.

Gal ba _, )HG
thermaoed mc
charag‘t@ zann for

U-1 £ 4

s £
Spe01a112e o emely low temperature
env1ronn;1, : 3,




GaN based 2DHG
thermoelectric
characterization for

Specialized for extremely low temperature
environments

by

Lex Pardon

In partial fulfillment of the requirements for the degree of

Master of Science
in Electrical Engineering

at the Delft University of Technology

Date: Wednesday 2" October, 2024
Supervisors: K. Dowling

F. Arroyo Cardoso
Defense Committee: F. Sebastiano

K. Dowling

F. Arroyo Cardoso

An electronic version of this thesis is available at http://repository.tudelft.nl/
Cover image: Microscope image of Gallium Nitride wafer edge, showing stress-induced cracks

o]
TUDelft


http://repository.tudelft.nl/

Acknowledgements

| want to express my deepest gratitude to those who supported me during the completion of this work.

First and foremost, | would like to thank Karen Dowling, who provided the opportunity to work on
a project that was engaging, challenging, and, most importantly, educational to me. | would also like to
thank both Karen and Filipe Arroyo Cardoso for their guidance throughout the project, including the
constructive and eye-opening feedback and knowledge provided throughout the year.

I would also like to thank Fabio Sebastiano for completing the thesis committee as chair and asking
insightful and critical questions during the defense.

Thirdly, | would like to thank the technical support staff from the Electronic Instrumentation Lab,
namely Lukasz, Ron, Jeroen and Zu Yao, for providing technical support regarding the bonding
of samples, the use of measurement equipment, and setting up measurement setups. | would also
want to give an honorable mention to the technicians at QuTech (Erik and Jason), who have provided
valuable information about vacuum equipment and general cryogenic equipment handling.

A special thanks to my colleagues and fellow students from the MUSIC lab, Jannik, Jacopo, Floris,
Yuxuan and Stefhen, for both sharing their exciting projects and being great discussion partners when
needed. | would also like to thank all other colleagues from the Electronic Instrumentation Lab, Xiaoxi,
Nuriel, Nandor, Sundeep, Alireza, Karim, Imad, Qiuxuan, Xinyi, Piet, Lucia and many others, for
creating a great environment to work in.

| would like to properly thank both my parents, Hans and Anja, and of course, my brother Max.
Thank you for supporting me from the start of my career until now, getting me into electronics initially,
and always encouraging me to continue. Of course, | would also like to thank Tabea for being supportive
and providing a distraction from this work when things didn’t go as smoothly.

A last thank you to the friends | made along the way through Plankenkoorts and the master’s pro-
gram, who provided an outlet for distraction but also helped with motivation to pull through during exam
periods.

Lex Pardon
Delft, October 2024



Abstract

Thermoelectric generators (TEGs) are critical in environments where alternative energy harvesting
methods are necessary, such as space exploration. This thesis investigates using a two-dimensional
hole gas (2DHG) as a p-type material within a Gallium Nitride (GaN) based TEG. This study focuses
on determining the thermoelectric performance of the 2DHG by measuring the Seebeck coefficient,
electrical conductivity, and power factor for extremely cold environments.

This work introduces a novel simulation method used to evaluate different structures to find the
optimal hole densities for maximizing the power factor (PF) of the 2DHG. A structure was realized,
and its thermoelectric properties were experimentally assessed. Key results, including a Seebeck
coefficient of 100 — 200 uV /AK, a sheet resistance of 70 — 120 k), and a resulting Power Factor (PF)
of 60 — 100 uWm~1K~2, are measured over an extremely low-temperature range of 50 - 300 Kelvin
and discussed for future applications.

These results demonstrate that GaN-based TEGs can significantly broaden the temperature range
and improve the performance of TEGs in extreme conditions. These findings pave the way for more
efficient thermoelectric systems, with potential applications in aerospace, deep-space missions, and
other challenging environments.
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Abbreviations
TEG Thermoelectric Generator

RPS radioisotope power system
AlGaN Alluminium Gallium Nitride

GaN gallium nitride

2DEG 2-Dimensional Electron Gas
2DHG 2-Dimensional Hole Gas

FEM Finite Element Method

BTE Boltzmann Transport Equation
XRD X-Ray Diffraction

QW Quantum-Well

PF Power Factor

HEMT High Electron Mobility Transistor
FoM Figure of Merit

MOCVD MetalOrganic Chemical Vapour Deposition
PCB printed circuit board

Si Silicon

Au Gold

Ni Nickel

Ti Titanium

Mg Magnesium

DUT Device Under Test

SMU Source Measure Unit
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Symbols

Symbol Definition Unit

1 Electrical current [A]

% Voltage V1]

Ng hole or electron sheet density [em™2]

n; intrinsic ionized charge carriers [em™3]

Ne extrinsic ionized charge carriers [em™3]

E Energy [eV]

Ny Dopant concentration [em ™3]

t Thickness [m]

Me Electron mass [kg]

my, Hole mass [kg]

x Aluminum content inside Al,Ga(_,)N [%]

k Thermal conductivity [-2%]
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Tovg Average temperature [K]

AT Temperature difference [AK]
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Introduction

1.1. Overview of TEGs in extreme-cold environments

Thermoelectric Generators (TEGs) are widely adapted in conventional machines and devices that re-
quire either electric power generation. These devices, also known as peltier devices, are commonly
used to harvest energy from a temperature gradient [18].

TEGs are mostly popular for their small form factor, ease of use, and durability. TEGs are often used
to generate electric power from the rest-heat of industrial processes or can be used with alternative heat
sources such as radio-isotopic decay, commonly known as radioisotope power system (RPS). RPSs
are commonly used in satellites or off-earth exploration vehicles, where conventional fuel-based or
solar-based energy sources are inefficient or impossible due to the remoteness of the application.

The use of RPSs in deep-space exploration is limited by its decline in efficiency with lower ambient
temperatures as these devices move further away from the sun. Within an RPS, the TEG is the most
critical device with a diminishing efficiency if temperatures drop below its semiconductors’ freeze-out
temperature. The most common semiconductor materials used in commercially available TEG are
listed in Table 1.1, which are split into three different categories, low-temperature, Therefore, further
investigation of alternative semiconductor materials is required to enable extremely low-temperature
functionality of TEGs.

| Material | Temperature range, K |

. Low temperature

Bi,Tes alloy 300 - 408

PbTe alloy g/l1e5d|_uersr(1)éemperature
) Medium temperature

TiO, 425 - 650
. High temperature

SiGe 620-730

Table 1.1: Different commercially available TEG materials, as reviewed by Zulkepli et al.[41]

Concluding from this overview of differently available materials, it can be stated that most commer-
cially available materials are optimal for a fixed operating range.

A semiconductor material that is well known for its resilience to extremely harsh environments is
gallium nitride (GaN). GaN is a wide-bandgap semiconductor, which gives it its harsh environment
functionality. This material does not only perform well in high-temperature scenarios due to its high
band-gap but is also well known for its low sheet resistance when carefully layered with a Alluminium
Gallium Nitride (AlGaN) alloy to create a heterostructure [2, 25]. This heterostructure forms a layer of
highly conductive electrons or holes, which helps increase the efficiency of electrical devices such as
transistor, magnetic sensors and TEGs.
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These induced thin layers of holes or electrons are known as a 2-Dimensional Electron Gas (2DEG)
or 2-Dimensional Hole Gas (2DHG). These induced layers are not only known for their outstanding per-
formance in the electrical domain but are also known to be extremely stable at extremely low tempera-
tures[25]. Therefore, they are a potential candidate for improved TEGs in extremely cold environments.

S=-Vv/dT

ya Heat transfer V-

Cold side p-GaN Hot side

Figure 1.1: The Seebeck effect over a Galium-Nitride based 2-dimensional hole gas, where a voltage is induced by the
Seebeck effect

Characterization of GaN TEGs has already been initiated in 2019 by Yalamarthy et al [28, 35, 29,
36], by investigating the thermoelectric properties of a GaN hetero-structure that induce a layer of highly
conductive electrons at low temperatures. This research has proven the potential benefits of GaN TEGs
in cold environments over different materials. This earlier work, however, solely characterized induced
2DEGs and recommends further research in a hole-based positive type counterpart known as a 2DHG
to further improve GaN TEGs, as illustrated in Figure 1.1.

1.2. Thesis overview

This thesis’ goal is to characterize the thermoelectric properties of a GaN heterostructure induced
2DHG. This thesis reports the steps taken and decisions made during this process and has been
structured in the following chapters.

This thesis first introduces the background information required in 2 to further understand TEG
performance metrics, such as the thermoelectric properties of semiconductors and expands upon the
use of alternate materials and the use of GaN/AIGaN Quantum-Wells (QWs), as well as state-of-the-art
in chapter 2. The thesis next moves to describe simulations of the earlier introduced mechanisms and
verifies its results with the help of State-of-the-art literature in chapter 3. As a result, different structures
are proposed to realize a 2DHG. 4 then discusses the challenges to realize the simulated structures,
including methods to properly contact the 2DHG and how to reliably characterize its properties. The now
fabricated structures are then characterized in chapter 5, where the measurement setup is introduced
and measurement results are discussed. A final conclusion and discussion is formed in 6.



Background and state of the art

This chapter introduces the background information required to understand further GaN based TEGs.
First, the basic working principles and physical properties of TEGs are reviewed. Then, the properties
and physics of GaN semiconductors is explained by introducing the formation of a 2DEG and 2DHG
inside GaN/AIGaN/GaN double hetero-structures. Lastly, a review of state-of-the-art TEGs and GaN is
presented.

2.1. Working principle and performance metrics of thermoelectric

generators

A simplified model of a TEG is provided in Figure 2.1. It is comprised of both an n-type and p-type
semiconductor thermally connected in parallel and electrically connected in series. As seen in the
figure, a temperature difference is applied between the hot and cold side. The temperature gradient
over the semiconductor induces an electric field through diffusion. As a result, a harvestable voltage
difference between the hot and cold side of the semiconductor can be used for power generation.

n-type Semiconductor

+

Figure 2.1: Simplified model of TEG, with grey representing electrically conducting materials

To efficiently harvest energy from a TEG, the connected load resistance must equal the TEGs
internal resistance. Since the output power of the generator is related to both the generated voltage
and the resistance of the TEG, the output power of the device can be expressed as P = V2?/Rrgq,
where V is the generated voltage by the Seebeck-effect and R the internal resistance of the whole
TEG. The thermoelectric properties of different semiconductor materials are commonly compared by
comparing their power density, commonly known as the Power Factor (PF). The PF can be estimated
using Equation 2.1, where S is the Seebeck coefficient and ¢ is the conductivity.

52
_7_

PF S2o (2.1)

3
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To further compare different semiconductor materials, it is important to include the loss of energy
through thermal conductivity (k). Where a high amount of heat transport between the hot and cold side
is seen as an inefficiency. A common method to compare the efficiency of TEG materials is the Figure
of Merit (ZT) where the PF is divided by the thermal conductivity as seen in Equation 2.2.

S2%0

T==""_T 2.2
T == (2.2)

Both the PF and Figure of Merit (FoM) are used to compare different TEG-materials, most commonly
plotted over temperature to determine their optimum temperature range.

2.2. Thermoelectric properties

The zT and PF metrics are commonly used to compare different semiconductor materials over different
temperature ranges, providing the opportunity to choose the most efficient material for applications in
specific operational temperatures. The thermoelectric properties directly affecting zT and PF can be
optimized by chosing the optimal charge-carrier density. To get a better understanding of how both
ambient temperature and electron and hole density affect the Seebeck effect, conductivity, and thermal
conductivity, these thermoelectric properties are further introduced in this section.

2.2.1. Seebeck effect

The Seebeck effect is a coupling mechanism between charged particle transport and heat transport.
The displacement of charges due to this coupling mechanism generates an electric field that is linearly
dependent on the temperature gradient applied to the semiconductor. This linear relation is expressed
in Equation 2.3, where V represents the generated voltage of the electric field and AT represents the
temperature difference over the semiconductor.

Vige = S+ AT (2.3)

To derive the Seebeck coefficient for a specific material, a more in-depth analysis of the transport
mechanisms inside semiconductors is required [12, 28]. By expressing the current flux (J., Equa-
tion 2.4) and the heat flux (J,, Equation 2.5) of a semiconductor with a temperature and voltage gradient
using Onsager relations [12], the direct relation between voltage and temperature can be expressed.
Here L;; represents the electrical conductivity of the semiconductor, L5 represents the coupling co-
efficient between the current and temperature gradient, L,; represents the energy carried due to con-
vection of electrons under an electrochemical potential gradient and L, represents the diffusion of
electrons under a temperature gradient.

dav dT
Je = Ln <_(ia:> + L1z (_dx> (2.4)

dVv dT
Jg=La <_dx> + Lo (_da:> (2.5)

If the temperature gradient over the material is zero, a relation between J, and J. can be derived as
seen in Equation 2.6, commonly known as the Peltier effect. Here, II represents the Peltier coefficient,
which corresponds to the heat flow through a material when a current is applied. This principle is
commonly used to fabricate Peltier coolers and is directly related to the Seebeck coefficientas II = ST,
where T is the temperature. The Seebeck coefficient can be rewritten as seen in Equation 2.7, showing
the direct relation between the coupling coefficient between current and temperature gradient (L12) and

the electrical conductivity (L41).

Jy = @Je =1LJ, (2.6)
Ly
av \% Lo

s __¥Y _ 2 2.7
S T AT Ly 2.7)
By now expressing L;; and L5 using the Boltzmann Transport Equation (BTE), an analytical expres-
sion for the Seebeck coefficient can be found as seen in Equation 2.8, 2.9, 2.10 [12] where the integrals

are taken from the bottom of the conduction band to infinity for electrons and from the top of the valence
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band to minus infinity for holes. v represents the velocity of the carriers, 7(E) the scattering rate of the
carriers as a function of energy, g(E) the density of states, f;(F) the Fermi-Dirac distribution and Er
the Fermi level.

~—9(E)dE (2.8)

dfo

Ly = = [ *7(E)(E - EF)5E

g(E)dE (2.9)

S:_ij‘v% )(E — Ep)3g(E)dE 2.40)
' [vr(E)5ge(E)dE '

The Seebeck coefficient is commonly rewritten as S = WM for bulk doped materials,

where o(E) is the differential conductivity. From both the simplified expression and Equation 2.10 the
conclusion can be drawn that the Seebeck coefficient is heavily dependent on the location of the Fermi-
level in respect to the top of the conduction band or bottom of the valence band, represented by Er in
the equation.

2.2.2. Electrical conductivity

The electrical conductivity o describes how well a semiconductor material conducts electrical current.
High electrical conductivity is desired in TEGs to improving the output power of the device. ¢ is directly
dependent on the mobility of the charge carriers (1) and charge carrier density (n) as seen in Equa-
tion 2.11 ,where ¢ represents the charge of the carrier. The charge carrier density is normally controlled
by adding doping atoms to the semiconductor, increasing the conductivity of the material.

o= qun (2.11)

The carrier mobility of semiconductors can be estimated by using Equation 2.12, where t repre-
sents the total scattering time of a charge carrier in the lattice and m* the effective mass of a charge
carrier. The effective mass of a charge carrier is material-dependent, whereas the total scattering time
is affected by both the semiconductor material and crystalline quality. In section 3.2, a more in-depth
approximation of the material’s conductivity in terms of scattering is investigated.

€T

= (2.12)
m

2.2.3. Thermal conductivity

The thermal conductance noted as k, of a material, is expressed in [W-m~!- K~!] and is considered to
be aloss of energy in TEGs as it enables the transfer of heat. Thermal conductivity in semiconductors is
comprised of two distinct methods of heat transport, charge and phonon heat-carriers. The total thermal
conductivity can thus be expressed using k£ = k, + k., where k, represents the thermal conductivity
contribution by phonons and k. the thermal conductivity contribution of electrons.

k. can be estimated using Equation 2.13, where the relation between the thermal conductivity and
electrical conductivity of electrons is directly related through the Wiedermann-Franz law [12] where L
represents the constant Lorenz number, Cr the heat capacity of the heat carriers and vy the average
velocity of said carriers. From this relation, one can conclude that by increasing the charge carriers of
a material, both the thermal and electrical conductivity increase.

1
ke = g()ev%m =LTo (2.13)

The thermal conductance through lattice vibrations, commonly known as phonons, can be ex-
pressed using Equation 2.14, based on the BTE model, where the specific heat capacity C(w), the
specific velocity v(w) and the mean free path A(w) of different phonon modes are integrated. To in-
clude the two transverse phonon modes and one longitudinal phonon mode for more general cases, a
summation is taken. The mean free path A(w) can be estimated in the form of phonon scattering 7(w)
multiplied by the phonon velocity v(w).
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1 1
kp= Y 3 / Cwhr(@Aw)dw = > 3 / C(w)(v(w))?7(w)dw (2.14)
LATA LATA
Due to the direct relation between the thermal and electrical conductivity of electrons, the thermal
conductance can be minimized by decreasing the electrical conductivity. Therefore, the thermal con-
ductance of lowly doped semiconductors is only comprised of the thermal conductance through lattice
vibrations (k = k).
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2.3. Optimization and limitations of Doped semiconductors

To optimize the zT and PF of TEGs, the semiconductor’s charge carriers are heavily controlled by
doping to influence their characteristics. This process is further explained below, including the negative
consequences that this method of optimization introduces to TEGs.

2.3.1. Optimization of Power Factor by carrier concentration

Carrier Concentration

Figure 2.2: Seebeck, conductivity and Power Factor over carrier concentration [36]

Since the Seebeck-coefficient, electrical, and thermal conductivity is dependent on the carrier concen-
tration, an optimum carrier concentration can be found to maximize both the PF and FoM. As the carrier
concentration increases of a semiconductor, both the thermal and electrical conductivity increase but
at the cost of a decrease in the Seebeck-coefficient.

The PF as expressed in Equation 2.1, is dependent on the Seebeck coefficient and electrical con-
ductivity and represents the output power of a TEG leg. By plotting both the Seebeck-coefficient and
electrical conductivity over different carrier concentrations in Figure 2.2 as well as the PF, it can be
clearly stated that an optimum carrier concentration must be chosen. A similar optimization strategy
is performed in this work, using an improved simulation method that is verified using state-of-the-art
measurements.

2.3.2. Limitation of doped semiconductors

An important aspect of semiconductors is controlling the charge-carrier concentration through doping.
Doping introduces extrinsic impurities into an otherwise pure semiconductor, allowing for precise control
of its electrical properties. In a doped semiconductor, the total charge-carrier concentration (n;,;) is the
sum of intrinsic carriers (n;) and extrinsic carriers (n.), which can be expressed as ny,; = n. + n;.
Both intrinsic and extrinsic carriers are thermally excited, with their populations depending heavily on
temperature. Semiconductors behave differently over temperature as the ionization of charge carriers
is heavily dependent on it. The behavior of charge carriers can be categorized in three different regions
over temperature: freeze-out, extrinsic, and intrinsic.

At low temperatures, the semiconductor operates in the freeze-out region. In this regime, the ther-
mal energy available is insufficient to ionize the dopant atoms effectively, meaning that only a small
portion of dopants contribute to free charge carriers. For instance, in an n-type semiconductor, the
donor atoms remain largely neutral, with their electrons still bound to them. The carrier concentration
at this point is minimal, as the thermal energy available is insufficient to excite the dopants. The hole
density in a p-type semiconductor at low temperatures can be approximated using Equation 2.15, where
N, is the concentration of acceptor dopants, E 4 is the dopant ionization energy, ¢ is the degeneracy
factor, and T is the temperature.

Na

= - (2.15)
14g¢- exp(%)

p



2.3. Optimization and limitations of Doped semiconductors 8

The freeze-out region is defined as the region where only a small portion of the dopants are excited
and can be stated as n, << Np orp << Ngj4.

As the temperature increases, the semiconductor enters the extrinsic region, where the majority of
the dopants are ionized. Here, the thermal energy is sufficient to excite most of the dopants, allowing
them to donate or accept electrons. The extrinsic carrier concentration stabilizes, and the majority
of charge carriers are contributed by dopant atoms. In this temperature range, the extrinsic carrier
concentration dominates over the intrinsic carrier concentration, such that n, >> n;. This region is
considered the operational region of doped semiconductors as it can be reliably controlled by changing
doping concentrations.

Lastly, at high temperatures, the semiconductor transitions into the intrinsic region, where the in-
trinsic carrier concentration (n;) begins to dominate over the extrinsic carriers. In this regime, thermal
energy is so high that a large number of electron-hole pairs are generated, overwhelming the contribu-
tion of the dopants. The intrinsic carrier concentration is governed by Equation 2.16, where T represents
the temperature, £, the band-gap energy of the semiconductor, and m. and m,, the electron and hole
mass, respectively. As T increases, the intrinsic carrier concentration increases drastically, where in-
evitably, a point is reached where the majority of carriers are dominated by intrinsic carriers, which can
be stated as n; >> n.. This region is known as the intrinsic region and cannot be carefully controlled
anymore through dopants.

S e el (2.16)

The desired region of operation, the extrinsic region, of a semiconductor material is therefore lim-
ited to a temperature range with no significant presence of intrinsic charge carriers and enough thermal
energy to activate extrinsic charge carriers. This limiting operational temperature range impacts semi-
conductor materials performance as TEGs, where different materials outperform others for specific
temperature ranges as seen in Figure 2.3, where the FoM falls drastically outside their optimal region.
The need for a material that is able to function efficiently over a wide temperature range can, therefore,
outweigh extremely high-efficiency devices in very narrow temperature ranges. This thesis, therefore,
focuses on an alternative material with an extremely wide operating temperature range.

1.4 | v T L T ! ' T L | T v ' T ' T | I v T T i
|, [ Bisb TAGS ]

2 192 7 (Bi, Sb)x(Te, Se)s /™~ e ]

10 : ," (Pb, Sn)(Te, Se) ]

B SN Sl—Ge__
08} /N P
N [ f‘/f \\‘\y P g ]
0.6 — /’ j/%”,r~ T _
0.4 F P LA — .
02 ff - S o<l p-FeSi, 1

y \ / L e : ]

O|||||||:;vl;;”l||||||||||||||
0 200 400 600 800 1000 1200

T, K

Figure 2.3: FoM (zT) of different thermoelectric materials over a temperature range of 0 - 1200 K [31]

As can be seen in Figure 2.3, the FoM of different materials is plotted over temperature. The majority
of the materials shown in this graph have an optimal region of 200-400 Kelvin. Therefore, a material
that is functional over an extremely wide temperature range can improve the useability of TEGs in
use-cases where a wide operational temperature range is required.
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2.4. Gallium Nitride as an alternative semiconductor

GaN is a promising semiconductor material, primarily known for its harsh environment functionality
and high carrier mobility, and is already well adapted in the industry [14, 3]. This section introduces
the background information required to further understand GaN and possible improvements to TEG
efficiency.

2.4.1. GaN as harsh environment semiconductor

With its wide band-gap of 3.4 eV, when compared to other semiconductor materials like Silicon (1.12 eV),
GaN is considered an extreme wide band-gap material. As mentioned in subsection 2.3.2, the band-gap
of a semiconductor directly affects the minimum temperature of the intrinsic region of the semiconductor.
An ultra-high band-gap semiconductor such as GaN increases the maximum operational temperature
of semiconductors to up to 1000 degrees Celsius [14] compared to conventional materials.

The formation of a QW can be intrinsically induced at hetero-junctions made of AlIGaN and GaN,
forming a confined layer of electrons or holes. The formation of the so-called 2DEG and 2DHG are well
known for their high mobility and independence of temperature at extremely low temperatures as they
do not require extrinsic dopants to form [25].

The combination of the high bang-gap and formation of a temperature independent QWs results
in GaN'’s ability to operate in an extremely wide temperature range, opening another path for extreme
environment semiconductors. GaN is therefore considered a perfect candidate for further research and
development as a TEG thermoelectric material.

2.4.2. Formation of 2DEG and 2DHG through induced polarization in GaN/Al-

GaN/GaN structures
The formation of a 2DEG and 2DHG is realized through the formation of a GaN/AIGaN/GaN double
hetero-junction, in which the polarizing effect of the AlGaN induces a thin negatively charged layer in
one GaN/AlGaN heterojunction and a positively charged layer in the other hetero-junction. To get a
better understanding of how the induced 2DEG and 2DHG form, the induced polarization of the AlGaN
layer must be further explained.

[1I-V nitrite semiconductors are commonly known for their wurtzite crystal structures that is grown
through MetalOrganic Chemical Vapour Deposition (MOCVD). These wurtzite crystal structures are
typically grown into the [0001] or [0001] direction, commonly known as the c-plane. As can be seen in
Figure 2.4, an a-symmetry is present in the [0001] direction, which results in piezo-electric properties
of the deposited layer.

The crystal structure shown in Figure 2.4 represents the structure of a GaN wurtzite crystal. By
partially replacing Gallium atoms with Aluminum atoms, a ternary alloy is created of Al,Ga;_,N in
which x denotes the percentage of Aluminum to Gallium. The lattice constant of said Al,Ga;_, N
will change as a function of x compared to normal GaN. In a GaN/AlGaN hetero-junction, the lattice
mismatch introduces strain to the AlGaN layer. The induced strain on the AlGaN creates an electric
field due to its piezoelectric properties and can be used to create a intrinsic polarization layer within the
structure.

This polarization translates into a noticeable electric field over the AlGaN layer of up to 2 MV/cm
which can be intrinsically induced by varying the AlGaN Aluminum content [1]. This electric field can be
estimated using Equation 2.17, where e represents the permittivity of AlIGaN, PS’;ZG‘IN represents the
spontaneous polarization and PpAleGaN (x) represents the piezoelectric polarization as a function of the
aluminum content x, further estimated by [1]. The charge density on the surfaces of the AIGaN as a
result of the piezoelectric and spontaneous polarization can be expressed using Equation 2.18, where
q represents the elementary charge. This charge difference is later seen in Figure 2.5, which attracts
holes for the negatively charged side, and electrons on the positively charged side.

AlGaN AlGaN
sz “ (x)+Psp ¢

€AlGaN

ExGan = (2.17)

TAIGaN = i(PpA;lGaN(x) + Ps’;‘fG“N) - —q (2.18)

Figure 2.5 provides an overview of a pGaN-GaN-AlGaN-GaN structure commonly used to form both
a 2DEG and 2DHG, where a surface charge profile and a band-diagram sketch is provided to provide
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a more elaborate look into the formation of said QWs. Sub-figure A represents a not-to-scale complete
structure and the location of the formed 2DEG and 2DHG.
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Figure 2.4: Wurtzite crystal structure of GaN, [_ 2DEG
showing a-symetry on the [0001] axis[2]
/— Ev

Figure 2.5: A: typical pGaN-GaN-AlGaN-GaN double heterostructure layout
with marked 2DEG and 2DHG regions.
B: Surface charge model of typical double-heterojunction.
C: Band-diagram sketch of double-heterojunction with marked 2DEG and
2DHG regions

A common approach to find the sheet density of a 2DEG or 2DHG is the use of a surface-charge
model, in which the intrinsic surface charge of the AIGaN layer at its hetero-junctions has already been
determined in Equation 2.18. By stating that the net surface charge of a hetero-junction must be zero
(surface1 +0sur face2 = 0) @and sketching a surface charge distribution of the entire structure in Figure 2.5
B, an expression for the 2DEG sheet density can be found as the surface charge can be related to its
sheet density using 2.19.

Ne * § = CAIGaN — TGaN (2.19)

A similar approach is used to determine the sheet hole density of the formed 2DHG as seen in
Figure 2.5 B, where the p-GaN helps with the surface charge depletion and the sign of the surface
charge carriers is flipped as the AlGaN charge is now negative.

By sketching the band diagram, one can find out the well-depth of both QWs as the GaN becomes
degenerate (Ec < Er or Ey > Ep). With the help of band-bending, the band-gap mismatch and
polarizing effect of the AlGaN layer, the band-diagram can be seen in Figure 2.5 C. This band-diagram
clearly shows the formation of a 2DEG and 2DHG on both sides of the AlGaN polarizing layer, as
marked with the colored area of degeneracy.



2.5. State of the Art 11

One of the major benefits of an induced 2DEG or 2DHG is the high mobility of electrons and holes
in the formed QW. No dopants are added to the area where the QW forms, significantly limiting the
impurities added to the lattice structure. Lattice impurities in doped materials significantly decrease
mobility, therefore having a lower conductivity. In formed QWs we can assume that impurity scattering
caused by dopants is negligible, therefore increasing the conductivity of GaN QWs, directly improving
the PF of TEGs. This benefit of GaN based devices is commonly seen in 2DEG-based High Electron
Mobility Transistors (HEMTs) [10].

2.4.3. Controllability of well-depth and sheet density with practical growth lim-

itations
As previously stated and confirmed by 2.19, the AlGaN layer properties, such as the thickness and
aluminum content x, directly affect the electric field and charge profile of the structure. Where an
increased aluminum content in the AlGaN results in a higher lattice mismatch, therefore increasing
the piezoelectric charge denoted as +0;//“*". As 2.19 suggests, a higher polarizing AIGaN layer will
induce a higher sheet density on both the Ga and N side of the AlGaN layer, increasing both the hole
and electron sheet densities.

As changing the AlGaN properties opens possibilities to control the sheet density of the QWs, the
lattice mismatch and, therefore, induced strain introduces a risk of cracking the grown wafers. The
maximum limits of what aluminum content (x) and thickness the AlGaN layer can be grown is dependent
the buffer layer and quality of the growing method.

As earlier mentioned in 2.3.1, an ideal carrier concentration for semiconductor materials can be
found. During this thesis, an in-depth look will be taken to map the possible regions of what hole
densities are possible and what the maximum Power Factor (PF) within this range is expected.

2.5. State of the Art

To further investigate the status of GaN based TEGs, an overview of state-of-the-art research is given
below. From this, a research question for this thesis was formulated, and further steps can be carried
out to improve knowledge and research on this topic.

2.5.1. AlGaN/GaN 2DEG TEGs

This work continues the pursuit of GaN based TEGs previously investigated by Yalamarthy et al. [35,
29]. Yalamarthy’s work was dedicated to the development of an optimized 2DEG, investigating the
n-type semiconductor leg possibilities of GaN. A GaN/AlGaN hetero-junction was observed for its
thermo-electric properties over a wide range of different temperatures. By characterizing two different
stack-ups, with differing GaN layer thicknesses, high [35], and low [29] operating temperature ranges
were investigated.

A thin GaN layer thickness of 100 nm and a thick GaN layer thickness of 1.2 ;ym were compared,
in which the transport of thermal energy is obstructed by the thinner GaN layer. A 4x improvement in
the FoM (zT) has been observed in the thin GaN layer compared to externally doped GaN because
of its improved conductivity. A PF of 4-7 mWm 'K 2 was observed for the formed 2DEG over a
temperature range of 0 - 300 degrees C.

Further low-temperature measurements have lead to the discovery of a significant improvement of
the PF in extremely cold environments for a thick GaN layer[29]. Phonon-drag is a phenomenon that
couples the thermal conductivity to a generated voltage over a semiconductor and is considered to be
an addition to the diffusive Seebeck-effect mentioned earlier in 2.2.1. Yalamarthy et al. have deter-
mined the presence of phonon-drag in extremely cold temperatures, further increasing the Seebeck
coefficient in near-zero Kelvin environments. This additional improvement of the Seebeck-coefficient
and PF further proves the usability of GaN based TEGs in further projects.

Yalamarthy’s research was based on 2DEG based TEGs only. Therefore, this work will be primarily
focused on 2DHG based TEGs optimization to further investigate the GaN based TEGs. Since the
combination of an n-type and p-type semiconductor TEG is considered to be most optimal, this mas-
ter thesis will further investigate structures that are able to form both a 2DEG and 2DHG, where the
characterization of the formed 2DHG is considered to be the primary goal.
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2.5.2. State of the art GaN 2DHG structures
By comparing different GaN based 2DHGs, a better overview of the possibilities can be provided. As
seen in Table 2.1, different state-of-the-art 2DHG structures are compared.

Table 2.1: Overview of different state-of-the-art 2DHG structures

2DHG density | 2DHG mobility

Structure type (cm-2) (cm2IVs) 2DEG
Chaudhuri et al. GaN/AIN _ 5. 1013 10 No
[8] heterojunction
a‘]’ckma"" etal | GaN/GaN/AIGaN/AIN  1.6- 1073 i No
Nakajima et al. pGaN/GaN/AlGaN/GaN 13
[23] double heterojunction 1-10 16 Yes
Shao et al. pGaN/GaN/AlGaN/GaN 13
[30] double heterojunction 3.6-10 10 Yes

From this overview, it can be stated that different structures can be used to reach a maximum hole
sheet density of 5 - 10!3 and a maximum mobility of 16¢m?/V's. Since the initial goal of this thesis is
the investigation of a 2DHG as complementary p-type to an already characterized GaN based 2DEG,
a double heterojunction that is can induce both a 2DHG and 2DEG is considered beneficial compared

to a single heterojunction.

The use of a double heterojunction type structure is the most common method of inducing a 2DHG,
therefore making it a more reliable method to form and characterize a 2DHG. A double hetero junc-
tion, as introduced and partially characterized by Nakajima et al. [23]. Nakajima et al. [25] has also
proven the extremely low-temperature performance of said double heterojunction and further investi-
gates the thickness of the unintentionally doped GaN thickness to improve mobility of the formed 2DHG.
Therefore, it is the ideal structure to optimize and characterize as a TEG semiconductor material.
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: " | Undoped GaN channel
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t
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(DD DD DHDD
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Figure 2.6: p-GaN/GaN/AlGaN/GaN structure proposed by Nakajima [24]

By comparing both the formed 2DHG and its mobility with a Magnesium (Mg) doped GaN bulk sub-
strate, the temperature independence of a 2DHG formation has been proven by Nakajima up to tem-
peratures down to 25 Kelvin [25]. Later, the mobility of the formed 2DHG has further been investigated,
where the relation between the AlGaN layer thickness and sheet hole density is measured and proven.
Further characterizations have been carried out to optimize the undoped GaN layer thickness to mini-
mize impurity scattering due to dopants from the p-GaN diffusing into the undoped GaN layer where a
2DHG forms. Giving guidelines and limits of the proposed p-GaN/GaN/AlIGaN/GaN structure[23].

Further research on the 2DHG mobility by Shao P. [30] confirms earlier works of Nakajima by investi-
gating the mobility of 2DHGs formed through p-GaN/GaN/AlGaN heterojunctions. In which an increase
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in mobility of the 2DHG was observed with colder temperatures, which in terms positively influences
TEG performance in low temperatures.

2.6. Conclusion
In order to get closer to the use of GaN for an extremely wide temperature range TEGs, the next
logical step to take is the optimization and realization of a GaN based 2DHG. By choosing a double-
heterojunction structure, itis also possible to open future works to include a 2DEG to a single structure to
enable the use of a TEG that is comprised of an n-type and p-type semiconductor. Therefore, this work
will be mostly based on state-of-the-art GaN/AlGaN/GaN double heterojunction of which the 2DHG will
be characterized for its thermo-electric properties to determine the feasibility to use GaN based TEGs.
The process to realize and characterize a GaN based 2DHG, is done by firstly simulating different
structure properties, as done in chapter 3. After the carried out simulations, the GaN based TEG is
then realized and characterized for final evaluations.



Theoretical simulations and results

To estimate the performance of the proposed double heterostructures, a method to approximate the
characteristics of a 2DHG TEG is developed. Firstly, by dividing the estimation process into individual
steps, a piece-wise approach is made to estimate the performance of the 2DHG. Figure 3.1 provides
an overview of the different steps taken to assess the performance of the formed 2DHG, with structure
properties such as layer composition and thickness as input. As seen in the figure, multiple intermediate
steps are required to estimate the characteristics of a 2DHG. In this work, a novel method to improve
the accuracy of the simulation results is introduced by directly using the Schrodinger-Poisson solvers
results instead of re-calculating the energy levels in the matlab estimations.

Nextnano Matlab Results
A A A

Qutput
- - - Seebeck
Seebeck-Coefficient | emcient

estimation
Power Factor
> - 5
estimation
Qutput
i - 2DHG
: . 2DHG electrical Conductivity
Schrodinger Poisson L
Start Input: Solver conductivity
- Structure properties Output: estimation —
- Temperature -Ev Ef
- 2DHG Hole density
- 2DHG well-depth FoM (ZT)
estimation
Thermal conductivity
estimation

Qutput
- Structure
thermal conductivity

Figure 3.1: Overview of simulation steps

As seen in Figure 3.1, a piece-wise approach is taken where individual simulation steps are used to
determine the overall characteristics of the structure. This chapter starts with describing the simulation
models used and compares them with state-of-the-art measurements to determine the reliability of the
following simulations:

» Schrddinger-Poisson solver, section 3.1

+ Electrical mobility and conductivity model, section 3.2
» Seebeck coefficient model, section 3.3

» Thermal conductivity model, section 3.4

During the validation process, re-iterations of the simulation model have been carried out to optimize
the simulation models for minimal estimation errors. After the validation and explanation of most models,
the PF is optimized using the introduced models in section 3.5.

14
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3.1. Sheet hole density and band energy level simulations using

Schrodinger-Poisson solver

The simulation initially starts with a Schrédinger-Poisson solver, Nextnano [6]. A Schrodinger-Poisson
solver is a computational tool used to self-consistently solve the Schrédinger equation, describing quan-
tum mechanical wavefunctions, alongside the Poisson equation, which determines the electrostatic po-
tential from charge distributions. This software package provides a self-contained Schrédinger-Poisson
solver to estimate nanoscale semiconductor structures and devices. Nextnano can generate band dia-
grams of structures and calculate the hole and electron density at different locations within the structure,
including properties such as strain, temperature, and material-dependent properties.

Figure 3.2 shows a band-diagram graph generated by Nextnano of a double heterostructure in
which the polarization of the strained AlGaN can be observed. This figure shows the formation of a
2DEG and 2DHG.

Conduction band
Valence band
- = —Fermi-level

Energy (eV)

20 40 60 80 100 120 140 160 180 200
Distance from surface (nm)

Figure 3.2: Band-diagram of pGaN-GaN-AlGaN-GaN structure

Figure 3.3 shows the hole and electron density within the same structure, in which a high concen-
tration is observed where the semiconductors are considered degenerate. By taking the integral of the
hole density over a 2DHG location, the sheet density of a 2DHG can be extracted for further use and
evaluation. A similar approach can be taken to estimate the 2DEG sheet density.
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Figure 3.3: Electron and Hole concentration of pGaN-GaN-AlGaN-GaN structure

In order to validate the accuracy of Nextnano, a comparison with Nakajima et al. work has been
done. In this work [24], Nextano was also used to simulate a double-heterojunction, of which in later
works [25, 23], the sheet hole and electron density were confirmed through hall-measurements. During
the simulations in this thesis, the structure inputs have been validated using Nakajima’s work to validate
the used settings in Nextnano.

Due to the direct use of Nextnano’s outputs in the simulation steps to estimate the Seebeck coeffi-
cient and electrical conductivity, Nextnano is also included indirectly in both simulation models’ valida-
tion process. Both the Seebeck-coefficient and conductivity models will be verified using state-of-art
structures that require a simulation step to determine both the structure’s electron density and energy
levels, which are simulated and provided by Nextnano.



3.2. Electrical mobility and conductivity model 17

3.2. Electrical mobility and conductivity model

The formation of a 2DHG provides the opportunity to create a conductive layer that forms without local
dopants to create free holes. This section describes the method used to simulate a 2DHG mobility by
individually assessing the scattering mechanisms affecting the mobility.

3.2.1. Average scattering time and mobility
The mobility of holes and electrons can be expressed using Equation 3.1, depending on the effective
mass m*, elementary charge e, and the average scattering-time <7> of the carriers.

u=£<7> 3.1)

The total scattering time 7(E) is calculated by taking the sum of individual scattering components
as a function of energy, as seen in Equation 3.2. To determine the average scattering time <7>, the
energy-dependent total scattering is averaged using Fermi statistics as seen in Equation 3.3, where f;
is the Fermi function and 7(E) the earlier found energy-dependent total scattering time.

T(E) = (r; {(E)™! (3.2)

5fo(E)
[r(B)EXtE) 4

<T>=
[FEern

(3.3)

3.2.2. Energy dependent scattering in 2-Dimensional inversion layer

A total energy-dependent scattering time model can be simulated by individually determining the dif-
ferent scattering processes within a 2DHG. To analytically express the energy-dependent scattering
mechanisms, the energy levels of a 2DHG are extracted from the Schrédinger-Poisson solver.

The electron energy is expressed using Equation 3.4 where E,, is the bottom of the corresponding
subband where most free electrons are located. The bottom of this subband is extracted from the
earlier mentioned Schrodinger-Poisson solver to include changes to E,, over Temperature and other
structural changes. This method introduces the direct relation between the Schrédinger-Poisson solver
and estimated mobility, reducing the need for approximations to determine energy levels using the
carrier density. This proposed method determines the hole mobility by extracting the bottom of the
valence band and the hole density.

k2
2mx

Further, to determine the 2-dimensional scattering mechanisms, the 2D screening effect is intro-
duced by dividing the scattering matrix elements by the screening function S(q,T) as seen in Equa-
tion 3.5 where F(q) is the form factor, further explained by Hirakawa [15] and I1(¢, T, F') the polarizability
function seen in Equation 3.6, where O is the unit-step function, K the Fermi-wave vector, Er the
Fermi-energy extracted from Nextnano, and T the Temperature in Kelvin. The Fermi-wave vector is
further estimated using Equation 3.7 where hyp is extracted from Nextnano.

En(k) = E, +

(3.4)

e’ F(q)l(q, T, E)

S(q,T) =1+ Seq (3.5)
o mx *1-0(q-2Kp)[l — (2Kr/q)?*)]"/?
TP = g e Bt (39

KF =V 27Th2D (37)

3.2.3. Scattering mechanisms

By applying the aforementioned 2D screening effect, the scattering mechanisms present in the formed
QW are now investigated. The scattering mechanisms considered in the model are deformation scatter-
ing, potential scattering, surface roughness scattering, and optical phonon scattering. lonized impurity
scattering is neglected since the AlGaN barrier layer is considered not doped. Furthermore, piezoelec-
tric scattering is ignored, as it is negligible [13].
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Figure 3.4: Scattering-rate of individual mechanisms in 2DHG of Sample A shown in Table 3.1 over range of temperatures

Based on earlier work [13], the interface roughness scattering 7;,. can be expressed using Equa-
tion 3.8. The integral over 6 is taken from 0 to 27, with the process-dependent statistical variables
A and )\ representing the interface’s average displacement and autocorrelation length, respectively.
Both variables are determined experimentally using X-Ray Diffraction (XRD) measurements and are
assumed to have a Gaussian distribution. Furthermore, ¢ represents the dielectric constant of GaN,
and nqp represents the electron or hole density.

L mi(AN)? / N2\ (2/6)(n2p/2)
T = ——=— [ exp(— 1 — cos(0))do (3.8)
5 ) e gy (1 cos(9)

Deformation scattering, commonly known as acoustic phonon scattering, can be expressed using
Equation 3.9[13]. Where the integral is taken from 0 to 27, E, is the deformation potential and C, the
longitudinal elastic constant of GaN

do (3.9)

1 3bE§pm*k‘BT/ (1—cos(0))

ar sonh’cy,  Jo S%(a,T)
Optical phonon scattering can be expressed using Equation 3.10[13]. With w;o the longitudinal

optical phonon energy, ¢ the optical or high-frequency dielectric constant. ¢ ;. and ¢, represent the

scattering wave vectors in absorption and emission and N, the phonon occupation number, further
explained by Gurusinghe [13].

1 emfhwpo(ed —et)

B = e [ cos D~ o+ Fano)l gy

[1 = fo(E — hwio)]O(E — hwro)(Ng + 1)1(q)-) }do

(3.10)

To better understand the individual contribution of the scattering mechanisms that limit the hole
mobility over different temperatures, a plot of the scattering rates over the temperature of the individual
mechanism is provided in Figure 3.4. By each comparing the scattering mechanisms, it can be stated
that in cold environments of 200 Kelvin and below, the total scattering rate is mainly influenced by
surface roughness scattering. In contrast, acoustic and optical phonon scattering are dominant in
higher temperatures. Both phonon scattering mechanisms are primarily bound by material-dependent
variables and, therefore, are hard to improve. Whereas the surface roughness can be improved using
different MOCVD techniques. As a result, further technology improvements will be primarily seen in
low-temperature performance.
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In conclusion, the scattering rate decreases with temperature, resulting in higher hole mobility in low-
temperature environments. This decrease improves the power factor of a GaN based TEG in lower
temperatures.

3.2.4. Model validation using state-of-the-art

With the now fully defined model, it is necessary to verify the accuracy of the estimation using earlier
measurements from state-of-the-art structures. The earlier introduced p-GaN-GaN-AlGaN-GaN struc-
ture has been characterized by Nakajima [23], in which the hall-mobility is measured over a temperature
range of 25 to 500 Kelvin. During the characterization of this structure, two different structure thickness
variations are measured and compared, listed in Table 3.1 and can be represented with the earlier in-
troduced 2-dimensional cross section in Figure 2.6. Both samples are individually simulated using the
proposed simulation method introduced above.

Sample: | p-GaN thickness | GaN thickness | AlGaN thickness | Al content |
A[23] 30 nm 20 nm 48 nm 23 %
B[23] 30 nm 60 nm 47 nm 23 %

Table 3.1: Sample overview mobility experimental measurement and simulation comparison

Firstly, the structure is simulated in Nextnano to obtain the necessary intermediate results regarding
sheet density and energy levels. These intermediate results are then used to estimate the mobility of
a 2DHG. This process is carried out over a temperature range similar to Nakajima’s results to provide
a dataset comparable to their measurement results. This method results in Figure 3.5, where the
simulation and state-of-the-art measurement results can be compared.
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Figure 3.5: Simulation and state-of-art measurement results of 2DHG mobility

As seen from Figure 3.5, a discrepancy between the simulated and state-of-the-art measurements
can be noted of half an order of magnitude. This discrepancy is most likely due to unknown variables for
the simulation, such as the surface roughness constant on the heterojunction and the absence of the
simulated unintentional dopants in the channel. Furthermore, apart from a constant error, the general
behavior of the simulated mobility over the temperature range does coincide with the state-of-the-art
behavior measured by Nakajima et al. [23].

As stated by Nakajima et al.[23] as part of their studies, the difference between samples A and
B is minimal. As seen in both the performed simulations and state-of-the-art measurements, further
increasing the confidence of the simulation model for further evaluations of 2DHG structures.
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3.3. Seebeck coefficient model

The complete model introduced in Figure 3.1 separately simulates the Seebeck coefficient as one of
its intermediate steps. The earlier stated formula for the Seebeck coefficient, Equation 2.10 in the
background of this thesis, has been used to determine the Seebeck coefficient of 2DHG quantum wells
in state-of-the-art works. This work introduces a novel method to calculate the Seebeck coefficient
using the earlier found energy levels from the Schrédinger-Poisson solver.

As mentioned in subsection 2.2.1, the distance between the Fermi-level (Er) and Valence-band
(Ev) is an important metric to determine the Seebeck-coefficient of a 2DHG. Conventional methods
determine the Valence-band energy levels by applying the known hole density to the density of states.
The density of states provides a fast method to analyze the structure’s energy levels but introduces
uncertainty since it simplifies the energy levels.

In this work, the earlier calculated energy levels of the QW are extracted from the Schrédinger-
Poisson solver instead of estimating the energy levels using the density of states. This newly intro-
duced method introduces a direct coupling between the Seebeck coefficient and the earlier simulated
structures’ energy levels.
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Figure 3.6: EF - EV1 over different temperatures

The Schrédinger-Poisson solver outputs multiple valence bands in its simulation results, contributing
to the overall hole population. However, this analysis focuses on the top valence band, as it contains the
majority (> 90 %)of the holes in the QW. This method simplifies the Seebeck-coefficient calculations.

Figure 3.6 shows the top valence band location with the Fermi level over a wide temperature range.
This change of energy difference over temperature is typically not considered as detailed when esti-
mating the energy difference using the sheet density and density of states. Therefore, using the direct
results of the energy-based simulations of Nextnano in the Seebeck-coefficient model is expected to
improve the estimation of the Seebeck-coefficient.

1 [ o(B)(E - Bp — Bv1)dE

qT [° o(B)dE
- 5 (3.11)
_ 1 Jo E-T(E)§8(E~ Ep — Ev1)dE
qT [ E-1(B)YedE

With the newly established method of importing simulated energy levels and the earlier established
conductivity of a 2DHG. A simplified yet improved equation for the Seebeck coefficient is used. Equa-
tion 3.11 is used to calculate the Seebeck coefficient with the energy level difference between the Fermi-
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level and Valence band, including the differential conductivity of the QW represented by E - 7(E)3

SE
earlier extracted from the mobility simulations in section 3.2 where %2 represents the derivative of

OFE
the Fermi-Dirac function. Furthermore, q represents the charge-carrier charge, and T is the average

temperature of the semiconductor.

3.3.1. Model validation using state-of-the-art
A comparison with state-of-the-art measurement data must be carried out to validate the simulation
model explained above. Since no state-of-the-art data is available on GaN based 2DHG Seebeck
coefficients, other data must be used to validate the newly introduced model. Former, earlier mentioned,
research of A. Yalamarthy et al. [29] and C. Bryan et al. [7] in which the Seebeck coefficient of GaN
2DEGs is measured for different GaN thicknesses is used to validate the newly introduced model.
Changing the newly set up model for n-type quantum wells and simulating the structures used by both
researchers can compare the simulation and measurement data as seen in Figure 3.7.

When comparing the simulation data with their respectable state-of-the-art measurements, it is nec-
essary to address each sample, as each sample shows significantly different results. The list of samples
used to compare to the state-of-the-art measurement and simulation is given in Table 3.2.

Sample ;'.I?g:)r 1 Layer 2 Layer 3 Layer 4 Layer 5 | Layer 6
3 nmu-GaN 30 nm AlGaN 100 nm u-GaN .
A[29] Cap x =0,25 1 nm AN 2DEG Channel Buffer Si
3nmu-GaN 30 nm AlGaN 1.2 um u-GaN .
BI29] | cqp x = 0,25 TnmAIN - 5pEG channel  Buffer S
5 nm SiN 25 nm AlGaN 100 nm u-GaN  Buffer + .
Cll | cap x = 0,218 0.7nmAIN " 55EG channel  AIN Si
Table 3.2
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Figure 3.7: Seebeck coefficient simulation and state-of-the-art measurements of 2DEG channels of different samples a seen in
Table 3.2

Firstly, Yalamarthy’s 'thin’ sample (A) shows the most similarity between the simulations and mea-
surement data. This similarity is expected as the simulation model is optimized for structures such as
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the thin GaN structure proposed by Yalamarthy. The order of magnitude and curvature prove that the
simulations represent the measured realized samples.

However, Yalamarthy’s second 'Thick’ sample is not entirely similar when comparing the simulation
data with the measured data, especially in the lower temperature range. This result was expected, as
this structure is optimized to benefit from phonon-drag, boosting the overall Seebeck coefficient. This
additional phonon-drag improvement of the Seebeck coefficient is absent in the simulations, resulting
in a discrepancy between the simulation and measurement data. As seen in Figure 3.7, in sub-100
Kelvin temperatures, the simulated Seebeck coefficient is significantly lower than the measurement
data. This phonon-drag phenomenon is considered out-of-scope and is not expected to be present in
the structures of interest in this work.

C. Bryan’s [7] measurement results are focused on above 400 Kelvin measurements. Comparing
the simulated Seebeck coefficient with the measured data, it can be stated that a further increase in the
Seebeck coefficient is seen in the simulated and measured data. However, a drift error can be observed
as the temperatures increase, stating that this simulation model is mostly reliable in temperatures up
to 500 Kelvin.

Both sample A and C’s simulation results show a local maximum at 125 Kelvin, which is mostly
caused by the difference between the Fermi-level and valence band to be close to zero, which can be
seen in Figure 3.6. This local maximum is only observable in simulation results and is not observed as
pronounced in state-of-the-art measurements. This local maximum, therefore, should be considered
as a simulation artifact that can be disregarded. Apart from the local maximum at 125 Kelvin, the trend
of the simulation does match the state-of-the-art measurements as mentioned above.

In conclusion, the proposed Seebeck coefficient simulation model can reliably predict the perfor-
mance of 2DEG based simulations as long as there is limited phonon drag in low temperatures. The
model can predict the Seebeck coefficient for temperatures up to 300 Kelvin, when disregarding local
maxima due to Er — Ey crossing zero.
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3.4. Thermal conductance

The thermoelectric properties of materials used in TEGs provide a first indication of the performance
of different materials. The thermal conductance of a material used in a TEG is directly related to the
device’s efficiency, as the thermal conductivity is related to the heat flux within the structure. The
efficiency of a complete TEG comprised of intricate structures depends on the rate heat conducts
through the used materials. Thermal leakage is considered lost energy in the form of heat and can
be estimated using the thermal conductivity of the materials the TEG is made of. Since this thesis is
focused on forming a confined 2DHG layer in a multi-material stack-up, the thermal conductance of
this stack-up is estimated using a numerical model, as explained below.

3.4.1. Overall thermal conductance of stack-up

As stated above, the formation of a 2DHG is realized by creating a stack of multiple different epitaxially
grown layers of GaN, AlGaN, and possibly other materials. Since these materials differ in their thickness
and characteristics, the overall thermal conductivity of the complete stack is estimated by taking the
sum of the thermal conductivity of each layer, weighted by their thickness as seen in Equation 3.12.
This weighted average thermal conductivity of the stack-up provides a proven effective method [35] to
estimate the overall thermal conductance of a stack-up that is compatible with Finite Element Method
(FEM) simulation software, allowing simulating more complex TEG structures.

Zg’:t" b (3.12)

3.4.2. Thermal conductance of single layers
In order to calculate the stack-up’s overall thermal conductivity, each layer’s thermal conductance is
estimated separately. The thermal conductivity of crystalline materials such as GaN, AlGaN, or metals
comprises the heat carried by electrons and phonons and can be formulated as k; = k. + k,. The
contribution of electrons to the thermal conductance in semiconductors is negligible as the number
of free electrons is insignificant[12]. Therefore, modeling the thermal conductance of lattice vibrations,
commonly known as phonons, is sufficient for an approximation of the thermal conduction of each layer.
The thermal conductance through lattice vibrations can be expressed using Equation 3.13, based
on the BTE model, where the specific heat capacity C'(w), the specific velocity v(w) and the mean free
path \(w) of different phonon modes are integrated. A summation is taken to include the two transverse
phonon modes and one longitudinal phonon mode for more general cases.

ktot =

kp= > %/C(w)v(w)/\(w)dw (3.13)

LATA

The mean free path A\(w) can be estimated in the form of phonon scattering 7(w) multiplied by the
phonon velocity v(w), resulting in Equation 3.14.

=Y % / C(w)(v(w))2r(w)duw (3.14)

LATA

The in-plane thermal conductivity can be further approximated using the Debye approximation, in
which one single acoustic band is assumed with an average phonon velocity v,, overall phonon modes.
By taking = = hw/(kgT) in combination with the Debye approximation, the in-plane conductivity can
be estimated using Equation 3.15 [32] in which O, is the material dependent Debye temperature.

ki = —2—
272 hsvav
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ksT / xte T(Z’)dx (3.15)
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3.4.3. Phonon scattering

The equation above shows that the total phonon scattering time = determines the in-plane thermal con-
ductivity. The total phonon scattering time is determined using Matthiessen’s rule, in which different
scattering mechanisms within the material are considered. Firstly, phonon-phonon scattering is eval-
uated using the Umklapp process, where N-phonon interactions change the net direction of phonon
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propagation within a medium. The Umklapp-process scattering time can be approximated using Equa-
tion 3.16 [39], where P and Cu are material-dependent constants.

2m3,.2, =50
() = % (3.16)

Defect scattering in the form of core defect, screw defect, edge defect, and mixed dislocations is
included in the total scattering term. The scattering time of the defects is approximated with the total
dislocation density N, which represents the total process-dependent dislocations of the deposited
layer. As the core, screw, edge, and mixed dislocation scattering approximations are all dependent on
different material parameters, except the shared dislocation density, it can be noted that the disloca-
tion scattering time is inversely proportional to the dislocation density. This concludes that the defect
scattering time decreases as the dislocation density increases. In experimental results, the disloca-
tion density Ny, is typically extracted using XRD measurements. The phonon-dislocation scattering is
approximated using the approach proposed by Zou et al. [40].

Boundary scattering is commonly known as the interaction between phonons and the boundaries
of a thin film layer, reducing the heat conductivity of a material due to phonons interacting with bound-
aries in a layered structure. Boundary scattering heavily depends on the layer thickness as boundary
scattering becomes more noticeable in thin films[21, 39]. The boundary scattering term can be esti-
mated using Equation 3.17, in which the thickness of the layer ¢; and average phonon velocity v, are
considered with a dimensionless scalar of 2.38, this approach is commonly found in nanowire models
and is experimentally acquired and verified for GaN and AlGaN layers[39, 5].

2.38t;
B ~

(3.17)

Vav

Phonon-impurity scattering is neglected in this thermal conductivity model as impurity scattering is
negligible in unintentionally doped GaN and AlGaN|[5].

3.4.4. Results

By applying the in-plane thermal conductivity models as shown here, a structured method can be deter-
mined to calculate the total thermal conductance of the stack-up. The resulting model shows a heavy
dependency on the thickness of each layer, as phonon-surface scattering is considered the most dom-
inant scattering mechanism in thin films. Since the stack-up used in this thesis is mainly comprised of
deposited thin films, the thermal conductivity is expected to be relatively low (80%), improving the
efficiency of the TEG. This model has not been validated as it is not considered for PF optimization of
2DHGs. The model can, however, be used for the final validation of the Figure of Merit (FoM) of just
the 2DHG channel alone in future works.
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3.5. Structure optimization for 2DHG TEGs Power Factor

With the complete simulation stack as suggested in Figure 3.1 now validated with the help of state-
of-the-art measurement data, the performance of different GaN 2DHG structures can be compared.
The optimization of a 2DHG structures is aimed to determine the structure with the maximum resulting
Power Factor (PF) over different functioning temperatures. This result will give an insight into the
performance of optimized structures over various temperature ranges to compare with state-of-the-art
TEG materials. It will determine the structure(s) that will be realized for further measurements.

During the optimization process, multiple structure variables are investigated. As mentioned earlier
in the background, this thesis is mainly based on a polarizing structure earlier introduced by Nakajima
[25] which can be seen in Figure 2.5. During the optimization process, the 2DHG density is firstly
investigated and optimized before the PF. During this process, the top two layers’ optimal thickness
is optimized, as seen in subsection 3.5.1. With a now optimized top two layers, the polarizing AlGaN
layer is thoroughly simulated for different thicknesses and Aluminum content levels to investigate the
hole-density range achievable with the proposed structure in subsection 3.5.2. With a now defined
range of possible hole-densities as a function of the polarizing AlGaN layers properties, the PF can be
determined with the help of the complete simulation model proposed in chapter 3.

3.5.1. Mg doped GaN surface charge depletion

To form a high mobility 2DHG channel in the u-GaN channel, a Mg-doped GaN layer on the surface is
required to minimize surface charge-depletion by adding an opposing charge in the p-GaN top layer.
This surface-depleting p-GaN layer positively influences the hole density of the formed 2DHG at the
cost of a thicker structure with higher thermal conductivity and cost. Therefore, an optimum can be
found by simulating a structure with varying p-GaN thicknesses and comparing the hole density for an
optimum result.
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Figure 3.8: 2DHG and 2DEG sheet density over p-GaN thickness with constant 20 nm u-GaN, an AlGaN thickness of 40 nm
and Aluminum content of 20%

In Figure 3.8, a performed sweep simulation of said p-GaN thickness is seen, in which the hole and
electron density are plotted of the 2DHG and 2DEG respectively. As can be seen in the figure, the
electron density is independent of the p-GaN layer. In contrast, the hole density heavily depends on a
minimal thickness of 10 nm and saturates at a density closely matching that of the electron gas. There-
fore, a minimal p-GaN thickness of 10 nm must be chosen for an optimal result. For a reliable result
in which a uniform layer with no island forming can be deposited, a thickness of 30 nm is determined.
During these simulations, a constant Mg doping level of 3 - 101%c¢m~2 has been chosen, based on the
maximal practical and achievable density according to Kumar et al. [19]
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Figure 3.9: 2DHG and 2DEG sheet density over u-GaN channel thickness with no p-GaN deposition, an AlGaN thickness of
40 nm and Aluminum content of 20%

Another approach in which no p-GaN layer is used is investigated by significantly increasing the
thickness of the unintentionally doped GaN layer in which a 2DHG forms. As seen in Figure 3.9, the
hole density is plotted as a function of the GaN channel thickness. The hole density starts saturating
at a thickness of 30 nm, with a significant decrease in hole density compared to the earlier proposed
method in which a p-GaN layer is used to overcome this issue.

In conclusion, two different methods of surface depletion have been investigated where a significant
improvement can be found by using a p-GaN layer on top of the unintentionally doped GaN layer. A
final layer thickness of the p-GaN layer of 30 nm is chosen for further simulations of the 2DHG structure.

3.5.2. Hole density as a function of AlGaN layer properties
As introduced in subsection 2.4.2, the hole density is controlled by strain subjected by the AIGaN layer
onto the GaN layers due to lattice mismatch. Increasing the aluminum content, commonly denoted as
x, increases the electron and hole density significantly. This relation is simulated by the Schrodinger-
Poisson solver. It can be used to determine the ideal PF as the sheet density of the holes directly alters
the structure’s performance. The thickness of the AlGaN layer is as crucial since it also increases the
polarizing effect through the piezoelectric properties of the structure.

By sweeping the AlGaN aluminum content for different thicknesses, a range of hole sheet densities
can be determined and plotted, as seen in Figure 3.10.
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Figure 3.10: Hole density, with varying AlGaN thickness and aluminum content at room temperature

Figure 3.10 shows a stable region of interest for any aluminum content percentage with a AlGaN
thickness of 50 nm and above. All structures with an AlGaN thickness below 50 nm show a diminishing
hole density as a result of the minimal polarizing effect of the AIGaN/GaN heterostructure mismatch.
Therefore, to reliably induce a 2DHG, it is required to have a minimal AlGaN thickness of 50 nm.

By comparing the differently colored lines in Figure 3.10, a better understanding of the effect of alu-
minum content within the AlGaN can be provided. As seen in the figure and stated before, a thickness
of 50 nm or higher is required for any of the aluminum contents. A key difference is the hole density in
the stable region, where an increased aluminum content results in a higher hole density. This relation
between the aluminum content and hole density was as expected and provides the opportunity to select
a hole density in the range of 1- 102 — 3 - 10*3em 2.

An optimal structure can be found by taking the simulation results from the Schrédinger-Poisson
solver and estimating the Seebeck coefficient and mobility of the structures with different aluminum
content and AlGaN thicknesses.

3.5.3. Seebeck coefficient, Conductivity and Power Factor as a function of hole

density
The Seebeck coefficient and mobility are initially simulated to determine the PF. By taking the earlier
simulated structure sweeps where the aluminum content and AlGaN thickness are varied, a variety of
structures with a hole density between 1 -10'2 — 3 - 10'3cm 2 is taken for further evaluation.

The structures used above with varying AlGaN thickness and aluminum content are used to run the
conductivity and Seebeck coefficient estimations to include the complete range of hole densities. As
can be seen in Figure 3.11, where each structure sweep is simulated for different temperatures, many
lines are seen. Each line is considered a sweep, where multiple structures are simulated at the same
temperature.
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Figure 3.11: Conductivity of the formed 2DHG with different hole densities

Figure 3.11 plots the calculated conductivity as a function of Hole density, which was estimated by
simulating the structures mentioned above using the proposed simulation method in section 3.2. As
expected, a positive correlation between the sheet hole density and conductivity can be noted. Whereas
an apparent decrease of conductivity is seen as the temperature increases due to the rise of scattering
within the QW with the increase in temperature as noted in section 3.2
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Figure 3.12: Seebeck coefficient of the formed 2DHG with different hole densities

As a result, a similar method is used to calculate the Seebeck coefficient, with Figure 3.12. From
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this plot, the clear conclusion can be taken that, as expected, the Seebeck coefficient significantly
decreases with an increase in the sheet hole density. A correlation between the temperature and the
Seebeck coefficient can also be noted, in which an apparent decrease in the Seebeck coefficient is
seen for lower temperatures.

With the now estimated Seebeck coefficient and conductivity of a 2DHG, the power factor of the
complete setup can be determined over different sheet hole densities. The power factor is calculated
using Equation 3.18 for each individually simulated structure.

PF = 5% (3.18)
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Figure 3.13: Power Factor of the formed 2DHG with different hole densities

Figure 3.13 plots the simulated PF as a function of hole density for multiple temperatures. From this
graph, it can be noted that a clear increase in the PF can be seen for lower temperatures, concluding
that the conductivity of the 2DHG is a dominant influence on the overall performance of the proposed
structure. Another noticeable difference between the different temperatures is the maximum PF shifting
towards higher hole sheet densities. For temperatures of 200 Kelvin and above, the maximum PF is
observed to exceed the currently possible hole sheet density available.
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3.6. Proposed structures and expected performance

With a clear insight into the maximum PF over different temperatures and hole densities, a decision
can be made to determine the ideal GaN stack-up. To confirm the simulated PF over different hole
densities, it is recommended to realize multiple wafers with differing AIGaN properties. As a result, a
list of five wafer stack-ups is proposed for further investigation. Table 3.3 provides five different stack-
ups, properly covering the sheet hole density.

Sample: p-GaN GaN AlGaN Al Sheet Hole Density
" | thickness | thickness | thickness | content | @ 50K

A 30 nm 20 nm 100 nm 10 % 0.2-1013 em™2

B 30 nm 20 nm 100 nm 20 % 0.7-10'3 em ™2

C 30 nm 20 nm 100 nm 30 % 1.2-10%3 em—2

D 30 nm 20 nm 100 nm 40 % 1.7-10'3 em—2

E 30 nm 20 nm 100 nm 50 % 2.5-10'3 em™2

Table 3.3: Sample overview mobility experimental measurement and simulation comparison
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Figure 3.14: Power Factor of proposed structures, showing the converging point at 125 Kelvin

Simulating the proposed stack-ups and comparing their resulting PF over a varying temperature, as
seen in Figure 3.14, a point of convergence is noted around 125 Kelvin. This point of interest marks
the temperature at which the optimization strategy significantly changes. Where below 125 Kelvin, the
stack-up with the lowest sheet hole density outperforms the higher sheet density stack-ups. In addition,
the optimal power factor moves to lower temperatures as the sheet hole density decreases. It can
be noted that in higher temperature ranges, the difference between the individual stack-ups becomes
indistinguishable.
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3.7. Conclusion
This chapter introduced a novel method of simulating GaN 2DHGs, which has been verified using state-
of-the-art measurement data of different structures to determine the reliability of said models. The
verified models determine the sheet hole density, Seebeck coefficient, electrical conductivity, thermal
conductivity, and the Power Factor of the 2DHG for different AlIGaN thicknesses and aluminum contents.
The simulated PF has been compared to determine a range of interest for experimental measurements
with a point of interest in which the optimization strategy drastically changes over different temperature
ranges.

With the help of the now simulated range of interest, a wafer can be realized to prove the presence
of said 2DHG and measure the performance mentioned above metrics.



GaN 2DHG realization and fabrication

To carry out measurements to compare to the earlier simulations, a GaN wafer must be specified,
acquired, and prepared for measurements. This chapter provides a detailed overview of the steps
taken to determine the GaN die sizes, and the fabrication process used to prepare the GaN dies.

Firstly, the Device Under Test (DUT) is determined in section 4.1, including a printed circuit board
(PCB) design in combination with a method to determine the width and length of the GaN dies. After
the die size and PCB has been designed, the GaN on Silicon (Si) structure is chosen and realized
in section 4.2. To carry out measurements and verify the usability of GaN structures, the electrical
connectivity to the 2DHG is discussed in section 4.3. To realize the Ohmic contacts, the fabrication
process is described in section 4.4, including some intermediate fabrication results.

4.1. Devices under test, die size determination and measurement
PCB design

To reliably measure the Seebeck coefficient, a PCB must be realized, creating a thermal gradient over
a strip of GaN and providing a method to contact the metal surfaces on the dies for measurements.
Additionally, a PCB is desired to bond the metal contacts of a 4-pt sheet resistance measurement.
Therefore, a single PCB is designed to fulfill both measurement needs simultaneously.

Cold side Hot side

vi Dje V2
Heater

Copper

Cooled mounting stage

Figure 4.1: lllustration of Diving-board (not to scale)

A proposed "diving plank” model is shown in Figure 4.1. This test structure is designed to mount a
long strip of GaN and thermally connect it to each side of the PCB. One end of the PCB is connected
directly to the cryogenic cooler through a copper block, making it the cold side. The other side of the
PCB contains resistors to heat the side and is as isolated as possible by using a high vacuum, low
thermally conductive wiring, and mounting. As a result, the mounted die connected to the hot and cold
sides is subjected to a temperature gradient.

A thermal steady-state COMSOL simulation has been run to determine the optimal yet possible
die size by sweeping different sizes and comparing them to choose the ideal die and PCB size. By
simulating an auto-scaling 3-dimensional model of the PCB with a GaN Die and heater, different die
sizes can be simulated to find the temperature difference over the die. An example model used for the
sweeping die-sizes is shown in Figure 4.2. In this model, an overlapping space of 5 mm is used on
each side to glue the die to the PCB for an ideal thermal connection between the two.

32
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Figure 4.2: A 3-Dimensional COMSOL model used to determine the temperature difference over the GaN die with a 2 Watt
heater

By varying the GaN die width and length, an optimum between length, width and temperature differ-
ence can be found. The optimum is defined by the overall resistance of the complete die and thermal
conductivity of the die, both controlled by the width and length. As a result, for low resistance a wide
and short die is ideal at the cost of thermal conductance, resulting in a lower temperature difference.
Therefore, an ideal compromise must be found during a set of COMSOL simulations. During these
simulations, the built in heat-conductivity of Si was used for the die since the die is mostly made out
of Si. The heat conductivity of the FR4 PCB was gathered from Woodcraft et al. [34], where the ther-
mal conductivity of 0.0001 — 1W /mK was measured over a temperature range of 0.1 - 400 Kelvin.
Figure 4.3 shows the resulting temperature difference with different widths and lengths. Where the
temperature difference over the die is plotted on the y-axis and the length of the die on the x-axis, each
line represents a different die width, as denoted as W, in the legend.
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Figure 4.3: COMSOL simulation result of temperature difference over die, where different die widths (W) and lengths are
compared
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As aresult, a 5 mm wide and 25 mm long die has been chosen as the ideal geometry. Using 5 mm
wide dies allows the re-dicing of 25 by 25 mm dies into five individual dies, simplifying the fabrication
process. A render of the designed PCB can be seen in Figure 4.4, where both the mounting area for
the die and the earlier mentioned DT670 temperature sensors can be seen.
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Figure 4.4: Model of designed PCB to create temperature gradient MAX:62.9°C MIN:22.3°C 22-34

over the die, showing heating resistors on the right, two temperature

sensor mounting pads T1 and T2, and a die mounting area with two Figure 4.5: Thermal imaging of PCB
bonding pads with 1 Watt heating after 5 minutes,

showing uniformity on the die and
temperature sensor mounting pads

An initial room-temperature, non-vacuum heating test has been carried out to confirm the COMSOL
simulation and determine the overall heat spread of the heater on the hot side of the PCB. As seen in
Figure 4.5, a temperature difference between the hot and cold sides of 15 degrees Kelvin is reached.
Ideally, no temperature difference between the temperature sensor and die mounting area is present
to give a correct reading. From this thermal image, it can be noted that the temperature difference is
negligible.

The same PCB is used without the copper block and heating resistors for the four-point measure-
ments. As a result, the complete PCB contacts the cooler surface, cooling down the whole DUT. Four
bonding pads are present on the PCB to contact all four points on the die to conduct measurements

properly.

4.2. GaN on Silicon

Due to the absence of equipment at the TU Delft to epitaxially grow GaN on Silicon substrate , a custom
wafer was specified for growth at a commercial company. As a result, it was only possible to order one
wafer due to the high costs of the processes carried out to make said structures. Using a singular wafer
also limited the earlier-mentioned goal of mapping the sheet hole density and PF since only one data
point is now available.

Therefore, a new goal was set to prove the presence of a 2DHG within the chosen structure, mea-
suring the conductivity, Seebeck coefficient, and thus its PF over a temperature range. These mea-
surements can then be compared with the proposed simulation models to determine the accuracy of
the simulation method. Alongside the simulation comparison, these measurements can be used to
determine the need for further research in the feasibility for GaN based TEGs.

To mitigate the risk of surface cracking due to strain induced by the AlGaN polarizing layer, the
thickness of the AlGaN layer was minimized. As a result, a structure with a lower hole sheet density
was chosen than was anticipated earlier. The resulting structure is described in Table 4.1.
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Layer Material | Thickness | Other |
1 (Surface) p-GaN 30 nm Mg doped, 3E19

2 u-GaN 20 nm -

3 Al,Ga;_,N 50nm x=0.2

4 u-GaN 1um -

5 Buffer 2.4 um -

6 (Bottom substrate) | Si 625 um P-type, resistivity < 0.0392 - cm

Table 4.1: Structure of ordered GaN on Si wafer for experimental measurements

As seen in the overview of the used structure, the p-GaN layer discussed and chosen in subsec-
tion 3.5.1 has been fabricated as intended. Whereas a 20 nm unintentionally doped GaN is used for
the 2DHG to form in, also as intended. The AlGaN layer has been reduced in thickness to minimize
the risk of cracks while still reliably forming a 2DHG according to the earlier performed simulations in
subsection 3.5.2. With an aluminum content (x) of 20 %, a hole density of 5-10*2¢m =2 is expected. The
AlGaN is placed on top of another unintentionally doped GaN in which an electron gas can form. The
substrate used in this work is a 625 um thick Silicon layer, with a <111> rotation to minimize the lattice
mismatch with the GaN layer (layer 4). In between the bottom substrate and u-GaN, a buffer layer is
added to overcome the inevitable lattice mismatch between the u-GaN and <111> Silicon substrate.

This structure shows the compatibility of GaN on Si for future works using GaN in TEGs, since Si
can be used for more intricate circuits and is easier to manipulate for further improvements. Examples
of such enhancements include the back-etching of the Si to limit heat transport.

Figure 4.6: Surface cracking found at wafer edges due to non-uniform depositions

After inspection of the ordered wafers, several cracks can be observed at the wafer edges. An
image of the cracks on the edge of the wafers is shown in Figure 4.6. The wafer cracking is formed
due to the non-uniformity of the MOCVD process used during the GaN and AlGaN process. An edge
exclusion zone of 5 mm is therefore taken into account during dicing of the wafer.



4.3. Ohmic contacts 36

4.3. Ohmic contacts

To extract power from a TEG and properly measure its characteristics, a proper electrical connection
to the 2DHG is required. Huy-Binh Do et al. [11] have investigated the origins of a Schottky barrier to a
2DHG in an Gold (Au)/Nickel (Ni)/GaN/AIGaN/GaN double heterostructure, in which the use of a Ni/Au
metal contact is investigated.

4.3.1. Ni/Au contact to p-GaN

Due to its wide band gap of 3.4 eV, the p-type GaN has a high work function, resulting in limited methods
to contact the p-GaN electrically. A select list of metals can contact the p-GaN to overcome the high
work function. Ni, with its 5.5 eV work function and outstanding adhesion properties, therefore, is a
viable solution. A Au capping layer is deposited on top of the Ni to further improve the metal contacts
in terms of compatibility.

Despite the high metal work function of Ni, a Schottky-barrier still forms, with a barrier of 0.2 - 0.27
eV. To overcome this barrier, the Ni/Au metals must be annealed. This annealing process is commonly
used for contacting the p-GaN layer, as done by Chen L. et al. [9], Jin-Kuo Ho et al. [16] to further
improve the resistivity and overcome Schottky behavior.

Various Ni and Au thicknesses have been used in state-of-the-art research, where the annealing
temperature and environmental gasses have been tested to find the optimal process [22, 17, 9, 26].
Multiple state-of-the-art results conclude the use of an oxygen-rich environment, a similar air-mixture
as available to us in ambient air. Furthermore, an annealing temperature of 550 degrees Celsius is
recommended for optimal results.

With careful consideration, a 20/100 nm Ni/Au metal contact was tested in this work, where an
annealing temperature of 550 degrees Celsius at 10 minutes in ambient air was used. An ambient
environment enables oxygen atoms to bind to the Ni layer through oxidation, forming an intermediate
Nickel Oxide layer, which acts as a highly doped p-type layer. This NiO layer prevents the formation of
a Schottky barrier, creating an ohmic metal to p-GaN as a result as desired.

4.3.2. Tunneling behaviour through p-GaN/u-GaN to 2DHG

The now contactable p-GaN through the Ni/Au metal contacts, can contact the formed 2DHG by hole
tunneling through the p-GaN and u-GaN, as illustrated in Figure 4.7. This method has been proposed
by Huy-Binh Do, et al. [11], where a contact resistivity of 5.3 - 10~*Qem? is achieved with a non-ideality
factor of 6. The performance of the metal contacts is measured and discussed in subsection 5.2.1.

V+ V-
Au |
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Figure 4.7: Tunneling to 2DHG through the p-GaN and u-GaN layers

4.3.3. Titanium Gold bonding contacts

As a result of the annealing process for the Ni/Au metal contacts and their low thickness, contacting the
metal contacts directly risks damaging the Ni/Au contacts. Therefore, an extra metal deposition must
be considered to enable ball-bonding pads on top of the Ni/Au metal contacts. A thin 10 nm Titanium
layer is evaporated on top of the annealed Ni/Au metal layers as an adhesion layer, where a thicker
200 nm Gold layer is evaporated on top of the Titanium (Ti) as a top layer to enable bonding to test
pads of measurement PCBs.
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4.4. Metal contact fabrication and results

To realize the metal contacts on the GaN surface a short overview of the significant steps taken is
provided below.

p-GaN
u-GaN

AlGaN

.............

u-GaN

GaN buffer|
structure

si Figure 4.9: Microscope image of diced corner after
substrate DMSO cleaning

Figure 4.8: lllustration of clean GaN on Si Die

Firstly, the GaN wafer is diced into 25 by 25 mm dies to minimize the risk of breaking the whole wafer
in the process and making different structures per die possible, a complete dicing map of the 4-inch
wafer can be found in Appendix C. During dicing, a thick photoresist layer is spun onto the wafer to
prevent damage and debris from the dicing process. After dicing, the individual dies are then cleaned for
organic residue using Dimethylsulfoxide (DMSQ) before surface passivation with Ammonium hydroxide
(NH40H), leaving a clean square die as illustrated in Figure 4.8. Figure 4.9 shows a microscope image
of a die corner after dicing and cleaning with DMSO, showing clean dicing lines with little to no debris.
Furthermore, no surface cracks are observed. This inspection is carried out for all 25x25 dies, to
determine the usability of each die and ensure no unexpected problems are present later on in the
fabrication or measurements.
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u-GaN
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Figure 4.10: lllustration of shadow mask on die

A tape-like shadow mask is applied to the surface after NH4OH cleaning to select where a metal is
deposited, illustrated in Figure 4.10. A Kapton tape sheet has been cut in the desired patterns using
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a plotter-cutter with a resolution of 0.5 mm. The resolution of the plotter-cutter limits the size of the
structures deposited significantly. However, the metal contact pads to contact the 2DHG do not require
higher resolutions since the pad sizes have been chosen to be several millimeters long and wide.

|
Au Au
Ni Ni
p-GaN p-GaN
u-GaN u-GaN
AlGaN AlGaN
u-GaN u-GaN
GaN buffer, GaN buffer,
structure structure
si si
substrate substrate
Figure 4.11: lllustration of evaporated metals on top of Figure 4.12: lllustration of evaporated metals after
die with mask removing mask

A 20 nm thick Ni and 100 nm thick Au is then deposited through evaporation without breaking the
vacuum, as illustrated in Figure 4.11. After evaporation, the shadow mask, including its residues, is
removed, leaving only the metals where no mask was present, as illustrated in Figure 4.12.

100 um

Figure 4.13: Microscope image of Ni/Au deposited on
GaN surface, showing in-ideality of using a Kapton-tape
mask and making sure the metal contact does not
overlap the die edges

Figure 4.14: Microscope image of Ni/Au deposition
through polarizing filter to determine the deposition
quality

Figure 4.13 shows a microscope image of the deposited Ni/Au on the GaN surface. This image
clearly shows non-straight lines caused by the Kapton tape used as a shadow mask. This image is
mostly used to determine how close the Ni/Au metal is deposited to the wafer edges. No metal must be
deposited onto the die edges, as it risks contacting the Si substrate, as it will interfere with measurement
results.

Furthermore, Figure 4.14 shows a microscope image using a polarization effect to visualize the
uniformity of the deposited layers. This image indicates a good uniform layer has been deposited
during the metal evaporation phase of the die fabrication. This inspection is done for all the dies to
identify in-ideality that results in risks during measurements.
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The resulting die is annealed using a preheated oven at 550 degrees Celsius to create ohmic con-
tacts, with ambient air as the environment. A similar shadow mask is applied to repeat the evaporation
process for a 10 nm Ti and 200 nm Au metal layer on top of the already present Ni/Au metals, as
illustrated in Figure 4.15. The die with deposited metal stack can then be diced into smaller pieces if
necessary and mounted onto a PCB, which can be bonded for external electrical connections in the
measurements setup.
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Figure 4.15: lllustration of resulting die with Ni/Au/Ti/Au metal stacks

The smaller dies are then glued to the PCB, with non-outgassing epoxy resin that is thermally
conductive yet not electrically conductive. The thermally conductive glue is necessary to bond the
die to the hot and cold sides of the PCB to reliably apply a thermal difference over the die in the
Seebeck coefficient measurements. Furthermore, the die substrate is electrically isolated from the
PCB to minimize accidentally applying a voltage between the top and bottom of the structure. A picture
of the completed setup for the Seebeck coefficient measurements can be seen in Figure 4.16, in which
the earlier illustrated setup in Figure 4.1 is realized and mounted, including glued die with fabricated
metal contacts that are bonded to the PCB and temperature sensors on both sides of the die.

Figure 4.16: Picture of mounted DUT, with fabricated die with metal contacts bonded and glued to the designed PCB. Including
soldered cryogenic wiring, temperature sensors and resistance heating elements



?2DHG measurement results and
discussion

The fabricated and prepared dies are thoroughly measured to determine their performance. This chap-
ter thoroughly discusses the measurement setups used to characterize the GaN based 2DHG and
shows and discusses the measurement results of the fabricated dies. The chapter then concludes with
multiple discussions about the measurement results.

5.1. Measurement setups
Multiple measurements have characterized and determined the performance of the 2DHG. During
these measurements, two different setups were used:

* A probe station for room-temperature I-V measurements
» A vacuum chamber with a cryogenic cooler for cryogenic temperature sweeps.

A simple probe station with four movable probes contacts the metal contacts on the GaN on Si die
to perform 4-pt I-V measurements. A voltage sweep is performed using a Yokogawa GS210 Source
Measure Unit (SMU), of which the results can be found in subsection 5.2.1.

The cryogenic cooler setup is used to take two different measurements to determine the Seebeck
coefficient and sheet resistance over a range of various measurements. Both measurements use the
cryogenic measurement setup similarly, of which an overview is provided in Figure 5.1.

IEEE488.2 Bus

Keithley ‘Yokogawa Keithley

2461 GS210 2002
e SMU e SMU = Multimeter .
Vacuum chamber

I: Vacuum Gauge | |

| &

Sample mounting area

\ Jojauuns
[ESNeElE]

Stirling-
cooler

USB connections

Figure 5.1: Overview of the cryogenic measurement setup, including measurement equipment and electrical connection
diagrams
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As can be seen in the figure, the DUT is placed inside a vacuum chamber, which can be seen in
Figure 5.2. The vacuum chamber avoids the condensation of atmospheric nitrogen, oxygen, and other
gases. A high vacuum also limits temperature fluctuations and heat transfer through convection, result-
ing in lower reachable temperatures and easier-to-reach temperature differences during the Seebeck
coefficient measurements. A diaphragm and turbo-molecular pump reach vacuum levels in the 107°
milli-bar range, which is boosted to a deeper vacuum when active cooling is turned on due to the ideal
gas law.

Figure 5.2: Photo of cryogenic cooler, including the vacuum chamber (left), pumps (right), and gauge (connected to hose)

The DUT is mounted on a designated metal mounting surface that is temperature-controlled with a
Stirling cooler. This cooler can reach temperatures down to 50 Kelvin and is configurable using a USB
connection with a general-purpose computer. The DUT is electrically connected through cryogenic ca-
bles that are electrically conductive but not thermally conductive to limit heat transport from the sample
to the outer room temperature shell of the vacuum chamber. The measurement equipment devices
connected to the DUT are a Yokogawa GS210 SMU and Keithley 2002 multimeter, dependent on the
measurement carried out.

Two DT670 Silicon temperature sensor diodes from Lakeshore are available for temperature mea-
surements on the DUT, marked as T1 and T2, with an accuracy of +1 Kelvin each. The temperature
sensors are measured using a Keithley 2461 SMU by exciting them with 104 and measuring their
temperature-dependent voltage using a 4-wire measurement for minimal error.

A computer is connected to the measurement devices and Stirling-cooler. It can, therefore, control
the measurement equipment and chamber temperature using different Python scripts to carry out long
measurements. The cryo-cooler takes 10 hours to reach temperatures of 50 Kelvin from room temper-
ature, making temperature sweeps long and susceptible to drift. As a result, substantial error margins
are presented in the measurement result.
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5.2. Measurement results
The following measurements were done to characterize the 2DHG:

* -V contact resistance measurements at room-temperature (subsection 5.2.1)
» Four-point sheet resistance measurements with varying temperatures (subsection 5.2.2)
» Seebeck coefficient measurements with varying average die temperature (subsection 5.2.3)

The sheet resistance and Seebeck coefficient measurements are then combined to determine the
Power Factor in subsection 5.2.4, where for all measurements, the relative error theory is applied as
further elaborated in Appendix A

5.2.1. I-V characteristics metal contacts

With 4 wire current-voltage measurements, the metal contact to 2DHG electrical contact has been
measured. By applying a range of differential Voltages onto the pads using the Yokogawa GS210, a
function of the current is measured as seen in Figure 5.3. This measurement is carried out on the same
die before and after annealing to determine the necessity of the annealing process. A completely linear
response would be considered ideal, showing true Ohmic behavior.

As can be seen, little to no current was present at the applied voltages before annealing, whereas a
more linear relation between the current and voltage can be seen within +2 V. This comparison shows
the necessity and success of the proposed annealing process, required to form an ohmic reaction with
the p-GaN top layer.

A clear linear response can be seen up to a range of +2 Volts, where above this voltage range the
current starts to saturate. As mentioned in subsection 4.3.2, a form of tunneling was expected when
contacting the 2DHG through the p-GaN and u-GaN layers between the metal contacts and 2DHG.

In conclusion, the annealing process is necessary to create ohmic behavior. Meanwhile, linear
Ohmic behavior has been measured up to voltages of +2 Volts due to tunneling mechanisms through
the p-GaN and u-GaN layers. During other measurements, the maximum range of 2 Volts must be
followed to stay within the ohmic range of the metal contacts.
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Figure 5.3: Current Voltage response curves of metal contact to 2DHG
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5.2.2. Four-point sheet resistance measurements

A four-point measurement has been carried out on a 25 by 5 mm die, on which 4 pads have been
deposited as explained in section 4.3. An illustration of the 4-point sheet resistance measurement can
be seen in Figure 5.4. A current of 10 A is applied between |- and I+ using a Yokogawa GS21s and
a Voltage measurement is carried out on the V+ and V- pads using a Keithley 2002 multimeter. The
sheet-resistance can be determined using Equation 5.1 where w and | represent the width and length
of the distance between the inner pads. This measurement is carried out in the cryo-cooler setup to
sweep the die temperature from 50 to 300 Kelvin, and is plotted in Figure 5.5.

I+ V+ V- I-

CINi/Au/TI/Au contacts [C] GaN surface

Figure 5.4: lllustration of 4-pt measurement metal contacts on GaN on Si die
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As can be seen, the simulated sheet resistance of the structure used during fabrication is added
to compare the results. Comparing the measured and simulated sheet resistance of the GaN struc-
ture shows a 7 times higher measured sheet resistance than the simulated result. As mentioned in
section 3.2, the simulated conductivity was significantly higher than state-of-the-art measurements. A
similar order of magnitude difference is shown here, confirming mismatching simulation results com-
pared to realized measurements.
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Figure 5.5: Sheet resistance measurement over temperature, compared with simulation

Upon further inspection, it can be noted that the sheet resistance trend over temperature is accu-
rate if the magnitude difference is disregarded. Concluding that the scattering mechanisms and sheet
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density considered in the simulations mostly mismatch in magnitude. Upon further investigation, differ-
ent reasons can affect this discrepancy, such as the un-intentional Si dopants lowering the sheet hole
density or incorrectly assumed constants during the simulation process, such as the dislocation factor
and surface roughness, both affecting different scattering mechanisms.

A point of interest in the measurements can be noted around the 150 Kevlin region, where a local
maximum can be found that is not shown in the simulation data. This local maximum found in the
simulation is most likely due to unknown setup issues but requires further investigation.

In conclusion, the sheet resistance increases with temperature as expected, whereas the simulated
magnitude of the sheet resistance is off by a factor of 7. To further investigate the reason behind
said discrepancies, it is therefore recommended to measure the hall-mobility and sheet hole density
individually to identify the reason behind this mismatch with the simulation results.

5.2.3. Seebeck coefficient measurements

By loading the designed PCB, including the diving board principle and on PCB heater as explained in
section 4.1 the Seebeck coefficient is measured. By cooling down the chamber, one side of the PCB is
being actively cooled, whereas the hot side is equipped with resistive heaters to increase the tempera-
ture gradient over the mounted die. By then measuring the Voltage present on the GaN die using the
fabricated metal contacts, using a Keithley 2002 multimeter, the Seebeck Voltage (V) can be extracted.
The earlier introduced temperature sensors are mounted on the hot and cold side, represented as T1
(cold) and T2 (hot) in Equation 5.2, where V; — V; represents the measured voltage over the die (with
V1 representing the hot side and V5 the cold side).

Vo—W1
-1y
Figure 5.6 shows the Seebeck coefficient over the average die temperature, which is calculated
using Equation 5.3. In order to minimize measurement errors due to temperature sensor inaccuracy,
the temperature difference was maximized. A minimum average temperature without significant mea-
surement errors reached 100 Kelvin, resulting in measurement results between 100 Kelvin and 300
Kelvin.

S = (5.2)

Tl + T2
2
Firstly, the polarity of the Seebeck coefficient was expected to be positive, which was confirmed

using measurements. Furthermore, the Seebeck effect in a 2DHG is confirmed using these measure-

ments while showing an increase in the Seebeck coefficient over temperature.

Thog = (5.3)
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Figure 5.6: Seebeck-coefficient measurement over temperature, compared with simulation

A lower Seebeck coefficient was measured than was simulated earlier. Furthermore, a steep in-
crease in the Seebeck coefficient measurements is seen at higher temperatures. The simulation results
show a steady linear increase in the Seebeck coefficient, where the measured increase of the Seebeck
coefficient is minimal in the lower temperature range and increases significantly for higher temperatures.
The measurement error, however, increases considerably over temperature as well due to the lower
temperature difference reached at higher temperatures. As a result, it can be stated that the steep
increase in the Seebeck coefficient can be caused by measurement inaccuracies. Therefore, a more
reliable measurement setup is recommended to verify the steep increase of the Seebeck coefficient
over temperature.

In conclusion, the performed measurement proves the Seebeck effect inside a 2DHG and confirms
the order of magnitude of the Seebeck coefficient. A discrepancy is found between the simulated and
measured change of the Seebeck coefficient with an increase in temperature. This is most likely caused
by the measurement inaccuracies, it is therefore recommended to further investigate the Seebeck
coefficient over temperature by using on-chip heaters and lock-in amplifier.
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5.2.4. Power Factor

Finally, with the measured sheet resistance and Seebeck coefficient, the PF can be estimated. To do
so, Equation 5.4 is used to determine the PF using the sheet resistance instead of the earlier seen
conductivity.

1
Rt

As can be seen in Equation 5.4, the thickness (t) of the 2DHG is used to find the power density of
the structure. According to the Nextnano simulations, a 2 nm thick 2DHG has formed.

PF = §2

(5.4)
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Figure 5.7: Experimentally determined Power factor over temperature, compared with simulation

With Equation 5.4, Figure 5.7 can be plotted over temperature. The earlier carried out simulations
of the PF are also included to determine the accuracy of the simulations. This figure shows that the PF
stays relatively constant over temperature, which can benefit wide temperature range use cases.

A clear difference in magnitude is seen by comparing the measured and simulated results. The
difference between the measurement and simulation mostly relates to the earlier measured Seebeck
coefficient and sheet resistance, discussed in subsection 5.2.3 and subsection 5.2.2.

In section 5.3, a deeper discussion about the overall performance of the 2DHG as a TEG is pro-
vided, discussing the problems by comparing the PF of a 2DHG with materials that do not rely on
2-Dimensional gasses.
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5.3. Discussion

This section discusses the overall performance of the measured 2DHG performance by comparing it
with other state-of-the-art materials. Firstly, a discussion about the method of comparing the power
density of 2-dimensional gasses in general is given in subsection 5.3.1.

5.3.1. Power Factor of 2-Dimensional electron and hole gas based TEGs

When assessing different TEG materials, it is crucial to use metrics that allow for fair and meaningful
comparisons. However, achieving this fairness becomes challenging when comparing 2-dimensional
gases to doped bulk materials. In this work, the power factor (PF) is optimized and used as a com-
parative metric across different materials. However, the PF presents an unfair comparison when 2-
dimensional gases are compared with bulk materials.

In the case of 2-dimensional gasses, the PF is determined exclusively within the quantum well (QW),
which typically spans only 5-10 nm. This calculation disregards the complete structure necessary to
form the QW, as seen in subsection 5.2.4. As a result, the full structure required to form a QW is
not accurately represented when determining the PF of 2-dimensional gasses, leading to an uneven
comparison with bulk materials that rely on dopant-based conduction.

In contrast to 2-dimensional gasses, doped bulk materials do not require a complete structure to
form a conductive channel because of added dopants. As a result, the PF that can be calculated
for bulk materials is much more representative of its material thickness and structure compared to
2-dimensional gasses.

A solution to overcome this unfair comparison is to integrate the minimal required structure thickness
to form a QW as a percentage as shown in Equation 5.5, where the formed QW (tow) is divided by the
minimally required structure thickness (t.:...) to determine a sense of efficiency. This efficiency can
then be incorporated in the PF directly to get the real power density of a QW based structure.

low
o/oeffecti'uethickness = @ (55)

tstruc.

A comparison with bulk materials clearly shows that bulk materials outperform QW-based TEGs,
as the efficiency of most QW based TEGs is around 1 - 2 %, compared to bulk materials with 100 %
efficiency.

Furthermore, selecting the total resistivity of a TEG leg by increasing the thickness of the conductive
channel is considered an important optimization step in micro-TEG designs, as stated by Zhang et
al.[38]. Changing the thickness of bulk-doped materials is relatively straightforward, as the thickness
can be freely adjusted without significant impact. In structures that rely on QWs, the thickness of the
QW is limited and cannot be increased. To be able to form a QW, careful considerations are required
to create a conductive channel reliably, making 2-dimensional gas-based TEGs challenging to realize.

To increase the efficiency of QW based TEGs to compete with bulk materials, further methods are
recommended to improve efficiency and provide easily controllable channel thicknesses. A method of
increasing the efficiency and scalability of QWs in GaN could be the use of superlattices, in which a
structure can be repeated to create a repeating pattern with multiple QWs. As a result, the amount of
QWs can be freely chosen by selecting the amount of repeated structures to make N QWs. This results
in a lower overall resistance in a similar structure that normally only contains one 2DEG and/or 2DHG
structure. Sztein et al [33] has already proven that superlattices are able to improve GaN 2DEG based
superlattices for thermoelectric properties.

5.3.2. GaN TEGs for extreme environments

In this work, GaN based TEGs have been investigated for their wide temperature range functionality.
The 2DHG realized in this project, together with the earlier cited 2DEG of Yalamarthy et al. [29] shows
that GaN based TEGs are a suitable solution as the PF stays constant over a temperature between
75 and 300 Kelvin. Compared to bulk materials that rely on doping, such as BisTe3 and SboTe3 (300 -
400 K), (375 K) or higher temperature TEG materials such as PbT'e (315 - 600), 70O, (425 - 650) [41,
18].

This work only investigated the extremely low-temperature range of GaN based 2DHG TEGs. ltis
known and proven that the temperature range of GaN 2DEGs can reach temperatures of up to 700
degrees Kelvin [20] . A similar high temperature, and thus also wide temperature range, is expected
for but yet to be confirmed in GaN based 2DHGs.



Conclusion

This thesis investigated the use of GaN based TEGs by expanding upon the known performance of
n-type 2DEG based TEG-characteristics. By introducing the formation of a 2DHG in a double het-
ero junction, a method to form a p-type GaN semiconductor has been introduced to further boost the
performance of GaN based TEGs.

6.1. Main findings of this thesis

The formation of a 2DHG within the double-heterojunction has been proven with sheet-resistance mea-
surement, proving that a 2DHG can be formed together with a 2DEG to further improve GaN TEGs.
The formed 2DHG is then further characterized through simulations and measurements.

A sheet resistance of down to 70kQ)7 has been measured and compared with earlier performed
simulations. A significant difference between the measured and simulated sheet resistance has been
found, concluding that the mobility simulations require further polishing. A Seebeck Voltage on the
2DHG has been measured and simulated, proving that using a 2DHG as TEG is possible. A small
error between the simulations and measurements is observed, which indicates that the newly proposed
simulation method is reliable after some minor reconsideration. By measuring both the Seebeck voltage
and temperature difference, a Seebeck Coefficient over a range of temperatures using a cryogenic
cooler has been determined between 1001V and 200, V. With both the Seebeck coefficient and sheet
resistance, a constant power factor of 7 - 10~4Wm~1K_, has been determined. The method in which
the Power Factor is calculated for 2-dimensional Hole gasses is discussed, as it is not fairly comparable
with other non-2-dimensional gasses.

In conclusion, the next step is taken for further investigation of GaN TEGs, where a p-type 2DHG
has been tested. It has been proven that a 2DHG can be used to improve GaN TEG performance,
although further investigation is necessary.

6.2. Outlook on future works

A 2DHG TEG was realized and characterized during this thesis. With the help of these findings, a set
of recommendations for future works is given below:

Mobility measurements:
During this work, the conductivity of the 2DHG was determined using sheet resistance measurements.
The sheet resistance of the 2DHG depends on the 2DHGs mobility and sheet hole density. Both in-
dividual metrics of the 2DHG should be examined in isolation to understand further the discrepancy
between the simulated and measured sheet resistance. Separate comparisons of the measured and
simulated sheet hole density and hall mobility would provide valuable general information for further
research into 2DHG.

To measure the hole density and mobility individually, Hall mobility measurements and Van der
Pauw measurements could provide the option to isolate both mechanisms for individual performance
analysis. Therefore, it is recommended that mobility and hole density must be further investigated by

48



6.2. Outlook on future works 49

performing hall- and Vanderpauw-measurements.

Further measurements for power density over different sheet densities:
In the simulation phase of this work, the performance of 2DHG based TEGs is investigated over differ-
ent sheet hole densities. The measurement results, however, were only based on one structure with
a constant sheet hole density. As a result, the PF is only known for 2DHGs with a sheet hole density
of 5-10'2cm~2. To get a better understanding and optimize 2DHG based TEGs, it is therefore recom-
mended to find the PF optimum over different sheet hole densities through measurements in addition
to the already performed simulations.

GaN based TEG using 2DEG and 2DHG:
With this work’s conclusion that a 2DHG can be used as a p-type TEG, and earlier research [29] showing
the use of a 2DEG as n-type TEG. The next logical step would be the combination of both 2-dimensional
gasses to boost the performance of GaN based TEGs. With the in this work investigated double hetero
junction, a structure with a parallel 2DEG and 2DHG is formed. By interconnecting the 2DEG and
2DHG by etching away the mesa and depositing metals, electrical contacts can be made to attach both
2-dimensional gasses in series, as seen in Figure 6.1

Cold side Heat transfer Hot side

Buffer + Si

Figure 6.1: Proposed TEG structure utilizing 2DEG and 2DHG as n- and p-type

After further testing of the proposed design as shown, a device with a 2DHG and 2DEG as intro-
duced above, more intricate structures can be investigated. Micro-TEG structures have been thor-
oughly researched to enable the use of double-heterostructures [38, 37].

Super-lattices to increase total Power Factor:
As discussed earlier in subsection 5.3.1, to increase the output power of GaN based TEGs, more effi-
cient structures must be found to form a 2DEG or 2DHG. A proposed solution, used mostly in HEMT
designs [33, 27], is the use of super-lattices, where multiple 2DHGs and 2DEGs can form in close
vicinity. This can increase the power density of GaN greatly, making it an interesting topic for further
improvements.

Overall conclusion:

In conclusion, the development of GaN based TEGs in its current state still requires significant re-
search. This can be split into short-term and long-term work that expands upon this work. Further
measurements of the mobility and sheet density of this work’s structures to verify its performance are
recommended. More long-term proposals to improve GaN based TEG performance are also given by
combining a 2DHG with a 2DEG, and further investigation in the use of superlattices to increase the
structure’s efficiency effectively. This work has paved the way to apply the above-mentioned theories
by proving the potential of a 2DHG in a double heterojunction for TEGs, making further research into
improving TEGs possible.
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Measurement error determination

To consider the measurement uncertainty during the measurement, the relative error must be deter-
mined by both the Seebeck coefficient and sheet resistance measurement. Using the relative error
theory and stochastic addition of errors, the measurement uncertainty of the equipment used can be
plotted as Error graphs.

Firstly, the Seebeck coefficient is calculated using Equation 5.2, in which the uncertainty of the
multimeter and temperature sensors must be determined. The maximum error can be calculated using
Equation A.1 where V.. represents the relative error of the measured Voltage and T'.. the temperature
relative error. These are calculated as described in Equation A.2, where AV represents the known
uncertainty of the measurement equipment, and V is the measured quantity. This theory applies to V..
and T;.., where the relative error T, is given in Equation A.3.

Serro’r ==£5- V;?e + T’I"26 (A1)
AV
e = —— A.2
V=2t (”2)
AT
Vie= Sp (A3)

As the Seebeck coefficient measurement results change over different temperature differences, the
relative error also changes. For example, the relative error for the temperature sensors, calculated us-
ing T, = 227) where AT = 2K decreases as a higher temperature difference is reached. Therefore,
during the Seebeck coefficient measurements, a higher temperature difference over the die results in
a lower relative error.

A similar approach is carried out to determine the sheet resistance measurement error, where Equa-
tion A.4 shows the total error margin calculation. Where V,.. represents the same multimeter relative
error, and I,.e the relative error of the current source, which is calculated in the similar method as V,..

and T,..

Rsheppor = £Rsh - \/V2 + 12, (A.4)

During the Seebeck coefficient measurements, the following measurement uncertainties were taken
into account:

+ Temperature sensor uncertainty A(AT) = +2K, from DT670 datasheet
+ Keithley multimeter uncertainty AV =, from Keithley 2002 datasheet offset current combined with
expected resistance of the die

During the sheet resistance measurements, the following measurement uncertainties were taken
into account:

+ Keithley multimeter uncertainty AV =, from Keithley 2002 datasheet offset current combined with
expected resistance of the die

53



54

* Yokogawa SMU current source uncertainty A7 = 0.1uA, from Yokogawa GS210 datasheet

The PF error is calculated in a similar method, in which the relative error of the Seebeck coefficient

measurement and sheet resistance measurement are used to determine the total error as seen in
Equation A.5.

AS ARs
PFEorvor = +PF -1/ (2- 222
’ \/( S )+ Rs

)? (A-5)
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Complete flow-chart of fabrication

PIrocess

Flowchart

Lex Pardon

Last updated: 27-09-24

Number of Wafers: 1 (4-inch)

General stackup, from top to bottom:

1.

ou A wWwN

P-type GaN, 30 nm, doped with Mg 3E19 cm-2
Undoped GaN, 20 nm

AlGaN, thickness 50 nm and Al content 20%
Undoped GaN, 1.6 um

GaN/AlGaN buffer structure

Si Substrate
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. Inspect wafer
Tool: Optical microscope
Goal: Inspect status of surface for imperfections/cracks

Take pictures and document of points of interest

. Apply Photo-resist

Tool: Manual spin-coater, 4-inch wafer chuck
Recipe/PR: 51805

Spin speed: 1000 rpm

Goal: Protect wafer from dust during dicing process

. Pre-bake photo-resist

Tool: Hotplate
Temperature: 95C
Time: 1 minute
. Dice wafer
Tool: Disco dicer
Size: 25 x 25 mm dies

Appendix D shows dicing map
Note: Dices placed in similar pattern in die-box to keep documented
points of interest easy to find

. Remove Photo-resist

DMSO, 30 min @ 80 C
Acetone, 1 minute

IPA, 1 minute, 2 times

DI, 1 minute, 2 times

Blow Dry with Nitrogen gun

Repeat if nescasary
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6. Inspect Dies individually

Tool: Optical microscope

Goal: - Find and filter out badly diced die’s for rough edges
- Verify complete removal of photo-resist

Document unusable dies

Take pictures of points of interest on individual dies

7. NH4OH dip
NH40H:H20 - 1:20 diluted, 10 seconds
Dip/Rinse in H20 After (5 min.)

Blow-dry with N2 gun

8. Dehydrate

Tool: Hotplate
Temperature: 90C
Time: 1 min

9. Apply tape / sharpie

p-GaN
Apply kapton tape (precut) B
Image as example illustration only Gal butfr

structure

Si
‘substrate
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10. Evaporate Ni/Au A
Tool: Leybold L560 ]
Metals: Ni/Au —

Thickness: 20/100 nm n
Min. Vacuum: 1E-6 mbar O
During loading: e
- Niand Au crucables must be o
loaded into corresponding e
pockets S e

- Sample mounted with spring-
clamps on the tape to prevent shadowig contacts

11.Remove tape and residue

Remove tape using:
Acetone, scrub residue with cleanroom-swab

IPA, 5 minutes B l:

DI, 5 minutes

Au
Blow dry with N2 gun N
H uwGaN ], . . . s s e s e s .
Repeat if nessecary o
u-GaN
GaN buffer|
structure
Sl
substrate
12.Inspect Die
Tool: Optical microscope
Goal: - Verify complete removal of tape and residue

- Determine quality of metal deposition
- Verify that metals are on correct location on die
Document and take pictures of points of interest
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13.Thermal Annael metal contacts

Tool: Oven (Located in EKL)

Temperature: 550C

Environment: Ambient air, no extra added gasses

Time: 10 min.

Note: Requires pre-heating of oven before loading sample

Samples loaded on carrier Si wafer

14.Inpsect die
Tool: Optical microscope
Goal: Inspect status of surface for imperfections
Take pictures and document of points of interest

15.Apply second shadowmask using kapton tape
Apply kapton tape (precut)

Allign with previously deposited metals to minimize mismatch

16.Evaporate Ti/Au

Tool: Leybold L560
Metals: Ti/Au
Thickness: 10/200 nm

Min. Vacuum: 1E-6 mbar

During loading:

- Tiand Au crucables must be loaded into corresponding pockets

- Sample mounted with spring-clamps on the tape to prevent shadowig
contacts

17.Remove tape and residue
Remove tape using:
Acetone, cotton-swab
IPA, 5 minutes
DI, 5 minutes
Blow dry with N2 gun
Repeat if nessecary
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18.Inspect Die

Tool:
Goal:

Optical microscope

- Verify complete removal of tape and residue

- Determine quality of metal deposition

- Verify that metals are on correct location on die

Document and take pictures of points of interest

19. Apply Photo-resist as protective layer for redicing

Tool:
Recipe/PR:
Spin speed:
Goal:

Manual spin-coater, wetbench area

$1805

1000 rpm

Protect wafer from dust during dicing process

20.Pre-bake photo-resist

Tool:
Temperature:
Time:

21.Dice wafer

Tool:
Size:

Hotplate
95C
1 minute

Disco dicer
25 x 5 mm strips from previous 25x25 mm dies

22.Remove Photo-resist

DMSO, 30 min @ 80 C

Acetone, 1 minute

IPA, 1 minute, 2 times
DI, 1 minute, 2 times
Blow Dry with Nitrogen gun

Repeat if nescasary
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23.Inspect strips

Tool: Optical microscope
Goal: - Verify complete removal of Photo-resist
- Determine quality of metal deposition
- Verify that metals are alligned to other metals

Document and take pictures of points of interest

The 25x5 mm strips are now ready to be glued and bonded onto the
PCB
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Dicing map

4 3 2 1
©101.60
Keepout
25 25 25 region F
3 %)
e
. R E
Distance
W%‘er edge
& Die
Q D
——
Distance ™
wafer notch
& Die = C
General information
Thickness:
Centfor=3.5um
Average = 3.6 um
%3sigma = 3.0 %
Uniformity = 1.8 %
Bow =-61.1 um B
25 25
o
N
o
Goal: L - &
25 x 25 mm dies
Further dicing: S} 5| 1250 A
-Into 12.5 x 12.5 mm dies 5/ |5
- after metal evap: 5x25 mm strips 5

4

3 2



Cryo-cooler user guide

To be able to use the cryocooler, it is important that the user reads this short guide on how to use the
cryocooler setup. This how to guide is split into two different sections:

» Overview of equipment required to operate the cryocooler
* A step-by-step guide on how to use the cryocooler in the same order as one would use the setup.

D.1. Equipment

The cryo-cooler setup consists of the following equipment:

» A vacuum chamber with a Stirling cooler mounted to it and a vacuum valve to decouple the hose

» An electronics box to control the Stirling cooler, powered by a 110-240 V transformer because the
controller is American-made

* A vacuum pump cart consisting of a diaphragm and turbomolecular pump, including a pump
controller

* A vacuum hose to connect the vacuum pump to the chamber
* A vacuum gauge, to measure the vacuum level, currently read out using an Arduino

D.2. Using Procedure

The usage of the cooler is split into different steps:

Opening the vacuum chamber, mounting the sample
Pumping down to deep vacuum

Cooling down, and controlling the cryo-cooler
Warming up and opening again

Long-time storing the cooler

abrowd -~

D.2.1. Opening the vacuum chamber, mounting and closing the vacuum
In case the chamber has not been used for a while, it is most likely still under vacuum, with the valve
to the vacuum hose closed. To be able to open the front of the vacuum air must slowly be let into the
chamber by slowly opening the valve, when the vacuum pump is turned off. If the valve was open and
the vacuum pump turned on, the vacuumpump can be turned off. This will let in air slowly automatically
controlled by the vacuumpump controller.

Warning: It is important that the cryo-cooler is turned off and has warmed up to room temperature
to avoid condensation inside the chamber.

The Front window of the vacuum chamber can now be unscrewed with a 3.5 mm hex screw to
mount your sample.

Several cables are already connected to the connector to the outside, it is recommended to check
for continuity and validating which cable is connected to which part of your sample before closing the
chamber again.
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#2 PuTTY Configuration ? x
Category:
= Sgssion Basic options for your PuTTY session
: - Logging Specify the destination you want to connect to
—J- Terminal Serial l Speed
-~ Keyboard erial line pee
Bl [comt | [4800
- Features Connection type:
= Window (O Raw O Teinet O Rlogin (C)55H (@) Seqal
Appea!'ance Load, save or delete a stored session
- Behaviour
.. Translation Saved Sessions
+- Selection | |
Colo.urs Defaultt Settings Load
—I- Connection
.. Data &
- Prowy
- Telnet Delete
- Rlogin
- 55H
""" Serial Close window on exit:
(O Mways (O Never (@) Only on clean exit
About Help QOpen Cancel

Figure D.1: Putty settings, COM-port can change

D.2.2. Closing the chamber and pumping down to vacuum

When your sample is mounted, the front can be closed again. When everything is closed, make sure the
black vacuum valve on the vacuum chamber is opened so that the vacuum-pump is able to evacuate
the air out of the chamber.

Warning: It is important to note that once the vacuum-pump is turned on, it is not able to move the
setup anymore because the turbo-pump is spinning at extreme speeds and can therefore easily break
when moved around.

Warning: Once the turbopump is running on full speed, a sudden exposure to non-vacuum can
break the pump. Make sure the vacuum valve to the chamber was already open. If not, but the
vacuum pump is already running, turn the vacuum off, wait several minutes, open the valve and then
start running the vacuum pump again

The vacuumpump can be turned on once everything is closed and verified, it will take several hours
to reach a vacuum of 5E-5 mbar. It is recommended to do this overnight

To read the vacuum-gauge, the powersupply connected to the gauge must be turned on and the
arduino must be connected to the PC. The screen attached to the Arduino should turn on, showing the
pressure after a few seconds. It is possible to connect with the Arduino through a serial com-port at a
baudrate of 9600, Sending a ’P’ command, will return the pressure (useful for logging)

D.2.3. Cooling down, controlling the cryo-cooler
Warning: It is important a good vacuum has been reached to increase efficiency and prevent moisture
buildup on samples

A minimal vacuum of 5E-5 is required before turning the cooler on.

Connect the USB from the controller box to a computer, and use PUTTY or other serial COM-port
communication software to connect to the cooler with a baud-rate of 4800. A terminal should open, in
which commands can be sent. A list of commands can be found below, X represents a chosen input.

+ SSTOP=X, X=1 is softstopping the cooler, X=0 is starting the cooler

* TC, returns the cooler temperature

» SET TTARGET=XXX.XX, sets target to XXX.XX Kelvin (example: SET TTARGET=050.00)
P, returns the power the cooler is currently using

D.2.4. Warming up and opening again
When a measurement is done or a warmup cycle must be started, the SSTOP=1 command must be
sent to the cooler. It will then take at least 24 hours to warm up. ldeally, at least 2 days of warmup to
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get to room temperature.
It is then possible to open te cooler again Important: make sure that the inside temperature is at
room temp again.

D.2.5. Long-time storage

When the vacuum chamber is planned not to be used for a while, ideally the vacuum pump is turned
off with the chamber on vacuum. In order to do so, a high vacuum must first be applied by turning the
vacuum pump on for 1 day minimum (5E-5 mbar). The vacuum-chamber valve can then be closed to
de-couple the chamber from the vacuum pump. The vacuum pump can then be turned off.

D.3. Other notes

It must be noted that all COM-ports can also be controlled using a Python script using the pyserial
package. It can then be possible to control and read out the cooler, as well as read out the vacuum
level using the arduino

Inside the chamber, 3 DT670 Diode temperature sensors are placed. And are connected through
the connectors. In order to read those out, an SMU with 4-wire measurement capabilities is required.
By applying a current of 10 micro-Amps onto the leads and measuring the voltage on the same leads,
the temperature can be looked up in a lookup table. The lookup table can be found on the Lakeshores
website.
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