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Abstract

In the last few years, the scientific community has made a significant effort to develop
disruptive quantum technologies. However, despite some exciting results, no real break-
through in the implementation of the qubit has been reached. A promising realization
is based on a two dimensional carrier gas, hosting two electrostatically defined coupled
quantum dots. This implementation is characterized by a very high coherence time and

good integration with classical hardware.

The purpose of this thesis is the characterization of Ge/SiGe heterostructures confining a
two dimensional hole gas. Analysis has been conducted at very low temperatures (down to
4K) and high magnetic fields (up to 7.57"), on Hall bars fabricated on the heterostructures.
Critical fabrication steps have been deeply characterized, in particular the Atomic Layer
Deposition and Etching processes. Different figures of merit have been extracted from the

heterostructures.
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Abstract in lingua italiana

Recentemente, il computer quantistico ¢ diventato un importante oggetto di ricerca nella
comunita scientifica per via delle varie applicazioni che puo offrire. Eppure, nonos-
tante alcuni risultati promettenti, non si ¢ mai affermata una tecnologia definitiva per
I'implementazione di qubit. Una realizzazione promettente € quella formata all’interno
di un gas bidimensionale di portatori, dove si trovano due quantum dot accoppiati.
Questa realizzazione é caratterizzata da alti tempi di coerenza e una buona integrazione

nell’hardware attuale.

L’obiettivo di questa tesi é la caratterizzazione di eterostrutture di Ge/SiGe, le quali sono
ottime per confinare un gas bidimensionale di lacune. Le analisi sono state condotte su
barre di Hall a basse temperature (fino a 4K) e alti campi magnetici (fino a 7.57"). Gli step
di fabbricazione pitt importanti sono stati largamente caratterizzati, in particolare gli step
di Atomic Layer Deposition e Etching. I valori di diversi parametri delle eterostrutture

sono stati ottenuti.
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Introduction

In recent years, quantum technologies have started to become more important as they
have introduced the world to the so-called second quantum revolution. One of the most
important aspects of this revolution is quantum computing: exploiting quantum infor-
mation carriers (normally referred to qubits) to compute very hard problems, where the
parallelism that quantum computation features can be exploited as much as possible.
Many different technologies have been studied in order to create a good qubit, and a
very promising implementation is represented by two coupled quantum dots, creating a
two-level quantum system that works as a logic gate. This type of qubit could be hosted
in a heterostructure that contains a two-dimensional carrier gas. The advantage of this
realization is the very long coherence time and, when fabricated with elements of the IV

group like Si or Ge, its good integration with classical hardware |7, 8, 9.

The scope of this thesis is to characterize various Ge/SiGe heterostructures transport
properties, as well as to define a manufacturing workflow at L-NESS (Laboratory for
Nanostructure Epitaxy and Spintronics on Silicon, Politecnico di Milano) to fabricate
Hall bars for the characterizations. The interest comes from the ability of Ge/SiGe het-
erostructures to confine a two-dimensional hole gas (2DHG), which makes them a good
candidate for hosting a qubit. The heterostructure studied in this work is a HMOS
(heterostructure metal oxide semiconductor) made of a strained Ge quantum well (QW)
cladded by two barrier layers of SiGe. Lastly, a gate is deposited to influence the trans-
port properties of the well. HMOS have been grown at L-NESS by a Low Energy Plasma
Enhanced Chemical Vapor Deposition (LEPECVD) reactor while part of the Hall bars
have been fabricated with the help of the Institute of Science and Technologies, located
in Klosterneuburg, Austria. The remaining devices have been manufactured in Polifab,
the clean-room facility of Politecnico di Milano. A characterization has been conducted
on the manufacturing process, to deeply understand the critical steps of the realization of
the devices. Particular attention has been given to the Atomic Layer Deposition (ALD)

and the Etching processes.

The transport properties of 2DHG have been studied on the Hall bars thanks to a cryostat

capable of reaching temperatures of 4 K and equipped with a magnetic field generator
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capable of reaching 7.5 T. In these conditions, the classical Hall effect can be observed, as
well as quantum phenomena such as the Shubnikov—de Haas (SdH) oscillations and the
Quantum Hall Effect (QHE). From these measurements, one can obtain several figures of
merit regarding the materials used for the HMOS. In this regime, the Hall effect and the
Quantum Hall effect can be observed, also thanks to the geometry of the devices. The
cryostat made it possible to work at temperatures down to 4 K. In addition, a supercoiled

magnetic field generator was used to generate fields up to 7.5 T.

For each sample, different quantities can be extracted from the measurements taken within
the cryostat. Mobility, carrier density, effective mass, Dingle ratio, critical density, and

Fermi level have all been obtained when possible.

In the first part of this thesis, the physical phenomena are discussed, starting from the
description of transport and scattering and finishing with the effect of an applied magnetic
field.

In the second part, the reader can find all the methods and instruments that have been
used to grow and fabricate the structures, as well as their characterization. In this part,
one can also find all the methods used to measure and extract the parameters for transport

characterization.

In the third part, the discussion of all the analyzed samples is presented, with an important

focus on the effective mass, Dingle ratio, and mobility.
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1.1. Heterostructures in quantum dots

In the last decade, quantum computing has been a dominant research field around the
world. Creating high performance qubits has proven to be quite a challenge, so different
approaches have been studied throughout the years, i.e. Josephson junction qubits, pho-
tonic qubits, and Nitrogen-Vacancy (NV) centers [7, 10, 11, 12, 13|.

In this scenario, coupled spin quantum dots represent an important option due to their
high stability and long coherence time. This is only possible due to the low scattering
rate and high mobility these structures present, so their performance is tied to the qual-
ity of the material platform|[8|. In addition, compatibility with standard semiconductor
manufacturing processes that they exhibit is very important [9]. The possibility of using
already existing process lines can be a huge factor in the development and diffusion of the
technology.

A possible implementation of a quantum dot consists of a heterostructure-MOS (HMOS)
and a confining gate on top [14], which can be electrically biased. Then, by injecting
a current, one can tunnel electrons into the dot or remove the charges from it, thereby
creating control over the device. The choice of the HMOS used is very important, and
much progress has been made in the last 30 years.

The first realization of a controlled coupled spin qubit dates back to 2005, when a
GaAs/AlGaAs HMOS structure demonstrated an average relaxation time of up to T ~
10 ns, with a manipulation time on the order of hundreds of picoseconds. Additionally,
an extended spin coherence time has been measured, revealing a 75 ~ 1us [15]. A later
implementation used Si/SiOy structures, showing significant improvements in coherence
time 75 that increased to 100us, with an increment of manipulation time in the order of
microseconds. [16].

The first realization of Si/SiGe quantum dots was in 2014, when the research team
achieved promising results on coherence time in the device [17]. This type of HMOS
has demonstrated high mobility and very low scattering rates, reaching a dephasing time
of T4 ~ 40us.
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200 nm

Figure 1.1: Quantum dot fabricated on a Ge quantum well stack. Adapted from IST Austria

1.

Since then, ISTA has been trying to implement qubits in germanium heterostructures,
since the large spin-orbit coupling allows for fast manipulation times [1]. In order to do so,
heterostructures were grown at L-NESS, then sent to ISTA to create Hall bars and qubit
devices. The Hall bars were sent back to L-NESS for magnetotransport characterization.
Those steps were necessary, as L-NESS did not have access to the Atomic Layer Deposition
(ALD) technique, which is a critical step of the Hall bars fabrication process to deposit
the gate oxide.

Because of this, the scope of this work was to create and test a manufacturing process
to produce Hall bars directly at L-NESS, thanks to the collaboration with Polifab, which
recently acquired an ALD tool. Moreover, both Hall bars fabricated in Polifab and highly
strained Ge devices fabricated in ISTA have been characterized to investigate Ge transport

properties.
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Figure 1.2: Typical HMOS stack grown at L-NESS and analyzed in this work.

1.2. Ge/SiGe Heterostructures

Recently, increasing interest has been shown in undoped heterostructures, as they have
demonstrated high 2D carrier mobility at low temperatures [18, 19]. Those results have
also been observed in the case of modulation doped heterostructures; however, doping
introduces gate leakage, charge noise, and device instability at low temperatures. There-
fore, they are not suitable for creating reliable qubit implementations |20, 21].

In this scenario, the Ge/SiGe heterostructure seems promising for creating high-quality

quantum dots for quantum computing.

The manufacturing process of Ge/SiGe heterostructures is challenging due to the lattice
mismatch between the two materials. On one hand, this can introduce strain, which can
be engineered to control the energy bands in the well. On the other hand, it may also
relax on the interface, introducing defects that may reduce the mobility in the sample
[22]. Then, the main challenge is to choose the right composition of the SiGe layers, in

order to influence the energy bands but avoiding relaxation within the well.

This section aims to describe a typical SiGe heterostructure as analyzed in this work.
[8, 22, 23|. The process starts from an unintentionally doped (p = 1-10 Q-cm) Si(001)
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Figure 1.3: The historic evolution of the 2DHG mobility in the group IV semiconductors at low
temperatures [2].

wafer. On top of Si, a graded buffer (GB) is grown: this consists of a micrometers-thick
Siy;_,Ge, layer where the Ge content increases linearly at a rate of 7% /um.

The virtual substrate (VS), a thick, constant composition layer that matches the final
composition of the GB, is then grown to achieve full relaxation. The deposition rate
is then slowed from 5 nm/s to 0.5 nm/s to gain more control over the thickness, and
a spacer of several hundreds of nanometers matching the VS composition is deposited.
After that, the pure Ge quantum well (QW), also called channel, is grown. As a result of
Nextnano simulations [24], the QW layer thickness has to be around 20 nm, in order for
the confinement to be effective.

Then another constant composition layer of Si;_,Ge, is grown to form the upper barrier
of the QW. Lastly, a thin sacrificial Si cap is grown so that native oxidation creates a

stable SiO layer, which can be easily removed with HF treatment.

Typically, SiGe HMOS structures are characterized by a sheet density n, ranging from
2 x 10'% em™ up to 1 x 10'? em™2, with a mobility around ~ 1 x 10% cm?/V-s|25].
Recently, better results have been reached, lowering the effective mass in these systems
to around 0.05m, with a barrier Ge concentration up to = 0.75 [26]. Thanks to these

improvements, mobility has reached pu ~ 7 x 10% cm?/(Vs)[27, 28].
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1.3. Band structure

The heterostructure forms a QW in the Ge layer as a result of the difference in the energy
gap of the two materials. The energy gap in Ge is, in fact, smaller than that of Si, creating
an offset in both the conduction and valence bands. This is a good setup for creating
a band structure known as a Type-II band alignment, which is characterized by having
band edges lower (in the case of the conduction band) than those of both barriers. This
creates carrier confinement in a small energetic region, as shown in Figure 1.4a. Due to
the geometry of the QW, holes and electrons are confined in different bands [29].[30]. It
should be noted that this confinement is only in the growth direction (assumed to be the z
direction), while carriers are free to move in the zy plane. There are different ways to bend
and change the rectangular energy diagram of the QW. Levels can be shifted by applying
a potential through a metal gate on top of the HMOS or by doping the Siy3Geq 7 layers:
the first case is particularly interesting, as it can be externally controlled to modulate the
bands. Furthermore, it does not introduce any impurity in the structure, which can be
a huge limit in the case of doped structures. Tuning the bias, a triangular quantum well
can appear in the growth direction, as indicated in Figure 1.4b [23].

The triangular well can be described by the Fang-Howard wavefunction [31, 32]:
b3 1/2
Uy(z) = (5) zexp (—bz/2) (1.1)

b can be written as:

12m, €2 11 1/3
b = [m (nDepl + @TLS)‘| (12)

where npepl is the density of ionized impurities and m, is the effective mass in the z
direction. From this band structure, one can expect an accumulation behavior at the Ge-
Sig.3Geg 7 interface, where, if a metal layer is present, the density of holes can be tuned

by the voltage applied to the gate.

1.4. Effective mass anisotropy

In a semiconductor, an effective mass tensor is commonly used to describe the FE(k)
relation in different directions. The mass can be split into 3 different components, namely
my, m, and m,. This representation shows the effective mass anisotropy [34], which

strongly influences the conduction properties of the material in different directions. This
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(a) Nextnano simulation of the band diagram of a Sig.3Geg.7/Ge/Sip.3Geg 7 structure, with a constant
n-doping Ny = 10 cm™3 and a gate bias of V; = —0.3 V (left) and V;, = —2.1 V (right). As the bias
increases, an accumulation behavior can be observed in the blue area near the interface.
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(b) Shape of the Fang-Howard wavefunction in a triangular [33].

is directly proportional to the shapes of the conducting orbitals, so that different shapes

of isoenergy surfaces (Figure 1.5) correspond to different values of m* components.

In HMOS, different phenomena can change the behavior of light holes (LH) and heavy
holes (HH) masses with respect to bulk Ge.

The first consideration is about confinement [35, 36]. Because of the presence of the QW,
two pairs of states in the degenerate point I' emerge, corresponding to HH states and LH
states, with the first being more strongly bound. This effect enhances the mass inversion

phenomena in the xy plane, where:
mity < miYy (1.3)
In order to consider the additional effect of strain, the Luttinger Hamiltonian can be used

in the k-p model [37]. The results show that the in-plane mass becomes abruptly lighter as

tensile strain is generated in the system. This can be explained by the p, and p, orbitals
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coming closer together, decreasing the m, and m, values.
These two effects work cooperatively to enhance HH in-plane conduction, allowing high

mobility to be achieved in the zy plane of the sample.

HH LH

100 r

100

-

075 0.75
0.50 0.50 A
0.25 0.25 A
o boo A 000
-0.25 —0.25 4
-0.50 —0.50 -
-0.75 -0.75
-1.00 -1.00 . : : . T
-1.00 -0.75 -0.50 -0.25 000 025 050 075 100 -1.00 -0.75 -0.50 -025 000 025 050 075 100
Px Px

Figure 1.5:2 Isoenergy surfaces for the energy dispersion of HH and LH in bulk Ge. Different
values of %?E corresponds to different directions, so that the final mass tensors are anisotropic.
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2 ‘ Transport Theory

2.1. Transport theory

One of the most important parameters for describing the conduction in a material is

mobility u, which can be defined as:

H= = (2.1)

Where v is the velocity of the carriers and E is the drift electric field that drives the
current. From this quantity, one can retrieve the resistivity of the material with electron

concentration n.:

1
= 2.2
L (2.2)
Using Drude’s model, o can be rewritten as:
CTir
= 2.3
p= (2.3

Where 7, is the transport lifetime. The total transport lifetime can be obtained using

Matthiessen’s rule:

Lyl (2.4)

7‘.
i=1 't

Tir tot

Where 7; are the transport lifetimes for all the ¢ independent scattering mechanisms within
the system. Note that if we have a correlation between different 7;, the formula is no longer

valid unless a correlation is added term [38]:

1 1 . 1
Tir,tot i—1 T; Teouple

(2.5)
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It is important to introduce some hypotheses for the model:

e All scattering mechanisms are independent of one another. This condition puts the

Teouple — 00 in the (2.5).

e The Fermi surface is circular in the conduction plane. This is a good assumption,

even if the HH band is slightly anisotropic (see Figure 1.5).

e All scattering mechanisms are elastic, which means |k;| = |ky| = |kr|, where kg
is the Fermi vector. Thanks to this approximation, one can consider all scattering

events to change only the direction of the wavevector, and not its modulus.

E=E; _

Figure 2.1: Elastic scattering model representation. The scattering event between the state k_;
and ky can be completely described by the vector ¢.

A scattering vector can be defined ¢:

. 0
|q] = |ky — k1| = 2kpsin 3 (2.6)
in which the angle # is the angle between kz and k_}

It is important to introduce the concept of scattering matriz element V(q) which describes
the scattering energy depending on the value of ¢q. All scattering mechanisms can be

described by this matrix, the most common ones will be treated in section 2.2.

One can also write the equations for 7, and 7,, where the latter is called quantum scat-
tering lifetime. They can be obtained by integrating V' (¢) over all the possible scattering

angles, with some additional terms in order to consider directionality and screening:

_om" (7 Vi(q)?
Teri = W . (1 — COS 9)?(19 (27)
m* [T Vi(g)P?
i = do 2.8
T(L 7Th2 /0 83 ( )

The main difference between the two equations is the (1 — cosf) term, which is not



2| Transport Theory 13

present for 7,. In fact, quantum scattering can be considered isotropic under a certain
critical angle 6., while transport scattering has a directionality that can be related to the

scattering angle [39].

@ ‘—,Q\ ©
@

s I . © :’: S .

a) ®@ © ® b)

®
a

Figure 2.2: Difference between unscreened (a) and screened (b) elastic scattering phenomena.
One can observe how the screening provided by other electrons decreases the overall scattering
angle.

Another important element in the integrals is ¢,, named Static Polarization Function. It
gives the ability to also consider screening phenomena, where the presence of other elec-
trons screens the scattering centers and decreases the overall scattering angle (Figure 2.2).

A good model for describing ¢, is the Thomas-Fermi theory, which form in 2D is:

=1+% (2.9)
q
m*e?
—_me 2.10
q 2me,coh? (2.10)

thanks to the long wavelength limit [40, 41].

Another important quantity to describe the scattering phenomena is the Dingle ratio,
defined as:

a=1r (2.11)

Its value can be taken as an indication of the nature of the scattering potentials [42].
For short-range isotropic scattering v ~ 1, while for long range Coulomb scattering 7y, is

typically larger, leading to o being much larger than 1.
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2.2. Scattering mechanisms

There exist different types of scattering mechanisms, which are all defined by a different

scattering matrix V' (¢). The general equation for V' (¢) is the following:

Vig) = ni/e_iq'rv(r)d% (2.12)

Where n; is the density of impurities and v(r) is the impurity potential. It is also conve-
nient to introduce the concept of form factor, which is a correction factor that takes into
account the charge distribution of the 2DHG.

From experimental data, it appears that all scattering phenomena have a dependence on

temperature such that:

p="T7" (2.13)

Note that the value of v does not directly correlate with the dominant scattering mech-
anism [43]. In this analysis, only some low-temperature scattering mechanisms will be

discussed in order to better understand their characteristics.

2.2.1. Local impurities scattering

Local impurity scattering is caused by dopants localized between the Ge channel and the

SiGe layer. The scattering matrix element is the following [3]:

IV(q)I2=m< - )2( ! (2.14)

2e0€rq 1+ q/b)s

Where b is defined by (1.2), and the form factor can also be expressed by an exponential

decrease [40]:

F = (2.15)

Where d is the distance between the impurity and the electrons. This shows how local
impurities cause strong scattering in the material, even though the typical density is far

lower than that of remote impurities.
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2.2.2. Remote impurities scattering

Remote impurity scattering is caused by the high density of donors at the interface. The

scattering matrix can be written as [44]:

Vil = nolo@D(0) (55 ) 2.16)

where np is the doping sheet density. I'p(¢) can be expressed as

[1 — exp(—2¢W)] exp(—2¢S)

FD(Q) = 2qW

(2.17)

With W being the thickness of the doped region and S the setback distance between the
channel and the SiGe layer. I'p(q) represents the donor form factor and has a sharp peak
at ¢ = 0, which contributes significantly to 7, but not to 7.

D(q) is also present in (2.16), representing a correlation correction between events. At

small ¢, it can be written as
W2
D(q) =~ (E + A2> ¢ (2.18)

Where the A value represents the random fluctuations in the spacing between donors.

This type of scattering has a huge impact on mobility in SiGe HMOS.

2.2.3. Interface roughness

Interface roughness scattering arises from the presence of carriers near the Si-Ge interface.

It can be modeled as Gaussian scattering [45]:

V()P = 73N exp (~A%/4) (2.19)

Where A and A are, respectively, the width and height of the roughness. As the carrier
density increases, the effect of interface roughness also increases due to the presence of
more carriers near the surface. Generally, this type of scattering has minor effects on a

semiconductor heterointerface.
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Figure 2.3: Fit of the mobility-density experimental data in a SiGe conduction channel due to
different scattering mechanisms. The effect of each mechanism is shown separately [3].

2.2.4. Alloy scattering

Alloy scattering is caused by the random positions of the Si and Ge atoms inside the

crystal structure. Its scattering matrix can be generalized as [46]:

3b
V(g)]? =x(1— :1:)905E2E (2.20)

where () is the unit cell volume, JF represents the intensity of the interaction, and b
has been defined in (1.2). This type of scattering is absent in the case of pure Ge or Si
channels.

2.3. Freeze-out

When a semiconductor is cooled to very low temperatures, a freeze-out phenomenon can
occur, which corresponds to a large decrease of the carrier population and the material
becoming unable to conduct. This is because the generation of electron-hole pairs and

the ionization of dopants both depend on temperature.

In any semiconductor, the intrinsic concentration of electrons due to the thermal genera-
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tion of pairs can be written as [47]:

kpT \*? 3/4 _E,/(2kgT)

Ne = np = 2 (memp,)™ " e~ Fo/\EFB (2.21)
2mh?

Where E, is the intrinsic energy gap of the semiconductor. One can see that as the

temperature goes down, the exponential term decreases and drastically decreases the

intrinsic concentration.

In the case of an extrinsic semiconductor, i.e. an n-doped semiconductor, one also has to

consider the donor electrons:

Ny
1 + 2e(Ea—Er)/kpT

Nd — Ng = ~ TNe (222)
Where Ny is the donor concentration, n, is the donor-bounded electron concentration,
and FE, is the donor energy. Note that, generally, at low temperatures, the generation of
electron-hole pairs is so low that almost all the carriers are provided by the donors. This

is normally referred to as the saturation regime.

At even lower temperatures, the energy is so low that almost all donors cannot ionize,
and in Equation 2.22 the electron concentration drops, as indicated in Figure 2.4b. This
condition is called freeze-out regime and makes the value of p in Equation 2.2 increase

abruptly.

2.4. Percolation density

The percolation density is an important figure of merit for studying the 2D Metal Insulator
transition (2D-MIT). This behavior is typical of 2D materials with high mobility and low
density, i.e. n, ~ 10° cm™ in Si [48]; It can be described as a carrier density-driven
change in the dependence of p on T'. In particular, the transition from a metallic behavior
regime (n > n,, j—; > 1) to an insulating behavior regime (n < n,, g—; < 1) [? |. Note
that in samples with high disorder, the value of n, can be significantly higher, up to
n, ~ 102 ¢cm™2, as electrons become localized even at high densities [49]. In order to

electrically characterize the system, one can write the conductivity o as:

o~ (n—mny,)P (2.23)
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where p is the percolation exponent. Theoretically, its value is set to be 1.31. It has
been found that p also has a dependence on 7', which can be neglected only at very low

temperatures [50]. An example of these properties can be seen in Figure 2.4a.

Since the percolation density describes the disorder in SiGe heterostructures, a low value
of n, is crucial for the stability of quantum dots, especially the ones working very close
to the 2D-MIT. Recently, a percolation density of 4.5 x 10 cm~2 has been reached in
a Ge/SiGe HMOS, indicating a very low disorder and consequently high mobility in the
sample [27].

| 16 A (0.4 K)
1000 B (0.25 K)
F 14 ! Extrinsic
=3 fit
100 ' TE lonization
= 0l ¢
N 10
L :
° i
TE
I L ; ] I L
0.1 3 4 6 8 10 12
1000/7 (K)™*

n (10" cm?

(a) Percolation density in a 2DEG Si MOSFET [? (b) Carrier concentration at different temperatures
|. In the main plot, o is plotted at T = 0.4 K [51]. At low temperatures, one can see the sudden
and T = 0.25 K. Note how both n, and p have a decrease of carriers from the stationary (saturation)
dependency on temperature. regime.
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3 ‘ Magnetic Field Effects

3.1. Conductivity Tensor

Ohm’s law describes the proportionality between current density J and electric field E.

In its most general form, it can be written as [47]:

Sz Orz Ozy\ [ Bz
()G o) ()

-

J:

Qi

E (3.2)

Where ¢ is the conductivity tensor. It can be demonstrated that o,, = o0,, and 0., =
—0ye. it is also possible to express the resistivity tensor as the inverse of the conductivity

tensor:

-1 (3.3)

Tx T 1 Tx T
_ P P Yy — - - o o Y (34)
—ny Pzx Umc + Uzy _ny Oz

Note that also p diagonal terms are equal and the antidiagonal terms are opposite.

eyl
I
Qi

eyl

Introducing the conductivity and resistivity tensors allows for the description of the di-
rectionality of resistance in conduction, which is fundamental to understanding the Hall
Effect.
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3.2. Hall Effect

In this section, a classical treatment of the Hall Effect will be presented, in the so-called

weak field limit w.7 < 1, where:

(3.5)

w, is called the cyclotron frequency. In this limit, the scattering phenomena occur well
before the electron can complete a cyclotron orbit around the atom, making quantum
effects negligible [47].

In this frame, one can write the equation of motion for the electron:

*

m-v

F=c(E+¥xB)=m"0+ (3.6)
T
by solving the equation and splitting it into x and y, one can obtain:
ne’r\ (E, +iE,)
Jp+1Jy) = = ! 3.7
(S +7Jy) (m*> 1+ ww.T (3.7)

Lastly, by separating the real and imaginary parts of J, one can write 0,, and ogy,.

Oza = ne’r ( ! ) (3.8)

m* \ 1+ (w.7)?
ner — W, T
oy = 3.9
Toy = T (1+(w07)2) (3.9)
It is also possible to rewrite those equations using the mobility spectrum approach, where
uB = w.r [52]:
e s(w)
re= [ (3.10)
“+o0o
pBs(p)
Ogy = /_OO T/ﬂBQdu (3.11)

Where s(u) = ng(p)qpu is called the mobility spectrum [4].The equations hold only under
the hypothesis that s(u) is independent of the magnetic field B.
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pII
Py

Figure 3.1: Qualitative behavior of p,, and p,, when a single carrier is present.

It is useful to define the Hall coefficient Ry, which can be expressed as:

1
=4 = 12
Itu J.B, ne (3.12)

This quantity describes the magnetic response of o,, to an external B. It also depends
only on n, so it can provide information about the type of carriers you have inside the
system (holes if Ry < 0, electrons if Ry > 0).

Also, at very low fields, you can link x4 with Ry thanks to a simple equation:

R 1
Pzx nNygepPzy

1y and ny are the Hall mobility and Hall density, respectively, and they are experimental

estimates of p and n.

It is also useful to consider the mobility spectrum approach for a moment. Due to the
shape of s(u), one can describe conduction driven by different carriers with different

mobilities and densities. For example, a spectrum like this:

s(p) = noepo - 0(p — fio) (3.14)

describes the conduction driven by a single carrier with mobility po and density ng.
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Figure 3.2: Mobility spectra calculated on synthetic data featuring two carrier gases of low
mobility (Adapted) [4].

3.3. Two Carrier Model

Another interesting case to examine is the presence of 2 carriers, i.e. both electrons and
holes in a conductor. This is typical of a surface channel in a device, or some GaN

heterojunctions [53|. One can write the mobility spectrum of the system:

s(p) = naepad(p — pra) + npeppd(p — pp) (3.15)

Thanks to the (3.10) and the (3.11), the conductance terms can be obtained:

naepa npeup

Ope = 3.16
T+ (uaB) T T+ (uaB)? (316)
2 2
naepaB npeppB

Opy = + 3.17
"I TH (B 1 (uaBy (317)

In this scenario, Ry depends on B. After some calculations, it can be written as:

+nap% £ npuy

Ry = (3.18)

q(napia +nppp)?
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It is worth noting that the (3.18) is a general result and is also valid in a strong-field
scenario. Moreover, if uB is large enough, the equation for Ry can be further simplified

to the form:

1
Ry =

= oo (3.19)

showing how, if uB > 1, then Ry does not depend on y at all, but only on the densities n 4

and np of the carriers, similarly to the single carrier scenario discussed in the section 3.2.

3.4. Scattering magnetoresistance

The discussion above considers Ry independent of the scattering mechanism, thus mag-
netoresistance. In reality, in both single-carrier and double-carrier systems, the scattering
mechanism creates a magnetoresistance that must be considered in the calculations of Ry

[54, 55].

Magnetoresistance can be the result of different phenomena [56, 57]. A good way to
consider them all together is to examine the dependence of the scattering mechanism on
the energy. In particular, it is useful to define a scattering coefficient r:

(r?

r= GE (3.20)

~—

Where 7 is the average scattering time, and the average is taken over the energy. This
quantity can be directly expressed in (3.12) in the low-field case, leading to the following.
r

Ry — 3.21
H ne ( )

For the strong-field case, Ry does not depend on magnetoresistance, so there is no reason

to include this quantity.

3.5. Quantum treatment

At very low temperatures and high magnetic fields, some physical phenomena that cannot
be explained by classical mechanics start to appear. In fact, they have to be treated with
a quantum approach, as they are macroscopic manifestations of the quantum behavior of

the system. Some of those effects are still not completely clear from a theoretical point
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of view, but they can represent a powerful probe for studying the underlying behavior of

quantum well devices.

In order to analyze the quantum phenomena, we start from the Schrodinger equation for

a free electron in a magnetic field [47]:

U =FEV (3.22)

To represent the magnetic field, a Landau Gauge approach can be taken, by considering

the vector potential A:

= —By (3.23)
0 (3.24)

. =0 (3.25)

8

<

s s
I

By separating the variables [58], one can write a wavefunction of the form:

U(z,y,z) = "™ g(y) (3.26)

One can substitute and get to:

hk, B h2k?
(hk, + eBy) T -
2m* 2m* 2m*

] oly) = Eo(y) (3.27)

This can be rewritten in the harmonic oscillator form:

*,,2 2 21.2
m w, 2 py h kz
— =F 3.28
- w4 | 6ls) = Eoly) (3.28)
Where: -
mwe

The solutions of the equation are called Landau Levels, in the form of:

h2k?
- 2m*

+ hw, (e + 1) (3.30)

Eé(kz) 9

and ¢ is called the Landau level index. An important property of this system is that it
presents a degeneracy in the x direction. In particular, the energy does not depend on

k., which means that all levels are degenerate at a single value of n,. In addition, this
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Figure 3.3: Simulation of the DOS function when an external magnetic field is applied. No

broadening (top) or gaussian broadening (bottom) are considered.

degeneracy causes the density of states (DOS) to collapse into different d-functions, called

Landau levels.

Yo has to lie within the sample, which has dimensions L, x L,, so that:

—F oy < =2 3.31
9 Yo 5 ( )

Substituting yo leads to the following condition:

mweL, <k < mweLy,
X

2h 2h

(3.32)

Another important condition arises from the uncertainty principle, which forces k, to have

discrete values:
21
k=—j 3.33
z,’ (3.33)

Where j is an integer which represents a degeneracy factor. One can combine both the
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(3.32) and the (3.33) to obtain some constraint on j as well:

0>j> %LxLy (3.34)
The allowed number of states per unit area becomes:

eB

Realistically, the d-functions in the density of states pg(F) exhibit broadening due to both
temperature and scattering mechanisms. In fact, the finite lifetime 7, for the electron
introduces a broadening of the energy E of h/7, due to the Heisenberg principle (see

Figure 3.3). The broadening can be considered either Gaussian or Lorentzian [59, 60].

It’s also worth noting that if the broadening exceeds the Landau level spacing (hw < h/7,),
so if w.7, < 1, the Landau levels are not well resolved. As a consequence of that, in order

to describe quantum phenomena, it is necessary to consider w,7, > 1.

Lastly, by changing the magnetic field, the spacing and ng also change. The number of
occupied Landau levels is called filling factor v and can be written as:
_ Tep hnap

V) = —— —
ng eB

(3.36)

Where nsyp is kept constant by moving Er. This detail is quite important because, as
B is changed, Fr will move between Landau levels proportionally to the pg(E) in that
particular region. This also means that there are very small intervals of values for B to
have Er in-between Landau levels. The position of Er plays a significant role in the

Quantum Hall Effect phenomena.

3.6. Weak localization

Another interesting effect at very low fields is the weak localization effect. Due to quantum
dephasing between weak and strong localization terms [61], longitudinal conduction o,

gains a negative correction term.

Av.e(B) = E—Z {qf (% + ;—2) — (% + ;—i> + 1n(:—¢>] (3.37)
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Where V¥ is the digamma function, 74 is the phase breaking time of the wavefunction, and
75 = N/2eDB with D = v%7/2 as the diffusion constant. This behavior can be observed
in Figure 3.4, where at very low fields, the magnetoresistance has a peak in zero, while it

drops with increasing magnetic field by just a small amount.

1850
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1700
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Figure 3.4: Weak localization regime. One can see the sudden decrease as the magnetic field

moves from 0.

3.7. Shubnikov-De Haas Effect

The oscillatory behavior of the pg(E) is reflected in many different observables. One of
them is the parallel resistivity p,,, which presents growing oscillations as the field gets

stronger. One can introduce the Ap quantity as:

Po
Where pq is the longitudinal resistivity p,, measured at zero magnetic field. Describing
the SAH phenomenon in terms of Ap is useful as it can isolate the oscillations from any
other contribution, i.e. other magnetoresistance effects [62]. The equation describing the

oscillations of Ap is the Lifshitz-Kosevich equation [63, 64]:

= s TS mhsng
Ap =14 . - - - .
p E Sinh o€ exp < B ) cos ( 5 sw) (3.39)

s=1

Where « is the Dingle ratio, n, is the sheet density and ¢ is defined as:

. 27r2m*k‘BT

¢ e (3.40)
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Figure 3.5: SdH oscillations and QHE measured on a similar HMOS respect to the structures
analyzed in this work. Adapted from [5].

As the oscillations become stronger while the magnetic field is increased, there are values of
B where p,, reach zero, corresponding to a minima of the oscillations. This phenomenon

can be explained by the fermi level Er crossing the energies between the Landau levels.

Thanks to a fitting of (3.39), one can retrieve the values for the effective mass m* and

dingle ratio a. The methods will be analyzed in subsection 4.6.1.

3.8. Quantum Hall Effect

Another observable that is affected by the formation of Landau levels is p,,. At high
fields, there are broad plateaus at corresponding integer values of ¥ when Er is between
Landau levels and p,, reaches zero. This effect is called the Quantum Hall Effect (QHE).
In order to deeply understand this phenomenon, it is convenient to talk about carriers
in a narrow channel. Starting again from the harmonic oscillator equation (3.28), and

adding a potential V'(y) to take into account the walls of the channel [47]:

*, 2 2 21.2
P (=9 + 5 + 5+ V()| 6y) = Boy) (3.41)

Depending on the value of B, the energy of the states can change. However, in (3.41), the
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carriers are affected by both B and V(y), and depending on the shape of V (y), one can
be dominant over the other. Generally, in a channel, one can expect that the electrons
in the middle are less affected by V' (y) and are squeezed to very low energies by B, while
the carriers on the edge are highly affected by V(y) and can have energies close to Fp.
These high-energy electrons on the side of the channel are called edge states and are the

only available carriers in a strong-field regime.

The behavior of edge states can be understood by considering the cyclotron orbits in
the sample. Generally, those circular orbits are completed, so the net drift velocity of
the particle is zero. However, near the edges, those orbits are interrupted by the walls,
which means the carriers acquire a drift velocity vy # 0. The result is a skipping orbit
that bounces along the boundary of the channel (Figure 3.6b). This mechanism leads to
an important property for those carriers: the states on opposite edges travel in opposite

directions.

Another characteristic of edge carriers is that they can suppress scattering due to the
broken time reversal symmetry caused by the presence of B [65]. So, at very high magnetic
fields, the carriers near the center of the channel lose the ability to conduct, and conduction

is driven only by the edge states, which provides zero-resistance conduction.

3.8.1. Fractional Quantum Hall Effect

In the extreme conditions of high field and low temperature that make QHE observable,
all the carriers remain in the lowest Landau level and spin states. However, at even higher
fields and lower temperatures, there is the possibility that all the carriers in the lowest level
create an order under the influence of their mutual interaction. In this condition, some

electron states have been found to have fractional occupation v of the lowest Landau level
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[66, 67]. This phenomenon is referred to as the Fractional Quantum Hall Effect (FQHE).

For this effect to arise, very high mobility samples are needed in order to enhance electron-
electron interactions over the electron-impurity ones. It’s worth noting that in FQHE,
plateaus appear for defined values of v, i.e. 1/3,2/3,3/5,5/7. Recently, even denomina-
tors for v have also been observed in GaAs samples [68]. Lastly, FQHE states have been
predicted to carry fractional charge, i.e. e/3 for v = 1/3. This effect is strange on its

own, and the debate about the properties of the phenomenon is still very active.
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Figure 3.7: Simulation of the DOS function at high magnetic field (B = 5T").

3.9. Spin splitting

Another important effect to take into account is the spin splitting of the Landau levels.
As a magnetic field is present, electrons with different spins will have a contribution in
energy related to their spin, according to the Zeeman energy splitting [69]. Adding this
energy to the (3.42) leads to:

1 1
Where k, = 0 for simplicity. In the (3.42), the g-factor is equal to 2, and pp is the Bohr

magneton:
eh

- 3.43
e (3.43)

UB

The Zeeman splitting of the Landau levels doubles the peaks in the shape of pp(FE)
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(Figure 3.7). This splitting is then visible in all phenomena involving the oscillation of
the DOS, i.e. SdH oscillations and QHE plateaus. It’s worth noting that the effective

value of g can be written as |70]:

. 2me 1
g = —
m* 1+ +/Bs/BL

Where Bg and Bj, are, respectively, the fields at which the splitting occurs and the field

(3.44)

at which the oscillation begins.
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4: ‘ Experimental Techniques

4.1. LEPECVD

“Wobblers”

“Wobblers” | Wafer stage

Gas inlet

Turbo
pump

Load lock

Primary coil

Plasma source

Figure 4.1: LEPECVD reactor setup scheme.

Low-Energy Plasma-Enhanced Chemical Vapor Deposition (LEPECVD) is a deposition
technique used to epitaxially grow all of the devices analyzed in this thesis. The working
principle is similar to a standard CVD technique, with a fundamental difference in the
reaction driving mechanism [33, 71, 72, 73]. The main difference is the presence of a low
energy, high density DC argon plasma focused onto the Si wafer. The plasma cracks the
gasses present in the chamber, generating highly reactive radicals that are then deposited
onto the wafer. Moreover, the hydrogen released by the reactant gases can passivate the
surface: This passivation layer is removed by inducing the ion bombardment onto the
surface. Is important to note that the energy of the ions is very low, i.e. 10 eV, in order

not to damage the crystal.
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The reaction chamber is kept in Ultra-High Vacuum (UHV) conditions: while idle the base
pressure is on the order of 10~ mbar. The role of UHV is very important as it decreases
the levels of contaminants and improves the control of deposition in the chamber. During
a deposition process Ar and process gasses bring the pressure to 1072 mbar.

The precursors used for deposition are SiH, and GeHy for SiGe layers, while PH3 and
BoHg are used to introduce the n and p dopants, respectively.

A heating stage made of pyrolitic graphite cladded between boron nitride disks is used
to bring the substrate to the temperatures required for high crystal quality. Temperature
plays a significant role in the deposition rate (DR). In a classical CVD technique, there is
an exponential dependency between the two quantities such that a very high temperature
is needed to achieve acceptable deposition rates. Furthermore, Ge and Si have different
H desorption rates, so there is a very high temperature dependence on the SiGe DR.
However, in the case of LEPECVD, the DR value is mostly controlled by plasma energy
and density, in a range from < 0.1 nm/s to 10 nm/s. making the technique more flexible

and allowing for wider ranges of operating temperatures.

4.2. Samples

Different HMOS have been grown using LEPECVD, with different Ge QW thicknesses.
The stack is represented in Figure 4.2.

Si cap 2nm
Sio.3Geo.7 20nm
IGEaWa| 14-20nm
Si_.Ge
2 2.25um
Graded Buffer
Si(001)

Figure 4.2: Stack of the HMOS samples analyzed in this work.

Then, Hall bars were fabricated from this stack in order to characterize the sample. More

details are described in section 4.4.

Along with HMOS, some Ge channels have also been characterized thanks to a Hall bar
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structure. These Hall bars have been fabricated by IST Austria and sent to L-NESS for
characterization in order to study how conduction changes in the case of high strain when
Ge is grown at very low temperatures (200-300°C). This temperature range is compatible
with the typical values of the back end of the line (BEOL) processes, decreasing the overall

thermal budget needed for growing the structure. The stack is represented in Figure 4.3.

Si cap 2nm
[Ge Channel ] 4nm
Si Buffer Layer 15nm

Si(001) Substrate

Figure 4.3: Stack of the highly strained Ge channel analyzed in this work.

4.3. Hall bars

In order to characterize the substrates grown using LEPECVD, the fabrication of Hall
bars is necessary. A Hall bar is a cross-shaped structure with six different contacts, such
as the one represented in Figure 4.4. The middle region is called the body, and the current
can flow between its contacts. During this process, a voltage can be measured between the
other four contacts (the leg contacts), which are laterally connected to the body. In this
way, one can measure both the longitudinal voltage V,, and the transversal voltage V.
Then, utilizing the current flowing through the channel, one can obtain a very accurate
measurement of the resistances and thus the resistivity p,, and pg,. Moreover, the Hall
bar can also be gated, depositing an oxide /metal stack on the body to apply a gate voltage

on the channel.

4.4. Fabrication

Fabrication of Hall bars has been done for HMOS samples in the L-NESS and Polifab
cleanrooms, involving different procedures. Strained Ge Hall bars were created at ISTA

instead, utilizing a very similar process flow.
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Figure 4.4: Hall bar representation. One can observe both the body and legs of the bar, as well
as the w and [ values from which the geometrical ratio is obtained.

The substrate was cut into 1 x 1 cm? squares. The process consists of four different

fabrication steps. In order:
e Patterning of metallic contacts
e Definition of the Hall Bar mesa
e Deposition of the gate oxide
e Deposition of the metallic gate

The fabrication steps are represented in Figure 4.7. Each major step will be treated

separately.

A lithographic mask has been prepared according to the fabrication steps, in order to
define the geometry and structure of the Hall bar. A more linear and simple design has
been chosen (Figure 4.5) with respect to ISTA devices, as the work focused on establishing
a baseline in the fabrication process. The characterization of this first generation of devices

will bring about an optimization of the whole design and process in the future iterations.
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Figure 4.5: CAD drawn litographic mask for a gated Hall bar designed for this work. One can
see the close-up to a leg of the Hall bar, revealing a region where no gate has been deposited to
avoid overlap with the contact pad.

Then, two different masks have been prepared. In the first, two scaled versions of the
Hall bars have been added, with scaling factors of 80% and 120%, respectively. In the
second mask, the Hall bars have been rotated by 22.5°; 45°, and 67.5°. These two can be
visualized in the Figure 4.6 The objective was to create hall bars with different dimensions
and orientations and to characterize transport properties concerning both device-related

effects and the effective mass anisotropy effect (see section 1.4).

4.4.1. Patterning of metallic contacts

The sample was chemically cleaned with acetone and isopropyl alcohol and prepared for
a lithographic process. On top of the sample, a layer of Ti-based primer is spin coated
at 6000 rpm to improve the adhesion and uniformity of the photoresist. The primer is
then baked to 120°C, to make the solvent in the primer evaporate. A negative photoresist
(AZ15nXT) is then spin coated at 4000 rpm and another heating process is performed at
110°C.

The mechanism behind an optical lithography step is based on the photo-reactions inside
the resist. In the case of a negative resist, those reactions strengthen the cross-linking
between chains of the resist, making it less soluble and ready for a development step.
Furthermore, AZ15XT is a Chemically Amplified Resist (CAR) and contains a PhotoAcid
Generator (PAG). This makes all the baking steps crucial, as they activate the PAG

molecules and amplify the cross-linking.
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Figure 4.6: Final lithographic masks used on the samples. Hall bars have been (a) scaled and
(b) rotated respectively.

A Heidelberg MLLA100 is used to print the design on the sample. With 365 nm light and
a set dose of 350 mJ/mm?, the Hall bar contact regions have been imprinted with light
in the resist. In order to reveal them, a Post-Exposure Bake (PEB) at 120°C for 60 s
makes cross-linking possible. Lastly, immersion in AZ 726 MIF is performed for 120 s.
This dissolves the most soluble parts of the resist, creating the actual pattern onto the

sample.

Lithography is performed multiple times in the process flow, using similar parameters and

procedures.

To deposit contacts, a first cleaning in HF diluted to 5% was performed to remove any
native oxide layer from the surface. Then a Leybold L560E was used to deposit 10 nm Ti
and 150 nm Au, which will form the contacts. The Ti layer is deposited as an adhesion
layer between the gold and Si without changing the electrical properties of the device.
The evaporator utilizes a very high-energy electron beam focused on a crucible containing
solid metal which evaporates due to the beam. The sample is positioned 30 cm away from

the crucible, with the patterned side facing the crucible.

Lastly, a lift-off is performed by submerging the samples in NI555 remover to dissolve the

resist, which is then washed away with excess gold using isopropanol.
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Figure 4.7: Hall bar fabrication process flow. The representation shows a cross-section of the
device, taken at the leg point of the Hall bar.

4.4.2. Definition of the Hall bars

Another lithography is performed to cover the contacts with resist. This is done with a
positive resist (AZ12XT) rather than a negative one.The reason comes from the profile
of the resist after development, as sketched in Figure 4.8. Generally, positive resists are
preferred for etching purposes, while negative ones are better for depositions. This is due
to different factors, the most important one being the etch resistance. In fact, thanks to
the cross-linking induced by light, negative tone resists have much higher etch resistance,

making them more reliable in a etching process and more resistant to pattern collapsing.

The next step is to etch away material around the Hall bars in order to isolate the QW
structure. This is done using the Reactive lon Etching (RIE) technique, which utilizes

chemicals in a plasma to etch the surface both physically and chemically. The sample
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is glued to a loading wafer to achieve stable thermal conduction and inserted into the
chamber of an SPTS Omega Synapse 200 LPX. A Bosch recipe is used, which alternates
plasma etching steps with SFg and polymer passivation with C4Fg. This cycle is repeated
24 times in the chamber to etch 260 nm of material, and the result of the process is shown
in Figure 4.10. The actual etching depth that has been reached is much lower, around

120 nm. The resist was then removed using P1331 heated at 70°C as a stripper.

4.4.3. Deposition of the oxide

A 20 nm nominally thick layer of Al;O3 has been deposited onto the entire surface with a
Beneq TF'S 200, an Atomic Layer Deposition (ALD) tool. The ALD is a vapor deposition
technique in which a precursor and a reactant are released in the chamber in an alter-
nating sequence. Thanks to this procedure, the growth can be controlled layer-by-layer,
achieving maximum uniformity and control. Similarly to CVD techniques, ALD can also
be improved by using a remote plasma source. The radicals emitted by the plasma en-
hance the reaction, lowering the required temperature for a target DR. Generally, the
thermal-mode and the plasma-mode produce similar results, with very slight differences

in the conformality of the film.

In order to test extensively the ALD process, both plasma-ALD and thermal-ALD have
been utilized on different samples, at 90°C and 200°C, respectively. No mask was prepared
for this deposition and the oxide layer was deposited onto the whole sample, including
the gold contacts. This choice was suggested directly by the ISTA Hall bar fabrication
process, and it is based on the idea that the soldering process needed to electrically bond
the devices on the chip carriers will break the oxide and form a low-resistance ohmic
contact. A further step of the activity, beyond the scope of this work, will refer to the
development of both lift-off and etching recipes for Al203, increasing flexibility in the
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process design.

Characterizations were performed on the deposited oxide: a control Ge-on-Si sample was
inserted into the chamber together with the device samples in order to later measure the
film thickness by ellipsometry. Ellipsometry measures the change in the polarization of
light as it is reflected or transmitted through a medium. By setting an incident angle
and then projecting monochromatic light onto the sample, the transmitted amplitude
ratio W(A) and the phase difference A(\) can be measured. These quantities show a
dependence on thickness and optical constants. Then, by extracting these values for
different wavelengths, one can obtain useful information on the multilayer. In this case, the
thickness of the film has been extracted from the fitting in Figure 4.9, which corresponds
to 20.5 nm.
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Figure 4.9: Oxide spectra taken thanks to a J.A. Woollam VASE Ellipsometer. The spectra
were fitted according to a multilayer model using the tabulated optical constants of Si, Ge and
Al>,O3 while leaving the thickness of the layers as free parameters.

One of the complete devices has also been cleaved, producing an indentation in the wafer
to crack it along the crystalline directions. In this way, a Hall bar has been broken in half
to take images of the cross-section of the device, thanks to a Scanning Electron Microscope
(SEM). Figure 4.10 clearly shows the presence of the oxide layer, and its thickness appears

to be on the order of 20 nm.
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Figure 4.10: SEM image taken on the edge of the Hall bar pad. One can see the etching profile,
as well as the oxide adhesion to the stack. The layer appears to be perfectly conform to the
HMOS, even on the vertical wall formed by the etching step. A zoom on the wall is shown to
see the etching profile created. Out of the 260 nm target depth, only 120 nm have been etched.
Furthermore, the Ge QW has been laterally etched more than the corresponding Sig 3Geg. 7 layer,
creating an indentation in the wall profile.

4.4.4. Deposition of the gate and finishing steps

The deposition of the gate is similar to that of the contacts. Firstly, a lithographic process
is performed to define the area of deposition. Then a 10 nm Ti layer and a 150 nm Au

layer are deposited. Lastly, a lift-off is performed to remove excess gold.

The metal was not deposited onto all samples: some of them were left without a gate.
It is known that different fabrication processes and machines tend to trap a higher or
lower number of charges in the oxide. These charges can activate the QW channel even
at low temperatures, where no conduction should be possible because of the freeze-out
regime. To understand whether the grown oxide contains charges or not, some devices
were left without the gate and tested at low temperatures to check whether conduction

was possible.

The samples were then cleaved and divided into smaller pieces. They were glued to a chip
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Figure 4.11: SEM image taken on the body of the Hall bar. One can see both the gold and
the oxide layers, as well as the etching profile. From the image, it is really hard to predict the
thickness of the oxide layer in this region.

carrier with silver paste to achieve good thermal contact with the holder, and then the
contacts were bonded to the holder. In this way, the samples were ready to be mounted

on the cryostat head.

4.5. Cryostat

Different samples were measured with a cryostat (Cryogen Free Element System (CFES),
from Cryogenic) at low temperatures and high magnetic fields. In order to achieve such
extreme conditions, a superconductor coil has been used to reach 7.5 T to investigate the

magneto-transport properties of the structures.

The cryostat can reach 1.6 K in temperature, and the temperature can be controlled in a
range between 1.6 K and 300 K. This is achieved thanks to a helium loop that continuously
pumps through the system between a tank, a refrigerator, and two different stages. The
first stage is a high-temperature stage, around 7' = 40 K while operational. The role of

this stage is to provide stability to the temperature of the cryostat, limit heat exchange,
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and confine the high magnetic field. Inside, there is the second stage, which is smaller
but can reach 7" = 4 K. This is where the holder with the sample will be positioned, as

well as where the magnetic field will be generated.

Helium flow is crucial for the operation of the cryostat, as a lower amount increases the
temperature, while a larger amount than necessary causes the helium to condense into
the circuit, stopping the system from functioning. This is regulated by a needle valve

positioned above the second stage and plays a key role in the functioning of the system.

It is also worth noting that lower temperatures have been reached as a result of a transient
regime in the chamber. By accumulating liquid He in the tank and then opening the He
valve, a stable 1.6 K temperature can be maintained for approximately 1 hour. This
exploit has been used to measure the samples at temperatures even lower than 4 K in

some scenarios.

4.6. Methods and analysis

4.6.1. p,, and p,, analysis

Different methods have been used to retrieve meaningful information and parameters
about the HMOS structure. First, measurements of both p,, and p,, have been taken
with respect to the magnetic field from -7.5 T to 7.5 T. These sweeps in the magnetic field
have been conducted multiple times at different temperatures to obtain different curves
with respect to both 7" and B. To obtain mobility and hole density, (3.13) was used,

starting from the measurement of p,, and pg,.

The background has been removed from the oscillations using different techniques like
the Savitzky-Golay method [62], interpolation, moving mean method, 2nd derivative.
These have been tested on pre-measured data provided by an older Ge/SiGe HMOS study
[5]. The goal was to understand which method would give the best results. The most
promising ones came from the Savitzky-Golay and moving mean methods. In particular,
the Savitzky-Golay method seems to be the most robust and can maintain a mean value

of the curve very close to zero, as shown in Figure 4.12.
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Figure 4.12: Comparison between extracted data with a Savitzky-Golay method and a moving
mean method. One can see that the latter is way more instable and produces a result that
globally has not a mean value of 0.

Then, the effective mass m* has been obtained by analyzing the SAH oscillations, whose

temperature dependence can be visualized in (3.39):

B 2m2m*kgT

&= ehB

Ape(T) _ &)
Api2(0) sinh (§(m*))

(3.40)

(4.1)
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Taking the ratio between two points with the same B and different 7', one can obtain:

Ap(Th) _ §(Ty) sinh (£(73)) (4.2)

Ap(Tz)  §(T2)sinh (§(T1))

Then, one can solve (4.2) for m*. This procedure has been applied between all adjacent

points, and the values have been averaged to obtain an estimate of the value of m*.

To obtain the dingle ratio a, (3.39) has been used again, this time by fixing the tem-

perature to a maximum or minimum of the oscillations p,, and utilizing the values m*

%sinh(ﬁ)) _ T
" ( po 4 uB 43)

By fitting the left term with respect to 1/B, one can retrieve the slope and thus the value

obtained previously:

of a. The plot that represents all those points is commonly referred to as the Dingle plot.

4.6.2. FFT Analysis

Frequency analysis of SAH oscillations can be performed to obtain different information
about the system. By calculating the Fast Fourier Transform (FFT) of the oscillations, one
can retrieve the frequencies and amplitudes of all oscillating components. The oscillating

term in the density of states is given by [44]:

2rsE
oS ( 7;;0}? - s7r> (4.4)
in which -
h°k
Ep=—=L 4.5
F 2m* (4.5)
and kg is given by:
k% = 2mn, (4.6)
while w,. is the cyclotron frequency
eB (3.5)
We = .
m*
This means that the oscillations are periodic in 1/B, such that
‘ (4.7)

" = TRA(1/B)

Therefore, by calculating the frequency of the peaks, one can retrieve the carrier density in

the system. This has been compared with the value obtained with (3.12) for consistency.
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Figure 4.13: FFT analysis of the HMOS SdH oscillations at different temperatures. Extracted
from the data represented in Figure 4.12.

4.6.3. Percolation density

A percolation density analysis was performed when possible. As described in section 1.3,
a higher gate bias corresponds to a larger QW where carriers can accumulate, leading
to better conduction. This mechanism can be studied in the 2D-MIT region (i.e. the

threshold region) in order to characterize the percolation density of the device.

Measurements of Hall density ny and mobility u can be taken at different gate voltages
Vy, creating a curve that describes the 2D-MIT behavior. Then, one can retrieve o with

respect to ny by using:
o =npquy (4.8)
and fit the result in the (2.23):
o= (n—n,)? (2.23)

In this way, an estimate of n, and p, can be obtained, and the latter can be confronted

with a theoretical value of 1.31.
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Figure 4.14: Example of a Ge/SiGe HMOS percolation density analysis [6]. Starting from the
measurements of y for different values of ng taken by changing V; (left), one can then calculate
o(ng) and plot the corresponding curve (right). The red line is the theoretical fit with the
(2.23).
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5 ‘ Highly Strained (Ge Samples
Analysis

All fabricated samples were electrically characterized. To maintain a clear explanation
of the analysis, the experimental data will be labeled with numbers (represented in Fig-

ure 5.1) that refer to the pads used for the measurement.

2| |3

DD

7_°V9

Figure 5.1: Schematic figures of a Hall bar, with enumerated contact pads and the current
flowing from pads 1-4. The Hall bar analysis will always refer to these numbered contacts, with
the 7th pad simply not present in the case of the oxide-no-gate Hall bars.

5.0.1. 11607 sample

The 11607 sample is characterized by a 4 nm Ge channel grown at 200°C, as indicated
in Figure 5.2. Using this structure, Hall bars have been fabricated at ISTA with different
designs. The freeze-out of the contacts has been a significant concern; therefore, three
similar designs have been tested, with some small differences in the leg contact regions.

Some optical images have been taken and are shown in Figure 5.3.
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Figure 5.2: Stack of the 11607 channel region.

Another important parameter to consider is the intrinsic Ge conductivity. With no doping,
the typical intrinsic Ge resistivity for such a small channel is in the order of p ~ 10° Q-cm
at room temperature. On top of this, the freeze-out at low temperatures makes the sample
unable to conduct at all if no very high gate bias is applied. However, having a high bias at
the gate can break the oxide dielectric, creating total leakage and permanently damaging
the Hall bar.

The Hall bar testing proved the hypothesis. At room temperature, the conductivity of
Ge was very low, with a resistivity greater than 80 k(2. In addition, a leakage current has
been found to flow from the contacts through the gate, with a resistance in the range of
~ 100€2. This suggests that the gate was shorted with the body contact pads, allowing
low resistance conduction. Because of this,it was impossible to decouple the gate bias
from the channel bias, which prevented further analysis. The leakage can be caused by
many factors, but the main one in this case could be the Hall bar design, which was not
ideal. It is important to note that only one of the two contact pads was short-circuited
to the gate. This issue has been found in all structures, except for the one with short
leg contacts (Figure 5.3b). Lastly, conduction through the substrate was observed, with
a current flowing between contacts from different Hall bars. The resistivity of the Ge
channel is much higher than that of the substrate. As both of them are in parallel with
each other, most of the current flows in the substrate. This made it possible to measure a

cross-conduction current, i.e. a current flowing between different devices, with a resistance

of 2 k.

The analysis has also been conducted at low temperatures (7" ~ 6 K) only on the Hall
bar without short-circuit. At low temperatures, the freeze-out of the carriers stops the
substrate from conducting. When measuring with no bias applied, no current can flow
in any direction, which means that both cross-conduction and channel conduction are
impossible. Then a gate bias (both positive and negative) was applied to turn on channel
conduction. a value of V;, = £8 V has been reached without being able to populate the
channel and decrease its resistivity. Only a small decrease of the resistivity was measured

when applying a positive bias to the gate, suggesting that the substrate may be leading
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Figure 5.3: Different Hall bar structures analyzed in the 11607 sample. (a) A part of the Hall
bar leg is left uncovered. (b) the leg contact is completely onto the Hall bar leg. (b) Only the

gate metal is deposited onto a part of the legs to avoid freeze-out. (d) SEM image of the sample
11608 device.

the conduction.

The same measurements have been taken on the sample at T' ~ 25 K and T" ~ 45 K.
The hypothesis was to set the temperature in a region where substrate conduction could
be suppressed while still allowing the gate to induce carrier population in the channel.
However, no noticeable current has been observed apart from substrate conduction, and

there was no control from the gate over the channel.



52 5| Highly Strained Ge Samples Analysis

Sample 11608
20000

17500 A

15000 A

12500 A

10000 A

Rxx[Q]
%% o0 x XX XXX

7500 A

5000 A

2500 +

—2500

20 25 30 35 40 45 50 55 60
TIK]

Figure 5.4: Resistance as a function of temperature as the sample was cooling down, measured

between contact 2-3. An area around 7" = 35K can be indicated as the freeze-out region of the
conducting channel (in this case, the substrate).

5.0.2. 11608 sample

Si 3nm

Si15nm

Figure 5.5: Stack of the 11608 sample channel region.

The 11608 sample is similar to the previous one, but with a channel grown at 250°C
(Figure 5.5. Similar results have been obtained, with the additional problem that all
devices presented a leakage with a resistance of ~ 230 ) between the channel and the

gate (contacts 4-7). Again, applying a gate voltage did not influence the channel at all,
so no low temperature analysis has been conducted in this case.
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Figure 5.6: 11608 Hall bar gate leakage between contacts 4-7, represented in a I(V') curve. One
can see the perfect ohmic I(V') line typical of metal conduction.

In general, very few valuable results have been obtained about the devices electrical
properties. The conductivity of the Ge layer is so low that it is very hard to let it conduct
without making a current flow through the substrate. However, the results could lead to
future improvements in the design of the device and epitaxial stack.The next goal will be
to investigate whether the conduction actually takes place in the Si substrate, with the Ge
channel acting as a gate on top of it. Another option that will be explored is to deposit
this epitaxial stack on top of highly intrinsic substrates (p > 10 kQ2-cm) to completely

suppress substrate conduction and isolate the contribution of the germanium channel.
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6 ‘ Ge/SiGe HMOS Samples
Analysis

6.0.1. 11585 Oxide no Gate

Si cap
20 nm Si0_3Geo'7

51,;Ge,,

Figure 6.1: Stack of the 11585 channel region

The 11585 sample is characterized by a 14 nm Ge QW layer (Figure 6.1) and a plasma
ALD process. At room temperature, the sample showed a body resistance of ~ 38 k{2,
which was confirmed by a 4-probe measurement utilizing the leg contacts. Substrate
conduction has also been found in the sample between contact 3 and contact 6 of two

different devices, with a resistance of ~ 80 k¢2.

When the temperature was reduced to 6 K, the device experiences a complete freeze-out
of both the substrate conduction and the Ge QW. Conduction was not possible under
these conditions and no gate was present to induce the population in the well. Similarly
to 11607, it has been impossible to find a temperature to freeze-out the substrate while
maintaining the conduction of the Ge QW. At the same time, the residual charges inside
the oxide could not turn on conduction in the channel. This is an common effect in devices
fabricated at ISTA, and is an important detail that need further characterization in the

future.
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Figure 6.2: 11585 Hall bar body conduction (contact 1-4) represented in a I(V') curve.

6.0.2. 11585 Gated

Sample 11585 has been gated, obtaining another degree of freedom, that being the gate
bias. In this way, the high resistance Ge channel found in the previous analysis can be

populated with holes, increasing the overall conductivity.

—— Channel current
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Figure 6.4: Channel current (contacts 1-4) and gate current (contacts 1-7) for different values
of V. Initially, the channel current seems to follow the gate current, before they separate more
for Vy > —1.35 V.
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(a) 11585 Hall bar body conduction (contacts 1-4) represented (b) 11585 oxide no gate Hall bar optical
in a R(T') curve. The freeze out appears around 120 K. image.

The sample was analyzed at 6 K by applying a bias to the channel and slowly increasing
the gate bias to study the change in resistivity. Unfortunately, a leakage current was
found to flow between the body contact and the gate contact, making the channel current
reading impossible. Many attempts have been made to decouple the two currents, but no
solution has been found. Furthermore, no resistivity measurement has been possible in

the channel as a result of noise introduced by the much larger leakage current in the gate.

6.0.3. 11586 gated

Si cap
20 nm Si, Ge, .

51,;G€,,

Figure 6.5: Stack of the 11586 channel region.

The analysis of 11586 has been conducted only on the gated structure. This choice has
been taken for a few reasons. On one hand, one can expect the same behavior as the
11585, where no conduction was possible at low temperatures, and there has been no way
to turn on the channel. On the other hand, if no Vj is applied to the gate, the device is

virtually the same as an oxide-no-gate Hall bar.
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Similar problems to the previous sample have been found in sample 11586. The sample was
first measured at room temperature, where a leakage current was found to flow between
the body contact and the gate contact. In this case, the I(V}) curve has been measured
at T = 300 K (Figure 6.6), where it shows a more regular behavior than the previous
sample at T = 5.5 K.
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Figure 6.6: Channel current (contacts 1-4) and gate current (contacts 1-7) in sample 11586 at
T = 300 K.

When the sample was inserted into the cryostat, the device lost contact with the mea-
surement instruments preventing any I(V,) curve to be measured. The sample was then

extracted from the cryostat and the failure will be analyzed in the future.

In the end, neither device was useful for extracting the figures of merit of the sample.
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Conclusions

The scope of this work was to implement and test a Hall bar fabrication process and to

characterize the devices manufactured at ISTA and Polifab.

The fabrication process has been tested for the first time at Polifab. Most of the fabri-
cation steps have given the expected results and it has been proven that is possible for
L-NESS to create its Hall bars directly at Polifab. Furthermore, critical steps have been

found and characterized in order to improve them in further implementations.

Of the 260 nm target etching depth, only 120 nm have been removed. It is important to
note that this difference should not cause any issue to the device, as the etching depth
surpassed the Ge QW layer. However, it is still an important data to analyze for future

development.

The strong gate leakage current found in the Polifab devices could be caused by the oxide
not being able to separate the gate from the Hall bar. From Figure 4.10 in section 4.4,
the Al,O3 layer seems perfectly conformal to the surface, as expected from an ALD pro-
cess. However, subsequent fabrication steps could be the leading cause. In fact, the AZ
726 MIF developer used in the lithographic process for gate deposition contains Tetram-
ethylammonium hydroxide (TMAH), a molecule that can etch Al;O3. This could create
thinner regions in the oxide, damaging the MOS structure and preventing the isolation
that the Al;Og3 layer should provide. Nevertheless, it is important to note that to etch
20 nm of oxide, the development bath should be much longer than the one implemented

in this work and it has not yet been proven that the TMAH is causing the leakage current.

Further studies on the characterization of the oxide onto simpler MOS devices are needed.
Characterization instruments, such as SEM, Atomic Force Microscopy, ellipsometer, etc.,
could be useful to analyze the oxide layer and understand the leading cause of the issues.
More samples are also needed to test and optimize the fabrication process so that L-NESS

will be able to characterize its samples with an internal process flow.

Leakage was also found in most ISTA Hall bars, and there has been no influence from the

gate onto the channel. The leakage is probably due to the Hall bar design or could be
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caused by a fabrication error. The main concern in this matter is the oxide layer, which
should isolate the gate from the Hall bar but failed to do so. However, when no leakage
was present, the absence of control of the gate onto the channel could have been caused

by the freeze-out of the Hall bar legs, which were not covered by the gate in the design.

Discussions with members of the ISTA group will provide the necessary feedback to un-
derstand how to solve the issues. On the L-NESS side, further depositions employing
ultra-intrinsic substrates are needed to decouple the two conductive channels represented
by thin Ge and the substrate.
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