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Abstract

Spintronic devices such as spin field-effect transistors (FETs) and magneto-resistive
random access memory (MRAM) are promising due to their low power consumption for
the manipulation of spins. Spin-orbit coupling (SOC) provides a way to control the spin
states through electrical gating. In addition, SOC also plays an important role in spin-
based quantum computing, which enables fast spin qubit operations. Among group-IV
materials, GeSn is a promising candidate for its physical properties such as expected
larger SOC effect and smaller effective mass. However, there are few works on the
quantum-transport properties of GeSn-based undoped heterostructures.

In this thesis, three undoped GeSn/Ge heterostructures with different Sn fractions of
6%, 9%, and 11% are epitaxially grown by chemical vapor deposition and gated Hall bar
devices are fabricated for magneto-transport measurements at cryogenic temperatures.
We investigate both the electro- and magneto-transport properties of the undoped
GeSn/Ge heterostructures and demonstrate the first two-dimensional hole gas in this
material system by gating. Hole effective masses are extracted from the temperature-
dependent amplitudes of Shubnikov-de Haas oscillations, and it increases linearly from
0.07 mo to 0.10 mo as the carrier density varies from 2.7 X 10! cm? to 6.1 x 10!
cm™. We attribute the effective mass increment to the non-parabolicity effect on the

valence band with the non-parabolicity factor of 8.0 V!, 4.9 eV!, and 4.0 eV™! for the
Vv
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Geo.94Sn0.06, Geo.91Sno.09, Geo.soSno.11 devices, respectively. Both the hole effective mass
and the non-parabolicity factor are smaller in the GeSn/Ge heterostructures with a higher
Sn fraction due to the larger compressive strain, which leads to a larger band deformation
and energy splitting between the heavy-hole and light-hole bands.

We also studied the Rashba SOC effect in the GeSn/Ge heterostructures. Magneto-
conductivity is measured and fitted to the Hikami-Larkin-Nagaoka (HLN) model. Phase-
coherence time, spin-relaxation time, spin-precession time, k-cubic Rashba coefficient,
and spin-splitting energy are extracted. We demonstrate the tunability of the Rashba SOC
strength through gating and the strongest Rashba SOC among all group-IV materials. As
the Sn fraction increases, the Rashba SOC strength becomes weaker, which is attributed
to the effect of strain. The stronger compressive stain in higher Sn device enhances the
quantization of angular momentum along the growth (z) direction instead along the
direction of an SOC-induced magnetic field (x-y plane). The de-phasing mechanism is
also investigated and the relation between phase-coherence time (74) and temperature

74 % T71) suggests the dominant de-phasing mechanism is hole-hole scattering.
¢ g8 P g

Keywords: GeSn/Ge heterostructures, two-dimensional hole gas (2DHG), magneto-
transport property, hole effective mass, Rashba spin-orbit coupling (SOC), non-
parabolicity, Shubnikov-de Hass (SdH) oscillations
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Chapter 1

Introduction

1-1 Motivation

The development of complementary metal-oxide-semiconductor (CMOS)
technology has followed Moore’s law for the past decades with doubling transistor
numbers every two years. The requirements of high performance and energy saving may
hamper CMOS scaling beyond the 1-nm technology node due to physical limitations such
as short-channel effects, gate leakage, or subthreshold swing by Boltzmann tyranny [1].
Spintronics, on the other hand, is promising for more-than-Moore applications due to the
low-power nature and its compatibility with Si VLSI technology [2]. For example, spin-
based magnetoresistive random access memory (MRAM) is considered a promising
candidate for a next-generation embedded memory [3] with spin states manipulated by
spin-transfer torque (STT) [4] or spin-orbit coupling (SOC) [5]. Another interesting spin
device is the spin-field-effect transistor (FET) [2, 6] whose ”1” and “0” states are
represented by spin orientations (Fig. 1-1) and controlled by SOC [2]. The advantage of
a spin-FET is the low energy required to flip the spins, namely, to switch on/off the device
via SOC [7]. However, only few works on spin-FETs were reported [8, 9] and group-IV

materials are not an ideal candidate for spin-FETs owing to its weak SOC effect [10].
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Fig. 1-1 Operation principles of a spin-FET [2].

In addition to the spin-based logic and memory devices, SOC also plays an important

role in spin-based quantum computing [ 11], which use the superposition of the spin states

to define the quantum bit “1” or “0”. Through the coupling between spins and an electric

field, we can manipulate the spin states via gating. In 2010, the group led by

Kouwenhoven at TU Delft demonstrated a spin-orbit qubit on an InAs nanowire [12].

They built a double quantum dot structure through five gates. Fig. 1-2 (a) shows the

scanning electron microscope (SEM) image. They manipulated the spin states through

the SOC effect, achieving the highest Rabi frequency up to 58 MHz ( Fig. 1-2 (b)). In

2020, the group led by M. Veldhorst at TU Delft demonstrated Ge quantum dots with two

qubits [13] (Fig. 1-2 (¢)). With the strong SOC effect in Ge [14], they achieved the highest

Rabi frequency up to 100 MHz (Fig. 1-2 (d)), showing the potential of high-speed spin

qubits by SOC. To further enhance the SOC strength for device applications, materials
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Fig. 1-2 Schematic of a Ge double quantum dots and Rabi oscillations in an InAs nanowire
device. (b) The Rabi frequency (fg) versus driving amplitude (V,,,,) [12]. (¢) Schematic of a Ge
double quantum dots. (d) Rabi oscillation of two spin qubits [13].

with higher atomic numbers are preferred due to larger atomic potential variations [15].
Thus, one would expect incorporation of tin (Sn) atoms into germanium (Ge) crystals to
be a viable strategy to achieve stronger SOC [16]. Besides, GeSn is highly compatible to
Si VLSI technology [17], which has motivated us to investigate the SOC effects in GeSn

for future applications of spintronic and spin-based quantum computing devices.
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1-2 Two-dimensional carrier systems

Two-dimensional carrier system is a platform for the realization of a spin-FET [2]
and quantum computing devices [13]. A two-dimensional carrier system can be either a
two-dimensional electron gas (2DEG) or a two-dimensional hole gas (2DHG), depending
on the carrier type. It can be formed at the oxide interface in a metal-oxide-semiconductor
structure (MOS) (Fig. 1-3 (a)) or a semiconductor heterostructure (Fig. 1-3 (b)). The
carriers in a heterostructure are away from the oxide interface, which suppresses the
interface scattering and leads to a higher mobility. The highest reported mobility of 2DEG
is 3.5x 107 cm?Vs in a modulation-doped GaAs/AlGaAs heterostructure [18]. In
group-IV heterostructures, the highest mobility is 2.4 X 10® cm?/Vs in an undoped
Si/SiGe heterostructure [19]. The presence of Dresselhaus SOC in III-V materials leads

to difficulty in an effective external control and the non-zero nucleus spins degrade the

(a) (b)
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/
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aluminum gates oxidized aluminum 2

Fig. 1-3 Two-dimensional carrier system in (a) a MOS structure [20] or (b) a semiconductor
heterostructure [21].
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spin-decoherence time [22]. On the other hand, group-IV materials do not possess the

Dresselhaus SOC features because of the lack of bulk inversion asymmetry and many

spinless isotopes are available in nature [23] to suppress the spin decoherence time.

Besides, the mature Si VLSI technology could enable large-scale quantum computing

devices. Therefore, many research groups focus on the two-dimensional carrier systems

in group-1V materials [13, 24-30].

To control the SOC strength externally via gating, the Rashba SOC effect is

commonly used. While the Rashba SOC effect is very weak in Si [31]. A Ge-based 2DHG

is a promising candidate for future quantum devices for its many superior physical

properties such as high carrier mobility [32], strong SOC strength [14], and compatibility

to Si VLSI technology [17]. A large Rashba SOC strength in Ge enables the spin qubits

to be manipulated electrically through electric dipole spin resonance (EDSR), achieving

high speed qubit operation [13]. Research groups at TU Delft have demonstrated a fast

two-qubit [13] and the first four-qubit systems [24] in Ge-based 2DHGs among all

semiconductor platforms. Furthermore, a large out-of-plane g-factor of ~ 28 was also

reported [33]. The hole effective mass is expected to be lower than that in Si and a value

of 0.08 mo has been reported in Ref. [34]. Under a strong compressive strain, it further

reduced to 0.035 mo [35] because of the deformation of the valence bands.
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1-3 Rashba spin-orbit coupling

The Rashba SOC strength can be extracted by the weak localization (WL) and weak
anti-localization (WAL) patterns [36] or beatings of Shubnikov de-Haas (SdH)
oscillations [37]. The group in the University of Tokyo observed both WL and WAL
patterns in a strained Ge quantum well and extracted the Rashba spin-splitting energy
through the fitting to a k-cubic model in 2014 [36]. Fig. 1-4 (a) shows the magneto-
conductivity versus magnetic field under different gate biases and a transition from WL
to WAL is observed. Fig. 1-4 (b) shows the fitting results by a k-linear model (blue-dashed
line) while the red-solid line represents the results by a k-cubic model. The Rashba SOC
has k-linear dependence for LH band and k-cubic dependence for HH band. Only the k-
cubic model gives the reasonable fitting results, which suggests that the carriers in the
HH band contribute to the Rashba SOC effect in Ge. The extracted spin-splitting energy

-2

(4) varies from 0.3 meV to 0.39 meV as the density increases from 1 X 10?2 cm™2 to

1.5 x 10?2 cm™2 (Fig. 1-4 (c)), showing the tunability of the Rashba SOC strength

through gating.
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Fig. 1-4 (a) Magneto-conductivity versus magnetic field under varies gate voltages and (b) the
fitting results by a k-linear relation (blue-dashed line) and a k-cubic model (red-solid line). (c)
The extracted Rashba spin-splitting energy versus carrier density [36].

In 2014, the group in Warwick University extracted the Rashba spin-splitting energy
through the beatings in SAH oscillations in a strained Ge quantum well by a modulation
doped technique [37]. Fig. 1-5 shows their epitaxial structure and SdH oscillations with
the inset presenting the Fourier transformation results of the sheet resistance. In the
Fourier transformation spectrum, the first or second peak corresponds to the carrier
density in the first or second spin-subband (p; or p;). The third peak corresponds to the
total carrier density (p; + py). The Rashba coefficient is estimated by the following

equation:

2 7 p(p+ —p-) + Ap(p+ +p-) Eq. 11
m2m* 6p? + 2Ap?

Bso =

p is the sum of the hole densitites in the spin-up and spin-down subbands and Ap is the
difference between them. p, isdefined as /p + Ap. The resulting Rashba spin-splitting

energy is listed in Table 1-1 with other materials.
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Fig. 1-5 (a) Schematic of a Ge/GeSi heterostructure and (b) the measured SdH oscillations at
different temperatures. The inset shows the Fourier transformation results of the sheet resistance

[37].

Table 1-1 Low-temperature mobility, Rashba coefficient, Rashba spin-splitting energy, and the strain
condition of different heterostructures Refs. [31, 36-41].

AlGaN /GaN GaSb /InAs InGaAs /InAlAs
2DEG® (L) 2DEG™" (L) 2DEG' (L) Ge 2DHG (CO)** Si 2DEG* (L)
Low Temperature Mobility (um’,’\"s] ~20000 95000 ~5000 200000
Rashba spin-orbit parameter  or f§ 81x 107 %eVm  9x10 "evm  4x 10 “eVm 0.2 107" eVm®  5.5x 107 ¥eVm
Rashba spin-orbit energy (meV) 1.6 4.0 2.50 0.30 ~0.001

Lattice mis-match strain

2.1%

1-4 Thesis outline

In this thesis, we investigate the properties of electro-transport, magneto-transport,

effective mass, and the Rashba SOC effect in three GeSn/Ge heterostructures with

different Sn fractions. The thesis is outlined as follows: in chapter 2, the physical

background of 2DHGs, SOC effect, and WL/WAL patterns are introduced. In chapter 3,

gated Hall bars devices are fabricated and characterized by Hall measurements at
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cryogenic temperatures. Effective masses of holes in the GeSn quantum wells are

extracted and the non-parabolicity effects on the effective mass are also investigated. In

chapter 4, the Rashba SOC effects in the GeSn/Ge heterostructuress by analyzing the

WL/WAL patterns are demonstrated. Both the density and temperature dependence of

WL/WAL features are presented and the magneto-conductivity is fit by an Hikami-

Larkin-Nagaoka (HLN) model. As the Sn fraction in GeSn increases, the strength of

Rashba SOC is reduced, which is attributed to the competition between the z-direction

quantization by compressive strain and the in-plane direction quantization by SOC-

induced effective magnetic field. Finally, a summary of this thesis and future work are

given in chapter 5.
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Chapter 2
Background of Two-Dimensional Hole Gases and

Spin-Orbit Coupling

2-1 Two-dimensional hole gas 2DHG) in Ge

Two-dimensional hole gases (2DHGs) can be formed in a Ge/GeSi heterostructure
[42] or a GeSn/Ge heteorstructure [43] based on the valence band offset. The band
alignments of strained Sii1xGex on relaxed Sii.yGey [44] and strained Ge1xSnx on relaxed
GeiySny [45] are shown in Fig. 2-1. A square quantum well is expected to form in the
Ge/GeSi and GeSn/Ge heterostructures.
There are two ways to provide holes into the quantum wells. One is to use the
modulation-doped structure (Fig. 2-2 (a)) and the other is the undoped structure by top

gating (Fig. 2-2 (b)). The device fabrication process is simpler for the modulation-
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* 0.30 T . r . . -
@ B reverse type-Il 4 :‘;ﬂ
& - :Ao 25} Econ [[AE.<0 &\0‘\(’\#—’
Z = (7] E, a0
E 20.20F - S L et
3 E 8 ~~~~~ s-Ge,,Sn, r—Ge ,Sn, rod‘ EoUAES0
o Ecmia =Sl g
< L o 0.45ps = uhER Sl .” Eor LIAE>0 ]
= & i £ SemEn Ll W20
2 +« 0.10t s-Ge,,SW;:Ge, ysnw’ typed  TSeo_ ]
-§ / \\ = g : reverse \,:R,F Ecmn prESS s
% <\ - type-l =2 s
E / i €005t .0 L To-E llaex
(|u ||||n|u | o 54 s-Ge,. Sn~v~ﬁ&. SNy _ ]
o o
S 0.00 : -
0.0 — LI S . ® 70.00 005 0.10 0.15 0.20 0.25 0.30

0.0 0.2 0.-! 0.6 0.8 1.0 sn content in S'Ge sn
Strained-Si;_ Ge, active layer Lo
Fig. 2-1 Band alignments of (a) strained Sii«Gex on relaxed Sii.,Ge, [44] and (b) strained Ge;.
«Sny on relaxed Gei.ySny [45].
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Fig. 2-2 Ge-based two-dimensional hole gas in (a) a modulation-doped structure and (b) an

undoped structure by top gating.
doped structure, but the carrier density is fixed. To tune the carrier density in the
modulation-doped devices, we need to change the doping concentration in the doped layer
or the thickness of the spacing layer (Fig. 2-2 (a)), which requires multiple growths for
different epitaxial structures. While we can deposit a metal/oxide gate or a Schottky gate
to tune the carrier density, it suffers from the ineffectiveness of gate control [46] or severe
gate leakage [47]. Another disadvantage of the modulation-doped structure is the ionized
impurities in the doping layer, which cause remote charged impurities scattering and
reduce the carrier mobility in the quantum well [48]. In an undoped structure, holes can
be induced and accumulated in the quantum well by applying a negative gate bias. The
carrier density can be tuned capacitively [49] and the gate leakage issue can be effectively
suppressed [50], but the device fabrication is more complicated compared to the

modulation-doped structures. In this work, we focus on 2DHG in the undoped GeSn/Ge

heterostructures.

11
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2-2 Shubnikov-de Haas oscillation and integer quantum Hall

effect

According to the Drude model [51], the longitudinal resistance (p,,) is invariant to
the magnetic field while the transverse resistance (py, ) changes linearly with the
magnetic field. However, as the magnetic field increases, the longitudinal resistance starts
to oscillate, which is called Shubinkov-de Haas (SdH) oscillation, and the emergence of
plateaus in transverse resistance is referred to the integer quantum Hall effect (Fig. 2-3).

The oscillation behavior of longitudinal resistance is due to the formation of the
quantized Landau levels. At a zero magnetic field, the density of states (DOS) in a two-
dimensional system is independent of energy and proportional to the effective mass (Fig.

2-4 (a)) [21]. Discrete Landau levels are formed when a magnetic field is applied

30 = e . 3.0
h/e* LA
25 f‘ R 125
N ! 15
20 120 g
\_. [ R 4 S~
r15 Lo e |15 &
0 2 4 6 8 10 1
10 | 4 1.0
5 405
0 0.0
0 2 4 6 8 10 12

B/T
Fig. 2-3 Shubinkov-de Haas oscillations and integer quantum Hall effect. Inset: Transverse
resistance versus filling factor [21].
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Fig. 2-4 (a) The density of states for a two-dimensional system with a zero magnetic filed and

(b) a finite magnetic field. (c) Landau level broadening. (d) The physical picture of Zeeman

splitting.
(Fig. 2-4 (b)). For the v Landau level, its energy is (v + %) hw,, and the Landau level
is equally spaced with an energy difference of hw., where w, isthe cyclotron frequency
(we, = eB/m*). v is called the filling factor, indicating the number of highest occupied
Landau level. In an ideal case, the DOS in a two-dimensional system under a magnetic
field would be a series of delta-functions with the degeneracy of eB/h for each Landau
levels (or 2eB/h if spin-degeneracy is ignored.). However, in real situations, the Landau
levels would be broadened with an energy scale of I' = i/t [21] due to scattering (Fig.
2-4 (c)). 74 represents the quantum lifetime which includes all scattering events and is
different from the transport lifetime (7). The states in the middle of each Landau level

are called extended states, which also contributes to the conductivity. Those at the edges

of a Landau level are called localized states, which cannot contribute to the conductivity.

13
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At low temperatures with hw, > kT, the thermal energy is too small to excite carriers to
any higher Landau levels, and only the carriers near the Fermi level can conduct at low
temperature. The longitudinal resistance would oscillate as the Fermi level is swept over
consecutive Landau levels. In addition, the separation between each Landau level (Aw,)
needs to be larger than the width (I") to observe the oscillations. This can be written as
Tqw; > 1 orequivalently p,B > 1 [52], where ug, = et,/m” is the quantum mobility.
The physical picture of spin-splitting is depicted in Fig. 2-4 (d). At a small magnetic field,
each Landau level is doubly degenerate with two spin states, so only the even filling
factors are observed. As the magnetic field increases the Zeeman splitting (gugB)
becomes more pronounced and hence the odd filling factors emerge. g is the Landé g-
factor and pg is the Bohr magneton.

The origin of integer quantum Hall plateaus in transverse resistance is the presence
of the discrete Landau level. Fig. 2-5 (a) shows the Landau level energy in real space. At
a given carrier density, the Fermi level intersects with some Landau levels. These Landau
levels act like conduction channels with the same resistance for each channel and
contribute to the transverse resistance (Fig. 2-5 (b)). Therefore, the transverse resistance

remains constant as the Fermi level is within a specific Landau levels, and a plateau is

14
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Fig. 2-5 (a) Discrete Landau level distribution in real space and (b) in a Hall bar device [21].

observed. As the magnetic field increases, the spacing between Landau levels increases.
When the Fermi level is swept over a Landau level and intersect with the next one, the
transverse resistance raises to another plateau, so we observe a stair-like pattern. The

) . . . . h
relationship between the transverse resistance and filling factor is Ry, = — [21].

2-3 Spin-orbit coupling (SOC) effect

Spin-orbit coupling (SOC) arises from the relative motion between electrons and
nuclei. Under the relativistic effect, the moving electron would view an electric field as
an effective magnetic field by Lorentz transformation (Fig. 2-6) [10]. An electron in the
solid feels a k-dependent magnetic field that interacts with the electron’s spin, which is

similar to the Zeeman effect, so the electron’s spin and its motion couple together. In

general, the associated Hamiltonian is called the Pauli SO term and given by — o -

4mZc?

p X (VVy), where o is the Pauli spin matrix, p is the momentum of the electron, and

V; is the atomic potential.

15
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Fig. 2-6 Physical picture of SOC effects.

The valence band splits into heavy hole (HH), light hole (LH), and split-off (SO)
bands [10] when the Pauli SO term is included in the Hamiltonian. Fig. 2-7 (a) shows the
band structure with the isolated electron motion and spin as the SOC effect is ignored.
The orbital quantum number (/) and spin (s) are two individual quantum numbers, and
each band can be expressed by four quantum numbers |l, m;, s, mg). Fig. 2-7 (b) shows
the band structure by considering the SOC effects. The electron motion and spin couple,
so we need to use J (defined as f =L+§ ) to describe the total angular momentum. This
results in a further splitting in the valence band. The HH, LH, and SO bands are expressed
in terms of |j, mj) =13/2,43/2), |3/2,41/2), and |1/2,41/2), respectively. 4
denotes the energy difference between the SO and HH bands at I = 0. The term V; in
the Pauli SO term represents the atomic potential. For an atom with a larger atomic
number, the potential variation in space is larger (more protons in a nucleus), and hence

the SOC effect is stronger. The value of A4 is expected to be 44 meV for Si, 290 meV for

Ge, and 800 meV for a-Sn. To break the spin-degeneracy, either the time-reversal

16
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Fig. 2-7 Band structures as the SOC effect is (a) ignored or (b) included [10].

symmetry or the space-reversal symmetry needs to be broken [10]. One example of
breaking the time-reversal symmetry is to apply an external magnetic field. The spin
degeneracy is lifted and this is known as the Zeeman-splitting. On the other hand, there
are two ways to break the space-reversal symmetry: bulk inversion asymmetry (BIA) and
structure inversion asymmetry (SIA). The SOC effect due to the BIA is called the
Dresselhaus SOC [53], while SIA leads to the Rashba SOC effects by an electric field
[54].

The Dresselhaus SOC effect has been observed in III-V materials such as GaAs [55-
57], InAs [58], InGaAs [41] and GaN [38]. The Zinc-Blende structure in I1I-V materials
lacks of an inversion symmetric point in the crystal structure. This crystal asymmetry acts
like a built-in electric field (Fig. 2-8), which cannot be eliminated or controlled by

external modulation. On the other hand, the diamond structure of group-IV materials
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Fig. 2-8 The built-in electric field (E ) in a Zinc-Blend structure [59].

possesses symmetry points. Therefore, no Dresselhaus SOC effect is observed in group-
IV materials. In this thesis, we focus on the analysis of SOC effect in GeSn/Ge
heterostructures, so the Dresselhaus SOC is not considered.

The Rashba SOC effect can be controlled by external gating through the modulation
of the electric fields [54]. Fig. 2-9 shows the band diagram of an undoped Ge/GeSi
heterostructure as an example. Under a flat band condition, there is no SIA and the Rashba
SOC effect vanishes. Through gating, we can change the extent of SIA and adjust the
strength of Rashba SOC. The advantage of the Rashba SOC over the Dresselhaus SOC is
the tunability of the SOC strength through gating, which is critical for device applications.
In III-V materials, the Dresselhaus and Rashba SOC effects are mixed. There has been
much work focused on disentangling their contributions [60] and the interplay between
them [61]. On the other hand, group-IV materials only exhibit the Rashba SOC effect due
to the absence of BIA [36]. Prior work on Si[31] and Ge quantum wells [14, 36, 37], bulk

Ge [62], and GeSn quantum well [16] showed Rashba SOC effects. The Rashba SOC
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Fig. 2-9 Structure inversion asymmetry induced by gating.

effects in Ge is much stronger than in Si. Our group has demonstrated a ballistic transport
in a Ge/GeSi heterostructure [14], which is a necessary to realize a working spin FET. In
2020, we demonstrated a strongest Rashba SOC in GeSn/Ge heterostructures [16].

We now investigate the Rashba SOC Hamiltonian in the valence band. The
Hamiltonian of the LH band is linearly dependent on k and written as HLY =
o, E,i(k_o, — k,0_), while for the HH band, it is k-cubic dependent given by HEH =
azE,i(k30, — k30_) [36]. ag1) represent the k-cubic (linear) Rashba coefficient and
E, represents the average electric field along the z-direction. k; = k, + ik, are the
combination of two k; components, and o, = (0, + 0,,)/2 are the combinations of
Pauli spin matrices. The resulting effective magnetic field has different orientations in the
k; plane for the LH and HH bands (Fig. 2-10) [63]. For the LH band, the SOC-induced
magnetic field is given by B—u;(k") = |Byy|(£sin 8, + cos 8) while for the HH band, it
is B—HH)(k") = |Byy|(£sin36,+cos36). 0 is the angle between the wavevector
k—/; = (ky, ky) andthe k, axis. For a given k-state, the directions of effective magnetic

fields are different for the HH and LH bands.
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Fig. 2-10 The effective magnetic field orientations in k-space for (a) the LH band and (b) the
HH band.

Finally, the spin-splitting energy due to SOC for the LH band has a k-linear
dependence (E,y = +a,E,k) and a k-cubic dependence for the HH band (Eyy =
+a3E,k3) [10]. The splitting energy is proportional to k and E, because the SOC effect
arises from the Lorentz transformation of an electric field for a moving carrier, and hence
it depends on the electric field (£:) and the carrier’s momentum (E). This also shows the

tunability of the Rashba SOC strength by changing the electric field (as well as SIA) and

the carrier density via gating.
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2-4 Characteristic times of carriers in two-dimensional
carrier systems

In this section, we introduce various characteristic times: transport lifetime (t,.),
phase-coherence time (74), spin-relaxation time (74, ), and spin-precession time (Tpye).
All of them are important parameters for the weak-localization and weak-anti localization
effect, which have been used to identify the Rashba SOC effects (section 2-5). (i) The
transport lifetime is an average time between two consecutive scattering events (Fig. 2-11
(a)). The corresponding characteristic length is the mean free path defined as Ly = 74 X
V. (i1) The phase-coherence time (74 ) represents the time scale of carriers in phase with
its corresponding length (Ly = \/D—’L'qg), where D is the diffusion coefficient. Fig. 2-11 (b)
shows the physical picture of the phase-coherence time. For a carrier moving clockwise
(green path) or counter-clockwise (blue path), the associated wave is originally in-phase
during a time scale of 7y, resulting in a constructive interference pattern (red line).
However, beyond this duration, the phase difference gradually accumulates and the
carriers become out-of-phase, so the interference pattern fades away as well. The carriers
cannot maintain in-phase for infinitely long due to the inelastic scattering events [52].
Qualitatively, the wavefunction of a propagating electron can be expressed as

W(#t) = AF, texpli(k -7 — Et/h)] Eq. 2-1
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Fig. 2-11 Physical picture of (a) transport lifetime and (b) phase-coherence time.

The phase is proportional to the term (E -7 — Et/h). The phase of the electron wave
accumulates as the electron moves through the spatial term (E -7) and temporal term
(Et/h). For electrons moving clockwise and counter-clockwise, the phase accumulation
of  spatial  part is  the  same: ff k - 7 (clockwise) = ff(—E) :
(—7) (counterclockwise) since both the direction of k and the integral path have

opposite direction. If only elastic scattering events occur when the electron moves along
the paths, the energy of the electron remains constant and the phase accumulation of
temporal term is also the same. Hence, the carriers for different paths remain in phase.
However, inelastic scattering events change the electron’s energy via scattering, so the
phase temporal term (Et/#) would not be conserved and finally the carriers become out-

of-phase. A single inelastic scattering may not be strong enough to cause de-phasing, so
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the carriers can remain in-phase during a finite period. In semiconductors, there are two
major inelastic scattering sources: electron-phonon scattering and electron-electron
scattering [52]. Detailed discussion will be given in section 4-5.

(ii1) The spin-relaxation time (74,) represents the time scale of carriers holding the
same spin orientations with a corresponding spin-relaxation length (Lg, = \/FSO). For
a semiconductor lack of inversion symmetry (BIA or SIA), the SOC-induced effective
magnetic field can randomize the spin-orientations. This is called D’yakonov-Perel (DP)
spin-relaxation mechanism [64] and illustrated in Fig. 2-12 (a) (left). Due to the SOC
effect, the carriers feel a k-dependent effective magnetic field and the direction of
magnetic field changes with the momentum. The spin orientation changes between two
collision events and finally randomized. If the collisions happen too frequently, the time
interval between two collisions is too short for a spin to follow the fast changing magnetic
field. Thus, the DP spin-relaxation rate is inversely proportional to the scattering rate.
Besides DP mechanism, there is another mechanism called Elliott-Yafet mechanism [65,
66] to interpret the spin-relaxation in metals and semiconductors with inversion symmetry.
The physical picture of EY mechanism is shown in the right of Fig. 2-12 (b). The EY
mechanism states that when the carriers collide with impurities, there is a probability to

flip over the spin state [67]. Therefore, the more collision events, the higher chance to

23

doi:10.6342/NTU202100161



(a)

Spin-relaxation time (‘L’so)

/‘~z~ O\ < OFlip O{Iip

Not Flip,~ t

% \
Y .
¢---* o e
O --’O Not Flip
DP spin-relaxation mechanism EY spin-relaxation mechanism

(b)

Spin-precession time (T;-)

Fig. 2-12 Physical picture of (a) spin-relaxation mechanism and (b) spin-precession
mechanism.
observe a different spin states. The spin-relaxation rate for the EY effect is proportional
to the scattering rate, which is the major difference from the DP mechanism. Finally, (iv)
The spin-precession time (7,,) describes the time scale for a spin to complete a full
precession under a magnetic field (i.e Larmor precession), and the corresponding length
Lpre = Vi X Tpre 1s the travelling distance within 7,,.. All those characteristic times

and their corresponding characteristic lengths are important parameters for the analysis

of WL/WAL patterns and Rashba SOC effect.
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2-5 Weak localization and weak-anti localization

Weak localization (WL) effect reduces the magneto-conductivity at zero magnetic
field and weak-anti localization (WAL) effect leads to an enhancement of magneto-
conductivity. Both of them represent the interference effects of a carrier traveling a closed
loop clockwise and counter-clockwise [68]. Those two paths possess time reversal
symmetry as the trajectory is exactly the same and the moving direction is opposite. The
perimeter of the loop is defined as Lj,,y,. For large loops, as long as their perimeters are
longer than the phase-coherence length (L;o0p > L), the carrier wavefunctions are out-
of-phase, so neither WL nor WAL will be observed no matter what the spin-relaxation
length is. For the loops whose perimeters are smaller than the phase-coherence length
(Lioop < Lg), the carrier wavefunction remains in-phase, so WL or WAL will be observed
depending on the length of Ly, . If the spin direction remains the same (Ljpop < Ly < L,
or Ligop < Lso < Lg), the constructive interference will occur, leading to a decrease of
the magneto-conductivity at B = 0, which refers to the WL effect (Fig. 2-13 (a)).

If the spin-relaxation length is so small that the relationship of Lg, < Ljgep < Lg is
satisfied, the spin orientation will alter along the loop (Fig. 2-13 (b)). The constructive
interference turns into a destructive one due to a phase difference of m [68]. The physical
reason is described as follows. The initial spin state of a carrier is ), and the spin

rotation operator is given as [69]:
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e @+ /2¢cos5(0/2)  ie'=P)/2sin(6/2)

R = _ _ Eq. 2-2
(emi-9)/25in(0/2) e~ {9 P 2c0s(60/2) 7

For a carrier moving clockwise, the state becomes [y} = R|). For a carrier moving
counter-clockwise, its movement is opposite. The direction of the SOC-induced magnetic
field is opposite as well since the effective magnetic field is proportional to the cross-

product of wavevector (E) and electric field (E,). Therefore, the spin rotates in an opposite

way, and |[ccw) can be written as |Yoow) = R71[). The interference term is
Wewlbeew) = (WRT|R™1), and RTR™Y is equal to

. 0 0 —i . .
e~ ¢+ cos? (E) — sin? (E) 7sin(20)[e“¢ +e']
RTR™1 = Eq. 2-3

—i . . . 0 0
7sin(29)[e“” +e ] el @V cos? (E) — sin? (E)

We need to consider all loops satisfying Lg, < Ljoep < Lg, Where carriers can rotate in

arbitrary angles. With the integral of [ 027r sin? (g) d6 =, RTR™ becomes
ptp-1_[-m O0]___[1 O i
RiR =" O l=-x|, } Eq. 2-4

(a) (b) (c)
O 0

O
% i
\O/r \\Q,-//« \Oy

Constructive interference Destructive interference Aharonov—Bohm effect

Fig. 2-13 Mechasnism of (a) WL, (b) WAL, and (c) Aharonov—Bohm effect.
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and the interference term becomes (l/)ﬁ*m_ll/)) = —m(YP|Y). An additional m-phase
shows up, turning the constructive interference ( ~ Ligop < Ly ) into destructive
interference. Thus, an enhancement in the magneto-conductivity would be observed
without applying a magnetic field and this is called WAL effect.

When applying a magnetic field, an additional phase difference will emerge for a
carrier travelling clockwise and counter-clockwise due to Aharonov—Bohm (AB) effect
(Fig. 2-13 (c)) [69]. We use different colors in Fig. 2-13 (¢) to represent the accumulated
phase difference induced by the AB effect. This phase difference (AB phase) is
proportional to the magnetic flux (@p) of a closed loop given by 2e®y/h, so the larger
loops acquire more phase difference under the same magnetic field. The AB phase can
destroy the in-phase condition and smear out the interference pattern.

The effects of a combination of the WL/WAL patterns on the magneto-resistance are
shown in Fig. 2-14. We use “Random” with the gray color to represent the carriers being
out-of-phase for larger loops satisfying L;yop > Lg. The “Constructive” label with the
blue color represents the in-phase carriers for the loops satisfying Ljyop < Lg. The
“Destructive” label with the green color represents the carriers being in-phase and their
spin states change if the condition of Lg, < Ljpop < Lg 1s satisfied. The “AB phase”

label with the red color represents the loops that are influenced by a magnetic field. We

27

doi:10.6342/NTU202100161



(a) Random Destructive

Constructive AB phase
0. (B) — 0,,(0) \:Ninduw X AT,y :quv, Llso
| B=0 1,
Aaxx B=Bl | Lloop
B=BZ Lloop
(b)
LSO . L(f_j
0xx(B) — 0,(0) 820 9 Window o Ao-xx:=
T Bl Bt BZ Bi B - ! - Lloop
: : i i' B=B1 E Llonp
Ao 11 _
xx : : i 1 B Bt . Llonp
- 86, Ligop
1 1 -
Biyrn < L_so x HTeo B_Ba . Lloop

Fig. 2-14 The relationship between Lg, Lgo, Ligop and the magnetic field for (a) WL and (b) WAL

first focus on the WL pattern in Fig. 2-14 (a). A WL pattern occurs as the SOC effect is
weak, and the spin-relaxation length is longer than the phase-coherence length (L, >
Lg). For the loops with the perimeters smaller than Lg, they contribute to constructive
interference and the WL effect is observed because the electron is “localized”. The WL
pattern is more pronounced (larger Ao, defined in Fig. 2-14 (a)) when more loops
contribute to the constructive interference. Hence, the length “Constructive” label is
proportional to Ao,,. By applying a magnetic field, those in-phase carriers become out-
of-phase as the AB effect becomes stronger. The constructive interference disappears and
the magneto-conductivity increases because the electron waves are delocalized. Finally,

the magnetic field is so strong that even the smallest loops are affected by the AB effect.
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No interference pattern can be observed since the additional AB phase destroys all the
constructive interference patterns. The magneto-conductivity saturates as if there is no
magnetic effect.

The WAL pattern occurs if the SOC effect is strong enough that the spin-relaxation
length is shorter than the phase-coherence length (Lg, < Ly ). The loops satisfying
Lo < Lipop < Lg contribute to destructive interference, leading to the WAL effect. The
window range of “Destructive” label is proportional to the WAL signal (Ac,, defined in

Fig. 2-14 (b)). The dip of WAL pattern is proportional to L%: = % [70]. The external
magnetic field suppresses the WAL feature as well. The carriers have a phase difference
of m (Eq. 2-4) due to the changing of spin states, but the additional AB phase changes
this value and destroys the destructive interference. When the external small magnetic
field is small (B = B; < B;), the larger loops have more magnetic fluxes due to their
larger enclosed areas and hence acquire more AB phases. On the other hand, the smaller
loops are almost not affected by the AB effect. Therefore, the AB phase destroys the
destructive interference first, and the magneto-conductivity decreases. At B = By, all the
destructive interferences are washed away by the AB phase, resulting in a dip of the
magneto-conductivity. By, 1S inversely proportional to Lg,. For a smaller Lg,, more

small loops contribute to destructive interference and a larger magnetic field is required

to gain enough AB phases. At B = B, > B;, the AB phase starts to destroy constructive
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interference and an increase in magneto-conductivity will be observed. Finally, the
magneto-conductivity saturates since all interference patterns disappear because of the

AB effect.

2-6 Summary

In this chapter, the physical background of SOC and WL/WAL eftects are introduced.
The SOC effects arise from the relative motion between electrons and nuclei, and there
are two types of SOC effects: Dresselhaus and Rashba SOC due to BIA and SIA,
respectively. The Rashba SOC strength can be adjusted by external gating, which is of
great interest for device applications. Four characteristic times such as lifetime (7),
phase-coherence time (74), spin-relaxation time (7g,), and spin-precession time (Tpyre),
and their corresponding lengths are introduced and the dephasing mechanism and spin-
relaxation mechanism are also discussed. The relationship between the phase coherence
length (Lg), spin-relaxation length (L, ), and the loop length (L;0p) and the resulting
interference patterns are described and accounted for the WL and WAL effects. We also

described the AB effect and how it suppresses the WL/WAL features.

30

doi:10.6342/NTU202100161



Chapter 3
Properties of Electro- and Magneto-Transport and
Non-Parabolicity Effects on Hole Effective Mass in

GeSn/Ge Heterostructures

GeSn is expected to become a direct band gap material when its Sn fraction exceeds
8 ~ 12% [71]. The development of high-quality GeSn epitaxial films has led to high-
performance optoelectronic devices such as LEDs [72] , photodetectors [73], and lasers
[74]. Besides, the effective mass in GeSn is expected to be lower than that in Ge [75],
showing a great potential for electronics application such as metal-oxide-semiconductor
field effect transistors (MOSFETs) [76]. However, there is only few work on the quantum
transport properties of 2D carriers in the GeSn-based structures [43] and the prior work
on the effective mass was limited to the theoretical calculation [77]. Only very recently,
the effective mass in a GeSn QW was reported in a modulation-doped (MOD) system
[43]. The hole effective mass can be very complicated due to the non-parabolic shape of
the valence band. It can be influenced by the quantum confinement [78], strain [79], and
carrier density [80]. A linear relationship between the effective mass and carrier density
has been reported in a strained Ge QW [81], but not reported in the MOD GeSn QW
because of the lack of the density tunability [43]. In this chapter, we demonstrate the first

modulation of the carrier density in GeSn 2DHGs on undoped GeSn/Ge heterostructures
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with different Sn fractions. We examine their electro-transport properties, magneto-
transport properties, and extracting their effective mass. The non-parabolicity effects in

the valence band in the GeSn QWs are demonstrated for the first time, too.

3-1 Material growth and characterization of GeSn/Ge

heterostructures and fabrication of Hall bar devices

Undoped GeSn/Sn heterostructures with three Sn fractions of 6%, 9%, and 11% were
epitaxially grown by reduced-pressure chemical vapor deposition (RPCVD) on the Si
wafers. The epitaxial structure is shown in Fig. 3-1 (a). We used a 200-mm (100) p-Si
wafer as a substrate, and a 500-nm relaxed Ge layer, a 10-nm Gei1—Snx QW, and a 23-nm
Ge top barrier were deposited subsequently. The details of the epitaxial processes are
described as follows. First, before the epitaxial process, we clean the Si substrate with
diluted HF (1:50) to remove the native oxides, followed by DI water rinse. The Si wafer
was then sent into the RPCVD chamber and baked at 1100 “C or 2 minutes. The chamber
pressure was controlled at 100 torr. We first deposited a 500-nm Ge layer on top of the Si
wafer with Ge,Hg as the precursor by using two steps growth to avoid 3D island formation

[82]. First, a 5-nm Ge layer was grown at 325 “C, and another 500-nm Ge layer was grown
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Fig. 3-1 (a) Epitaxial structures of the GeSn/Ge heterostructures with (b) XRD results.

at 375 “C. Subsequently, the wafer was annealed at 800 “C for 10 minutes to decrease

threading dislocations [83]. We then injected GeoHs and SnCly for the growth of the

GeSn/Ge heterostructures at 320 °C to avoid Sn segregation [84] and strain relaxation

[85]. By controlling the ratio of the flow rates of Ge:Hs and SnCls, a 10-nm undoped

strained GeSn layers with three different Sn fractions (6%, 9%, or 11%) were deposited

as a QW layer for the 2DHG formation. Finally, a 23-nm Ge top barrier was grown at 320

°C by Ge2He. The Sn fractions in the GeSn layer were extracted by X-ray diffraction (XRD)

and shown in Fig. 3-1 (b). We used the software of X’pert Epitaxy to analyze the XRD

signals. The derived Sn fractions are very close to the target numbers for each structure.

The Sn fractions and other impurity concentrations were characterized by secondary

ion mass spectroscopy (SIMS) and the results are shown in Fig. 3-2 (a). The Sn fractions
are in agreement with the fitting results of XRD. The concentrations of carbon and oxygen
in the QW is at the order of 10'¥~10%" cm™, which may contribute to the background

charge scattering. Fig. 3-2 (b) shows a TEM image of an undoped GeSn/Ge

doi:10.6342/NTU202100161



—
Q
S

(b)

(';eul_g‘;sl nO.IOS i

12 10% A
=]
al

;\:10 10° E

g 1t 10° 5

g 19 :

N R e M-

£ 4r 10" g

= R i o8-

22 10 §

16 i

30 a0 60 80 100 120 10

Depth (nm)
12 Ge°-91sn°-°—§ 102~ 20— Ge"-"r"sp"-ﬂ 102 -
1S~ Sn 21 S
;\;‘10 SnM 1025 °\=10 —t 10 5
< gl 10°% T 8 10° S
g s £ oy
-% 6 L 107 8 £ 6 c 10" £
£4 o, _ Jwg £ 4 ™ > . 110" S
= 2 1078 = 2 107 &
«n D C 1016 E\ w 0 1016 E.
0 20 40 60 80 100 120 = ~ 20 40 60 80 100 120 -~
Depth (nm) Depth (nm)

Fig. 3-2 (a) SIMS profiles of the GeSn/Ge heterostructures and (b) TEM image of Geo.91Sno g9
heterostructures. Inset: diffraction patterns of Ge and Geg.91Sno.o9.

heterostructure with [Sn] = 9%. No observable defects can be seen. The inset presents the
diffraction patterns of Geo.91Sno.oo and Ge respectively, showing the high-quality of the
epitaxial structures. The thickness of each layer is consistent with the XRD analysis.
Fig. 3-3 (a) shows the surface roughness of each heterostructure with the root mean
square of surface roughness below 3 nm. To investigate the strain conditions of the
heterostructures, we performed the reciprocal space mapping (RSM). The results are
shown in Fig. 3-3 (b). The peaks of the Gei1xSnx QWs are vertically aligned with the
peaks of the Ge layers, meaning they are fully strained. The strain of GexSni—~ is
calculated as -0.57 %, -0.96 %, and -1.24 % for [Sn] = 6 %, 9 %, and 11 %, respectively.
The Ge layer is slightly tensile strained to the Si substrate, which is due to the difference

of the thermal expansion coefficients between Si and Ge [86].
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Fig. 3-3 (a) AFM images and (b) RSM contours of the GeSn/Ge heterostructures.

Fig. 3-4 shows the band diagrams of the undoped GeSn/Ge heterostructures with

different Sn fractions and the associated wavefunctions simulated by a Scrodinger-

Poisson self-consistent solver with the boundary condition of zero electric field in the

bulk region. The valence band energy of relaxed Ge is lower than that of strained GeSn,

leading to a rectangular GeSn quantum well [45]. The band diagrams of the GeSn/Ge

heterostructures were calculated based on the valence band offset reported in Ref. [45]

and the relativity dielectric constants in Ref. [87]. As the Sn fraction increases, the band

offset becomes larger, resulting in a stronger quantum confinement in the GeSn QW. The

wavefunction is more strongly confined in the quantum well with a higher Sn fraction.
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Fig. 3-4 Band diagram and the distribution of wavefunctions of GeSn/Ge heterostructures.

To investigate the 2DHG characteristics, we fabricated gated Hall bar devices. The
fabrication process flow is shown in Fig. 3-5 (a). The samples were first cleaned by
acetone, methanol, and isopropanol. Then we used photolithography to define the contact
patterns and deposited 50-nm Al by e-beam evaporation followed by a lift-off process for
Ohmic contacts. A 90-nm Al;O3 layer was grown in an ALD chamber at 200 °C.
Meanwhile, the Al atoms would diffuse down to the depth of the QW layer to provide
carriers. We used 1:6 buffer oxide etchant (BOE) to remove Al2Os to open vias and
deposited Ti/Au as a metal gate and contact pads. Finally, photolithographic steps were
performed to define the hall-bar patterns. The microscopic picture of a gated Hall bar
device is shown in Fig. 3-5 (b). Magneto-transport measurements were performed at 7' =
1.2 K ~ 4 K by a *He fridge pumped helium cryostat with a maximum magnetic field of
5 T. The experimental setup is shown in Fig. 3-6. The 10 MQ resistor is served as a

current source
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Fig. 3-5 (a) Fabrication process and (b) microscopic picture of a gated Hall bar device.

to convert an 1-V signal into a current of 100 nA. We measured the longitudinal voltage
(Vxx), transverse voltage (Vxy), and the source-to-drain current (Ips) by three lock-in
amplifiers. The longitudinal resistivity (pxx) was derived by Vi/Ipsx(W/L) and the
transverse resistivity (pxy) was calculated by Vxy/Ips, where L is the length between two
measurement contacts and W is the channel width. The carrier density (p2p) was extracted
from the slope of pxy-B with the relation of pxy= B/(ep2p), and the mobility p was derived

by pu=1/(epyppxx)- The longitudinal magneto-conductance was defined as oy, =

Pxx/ (Pix + Piy)-

Lock-in measured V,,

Gate Gate

== W

100 nA : 2
01 IEN Lock-in measured I

Lock-in measured V,,

Fig. 3-6 The measurement setup for Hall measurements.
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3-2 Properties of electro-transport and magneto-transport in

GeSn/Ge heterostructures

Fig. 3-7 (a)~(c) show the Ip -V curves of the gated Hall bar devices with different
Sn fractions at 4 K under different drain voltages to investigate the transistor
characteristics. All the drain currents are saturated at high gate biases, which has been
observed for both Si 2DEGs [88] and Ge 2DHGs [42], and can be attributed to the surface
tunneling effect [42]. As the gate voltage increases, more holes would be induced in the
QW and the electric field becomes stronger. The carriers could tunnel to the Ge/oxide
interface and are trapped at the interface states (Fig. 3-7 (d)). The carriers induced by
gating are injected from the reservoirs to the buried GeSn QW at the same rate as the
tunneling rate to the oxide interface, which leads to the current saturation [89]. Note that
all Ip-Vg curves show counter-clockwise hysteresis patterns. This is induced by the trap
states between the Ge/oxide interface. When the gate voltage first sweeps from zero to a
negative bias, some holes tunnel to the oxide interface and are trapped in the defect states.
As the gate voltage is swept back, the trapped holes might not be able to activate, leading
to a potential shift in the heterostructure and a shift of the threshold voltages for two
different scans. Details of surface tunneling in the 2DEG or 2DHG systems can be

referred to Refs. [42, 88-92].
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Fig. 3-7 (a)~(c) Ip-V curves of the GeSn/Ge gated Hall bar devices at T =4 K. (d) Schematic of

the surface tunneling effect.

7
o

Magneto-transport measurements were performed at 1.2 K with standard lock-in
techniques. Fig. 3-8 (a) shows the Hall density versus gate voltage. As the gate voltage
decreases (more negative), the hole density increases through capacitive coupling with
the extracted capacitances of 15.0 nF, 18.3 nF, and 19.3 nF-cm 2 for the Geg.94Sno o6,
Geo.91Sno.09, and GeosoSno.11 devices, respectively. We used a linear extrapolation to
extract the effective series capacitance of Al O3 and Ge layers. An unexpected smaller

capacitance was obtained compared to the expected series capacitance of the Al>O3; and

Ge layers (Cepr = ﬁ ~ 50 nF-cm™2 ). This could be attributed to the surface

Cce Calz03

tunneling effect since the top Ge layer is so thin, resulting in a small tunneling barrier
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Fig. 3-8 (a) Hall density versus gate voltage of the gated Hall bar devices and (b) Hall density

versus mobility at T=1.2 K.
width and larger tunneling rate. As a result, there exists a carrier loss in the quantum well
and the effective capacitance is reduced [42]. The extracted effective capacitance is larger
in higher Sn device, which is due to the larger band offset, resulting in a smaller tunneling
rate. Moreover, a higher saturation density was observed for the GeSn device with a
higher Sn fraction due to the larger band offset at the GeSn/Ge heterojunction, which has
also been reported for the Si/SiGe heterostructures [91].

A log-log plot of Hall mobility versus density is shown in Fig. 3-8 (b). For all
GeSn/Ge heterostructures, the maximum mobilities are above 10,000 cm?/Vs. As the
carrier density increases, the mobility is increased due to the screening effects with the
highest mobility of 20,000 cm?/Vs. On the other hand, the mobility is reduced as the Sn
fraction in the GeSn QW increases possibly due to alloy scattering [93, 94]. The power
law dependence of mobility on carrier density (1 < p$p) reflects the dominant scattering

mechanism. Remote charge scattering can be characterized with a@ ~ 1.5, while

a ~ 0.5 refers to background charged impurity scattering. A negative o may be
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attributed to interface roughness scattering [48, 95]. At a low density, a strong dependence
between mobility and density (1 o< p5p, a > 2) is due to metal-insulator transition (MIT)
at low temperatures [96]. As the density increases, a gradually saturates to roughly 0.4
~ 0.7, which could be attributed to the background impurity scattering [95].

Fig. 3-9 shows the longitudinal and transverse magnetoresistance of Geo.04Sno s,
Geo.91Sno.09, and GeogoSno.11 devices with the integer numbers representing the filling
factors at 7= 1.2 K. Clear Shubnikov-de Haas (SdH) oscillations and integer quantum
Hall plateaus were observed. As the magnetic field increases to ~ 2.7 T, the Zeeman
splitting emerges at an odd filling factor of 5 in the Geo.94Sno.0s device. More analysis of
SdH oscillations for the extraction of hole effective mass will be given in following

sections.
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Fig. 3-9 R, and R, of the Geo.94Sng 06, Ge0.91Sn0.09, and Geo.soSno.11 devices at 7= 1.2 K. The integer numbers
represent the filling factors of Landau levels.
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3-3 Non-parabolicity effect on effective mass of 2DHGs in

GeSn/Ge heterostructures

To extract the hole effective mass, we use the temperature-dependent amplitudes of
SdH oscillations [97]. Fig. 3-10 shows the SdH oscillations at various temperatures (10,
8,6,4,3,2, 1.6, and 1.2 K) with the integers indicating the corresponding filling factors
for all GeSn/Ge heterostructures. When extracting the effective mass, we only focus on
the five lowest temperatures (7 = 4, 3, 2, 1.6, and 1.2 K), where the thermal energy is

much smaller than the energy of a cyclotron gap. We employ the relationship [97]

X —TT 2T[EF
Pxx(B) = pxx(0) [1 + 4Sinh()() exp Wt cos ( hw, - T[) + Pquadratic  EqQ. 3-1

_ 2m?kgT  2mPkpTm’

Eq. 3-2
hw, heB

X

to derive the effective mass (m”) and quantum lifetime (7). The pgyqaratic term
originates from the carrier-carrier interaction [98]. Fig. 3-11 (a) shows the magneto-

resistivity of the Geo.g9Sno.11 device measured at 7= 1.2 K ~ 4 K up to a magnetic field

B Ge sn, (c)

0 ’i 2‘ é ti- 5 0 ‘i é é tll- 5 0 1 2 3 ,';
Magnetic Field (T) Magnetic Field (T) Magnetic Field (T)
Fig. 3-10 SdH oscillations at different temperatures for the GeSn/Ge heterostructures.
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of 5 T with a carrier density (p,p) of 6.1 X 101 cm™2(Vg=-10V). Ap,, is defined as
Pxx(B) — pxx(0). Shubnikov-de Haas (SdH) oscillations are observed with the integer
numbers indicating the corresponding filling factors. The quadratic term in the
longitudinal resistivity (0guaaratic) Was removed by a moving average filter method [33].

For a given function f(x) and a given filter window (4x), the moving average filter is used

to calculate the value at point x, by using the following relation:

(a) (b)
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Fig. 3-11 (a) Magneto-resistivity up of the GeosoSno.11 device at T=4, 3,2, 1.6, and 1.2 K. The
integer numbers represent the Landau levels. Ap,, is defined as py,(B) — pyxx(0). (b)
Magneto-resistivity versus filling factor with the gray curve representing Ap,, taken at 7=
1.2 K and the pink curve representing pgyaaratic derived by a moving average method. (c)
Magneto-resistivity after removing the pgyqgratic term and divided by 4p,,(0). (d) Fitting

results at filling factors of v= 6, 8§, 10, 12, and 14.
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Ax

We transformed a magnetic field into a filling factor by % X vV = p,p, and set the filter
window as Av = 2 (a complete SdH oscillation period). Therefore, the pgyqaratic at

given v, can be expressed as:

Vo+1
Jyyor Prex(V) v Eq. 3-4

Pquadratic (vo) = 2

The gray curve in Fig. 3-11 (b) shows A4p,, at T= 1.2 K versus the filling factor
and the pink curve is the pgyqaracic term. Fig. 3-11 (c) shows Ap,, after removing the

quadratic term and normalized by 4p,,(0) (Eq. 3-1). We can use the amplitude of

exp < T ) for each valley to extract m* and 7, by fitting them to the measured

sinh(y) WcTq

data. Filling factors of 6, 8,10, 12, and 14 are labeled and the fitting results are shown in
Fig. 3-11 (d). The SdH amplitude increases as the temperature decreases due to the
smaller thermal agitation [21]. However, at v = 6 and 8, there is a slight decrease in the
SdH amplitude, which is probably due to the effect of Zeeman-splitting. At a small filling
factor corresponding to a large magnetic field, the Zeeman splitting affects the amplitudes
of the SdH oscillations. The Zeeman effect splits the spin-degenerate Landau levels under
a strong magnetic field and causes the SdH amplitudes smaller than expected (as in Fig.
3-11 (d) for v =6 and 8) before the odd filling factor emerges [97]. On the other hand,
at a large filling factor corresponding to a small magnetic field, two non-ideal effects
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could reduce the amplitudes of the SdH oscillations than the expected amplitudes, leading
to a deviation of the extracted effective mass. First, the cyclotron energy gap (Aw.) may
be too small compared to the Landau level broadening induced by quantum scattering
events (h/7,), resulting in poor-resolved SAH oscillation signals [21]. The criterion for
observing a clear oscillation is heB/m* > h/t,, which is equivalent to eBt,/m* > 1
[21,52] or pyB > 1, where ug = et,/m” is the quantum mobility. For the Geo.s9Sno.11
device, the highest quantum mobility is 7,500 cm?/Vs and the corresponding magnetic
field is 1.3 T (Fig. 3-11 (a)). Therefore, the SdH oscillation signals are very weak for v >
18, and should be excluded for the following analysis. Besides, the inhomogeneous
broadening effects of Landau levels [97] resulting from the spatial variations of the Fermi
level is stronger at a small magnetic field. Thus, the magnetic field needs to be even larger
to observe clear SAH oscillations. To avoid the above discrepancy, we focus on the
intermediate filling factors for the extraction of the effective mass. Fig. 3-12 (a) shows
the Dingle ratio (= 7., /74) versus carrier density for the GeSn/Ge heterostructures at v =
10. 74 is the transport lifetime defined as
1 n
e~ = J;) W(k,k")(1 — cos8)d6 Eq. 3-5

W (k, k") is the scattering probability from an initial k-state to a final k'-state and

(1 — cosB) is a weighing function to include the effects of different scattering angles.
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Fig. 3-12 (a) Dingle ratio at v =10 versus carrier density for different GeSn/Ge
heterostructures. (b) Hole effective mass in the Geo.goSno.11 device versus filling factor with
different carrier densities. (c) Extracted effective mass versus carrier density at v = 10. The
dashed-lines represent the fitting results by Eq. 3-1 (d) Simulated band structures of GeSn
QW’sin k; plane. The subband energy at I" point is shifted to zero for a better view.

From Eq. 3-5, we can see the large-angle scattering events contribute more to the transport
scattering rate. On the other hand, the quantum lifetime (7,) only depends on the
scattering probability.

VA

= f W(k,k")d6 Eq. 3-6

0
The ratio of 74./74 is called the Dingle ratio, which is used as an indicator to identify
the dominant scattering events (~ 1 for large-angle scattering and >> 1 for small-angle
scattering) [99]. From the experiment results, the Dingle ratios is close to one, which

suggests that the large-angle scattering events are dominant [100]. This could be
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attributed to the background charge impurity scattering or alloy scattering [99, 100],
which is consistent with the weak density dependence of mobility. The Dingle ratio
decreases with increasing carrier density because the scattering rate is 1/t « p;a~> for
remote charged impurity scattering and 1/t < p;5° for background charged impurity
scattering [95]. The background charged impurity scattering (large-angle scattering)
becomes more dominant at high carrier density [101], resulting in a small Dingle ratio.
Fig. 3-12 (b) shows the variations of the effective mass with respect to the filling factor
with different carrier densities. The variations are small for the intermediate filling factors.
At v =10, we observe a larger effective mass with the carrier density (Fig. 3-12 (c)).
The effective mass increases linearly from 0.07 m, to 0.1 m, as the density increases
from 2.7 X 1011 cm?to 6.1 X 10** cm™. This is due to the non-parabolic shape of the
valence band in a GeSn QW [81]. The extracted hole mass in Geo.91Sno.9 is close to the
reported in Ref. [43] (m* = 0.09 m, at 4.1 x 10'! cm?).

We now investigate the effective mass quantitatively by using a 4-band Luttinger-
Kohn (LK) Hamiltonian [102] with the Bir-Pikus (BP) strain terms [103]. The

Hamiltonian is written as [104]

[P+Q ) R 0 ] P=P,+F

A~ —st P—-0Q 0 R Q=0+ 0
Hgp = = Rt 0 P—-Q S R =Ry + R, Eq. 3-7

0 Rt st P40 S=58+S

Py, Qr, Ry, and S are the Luttinger-Kohn (LK) term. P, Q., R.,and S, are the Bir-
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Pikus (BP) strain term [104]:

( hzyl 2.,1,2 2
P, = (k2+k2 + k2)
2m, (P = —a,(€xx + €y + €;7)
h%y _
Qk = ij (k9%+k32’ - Zkg) Qe = 7 (Exx + €yy — 2ezz)
3
h? s 2y L ) V3b _
MZZmJﬂﬁn@f%»+ﬂf%ﬁﬂﬂIQ=7T@M—@Q—MQy
2 \ Se = —d(€x; — i€y;)
S = —2V3(ky—iky )k, e
\ my

Eq. 3-8

y; are the Luttinger parameters. a,, b,and d are the deformation potentials. We ignore
the coupling from the SO band since the energy difference between the SO and HH bands
at the I point is relatively large (~ 300 meV [105]). Under a biaxial strain and with a
small-k expansion, we can have the energy dispersion relation of the HH band in the
following form [104]:

h? h?
Eyy ~ —P. — Q. — k? — k2 Eq. 3-9
HH = —rle € 2m, Il 1 q.

my 1s the transverse effective mass and defined as my/(y; +¥,). m, denotes the
longitudinal effective mass and defined as mo/(yy — 2y2). ky = ki+k3. €, is the
strain condition and can be calculated from the RSM data. It is assumed to be equal to

. . —2¢c
€yy while €,, is calculated by €,, = Cnlz Exx-

We introduce a non-parabolicity factor (a) into the formula [80] and consider

quantized k, to include the quantum confinement effect. We then have the E—£ relation

as follows:
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h2 h2
E(l—aE)~—|P. ——k} Eq. 3-10
(1—ak) ( + Qe + 2, k) 2y q

where k,; denotes the wavenumber of the first HH subband. E(k) function can be solved

analytically and the effective mass is calculated by the definition of m* = h? [de]

The E(k) is expressed as:

1+ 4a | Lo k24P + Q. + S k2
) @ |2y ki tFe + Qe + ki Eq. 3-11
E=—-
2a 2a
and the second derivative with respect to k; 1is
h_Z 1+4a|P-+ Qe +5— Uk k2,
d2E my a\Fe+ Qe+

= Eq. 3-12
dk,” h* 5 flz 2\ 1
L+t (g kiR + Qe+ gk

By substituting the term of ki = kZ+k3 = kf = 2mp,p into Eq. 3-12, the effective

mass 18

2
[1+4a(ﬂpZD+P + Q. + h k )]

m* = my Eq 3-13

hz
[1 + 4a (P + Qe + k§1>]
For a small k, we can use Taylor expansion (1 + x)" = 1+ nx and the effective mass

becomes

2
[1 + 6« (%pw + P+ Q.+ EO)]
[1+4a(P. + Q.+ E,)]

Eq. 3-14

m* = my
21,2

where E; is equal to Z—T:”, which corresponds to the first subband energy. We used Eq.
I

3-14 with the non-parabolicity factor () as a fitting parameter to fit the data. All other
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Table 3-1 Material parameters of Ge1-xSnx. y; are the Liittinger parameters. a, and b are
the deformation potentials. C;; are the elastic constants. Eypo is the valence band offset

between GeSn/Ge. Agp is the energy difference between the SO band and HH band. a is the
lattice constant and €, is the relativity dielectric constant.

Ge Geo.90451n0.06 Geo.015n0.09 Geo.go5n0.11

V. [105] 11,1100 13.2005 14.5298 15.5212

vy, [105] 3.2520 4.2789 4.9348 5.4248
va [105] 4.6390 5.7405 6.4081 6.9058
@, [eV] [87] 1.240 1.2604 1.2706 12774
b [eV] [87] -2.900 -2.888 -2.882 -2.878
C,, [GPa] [87] 128.53 124.96 123.17 121.98
C,, [GPa] [87] 4826 47.12 46.55 46.17
C4q [GPa] [87] 68.3 66.37 65.41 64.77
Eymo [eV] [45] 0 953 143.6 176.1
Aso [eV] [105] 291.0 3299 348.0 359.6
a [A] [87] 5.6573 57072 57322 5.7488
e [87] 16.20 16.67 16.90 17.06

parameters are derived by the linear interpolation between Ge and Sn reported in Ref. [87]
or using the quadratic expression reported in Ref. [105]. E, is calculated by a finite
quantum well model with the valence band offset reported in Ref. [45]. All the parameters
are listed in Table 3-1.

The fitting results (dash lines) is shown in Fig. 3-12 (c), showing a good agreement
with the experiment data. The non-parabolicity factor is 8.0 eV, 4.9 eV!, and 4.0 eV"!
for Geo.94Sno.06, G€0.91Sn0.09, and Geo.s9Sno.11 at v = 10, respectively. The variation of «
is less than 10% when other filling factors are used (v = 6,8 for Geo.94Sno.os and v =
8,12 for Geo.goSno.11 and Geo.o1Sno.09). The hole effective mass of GeSn is smaller for a
higher Sn fraction, which is due to the larger deformation of the HH band by a stronger
compressive strain. To verify this, we used a 6-band k - p method to simulate the band

structures of the GeSn QWs by Nextnano software. Fig. 3-12 (d) shows the band structure
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A\
0.2

Fig. 3-13 The zoom-in band structure of GeSn QWs. The dashed lines represent perfect
parabolas. The horizontal lines represent the Fermi levels corresponding to the initial carrier
density (dotted line) and saturated carrier density.

of the first HH subband in k; plane and the subband energy at the I" point have been
shifted to zero for a better view. Clearly, as the Sn fraction increases, the larger strain
induces a stronger deformation of the HH band. The larger curvature in band structure
results in a smaller effective mass. Fig. 3-13 shows the zoom-in band structure of GeSn
QWs with the Fermi levels. The Fermi levels are calculated by h2k2/2m*, where kp =
\/E . P2p 1s derived from the Hall measurement and m”* is derived from the SdH
oscillations. The Fermi levels (dotted lines) correspond to the initial carrier density while
the solid lines represent the Fermi levels for the case of the saturated carrier density. The
perfect parabolic band structures are constructed from five k points that are closet to k =
0, which are (ky, k,) = (0.04,0),(0.02,0),(0,0),(0,0.02), and (0,0.04). We can
see the band structures are deviated from the perfect parabolas at the Fermi level, so it is

possible the non-parabolicity effect must be considered.
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We now investigate the non-parabolicity effect in the GeSn QW. In Fig. 3-14 (a), the
energy difference between HH and LH bands (4y;) calculated by Nextnano are plotted
with respect to the Sn fraction. a decreases with the Sn fraction and the energy splitting
of HH and LH bands increases. The origin of non-parabolicity is the band mixing [106],
which is stronger as different bands are closer. The larger compressive strain in GeSn with
a higher Sn fraction causes a larger energy splitting between the HH and LH bands,
suppressing the band mixing and resulting a smaller non-parabolicity factor. The mixing
between different HH subbands is a higher-order effect compared to the mixing between
the ground HH subband and the LH subband.Fig. 3-14 (b) shows the band diagram of
Geo.89Sno.11 and the wavefunctions with each subband specified. Compared to the first
subband of the LH band, the second and third subbands of the HH band are closer to the

first subband of the HH band. However, they cannot contribute to the band mixing since
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Fig. 3-15 (a) SdH oscillations of Geo.9sSno.os at varies temperatures. (b) Carrier density versus

temperature at v = 4. (c) Fitting results at filling factors of v = 3 and the extracted g-factor

is 12.16. (d) Extracted g-factor versus carrier density in Ge QW [33] and Geg.94Sn0.06 QW.
they are orthogonal (i.e. (/" |H|W/") = §;;E;) and the Hamiltonian only contains the
non-zero diagonal terms. The coupling between the LH and HH bands can be written as
(WHH|W) = E(wH|wfT), where (W/H|W/") represents the non-zero coupling
term. Therefore, the decrease of non-parabolicity factor with the Sn fraction is attributed
to the weaker coupling between the HH and LH bands due to the larger compressive strain
in GeSn with a higher Sn fraction.

Finally, the odd filling factor (v = 3) in Geo.94Sno.0s allows us to extract the g-factor

(Fig. 3-15 (a)). The valleys of the SdH oscillations shift when the temperature is reduced

at v = 4, which is due to the changes of the carrier density. Fig. 3-15 (b) shows the carrier
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density extracted by Hall measurements versus temperature at v = 4, and the carrier

density variation is 12% between the highest and lowest temperature. The change of the

carrier density can be attributed to the shift of the threshold voltage to a larger value (more

negative) as the temperature is decreased. Hence, at a given gate bias (Vg = -6 V), the

carrier density decreases. We use the five lowest temperatures and v = 3 to extract the

g-factor. The fitting procedures are the same as what we extracted the effective mass by

replacing the denominator of y in Eq. 3-3 with the Zeeman splitting energy gugB

( __ 2m2kgT

SinE ) [33]. Fig. 3-15 (c) shows the fitting results and the extracted g-factor is
B

12.16, which is slightly lower than that in the Ge QW [33] (Fig. 3-15 (d)).

3-4 Summary

In summary, three undoped GeSn/Ge heterostructures with Sn fractions of 6%, 9%,
and 11% were grown by RPCVD and gated Hall bar devices were fabricated for magneto-
transport measurements at cryogenic temperatures. All devices show transistor
characteristics and the highest mobility is 20,000 cm?/Vs. Clear SdH oscillations and
integer quantum Hall plateaus were observed. We extracted the hole effective mass and
quantum lifetime by the amplitudes of the SdH oscillations at various temperatures. The
low Dingle ratios suggest the large-angle scattering events such as background impurity

scattering are the dominant scattering mechanisms. The extracted effective mass is
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smaller in the device with a higher Sn fraction, which is due to the larger compressive

strain and the stronger band deformation. As the carrier density increases, the hole

effective mass increases due to the non-parabolicity effects. The non-parabolicity effect

is weaker as the Sn fraction in the GeSn QW increases due to a larger HH-LH splitting

energy, which results in a weaker band mixing between the HH and LH bands. Finally,

the extracted g-factor in Geo.94Sno.06 device is 12.16, which is slightly lower than that in

a Ge QW [33].
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Chapter 4

Spin-Orbit Coupling in GeSn/Ge Heterostructures

GeSn is a promising material for future spintronics and spin-based quantum
computing applications for its strong Rashba spin-orbit coupling (SOC) effect [16] and
compatibility to Si VLSI technologies. In this chapter, we analyze the Rashba SOC in the
GeSn/Ge heterostructures through analysis of the weak-localization (WL) and weak-anti
localization (WAL) patterns. Fig. 4-1 (a) shows a schematic of the valence band structures
for compressively-strained GeSn (bulk). The heavy hole (HH) and light hole (LH) bands
split with an energy difference 4;,; and deform due to compressive strain [36]. The spin
degeneracy of the HH band is broken and two subbands are formed because of the SOC
effects (inset of Fig. 4-1 (a)) [10]. The green dashed line in the inset represents the
degenerate HH bands with a parabolic E-K dispersion of E = hA2k?/2m* in the absence
of SOC, where m”™ is the effective mass and k is the wavevector. In the presence of SOC
effects, the HH band splits into two subbands with energy shifts of +a3E, k3 around the
degenerate point £ = 0. At small wavevectors, the cubic splitting is negligibly small. As
the wavevector increases, the energy difference becomes larger and follows a cubic law,
which was observed experimentally in a compressively strained Ge QW [14, 36]. We also

notice that the spin-orientation in the two spin subbands are opposite for +k and —k
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Fig. 4-1 (a) Valence band structure of compressively strained GeSn. Inset : Zoom-in of the HH
band structure with (orange and blue) and without (green) SOC effects near £ = 0 (b) Schematic
explanation on the spin-orientation of two HH spin subband.

states [63]. This is because the effective magnetic field is opposite for holes with opposite
momentum (+k and —k states). We can assume the effective magnetic field points
“downward” for +k states and the energy for spin-down (parallel) is larger than for spin-
up (anti-parallel). However, for —k states, the effective magnetic field becomes “upward”
and the energy for spin-up (parallel) is larger than that for spin-down (anti-parallel) (Fig.
4-1 (b)). Hence, the spin-orientations are opposite for +k and —k states in the band
structure.

By fitting experimental data to the Hikami-Larkin-Nagaoka (HLN) formula, phase-
coherence time (74) and spin-relaxation time (74,) are extracted. We further calculate
spin-precession time (7,y¢), k-cubic Rashba coefficient (a3) and spin-splitting energy
(45,) by a DP spin-relaxation mechanism. We observe an enhancement of the SOC
strength in the GeSn devices compared to a pure Ge device as expected. However, we
also observed a negative strain effect that would reduce the SOC strength when adding
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more Sn atoms in the Ge host crystal. In this chapter, we investigate both the density
dependence and temperature dependence of WL/WAL features, the strain effects on the

strength of Rashba SOC, and the dephasing mechanisms.

4-1 Density dependence of weak localization and weak-anti
localization in GeSn/Ge heterostructures
To measure the magneto-conductivity, we fabricated the gated Hall bars (Fig. 3-5),
and measured the longitudinal resistivity (pxx) and transverse resistivity (pxy) at 1.2 K. We
then derived the longitudinal conductivity (o,,) and transverse conductivity (Oyy )

through the relation of [51]

Pxx Pxy

Oxx = 73 2 'Oxy =73 2
PxxtPxy PxxtPxy

Eq. 4-1
The measured magneto-conductivity is the sum of o2r“4¢ and ofIN [107]. The

Drude

component of g,y is the magneto-conductivity derived from the Drude model, which

only includes the classical effects. The second component of -V is the Hikami-Larkin-
Nagaoka (HLN) correction to the classical magneto-conductivity when the quantum
effects such as WL or WAL are considered. To analyze the quantum effects on the

magneto-conductivity, the classical term must be removed. The longitudinal resistance in

the presence of WL (WAL) effects is larger (smaller) than that with only classical effects
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Fig. 4-2 Raw data of longitudinal conductivity (black) and the estimated o2r“4¢ (red) for
pop = (@) 3.9 x 10 cm? and (c) pyp = 6.1 x 1011 cm™. The corrected conductivity
oHLN after shifting XV (0) to zero for (b) p,p = 3.9 x 10! cm?and (d) p,p = 6.1 X
1011 cm. The Sn fraction in the GeSn/Ge heterostructure is 11%.

at B =0 [68]. Applying a perpendicular magnetic field suppresses the WL/WAL effects.
In this work, the classical part of the longitudinal resistance (p,,) was taken at B =60 mT,
and we used
x4 (B) = Pyx,psomt)/ [ppzcx,B(60mT)+pJ%y (B)] Eq. 4-2
to estimate the contributions of ¢27%4¢_ This is shown in Fig. 4-2 (a) and (c) in red color,
and the black curve represents the raw data of the measured conductivity. After the
subtraction of the Drude term, we define Ac,,(B) = oEN(B) — oHIN(0) (Fig. 4-2 (b)
and (d)).
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Fig. 4-3 (a)-(c) AcHIN versus magnetic field under various carrier densities for the
Geo.94Sn0.06/Ge, Geo.915n0,09/Ge, and Geo.s0Sno.11/Ge heterostructures, respectively. The orange
curves indicate the onsets of WAL.

Fig. 4-3 (a)-(c) show the WL/WAL patterns under various carrier densities with Sn
fractions of 6%, 9%, and 11%, respectively. Transitions from WL to WAL pattern are
observed in all GeSn/Ge heterostructurs. They also have similar trends: at a low density
regime, the WL patterns are more pronounced as the density increases (left column).

At an intermediate density regime, the WL pattern shows the opposite trend as the density
increases. Finally, the WAL features appear (orange curve) and become more pronounced

as the density increases further.
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heterostructure and the relationship between Ly and Lg, with different carrier densities.
Inset of (b): A zoom- in figure to show transition clearly.

We explain this trend by using the picture described in section 2-3 (Fig. 4-4). As the
density increases, the diffusion coefficient (D = V# X 1,,./2) also increases due to a
larger Fermi velocity and a longer transport lifetime because of stronger screening effects.
Hence, the phase-coherence length (Ly = \/D_Td,) increases as well. However, the spin-
relaxation length decreases due to the stronger SOC effect. As the density increase at a
low density regime (black curve to pink curve), the SOC strength is very weak since both
the Fermi wavevector and electric field are small. The spin-relaxation length (Lg,) is
much longer than the phase-coherence length (L) (Fig. 4-4 (a)), so only WL patterns are
observed. The change in the magneto-conductivity with the magnetic field becomes larger
as the density increases since more loops contribute to the constructive interference. In
an intermediate density regime (pink curve to gray curve), the phase-coherence length

and spin-relaxation length becomes comparable, so there are some loops satisfying the
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relation of Lg, < Lyigop < Ly and contribute to the destructive interference. Therefore,
the WL pattern is suppressed, but this effect is still too weak to observe WAL patterns. At
a higher density regime, the SOC strength is strong enough, so the spin-relaxation length
becomes shorter than the phase-relaxation length, leading to the presence of WAL features
(orange curve). When the density increases, the difference between the phase-coherence
length and spin-relaxation length becomes larger, and more loops satisfy the relation
Lo < Lipop < Lg. Thus, the difference between the smallest magneto-conductivity and
the conductivity at zero magnetic field becomes larger (orange curve to yellow curve).
Furthermore, the magnetic field (B, defined in chapter 2) corresponding to the lowest

Aoy, increases as the density increases owing to a shorter spin-relaxation length.

4-2 Hikami-Larkin-Nagaoka (HLN) model

To quantitatively analyze the WL/WAL features, we evaluate the SOC strength by
fitting the magnetoresistance data to the HLN model. The Rashba SOC Hamiltonian in a
HH band is k-cubic dependent and written as HHf = a;E,i(k30, — k30_) while the
Hamiltonian in a LH band is linearly dependent on k by HLH = o, E,i(k_o, — k,0_)
[36]. ag(1) represent the k-cubic (linear) Rashba coefficient and E, represents the
average vertical electric field along the z-direction. ki = k, * ik, are the two k;
components, and o4 = (gy £ g,)/2 are the combinations of Pauli spin matrices. The
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most general form to describe the WL/WAL patterns is the Iordanskii-Lyanda-Geller-
Pikus (ILP) model which includes both k-linear and k-cubic terms of Rashba SOC [36,
63]. The ILP model does not have a closed form and includes the summation of infinite
series of By and Bg,. If we only consider the contributions of the Rashba SOC effects
from the HH band (i.e. only the k-cubic contribution), ILP model could be simplified to
a closed form [63], which is known as the HLN model [108]. The formula is written as

follows [14, 63]:

1 By By\ 1.1 By 2B,
G+T+3) 2 )

e
A0xx zm{“’ R ANV
1 /1 By By + By, By + 2By,
__ %) _ _ Eqg. 4-3
2Lp<2+B) ln( ) ( ) 1
1 (By
+§”‘(E)}

, where By and By, are the characteristic magnetic field corresponding to the phase-
coherence time and spin-relaxation time.

To justify this assumption, we need to check whether the carriers only occupy in the
HH band by taking the Fourier transform of the longitudinal resistivity (p,,). The inset
in Fig. 4-5 (a)~(c) shows the periodical oscillations of p,, versus the reciprocal
magnetic field. The presence of the periodicity is due to the Fermi level sweeping over

consecutive Landau levels (Fig. 2-4). Each Landau level has a degeneracy of eB/h, so
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Fig. 4-5 Fast Fourier transformation of Ap,, for (a) GeoosSnoos/Ge, (b) GeooiSnooe/Ge, and (c)
Geo.30Sno.11/Ge heterostructures.

we have the relationship of v X eB/h = p,p. The periodicity of reciprocal magnetic field

can be calculated as [21]

1 1 1 2e
- Eq. 4-4

Bperiod B By, By B P2p h

We define pppr = ZeBhF FL with the Bppr term corresponding to the peak amplitude in
the reciprocal magnetic field domain. The transformed results of the longitudinal
resistivity are shown in Fig. 4-5. There are two peaks observed and one peak has twice
the value of the other. The major peak corresponds to the carrier density and the second
peak is the harmonic term [109]. We used the first peak to calculate pgrr and compared
it to the Hall measurement results (py4;;). Those carrier densities match with each other
very well and no extra peak of Bppr in the SAH oscillations shows that only the lowest
HH subband is occupied.
There are two other criteria to meet when using the HLN model. Since the HLN
model is only valid in the spin-diffusive regime [14], the spin-precession length (L)

(the distance over which holes can travel during one period of Larmor precession) needs
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Fig. 4-6 (a) A physical picture of the transport magnetic field. (b) The transport magnetic field

versus carrier density for different GeSn/Ge heterostructures.
to be longer than the mean free path (L;,-) as the applied magnetic field (B) is smaller than
the corresponding transport field (i.e. B < B, = h/(2eLZ,)). The physical picture of the
transport field (Bg,-) is shown in Fig. 4-6 (a). For a magnetic field smaller than the
transport field, the orbital bending due to the magnetic field can be ignored compared to
the scale of mean free path (L) [68]. On the other hand, for a magnetic field larger than
the transport field, we need to consider the orbital bending and the more general
formalism is described by the Glazov and Golub (G&G) model [110]. The calculated
results of the transport field are shown in Fig. 4-6 (b). Since the smallest transport field
1s 10 mT, we focus our fitting regime within +10 mT.

We used the HLN model (Eq. 4-3) with By and B, as the fitting parameters to fit

the WL/WAL patterns. Fig. 4-7 (a) and Fig. 4-8 (a) show the fitting results when only WL
or WAL patterns are observed, respectively. To evaluate the fitting results, we calculate

the coefficient of determination (R?) [111], which reflects how “good” the fitting function

is. For a set of data points {(xq,y1), (X3, V2), (x3,¥3)...(Xn, Yn)}, We can find a fitting
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function f(x) with f; = f(x;). The coefficient of determination is defined as R? =

1—27% where SSye = (v — fi)> and SSior = X.(vi —¥)?. 7 represents the

SStot

average of y;. The closer to one for R? is, the more precise this fitting function would
be. Fig. 4-7 (b)-(e) show the color mapping of R2. For R? greater than 0.8 (0.9, 0.95, or
0.98), we set the color to be skin color, while the other cases are set to be black. At a low
density regime with only WL patterns, B, is not converged, which expands from 10
to 1072 with high R? values. On the other hand, at a high density regime when both WL
and WAL patterns are observed (Fig. 4-8 (b)-(d)), the highest R? converges for a limited

region of By,.
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Fig. 4-7 (a) Fitting results of Ac,, for the GeogoSno.11/Ge heterostructure with only WL
patterns observed. (b)-(e) Color mapping of By, and By for different R2.
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Fig. 4-8 (a) Fitting results of Aoy, for the Geos9Sno.11/Ge heterostructure with both WL/WAL
patterns observed. (b)-(e) Color mapping of By, and By for different R2.

The fitting results for the GeSn/Ge heterostructures under various carrier densities
are shown in Fig. 4-9 (a)-(c). For all structures, as the density increases, a transition from
WL to WAL is observed. The magneto-conductivity near the cross-over density is shown
as the orange curve in each plot. By increasing the gate voltage to induce more holes in
the GeSn QW, a larger electric field perpendicular to the hetero-interface is created, which
results in stronger SIA and enhances the Rashba SOC effects [112]. The strength of
Rashba SOC in the HH band is expected to be proportional to k3 [10, 14, 36]. A higher

carrier density leads to a larger kr and stronger SOC effects. Similar to our prior work
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Fig. 4-9 (a)-(c) Magneto-conductivity for different GeSn/Ge heterostructures. Black lines are the
fitting curves by the HLN formula, and the experimental data are shifted vertically for a better
view. (d) The carrier density of the WL-WAL transition and the corresponding electric field (E,)
versus Sn fraction. The inset shows the corresponding band diagrams.

on SOC in Ge [14], tuning the SOC strength is enabled by top gating the undoped
GeSn/Ge heterostructures. The transition density and the corresponding electric field

versus the Sn fraction are plotted in Fig. 4-9 (d). For the device with a higher Sn fraction,
a larger electric field is required to observe WAL. The relationship between SIA and SOC
have been reported in III-V materials [112], in which the strength of SOC is the largest
for the devices with the largest electric field. Intuitively, the device with a higher Sn
fraction should present stronger WAL effects due to its larger atomic potential variations.
The required electric fields for the transition from WL to WAL should be smaller.
However, our results show an opposite trend, suggesting that there are other mechanisms

responsible for these counter-intuitive results. Great matches between the experimental
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data and the fitting curves by the HLN model were obtained, which validates the

assumption that only the k-cubic term of Rashba SOC dominates.

4-3 Extraction of characteristic times ( Ty, Ts, Tpre ) and
characteristic lengths (Lg, Lso, Lyre)

After extracting By and B, through the HLN equation, we use the relationship of
Tg(so) = R/ (4eDBy(s0)) to evaluate the corresponding lifetimes [63, 113]. Here, Bgso)
represent the characteristic magnetic field corresponding to the phase-coherence time (74)
and spin-relaxation time (75,), and D(= V# X 1,,./2) is the diffusion coefficient. V is
the Fermi velocity and 7, is the carrier transport lifetime. Fig. 4-10 (a) shows the
characteristic times (74 and T4,) versus the carrier density and Fig. 4-10 (b) shows the
corresponding characteristic lengths (Ly and Lg,) by Lg(so) = \/m . The circled
points represent the transition from WL to WAL (or the onset of WAL). The spin-
relaxation time decreases monotonically with the carrier density, which is due to the
stronger SOC effect [36]. As the carrier densities increase by 38%, 45%, and 32%, the
spin-relaxation time is reduced by 77%, 85%, and 75% for the Geo.94Sno.06, G€0.91Sn0.09,
and Geog9Sno.11 devices, respectively. For a comparison, the spin-relaxation time of

2DHG in a Ge QW was reduced by a factor of 63% with a density increase of 49% [36]
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Table 4-1 Atg,, Ap,p, and the ratio of |At,,|/Ap,p for Ge, GeooaSnoos, Geo.91Sn0.09,

and GeoAgc)SnoAn.

Physical parameters | Ge [36] Geo.945n0.06 Geo.915n0.09 Geo.89Sn911
A1y, -63% -77% -85% -75%
Ap,p 49% 38% 45% 32%
Ratio (|4t |/4p2p) 1.29 2.03 1.89 2.34

(Table 4-1). For a given density, the spin-relaxation time is longer in GeSn with a higher

Sn fraction. This is counter-intuitive, and we will elaborate on this trend in the following

section.

We now turn to the density dependence of the phase-coherence time. There are two

major scattering sources to account for the dephasing. The first one is the hole-phonon

scattering and the other is the hole-hole scattering [52]. Fig. 4-10 (a) shows the phase-

coherence times increase slightly with the carrier density. Since the data are measured at

T =1.2 K, only few phonon modes are activated and the hole-phonon interaction could

be ignored. Therefore, the increasing trend could be attributed to the reduction of hole-
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Fig. 4-10 (a) Characteristic time (phase-coherence time (74) and spin-relaxation time (7s,))
and (b) characteristic length (phase-coherence length (Lg) and spin-relaxation length (Lg,))
versus density for three GeSn/Ge heterostructures.
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hole scattering events. Although the density inside the QW is increased, the screening
effect further suppresses the hole-hole interaction [107]. Hence, the phase-coherence time
would increase. The dephasing mechanism is further investigated by the temperature
dependence of phase-coherence time in section 4.5.

To investigate spin transport in the GeSn/Ge heterostructures, the spin-precession
length (L, ) and the mean free path (L4 ) were calculated and compared. The
characteristic lengths are given by Lpretry = Vi X Tpre(sr), Where the Fermi velocity is
defined as Vp = hkr/m*, and 7. is defined as 7, = m*u/e. The Fermi wavevector
(kr) and mobility (¢) are derived by the Hall measurement results, and the effective mass
is extracted from the temperature-dependent SAH oscillations (section 3-3) [97]. The spin-
precession time (Tpy) can be calculated by using the DP spin-relaxation theory [64]. The
DP mechanism is used to describe the spin-relaxation due to the random variations of the
effective magnetic field during the transport (Fig. 4-11 (a)). The Rashba SOC creates a k-
dependent magnetic field (Brqsnpq) in the 2DHG plane. The direction of the effective
magnetic field changes randomly since the 2DHG carriers frequently collide with

impurities. Thus, the momentum direction and the spin direction are altered rapidly, so
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Fig. 4-11 (a) Schematic of DP spin-relaxation mechanism. (b) Spin-relaxation time versus transport

lifetime for different GeSn/Ge heterostructures.

the spin direction is randomized. One feature of the DP mechanism is that the spin-
relaxation time is inversely proportional to the transport lifetime [67]. There is little time
for spins to respond to the fast-changing Rashba field if the collisions occur too frequently.
As the carrier density increases, the mobility becomes higher and the scattering lifetime
becomes longer, leading to a shorter spin-relaxation time (Fig. 4-12 (b)).

We further use the equation of 1/75, = 2|023|%t, [114] from the DP theory to
derive the spin-precession frequency ({23) and spin-precession time (Tpre = 1/£23). The
transport lifetime (7.), spin-precession time (7py.), spin-precession length (L), and
mean free path (L;.) are plotted against the carrier density in Fig. 4-12. The spin-
precession length is longer than the mean free path for all devices, which suggests that
the system is in the spin-diffusive regime and validates the use of the HLN formula in this

work. For the spin-FET applications [2], the devices must be operated in the spin-ballistic
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Fig. 4-12 (a) Characteristic time (spin-precession time (7,,.) and transport lifetime (7)) and (b)
characteristic length (spin-precession length (Ly,) and mean free path (L)) versus density for

three GeSn/Ge heterostructures.

regime (Ly,e < L), where a spin can complete at least one full cycle of precession along

a certain axis before scattering. Therefore, by designing a shorter channel length such that

carriers transport ballistically through the channel, the spin orientations can be controlled

through Rashba SOC without scattering disturbance. In our case, the spin ballistic

transport can be achieved by further increasing the carrier density, which results in a

shortened spin-precession time and a longer transport time due to the stronger SOC and

screening effects. This can be done simultaneously by top gating the undoped GeSn/Ge

heterostructures to modulate the carrier density.

73

doi:10.6342/NTU202100161



4-4 Strain effect on Rashba SOC

To further investigate the Sn effects on the SOC strength in the GeSn QW, the k-
cubic Rashba coefficients («3) and the spin-splitting energy (4, ) were estimated by the
expression ff); = A, = azE k3 [14]. a3 can be derived with the average electric
field (E,) calculated by Gauss’s law and the Fermi wavevetor by the Hall density (kr =
\/m). The spin degeneracy in the HH band is broken due to the SOC effect with
energy shifts of +4,, so the energy difference between two spin subbands at a given kp
is 24, (Fig. 4-1). Fig. 4-13 shows the spin-splitting energy as a function of carrier
density, and the red-dashed line represents the theoretical prediction (4, pg ]/32) for the
k-cubic Rashba SOC [14]. For all GeSn/Ge heterostructures, as the carrier density
increases by gating, the spin splitting energy is increased due to the enhanced Rashba

SOC effect with the slopes close to the theoretical prediction.

0.4 T 7T T T

0.1 I L I I L L
2 3 4 5 26 7 8
Density (x10" cm )

Fig. 4-13 Spin splitting energy (4, ) versus carrier density for three GeSn/Ge heterostructures
and Ge QW [14]. The red-dashed line represents a theoretical curve predicted by the k-cubic
relationship [14].
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While the splitting energy for all GeSn QWs is larger than that for the Ge QW, it

decreases as the Sn fraction increases. Our data strongly suggest that other mechanisms

such as strains in the epitaxial films might come into play [115]. For the pseudomorphic

heterostructures used in this work, the lattice mismatch leads to strains in the epitaxially

grown films. For III-V ternary or quaternary materials, the lattice mismatch is mitigated

easily by tuning the compositions in the compounds, so spin-orbit energy splitting in the

hole bands induced by strains can be avoided. For group-IV epitaxy, strains occur

commonly due to the different lattice constants of the constituents (C, Si, Ge, and Sn).

The strains result in band splitting and deformations of the LH and HH subbands. In

addition, the deeper confinement potential for a GeSn QW with a higher Sn fraction can

further enhance this energy splitting. For the GeSn/Ge heterostructures, due to the large

lattice mismatch between Ge and Sn (~ 15% [116]), the strain effects are expected to be

significant. The strain effects on SOC have been reported for III-V materials both

experimentally [115] and theoretically [10, 15], but not yet demonstrated for any group-

IV materials and their compounds.

The physics of the suppressed Rashba SOC effects for the GeSn devices with a

higher Sn fraction is described as follows. For 2DHG in the GeSn/Ge heterostructures,

> - -

the total angular momentum (J = L + S) is mainly quantized along the growth (z)

direction of the GeSn/Ge heterostructures [10, 15, 117], since only the z-axis maintains
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the rotational symmetry. The z-component of angular momentum of carriers is +3/24
for the HH states (m; + 3/2) and +1/2h for the LH states (m; + 1/2) [15]. Fig. 4-14
(a) shows the spin orientations of holes in the HH state. Since the motion of the 2DHG is
confined in the x-y plane and the electric field is along the z-direction, the resulting

effective magnetic field (Brgsnpq) created by the Rashba SOC also lies in the x-y plane

[63] with the SOC Hamiltonian of Hg, = (#) 5 - (—VV % ﬁ) [10]. If, for example,
0

the effective magnetic field Bgr,snpq points to x-axis, the spin would tend to precess

along this axis due to the quantization of the angular momentum in the x direction (Fig.

4-14 (b)). Under the uncertainty principle, a spin cannot be measured with two definite

components of angular momentum along two orthogonal axes. This would result in two

(@) , 2
3/2h
Ge 1/2h
—1/2h
Ge y —3/2h
X
(b) 2
Ge —-3/2h
X Ge "3/2h1/2h

Fig. 4-14 (a) The spin orientation of HH states in a GeSn QW due to the quantum confinement
effect. (b) The spin orientation in the HH states under an induced magnetic field by SOC
(Brashpa)- (c) Competition between the quantum confinement (J, quantization) and the SOC
effects (J, quantization).
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competing axes for the spin rotation (Fig. 4-14 (c)). The J, quantization corresponding
to the energy spiltting of the HH and LH bands (4;,;) is dominant over the J, counterpart
associated with the spin-splitting energy (4s,). This is due to the fact that the magnitude
of the HH-LH energy splitting in the strained GeSn layer is relatively large (~ 10 meV)
[118, 119] compared to our experimental results of the spin-splitting energy, which is only
on the order of 0.1 meV. Thus, the quantization along the z-axis is dominant. Moreover,
as the Sn fraction is higher, the larger compressive strain and deeper valence band
potential further enhances the splitting of the HH and LH bands, resulting in a larger A4y;.
This makes the effects of J, quantization even stronger than J,, suppressing the Rashba
SOC strength further. A similar mechanism has been reported in prior works showing the
anisotropy of Zeeman splitting [120, 121].

From the discussion above, the increased energy splitting of the HH and LH bands
(Ap;) due to the larger compressive strain and confinement potential results in the stronger
quantization of J, than that of J, and simultaneously reduces the spin-splitting energy
(4g,)- The negative dependency of Ag, on Ap; is reflected on the Ap; dependence of
the k-cubic term in the Rashba coefficient (a3). This coefficient a3 for the first HH

subbands is given by the third-order Lowdin perturbation theory [15, 117, 122],

e iy + )[ < ! >+ ! l Eq. 4-5
U3 = ——Cy3\Y2 TV3 - q. 4
3 SE\a " 3) " A

0

where c is a constant depending on the QW structure and is 64/9m? for an infinitely deep
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rectangular QW [15], y; are the Littinger parameter, and A?jl denotes the energy
difference between the /" HH subband and /" LH subband energy at k = 0. The extracted
Rashba coefficients of the k-cubic terms versus electric field (E,) are shown in Fig. 4-15.
As predicted by Eq. 4-5, for the GeSn/Ge heterostructure with a higher Sn fraction, its
HH-LH splitting energy is larger, leading to the smaller Rashba coefficient.

For all GeSn QWs, a3 is larger than that in the Ge QW, showing the potentials of
the GeSn-based devices for spintronic applications. Note that for Geo.94Sno.os and Ge
devices, there is a negative dependency of a3 on the electric field while for Geo.91Sno.09
and Geo.89Sno.11 devices, a3 is insensitive to E,. The negative trend has been observed
in Alo3Gao.7As/GaAs structures [117], which was due to a further splitting between the
HH and LH bands by gating. This effect is even more pronounced in a hetero-junction

triangular QW because the confinement potential of a triangular QW depends on the band

10: T L] T L}
[ S veen Ge__Sn
[ ce sn 0.91% l0.09
— 0.94 0.06 "'E -0.15

ﬂ'ﬁ %_El-o.sr oTE,
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o
o]
12 16 20 24 28 32 36
E (kV/cm)

Fig. 4-15 Spin-orbit coefficient (a3) versus vertical electric field (E,).

78

doi:10.6342/NTU202100161



bending of the structure [117] (Fig. 4-16). As the electric field becomes larger, the band

bending at the heterostructure is more pronounced, leading to a narrower and deeper

triangular QW. With a stronger quantum confinement, the splitting energy of HH and LH

bands becomes larger, resulting in a decrease of Rashba coefficient (a3 ) with the

triangular potential approximation (a3 < E;*,s = 4/3) [117]. For a square QW, the

confinement potential mainly depends on the band offsets at the heterojunction (Fig. 4-16).

The external electric field only causes minor effects on the splitting of HH and LH bands.

The dependence of the Rashba coefficient on the electric field should be weaker [14, 122],

and indeed a weak dependence (s = 0.5) for the Geo.94Sno.06 and Ge heterostructures was

observed. On the other hand, if the energy splitting of the HH and LH bands is dominated

by the strain effects, the effects of HH-LH splitting through the electric field would be

even weaker. Hence, Geo.91Sno.09 and Geo.goSno.11 heterostructures show a much weaker

dependence of a3 on the electric field.

® Triangular QW

Fig. 4-16 Splitting energy between the HH and LH states by gating a triangular and square QW.
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4-5 Temperature dependence of weak localization and weak-

anti localization in GeSn/Ge heterostructures

We investigate the temperature dependence of the WL/WAL patterns in this section.
Fig. 4-17 shows the magneto-conductivity at different temperatures (4, 3, 2, 1.6, and 1.2
K) for the Geo.94Sno.06/Ge, Geo.o1Sno.0o/Ge, and GeogoSno.11/Ge heterostructures. Those
patterns could be divided into three types based on the regime of carrier density. At a low
carrier density regime (Fig. 4-17 (a)-(c)) where only WL patterns are observed, the WL
patterns are more pronounced as the temperature is reduced. At an intermediate carrier
density regime (Fig. 4-17 (d)-(f)), a transition from WL to WAL occurs as the temperature
is reduced. The curves in Fig. 4-17 (d)-(f) have been shifted vertically in order to show
the transition curves (orange curves) clearly. In a high density regime (Fig. 4-17 (g)-(1)),
the WAL patterns are more pronounced at lower temperatures. To explain this trend, we
need to understand how the phase-coherence length (L) and spin-relaxation length (L, )
change with the temperature because the WL/WAL patterns highly depend on the relative
length between Ly and Lg,.

The spin-relaxation length is proportional to the product of spin-relaxation time (7,)
and diffusion coefficient (D) with the relationship Ly, = \/Fso [63]. Based on the DP

spin-relaxation mechanism (Fig. 4-11 (a)), there are two factors influencing the spin-
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Fig. 4-17 The temperature dependence of WL/WAL patterns. (a)-(c) show the WL patterns at a low
density regime. (d)-(f) show the transitions from WL to WAL at T = 2 K at an intermediate density

regime. The data are shifted vertically to show the transition curves clearly. (g)-(i) show the WAL
patterns at a high density regime.

relaxation time: the transport lifetime (7;,-) and the strength of effective magnetic field
(Brashpa)- The transport lifetime is inversely proportional to the spin-relaxation time,
which barely changes (less than 3 %) from T =4 K to 1.2 K for all heterostructures in this
work. The effective magnetic field is determined by the z-direction electric field (E,) and
the Fermi wavevector (kr). Both of them depend on the carrier density (E, =
epyp/€ and kp = \/m) and have no dependence on temperature. The diffusion
coefficient (D = V7# X 1.,/2) also varies slightly at this temperature range. Therefore, we
can deduce the spin-relaxation length without too much impact by temperature difference.

On the other hand, a phase-coherence length depends on the temperature

exponentially. A phase-coherence length is given by Ly = ,/Dty [14]. However, the
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phase-coherence time decreases exponentially as the temperature increases, which could
be attributed to the hole-phonon scattering or hole-hole scattering [52]. As the
temperature increases, more phonon modes are activated and the hole-phonon scattering
rate (1/7,,,) becomes higher with a power law relation of 7, x T~2 [123]. In addition,
a higher temperature also leads to an increase of the hole density because more holes have
energies higher than the Fermi level, leading to a stronger hole-hole scattering rate (tj;, &
T~1) [123, 124]. Both processes can cause dephasing and the effective dephasing rate
should be proportional to the sum (1/t4 = 1/7,, + 1/ ). Therefore, the phase-
coherence length is enhanced as the temperature is reduced.

We use Fig. 4-18 to explain the trend observed in Fig. 4-17 In a low density regime
(Fig. 4-18 (a)) where the SOC eftect is weak, the spin-relaxation length is much longer
than the phase-coherence length. Therefore, no WAL pattern is observed and the WL
pattern is more pronounced as the phase-coherence length becomes longer at lower
temperatures. At an intermediate density regime (Fig. 4-18 (b)), the spin-relaxation length
is slightly longer than the phase-coherence length. As the temperature decreases, the spin-
relaxation length barely changes, but the phase-coherence length is increased
exponentially. As a result, a transition occurs when the phase-coherence length becomes

longer than the spin-relaxation length. Finally, in a high density regime (Fig. 4-18 (¢))
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where the SOC effect is very strong, the spin-relaxation length is smaller than phase-
coherence length. As the phase-coherence length becomes longer, more loops satisfy the
relation of Lg, < Lypop < Lg, and hence the WAL effect becomes stronger. Furthermore,
since the spin-relaxation length does not change with temperature, the value of By

remains the same.
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By fitting with the HLN formula, we can derive the characteristic times (7 s0)) and
characteristic lengths (Lgs0)) at different temperatures (Fig. 4-19). The spin-relaxation
time (length) has weak dependence on the temperature, which is consistent to our
previous arguments. The phase-coherence time shows a relation of 74 < T-1
(equivalent to Ly T~%5 because of Ly \/a), indicating the hole-hole scattering

mechanism is dominant. The hole-hole scattering rate can be described by [123, 124].

1 nmw(kgT)?  Ep

— == l ,when T >
T4 2 hEp nkBTtr when kptTir
T Eq. 4-6
B
= ————In(mDNyh),when T <
27TN0Dh2 n(n- 0 )W en kBTtT

*

N, = : is the 2D density of states, D is the diffusion coefficient, and kg is the

hZ

Boltzmann constant. In our case, the transport lifetime (z,,) is at the order of 1 ps (Fig.

4-12 (a)), and the corresponding temperature by Eq. 4-6 is 7.6 K. Since the data was taken
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Fig. 4-19 Characteristic times (phase-coherence time (74) and spin-relaxation time (75,)) and
(b) characteristic lengths (phase-coherence length (Lg ) and spin-relaxation length (Lg,)) versus
temperature for three GeSn/Ge heterostructures.
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at a temperature lower than 4 K, the 74 « T~ relationship should hold. The hole-hole
scattering mechanism also justifies our discussion (Fig. 4-10 (a)) that we observed an
increasing phase-coherence time as the carrier density increases. The physical picture of
hole-hole scattering can be depicted as a hole being influenced by the electric field
generated by all other holes in the valence band. Therefore, the dephasing mechanism
would be suppressed when the carrier density increases due to the stronger screening

eftect [107].

4-6 Summary

In summary, we analyzed the Rashba spin-orbit coupling in the GeSn/Ge
heterostructures with three different Sn fractions of 6%, 9%, and 11% by fitting the
WL/WAL patterns with the HLN formula. We observe the strongest Rashba SOC among
all group-1V materials in the GeSn/Ge heterostructures. The strength of the Rashba SOC
can be modulated by tuning the carrier density via gating. Transitions from WL to WAL
were observed for all GeSn/Ge heterostructures, and the spin-relaxation and phase-
coherence times were extracted by the magneto-conductivity measurement results. As the
carrier density increases, the spin-relaxation time decreases due to the stronger Rashba
SOC effect while the phase-coherence time increases slightly. Experimental results show

that the GeSn/Ge heterostructures are in the spin-diffusive regime.
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As the Sn fraction in GeSn increases, the spin-orbit coupling becomes weaker, which
is attributed to the effects of compressive strains on the Rashba SOC coefficients. The k-
cubic term (a3) by the quantum confinement effect results in a z-direction quantization
while the SOC-induced magnetic field leads to an in-plane (x-y plane) quantization. Two
effects compete, and the stronger compressive strain and confinement potential enhance
the z-direction quantization and further reduces the spin-splitting energy and thus, the
Rashba SOC effect. Finally, the power law relation of 74 < T~! suggests that the hole-
hole interaction is the dominant mechanism for the dephasing . Our results suggest
undoped GeSn/Ge heterostructures are promising for group-IV based spintronics and fast
qubit devices because of its strong SOC effects, gate tunability, and compatibility to the

S1 VLSI technology.
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Chapter 5

Conclusion and Future Work

5-1 Conclusion

This thesis demonstrates the first 2DHGs in the undoped GeSn/Ge heterostructures
with different Sn fractions of 6, 9, and 11%. The electrical and magneto-transport
properties including SdH oscillations and quantum Hall plateaus are investigated by Hall
measurements at cryogenic temperatures. Non-parabolicity effect on the hole effective
mass and the SOC effect in the undoped GeSn/Ge heterostructures are also studied. The
gated Hall bar devices of the GeSn/Ge heterostructures show transistor characteristics.
The highest mobility measured by Hall measurements at 1.2 K is 20,000 cm?/Vs with a
power law relation of u = pg, with a = 0.4~0.7, which suggests that the mobility is
limited by the background impurity scattering. Clear SdH oscillations and integer
quantum Hall plateaus are observed under a magnetic field of up to 5 T. We extract the
hole effective mass and quantum lifetime through the temperature-dependent SdH
oscillations. The calculated Dingle ratios are close to one, indicating the large-angle
scattering effect is dominant. The effective mass shows good linearity with the carrier
density, which suggests the non-parabolicity effects are dominant in the GeSn QWs. The
effective mass ranges from 0.07 mo to 0.10 mo with the carrier density varying from 2.7 X

107 cm? to 6.1 x 10 cm™. The effective mass is smaller in the GeSn/Ge
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heterostructure with a higher Sn fraction due to the stronger compressive strain. The non-
parabolicity factor is 8.0 eV!, 4.9 eV, and 4.0 eV™! for Geo.94Sno.06/Ge, Geo.91Sn0.00/Ge,
Geo.890Sno.11/Ge heterostructures, respectively. The smaller non-parabolicity factor for a
higher Sn fraction is attributed to the weaker band-mixing between the HH and LH bands
with a larger HH-LH splitting.

We also investigate the Rashba SOC effects by fitting the magneto-conductivity to
the HLN formula. Transitions from WL to WAL are observed for all GeSn/Ge
heterostructures. Phase-coherence time (74), spin-relaxation time (7g,), spin-precession
time (Tpre ), spin-splitting energy (4s,), and k-cubic Rashba coefficients (as) are
extracted. Strongest Rashba SOC effects among all group-IV materials are observed in
the GeSn/Ge heterostructure with a Sn fraction of 6 %, and the SOC strength can be
modulated by gating. The spin-relaxation time varies up to 85% and the spin-splitting
energy is enhanced by a factor of 2 by increasing the carrier density. Experimental results
show that the mean free path is shorter than the spin-precession length, indicating the
GeSn/Ge heterostructures are in the spin-diffusive regime. As the Sn fraction in GeSn
increases, the spin-orbit coupling becomes weaker, which is attributed to the effects of

compressive strains on the k-cubic Rashba coefficients.
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5-2 Future work

According to what has been done in this thesis, there are three main directions which

can be further explored:

1. Distinguish the Sn effect and strain effect on Rashba SOC

The Rashba SOC effect is stronger when adding Sn into Ge crystals, but weaker

under a larger compressive strain. The Sn effect and strain effect are intertwined in

the GeSn/Ge heterostructures in this thesis. As the Sn fraction increases, the strain is

also enhanced. By a careful design of the epitaxial structure in the future, the Sn

effect and strain effect should be able to probe separately.

2. Investigation of SOC effects in bulk Ge(Sn)

There are many surface states at the Ge(Sn) surface or the Ge(Sn)/oxide interface

[125], which would create surface electric fields and lead to SIA and WAL close to

the surface [62]. We can apply gate biases on a junctionless FET to balance the

electric field induced by those surface defects to reach a flat band condition, where

the electric field becomes zero and the WAL effects should be suppressed

significantly. By doing so, we can study the influence of surface states on the Rashba

SOC in Ge or GeSn.
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g-factor in the GeSn/Ge heterostructures.

In spin-based quantum computing devices, a constant magnetic field is required to

break the spin-degeneracy, and the resulting two energy states serve as the qubit “1”

and “0”. The splitting energy is called the Zeeman splitting energy (Azeeman =

gugB), where g is the g-factor and pp is the Bohr magneton. Therefore, a larger

g-factor means that a relatively small magnetic field can be used to break the

degeneracy. The reported g-factor of Ge is 28 in Ref. [33]. However, there is no work

on the g-factors in a GeSn-based quantum well yet. By extracting the g-factors in

the GeSn/Ge heterostructure, we can have a deeper understanding of the magneto-

properties of the GeSn/Ge heterostructures for spin-based quantum computing

applications.

In summary, those three directions focus on the quantum transport properties in

the GeSn/Ge heterostructures, which have not been well-explored so far. Since GeSn

has great potential for future electronic application, a thorough understanding of this

material is important. The results of those projects will be very useful for both

condensed matter physics and device applications.
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