arguments. There are some restrictions to equation 2.8 but
the take away is that electric current flows due to a difference of the Fermi functions. A
final and important remark is that as long as 7" > 0 K electrical conduction occurs from
contributions mainly from energy states between Ep; and Eps, this is seen in Figure 2.1
and in equations 2.7 and 2.8. Seeing electrical current flow in this frame will provide very

important insight to understanding thermoelectric phenomenon.

2.3 Electrical Current Due to Temperature Difference

From the previous section it is clear that electrical current will flow if either (or both)
the Fermi level or the temperature on the contacts differ. The same elastic resistor from
the previous section is again considered, but with two fundamental differences: this time
with the contacts in a shortcut configuration such that Er = Er; = Epsy but at different

temperatures. For simplicity the cold electrode is at 7o = 0 K with 77 > T5. A schematic

12
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is shown in Figure 2.2.

Contact 1 L 2] Contact 2
T,>T, =¥ | 10K
Ce—
Channel

o}
m

E E

L SN 4
Er, B s Ep,

\ £(E)-f(E)
ID(E) et >,(E)

Figure 2.2: Current flow due to different temperatures

L4
-
r 4

¥, (E)

Equation 2.7 can be combined with Figure 2.2 to realize that the contribution to the
electrical current for energy levels below Er is negative since fi(E)— fo(E) < 0 for energies
below Eg:

2q [Er
[T TE)ME)U(E) ~ f(ENE <0 (2.9

and similarly the contribution to the electrical current for energy levels above Ef is positive
since fi(E) — fo(E) > 0 above Ep:

2q [
h JEr

T(E)M(E)(fi(E) — f2(E))dE >0 (2.10)

The net direction of the current flow is determined by D(E), since M(E) o< D(E). In
an n-type material with a parabolic band, D(F) is larger above Fr than below and as a
consequence more electrons flow in one direction than the other as sketched in Figure 2.2.
For p-type semiconductors the model does not need to be modified; in the case of a p-type
semiconductor, the Fermi energy is found in the valence band, and using the same analysis

we can arrive at the conclusion that the direction of the electrical current will reverse.

13
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A couple of remarks that fall out from this model: 1) It is known from thermodynamics
that heat is a high entropy form of energy; very disorganized, and so converting heat
to electricity sounds like a tedious and inefficient process; one would have to effectively
transfer every atomic vibration into electrical power. This idea is beautifully shown by the
fact that D(FE) does not differ by much below and above Er. Although all together a large
amount of current may flow, the net current output will be proportional to the difference
in D(FE) below and above Er which is small for a parabolic band assumption. 2) From
this last reason the motivation to lower scale and electronic band engineering structures
becomes evident because since asymmetry in D(E) around Er enhances the thermoelectric

conversion process.
Seebeck Coefficient

The Seebeck coefficient « is defined as a = V. /AT where V. is the open circuit output
voltage of an isotropic material that is exposed to a small temperature difference AT =
T, — T, where T}, and T}, are the hot side and cold side temperatures at the two ends of
the material where the voltage is measured. In some thermoelectric textbooks the Seebeck
coefficient despite being one of the most important quantities in thermoelectricity is not
derived from a solid state physics model (e.g. Boltzman theory) [6, 7, 8]. Perhaps the
reason of avoiding the derivation lays in the mathematical complexity and assumptions
needed to derive the Seebeck coefficient. Unfortunately this abstraction erodes insight into
the inner workings of thermoelectricity. Using the Landauer approach it is possible to
derive the Seebeck coefficient with much less mathematical rigor than it is required when
deriving it from the Boltzmann transport equation. Here is not derived but shown how
the Seebeck coefficient falls out from a solid state physics model with less mathematical

rigor while retaining important information.

A starting point to see where how Seebeck coefficient comes out from the Landauer

approach from is equation 2.7 since it is the general form describing electrical current. Since

14
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the Fermi function is dependent on both the Fermi energy and temperature, fi(E)— fo(E)

can be approximated using the first term of a Taylor’s series expansion around Er and 7"

I= 2hq/-T(E)M(E) laaEJ; (Ery — Erg) + g;i (Ty — Ty)| dE (2.11)

allowing ¢gAV = Ep, — Erpo and after differentiation and rearrangement of terms:

[ =AV 222 /T(E)M(E) <_a%0> dE
“ (2.12)
(T — D) [—Z}ZJ/E _TEFT(E)M(E) (—68];0) dE]

Gs

the first term is recognized as the electrical conductance (see equation 2.7) and the second

term given the name G,. Then the current is written in the more familiar way:

I =GAV + G,AT (2.13)

and given open circuit conditions a proportionality between V. and AT appears which is

the definiton of the Seebeck coefficient

Voe = — — AT (2.14)

Dividing the coefficients G and G from equation 2.12 shows how the Seebeck coefficient is
related to some of the solid state properties of the material. This can also be shown from

Boltzman theory, but in this case requiring less mathematical rigor.

ki | B2 T(E)M(E) (442) dE
=_5 . (2.15)
¢ JT(E)M(E) (L) dE

15
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Lastly, noting that Gy = aG, equation 2.13 is rewritten in the most familiar form:

[ = GAV + aGAT (2.16)

2.4 Heat Current

At the atomic level, temperature is a concept that is defined in terms of kinetic energy.
When it said that something is hot, the atoms and electrons have gained high kinetic
energy and it is said that magnitude of the atomic vibrations has increased for atoms and
that valence electrons occupy higher energetic states. Heat is transported by the collective
vibration of atoms, by the scattering of electrons and if electrical current is flowing, by
electric current.

Open Circuit Thermal Conduction

When no electric current flows, phonons transport the heat in the form of lattice vibra-
tions and electrons transport the heat by inelastic collisions. This is known as the linear

approximation of Fourier’s heat law [9]:

Qopen - _KJAT (217)

with K; = K.+ Ky, where K, is the electronic contribution and K, the lattice contribution.
Here care must be taken because while Fourier’s law is defined in open circuit conditions,
it is also valid in closed circuit conditions.

Closed Circuit Thermal Conduction

When electric current flows, electrons carry energy with them as they move along the
crystal. The amount of energy that electrons carry due to current flow is measured with
respect to the Fermi energy. Once again Landauer’s expression for conduction in equa-

tion 2.7 is adapted easily to describe the heat that each electron will exchange at a the

16
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abrupt interface of two materials, typically a metal-semiconductor interface. In this case
each electron carries an amount of heat equal to £ — Er instead of an amount of charge

g. Then replacing charge for heat, leads to almost the same expression as equation 2.7:
2
Quiost = 5 [ (E = Ex)T(E)M(E)(fy — f2)dE (2.18)

As it was done with the Seebeck coefficient, expanding with a Taylor’s expansion and

differentiating equation (2.18), the electronic heat transport becomes [5]*:
chosed = —aTGAV — KEAT (219)

here the closed circuit thermal conductance Kz = ollG + K; is introduced. Note that Kg
includes the open circuit contribution K ;. This is because as mentioned earlier Fourier’s law
continues to be valid in closed circuit conditions. Finally using the substitution (II = oT)
where II is the Peltier coefficient, and substituting AV from equation (2.16), equation (2.19)
becomes:

chosed = —1III — KJAT (220)

From equation (2.20) it follows that heat is transported when a material is subject to a
temperature difference or to a voltage difference. The first term in equation (2.20) refers to
the heat transported by the Peltier effect, which due to its importance in this work, will be
have a dedicated section and the second term is the linear approximation of Fourier’s law.
Thermal conductivity measurements in short circuit conditions are very difficult, hence
the thermal conductivity is usually measured in open circuit conditions ignoring the term

ollG.

Page 88

17
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2.5 Coupled Tranport: Electricity and Heat

A short but important note is the interrelation between heat and electronic transport.
That means that if a AT is applied to a material heat will flow, and (if connected to a
load) electricity will flow as well. On the converse, if a AV is applied, electric current will
flow and as a consequence heat will flow as well. Hence, in semiconductor materials, heat
transport implies electric transport and vice versa. Equations (2.16) and (2.20) can be
rearranged and put in vector form next to each other and as follows from the application
that Callen [10] made to Onsager’s reciprocal relations [11], and most recently revisited by

Goupil [9]:

J=0E —ocaVT
(2.21)

Jo=1J — x,VT

The relations in (2.21) describe thermal and electric transport for unipolar materials in

near equilibrium conditions. Diffusion of charge carriers is neglected.

2.6 The Peltier Effect in Bipolar Semiconductors

In the previous sections a Peltier coefficient II resulted from the heat balance equations,
but the physical mechanism was not explained and it will be seen in later chapters that the
Peltier effect plays a critical role in this work, hence a full section is dedicated to it. When
electric current flows through the interface of two materials with different band structure,
such a metal-semiconductor interface, charge carries experience a change in energy with
respect to the Fermi energy as they enter or leave the semiconductor and Peltier heating

or cooling occurs as shown in Figure 2.3.

The amount of energy that each electron exchanges with the lattice at the interface is

18
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Contact 1
Metal

SPosition

Figure 2.3: Peltier effect in an n-type semiconductor

equal to £ — Ep. This becomes clear when equation (2.15) is combined with Thomson’s

relation to write the Peltier coefficient:

1 1= B TEN(E) () o
¢ [T(E)M(E) (L) dE

oF

Figure 2.3 illustrates the Peltier effect and equation (2.22) the Peltier coefficient for unipolar
conduction. The Peltier heat transport at an interface between two materials A and B is

traditionally written as:

QPeltier =1 (HA - HB) (223)

in equation (2.23) the assumption is that electric transport is unipolar and typically in-
volves a metal-semiconductor interface and the Peltier coefficient of the metal is assumed
to be zero. Despite extensive research and numerous publications by Gurevich and his
collaborators, a question that remains open is the full description of the Peltier effect and

heat fluxes in bipolar transport such as in a PN junction [12, 13, 14, 15, 16, 17].

If a bipolar device is considered, such as a PN junction, it is no longer possible to directly

apply equation (2.23) to the metal-semiconductor and semiconductor-semiconductor inter-

19
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faces, and a much more difficult case opens where special care needs to be taken to account
for minority charge carriers. Amongst the first to identify this were R.N. Hall [18] in 1961
and W. Bullis in 1963 [19]. The Peltier effect can have 3 special cases in PN junctions and
they are discussed in the following to show the different treatment that can be given to
the thermoelectric phenomena of a PN junction.

Case 1: Non-Radiative Recombination

This is perhaps the case that fits best to the PN junctions discussed in this work, as there
is no electroluminescence. In this case it is assumed that the n-type and p-type regions
of the diode are much larger than the minority charge carrier diffusion length, and that
all minority charge carriers recombine and releasing their energy as heat at the junction.
For ease of discussion, it is assumed that they recombine in the space charge region of

the diode, and ohmic voltage drops are ignored. Consider Figure 2.4 (only electrons are

Figure 2.4: Non-radiative recombination: the blue arrows indicate cooling while the red
arrow indicates heating.

shown). At the contacts, the Peltier effect does not change with respect to the previous
discussion, only the quasi-Fermi energies for electrons and holes Ep. and Epj need to
be considered instead of the Fermi energy Fr. However, at the junction each electron
must absorb heat to overcome the built in potential barrier ¢V}, and as it recombines, it
releases the energy FE, which gets absorbed by the lattice leading to a localized heating
of the junction. Hence the heating mechanism at the junction is technically not a Peltier

effect, but a non-radiative recombination heating. It is interesting to note that this effect
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is dependent on the applied Voltage V since it controls the built in barrier height. Given

no radiative recombination the junction heating can be expressed as [20, 7]
Ly
Qrecomb =1—-1 (V;) - V) (224)
q

It is important to note that a Peltier coefficient does not appear in equation (2.24). That
means that in the case of non radiative recombination, Peltier cooling occurs at the metal-
semiconductor interfaces with special care to take the quasi-Fermi energy instead of the

Fermi energy, while heating occurs at the PN junction.
Case 2: Radiative Recombination

The second case is radiative recombination. In a thought experiment if it is assumed
that all recombined charge carriers produce photons, then the PN junction will see a
refrigeration effect because the energy that charge carriers absorb from the lattice at the
metal-semiconductor interface and at the potential barrier, is transfered to photons. And
in fact in the highly ideal case, there are no sources of heat. In reality this is quite
impractical because very high quantum efficiency (photon/electron) would be required for
this type of cooling to be larger than the heating mechanisms (Joule heating and non-
radiative recombination) [21]. However impractical, this shows that electrical energy can

be transfered to electromagnetic energy leading to a cooling of the PN junction.
Case 3: Short-leg Approximation

The third case also shows a refrigeration effect at the PN junction but for different
reasons. In the short-leg approximation the semiconductor legs are assumed to be shorter
than the minority diffusion length such that recombination occurs at the contacts. That
means that a cooling effect will be present at the PN interface as charge carriers overcome
the potential barrier, but since the semiconductor material is shorter than the minority

diffusion length, the charge carriers diffuse all the way to the ohmic contacts leading to a
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net cooling of the PN junction and heating of the metal-semiconductor interfaces [22, 23].

2.7 The Thomson Effect

It is noted and shown in [9] that in unipolar semiconductors the separation of the Thomson
and the Peltier effect is artificial, and that they refer to the same effect which is a gradient
of the Seebeck coefficient. Traditionally when spoken about the Peltier effect, the gradient
in o comes from having two different materials. However when the temperature gradient is
steep enough, a(T') will vary spatially, and differential slides of the material can be thought

of as "different" materials.

Taking the divergence of the heat flux J¢ gives

2

J
V- lg=TJ-Vat+J-E-" -V (5,VT) (2.25)

where the term T'J - Va refers to the Peltier-Thomson term, and the other terms are
the familiar expressions for electrical work, and electrical dissipation and heat conduction.

Looking closer at the heat production from the Peltier-Thomson term one finds that
TJ-Va=J-(VII-aVT) (2.26)

and from equation (2.26) it becomes evident that the Peltier-Thomson term can take two
forms: the first, in isothermal conditions the gradient in II comes from the interface of two

different materials,

J-(VII—aVT)=J-VII (2.27)

equation (2.27) is related to the Peltier effect. A second term appears when a homogeneous
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material under a temperature gradient is considered. In that case

J-(VII —aVT)=1J- (;lg — a) VT (2.28)

and equation (2.28) is related to the Thomson effect. However both terms fall out from
the same expression, hence the 'artificial" separation. Typically, the Thomson effect is
ignored because the theoretical models, the Landauer model and Onsager’s relations in
this case are based on a linear approximation for small disturbances which make use of
temperature independent properties. In this work large temperature differences are applied,
so care needs to be taken because although not treated explicitly, Thomson effects might

be present.
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3 Conventional Thermoelectric

Generator: TEG

Education is an admirable thing, but
it is well to remember from time to
time that nothing that is worth

knowing can be taught.

Oscar Wilde

3.1 Efficiency of the Thermoelectric Process

Although Altenkirch is credited as the first to inquire about the efficiency of the thermo-
electric process in 1909 [24], Ioffe is credited as being the first to begin experimenting in
the 1950’s with the characterization of thermoelectric materials and devices to produce
electricity using the thermoelectric figure of merit as it is known today [25, 26]. Before
discussing a high temperature thermoelectric generator (TEG) as a device, the thermo-
electric properties of the bulk materials is examined in the context of a constant property
model (CPM). As seen in section 2.5 heat transport implies electronic transport and vice
versa. This transport coupling makes thermoelectricity a challenging and interesting field.

If a monopolar, isotropic material (in this case an n-type semiconductor) with resistance

R;,; and thermal conductance K is subject to a small temperature difference AT = Ty, —T.
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and connected to a load resistance Ry, an electric current I will flow and from a one
dimensional heat equation the different heating and cooling effects result.

In this case the efficiency of the thermal to electric conversion 7 is simply the ratio of
the electrical power delivered at the load R, and the heat extracted from the heat source

on the hot side contact:

Py I’R
n=—t = L (3.1)
Qin Qpeltier + Qconduction - Qjoule

Each term in the denominator of equation (3.1) is schematically shown in figure 3.1 where
it is assumed that all heat transfer occurs at the electrodes. Considering the heat extracted
at the hot side the efficiency can be written as:

B RpI?
~ aTpl + KAT — 1Ry I?

n

LT I
| Semiconductor |

Metal «— /2R, >—> Metal
T, <«— KAT —>» T,

| B S

o, [Ty a,IT,

Figure 3.1: Heat fluxes in an n-type semiconductor. Heating is indicated in red and cooling
in blue.

Equation (3.2) describes an ideal case for near equilibrium conditions and does not take

into account convection and radiation transport. This equation is important because the
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same approach will be taken in order to describe the PN-TEG. After differentiation the

maximum possible efficiency at a given AT becomes [9]:

AT V¥ 2T -1
- R (3.3)

Tmax Th /—1 T 2T + %

The first term is the Carnot efficiency, and 27" is the widely used thermoelectric material

figure of merit defined as:

0520'

T=—-T 3.4
T = (3.4)

The figure of merit serves as very important parameter because it is a material property

that allows different materials to be compared with respect to their potential to be used

in thermoelectric devices.
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Figure 3.2: Efficiency of the thermoelectric process with 7, = 300K . From ref. [2].
Figure 3.2 puts the efficiency of the thermoelectric process into perspective with other

heat engines. It is then obvious that to achieve a good thermoelectric efficiency, a large Ty,

and a large 271" are required. But realizing a material with a high 27" is not easy due to the
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strong coupling and sometimes inverse relationships of the transport parameters «, o, k.

This is evident in the empirical but not precise Wiedemann-Franz law:

Ke = oLygT (3.5)

Where Lp is the Lorentz number. That means increasing ¢ increases k. Moreover, there
is an inverse relationship between the Seebeck coefficient and the electrical conductivity.
This can be seen in equation (2.15). Hence, there is typically an optimal point with respect
to the doping concentration of some semiconductors where the three transport coefficients
yield the highest 2T

In the last years there has been an evolutionary approach to increasing 27" and with quite
success 2T has gone from a peak of approximately 0.5 in the 1950s to a range between
1-2 (with some cases above 2) at the beginning of 2010 largely based on alloying and
nanostructuring [27, 28, 2, 29]. It is pointed in [30] and shown in Figure 3.3 that most
commercial materials today have a figure of merit of that peaks approximately at a value

of 1, and most of these materials are measured in temperatures below 600°C.

n-Type zT -Type zT
14 yp 14 p-Typ
TAGS
12y SiGe 12 op Te Yb,,MnSb,,
10 Bi,Te, 10 2'%3 il
=T PbTe CoSb, e’ CeFe,Sb,, -
s 08 F . 08|
0.6 - 06+
041 0.4}
0.2+ 02+
0 L ! ! ! 0 I L 1 1
0 200 400 600 800 1,000 0 200 400 600 800 1,000
Temperature (°C) Temperature (°C)

Figure 3.3: Summary of 2T for different comercially available materials. From ref. [30].

Therefore the efficiency on thermoelectrics limited by an upper limit on the operating

temperature and the figure of merit. It seems then safe to say that a realistic value of the
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material figure of merit today is in the range of 0.5—1 and this sets the maximum theoretical
efficiency of a thermoelectric generator in the range of 2 — 8% as seen in Figure 3.2. There
are however efforts develop concentrated solar thermoelectric generators that reach a 15%

efficiency [31].

3.2 From a Thermoelectric Material to a Conventional
Thermoelectric Generator

There are far more aspects that can be mentioned in this work that need to be considered to
make the transition from a thermoelectric material to a thermoelectric device. For example
geometrical optimization of the thermoelectric legs [32, 33], of the heat exchanger [34,
35], and the electrical contacts [36], as well as the thermal and electrical load matching
conditions [37, 38]. Although thermoelectric modules are commercially available today,

they are mainly used as solid state coolers.

Ceramic

Metal Bridge

Figure 3.4: Architecture of a conventional TEG noting that AT > AT’.

A conventional thermoelectric generator (TEG), is traditionally described as alternating
n-type and p-type semiconductor elements that are electrically connected in series and
thermally connected in parallel as shown in Figure 3.4. A device figure of merit can be

written by taking the effective electrical and thermal conductances as well as an effective
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device Seebeck coefficient:

G 2
77 — JTEGATEG - (3.6)
Krrg

In this definition of the device figure of merit Grgg is the device electrical conductance
and includes the parasitic resistances coming from the electrical contacts and the metal
bridges, K1gq is the device thermal conductance including parasitic effects, and argg can
be approximated as the sum of the Seebeck coefficients of both materials. With these
considerations the maximum efficiency of a TEG is written in basically the same form as

for a bulk material:
B AT 1+ 27T -1
Tlmax, TEG = Th 1+ 77 T %

where care is taken to note that AT” is the temperature drop across the semiconductor legs,

(3.7)

as shown in Figure 3.4. A calculation of ZT as it appears in equation (3.6) would require
the measurement of convoluted parameters such as Grra, ateg, KTtrg, all of which are
very difficult to measure individually in a TEG. For these reasons the device ZT is usually
obtained by measuring the ratio of P,y /@i, or by the Harman technique as described in

section 6.3.1.

As mentioned in this section there are many technological and theoretical aspects to
consider when bridging the gap between a material and a device. One aspect that is
important in the operation of a PN-TEG is the issue of thermal matching. As shown in
Figure 3.4 a temperature drop occurs at the substrate and this is of course not desired,
and a large mismatch of the thermal conductances of the thermoelectric material and the

substrate considerably hinders the power output as shown in the next section.
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3.3 Thermal Matching: The TEG in Operating Conditions

It has been pointed out that geometrical, cost optimizations and operating conditions
need to be considered in order to continue to bring the technology forward [39, 40, 41].
In this section the impact of the ceramic substrates is considered. Analogous to electrical
current, heat current can be modeled using thermal resistances as resistors and temperature
differences as potential differences.

In the case of a TEG, the thermal resistances Ry, and R..q arise from the substrates
(see Figure 3.4) and the simplified equivalent thermal and electrical circuits are shown in

Figure 3.5. That means that the total contact thermal conductance becomes Koot =

2 TEG
Rhot H] /
T AT | Ree [ R [ R
A;[ A‘:T TEG GAT! C) L
Rcold I%I
Tcold

Figure 3.5: Thermal (left) and electrical (right) circuits for a TEG in operating conditions.

K, + Ki;, and the temperature drop across the semiconductor legs is written by the

voltage divider rule

K
AT/ _ contact AT 38
KTEG + Kcontact ( )

and provided that the electrical load resistance is matched to the internal electrical resis-
tance, the maximum power output can be written as a function of the thermal conduc-

tances [39]:
(KcontactAT)2 ZT

Pmax -
4(I(TEG + Kcontact)T 1 + ZT + Kcontact/KTEG

(3.9)
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Equation (3.9) allows the evaluation of the power output as a function of the thermal
conductances of the TEG including the thermal losses at the substrates at a given operation
with fixed AT and ZT. Thermal matching can play a role as important as the actual value
of ZT. Equation (3.9) is plotted in figure 3.6 and shows that a TEG with optimized thermal
matching and low figure of merit Z7" = 0.5 can deliver more power output than a TEG

with ZT = 1 and non-optimized thermal matching.

The thermal matching ratio that separates the two points in Figure 3.6 is a factor of 8
(it is assumed that Ry. = Reoa). Hence the substrates play a critical role for a device
in operating conditions because there is a temperature drop across each of the substrates.
Hence the optimization of the thermal conductances is one of the device level optimizations
that needs to be carefully considered in thermoelectric devices [42, 43]. It will be shown
that in the new concept demonstrated in this work, the hot side substrate is not required,
thus providing a tremendous advantage from thermal matching point of view, among other

aspects that will be later discussed.

6 T T T T T T
AT=50K ZT=0.5
—ZT=1
—77=2
4 4
I 5
a |[-F------=--- |
1 |
1 |
] |
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| |
| |

1E-4 1E-3 001 01 1 10 100 1000
TEG/Kcontact
Figure 3.6: Maximum power as a function of the ratio of the thermal conductances. An

optimized device with a lower figure of merit can outperform a device with a
higher figure of merit if the thermal contacts of the latter are not optimized.
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3.4 High Temperature Thermoelectrics

The first term in equation (3.7) is the Carnot efficiency limit and it tells us that AT is
as important as ZT. Therefore high temperatures are a necessary condition for a high
efficient thermal to electrical conversion. In light of this a strategy that can be pursued is
to take a known material such as silicon that has been studied for many years, is abundant,
non toxic, and compatible with actual semiconductor technologies, and operate it in a large
AT. However this strategy does not apply only to silicon, recently Half-Heusler materials
have been shown excellent thermoelectric properties at temperatures above 600°C for both
n and p-type doping [44, 45].

A two dimensional plot of equation (3.7) in Figure 3.7 shows that a TEG with a low
ZT = 0.26 would yield the efficiency as a commercially available BisTes TEG with ZT =
0.8 given that AT is large enough. A high efficiency number is necessary for the scientific
race, but ultimately what determines the scope of the market of an energy technology is
the cost of W/$ and combining waste energy which has no production cost with a low cost
material such as silicon could provide the necessary ingredients to make thermoelectricity

a more attractive technology.

3.4.1 Silicon as a High Temperature Material

A material that has the potential to operate at high temperatures is silicon. In addition
to being non-toxic and abundant, silicon is stable at high temperatures, and it is the most
widely used semiconductor in the industry, which means that processing technologies that
are already established and can be borrowed to process silicon, rendering the processing
cost lower.

Silicon fulfills the requirement for high temperature stability. There are however chal-

lenges that need to be addressed before it can be incorporated in a high temperature device.
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Figure 3.7: Efficiency of the thermoelectric process with T, = 300K.

Firstly, intrinsic silicon is not a natural high performance thermoelectric material with a
peak zT'= 0.2 at 800 K. However nanostructuring has achieved considerable reductions in

the thermal conductivity resulting in increased 271" values.

The highest 2T values reported on silicon have been accomplished by nanowires. There
are reports of silicon nanowires with values as high as 27" = 1 at low temperatures
(200K) [46] and reports of silicon nanowires with peak 27" = 0.6 at 300 K [47]. Silicon
nanowire structures are further away from integration into a device than bulk materials
for two important reasons: 1) Lack of corroboration or inter-laboratory reproducibility of
the results due to the highly specific preparation and measurement techniques and 2) tech-
nological difficulties to integrate a nanowire TEG. Despite these difficulties silicon TEGs

based on nanowires have been reported [48].

At the time of writing bulk materials seem to have the highest prospect to be integrated
into a device, because they overcome to a higher degree the two challenges that nanowires
still have to overcome, and offers other advantages such as scalability [49]. Nanostructuring

(by nanostructuring we refer to nano-domains with a crystalline structure bounded by grain

34



CHAPTER 3. CONVENTIONAL THERMOELECTRIC GENERATOR: TEG

boundaries) and/or alloying have allowed to increase the peak of both n-type and p-type
bulk silicon to 27" ~ 0.7 [50, 51, 52], and even values as high as 27" = 1.2 [53].

For these reasons, nanostructured silicon is the material used in this work. But if high
temperature operation is desired the metallic contacts may be subject to undesired diffusion
processes or alloying of the metal with thermoelectric material. Kessler et al. developed an
anti-diffusion nickel layer to produce high temperature electrical contacts that were stable
up to 600°C [36, 54].

Higher operation temperatures would increase the Carnot efficiency and also would bring
silicon into a temperature domain where its z7 value peaks. A question that arises from
this consideration is: If high AT's are desired, how adequate is the constant property model
in the description of the thermodynamics? since the derivations of the efficiency were done
in a near equilibrium conditions.

Reduction of Thermal Conductivity Through Nanostructures

Much of the just mentioned progress in silicon as a thermoelectric material is a conse-
quence of a significant reduction in the thermal conductivity without compromising the
electrical conductivity. From the figure of merit it is clear that a good thermoelectric
material should have a high electrical conductivity and a low thermal conductivity. This
is intuitive; we would like to extract as many charge carriers as possible while rejecting
as many phonons as possible. This concept is sometimes referred as the "phonon-glass,
electron-crystal" idea [6] because glass has a very low thermal conductivity, while crys-
talline semiconductors have the highest carrier mobility.

The strategies used to reduce the thermal conductivity can be understood in light of
the electrical current equation (2.7) and the heat current equation (3.10) where the subtle
difference between them is that in equation (3.10) each phonon carries an energy hw and
follow a Bose-Einstein energetic distribution n = 1/ (exp(g—“’T) — 1) . With this in mind

it becomes clear that a strategy to reduce the lattice thermal conductivity is to reduce
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the phononic mean free path Ay, or in other words to increase the scattering centers for

phonons.
>‘ph (hw )

1
Qoven = [ ()3 80 5 Mo () 11— ) (3.10)

AN\ Short wavelength phonon o= Hot Electron
M Mid/long wavelength phonon —Pp Cold Electron

Figure 3.8: Schematic of the different phonon scattering mechanisms within a thermoelec-
tric material. Point defects scatter short wavelength phonons while embedded
nanoparticles and grain boundaries scatter longer wave phonons. From Ref.
[27].

There are many strategies to reduce the phononic mean free path. For example alloying
effectively introduces atomic defects that scatter phonons selectively over electrons, and
in fact commercial thermoelectric devices are built on alloys of BisTes and ShoTes [55].
Alloys of SiGe have also shown a reduction of the thermal conductivity for both doping
types [53, 56, 52]. Other strategies are the inclusion of nanoparticles into the lattice or
the introduction of grain boundaries in nanocrystalline materials [27]. Each scattering
mechanism (atomic defect, nanoparticle, grain boundary) is more likely to scatter phonons
with a given wavelength as shown in the schematic in Figure 3.8.

In this work the strategy is to introduce grain boundaries by compacting doped nanopar-
ticles into bulk nanocrystalline silicon to reduce the lattice thermal conductivity. Reviews

on nanostructured thermoelectrics can be found in references [27, 28, 57]. Bulk nanos-

36



CHAPTER 3. CONVENTIONAL THERMOELECTRIC GENERATOR: TEG

tructured silicon in particular has been shown to have superior thermoelectric properties
compared to crystalline silicon due to a reduction of the thermal conductivity by phonon
scattering at grain boundaries [50, 29, 53]. Hence, the PN junctions used as thermoelectric

generators are made from nanostructured bulk silicon.

3.4.2 Large Temperature Gradients and Temperature Dependent

Model

A thermoelectric generator would be ideally operated in a large temperature difference,
however the constant property model assumes small temperature differences because it
allows the calculations for efficiency to be solved analytically. If large temperature gradi-
ents are applied, it is necessary to consider the temperature dependency of the transport
coefficients: a(T'), o(T), k(T).

Today it does not appear to be a clear consensus on how to tackle this issue. In one
approach Borrego [58] showed using the same approach used in section 3.1 that it is possible
to arrive to a material figure of merit z.g which considers the temperature dependency of

the transport coefficients

Zeff = —— (3.11)

Note that in equation (3.11) the multiplication on both sides by the average temperature
has been left out because the average temperature in a system where large AT's are allowed
becomes overly defined, and it depends itself on the material parameters. Borrego’s idea
points in the right direction, however he did not consider the Thomson effect, which can
be left out in the constant property model, but not in the temperature dependent property
model as shown in section 2.7.

In a series of papers Min et al. developed an alternative method to measure the figure
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merit in more realistic operation conditions (i.e. large AT's) in which he took into account

the Thomson effect [59, 60, 61]. He arrived to the following expression for z.y;:
oot (o, — BAT/2T;)?

off = 3.12
Zeft pp (3.12)

in this case «ay, is the value of the Seebeck coefficient at the hot side boundary, 3 the
Thomson coefficient, and o4 and kg are the effective electrical and thermal conductivities
at a given AT. There are however some problems with equation (3.12) because it was
derived assuming that the open circuit thermal conductivity and the closed circuit thermal

conductivity are equal k; = kg, and it fails to explain experimental data [59, 60].

The best approach to attack the issue of temperature dependent coefficients seems to
be the Compatibility approach introduced by Snyder and Ursell [62, 63]. In this approach
the starting point for the efficiency consideration takes a general form that does not re-
quire assumptions of near equilibrium conditions meaning that also Thomson transport is

accounted for [62]:

Th l
J [ odT — J? [ pdx
Pout _ Te 0
Qin JThOéh + /ihVTh

n = (3.13)

Here the subscript h stands for the hot side heat boundary, and [ for the length of the
material. The compatibility approach has been used to optimize the local efficiency of the
thermoelectric material by choosing the best local properties [63, 64]. However it would
be interesting to see an optimization with respect of AT for a temperature dependent

material.

There does not seem to be an established agreement on how to attack the problem
of temperature dependent transport coefficients [8], and in this work large temperature

gradients are used which means that in the presentation of the results care is taken to
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consider that the results cannot be immediately compared to measurements done in near

equilibrium conditions.

3.5 Summary: Conventional TEG

In this chapter the derivation of the thermoelectric process efficiency in the framework
of a near equilibrium constant property model is shown to be important to be able to
put the thermoelectric energy conversion process in context with other technologies. The
thermoelectric figure of merit is a necessary but not sufficient indicator for the potential
that a material has to perform as a thermoelectric material.

Aspects involving the transition from a thermoelectric material to a thermoelectric device
are taken into account, and here it is pointed out that it can be misleading to concentrate
all efforts and to evaluate the potential of a material merely on its 27" value. There are
other aspects such as the Carnot efficiency, and cost that need to be included to make a
complete evaluation of a given thermoelectric material.

It is explained that silicon is chosen as a thermoelectric material because of its abundance,
non-toxiticy, familiar processing technologies, and because recent advances in nanotechnol-
ogy have led to a reduction in the thermal conductivity through nano-crystalls. Finally it
is pointed out that if a material or device is operated in large temperature gradients, care
needs to be taken when using the derivation of efficiency and 27T as they might no longer

seem appropriate.
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4 New Device Architecture: PN-TEG

Efficiency is doing things right.
Effectiveness is doing the right

things.

Peter Drucker

4.1 Proposed Concept: PN-TEG

The heart of this work is the study of what we call a PN-TEG. The idea of a PN-TEG
was formally proposed by Span et al. in a series of papers [65, 66, 67, 68] mainly with
the idea to produce thin film technologies, but has also been independently investigated
experimentally in bulk TEGs by [69, 70]. A PN-TEG is different form a conventional
device because the electrical and mechanical connection between the n-type and p-type
semiconductor legs is done by means of a PN junction as shown in Figure 4.1b.

The implications of the PN-TEG architecture are vast and condensed below. In the

following chapters of this work each one of the following will be discussed.

e Advantages:
1. Electrical contacts and ceramic substrate are not required on the hotside.

2. Heat source can come in direct contact with the thermoelectric material, and

higher hot side temperatures can be reached.

41



CHAPTER 4. NEW DEVICE ARCHITECTURE: PN-TEG

a) b)

Space Charge Region

T AT

Ceramic Electrical Contacts Ceramic

Figure 4.1: a) Conventional TEG architecture, b) PN-TEG architecture.

3. The fabrication process of a PN-TEGs is greatly simplified compared to that of
a conventional TEG.
e Disadvantages:

1. At low temperatures, the space charge region acts like an electrical insulator

limiting current flow.
2. As it will be shown, a PN-TEG develops internal electrical current vortices that
reduce the power output.
e Theoretical Implications

1. The traditional figure of merit 27 = (0a?)/k; cannot be immediately applied

to evaluate a PN-TEG.

2. Heat and electrical current do not always flow in the same direction, rendering

the description of a PN-TEG a two dimensional problem.

3. A description of excess charge carriers due to thermal generation/recombination

becomes non-trivial.

4. Peltier effects at the PN junction are not fully understood.
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Having the electrical contacts exclusively on the cold side has the clear technological ad-
vantage that a metallization on the hot side and the substrate is not required, that means
that the temperature losses across the hot side substrate are eliminated as shown in Fig-
ure 4.1a. As an example a plot of equation (3.9) in Figure 4.2 compares the maximum
power output for a conventional device with cold and hot side substrates to a device with
only one substrate. As seen, the power output for a conventional TEG would double if
the thermal resistance is cut by half. Hence a tremendous advantage of a PN-TEG is
the abscense of the hot side substrate and thermal losses. Bear in mind that Figure 4.2

describes a conventional TEG, not a PN-TEG.

Cold Side + Hot Side Substrates
Cold Side Substrate Only

6 AT=50K .
ZT=1

PmaX[V\/]

0

1E-4 1E-3 0.01 0.1 1 10 100 1000

TEG/Kcontact

Figure 4.2: Maximum power output plotted using equation (3.9). The thermal conductance
Keontact Was doubled from the blue line to the red line to mimic the absense of
one of the substrates

In addition to the technological advantage of using one substrate, Wagner et al. sug-
gested that the thermally generated charge carriers within the PN junction will contribute
to the thermoelectric driving force suggesting that a PN-TEG should outperform a con-
ventional device [65], but this claim remains an open question in this work. Despite the

open question on the efficiency comparison, it is shown in this work that in addition to
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the tremendous technological advantages, nanostructured silicon PN junctions can work
as thermoelectric generators, in a scalable manner, and can operate in temperature con-
ditions that conventional commercially available generators are not able to operate. High
temperature operation enables a higher Carnot efficiency and makes up for the relatively
low figure of merit of silicon.

Although credit is given to Span et al. for the PN-TEG concept in their publications in
late 2000 [65, 66, 67, 68]. Yang et al. recognized in 2001 that if a layer of p-type and n-type
BisTes are pressed together, the intrinsic region in the middle can be increasingly removed
to approximate a conventional device leading to some of the technological advantages
already mentioned [71, 69]. A PN structure was investigated as a thermionic/thermoelectric
device in ref. [72] and theoretical work in [73, 74] explored a PN junction with a temperature
gradient parallel to the junction interface, as it is done in this work, but with the difference
that they were concerned exclusively in the internal current loops and did not consider the

possibility of using the PN junction as a TEG.

4.2 PN-TEG Proposed Theory

One of the biggest challenges of developing a theoretical framework for the description of
a PN-TEG the two-dimensional nature of the transport driving forces and hence a purely
analytical description of the device is very difficult. So far a description of these type of
systems seems only possible with numerical calculations as it has been previously done
by others to describe such PN-TEG devices [68, 65, 66, 67, 73]. To aid in the theoretical
description of the PN-TEG, Sebastian Angst is acknowledged with the development of a
discrete Onsager network model which is used to provide much of the analytical description
of the knowledge [75]. The proposed theory is divided into three subsections: Transport,

Efficiency and Optimization.
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4.2.1 Simulation Details: Discrete Onsager Network

The model here described is acknowledged to Sebastian Angst [75]. This model is used to
test hypotheses and verify experimental results for conventional generators and PN-TEGs.
The model is a discretization of Onsager’s theory. The starting point of the model is the
continuous form of equation (2.21) with the addition of an expression for Joule heating.
The Electric current density, the heat current density and the volumetric heat production

are written as [9]

J=—-0 (W +aVT>

q
Jo=alJ —kVT (4.1)
Vg -Yex

In the discretization every node is assigned a temperature T', an electrochemical potential
©, a specific heat capacitance ©, and every bond between two neighbors ¢ and j is char-

acterized by an electrical conductance G;j;, thermal conductance K;;, average temperature

7R

T,

i; and average Seebeck coefficient «a;; as depicted in Figure 4.3.

Node i ij Node j

1y

Figure 4.3: A two node bond and its variables.

With this in consideration the electrical current between nodes is calculated as

Iij = Gy (% ; 7 + o (T; — 7})) (4.2)
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in a similar fashion the heat current is calculated as

I

q,1j

= Ky (T = Tj) + 11 (4.3)

with II;; = 5(a;T; — a;T;). Note that equations (4.2) and (4.3) are just discrete forms

!
of the first two equations in (4.1). This model provides at tremendous tool in analyzing
the internal distribution of the electrical current in a PN-TEG because temperature de-
pendent parameters a(T"), kK(T'), o(T) can be implemented and it also provides first order

approximations for the the efficiency of a PN-TEG since the heat flow can be calculated

in a simulation.

4.2.2 Electrical Transport

The description of a PN-TEG begins by considering a large area PN junction and breaking
it into an array of differential elements because a larger temperature difference is desired,
and it is well known from diode theory that the transport properties of a diode depend
exponentially on temperature. The base model is given in thermodynamic equilibrium
conditions (AV = AT = 0); the PN junction is broken into differential diodes each with a
linear shunt resistance Ry, a non-linear shunt resistance Rgcr,, a series resistance Ry and
these elements are interconnected by a bulk resistance Rpy. In the junction of the two
materials the space charge region is depicted as a shaded area as shown in Figure 4.4a.

If the PN junction is resting in thermal equilibrium, but biased with a voltage that
is small enough to ignore Joule and Peltier effects and big enough to turn on the diode
closest to the electrodes, the built-in potential and therefore the space charge region near
the electrodes will shrink and the electrical current density will be higher near the electrodes
as sketched in Figure 4.4b.

This treatment provides a limited general idea of the electrodynamics within the PN-
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Figure 4.4: Electrical schematic of a PN junction in a) thermodynamic equilibrium and b)
under a forward bias voltage.

TEG, but such a treatment will prove crucial to understand thermoelectric effects. From
this idea it is clear that the current density should be described in two dimensions, but for
now we consider the macroscopic current I. Hence, the current across each diode element
In; can be approximated by adding the recombination and the diffusion currents given

that V; >> k2T [76]:

Vi Vi
In; = lgig exp <q> + Irexp ( ? )

kgT 2kp
Diffusion Current Recombination Current (44)
qVi
Ip; = Iyexp
pi=esp (4

where I, Ir and Iy are material specific constants, V; the voltage drop across each diode

and 7p is known as the ideality factor and it tells whether the current is dominated by

diffusion of minority charge carriers or recombination within the space charge region.
The current across the non-linear resistor Rgcr,; is phenomenologically described by a

space charge limited current [77], and the reasons for this are given in the Results Chapter.

[IscLil = V™™ vy >0 (4.5)
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Finally the current across the linear resistances Ry, ;, Rs; are described by Ohm’s law.
The most important take away from the discussion derived from Figure 4.4 is that the
PN-TEG can be though of many diode elements connected in parallel, and that when a
voltage bias is applied, electrical current will flow inhomogeneosly, and close to the elec-
trodes. The inhomogeneous current density means that analytical expressions to describe
the electrical transport cannot easily be derived if at all possible. For example, how would
an expression for the internal resistance look like? This is a critical point, and calls the
necessity of numerical simulations, because this in turn means that the expressions needed
to derive the efficiency of such a device are not available. This is discussed in detail in the

Efficiency Section 4.2.6.

4.2.3 Temperature Dependence of Electric Transport

The next consideration is the following question: what happens to the electrical transport
as a temperature gradient is applied to the PN junction turning it into a PN-TEG? An
equivalent circuit of the PN-TEG under a temperature gradient is shown in Figure 4.5. In
this schematic it is possible to see that electrical current flows in the z-direction, and that
must mean that heat flows in the z-direction as well but the description of heat carried by
bipolar transport is not well understood.

Another consideration is the appearance of differential voltage sources in the equivalent
circuit, these voltage sources represent the thermoelectric driving force due to the Seebeck
effect. The last point is that at large temperature differences the spatial symmetry of the
space charge region is turned around; the space charge region becomes thinner on the hot
end, and this changes the spatial current density map (compare Figures 4.4b and 4.5).

The reason for the shrinking of the space charge region on the hot end is due to an
increase of intrinsic charge carriers. An indirect assessment of the space charge region

can be carried by observation of the built-in voltage. The temperature dependent built in
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Figure 4.5: Electrical schematic of a PN-TEG under a temperature difference.

voltage V4,(T') of a non-degenerated diode is

Vu(T)

_ kT (NAND> (4.6)

q n#(T)

1

where Ny = Np = 5x10' cm ™2 are the acceptor and donor concentrations and are assumed
to be constant over temperature. In order to calculate the temperature dependency of
Vu(T') it is necessary to consider the intrinsic charge carriers n;(7") that get thermally

excited over the bandgap

n(T) = \/Ne(T)No(T) exp (— fkf;)) (47)

here No(T') and Ny (T') are the effective density of states at the conduction band and valence

band respectively. For equation (4.7) one should consider the temperature dependency of
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the bandgap®
oT?
T+p

E,(T) = E,(0K) - (48)

And finally, the temperature dependency of the effective density of states N.(7") and N, (7T')

2rmikpT

N(T) =2 <W;2B> (4.9)
. 3/2

N,(T) =2 (W) (4.10)

where m; ;, is the effective mass of electrons and holes respectively.

To get a general understanding of the electrodynamics of a PN-TEG a system consisting
of ideal diodes with infinite shunt resistances is considered. A simulation of a PN-TEG
using the model introduced in section 4.2.1 is shown in Figure 4.6a. In this Figure the
temperature is coded using a blue to red scale for cold to hot. The temperature on the
hot side is 1000 K and on the cold side 300 K. The size of the arrows is correlated to the
magnitude of the electrical current density J. The built-in voltage V;,(T) for a highly doped
ideal diode is calculated then using equations (4.6)-(4.10) and shown in Figure 4.6b and
we note that for a highly doped system under large temperature differences, the difference
in the built-in voltage between the cold side and the hot side can be of 0.45V. This
spatially defined built-in voltage acts like an electrical "gate" that opens on the hot end of
the PN-TEG and closes on the cold end of the PN-TEG.

Figure 4.6a shows that the electrical current crosses the PN junction through the open
"gate" on the hot end of the device, while the closed "gate" on the cold end prevents that
an internal current loop develops within the PN-TEG. The main reason for the spatially
defined built-in voltage V;,(7T') is that the steep temperature gradient creates a steep gradi-

ent in the intrinsic charge carrier concentration n;(7). As seen in Figure 4.6¢ the intrinsic

'E,(0K) = 1.17€V is the Bandgap of Silicon at 0K and the proportionality constants for Silicon § =
4.9 x 1074eV/K and 3 = 6.55 x 10?2 K [78]
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Figure 4.6: a) Electrical current density map for a PN-TEG with Ny = Np = 5x 10" cm™3.
b) Built-in voltage V4, (T") shows a reduced potential barrier on the hot side
of the PN-TEG. ¢) The intrinsic carrier concentration n;(7") shows that the
magnitude of n; comes close to the doping concentrations Ny, Np on the hot
end.

carrier concentration varies by 8 orders of magnitude from the cold to the hot end. In the
hot end the intrinsic carrier concentration is nearly of the same magnitude as the dopant

carrier concentration.

The charge carrier density n can be divided in three domains in temperature: The ion-
ization domain, the extrinsic domain, and the intrinsic domain [76]. The ionization domain
corresponds to the activation energy of the dopants AF and in ranges in temperature from
0K to Thin. The saturation domain is the temperature range T, < T < Thax Where all
dopants are active and the carrier concentration is equal to the nominal doping (Np in
this case) but the temperature is insufficient to generate carriers from the intrinsic silicon
lattice. After a temperature T}, intrinsic charge carriers from the silicon lattice begin to
get activated over the bandgap and this is called the intrinsic domain. This behavior is

sketched in Figure 4.7.

It is desired to operate the PN-TEG near the intrinsic temperature on the hot side
because note from equation (4.6) is that if Ny = Np = n, the potential barrier goes to

zero and we enter a flat band (zero potential barrier). The intrinsic temperature Ty, can
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Figure 4.7: Plot of the carrier concentration for an n-type semiconductor. Adapted
from [76].

be obtained by setting the doping concentration in equation (4.7) equal to the intrinsic

concentration:

E (Tmax)
ND,A - \/Nc(Tmax>Nv(Tmax) €exp <_22ijmax> (411)

But since most parameters depend on temperature is not convenient to solve equation (4.11)
analytically. Using the values presented above Ny = Np = 5 x 1012 cm ™3, we find that
for crystalline silicon T},,, > 1000°C, and it is intuitive that T},., decreases with smaller
bandgaps. Therefore smaller bandgaps are desired, and this can be done by the inclusion

of intraband states and recombination defects.

4.2.4 Current Loops Within the PN-TEG

Some of the valid skepticism towards a PN-TEG is that the two semiconductor materials
are electrically insulated by the space charge region [71], but as shown above the built-in
potential of the PN junction can be drastically suppressed on the hot side creating a better
electrical connection between the two semiconductors while maintaining a higher potential
height on the cold side that insulates electric current flow. Moreover, it will be shown

in section 7 that when intraband electronic states are present, the effective bandgap is
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reduced further and higher internal conductances are found in systems that have many
electronic defects as in ideal PN junctions.

Although not visible in Figure 4.6a because of the scaling, internal currents loops do
develop, and they lead to efficiency losses. To exemplify this, Figure 4.8 shows what would
happen to the electrical current distribution of the PN-TEG with zero potential barrier.
And in fact this situation describes the experimental PN-TEGs better because they exhibit
a low effective bandgap. Similar internal current loops in thermoelectric devices have been
identified. In ref. [73] a diode structure in open circuit conditions is shown to exhibit
internal current loops that are separated by the space charge region. In ref. [74] two
thermoelectric legs electrically and thermally connected in parallel (much similar to a PN-

TEG) are shown to develop internal current loops in open circuit conditions.

/N
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Figure 4.8: Electrical current density map at AT = 700 K shows that current loops will
develop if no potential barrier is present. The size of the arrows is correlated
to the electric current density J.

With this discussion in mind it is expected that the PN-TEG performs optimally when
high temperatures are applied on the hot side and when a large temperature gradient
is conserved. In this way electrical transport is enhanced at the hot side and losses are

minimized from internal current loops. Having a perfect diode system poses the difficulty
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that the potential barrier is simply to high even at high temperatures and the current
output is largely compromised. For this reason a system with a small potential barrier is
desired, even though this means that current loops might be stronger. It will be shown
that while our PN-TEGs are highly doped, and thus with a high nominal potential barrier,
a high density of intraband states are introduced during the preparation, making the PN

junctions as desired.

4.2.5 Thermal Generation and Internal Resistance

A very interesting aspect of a PN-TEG is that once the device is exposed to a temperature
difference, its electrical properties change in the sense that the current density is redis-
tributed. After closer examination one realizes that when the PN junction is operating as
a TEG, the Seebeck effect creates a polarity that puts the diode near the hot end in reverse
bias. That means that the current flow of the PN-TEG is limited by thermal generation
of carriers, and is in theory voltage independent. From equation (4.4), the reverse bias

current I is written from diode theory as [76]

(T
+Aan1( )

Tg

(4.12)

i

th + qDe) 2

lo(T) = 4 (LhND I, ) i)

Here D,y is the diffusion coefficient of electrons and holes, L.y, the diffusion lengths of
electrons and holes, A the cross sectional area of the PN junction, W the width of the
depletion region and 7, rate of thermal generation per unit volume. The first term in
equation (4.12) refers to minority charge carriers that diffuse into the space charge region
and are swept away by the electric field, and the second term refers to thermally excited
charge carriers within the space charge region that are separated by the electric field as

it was previously pointed out [68]. In the model we suggest in this work, we note that

ZPage 491
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the reverse bias current depends mainly on the hot side temperature of the PN-TEG by
means of n;. Under the scope of this discussion then, we propose an electrical model for
the PN-TEG where the Seebeck voltages are small enough such that the diode appears
as an open circuit and to account for the thermally generated carriers on the hot side a

current source is added in parallel to the diode as shown in Figure 4.9a.

a) L b) Ry(M
AT |o[ee[*llee|e

== Conv. TEG < T
— PN-TEG < exp(E,/2kyT)

]

v

out

Figure 4.9: a) Electrical schematic showing the PN-TEG. The voltage sources are due to
the Seebeck effect and the current source accounts for thermally generated
charge carriers. b) Expected temperature response of the internal resistance.

Having the described electrical model renders the PN-TEG concept similar to the con-
ventional TEGs, but with the fundamental difference that the internal resistance of a
PN-TEG should decrease exponentially with temperature, while a conventional TEG ex-
hibits a linear increase due to the metallic properties of the thermoelectric materials as it
is sketched in Figure 4.9b.

Now we seek a more formal description of the internal resistance Rj,; of the PN-TEG.
We make the assumption that the output current of a PN-TEG is dominated by the reverse

bias current of the diode Iy. In equation (4.12) it is not clear which term is more dominant
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and keeping in mind that n; o« exp (%ggp) and n? o exp ( kiﬁ) we write Io(T) as

Io(Thg) O €XP ( 5;5%) (4.13)

where 1 < ¢ < 2 depending on which term on equation (4.12) is more dominating. This
implies that the output current from the PN-TEG increases exponentially with the temper-
ature as shown in equation (4.13). The internal resistance of the PN-TEG can be expressed
as the ratio of the open circuit voltage V,. and the short circuit current I = [o(Zhyg) as

long as the IV response is linear (it is shown in section 6.3.6 that the IV is linear)

Voc

(T ) =
Rll’lt( av, ) ]—O(Tavg>

(4.14)

In equation (4.14) V,. can be approximated as the sum of the Seebeck coefficients mul-
tiplied by the temperature difference, and interestingly Iy(7,y,) does not depend on the
voltage but on the temperature, and since the absolute values are not as important as the

proportionality, we write:
Ve (ap + an) AT

x — (4.15)
To(Tavg) exp ( Ekfﬁ)
Which ultimately leads to the following and most important relation:
Ly
Rint(Tavg) X exp hnl, (4.16)

The relation in equation (4.16) is very important because it provides access to the effective
electronic structure of the PN-TEG in the form of an effective bandgap E,. Moreover,
it also becomes evident that in order to achieve a low internal resistance, a low effective
bandgap is desired. However, E, should not be too low to prevent current vortices from

forming within the PN-TEG as already discussed.
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In section 7.3.4 it is shown quantitatively that the PN-TEGs exhibit the behavior de-
scribed in this section. From Figure 4.9b it is expected that a PN-TEG performs poorly at
low temperatures when compared to a conventional device, but at higher temperatures the
PN-TEG is expected to performs optimally and compete with a conventional TEG. This
is in accordance with simulations by Span, simulations using the Onsager model developed

by Angst, and experimental observations presented in the results section of this work.

4.2.6 Efficiency

One of the most important quantities for any heat engine is the efficiency of the conversion
process. In this section it is shown that the efficiency of a PN-TEG cannot be easily derived
in an analytical way like it was done for a conventional device in section 3.1. Moreover, it
is argued that a PN-TEG has the possibility to have a fundamentally different conversion
efficiency than a conventional TEG. Whether the efficiency of a PN-TEG is larger than a
conventional TEG is unclear, but arguments that they are different thermodynamic engines

are given.

The approach in this work is to emulate to some extent the process done in section 3.1
to see what would be the general form of an expression for the efficiency of a PN-TEG.
The first difference that exists between the conventional thermoelectrics and a PN-TEG,
is that conventional thermoelectrics theory is a property of the material, while a PN-TEG
is a device, and cannot be treated as a "sum of materials".

If a PN-TEG device is considered, the efficiency of the thermodynamic process would

have would have to account for each of the heat transport terms, and the efficiency would

have the following general form:

Pout . Ry, Ign

Qin B Qpeltier,pn + Qconduction,pn - Qjoule,pn

Tlon = (4.17)
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In the following discussion the four terms in equation (4.17) will be individually analyzed

and compared to their conjugates in the conventional TEG.
1. Conduction Heat

We begin with the term Qonduction,pn Which is describes the Fourier heat transport. If
we consider the PN-TEG in Figure 4.10, it is possible to arrive to an analytical expression

for the open circuit thermal conductance:

Qconduction,pn = (Kp + Kn)AT (418)

where K, and K,, are the thermal conductances of the p and n-type bulk sections that
make up the PN junction. Hence, describing the term Qconduction,pn 1S Plausible as a "sum

of materials". Therefore Qconduction,pn reémains unchanged from the conventional TEG to a

PN-TEG.
2. Joule Heat

Next the attention is turned to the Joule heating term Qjoulepn. In the conventional
TEG it was possible to say that that Joule heating spreads equally to the heat source and
heat sink because the electrical current density was assumed to be homogeneous. However,
as it was shown in the previous section, in a PN-TEG the electrical current density is not
homogeneous; there is a higher current density near the hot end, and it is difficult to claim

that half of the Joule heating will be deposited back to the heat source.
2. Peltier Heat

Lastly, we turn the attention to the Peltier term Qpeitier,pn. For the following explanation
see Figure 4.10. At the cold end, in the metal-semiconductor interface, little doubt remains
that the Peltier effect there will be a heating mechanism since majority charge carriers leave
the semiconductor. However, for the efficiency consideration it is necessary to know how

much heat is extracted at the hot side, but at the hot side the PN junction is reverse
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biased and the heat balance needs to account for thermal generation of charge carriers plus
the diffusion of excess charge carriers. How to describe this thermoelectric effect in a PN
junction is not clear today; Gurevich and his colleagues have worked extensively on this
problem but not yet came to a final definite description of this phenomenon in the context
of traditional PN junctions [17, 16, 13, 12, 79, 80, 81, 14]. Hence, an analytical expression

for Qpeltier,pn 15 also not available.
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Figure 4.10: Schematic showing an overview of the transport in a PN-TEG. The blue line
within the PN-TEG indicates the main electric current path. The blue arrows
in the band diagram indicate cooling and the red arrows indicate heating. In
a PN-TEG the hot side is reverse biased while the cold side is forward biased.

In summary, it is not possible with the current knowledge to write an analytical expres-
sion for the efficiency of a PN-TEG. In conventional thermoelectrics, the figure of merit 27T
appears in the derivations of the efficiency, however, since this derivation is not possible
today for a PN-TEG it is not appropriate to use the conventional figure of merit 27" to

characterize the PN-TEGs.
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Efficiency Through Numerical Calculations

The only access to the efficiency of a PN-TEG today is by numerical simulations. Sim-
ulations by Wagner et al. based on a drift diffusion model predict that PN-TEGs will
outperform conventional TEGs in efficiency given at large AT's [65] (Figure 4.11a). This
is because the diode becomes exponentially conductive at elevated temperatures. However
simulations done by S. Angst using the described Onsager network show that the efficiency
of a PN-TEG is lower than a conventional TEG. In Figure 4.11b simulations by Angst et
al show that the power output of a PN-TEG at AT = 700°C is up to a factor of six lower
at the maxima. Note that from the simulations from Wagner et al. at AT = 700°C the
efficiency of the PN-TEG is a factor of 3.5 larger than the conventional TEG. See Fig-
ure 4.11. It is important to note that the simulations by S. Angst do not take into account
concentration gradients and thermal generation of charge carriers within the space charge

region.
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Figure 4.11: a) Drift diffusion simulation from [65] shows that PN-TEGs can outperform
conventional TEGs (data given in %). b) Discrete Onsager model from S.
Angst with AT = 700°C shows that PN-TEGs have a lower efficiency than
conventional TEGs even at high temperatures.

As seen, the question of the efficiency of a PN-TEG remains open. The fact that both
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simulations predict different efficiencies for the two architectures, and the fact that there
is no current established theory to describe Peltier effects in bipolar semiconductors, could
be hints that the two systems are different thermodynamic engines and they simply have
different intrinsic efficiencies.

Vining developed an analogy between the thermoelectric heat engine and steam en-
gines [82]. In this analogy entropy is transported by a gas in both engines; in the thermo-
electric engine entropy is transported by a Fermi gas, while in the steam engines entropy
is transported by an ideal molecular gas. Vining showed that optimizing the material to
achieve higher 2T's is analogous to optimizing the molecular gas in a heat engine, and he
also suggested that an alternative strategy would be to change the engine itself. Given the
fundamental differences between a conventional TEG and a PN-TEG, it may be possible

that the PN-TEG is fundamentally a different thermoelectric engine.

4.2.7 Geometrical Optimization

Experimental data in Chapter 7 shows that the PN-TEGs can be best modeled with a very
low diffusion barrier, that means that internal current vortices develop more pronounced
compared to the case when a diffusion barrier is present. For this reason the simulated PN-
TEG with no diffusion barrier is selected as more appropriate and shown in Figure 4.12a.
From the current density map it can be envisioned that if the PN junction is gradually
removed at the cold side, the internal current vortices could be suppressed, leading to
higher power outputs and hence efficiencies.

This effect is shown in Figure 4.12b where a simulation by S. Angst, shows that for a
cutting length h the power output increases and reaches a maximum. With increasing h
the output voltage is increase but also the internal resistance is increased, this leads to a
optimal cut length. This is in line with a very similar experiment presented in reference [71]

where the authors show that with increasing cut length h, an increased device figure of
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merit is observed, however the authors find a different optimal cut length (h =~ 0.85). The
optimal point in our simulations is found at h ~ 0.7 and it will be shown experimentally
that the power output indeed increases with h but does not clearly follow the behavior

described in Figure 4.12b.
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Figure 4.12: a) Current density map for a PN-TEG with no diffusion barrier at AT =
700 K. b) Simulation shows that the power output can be increased by re-
moving the PN junction near the cold side.

4.3 Summary: PN-TEG Theory

In this chapter the PN-TEG was introduced as a concept whose strongest advantage is
the dismissal of the hot side substrate and metallization. This alleviates many technolog-
ical challenges such as temperature drop across the substrate, electrical and mechanical
instability of the metal-semiconductor contacts, and fabrication ease.

From the theoretical aspect it was suggested that the PN-TEG can be modeled as a
reverse biased diode with a non-linear shunt resistance, and that the electrical current

density is not homogeneous and has 2-dimensional components. It was suggested that the
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internal resistance of a PN-TEG should decrease with temperature contrary to a conven-
tional TEG whose internal resistance increase more or less linearly with temperature due
to the degenerated doping of the semiconductor material.

Numerical simulations suggest the formation of internal current loops that lead to ef-
ficiency losses, and it is suggested that removing a fraction of the PN junction can lead
to efficiency improvements. Analytical expressions for the efficiency of a PN-TEG do not
seem plausible within the framework of conventional thermoelectrics. However, numerical

simulations fail to reach independent agreement on the efficiency of a PN-TEG.

63






5 Sample preparation

Education is what remains after one
has forgotten what one has learned

in school.

Albert Einstein

In this work the aim is to produce large area PN junctions with a PN interface in the
order of 10 mm x 10 mm. The goal to produce such large scale PN junctions is a challenge
because it goes in against the technological demand to scale down electronic devices and
pushes the need to innovate home made customized fabrication techniques. Three types
of PN junctions produced with different technologies are reported in this work. In this

chapter the three fabrication processes are described. They are:

1. Current Assisted Sintering: Involves the sintering and compaction of silicon

nanoparticles into a bulk PN junction.

2. Laser Assisted Cristallization: Involves the deposition of a thin layer of Silicon

nanoparticles on a silicon wafer and subsequent sintering of the nanoparticles.

3. Current Assisted Bonding: Involves the welding through Joule heat of two silicon

walfers.

Technology 1 is the most promising for thermoelectric applications and it is the focus of
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this work, while technologies 2 and 3 were intended to gain scientific understanding of the

PN-TEG.

5.1 From Silicon Nanoparticles to Bulk PN Junctions:

Current Assisted Sintering

There are two main strategies to produce Silicon nanoparticles, and nanoparticles in gen-
eral, the so called top-down approach and the bottom-up. The top-down approach, starts
with a bulk material that is broken down to nanoparticles by means of grinding (ball
milling) for example. Ball milling of SiGe alloys has proven successful to produce nanopar-
ticles for nanostructured bulk materials with superior performance [53].

To produce the nanoparticles for the Silicon PN junctions, a bottom-up approach is
adopted; that means that process begins with gaseous precursors. The n-type, phospho-
rus doped nanoparticles are produced in a plasma reactor and the p-type, boron doped
nanoparticles are produced in a hot wall reactor. The nanoparticles are later compacted
using a current assisted sintering technique to produce a bulk nanostructured PN junction.

The work flow is shown in Figure 5.1.

5.1.1 Nanoparticle Synthesis

The synthesis of different materials for themoelectric applications using the bottom-up
approach has been demonstrated [83, 84, 85]. The synthesis of the n-type Silicon nanopar-
ticles used in this work is acknowledged to Nils Petermann and Dr. Hartmud Wiggers
while the synthesis of the p-type nanoparticles is acknowledged to the Institute of Energy
and Environmental Technology (IUTA) in Duisburg, Germany. The bottom-up approach

starts with gaseous precursors that are fed to a reactor. The reactor is heated to tempera-
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Figure 5.1: Workflow of the bottom-up approach.

tures > 1000 K which induces the decomposition of the precursors and result in nucleation
and coagulation thus forming the doped Silicon nanoparticles that can range from a few
nanometers to a few tenths of nanometers depending on precursor concentration, mass flow

and pressure [86].

Figure 5.2: a) SEM Image of p-type, boron doped nanoparticles. b) TEM image of n-type,
phosphorus doped nanoparticles. From Refs. [86, 49].

Silane (SiH4) gas is used as precursor gas for silicon. To achieve the in-situ doping

precursors are added at a percentage of the silane gas. Diborane gas (BoHg) gas is added to
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the gas mixture to achieve boron doping while for phosphorous doping phosphine gas (PHj)
is added to the mixture. While a complete decomposition of the dopant precursors and
incorporation of the dopants into the nanocrystalline powder is expected, it is also known
that only a fraction of the dopants is homogeneously deposited within the nanoparticles
while a considerable amount segregates on the surface [86].

The main difference between the n-type and p-type nanoparticles is that the n-type
nanoparticles are produced in a microwave plasma reactor, while the p-type nanoparticles
are produced in a hot wall reactor [86, 49]. The p-type nanoparticles have a mean diameter
of ~ 150 nm and the n-type nanoparticles have a mean diameter of ~ 20 nm, see Figure 5.2.
The doping concentration is tunned by adjusting the ratio of the silane gas flow and the
doping precursor (diborane or phosphine) gas flow. For example for 1% boron doping
concentration, the ratio of silane to diborane is 100 to 1, and this results in a doping

concentration of Ny = 4.99 x 10%°° cm—3.

5.1.2 Densification: Current Assisted Sintering

The goal of the compaction process is to densify the nanoparticles to a bulk solid mate-
rial that conserves nanoscopic features. In this case the intention is to create bulk, yet
nanocrystalline silicon material with a reduced phononic thermal conductivity. To achieve
the compaction of the nanoparticles a technique known by different names such as field
activated sintering, spark plasma sintering, or current assisted sintering [87] (the later
name adopted in this work) is used. The idea behind current assisted sintering is to force
large electrical current densities through the nanoparticles while mechanical pressure is
applied. In this fashion Joule heating, specifically at the nanoparticle boundaries and
grain boundaries where the highest electrical resistance exists induces the sintering of the
nanomaterials.

In order to densify unipolar samples the silicon nanoparticles powder is loaded into a
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cylindrical graphite crucible. Two graphite dies with a diameter of 2 cm that fit inside
the crucible act like electrodes and as pressure pistons. The powder is precompacted by
applying 5kN on the dies using a hydraulic press. Then the crucible and dies are loaded
into a sintering unit with model FCT-Systems D40.

The peak sintering temperature for most of the reported samples in this work is 1100 °C.
The cooling and heating rates used were 100°C/min. The mechanical pressure during
sintering was achieved by applying a constant force on the die pistons. The value of the
force was varied between either 3kN or 11 kN depending on sample. A schematic of the

current assisted sintering process is sketched in Figure 5.3a.

[a]  [KN][A] b]  [kNI[A]

Crucible
\

t t QO |_p-type nanoparticles
p-type or n- ype\\. S

Si Nanoparticles °e
[ ——n-type nanoparticles
Die———|
[kN][A] [kN][A]

Figure 5.3: Schematic of the current assisted sintering densification process for a) unipolar
nanocrystalline silicon and b) nanocrystalline PN junctions.

The melting temperature of bulk silicon is 1414 °C, however the reduced melting tem-
perature of silicon nanoparticles allows the sintering process to be operated at considerably
lower temperatures (950-1125) °C yet achieving densities above 97 % of the density of single
crystalline silicon [49, 88].

Theoretical work on the dynamics of the current assisted sintering process is presented

in ref. [87] where they show that percolation paths in the current leads to localized partial
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or complete melting of the nanoparticles that form a viscous material that is able to
rearrange as it is mechanically pressed. Experimentally, both p-type and n-type highly
doped unipolar nanocrystalline silicon for thermoelectric applications has been successfully

achieved using the aforementioned current assisted densification process [56, 49, 51].

With respect to the production of nanostructured PN junctions, Meseth et al. produced
nanostructured silicon PN junctions by current assisted sintering, and by scanning the
Seebeck effect on the surface of the sample they showed that the resulting densified sample
had a spatially defined n-area and a p-type area [89]. Becker et al. used the spatial
characterization of the Seebeck coefficient to show that the PN junction can be modeled

as a linearly graded junction as opposed to a fragmented or an abrupt PN junction [90].

This work continues with the investigations of Meseth and Becker. So far the descrip-
tion of the current assisted sintering method has dealt with unipolar samples but only
a small twist to the preparation process can produce nanostructured PN junctions. The
process remains basically the same but instead of loading unipolar nanoparticles pow-
der into the crucible, both p-type and n-type nanoparticles are loaded and processed as
shown in Figure 5.3b. After densification the samples are cut in a geometry in the range
of 1I0mm x 10mm x 5mm with the PN interface oriented as shown in Figure 5.4. The

nanostructured current assisted sintering samples are then ready for characterization.

n-type

p-type l et

Figure 5.4: Sample PN-TEGs from the current assisted sintering process.
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A summary of the nanostructured PN-TEGs is presented in Table 5.1. The sinter bias
refers to the orientation of the layers during the sintering process; the layers form a forward
bias configuration when the current flows from the p-type material to the n-type material
as it is shown in Figure 5.3. When the stacking order of the nanoparticles is inverted an
electronic reverse bias configuration is formed. The stacking order during the sintering
process has an influence on the nanostructure of the PN junctions [91], and it is seen
in Table 5.1 that samples prepared in the reverse bias configuration show a considerable

higher internal resistance.

Table 5.1: Summary of the current assisted sintered PN-TEGs. *From the same pellet.

PN-TEG No. | Sinter Bias | Sinter Temp. | Sinter Force Doping R
2 Forward 1100°C 11kN 1%B, 1%P | 0.3119Q
4 Forward 1100°C 11kN 1.5%B, 0.6%P | 2.950
8 Reverse 1100°C 3kN 1.5%B, 0.6%P | 120Q
10 Forward 1100°C 3kN 1%B, 1%P 4.320Q)
11 Reverse 1100°C 3kN 1%B, 1%P 1749
15% Forward 1200°C 11kN 2%B, 1.5%P | 0.358
16* Forward 1200°C 11kN 2%B, 1.5%P | 0.345¢
17* Forward 1200°C 11kN 2%B, 1.5%P | 0.502¢

5.1.3 Electrical Contacts

Since the nano-crystalline samples are degenerately doped, electrical contacts are not an
issue for measurements but they are important to be able to solder the individual PN
junctions into a prototype. For this reason the effects of the contacts are investigated.
A layer of Ni is deposited on the nanostructured Si by electroless platting. This initial
layer of Ni is annealed to form a NiSi that provides a better adhesion to the second layer
of Ni which deposited by galvanization. Finally, a capping layer of Ag is deposited by
galvanization to improve the adhesion of the solder. This recipe was developed by Kessler

et al. and the contact resistance to nanocrytalline silicon was found to be in the range of
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2.66 — 1.47 Qcm? [36, 54].

To investigate the whether there is degradation of the electrical performance arising from
the metallization on the PN-TEGs, 3 samples from the sample pellet measured before and
after metallization. The samples are cut in equal geometries and processed in parallel
during the contacts deposition. The PN-TEGs are selectively metalized and the undesired
metallization is grinded away, leaving a contact on what would be the cold side of the

PN-TEG as shown in the inset in Figure 5.4.

The results are shown in Figure 5.5. In the experiment, increasing AT's are applied to the
PN-TEGs, and the internal resistance is extracted from the IV response in a linear domain
near 0V, the method is described in Section 6.2. Since the metallization is on the cold
side, the internal resistance is plotted against the cold side temperature using the setup
described in Section 6.3.3. It is observed that there is no clear trend of the effect of the
metallization on the PN-TEGs. Sample 2 sees an improvement in the internal resistance
after the metallization, sample 5 shows no considerable effect from the metallization, and
sample 10 sees a larger internal resistance after metallization. This shows that the effects
of metallization are variable, and further optimization is needed. It is important to note
however that all the curves in Figure 5.5 converge at larger temperatures, meaning that

the negative effects of the metallization at large temperatures are expected to decrease.

1050 N\ Before Metallization 31 —«— Before Metallization 0,3F ¢ —e— Before Metallization
P\, [ After Metallization :\ —e— After Metallization \ —e— After Metallization
Cho, 70} \ Sample 10 0.2 \ Sample 5 o 021 Sample 2
& e el ™ €01} \ & 0,1} \
0,35 \. \ o%t\ o‘.\.§'
0.00} \'.Qoa._._, 0,0t e 0,0+ oo-0—oe
0 100 200 300 0 100 200 300 0 100 200 300

Figure 5.5: Internal resistace for 3 samples before and after metallization, plotted against
the cold side temperature T¢[K].
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5.2 From Photovoltaic silicon PN Junctions to PN-TEGs:

Laser Annealed PN Junctions

To produce the second type of thermoelectric PN junctions a technology from photovoltaics
is borrowed since photovoltaic devices generally require large area PN junctions as well.
Photovoltaic devices in general take advantage of highly crystalline materials because of
higher mobilities and longer charge carrier mean free path. The implementation of highly
crystalline silicon would go against the idea of a good thermoelectric material because of
the increased phononic thermal conductivity when compared to nano-crystalline silicon.
However, the goal is to produce samples that are better defined, and hence easier to
study. The system, and process development of this technology in general is acknowledged
to Meseth et al. [89, 92, 93]. The preparation of the samples presented in this work is

acknowledged to Franziska Maculewicz [94].

The idea behind laser crystallization is to simplify the process of producing PN junctions
for photovoltaic applications [93, 92]. The general idea is to deposit a thin layer of doped
silicon nanoparticles on a complementary doped crystalline silicon wafer and anneal the
nanoparticles layer by scanning the surface of the sample with a laser. In this way, the
opposite doping between the nanoparticles and the silicon wafer form a thin emitter layer

of a few hundred of nm thick (See Figure 5.6a).

The slight modification that is made in order to adapt the laser sintering process for
thermoelectric applications is that instead of a doped wafer, an nominally intrinsic wafer
(1000 2cm — 100000 Q2cm) is used and highly doped nanoparticles of opposite polarity are
laser sintered on both sides of the wafer creating a PIN structure as shown in Figure 5.6b.
The reason for using a PIN structure instead of a PN structure is to have a symmetric
device. Having a symmetric device is important because the electric current flows laterally,

in parallel to the PN interface, and the results are easier to interpret when the 'leg'
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Figure 5.6: Not to scale. a) Photovoltaic PN structure used as a PN-TEG. b) PIN structure
used as a PN-TEG. The symmetrical structure in b) makes the device easier
to study.

resistances match.

5.2.1 Sample Preparation: Laser Annealing

The preparation of the laser sintered PIN junctions consists of 6 main steps that are

illustrated in Figure 5.7 (more details can be found in ref. [94, 93, 92]):

1. Cleaning: The intrinsic silicon wafers are cleaned in an ultrasonic bath in Acetone,

Isopropanol, and distilled water (5 minutes each).

2. Wafer Etching: To remove the native SiOy layer. The wafers are etched for 60 min

in hexafluorosilicic acid (HFS) at ~ 90°C, and rinsed with distilled water.

3. Spin Coating: Before spin coating the doped silicon nanoparticles. The dispersion
is processed in an ultrasonic bath for ~ 30 min to dissolve the agglomerates and
further filtered in a 0.7 um screen. The dispersion is then spin coated at a rotational
speed of 2000 cycles/min for 20sec with an acceleration of 2000 cycles/minQ. The

spin coating process is done once first with a p-type dispersion.
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4. Heating: The dispersion solution is evaporated by heating the wafers at 125°C for

5min on a hot plate.

5. Nanoparticles Etching: In order to remove the native oxide layer that forms on
the nanoparticles and achieve a more homogeneous and flat layer, the samples are
once more etched in hexafluorosilicic acid as in step 2, with a reduced etching time

of 2 min.

6. Laser Assisted Annealing: The nanoparticles thin film is annealed by using a 248
nm laser (Model: ATLEX-300-SI- KrF) operating with a pulse duration of 4 — 6 ns.
The laser beam is converted to a tophat Gaussian line profile of 10 x 26 um and the
sample is scanned with a speed of 9.3 mm min~!. The optical power from the laser

anneals the nanoparticles layer and incorporates it into the wafer.

7. Steps 3-6 are repeated with an n-type dispersion on the opposite side of the wafer.

1. Cleaning 2. Wafer Etching 3. Spin Coating
@ NP So&tion
Acetone, Isopropanol, H,0 HFS
4. Heating 5. Nanoparticles Etching 6. Laser Annealing

==y

P
s

HES p-type

Figure 5.7: Not to scale. Preparation process of the laser annealed PN structures.

The process described above produces PIN structures that are used as PN-TEGs. Having

a high, degenerated nominal doping concentration of the dispersion, Ny = Np = 5 X
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Figure 5.8: One side of a laser annealed PN junction. The same type of structure is found
on the other side.

10%° ecm—3, facilitates the electrical contacting to the PN-TEGs and reduces the problems
associated with Schottky barriers. Since the wafers are bigger than the laser line, a PN
interface is formed only on a fraction of the wafer. A photograph of a sample is shown in

Figure 5.8.

5.3 Si PN Junctions from Wafers: Current Assisted

Bonding

While the realization of crystalline PN junctions from the laser annealing process is quite
successful, the very thin conductive layers result in very high internal resistance, since the
electrical current flows in a cross sectional area that is at largest 15 mm x 400 nm (shaded
area in Figure 5.9a). In order to alleviate this problem, a third type of PN junctions is
produced. The approach in the current assisted welding method is to take two doped wafers
of opposite polarity and weld them together to create a well defined bulk PN junction, with
a crystalline material, and a larger lateral cross-sectional area 15 mm x 500 ym of as shown

in the shaded area in Figure 5.9b.
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Hot wafer bonding has been successfully demonstrated with direct bandgap semiconduc-
tors, specifically for light emitting and high speed electronics [95, 96, 97]. The original idea
demonstrated by Liau and Mull consists of pressing the wafers together at elevated tem-
peratures [95]. Since the hot wafer bonding requires elevated temperatures, above 1000 °C,
diffusion of the dopants is expected and the process must be as short as possible. Nonethe-
less, this technique has been successfully applied to produce large area PN junctions for
optoelectronic applications [96, 97].

a)

40-400 nm 40-400 nm 500 pum _, 500 pm
— o e

b)

AT

laser annealed p-type wafer
p-type layer
laser annealed
n-type layer
Laser Annealed PIN Structure Wafer Welded PN Structure

Figure 5.9: a) The very thin doped layers of the laser annealed samples results in large
internal resistance. b) This problem can be alleviated by transforming the
thin film PN junction into a bulk PN junction with larger cross sectional area
(shaded).

Because the hot wafer bonding requires very large temperatures, near the melting point
of the materials, an enclosed reactor is required in general. The idea of the welding assisted
setup here described is to create a pilot prototype that is much simpler and flexible in design
and operation. The basic working principle of the welding assisted setup is to mechanically
stack two oppositely doped wafers and force a large current through them. Since the larger
resistance is expected at the junction of the two wafers, the majority of the heat dissipation

occurs there thus welding the wafers together. The construction and development of the
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setup is acknowledged to D. Albrecht in the frame of his bachelor thesis [98]. The setup is

discussed in detail in the following sections.

5.3.1 Current Assisted Welding Setup

For the following description refer to Figure 5.10a. The wafer welding setup is composed
by two steel punches that hold the wafers in place and serve as electrodes. Prior to welding,
the wafers are etched using HF'S to remove the surface oxide layer. Pressure is achieved by
tightening two plates on top of the punches with screws. Between the punches, the n-type
and p-type wafers are stacked on top of one another to form a "forward bias" configuration
with respect to the current flow. An electrical current in the range of 0 — 15 A flows
through the punches and wafers. Since most of the voltage drop is expected to occur at
the wafer-wafer interface, the majority of the electrical power is should be dissipated at the
PN interface, hence partially melting the wafers and creating a mechanical bond. However
heat might not be the only bonding mechanism, as electromigration and atomic diffusion
could be as well occurring. Temperature sensors are located 1mm away from the wafers to
provide approximate temperature readings of the wafers.

The process is automated using LabView. The system is driven by the current flowing
through the punches which is ramped up in steps of 100 mA until it reaches a value in
the rage of 10 — 20 A, depending on sample. Between each step a hold time of 10sec is
programmed. The voltage and power output, as well as the temperatures on the punches is
monitored. A sample output protocol is shown in Figure 5.10b. The temperature near the
wafers as well as the welding power parameters (currrent, voltage, power) are monitored.
The entire process takes about 20 min after which the PN-TEGs are ready.

This welding setup is intended as a prototype to explore the potential of current assisted
welding and for this reason, it has several aspects that should be further developed. For

example, the thermocouples do not provide the actual temperature of the wafers, or in
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Figure 5.10: Schematic of the home built wafer welding setup.
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particular of the PN junction. For a more controlled process it would be important to
know the temperature of the junction. Also, the pressure on the punches is adjusted
merely by hand, and it would be desirable to have a controlled pressure system. However,
this technique proves successful in welding wafers that ultimately respond as diodes and
can be used as TEGs. A PN junction produced by the wafer welding setup is shown in
Figure 5.11.

Figure 5.11: PN junction prepared by the current assisted welding method. The two wafers
can be distinguished in the lower left corner where they are slightly misaligned.

5.3.2 Electrical Contacts

After the wafers have been welded, electrical contacts are deposited. The wafers used
for the production of the PN junctions are highly doped Ny = Np = 10 cm™ or non
degenerated Ny = Np = 10" cm™3. Aluminum contacts are deposited using chemical
vapor deposition with a nominal thickness of 300 nm and thermally annealed at 450 °C for
5sec with a heating ramp of 45 °C/sec based on ref. [99].

To verify the annealing process of the electrical contacts on the non-degenerated samples,

contacts are deposited on the surface of the wafers as shown in Figure 5.12a and the IV
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characteristic measured using a 2-point measurement with a Keithley 4200 prior to the
annealing step. After the annealing step the IV characteristic is measured again.

Here the analysis is separated between n-type and p-type. In Figure 5.12b it can be
seen that the n-type wafers do not show a considerable improvement from the annealing
step. However in Figure 5.12c¢ it can be seen that the p-type wafer shows a tremendous
improvement in conductance of 3 orders of magnitude. After the annealing step, both types
of wafers are brought to the same conductance range which makes sense since both types of
wafers have the same nominal doping concentration. Here it is important to recall that the
recipe used for the annealing step was made for n-type wafers, but from our experiments
there was no improvement for the n-type wafers, instead the improvement was seen for the
p-type wafers.

The annealing step does not improve the conductance of the highly doped samples (not
shown). It is shown in ref. [98] that more important than tempering the highly doped
samples, it is to etch the surface oxide layer. After etching the samples, the contacts are
evaporated and good Ohmic contacts are formed bringing the conductance of the samples
to the same range. This is shown in Figure 5.13. Note that the conductance levels of
the highly doped samples is much larger than the non-degenerated samples and that the
conductance of the n-type wafer is larger than the p-type wafer since electrons have a

higher mobility than holes in silicon.

5.4 Summary of Sample Preparation

The main goal is to produce large area, highly doped PN junctions. In this work we employ
three methods to produce the PN junctions that are operated as PN-TEGs. All three
methods are proven to be successful to fabricate the PN junctions. However, each process

produces different types of PN junctions, each with different electrical and thermoelectrical
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Figure 5.12: a) Schematic showing the deposited contacts and measurement. b) IV charac-
teristics show no improvement of annealing the n-type wafers. ¢) IV charac-
teristics show that the conductance can be improved by 3 orders of magnitude
on p-type samples by annealing.
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Figure 5.13: IV response of the samples after etching and deposition of the contacts with
no thermal treatment.

properties, this is schematically drawn in Figure 5.14.

The general motivation to produce different types of PN junctions is that while nanocrys-
talline PN junctions are better thermoelectrics, they are less ideal diodes electronically
speaking and that makes the interpretation of some of the results more difficult. Therefore
the motivation to produce more crystalline samples that have poor thermoelectric char-
acteristics but are better defined structurally and electronically, and this facilitates the
understanding of some underlying phenonomena in the general operation of the PN-TEGs.

The discussion of the results will concentrate on the nanostructured PN junctions pre-
pared by the current assisted sintering method because this type of PN junction shows the
most promising results as a thermoelectric generator. It will be shown in future chapters
that nanostructured PN junction TEGs can perform in the same output power range as a
conventional device while the other two types of generators perform poorly from the ther-

moelectric standpoint but help in the fundamental understanding of the electrodynamics.
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Figure 5.14: Relationship between highly ideal diodes and thermoelectric performance.
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6 Metrology and Characterization

Start by doing what’s necessary; then
do what is possible; and suddenly

you are doing the impossible.

Fracis of Assisi
The metrology and characterization of the PN-TEGs is a challenging topic for two main
reasons: There is very little experimental work done of these type of devices, that means
that the instrumentation has to be designed and developed for the purpose of characterizing
the PN-TEGs in high temperature environments. A secondary aspect that is challenging is
that a PN-TEG is not clearly defined within the theoretical frame of thermoelectrics as it
was shown in Chapter 4 where the fundamental theory of the PN-TEG was introduced. If
it is unclear how to define the some of the working parameters of a PN-TEG, the question
of what quantity should be measured? also becomes poorly defined in the case of some
parameters, not all.
Some of the characterization will naturally employ standard methods such as an Scan-
ning Electron Microscope (SEM). The metrology and characterization of the PN-TEGs is

divided into three main categories and every category will seek to answer specific questions:

e Structural Characterization: The use of commercial equipment such as a Scan-
ning Electron Microscope (SEM) and in-house developed methods like the Optically
Beam Induced Voltage (OBIV) technique.
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How are the two materials joined together at the microscale?

e Electronic Characterization: Development of necessary hardware to use standard

techniques to characterize the pure electronic properties of the PN-TEGs.
What is the ideality factor of the PN-TEGs (diodes)?

What is the effective bandgap of the PN-TEGs?

e Thermoelectric Characterization: Development of metrology and techniques to

characterize the PN-TEGs when operated in high temperature conditions.

What is the power output, the device Seebeck coefficient and internal resistance

of the PN-TEGs?

In a sense, the characterization follows a bottom-up approach as well. First the struc-
ture of the samples is examined, to gain a firs degree inspection of the device. This is
followed by the electronic characterization which provides deeper understanding of the PN
junction in particular. And finally, the PN-TEG is tested in operating conditions and the

thermoelectric response is obtained.

6.1 Structural Characterization

The structural characterization is made by using a commercial SEM (Model: JSM-7500F
from the company Jeol), and by a home-made optical induced voltage technique. The
OBIV technique is one of a family of measurements that fall under the scanning light
stimulation measurements. In this family of measurements a monochromatic light beam
(typically a laser) scans the surface of the sample and the a change in the electronic response
is monitored. In this way it is possible to measure an optically induced resistivity change,

or Seebeck effect imaging [100, 101, 102].
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For the characterization of the PN-TEGs a monochromatic light source with A = 532nm
or A = 808nm scans the surface of the PN-TEG and the optically induced voltage is
measured at every coordinate in a 2-dimensional space (here A refers to wavelength). The
measurements are acknowledged to L. Bitzer and the technique is described more in detail

in ref. [100].

If the energy of the incident light on the semiconductor surface is larger than the bandgap
of the semiconductor, light is absorbed and electron hole pairs (EHP) are generated. The
generated EHPs might recombine non radiatively leading to the emission of phonons (local
heating), or if the EHPs are generated near a space charge region, there is a probability
that the EHPs are separated and become majority charge carriers leading to an optically
induced voltage. In the wafer welded samples the PN junction is "buried" under the p-
type wafer, hence, the longer wavelength is applied on the wafer welded samples since the
absorption coefficient is significantly reduced in the infrared range and this allows longer
penetration depths to be achieved and generate EHPs near the space charge region [103].

See Figure 6.1 for reference.

In an optically induced voltage measurement then, the voltage can arise due to a ther-
moelectric effect (local heating) or due to a photovoltaic effect. In our case the injected
optical power is too low to produce non-negligible temperature gradients. If the optically
induced voltage is due to the photovoltaic effect, it is possible to gain great insight on the
electronic/spatial nature of the PN junction. In other words, it is possible to "see" the PN

junction in the spatial domain.

The nanostructured PN-TEG is scanned in a plane perpendicular to the PN interface
while the wafer welded PN-TEG is scanned in a plane parallel to the PN interface, as
shown schematically in Figure 6.1. The third type of PN-TEGs, the laser annealed samples
have been previously measured with this technique [92]. The output from a measurement

is a 2-dimensional plot of the optically induced voltage at every coordinate. An OBIV
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Figure 6.1: Schematic of the OBIV Measurements and the different parameters used.

measurement is valuable because it provides information on the electronic and structural

nature of the PN junctions as it is shown in the results section.

6.2 Electronic Characterization of the PN Junctions

In the bottom-up characterization idea, after having learned something about how the PN-
TEGs look like, we proceed to study the electronic response of the PN-TEGs when a voltage
is applied. This is a very important step preceding the thermoelectric characterization,
because in the thermoelectric characterization a AV and a AT are both present, whereas

in the electrical characterization only a AV is present.

6.2.1 Equivalent Circuit and Extracted Parameters

The most important characterization data of the PN-TEGs is the Current-Voltage char-
acteristic, or IV scan which can be done under AT = 0 or AT > 0. This section thermal
equilibrium is assumed. The characteristic parameters obtained in thermal equilibrium
widely predict the performance under a temperature gradient while shedding light into the

composition of the PN-TEGs.
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The proposed model is shown in Figure 6.2 and is very similar to the basic model used
in photovoltaics; a diode in parallel with a shunt resistance and a non-linear space charge
limited current (SCL) resistor (the reason for the introduction of this non-linear element
comes in the Results chapter). In series to that, is a series resistance. All resistances are
assumed to be linear unless otherwise noted. Here is important to note that this electrical

model applies to thermal equilibrium conditions.

I I R,
tot D N —
- A L
Jr () Ish &
|
- Iscr ,IE
- | —

Figure 6.2: Equivalent Circuit of the PN-TEGs.

The goal then is to extract the values of the resistances Rg,, Rscr, Rs, and in doing
this, access to an approximation of the ideality factor is gained. While the characteristic
parameters just mentioned are obtained in a thermal equilibrium, they still hold most of
their meaning when a temperature gradient is applied, only some minor considerations
need to be made. The process to extract the desired parameters is done by calculation of
the current flowing through each element, namely I, Is, IscL, Ip, as shown in equivalent

circuit in Figure 7.7.

6.2.2 Effective Bandgap

Theory
An electro-thermal method is used to investigate the bandgap of the PN junctions as

opposed to photospectrometry. The advantage of using an electro-thermal method is the
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simplicity of the experiment. In this method, the temperature of the sample is varied
and the IV response is observed. In a widely used method the reverse bias current I is
measured at a fixed reverse bias for different temperatures and then plotted in a logarithmic

scale against 1/7, where the slope of the plot is a factor of the bandgap [76, 104].

In our case however, instead of taking the reverse bias current and plotting it against
1/T, the slope of the IV scan around 0V, or the internal resistance is taken and plotted
against temperature. This is not exactly the same as taking the reverse bias current,
because in taking the resistance around zero bias, the diode is lumped with the shunt and
SCL resistances. Therefore the term "effective” bandgap, because it is more important to
know the effective bandgap of the PN-TEG as a device, than it would be to separate the

currents (Ip, g, Iscr), and determine the bandgap with respect to Ip only.

As explained in section 4.2.5, the temperature dependence of the internal resistance of
the PN-TEG can be linearized because the open circuit voltage is in the order of mV and

expressed as the ratio of the output circuit voltage and the short circuit current
(6.1)

If we recall that the open circuit voltage V. is given by the factor of the temperature
difference and the sum of the Seebeck coefficients, and the short circuit current is dominated

by the reverse diode current I then the internal resistance can be written as

B (ap + an) AT
R(Tog) = A( 4Dy 4D )TZ'Q(T) + A%ni(T) (6.2)

Ly Np LeNa 1

In equation 6.2 we recognize that the terms in the denominator have the strongest depen-

dency on the temperature by means of n;(7"). Therefore, the temperature response of the
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internal resistance can be expected in the following form:

R(Thy)  exp ( 5&) (6.3)

where 1 < ¢ < 2. Here £ is not to be confused with the ideality factor np; it refers
to whether the current is dominated by n;(T) or n?(T) . This means that the effective
bandgap can be extracted from the slope of R(T,y,) as shown in equation (6.3) and this
value can have a factor of 2 in the uncertainty. The uncertainty in measuring the effective

bandgap is high, however useful to gain an idea of the order of magnigute.

Here it is important to recall that electrical characterizations can be done in thermal
equilibrium or under a temperature difference. For this reason , a distinction is made
between the thermal equilibrium bandgap Ey|,,_, and the temperature gradient bandgap
Eg|ar 407 however the process from the electrical point of view is the same in both condi-

tions.
Procedure

There area two ways to heat up the sample. In the first method the PN-TEGs are heated
up homogeneously using the furnace described in Section 6.3.1. In the second method the
PN-TEGs are heated by increasing the temperature difference across the boundaries of the

sample using the Monkey Setup described in section 6.3.2.

In any case the process from the electrical point of view is the same; the slope of the
IV curve is taken in the voltage range of —100mV < V < 0mV as shown in Figure 6.3.
The inverse of the slope is the value of R, and this value is plotted against the inverse
of the temperature, and from the slope of this plot access to the equivalent bandgap Fj, is
extracted. Recalling that 1 < & < 2 means that the extracted bandgap has an uncertainty

factor of 2. The interpretation of the results is presented in the Results chapter.
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Figure 6.3: a) IV scan at increasing temperatures shows the extraction of R;,;. b) Plot of
Rini vs 1/T and the extraction of the equivalent bandgap.

6.3 Thermoelectric Characterization of the TEGs

For the homogeneous heating of the samples the Harman setup will be used. In this
setup, homogeneous heating is accomplished by radiating infrared light sources arranged
in a confocal configuration. This setup serves a dual purpose; it is used to measure the
temperature dependent conductance of the PN-TEGs and it is also used to measure the
thermoelectric figure of merit of conventional TEGs.

For the temperature gradient based measurements, the monkey setup is employed. In
this setup a temperature gradient is accomplished by heat conduction through a Ohmic
heater on one end of the sample, while the other end is cooled down by a water cooled
heat sink. This setup is exclusively designed for PN-TEGs. Both systems were designed

and built in the framework of this thesis.

6.3.1 The Harman Setup

As already mentioned this setup is designed to measure the device figure of merit on
conventional TEGs, and with minimal hardware modification it can be used to perform

temperature dependent conductance measurements on the PN-TEGs. Firstly the hardware
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is described. Measuring the device ZT' is important because it allows us to compare a
silicon conventional TEG to a silicon PN-TEG. Measuring the temperature dependent
conductance of the PN-TEGs is important to gain understanding on the diffusion barrier

height.
Hardware: The Furnace

An overview of the hardware is shown in Figure 6.4a; a glass tube serves as a vacuum
chamber at a pressure of approximately 10~® mBar. The reflector is made of 6 infrared
lamps arranged in a confocal configuration as shown in Figure 6.4b so that the light is
concentrated at the position of the sample holder. The reflector is cooled down with
water flowing through it. Since gold is known to have superior reflecting properties in the
infrared range of the spectrum, the reflector is covered with a thin layer of gold. Although
the vacuum chamber can be heated to over 1000°C, the presented measurements will not
exceed 700°C, and in this range the chamber can be controlled through a proportional
integral differential (PID) controller and a power supply to £+ 0.05°C.

In the case of Harman measurements, the TEGs are mounted on four steel tabs which
are cut hollow to reduce thermal contacts (Figure 6.4c) and then enclosed in a steel heat
shield that adds thermal inertia and aids to a more homogeneous heating of the TEG (Fig-
ure 6.4d). This heat shield proves to be of crucial need because even in such a quasi-static
temperature inside the chamber, the PID control loop dynamically adjusts the output and
without the heat shield, this modulation in heating power creates temperature inhomo-
geneities in the TEG which are reflected in the IV curves. A thermocouple is present
inside the heat shield to provide reading of the TEG’s temperature while the PID loop is

fed with the external thermocouple (Figure 6.4c).

For the conductivity measurements the only thing that needs to be modified in the
hardware is the sample holder; the holder shown in Figure 6.4c is replaced with the one

described in section 6.3.3.
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Figure 6.4: Oven construction schematic. a) overview, b) cross-sectional view of the reflec-
tor, ¢) sample holder, d) heat shield. From [105].
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The Harman Technique: Measuring Z7' on conventional TEGs

The Harman technique is used to measure the device figure of merit Z7T'. This technique
is very valuable because it makes it possible to measure Z7T' in terms of two voltages and
furthermore the quantity ZT accounts for the parasitic effects in the device whereas the
material figure of merit 27 is a material property. Harman realized that when a steady
state current I, is applied to a thermoelectric material, and given that adiabatic conditions
exist, the heat transported by the Peltier effect is equal and opposite to the heat transported

by the open circuit thermal conductivity [106]
Oé[dCT = EJATP(A/L) (64)

where AT, is the temperature difference developed by the Peltier effect, A the cross sec-
tional area perpendicular to the current density and L the length along the current density.
Under these conditions the temperature difference AT, gives rise to an additional Seebeck
voltage that couples to the Ohmic voltage and the total voltage drop across the specimen

can be written as

Viot = lacp(L/A) + aAT, (6.5)

And after equations (6.4) and (6.5) are combined, the material figure of merit can be

written as:
CVAT’p o VSeebeck

2T = =
[dcp(L/A) VOhmic

(6.6)

But equation (6.6) is valid for a single thermoelectric leg. When more legs are incorporated
into a conventional generator, the heat fluxes from each leg can be superimposed leading
to a device figure of merit

7T — aTEGATp o VSeebeck

= 6.7
[dCRTEG VOhmic ( )

where argg is the effective Seebeck coefficient of the TEG and can be approximated as
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the sum of the Seebeck coefficients of the unipolar materials

The key to Harman setup is to determine Vopmic and Vseebeck- This in principle is easy,
but technologically can be challenging. In Figure 6.5 the transient voltage response of
a commercial TEG shows the quantities of interest. A time domain technique like the
one shown would resolve the quantities immediately however, sampling speed becomes a
problem is very high precision is desired because precision is greatly sacrificed for high

sampling rates [107].

V,
25.0m + tot -
20.0m + -
L VSeebeck= OLTEGATp
S 15.0m -
qJ L
o
S 10.0m - -
o —
= I Ohmic RTEGIdc |
50m ¢t .
0o r 1] Idc= 5mA 1
' |< 30 sec i
Time

Figure 6.5: Transient voltage response of a TEG. A DC current pulse is applied for 30
seconds.

For this reason we implemented a four-wire AC/DC Harman technique in which the
steady state voltage Vi is measured in the time domain, Iy, is known and Rrgq is carefully
measured using an AC signal at 10 kHz. When and AC signal with high enough frequency
is applied to the TEG, Peltier effects do not have enough time to develop a temperature
gradient and so only the Ohmic voltage Vonmic is observed. With Vopnic and Vi known,

Vseebeck Can be easily calculated and ZT is measured for different temperatures. More
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details about the setup can be found in [105].

Harman Technique: Procedure

In Figure 6.6 the systems diagram shows the integration and the models of the in-
strumentation that was used. The vacuum chamber is first evacuated to an approximate
pressure of 10~ mBar. After the evacuation the heating process is be started, the heat-
ing rate is 10°C/min. The power source is modulated by the temperature controller to
deliver electrical power to the lamps. After the chamber temperature has been within
0.5°C of the target setpoint for 30 min , the electrical measurements are allowed to start.
A thermocouple T'C1 inside the vacuum chamber provides temperature reading for the
temperature controller, while an internal thermocouple T'C2; a thermocouple inside the
heat shield provides the temperature of the TEG. For the models of the instrumentation

used, see Figure 6.6.

HARMAN SETUP SYSTEMS DIAGRAM

CommunNication w3
Measurement 3
Control —_—

GPIB

TEG
l,=0-100mA [}

Heat Shield

Vacuum Tube

CH2

CH1

Figure 6.6: System Schematic of the Harman Setup.

The Harman setup was validated by measuring a commercial Bi;Tes based TEG and
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comparing the results with a Harman system developed by the Fraunhofer Institute of Phys-
ical Measurements in Freiburg, Germany where a similar furnace but a different electrical
approach was used. The results show an excellent agreement with a maximum difference
in the measured ZT of 4.3% [105]. A. Becker is acknowledged for the early design stages
of the setup.

Homogeneous temperature on PN-TEGs

The Harman technique is used exclusively with conventional TEGs. However the same
furnace can be used to perform temperature dependent measurements on the PN-TEGs
by replacing sample holder used in the Harman technique (Figure 6.4b) with the sample

holder that was described in Figure 6.9.

6.3.2 The Monkey Setup

It has been noted by some authors that while the thermoelectric figure of merit is a valu-
able quantity (typically measured with small ATs), in order to properly characterize a
thermoelectric material, or a device, a large temperature gradient should be used because
these are the desired operation conditions [59, 60, 61, 108, 109]. For this reason the Monkey
setup simulates real operating conditions with AT's in the order of hundreds of °C.

This section describes the hardware integration of the setup and the following sections
deal with the data analysis. In this setup the PN-TEGs are mounted in a water cooled
heat sink as depicted in Figure 6.7. Here is important to note that the electrical contacts
are made exclusively at the cold side. At the opposite end of the PN-TEG a silicon
nitride resistor is pressed against the PN-TEG as a heat source. The hot and cold side
temperatures are measured by two c-type thermocouples positioned as shown in Figure 6.7.
The entire system is enclosed in a vacuum chamber that can be evacuated to a pressure
of approximately 10~'mBar. Care was taken to keep the power lines away from the

measurement lines. Since thermocouples measure a relative change in temperature, the
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reference temperature is measured with a thermistor PT100.

<— AT a)

ater Cooled Steel
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Thermocouples
11.9mm

>

Figure 6.7: a) Schematic of the sample holder. b) Actual setup.

- s

Although the heater can reach temperatures over 1000°C, the experiments remain under
800°C on the hot side because the heat sink reaches a heat saturation level and the sample
holder has to remain below 300°C. Power is delivered to the heater using a EA-PS8360
power source from EA Elektro Automatik with typical power values between 10 — 150 W.
After a given power setpoint is established, a stabilization time between 4 — 6 min allows
the system to reach steady state condition after which the electrical measurement (IV scan)
is performed. It should be mentioned that neither temperatures (hot side or cold side) are
controlled, a steady state power out is sent to the heater and this develops the temperature
fields.

The reason for controlling the heating power and not the temperatures is simplicity; at
this stage of the research it is more important to build a metrology setup that can test
the PN-TEGs in large temperature gradients because this has not been done before than
it is to control the hot and cold side temperatures. A reason to have precise control of the
temperatures would be have more insight into the Seebeck coefficient, but as it has been
noted, the PN-TEG is a device, and the meaning of a Seebeck coefficient in a device in
large temperature gradients, losses clarity as discussed in the next sections.

The error in the electrical measurements is discussed in section 6.3.3, while the error in
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the temperature measurements corresponds to one standard deviation of 10 consecutive
temperature readings. A screenshot of the LabView interface is shown in Figure 6.8.

Normally a heating and cooling cycle is done to detect hysteresis in the measurements.
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Figure 6.8: Screenshot of the LabVIEW interface. The red circles point to the most im-
portant parameters.

6.3.3 Electrical Measurements: Hardware

All the IV scans in this work have been done using a Source Measure Unit (SMU) in a
four-wire configuration to eliminate wire resistances. The data presented throughout this
work was collected using a Keithley 2616A source meter. Only when explicitly noted the

data was collected using a Keithley 4200-SCS semiconductor characterization system. In
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both cases the IV scans are automated using a LabView interface.
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Figure 6.9: Schematic showing how the electrical contacts are done.

To measure the IV curves the samples are mounted in an apparatus depicted in Fig-
ure 6.9, which is a subsystem of a bigger setup, but for now the discussion is focused to the
electrical measurement only. The electrodes are designed to deliver a 4-wire measurement
all the way to the sample eliminating the wire resistance. A big electrode sources the cur-
rent, while a much smaller electrode senses the voltage on the surface of the sample. Two
steel plates or jaws close upon the PN junction holding it in place and making electrical
contact, the pressure is adjusted by hand with two screws that hold the jaws together.

Error Analysis and Uncertainty

To alleviate the random error in the measurement of the temperature, 10 consecutive
temperature readings are averaged. The standard deviation is typically much smaller than
the mean and for this reason error bars are not plotted in the graphs. Of course there are
systematic errors that arise from the position of the thermocouples. For example the hot
side temperature is underestimated because the hot side thermocouple is located as close
as possible to the heat source, without risking that the thermocouple could accidentally
get in touch with the heat source. Another source of error here comes from the the spatial
position of the thermocouples, at this is is done manually.

The electrical measurement is believed to me more robust because the parameters are
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extracted from a linear fit of the IV scan on a four wire configuration. A least square
method is used to perform a best linear fit to the current / in Labview by minimizing the
residue € according to the following equation:
1Y 2
€= N Z (Iﬁt,i - ]meas,i) (68)

=1

where N is the number of IV elements, g ; the i'" element of the best linear fit and Ineas.i

is the measured value of the i*" element.

From the linear fit a slope G,y = Ri;:; is obtained as well as the short circuit current
L. and the open circuit voltage V,.. Since the residue € is the weighted uncertainty of the
fit, it can be used to visualize the extrema points of the fit and minimum and maximum

slopes as sketched in Figure 6.10.

L

Rint,max

—V [V]

Figure 6.10: Sketch showing the important parameters in the error analysis. The shaded
area represents the uncertainty in the measurement.

From the minimum and maximum slopes, the error in the resistance measurement is then

defined as an average of the difference between the fit and the minimum and maximum
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values

|Rint - Rint,min' + |Rint - Rint,max‘
Rint,error = 9

(6.9)

The minimum and maximum resistance values are obtained by visual inspection of the IV

plot as shown in Figure 6.10;

‘/oc - AV’
int,min = 1
Rin, T (6.10)
and
Voe + AV’
Ritmax = ———— 6.11
t, |[SC + €| ( )

the only term missing in equations (6.10) (6.11) is AV’ but this can be extracted from

further inspection in Figure 6.10 (see blue lines), combined with the following relation:

AV’
R = 7‘/ = AV = Rt (612)

€

Finally combining equations (6.9) to (6.12), the error in the internal resistance measure-

ment Ringermor can be calculated from the parameters that are extracted from the linear

fit
1

1 ‘/oc - 6Rint -
2

o ‘/oc + 6Rint
Rint,error - 5 Rint - Ji
2 ‘ sc — E|

’[sc +€‘

‘Rint - (6.13)

The calculated error is typically in the order of hundreds of nf), and for this reason some-
times it is not useful to plot the error bars since their order of magnitude is much smalled
compared to the absolute values. Note that in Figure 6.10 I,. < 0, that is because in this
example the PN junction is subject to a AT. In thermal equilibrium I,. &~ 0 but this makes

no mathematical difference in the derivation.
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6.3.4 Electrical Conductivity-Conductance

The total internal resistance of a PN-TEG is measured as explained in section 6.3.3, but
in this section more focus is given to the interpretation of these measurements. In order to
compare the PN-TEG architecture to other thermoelectric materials, it would be desired
to have a value for the electrical conductivity. This would make it possible to compare the

PN-TEGs with other materials using the thermoelectric figure of merit.

However, the extraction of a conductivity becomes elusive due to the two dimensional
nature of the current density. To clarify this, the concept of electrical resistance is revisited

in its vector definition as the ratio of the voltage and the current

E - dl
R:ﬂQEdS (6.14)

If the electric field is assumed to be constant (E = Fa,) as sketched in Figure 6.11a, the
solution to equation (6.14) provides a relationship between, R, ¢ and the geometry of the
specimen, given that the specimen is rectangular or cylindrical, in the well known equation

1L

R_EA

(6.15)

It is from equation 6.15 that it is possible to calculate the electrical conductivity from a
macroscopic resistance given that the electric field acts homogeneously and the geometry
is known. This is the typical measurement of electrical conductivity in bulk thermoelectric

materials.

However in the case of a PN-TEG, the electric field is not homogeneous; it changes in
magnitude and direction as shown in section 4.2.2 and independently developed in ref. [73].
A sketch in Figure 6.11b shows the current paths within the PN-TEG. In such a device,

how could equation (6.14) be applied? if one took equation (6.15) as an approximation,
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Figure 6.11: a) Geometry of a homogeneous resistor used to solve equation (6.14). b) Inho-
mogeneous electrical field in a PN-TEG make it difficult to find an analytical
value of R.

which values should be taken for L and A? This means that there is no easy analytical
solution to equation (6.14), and so extracting the electrical conductivity of a PN-TEG does
not seem possible in a traditional way. Numerical simulations would be needed.

The best approach to compare a PN-TEG with another thermoelectric material or device
is to look at the resistance values as opposed to the resistivity values. Therefore for a PN-
TEG the internal resistance will be a very important parameter. A final comment is that if
the heat flux could be accurately measured, a value for the efficiency of the thermal-electric
conversion could be calculated and this would be of tremendous value. However, at the
moment, the are unresolved challenges to measure the heat influx in a relatively small

sample at such high temperatures where radiation transport cannot be neglected.

6.3.5 Device "Seebeck' Coefficient

Theoretical Method

The apparent simple definition of the Seebeck coefficient as the ratio of Seebeck volt-
age and the temperature difference does not translate to trivial measurements. On the
contrary, the apparent simplicity has lead to non ideal practices and has complicated the

interlaboratory verification of reported values of 27" [110, 111].
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Numerous different setups have been developed to measure the Seebeck coefficient through-
out the years [112, 113, 114, 115, 116, 117]. For this reason it emphasized that even though
in this work a coefficient with the units of V/ K is extracted from the measurements, strictly
speaking it is not the same as the Seebeck coefficient. Although this coefficient is largely
based on the Seebeck coefficient, in the sense that it carries the same information and
the measurements of a PN-TEG equivalent Seebeck coefficient are largely based on the
measurements of the traditional Seebeck coefficient, and they will be compared with some

reservations.

There are two main methods to measure the Seebeck coefficient; the integral (large AT)
and the differential (small AT). The derivation of the Seebeck coefficient for a monopolar
material in section 2.3 was done assuming near equilibrium conditions (small AT'). In this
case the Seebeck coefficient can be obtained by the ratio of the Seebeck voltage V; and the

applied temperature difference:
N
AT

a (6.16)

this is known as the differential method. In this method, the specimen is brought to an
average temperature, and a small temperature gradient is produced, typically of a few °C.

In this way the Seebeck coefficient is measured for different temperatures.

If large non equilibrium conditions are present (large AT') the linearity assumption in
equation (6.16) cannot longer be assumed and an integral over the temperature would be

required to know Vj

T
Vi(Te, Th) = / " o(T)dT (6.17)
If the derivative with respect to T}, is taken, equation 6.17 can be rewritten as [110]

d‘/s(TC) Th)

o(Th) = T

(6.18)
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This is known as the integral method. In this method, the cold side temperature is held
constant while the hot side temperature is increased to create large ATs. A continuous
representation of the data is obtained by a data fit and at the temperature of interest, the
derivative of the function yields the Seebeck coefficient. A graphical representation of both

methods is shown in Figure 6.12. Each method has its advantages and disadvantages and

Integral Differential

(large AT) (small A7)
Vi e AVINN q=AV/AT .~
7 dv/dT -
- a =
- : //./
' @
| P
|
Teow Thor rec AT [°C]

Figure 6.12: Illustrations of the integral and differential methods. Adapted from [110].

in general, the differential method is more widely used because of the technical ease of a
small AT. However, our setup as already mentioned, applies a large temperature gradient
but the temperature cold side temperature is not fixed; therefore it is not possible to apply
the integral method in its strict definition.

To measure the device Seebeck coefficient equivalent, a mixture of the two methods is
used; a large temperature difference will be applied as in the integral method. Yet, the open
circuit voltage V. is divided by AT as done in the differential method and the PN-TEG

equivalent Seebeck coefficient is then

Voe(Te, Ti
et (Th, Tc) = (ATh) (6.19)

Here is important to recall that a.g is not a material property, but a device property.

And it combines contribution of the p-type material o, the contributions of the n-type
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material «,, and the internal losses due to the current vortices. For this reason, it is
expected that a.s < oy + a,, for a given temperature. It is understood that measuring
Qe in large temperature gradients introduces some questions since AT is in the same

order of magnitude as T,,., the latter becomes largely a function of the end temperatures.

Vg
Another aspect is that large AT's might produce gradients in carrier concentrations that

can contribute to V. [118].

Practical Method

A top view schematic is shown in Figure 6.13. Care was taken to keep the power lines
away from the signal lines. The thermocouples are C-type and note that there is a small
gap between the thermocouple and the hottest and coldest points. This is a source of
error because AT is underestimated. The thermocouples are positioned by hand and this
is a source of systematic error however the random error from the temperature reading is

mitigated by taking 10 temperature readings every time.

Ceramic Insulator

Copper/Thermocouple and Thermocouple

Interconnect

Voltmeter

Keithley
2010

]

' Power Supply
PT-IOO/
Absolute T EA-PS
PN-TEG 8360-302U
Water Cooled
Heat Sink

Vacuum

Figure 6.13: Top view schematic of the monkey setup. Thermocouple wires are black, while
copper wires are redish-orange.
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Figure 6.14a shows the standard deviation of the 10 temperature measurements divided
by the actual temperature measurement for the cold side and hot side thermocouples
thus showing effective in reducing the random error. Systematic sources of error in the
measurement of the temperature comes from the positioning of the thermocouples, since
this is done by hand.

So far the discussion has ignored any thermoelectric contributions coming from the
copper wires at the interconnect. Temperature logs indicate that the temperature difference
between the cooling block and the ambient is less than 4°C. That means that the copper
wires will give rise to a maximum thermoelectric voltage of 7.36 4V using a., (T = 27°C) =
1.84 uV/K which translates to a temperature error of less than 0.5°C!. For this reason it

seems reasonable to neglect the thermoelectric effect from the copper wires.
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Figure 6.14: a) Standard deviation of the temperature measurements divided by the aver-
age temperature. b) Repeated measurements with 5% error bars to guide the
eye.

While the random error in the temperature measurements can be significantly mitigated,
more subject to uncertainty is the measurement of the Seebeck voltage. Figure 6.14b shows
three sequential measurements with 5% error bars for reference, in this experiment the

sample was not removed from the holder. This provides an idea of the random error in the

AV =134V = AT = 1°C for the C-type thermocouple.
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Seebeck voltage. Systematic errors in the Seebeck voltage come from the manual mounting

of the PN-TEG such as the electrical and thermal contact pressure.

6.3.6 Power Output

The power output is perhaps the most important quantity extracted from a PN-TEG. It
is calculated from R;,; and a.g that is the motivation to carefully measure and remain
conscious of the uncertainty sources of the two quantities. Similar to what is done in
photovoltaics, the power output is obtained from the IV scan in the fourth quadrant. Here
we take advantage of the the linear IV relation in this domain. It is true that the PN-TEG
exhibits a non-linear IV characteristic, but V,. is small enough that the IV characteristic

appears linear.

Given that there is a linear IV characteristic the current can be described as
I =1.+ GV (6.20)

Equation (6.20) can be multiplied by V' to turn it into a power, and differentiated to find
the maximum power output. This occurs at halfway from V. and I, and defines the

maximum power output that will be broadly used throughout this work:

1 1
PmaX: *‘/oc*]sc 6.21
2 (621

This is illustrated in Figure 6.15a. If the PN-TEG is low performing, the complete IV
curve can be obtained. That means that V,. and I, can be explicitly measured. However,
when the PN-TEG is a high performance one, only V,. can be measured and I,. has
to be extrapolated because the SMU is not able to sink more than 1A (which is a large

current for a high precision SMU). This shown in Figure 6.15b, the solid lines represent the
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measurement and the dashed lines represent the extrapolation. Note the different scales
in current between figure a and b. An algorithm scans the appropriate voltage domain
protecting the sinking current in the SMU from reaching a saturation level. A value of

P.x is extracted for every AT.
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Figure 6.15: a) Graphical representation of equations (6.21) and (6.21) for AT = 141°C. b)
When a high performance PN-TEG is measured an extrapolation is necessary
because of the high output currents.
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7 Results and Discussion

Man is born free and everywhere he

is in chains.

Jean-Jacques Rousseau

7.1 Structural Characteristics

In the following subsections we seek to shed light to the structural composition of the PN
junction itself. A profound study can be made on the structural analysis of the samples, but
since the focus of this topic is at the device layer, the structural characteristics are limited to

two main methods; SEM microscopy and an optical beam induced voltage measurements.

7.1.1 Current Assisted Sintering PN-TEGs

The first insight to the structure that was formed during the current assisted sintering
process can be obtained by means of a local measurement of the Seebeck coefficient [119].
Previous investigations on current assisted sintering PN junctions using a Seebeck micro-
probe that measures the local Seebeck coefficient have shown that after the densification
process, a p-type doped domain and a n-type domain are present [89, 91]. Moreover it
is suggested in ref. [91] that the PN interface has a linearly graded transition from p-

type to n-type. This is in line when one considers that during the sintering process, semi
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molten materials partially diffuse. Understanding that the preparation process is not well

controlled, a rather inhomogeneous and poorly defined PN junction would be expected.

This is confirmed by SEM images and OBIV measurements. A small piece of a PN-TEG
was etched to remove surface oxidation prior to imaging in the SEM. In Figure 7.1a a cross
sectional image of a PN interface is shown. The boron doped domain can be identified in
the top half because of the more granular nature of the nanostructured. The phosphorous
doped domain is on the bottom. A transition from dopant type can be seen although not
abrupt, this is labeled as "junction" and can be seen in the middle, and from this SEM image
it is possible to envision that the dopants are not contained in a step function distribution.
Figure 7.1b show a higher resolution SEM image where again the junction appears to
be gradual and it also can be seen in the bottom half the nanocrystalline structure that

reduces the lattice thermal conductivity.

An OBIV measurement done on a different fragment of a sample shows a very inhomoge-
neous voltage output in Figure 7.1c. The first question that arises from this measurement
is whether the voltage is photo-induced or thermally-induced. A photo-induced voltage
would mean that electron-holes were created and separated. A thermally-induced voltage
would mean that the light beam was absorbed in the form of electron-hole pairs, but non-
radiative recombination leads to a local heating and heating of the junction creates the

effect of a thermocouple.

There are a couple of arguments to claim that the observed voltage is optically induced.
Along the interface we interpret the high peaks in the voltages in Figure 7.1c as local
domains where diode structures have been formed and electron-hole pairs can be generated
and separated by the photovoltaic effect. In those regions with low voltage readings, poor
diode structures have been formed that effectively act like shunt resistances and space

charge limited current elements as discussed earlier.

It is possible to make the hypothesis that if the observed effect is thermally induced, the
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Figure 7.1: a-b) SEM images of a nanostructured PN junction. ¢) OBIV measurement on
a nanostructured PN junction.
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voltage peaks would be expected to have the same height due to the diffusive nature of
heat, and a larger voltage would be induced in the rest of of the body where no significant

voltage is measured in our samples.

To test this hypothesis the sample measured in 7.1c, is covered with a 500 pm thick glass
substrate which is covered on one side with an optical absorbing graphite layer and makes a
thermal contact to the sample through a thin layer of thermal paste as shown in Figure 7.2.
The measurement shows a more homogeneous voltage peak and a longer spatial extension
of the peaks. It is important that this is not a conclusive experiment because the tails of

the peak can be extended by thermal diffusion in the glass and thermal paste.

Voltage [LV]

b)

Graphite Layer

Glass Substrate

Thermal Paste

Figure 7.2: a) Schematic of the experiment; an optical absorption layer is introduced to
rule out optical effects. b) OBIV measurement showing the influence of purely
thermal effects (measurement acknowledged to L. Bitzer)

The structural analysis of a PN-TEG prepared by the current assisted sintering method
shows that a poorly defined PN interface develop. Evidence for carrier compensation
strengthens the theory of non linear shunt resistances and shows that a very ideal diode
should not be expected from this preparation technique. It will be shown later in the
chapter that this is actually a desired condition, to have a highly non ideal diode as a

PN-TEG.
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7.1.2 Laser Annealing PN-TEGs

Since the current assisted sintering process produces linearly graded, not so well defined
PN junctions, it is desired to produce better defined samples that facilitate the physical
understanding at the price of a reduced thermoelectric performance. A comprehensive
analysis of the structural and electrical properties of the laser annealed layers is given in
ref. [120] where they show that using highly doped nanoparticles and high enough pulse

L can be achieved which

energy density, conductivity levels in the order 1 — 0.1 Q tem™
translates to effective doping levels of the annealed layers of 10> — 10" em™3. Further
studies show that the doping level varies with depth, and reaches hundreds of nanome-
ters [92, 93]. It has been shown that diode structures can be formed by complementary
doping of a Si crystalline wafer and Si nanoparticles. Meseth et al. showed that p-type and
n-type Si nanoparticles deposited on complementary doping wafers form nearly identical
diodes electronically speaking [92].

The PN structures follow the preparation and recipes used by previous authors so it
assumed that the structural properties do not vary considerably. From this knowledge
we expect the doped layers of the PIN structures to be also in the order of hundreds
of nanometers, and thicker because the Si wafer is undoped. A cross-sectional OBIV
measurement like the one done on the current assisted sintering samples becomes more
difficult due to the thin film nature of the PN and PIN junctions. However top view
OBIV measurements have been performed on laser annealed PN structures and they show
a homogeneous spatial response [92]. SEM images in Figure 7.3a,b show that a granular
layer forms after the laser annealing step, in line with previous results [92, 93].

The take away from the structural analysis of the laser sintered diodes is that the provide
means for a better defined diode that is easier to model. However this has two drawbacks
that limit the thermoelectric performance: One is that the lateral conductive layers, are

very thin and not homogeneously doped which has the effect that the internal resistance
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Figure 7.3: a-b) SEM Images of a p-type layer after annealing. The porosity matches to
what has been previously observed [92, 93|. ¢) Structure schematic of a PIN
sample showing with the blue arrows the high resistance seen in the lateral
layers.

seen by the PN-TEG increases considerably when one considers the PN-TEG as a voltage
driven device as shown schematically in Figure 7.3c. The second drawback is that since
the PN interface is better defined, a higher shunt resistance will be be formed and this

reduces further the thermoelectric performance.

7.1.3 Wafer Welding PN-TEGs

The wafer welding PN-TEGs are prepared with an in-house setup built for this purpose.
During the welding process a strong localization of the current is observed in the form of
hot spots that glow red as shown in Figure 7.4b. This indicates that a strongly concealed
current path develops, and from this idea the bonding or the PN interface formation is
expected to be inhomogeneously formed since the bonding is expected to occur mainly due
to Joule heating. Part of the reason for the strong localization of the current is that the
electrodes do not make a flat contact with the wafers as shown in Figure 7.4a. Hence it
is expected that a mechanical bond forms in some areas where in others no mechanical or

electrical bond be formed at all, and this is supported from OBIV measurements.

The SEM images were taken on sample no. 10 on a section where a strong bond had

118



CHAPTER 7. RESULTS AND DISCUSSION

Figure 7.4: a) Fotograph showing the curved contact between the electrodes and the wafers.
b) Fotograph showing a hot spot during the welding process. c¢) Cross-sectional
SEM image of PN junction, the n-type wafer is on the left and the p-type on
the right on all SEM images. d) High magnification of the PN junction focused
on the n-type wafer and e) on the p-type wafer. The bright line in the middle
in d) and e) indicates the presence of a non conducting layer.

been formed. In Figure 7.4c the two wafers can be seen held by a screw on the left and
the sample holder on the right. The n-type wafer is on the left and the p-type wafer is
on the right. Figure 7.4d shows a higher magnification image focused on the n-type and
Figure 7.4e is focused on the p-type wafer. The bubbles seen in d) and e) are believed to
be oxides formed during the welding process, since the welding process is done in ambient

conditions. The side that was imaged was exposed to air during the welding process.

In Figures d) and e) the non-conductive layer in the middle is attributed to the formation
of a space charge region. From the SEM images the width of the non-conductive layer
is ~ 300nm however, using equation (7.1)! the nominal width of the depletion region
Wy = 1.26 um. It is not clear why the actual depletion region is smaller than expected but

if the junction is not crystalline and defects are formed during the welding process, this

les; =11.9
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would limit the diffusion of carriers leading to a smaller depletion region.

2¢p€5i (Na+ Np) Vo ak

Wa =
’ gNaNp

(7.1)

For this type of PN junctions OBIV measurements prove to be very useful®. In Figure 7.5
OBIV measurements are presented for 4 different samples together with the voltage and
current readings from the welding process (recalling that the welding process is modulated
by the current which increases from 0 to 20 A). It can be seen that for the last 3 of the 4
samples a very strong localization of the bonding can be observed. The strong localization
of the bonding is believed to be due to a percolation of the current path during the bonding
process. From the welding protocol it becomes evident that samples with highly localized
bonding experienced a voltage spike during the initial stage of the bonding process. During
this voltage spike it is believed that a current path forms and is enhanced with increasing
current. On the other hand, sample 2 in Figure 7.5 shows a more homogeneous bonding,

and no voltage spike.

7.1.4 Summary of Structural Characteristics

The structural analysis shows that each method of fabrication produces different charac-
teristics on the PN junctions. The current assisted sintered samples have thick lateral
conducive layers in the order of mm and show a nano-crystalline structure with a gradual
transition from p-type to n-type with few spatial domains where space charge regions have
been formed. The laser annealed samples have a significantly thin lateral layers of a few
hundred of nm. The advantage of the laser annealed samples is that the PN junction is
more homogeneous. The wafer welding PN junctions alleviate the problem of having thin

lateral layers by using two complementary doped wafers but the PN junctions are shown

2Measurements acknowledged to L. Bitzer

120



CHAPTER 7. RESULTS AND DISCUSSION

No. 2

Voltage [V]
(9]

10 15 20 25
Time [min]

No. 4

o
ok

25+

20

Voltage [V]

5 10 15 20
Time [min]

No. 9

ol

60 -

401

20+

Voltage [V]

L L L

ol

5 10 15 20
Time [min]

No. 10

60

40}

20+

Voltage [V]

y [mm]

5 10 15 20
Time [min]

ol

No. 2

Current [HA]

50
40
30
20
10
X [mm]
No. 4
Current [HA]
0.3
0.25
0.2
0.15
0.1
0.05
5 10 15
X [mm]
No. 9
Current [HA]
40
30
20
10
10 15 0
X [mm)]
No. 10
Current [HA]
20
15
10
W5
0

No. 2

Height [mm]

No. 4

0 5 10 15
X [mm]
No. 9
Height [mm]
15™ - -7 b 1
1o}
g |
E
: |
5
‘ 3
0 x [mm] 10 N
No. 10
Height [mm]
B
£
>

23.5

23.4

233

23.2

24

23

22

21

20

24
23.5
23
225

22

23.5

23.49

23.48

23.47

23.46

23.45

Figure 7.5: From left to right: Welding voltage readings vs time, OBIV measurement,
topography of the sample. The localized active region in samples 4,9, and 10
is linked to the voltage spike in the early stage of the welding process.
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to be highly inhomogeneous. A summary is presented in Table 7.1.

Table 7.1: Summary of the structural characteristics of the PN-TEGs.

Current Assisted | Laser Annealed | Wafer Welding
Sintering
Microstructure| Nano-crystalline Crystalline Crystalline
PN Junction | Homogeneously Homogeneously Homogeneous in lo-
poorly defined highly defined calized domains
Nominal Dop- | 3 - 10 x 10 cm™ | 5 x 10 cm ™ 10 x 10 cm ™3
ing
Layer Thick- | 2 —5mm 200 — 1000 nm 500 pm
ness
Electrical Electroless Nickel None CVD Aluminum
Contacts

7.2 Electrical Characteristics

7.2.1 Commercial Diode as Reference

The bandgap of a commercial silicon diode model 1n4004 is measured for reference us-
ing the Harman setup (section 6.3.1). This measurement serves as a guide to interpret
the measurements of the PN-TEGs fabricated in this work because the bandgap of the
commercial diode can be assumed to be 1.1eV whereas in the fabricated PN-TEGs the
effective bandgap is not known. This assumption shows that at high temperatures, the
slope of Ij in an Arrhenius plot follows E, which means that the current is dominated by

n? since n? oc exp (szg“) and in the lower temperatures the reverse current is dominated

by a mixture of n; and n12 as show in Figure 7.6. This is similar to what has been found in
Ge diodes [121]. With this reference measurement we learn that with no knowledge of the
bandgap, it is possible to calculate it within a factor of 2 from the actual value from the

following equation

E
Rint (Tyavg) o< €xp ({k;ﬂ) (7.2)
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Figure 7.6: Reverse bias current Iy of the commercial silicon diode plotted against 1/T

with AT = 0.

7.2.2 Electrical Properties: Current Assisted Sintering PN-TEGs
General Electrical Transport

A sample IV scan from a nanostructured PN-TEG is shown in Figure 7.7, as it turns out,
the amount of information that can be learned about the sample is more than what it
would appear. At first glance, there appears to be no diode element in this sample because
of the apparent current symmetry of the IV scan. However after closer inspection, it turns
out that a forward voltage of 1.5V produces a current slightly larger than a reverse voltage
of the same magnitude. This means that however small, a rectifying effect is present,
meaning that a very poor diode was formed. The fact that a very poor diode was formed,
will be a key to the outstanding performance of the nanostructured PN-TEGs.

The process for the extraction of the mentioned parameters is rather standard, however

123



CHAPTER 7. RESULTS AND DISCUSSION

0101 Tiot = 83 MA 1 Lo Ip R,
1 LT
0.051 ]

' o) L R

0,051 / ]
' R
0.10- ; liot = - 64 mA ] L Igcp —SCL

2 -1 0 1 2

VIV]

Lo [A]

Figure 7.7: Left: IV scan of a nanostructured PN-TEG. Right: equivalent circuit of the
PN-TEG in thermal equilibrium

since it will be argued that there is a non-linear component in the PN-TEGs due to a
space charge limited current, the process will be described with some detail. It is worth to
mention that this process is not done for every sample, the main reason of extracting every
equivalent resistance is to show that the TEGs can be understood as having a SCL current

element, and this can be linked to the preparation and structure of the nanostructured

PN-TEGs.

For the following discussion, refer to Figure 7.8. In the nanostructured PN-TEGs, it is
assumed that in the low bias region (—150mV < V' < 150 mV), the diode does not conduct
and that Ry, is much smaller than Rgcr,, then from the slope within this voltage domain,

one obtains
d] tot
dV

—1
Rsh+RS:< ) ,—150mV < V < 150 mV (7.3)

The series resistance Ry is extracted from the high bias domain were the diode is assumed

to be in flatband condition or shortcut

d] !
tot
s — ,1. 11\/ 7.4
R ( lV) 4\/<‘/ < ( )
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This produces the values for the two linear resistances Ry, and Ry and the current flowing

through the shunt resistor I, can be calculated as

i Itotlzs
Iy, =—"7"2>"= 7.5
h Ry, (7.5)

Since I, is known, it can be subtracted from the IV scan and Ry, can be eliminated from

the equivalent circuit in Figure 7.8. This will help in explaining the argumentation for the

Iscr, term.
| R=12.80Q i R
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Figure 7.8: Left: IV scan of a nanostructured PN-TEG showing the domains used for
fitting. Right: equivalent circuit of the PN-TEG in thermal equilibrium

In the new equivalent circuit, shown in Figure 7.9, I, is subtracted from I and Ry, is
removed from the equivalent circuit, that means that current in reverse bias can only flow
through Rgcr,, and the voltage domain V' < 0 is fully controlled by this non linear element.
The question then arises of How to connect the inclusion of this non-linear element to a
physical structural composition?

In ref. [77] it is proposed that this nonlinear, power law dependency of the current with
respect to voltage can be explained with a SCL current. They also propose the physical
origin and while their work is in the context of thin film solar cells, it can be applied to our

bulk PN junctions. According to ref. [77] in a material with a high density of intraband

125



CHAPTER 7. RESULTS AND DISCUSSION

0.10- Lot In. ,ﬁRs
| I
0.05 ? 9 -
' lsc. Domain
£ 0.00 RO I, D
- —L
— .0.05- ‘
R
010 L Iscr L
T T T T B . I_I ___
2 1 0 1 2
V[V]

Figure 7.9: IV scan and equivalent circuit after the subtraction of Ig,.

states the current can be written as
|Iscr| =C \VWH (7.6)

where C' is a constant and v > 1. A very good power law fit with adjusted residual value
of 0.999 can be done on the reverse bias domain in Figure 7.9, giving the the term Igcy, as
described in equation 7.6 with C' = 0.011 A and ~ = 1.49. If the term Ig¢y, is subtracted
from the IV scan and removed from the equivalent circuit we are left with Ip.

The final output after the shunt and SCL elements have been accounted for results in
the isolation of the diode current Ip as shown in Figure 7.10. In this figure a rectifying
effect can be more clearly seen, which was not visible in the initial IV scan. Once Ip has
been isolated, it is possible to inquiry what ideality factor comes out. But before that,

more reasons are provided for the space charge limited current term.

Why a space charge limited current?

A space charge limited current occurs when current flowing through lightly doped or semi-

insulating materials builds a space charge and develops an internal field that opposes the
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Figure 7.10: IV plot after the diode current Ip has been isolated. The positive current in
reverse bias arises from errors due to the assumptions.

current flow (hence the term space charge limited). In our nanostructured PN junctions,
the convergence of the complementary semiconductors develops a space charge region or
intrinsic layer that arises from the intermixing of the powders previous and during the
sintering process, since the sintering process reaches temperatures above 1000 °C in which
impurity diffusion becomes active and particles are semi molten and mobile. These two
mechanisms would lead to a carrier concentration compensation, and the formation of a

mixture of a space charge region and an intrinsic layer [90].

In Figure 7.11 a band diagram of the nanostructured PN junction shows that a space
charge limited current can be justified if a high density of intraband states is present
within the space charge region or intrinsic layer. In that case charge carriers do not have
to overcome the potential barrier, instead they can flow through the intraband states in
the space charge region, and given that the concentration of carriers is expected to be low,
a space charge would form due to the current flow. This also explains why Iscr, is much
larger than Ip; charge carriers are more likely to hop through defect states than they are

to overcome the potential barrier.

This fits together with the high density of intraband states required for a description
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Figure 7.11: Band diagram of a PN junction showing SCLC transport.

by a space charge limited current in equation 7.6, and also in [122; 123] it is shown that
SCLC is the dominating transport mechanism in intrinsic nanostructured silicon which fits

perfectly to the argumentation here made.

Ideality Factor

It is important to recall that an ideality factor from I does not make sense in the case
of the nanostructured PN junctions because the IV response is not exponential, therefore
the ideality factor is extracted from Ip even though Iy << I, with the purpose to show
that some diode structures have been formed at the microscopic level. When the extracted
diode current Ip is plotted in a logarithmic scale, it is possible to get an idea of the range
of values that the ideality factor np takes. In Figure 7.12 I is plotted with guidelines
of the minimum and maximum values of np. Conventional diode theory dictates that an
ideality factor only makes sense for values between 1 and 2 [76], however more advanced
theory can explain higher ideality factors in silicon heterostructures as high as 10 [124].
In the scope of this work it is not so important to describe the ideality factor of our
diodes because they do not have a single ideality factor, as it is to understand that a
inhomogeneous PN structure has been formed, and that the range of ideality factors fall

in a range that makes sense. The ideality factor of the nanostructured PN-TEGs can be
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Figure 7.12: Logarithmic plot of the diode current Ip with minimum and maximum ideality
factor plots.

approximated in the range of 1-10 which is quite high compared to the other types of
PN-TEGs.

Effective Bandgap

It seems clear from the highly symmetric IV characteristic of the nanostructured PN-TEGs
that the effective bandgap can be expected to be much lower than the nominal value of
1.1eV for silicon. Using the method described in Section 6.2.2 the internal resistance of
the PN-TEG is measured for different temperatures in two different conditions: AT = 0
and AT > 0.

Figure 7.13a shows the measurements done on sample no. 8. For the thermal equilibrium
measurement (squares), the first thing to notice is that similar to the commercial diode,
there are two domains with different slopes. The two observed slopes correspond to effective

bandgaps of E,ex = 0.275€V (blue line) and E,op = 0.350€V (red line). These bandgap

Ey

é‘k?) and it was assumed that £ =1

values are maximum because recall that R(7") o exp (
putting the maximum effective bandgap of the nanostructured PN junctions considerably

below the 1.1eV of crystalline silicon. Assuming the worst case scenario of uncertainty,
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¢ = 2, one could say that the effective bandgap of sample no. 8 would be a value of
0.137eV < Ey o < 0.350¢V.

The same type of measurement can be done with a temperature gradient (stars). Recall
that in a temperature gradient measurement, the sample is heated by increasing AT and
in this case T' = (T}, + T.) /2. The measurement under temperature gradient shows a single
slope and interestingly the effective bandgap is approximated to a value of g . = 0.300 eV

which somewhat in the middle from of the two values observed in thermal equilibrium.

[eV]
= AT=0
- 0.3508Vik
1004 ~*TATZO !
. 10  «0275evk, ]
S,
=
o, ]
0.300eV/k,
a)
01+ .
T T T T T T v
00010 00015 00020 00025 00030 0.0035
394 ° PN [m]

1T K]

Figure 7.13: a) Estimation of the effective bandgap for AT = 0 (squares) and AT > 0
(stars) on sample no. 8. b) Electronic structure of the diodes showing the
reduced effective bandgap.

The reason for the reduced bandgap in the nanostructured PN junctions is believed to
be due to a high density of intraband states as sketched in Figure 7.13b. This explains why
electric current can flow in both reverse and forward bias. It also goes in hand with the
space charge limited current transport which requires a high density of intraband states.
And it can be correlated to the preparation of the nanostructured PN-TEGs since powder
intermixing before and during the sintering process leads to the introduction of electronic
defects that manifest as intraband states.

Figure 7.14a shows the measurement of internal resistance as a function of average

temperature for the different nanostructured PN-TEGs (squares). A good approximation
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can be made to each measurement (solid lines with matching colors) and a maximum
effective bandgap Ejg e ar>0 can be extracted with £ = 1. A summary of the extracted
values of Fg e ar>0 is shown in Figure 7.14b. They range from 150 meV — 300 meV which
is roughly one third of the bandgap of crystalline silicon. The take away from this data is
that regardless of the preparation parameters, the PN-TEGs exhibit low effective bandgaps
and it is possible to connect the electric characteristics to the structural characteristics and

the preparation process.
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Figure 7.14: a) Arrhenius plot of Ry, for different nanostructured PN-TEGs. b) Extracted
effective bandgap values under a temperature difference from a).

7.2.3 Electrical Properties: Laser Annealed PN-TEGs

In order to maintain the focus on the current assisted sintering PN-TEGs, only one selected
PIN-TEG prepared by the laser annealing method is presented as a representative of the
laser annealed samples with the understanding that each sample varies considerably and
a summary is given at the end of the section. A more complete description of different
samples prepared by the laser annealing method can be found in ref. [94].

The IV response shows a highly asymmetric response (Figure 7.15a). The same electrical
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model as before applies with the exception that the space charge limited element does
not apply here; a diode in parallel with a linear shunt resistance Ry, in series with a
series resistance R;. The same process used in Section 7.2.2 is applied to extract the
internal resistance and the results are summarized in table 7.2. Note that these values are
considerably higher than what was obtained for the current assisted sintering samples. The
ideality factors can be estimated on [, =~ Ip to meaningful values of 0.5 < np < 2.7 as
shown for an exemplary sample in Figure 7.15b. The ideality factor of the laser annealed
samples is considerably lower than the ideality factor of the current assisted sintering
samples as expected since the preparation of the laser sintering PN junctions is more
controlled.

In this case the non-linear space charge limited current element Rgcy, does not apply
because it makes no physical sense since the intrinsic wafer is not expected to have a high
density of intraband traps in the main body. Intraband traps are expected but on the
sides of the intrinsic wafer where the nanoparticle layers were annealed with the laser. The
intraband states are responsible for a reduced effective bandgap when thermal generation
is present but do not conduct current in forward and reverse bias as shown in Figure 7.15d.

The effective bandgap under a temperature difference Fy og ar~0 can be estimated in the
higher temperature regime in the order of 0.270eV with £ = 1 as shown in Figure 7.15c.
This value is lower than expected since it was believed that the laser annealed PN-TEGs
would produce a more crystalline structure than the current assisted PN-TEGs. A sum-

mary of the PIN diodes prepared by the laser annealing process is shown in Table 7.2.

7.2.4 Electrical Properties: Wafer Welded PN-TEGs

A summary of samples produced by the laser welding method is presented in table 7.3.
Note that R;,; and np are in the same range as the samples produced by the laser method.

The doping concentration of the wafers is not optimal since a good thermoelectric should
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Figure 7.15: a) IV response of a laser annealed PIN diode. b) Logarithmic scale of the
IV curve showing the estimation of the ideality factor. c¢) Arrhenius plot of
Ry to estimate the effective bandgap under a temperature difference. d) Elec-
tronic structure of the PIN diodes showing the reason for the reduced effective
bandgap when thermally generated carriers are excited.

Table 7.2: Summary of the different samples prepared by the laser annealing method.
*Sample presented in this section.

Sample No. | Type | Doping Nax = Np [em™°] [ Bw [ | 7D
LOTA* PIN 5 x 102 143k | 0527
LO7B PIN 5 x 102 ol.2k | 0523
L07C PIN 5 x 1020 734k |0.1-2.3
LOSA PIN 5 x 10% 63.6k | 0.7-2.0
LOSB PIN 5 x 1020 794k | 1.0-2.0
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have a higher doping concentration, but data generated from these samples important

because it sheds light into the general phenomenological description of the PN-TEGs.

Table 7.3: Summary of the different samples prepared by the wafer welding method. *Sam-
ple presented in this section.

Sample No. | Doping Nao = Np [em™] | R [9] | 1D
S2¥ 107 571k | 1.2-6.2
S4 107 391k | 1.9-5.4
S9 107 485k | 0.6-4.4
510 107 29,0k | 0.8-4.7

The effective bandgap under a temperature difference Fy g a7>0 is extracted for a rep-
resentative sample from Figure 7.16a. This value is estimated Egegarso = 0.280€eV with
¢ = 1 which is in the same range as both the laser annealed and the nanostructured PN
junctions. Again the reason for the reduced effective bandgap is the presence of intraband
states but since these defects are believed to be localized only at the melt between the two
wafers, see Figure 7.16b. This is the reason why a space charge limited current does not
occur in the wafer welded PN-TEGs.

Samples prepared by the laser annealed method and the wafer welding method are
expected to be similar electronically since they produce more defined PN interfaces than
the current sintering method (note the similarity between Figures 7.15¢ and Figure 7.16a).

It will be shown in the next section that their thermoelectric performance is also similar.

7.2.5 Summary of Electrical Characteristics

In this section the electrical properties of the PN-TEGs prepared by the three different
methods were presented. Focus was given to the nanostructured PN-TEGs, and it was
shown that this type of generators is the least ideal diode electrically speaking since the
samples exhibit a relatively large ideality factor and a very low shunt or internal resistance

in the order of hundreds of mf). It was shown that the nanostructured PN-TEGs can
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Figure 7.16: a) Arrhenius plot of the wafer welded PN junctions used to estimate the
effective bandgap under a temperature difference.

VB

be modeled with a diode in parallel with a linear and a non linear space charge limited
current elements, all in series to a linear series resistance. The low ideality of the diodes
(electrically speaking) is attributed to a very high density of intraband states everywhere
on the volume of the PN-TEGs that as a consequence lower the effective bandgap of the
PN junctions to values on the order of few hundreds of meV.

More ideal from the electronic point of view, are the PN-TEGs prepared by the laser
annealing method and the wafer welding method. These PN-TEGs exhibit lower ideality
factors and larger internal resistance values. The effective bandgap of these PN junctions
was also in the order of a few hundreds of meV and this is is attributed to the presence of

intraband states near the junctions of the different materials.

7.3 Thermoelectric Characteristics

This is perhaps the most important section of this thesis. Here the thermoelectric perfor-
mance of the PN-TEGs is characterized by a device "Seebeck coefficient", a coefficient in

V/K that quantifies the thermally generated voltage per temperature difference, and by
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the maximum power output as a function of temperature difference. A limitation of the
work here presented is that the heat current through the PN-TEGs is not known and so the
efficiency cannot be calculated. Since it is not clear how to normalize the power output,
judgment of the performance of a PN-TEG alone by the maximum power output is most
meaningful when it can be compared to a known reference, and to achieve this simulations
by S. Angst are introduced.

Unlike what was done in the previous section, the thermoelectric characteristics of the
different types of PN-TEGs will be compared in parallel. First effective Seebeck coefficient
of the different PN-TEGs will be compared and understood with the proposed theory. Next
the power output will be presented. It will also be shown that a geometrical optimization
can be made to raise the power output of the PN-TEGs by removing part of the PN

junction.

7.3.1 Effective Seebeck Coefficient

The effective Seebeck coefficient aeg = V,./AT varies from sample to sample and this
makes it difficult to explain the particular aeg for every sample. However, there are certain
properties of a.g that are common to most samples and such properties can be explained
from the model and the proposed theory. In Figure 7.17 the measurement of a.g is plotted
for different nanostructured PN-TEGs. As a relative reference the line is the sum of the
absolute values of a from the best mono-polar nanostructured silicon from the same sources
and using the same equipment that was used to prepare the PN-TEGs [49, 51].

We note that there is a relationship between internal resistance and the magnitude of
Qfr; the samples with higher internal resistance show higher values of a.g. This makes sense
because of the inverse relationship between conductance and «. Moreover, samples that
are prepared with the highest nominal doping concentration tend to have lower internal

resistance values and lower a.g as expected.
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Another interesting point is that a.g does not monotonously increase in Figure 7.17
as it would be expected from the monopolar highly doped silicon samples. For every
nanostructured PN-TEG (and in fact for every type of PN-TEGs) aeg decreases after
a given temperature. According to the theory developed in chapter 4, as temperature
increases the differential diodes become more conductive and the internal losses due to
current vortices increase, leading to a reduced gain of output voltage per temperature
difference. It is not possible to predict at what point in temperature this will occur because
the samples are very inhomogeneous, so the properties of the differential equivalent diodes

are unpredictable.
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Figure 7.17: aeg of different nanostructured PN-TEGs. The solid line is the sum of the
absolute values of o, and «, from previously measured monopolar nanostruc-
tured silicon [49, 51].

In Figure 7.18 aeg is plotted in black for an exemplary laser annealed PN-TEG in black

and in red for a exemplary wafer welded PN-TEG. It makes sense that these PN-TEGs
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show a similar response in aeg since both types of TEGs are believed to have a more
defined PN junction compared to the nanostructured PN-TEGs. While the shape of aeg
in Figure 7.18 is similar, the scaling in both axes is different. This is because a higher aeg
is expected with lower doping concentration and the laser annealed samples were prepared
with a nominal doping concentration of Ny = Np = 5 x 10?cm™ while the doping

concentration of the wafer welded samples is much lower Ny = Np = 10'® cm 3.

Again
despite missing a specific resistivity, the total internal resistance finds a relationship with
the magnitude of aeg.

It is interesting that a.g shows a similar response between the aforementioned PN-TEGs,
and in fact aeg shows a similar behavior in all three types of PN-TEGs in the sense that g
decreases for higher temperatures despite that they are prepared by completely different
methods. Here is important to note that with increasing AT, V,. increases as well but at

a slower rate. It is shown in the next section that this problem is partially alleviated by

cutting a fraction of the PN junction.

7.3.2 Geometric Optimization

In order to achieve the geometrical optimization proposed in section 4.2.7, a PN-TEG is
cut into an initial geometry of 4 mm x 3mm x 11 mm. After metallization, the PN-TEG is
soldered into a commercially available insulating metal substrate as shown in Figure 7.19b.
An insulating metal substrate is essentially printed circuit board that has a metal core
instead of the more common polymer core. The advantage of the metal core over the
polymer is a highly increased thermal conductivity that allows more heat flow from the
PNG through the board into the heat sink. The PN-TEG is measured, desoldered, cut,
and re-soldered, to produce measurements at different cut lengths h.

These measurements are shown in Figure 7.19a. A very strong trend indicates that for

increasing cut length h, the effective Seebeck coefficient increases. And it is notorious that
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Figure 7.18: a.q for an exemplary laser annealed PN-TEG (black) and an exemplary wafer
welded PN-TEG (red). More measurements can be found in refs. [94, 98].

for the last two cuts (6 mm and 8 mm), g maintains a positive slope with temperature
for high temperatures which is unique among all the PN-TEGs that have been prepared
by the different methods. This is an indication that the internal loops or voltage drops
across the PN interface are reduced, leading to a larger output voltage per temperature

difference at the cost of increased internal resistance.

The results match with a very similar experiment done on Bi;Tez PN junctions, where
in the same manner, the PN junction was gradually removed and the authors found an

increase of ag with the cut length h [69].

The improvement in «.g translates to an enhanced power output. Simulations by S.
Angst on a PN-TEG with constant «, o, x show that the maximum power output for
different cut lengths Pyaxp>0 normalized by the power with no cut Pyaxn=o exhibits an

optimal cut length percentage of approximately 0.72 as shown in Figure 7.20a. Experimen-
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Figure 7.19: a) a.qg for different cut lengths h. b) Schematic of the PN-TEG and the
substrate used to mount it.

tally, it can be shown that indeed there is a maximum in Pax p>0/Pmax,h—0 as shown in

Figure 7.20b. However, the peak occurs at a different value of h/L which is not surprising

given that the model is described with a homogeneous material and PN interface, and the

experimental samples are highly inhomogeneous as it has been shown. The reason for the

peak is a trade off between increasing a.g with cutting length but also increasing Ry, and

it is obvious that as h — L, R,y — o0.
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Figure 7.20: a) Simulation by S. Angst shows an optimal cut length percentage at approxi-
mately 0.72. b) Experimental data for different AT's shows that indeed a peak
with respect to the cut length percentage occurs.
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7.3.3 Power Output

The power output is the most important quantity that characterizes the PN-TEGs. Con-
ventionally the figure of merit and/or the efficiency are used to describe thermoelectric
generators, however we refrain from using the figure of merit without a proper theoretical
fundation, and since the heat current through the PN-TEG is not known the efficiency

cannot be calculated.

For these reasons we appeal to compare the power output of PN-TEG with simulations
of a conventional TEG using the discrete form of Onsager relations, and with experimental
data of a conventional TEG built with the same materials as the PN-TEG. The exper-
imental PN-TEG was cut such that the cross-sectional area of each leg is A/2 = 1 and
the length L = 1. The simulated conventional TEG is given the same geometry as the
PN-TEG, solving the issue that the specific conductivities are not known in the PN-TEG
(see sketches in Figure 7.21). The simulation is fed with temperature dependent «(7),
k(T') and o(T) from measurements of monopolar nanostructured p-type and n-type silicon
prepared by the same process as the nanostructured silicon in the PN-TEGs [51, 49]. The
third element in the comparison is the power contribution of a single thermocouple pair of
a conventional TEG built using nanostructured silicon processed by the same methods as

the PN-TEG [54, 125].

For the case of the PN-TEG and the simulated conventional TEG a normalization of
Py is not necessary because they have the same geometry. However the geometry of a
single thermocouple from the generator in ref. [54] differs from the others. Some authors
normalize the maximum output power P,.. by the area of the thermoelectric material or

the area of the complete device to describe the areal power density [126, 127]. When P«
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of a single thermocouple is divided by the thermoelectric material area 2A

2
P, mar V;c

24~ Lo+ 1) (77

the length L of the thermoelectric material is left as a variable, and so is the areal power

density. For this reason we normalize also by the length L as follows:

PrazL 2
py = Lreel Vo (7.8)
2A 8(pn + pp)

The plot of Fj is shown in Figure 7.21 together with the schematic of the different devices
that are compared. The first thing to note is that the conventional experimental TEG
(stars) delivers less power than the conventional simulated TEG (solid black line). That
makes sense since the simulation assumes no parasitic thermal or electrical contacts. The
experimental TEG could was measured up to AT = 150°C in order to protect the TEG.
A power law fit (dashed line) is done on the experimental TEG data to get an idea of the

performance if the conventional TEG could be subject to higher ATs.
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Figure 7.21: Normalized maximum power output (left) and schematic of the different de-
vices (right).
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The power output of a PN-TEG for different cut length A is shown in colors. It can
be seen that the PN-TEG performs poorly at low ATs but it would outperform the ex-
perimental TEG at large AT's except that the experimental TEG could not be measured
in these high temperatures, highlighting the potential of the PN-TEG architecture. In
order to compare the PN-TEG to a conventional TEG at large temperature differences,
simulations are needed and it can be seen that the PN-TEG approaches the simulation of a
parasitic-free TEG. The good thermoelectric performance of the PN-TEG at large AT's is
a consequence of the reduced internal resistance. Recall from the bandgap measurements
that the internal resistance of a PN-TEG decreases monotonically with temperature. This
is not the case of a conventional TEG where the internal resistance increases with temper-

ature since the semiconductor is a quasi-metal.

In Figure 7.22 the normalized power output Fj of the three types of PN-TEG is pre-
sented. Here the best sample from each type of PN-TEGs is selected. It is clear that
the nanostructured PN-TEG produced by the current assisted sintering method yields the
best performance by orders of magnitude. The wafer welded and laser annealed PN-TEGs
perform in a closer range due to their structural and electronic similarities. The reason for
the poor thermoelectric performance of the wafer welded and laser annealed PN-TEGs is
believed to be due to a lack of a high density of traps states (both are built with quasi-
crystalline wafers) which results in a more defined PN structured with higher internal

resistance that limits the current output.

Focusing now on the nanostructured PN-TEGs, a summary of the normalized power
output Fy of the nanostructured PN-TEGs in Figure 7.23 shows that all samples seem
to perform in a relatively small window. However PN-TEG 4 and 8 show an inferior
performance, and one can trace a similarity between PN-TEGs 4 and 8 in that both
samples were prepared with the lowest n-type doping concentration. From conventional

diode theory having lower levels of doping concentration would widen the depletion region.
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Figure 7.22: Normalized maximum power output of the three different types of PN-TEGs
produced in this work.

In light of this having lower doping concentrations is thought to enhance the intrinsic layer
formed during the sintering process and as a consequence the output current is of the
TEG is limited. Moreover, PN-TEG 15 which shows the highest power output has been
prepared with the highest doping concentration (see table 5.1). Therefore a direction for

further research would be to use high nominal doping concentrations.

7.3.4 PN-TEG and Conventional TEG: Comparison

Comparison 1: Matching geometries

As mentioned earlier a rigorous one-to-one comparison between a PN-TEG and a conven-
tional TEG is not possible with the present knowledge. However, under some assumptions,
some comparisons can be made. In the previous section a PN-TEG was compared to the
simulation of a conventional TEG, where the two devices had the same geometry. The ad-
vantage of this comparison is that the simulation can come into high temperature ranges
where an experimental conventional TEG would otherwise not be stable. However, a con-

ventional TEG can be built with the same geometry and materials as a PN-TEG and
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Figure 7.23: Normalized maximum power output of the nanostructured PN-TEGs.

measured in the same equipment using lower temperature differences.

A sketch of the experiment is shown in Figure 7.24. A PN-TEG with the given geometry
is prepared, and a conventional TEG is built from the same source materials and geometry
as the PN-TEG. In the case of the conventional TEG, there is no substrate on the hot side
but nickel is used as metallization as described in section 5.1.3, and the two semiconductor
legs are joined my a copper interconnect. The copper interconnect is joined to the nickel
metallization using a commercial silver adhesive. A ceramic fin is placed between the
semiconductor legs of the conventional TEG to provide mechanical robustness because
during the measurement pressure is applied perpendicular to the temperature gradient
and this produces a torque that has to be sustained by the weak mechanical bond at
metallic bridge (Figure 7.24b).

A fair comparison could be made if it is assumed that the thermal conductance of the two
devices is the same. In open circuit conditions this is an easier claim because the materials
and the dimensions are the same. However when electric current flows, this becomes more

complicated because Peltier effects on the PN-TEG are not fully understood. However,
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Figure 7.24: a) Schematic of the PN-TEG and the measuring setup. b) Schematic of the
conventional TEG. The dimensions of the thermoelectric material are equal.

the main point of concern is a technological one; the delicate process of metallization and
assembly produced a conventional TEG with an internal resistance in the order of few
Ohms at room temperature when the expected value would be of hundreds of milli Ohms.

More reasons to believe that the electrical contacts on the conventional TEG were de-
fective comes from the temperature response of the internal resistance which is plotted in
Figure 7.25a. We note that Ry, of the PN-TEG exhibits an exponential decrease in temper-
ature as expected, while R, of the conventional TEG shows a linear increase with temper-
ature. This abnormal behavior is believed to have a source in the silver adhesive paste used
to attach the copper bridge because the nickel metallization on the nanostructured-silicon
has been more extensively tested [54].

Since the open circuit voltage is immune to defective electrical contacts, a measurement
of the effective Seebeck coefficient provides a more meaning comparison. As expected from
the proposed theory the a.g of the conventional TEG is higher than a.g of the PN-TEG
as shown in Figure 7.25b. This is because the PN-TEG develops internal voltage drops.
Moreover a.g of the conventional TEG sees a linear increase with temperature which is what

one would expect from the sum of the Seebeck coefficients of the mono-polar materials.
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output of a conventional TEG and a PN-TEG with matching geometry. PN-
TEG 8 was used.

The maximum power output in Figure 7.25¢ shows that both devices produce nearly
the same power. However this should not be taken as a true comparison of the intrinsic
technologies because the defective electrical contacts on the conventional TEG limit its
performance. The entire experiment serves the purpose of highlighting the aforementioned
difficulties of high temperature stable electrical contacts and the technological advantages
of the PN-TEG architecture. A second attempt was done to produce a conventional TEG
but was unsuccessful.

Comparison 2: Figure of Merit

From the rigorous point of view it would not be appropriate to use the thermoelectric
figure of merit to describe a PN-TEG for reasons given in chapter 4. However, the qualities
that the figure of merit describes also apply to a PN-TEG; a high electrical conductivity
and effective Seebeck coefficient are desired combined with a low thermal conductivity. For
this reason to make a conservative comparison, the device figure of merit of a conventional
TEG is compared with the equivalent of a PN-TEG.

A conventional TEG with 64 legs, 32 thermocouple pairs, made from nanostructured
silicon prepared by the same source materials and densification [54] was measured using
the Harman technique described in section 6.3.1. The advantage of the Harman technique

is that it provides a direct measurement of the device figure of merit Z7T by measuring two
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voltages.

The figure of merit of a PN-TEG requires some assumptions in any case. It has been
shown in this work that the effective Seebeck coefficient can be extracted as well as the
internal resistance. In light of this, the thermal conductance is missing to complete the
figure of merit. In order to calculate the thermal conductance, thermal conductivity values

are taken from the literature. In that case the figure of merit of a PN-TEG can be written

as
DT = — 50 (7.9)
N R Kpn ‘
with
A
KpN = — (lip + lin) (710)

L

where A and L are the cross sectional area and the length of the thermoelectric material
as defined in Figure 7.21 and k,(T") and k,(T") are obtained by doing a linear regression

on the data from previously measured nanostructured monopolar silicon in a range of

20 — 400°C [51, 49].
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Figure 7.26: a) Figure of merit of a conventional TEG, ZT measured by the Harman tech-
nique and calculated figure of merit of a PN-TEG, ZTpy. b) Internal resistance
of a conventional TEG measured by the Harman technique and of a PN-TEG
measured by the Monkey setup.
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In Figure 7.26a ZT and ZTpn are shown. The absolute values need to be taken with
care because of the assumptions made, but it is interesting (and expected) that the PN-
TEG shows a higher ZTpyn at high temperatures. This goes in line with what has been
previously shown. Here it is important to recall that the Harman technique uses near
equilibrium conditions, AT < 1°C while the Monkey setup used to characterize the PN-
TEG uses large temperature differences AT > 100 °C which makes the average temperature
somewhat ambiguous.

Judging from Figure 7.26a one would conclude that the PN-TEG has an inferior perfor-
mance, but recall from Figure 7.21 that when power output is considered, the PN-TEG
performs better than the conventional TEG and also is measured in a temperature range
where the conventional TEG cannot be measured, this information is not seen when one
looks at the figure of merit. This highlights the difficulties that arise if one tries to describe
a PN-TEG with the conventional figure of merit.

Figure 7.26b is interesting because it highlights yet another fundamental difference be-
tween a conventional TEG and a PN-TEG. The internal resistance of a conventional TEG
rises with temperature as expected, but the internal resistance of a PN-TEG decreases with
temperature. The decrease in internal resistance of the PN-TEG is the source of the high
power output at high temperatures. It is true that the junction of complementary semi-
conductors creates an electrically isolating layer, but it is also true that if a high density of

traps is present and high temperatures are applied, this layer becomes highly conductive.

7.3.5 High Temperature Stability and Reproducibility

Up to now the discussions have used large ATs but very little has been said about the
absolute values of the boundary temperatures. One of the strongest advantages of a PN-
TEG architecture is that it opens the door for high temperature applications. In this

section it is shown that the PN-TEG can sustain temperatures as high as 770°C on the
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hot side without suffering negative degradation. This temperature is at the time of writing
limited by the heating and cooling power of the setup not by aspects related to the PN-
TEG itself. So it is very likely that this temperature can be pushed higher with a more

advanced setup.

In order to investigate the temperature stability of the nanostructured PN-TEGs, a
sample is measured and after every measurement the hot side temperature is incremented.
The data in Figure 7.27a shows that after an initial run, the internal resistance of the PN-
TEG remains largely unchanged over measurements up to a maximum hot side temperature
of 770°C. The data points are crowded but that is what we expected to see. In Figure 7.27b
the maximum power output of the PN-TEG remains largely unchanged despite increasing
hot side temperatures. This shows to some extent that the PN-TEGs can be subject to
hot side temperatures up to 770 °C without suffering degradation. There are two factors
that will limit the temperature operation of the PN-TEGs; the temperature difference
and the hot side temperature. The temperature difference in this work is of 450°C at
maximum but that is limited by the cooling power saturation of the monkey setup. As the
hot side temperature is pushed further reactions such as oxidation and dopant diffusion

are expected to occur when reaching the thousands of °C.

'. Thot,max 0.01 b)

int [Q]

R

0.1

Figure 7.27: a) Internal resistance and b) maximum power output of PN-TEG 4.
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Not so much data is available on high temperature TEGs but taking a couple of published
results the PN-TEG presented in this work indeed offers the possibility for high temperature
applications where conventional TEGs cannot operate. Table 7.4 shows the PN-TEG
compared to other types of generators built with different materials. The temperature
difference is important because it shows to what degree the complete device is able to
stand the thermal stresses. The hot side temperature is obviously important because
together with AT, these quantities define the operating conditions and integration of the
technology to real world applications. In the case of the PN-TEG, both quantities are

currently limited by the setup, and it should be able to push them further.

Table 7.4: Summary of different TEGs and their maximum reported operating

temperatures.
Author Material AT ax T max
. Nanostructured R o
This work silicon PN-.TEC 450°C 770°C
Bartholome [126] Half-Heusler 527°C 547°C
Kessler [54] Nanostructured | 550 600°C
silicon
Lertsatitthanakorn [128]| BisTe; 150°C 240°C

Reproducibility and control of the process is a big issue at this point of the research. Very
few parameters have been changed and yet the PN-TEGs vary largely from one another.
Normally one sintered pellet produces one PN-TEG. But in order to know more about the
internal homogeneity of the sintered pellet, a bigger pellet (80 mm in diameter vs 20 mm)
was sintered using the parameters from PN-TEG 15 (see table 5.1) and cut in over 50
PN-TEGs 3. Figure 7.28 shows Ry, for the different PN-TEGs and in a solid line is the
calculated mean. The standard deviation in percentage of the mean is of 30%, a value
that is quite high. That means that the internal inhomogeneities need to be addressed

and corrected before thinking of producing a homogeneous batch of pellets. It is to some

3Same geometry as PN-TEG 15.
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degree understandable that the internal inhomogeneities are that large given that the

precompation of the complementary powders is done by hand in a highly artistic process.

0.84 Mean: 0.395 Q 4
Standard Dev/Mean: 0.302

[Q]
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0.4 . L B B . ]

R

0.2 1 -t n .

#5 #10 #27 #32 #37 #42 #47
Sample

Figure 7.28: Internal resistance for different PN-TEGs from the same sintered pellet. The
solid line is the mean value.

7.3.6 Summary of Results and Discussion

In this chapter the characteristics of the PN-TEGs are broken intro three categories: struc-
tural characteristics, electrical characteristics and thermoelectric characteristics. In the
structural characteristics section it was shown that the nanostructured PN-TEGs exhibit
a gradual dopant transition and a nanostructured bulk characteristic with a high density
of grain boundaries and defects that reduce the lattice thermal conductivity. The laser
annealed and wafer welded PN-TEGs offer a more defined PN junction structure without
the benefit of the reduced thermal conductivity but with the advantage that they are easier
to study.

Electronically speaking all three types of PN-TEGs show a very low effective bandgap

value, in the order of hundreds of milli V. However, only the nanostructured PN-TEGs
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are believed to have a high density of intraband states in the whole volume whereas the
laser annealed and the wafer welded PN-TEGs are believed to have a high density of trap
states only on the surface of the wafers. As a result, the nanostructured PN-TEGs have a
much smaller internal resistance which provides yet another advantage thermoelectrically
speaking.

It was shown that a nanostructured PN-TEG can be operated in temperature regimes
where conventional TEGs cannot be operated. And simulations have been used to produce
data in this high temperature domain that show that the PN-TEG can compete with the
conventional architecture. Furthermore it was shown that a geometrical optimization can
be done to reduce the internal losses both experimentally and by numerical simulations. Of
the three types of PN-TEGs the nanostructured offer the higher thermoelectric performance

and it is yet to be optimized with respect to the preparation parameters.
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8 Conclusions and Outlook

More than machinery we need
humanity. More than cleverness, we
need kindness and gentleness.
Without these qualities, life will be

violent and all will be lost.

Charlie Chaplin

8.1 Conclusions

In this work an alternative device architecture for thermoelectric generators has been
proven functional and offers advantages over the conventional architecture. The PN-TEGs
proposed in this work are made by joining the thermoelectric materials to make a PN
junction where the contacts are made exclusively at the cold side. A working principle
is proposed where the PN-TEGs can be understood as an array of differential diodes at
different temperatures. It was suggested that the diodes at the hot side boundary become
reversed bias but highly conductive due to the high temperature. Simulations done by S.
Angst using a discrete from of Onsager’s relations in a square grid corroborate this hy-
pothesis and furthermore show that internal losses develop due to internal current vortices

that from inside the PN-TEG.
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Silicon was selected as the material of choice to produce the PN-TEGs because of its
scalability potential and lower cost. However crystalline silicon has a high thermal con-
ductivity and in order to reduce the lattice thermal conductivity, nanostructured silicon is
produced in a bottom-up approach by compacting doped nanoparticles into bulk materials
of nearly the same density of crystalline silicon. Nanostructured PN-TEGs show highly
non-ideal diode characteristics but outstanding thermoelectric characteristics. Because of
the non-ideal diode characteristics of the nanostructured PN-TEGs, more defined struc-
tures are produced by laser annealing doped silicon nanoparticles on top a silicon wafer
to produce laser annealed PN-TEGs or by welding two wafers together by means of Joule
heating to produce wafer welded PN-TEGs. These structures show better diode charac-
teristics but inferior thermoelectric performance. However, they are useful in testing the

proposed theory.

Two measurement setups were designed to test thermoelectric modules. The monkey
setup was built to measure the PN-TEGs in large temperature differences. The name was
given because an early prototype resembled a monkey, see Figure 8.1. The Harman setup
was built to measure the figure of merit of conventional TEGs and to perform temperature
dependent measurements. The results show that the nanostructured PN-TEGs can be
operated to a maximum hot side temperature of 770°C and temperature difference of 450°C.
Furthermore it was shown that nanostructured PN-TEGs can be used in temperature
ranges where conventional devices cannot be operated thus opening the door for high
temperature applications. The results obtained from the measurements of the PN-TEGs
were understood with the proposed theory thus showing that the proposed description was

compatible.
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Figure 8.1: Monkey Setup.

8.2 QOutlook

A more controlled way should be found if the PN-TEGs are to be produced from nanopar-
ticles. Perhaps the biggest question that has been raised is what is the efficiency of a
PN-TEG? given that the figure of merit cannot be directly applied and that Peltier effects
are not fully understood. The best approach to get an insight into the efficiency of a PN-
TEG would be to measure the heat flowing through the device. This will have to be done
carefully and perhaps with a radical approach because only a few materials can be used
in such high temperatures and coupled to that is the necessity to account for radiation
transport.

So far the only optimization was investigated with respect to the geometry but the
preparation parameters have been remained largely constant. S. Angst has shown that an
optimal working point can be found with respect to the bandgap as well, and it is not so
clear what would be the best doping concentration as well. This work has used silicon as
a system material but the architecture is not material limited, that means that the same
should in theory be possible with other material systems.

The demonstrated architecture could find applications where large temperatures are

desired. For example in solar concentration thermoelectric applications [129, 130] where

157



CHAPTER 8. CONCLUSIONS AND OUTLOOK

the simplified design could lower the cost of the produced energy, which is the ultimate
parameter that determines the application that the technology finds. Another aspect
where this design could be applied is in the automobile industry where the heat waste
recovery occurs at the exhaust pipe at a few hundred degrees. This has to do partially
with the material used (BiyTes) [131]. However a PN-TEG could be operated closer to the
engine where an active cooling mechanism is already in place, taking advantage of higher

temperatures.
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