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ABSTRACT OF THE DISSERTATION 

 

Electrical Detection of Spin Transport in Si Two-Dimensional Electron Gas Systems 

 

by 

 

Li-Te Chang 

Doctor of Philosophy in Electrical Engineering 

University of California, Los Angeles, 2015 

Professor Kang Lung Wang, Chair 

 

Electrical detection of spin transport in a semiconductor (SC) channel is one of the key 

requirements to realize spintronics devices.1 Among various SC materials, the high-mobility 

two-dimensional electron gas (2DEG) confined in a modulation doped quantum well structure 

(MODQW) is of particular interest for device applications. This is because the high mobility 

promises for a long spin diffusion length of coherent transport as well as large spin signal for 

easy sensing.2 Meanwhile, the effective spin manipulation is achievable either by enhanced 

Rashba spin-orbit interaction from an asymmetric E-field structure,3,4 or by direct control of 

discrete density of states (DOS) within the quantum well structure.5,6 Despite of these merits, 

very few studies of direct electrical spin injection into 2DEG have been reported so far, mainly 

because of the difficulty in making reliable ferromagnetic (FM) contacts to the buried 2DEG 

channel. In literature, only a few reports in Si/SiO2
6 and III-V matrices4,7,8 are available up to 
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now; however, electrical detection of spin transport in the high-mobility 2DEG in a Si/SiGe 

MODQW has not been reported. To make continuous progress of Si-based spintronics and to 

take full advantage of current CMOS technology, there is an urgent need to develop Si-based 

spintronics devices.9,10  

In this thesis we present two related projects: first is spin injection in Ge; second is spin 

injection in Si two-dimensional electron gas (2DEG) system. It is the knowledge built up from 

the Ge project helps us successfully demonstrate electrical spin injection in Si 2DEG in a 

Si/SiGe MODQW using FM Mn-germanosilicide (Mn(Si0.7Ge0.3)x) end contacts, which is a new 

approach to circumvent the difficulty of etching process adopted for the typical spin valve 

devices.4,8 The experiments show that the spin-polarized electrons could be laterally injected into 

one side of the 2DEG confined at the Si/SiGe interface, and subsequently detected from the other 

side by the magnetoresistance (MR) of a FM/2DEG/FM spin valve. Most important of all, 

symmetric resistance steps were clearly observed from a series of FM/2DEG/FM spin valve 

devices with different channel lengths (Lch = 1.5~3.5 µm), by which the spin diffusion length and 

spin lifetime are calculated to be 
  
lsf = 4.5 µm  and   τ s = 16 ns  at 1.9 K, respectively. 
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Chapter 1  Introduction 

 

1.1 Introduction of Semiconductor Technology and Spintronics 

 

This project was motivated by critical challenges facing the continuous scaling of CMOS 

technology. In 1965 Dr. Gordon Moore published the article, Cramming more components into 

integrated circuits,11 on Electronics Magazine, predicting that the number of transistors on a 

single chip will increase by twice as much every two years. This became know as the famous 

Moore’s Law, followed by the entire semiconductor industry as a development guideline for tens 

of years. Early on, the scaling of transistors was driven by the improvements of 

photolithography. Recently, the scaling relied on the implementation of new materials, such as 

strained silicon,12,13 high-κ dielectric,14,15 and metal gate.13 Strained silicon provided 

improvements in mobility and current-drive that electrons could transport 70 % faster comparing 

to normal silicon;12 high-κ dielectric and metal gates increased the device performance without 

the associated problem of leakage current.14 More recently, while the scaling approached to 20 

nm, power consumption resulting from leakage current became a major problem.  

To further scale the transistor dimension as well as power consumption, the state-of-art 

solution is to change to an innovative devices structure, i.e. tri-gate transistors or multiple gate 

transistors, which is a variation of FinFET16,17 with a fully depleted channel. By replacing the 

traditional planar transistor structure with a three-dimensional (3D) channel, the gate electrode 
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pinches the fin-shape channel on two sides and on top, so that the transistor could be turned off 

effectively even at sub-20 nm dimension. For the past 50 years, the semiconductor industries 

have worked out many creative solutions to pursue Moore’s Law. For the next decade, the 

performance scaling will likely be not only at transistor level, but also at interconnect and 3D 

architecture.  

The 2013 International Technology Roadmap of Semiconductors (ITRS)18 highlights key 

challenging needs as the increase in functionality, the decrease in power dissipation, and low 

manufacturing variability. In addition to the physical scaling that follows the Moore’s Law, 

ITRS proposed a new trend called “More-than-Moore”, aiming to increase the devices values by 

integrating more functionalities that do not necessarily scale according to the Moore’s Law. 

Different functionalities could be integrated on the same chip to cover a wide range of 

applications, such as MEMS, analog circuit, high power driver, biochips, and spintronics. 

 Among the various applications, spintronics utilize electron spins as new degrees of freedom 

for information process. It is noted that the memory device19 is currently the most successful 

spintronics application that could beat the CMOS technology. Because digital information is 

stored as magnetization orientation, it enables the creation of novel electronic devices with 

ultrahigh density (4-8 area in F2), low power consumption (< 10 fJ/bit), and nonvolatile 

storage.19 In addition to the memory devices, another interesting application is spin field-effect-

transistors (spinFETs) that exploit the spin-dependent transport of charge carriers. In specifically, 

electrical detection of spin transport in semiconductor channel is the first requirement to realize 

spinFETs. Therefore, we present a systematic study towards electrical detection of spin transport 

in Si two-dimensional electron gas (2DEG) in this dissertation.  
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1.2 Review of Electrical Spin Injection and Detection in Semiconductor 

 

Prior work on spintronics devices has shown that when current flows through a 

ferromagnetic (FM) metal into an ordinary metal, electrons preserve their spin polarization and 

transport into the ordinary metal,20-23 because the density-of-states (DOS) at Fermi level is spin-

asymmetric in the FM metal. This concept resulted in the first proposal of spin field-effect-

transistors (SpinFETs) by Datta and Das3 in 1990. It also aroused people’s interests in the topic 

of electrical detection and manipulation of spin transport in semiconductor channel over the last 

two decades. 

In 1985, Johnson and Silsbee20-22 was the first to experimentally report the electrical spin 

injection into paramagnetic metal films. The spin polarization in a non-ferromagnetic metal was 

recognized by the Hanle effect, which also allows the determination of spin lifetime. Though the 

device operation yielded only a small change of output voltage due to its all-metal construction, 

these works introduced a refreshing idea at that time to generate spin polarization in a non-

ferromagnetic metal. In 1990, Datta and Das3 proposed an impressive device structure to 

electrically inject spin-polarized electrons into a high-mobility two-dimensional electron gas 

(2DEG) channel confined at InGaAs/InAlAs interface, and more importantly to modulate the 

spin polarization using a gate voltage through the Rashba effect. This idea was experimentally 

demonstrated by Koo4 in 2009. Although we have known that the Datta-Das type SpinFET has 

the similar problem of power consumption as CMOS structure because the spin transport is still 

associated with the charge transport, this proposal has triggered lots of research efforts in 

electrical spin injection and detection in GaAs,24,25 Si,26-29 and Ge.30-32 
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Comparing to non-ferromagnetic metal, it is more challenging for electrical spin injection 

and detection into a diffusive semiconductor, because the impedance mismatch between 

ferromagnetic metal and semiconductor prohibits spin injection in the diffusive transport 

regime.33,34 The problem could be explained using a two-channels circuit model (see Figure 1-

1). The typical device consists of a semiconductor (SC) channel layer sandwiched by two 

ferromagnetic metal (FM) layers, in which the FM layers exhibit a spin-dependent conductivity 

and the SC layer carries equal parts of spin-up and spin-down electrons. If we neglect the spin-

flip process between the two channels, the device could be simplified as a two-channel parallel 

circuit: one is for majority spin, the other is for minority spin. In the absence of spin scattering, 

the resistances of the two spin channels in one FM could be formulated as:33 

RFM
↑ = 2RFM

1− β
    and    RFM

↓ = 2RFM
1+ β

                                           (1-1) 

where β = σ ↑ −σ ↓( ) σ ↑ +σ ↓( )  is the spin polarization defined by spin dependent conductivities 

σ ↑↓ . To further simplify the model for a qualitative analysis, we assume the two spin channels 

in SM are equal ( RSC
↑ = RSC

↓ = 2RSC ), and we have either RFM1
↑ = RFM 2

↑  and RFM1
↓ = RFM 2

↓  for 

parallel magnetization configuration, or RFM1
↑ = RFM 2

↓  and RFM1
↓ = RFM 2

↑  for antiparallel 

magnetization. As a result, the change in resistance between the parallel and antiparallel 

magnetization configuration could be calculated as:33 

TMR ≡ RAP − RP
RP

= β 2

1− β 2
RFM
2

RSC
2

4

4 RFM
2

RSC
2 + 2 RFM

RSC
+ 1− β 2( )

                             (1-2) 
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It is important to notice that the TMR is proportional to RFM RSC( )2 , and RFM RSC  is typically 

of the order of 10-4 or smaller (e.g. ρGe = 1 Ω ⋅m , and ρFe = 0.1 µΩ ⋅m ). Therefore, the AMR of 

a typical SC/FM/SC spin valve is too small to detect; in other words, the magnetoresistance 

(MR) is independent on the magnetization of the FM layers, but is dominated by the spin-

independent SC layer. 

For the past decades, the common solution to increase the TMR ratio is to insert a tunnel 

oxide or to build a sharp Schottky barrier between the FM and SC layers.2,34 There are two 

milestones in the experimental demonstrations of electrical spin injection and detection in 

semiconductor thin film. In 2007, Lou25 demonstrated electrical detection of spin transport in 

GaAs using a sharp Fe/GaAs Schottky contact. He showed a series of nonlocal spin valve and 

nonlocal Hanle measurements, which provide detailed quantitative information about spin 

injection and transport in these Fe/GaAs devices. Two years later, in 2009, Dash28 demonstrated 

electrical creation of spin polarization in Si at room temperature, in which the three-terminals 

Hanle curves were observed in Si up to 300 K. Although the trustworthiness of three-terminals 

Hanle measurements is always under discussion35 that the measured Hanle curves might result 

from the suspicious signal of FM contact, this work indeed aroused people’s attention in 

spintronics application in room temperature.  

In addition to these milestones, our group also has major contributions to the area of 

electrical spin injection and detection in semiconductor. Zhou30 demonstrated first spin injection 

in Ge in 2011. I was involved in this work by building up a data acquisition system for low 

temperature magneto-transport measurements. In 2014, we continued the Ge work and replaced 

the traditional FM metal (i.e. Fe) with Mn5Ge3C0.8,32 which can be grown epitaxially on Ge  
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(111) to effectively avoid the formation of interface defects and hence improve the spin 

injection/detection efficiency. Finally, I would like to highlight the work of electrical detection 

of spin transport in Si two-dimensional electron gas (2DEG) system. This is the project that I 

independently lead for the last three years. We demonstrated electrical spin injection and 

transport in the 2DEG using FM/2DEG/FM structure, particularly for the first time in a Si/SiGe 

MODQW system. Being different from the traditional approaches, we developed high-quality 

Mn(Si0.7Ge0.3)x end contact to the buried 2DEG in a Si/SiGe MODQW using CMOS-compatible 

processes. In addition, we extracted the spin diffusion length and lifetime lsf = 4.5 µm and 

  τ s = 16 ns  at 1.9 K, respectively. Our findings in the Si/SiGe MODQW may spur further work 

on semiconductor-based heterostructures that integrate high-mobility channel with magnetic 

contacts, and may potentially lead to the innovation of novel spintronics devices. 
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Figure 1-1. Two-channels circuit model for the FM/SC/FM spin valve device. (Upper) The 

FM/SC/FM spin valve devices under parallel and antiparallel magnetic configuration. (Middle) 

Schematic illustration of electron tunneling in FM/SC/FM tunnel junction. Dashed lines depict 

the spin-conserved tunneling. (Lower) Schematic circuit diagram of the two-channel model. The 

actual sizes of the resistors were chosen to indicate the higher and lower resistances of the spin-

up and spin-down channels, respectively.  
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1.3 Spin Relaxation Mechanisms in Semiconductors 

 

There are four spin relaxation mechanisms of conduction electrons for semiconductors: 

Elliott-Yafet, D’yakonov-Perel’, Bir-Aronov-Pikus, and hyperfine-interaction mechanism.1 The 

Elliott-Yafet mechanism explains spin relaxation in solids possessing center of symmetry (e.g. 

Si, Ge), in which the Bloch function of electron wave is an admixture of the opposite spin states 

due to spin-orbit coupling (SOC) induced by ions: 

 

Ψ !
k↑(
!r ) = a!k (

!r ) ↑ + b!k (
!r ) ↓⎡⎣ ⎤⎦ ⋅e

i
!
k ⋅!r

Ψ !
k↓(
!r ) = a− !k

* (!r ) ↑ − b− !k
* (!r ) ↓⎡⎣ ⎤⎦ ⋅e

i
!
k ⋅!r

                                       (1-3) 

where ↑  and ↓  are the Pauli spin-up and spin-down states,    a!k (!r )  and    b!k (!r )  are the complex 

lattice-periodic coefficients on the radius vector   
!r . Thus every scattering event has chance to 

cause spin flip process, and the spin relaxation is closely related to the momentum relaxation. On 

the contrary, the D’yakonov-Perel’ mechanism is for the solids without center of symmetry (e.g. 

GaAs). Spin dephasing occurs because the itinerary electrons feel an effective magnetic field 

resulting from the lack of inversion and SOC: 

 
H
!
k( ) = 12 "σ ⋅

!
Ω
!
k( )                                                       (1-4) 

where σ  are the Pauli matrices,  Ω
!
k( )  represents electron precession with Larmor frequency. 

This field changes to a random direction once the electron scatters to a different momentum 

states. The Bir-Aronov-Pikus mechanism is related to p-doped semiconductors that the electron-

hole exchange interaction causes a fluctuating local magnetic field and electron spin flipping. 
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Last, the hyperfine interaction dominates the semiconductor heterostructures with a nuclear 

magnetic moment, such as modulation doped quantum well structure (MDQWS). 

In particular for Elliot-Yafet mechanism that is dominant in Si and Ge, the relation between 

spin relaxation time and momentum relaxation time in non-degenerate semiconductors could be 

expressed as:1 

  

1
τ s(Ek )

= A
Δso

Eg + Δso

⎛

⎝
⎜

⎞

⎠
⎟

2
Ek

Eg

⎛

⎝
⎜

⎞

⎠
⎟

2
1

τ p (Ek )
                                           (1-4) 

where   τ p (Ek )  is the momentum scattering at energy Ek,  Δso  is the spin-orbit splitting of the 

valence band (see Table 1-1), and Eg is the energy gap. The numerical factor A depends on the 

dominant scattering mechanism. For the temperature dependence of spin relaxation time, the 

thermal averaging leads to a substitution of thermal energy  kBT  for Ek, which leads to 

  1 τ s(T ) ∝T 2 τ p (T ) . If the momentum scattering is dominated by ionized impurity scattering 

  (τ p ∝T 3/2 )  at low temperature, the temperature dependence could be simplified as: 

  

1
τ s(T )

∝ T 2

τ p (T )
∝T 1/2                                                     (1-5) 

For degenerate semiconductor, such as heavily-doped Ge, the temperature dependence of  1 τ s  is 

directly proportional to  1 τ p  because  Ek = EF . The temperature dependence follows:30 

  

1
τ s(T )

∝ 1
τ p (T )

=
λ1
τ L

+
λ2
τ I

= λ1T
1.64 + λ2T

−1.2                                     (1-6) 

where   1 τ L ∝T 1.64  and   1 τ I ∝T −1.2  are phonon scattering rate and ionized impurity scattering 

rate, respectively, and λ1  and λ2  are two fitting coefficients.   
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Table 1-1. Spin-orbit splitting energy for different semiconductors36,37 

 

Semiconductors Energy gap (eV) Spin-orbit splitting energy (eV) 

Si 1.12 0.044 

Ge 0.66 0.29 

GaAs 1.53 0.35 

InAs 0.43 0.41 

InSb 0.23 0.82 

InP 1.41 0.14 

GaP 2.4 0.094 
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1.4 Dissertation Outline 

 

This dissertation will be organized into two related projects: first is spin injection in Ge; 

second is spin injection in Si two-dimensional electron gas (2DEG) system. It is the knowledge 

built up from the Ge project help us successful demonstrate electrical spin injection in Si 2DEG. 

In Chapter 2, we will first describe the experimental techniques used in these projects, including 

a brief introduction of material growth using molecular beam epitaxy (MBE), a summary of 

material and surface analysis methods, a setup of low temperature magneto-transport 

measurements system, and a summery of electrical detection techniques for spin transport in 

semiconductors. In Chapter 3, we will demonstrate electrical spin injection and detection into Ge 

using Fe/MgO/n+-Ge and Mn5Ge3C0.8/Al2O3/n+-Ge tunnel contact. In these studies, we present 

the contact engineering for spin injection into Ge thin film. However, we also show you the 

limitation of the traditional approach for the semiconductor thin film system. In Chapter 4, we 

will present a comprehensive development process of spin injection into Si 2DEG system, 

including material growth, structure analysis, device fabrication, and device characterization. 

The successful of Si 2DEG system might provide a breakthrough in the semiconductor thin film 

system. Finally, a brief discussion and conclusion will be given in Chapter 5, followed by an 

outlook of future work.   
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Chapter 2  Experimental Techniques  

 

2.1 Introduction of Experimental Techniques 

 

Electrical spin injection and detection in semiconductor is an interesting topic in the scope of 

spintronics. It takes tremendous efforts in material growth, device fabrication, device 

characterization, and physics analysis. In this chapter, I will describe the experimental techniques 

used in this project, including material growth by Molecular Beam Epitaxy (MBE), various 

material and surface analysis techniques, low-temperature magneto-transport measurements, and 

electrical detection of spin transport in semiconductor.  

The starting materials used in these experiments are modulation-doped Ge structures and Sb 

δ-doped Si/SiGe modulation doped quantum well structures. These materials are grew by 

Professor Jörg Schulze’s group in the Institut für Halbleitertechnik (IHT), Universität Stuttgart. 

Except for MBE growth, I carried out the device design, fabrication, and characterization. In 

particular, the spin injection and detection experiments were done at low temperature (1.9 to 100 

K) with a low-temperature magneto-transport measurements system that we built up at Device 

Research Laboratory under the supervision of Professor Kang L. Wang. I will describe the 

system integration with a LabVIEW data acquisition program. Finally, I summarize the electrical 

detection techniques for spin transport in semiconductor.       
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2.2 Material Growth using Molecular Beam Epitaxy 

 

The MBE system at IHT is from the company ATOMIKA. It consists of a transfer system, a 

loading chamber, and a growth chamber (see Figure 2-1). The system allows the epitaxial 

growth on a 150 mm diameter substrate or a 100 mm diameter substrates in a carrier ring. For 

this MBE system, two major growth materials are Silicon (Si) and Germanium (Ge) that are 

evaporated from the electron beam evaporator. Two doping sources are antimony (Sb) and boron 

(B) that are evaporated from the effusion cells. It is noted that Sb is the group VI materials, so it 

provides additional electrons as n-type doping; on the contrary, B is the group III materials, so it 

provides additional holes as p-type doping in the group IV materials (Si and Ge). During the 

growth, substrate is heated up by a graphite filament, and it is electrically grounded to avoid 

accumulated charges and associated damage due to accelerated Si and Ge atoms. 

To preserve a high-quality and consistent material growth, the in-situ analyses are provided 

by a pyrometer and two quadrupole mass spectrometers (QMS). The pyrometer monitors the 

substrate’s temperature in the range of 550 ~ 1010 °C, and the QMS monitors the vacuum in the 

growth chamber as well as check the Si and Ge flux. Meanwhile, it is a programmable control 

system from Eurotherm (FICS 10A) to control substrate temperature, effusion cell temperature, 

and Si and Ge flux. All the growth parameters and material sequence design are setup before the 

growth, as shown in Table 4-1. This procedure allows a better persistence and reproducibility of 

the material growth, because the subjective influence from the operator could be prevented 

during the growth.  
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Figure 2-1. Schematic diagram of the SiGe MBE system at IHT. (Upper) Picture of the SiGe 

MBE system at IHT. (Lower) Schematic diagram of the transfer system, loading chamber, and 

growth chamber. 
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2.3 Material and Surface Analysis Methods 

 

Table 2-1 is a summary of surface analysis methods that used for material and device 

developments. The table is first organized by the basic mechanism (incident excitation, and 

emitted response), followed by the main purpose (type of information) and the technical 

specification (detection limit, lateral resolution, and depth resolution). For example, scanning 

electron microscopy (SEM) provides magnified surface image. Its working mechanism is to scan 

material surface with a focused electron beam, and reproduce the surface image based on the 

reflected secondary electron, which contains surface information such as the conductivity 

contrast and surface topography. Therefore, in Table 2-1, the incident excitation of SEM is 

electron; the emitted response is also electron; the lateral resolution is about 1 nm. On the other 

hand, X-ray photoelectron spectroscopy (XPS) provides the analysis of elemental composition. 

Its working mechanism is to shine an X-ray (photons) onto the sample, and detect the excited 

photoelectrons, whose energy is proportional to the elemental binding energy. The spectrum of 

the photoelectrons provides the elemental composition of the material surface. In this case, the 

incident excitation of XPS is photon (X-ray); the emitted response is electro; the detection limit 

is 1019-1020 atoms/cm3; the lateral resolution is 10-1000  µm ; the depth resolution is 2 nm. It is 

noted XPS could also provide the depth profile with the help of plasma etching.   
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Table 2-1. Summary of material and surface analysis techniques38,39 

Techniques 
Incident 

Excitation 

Emitted 

Response 

Type of 

Information* 

Detection 

Limit** 

(atm./cm3) 

Lateral 

Resolution 

Depth 

Resolution 

AES 

Auger electron 

spectroscopy 

electron electron elem/chem 1019-1020  100 µm  

2 nm 

SEM 

Scanning electron 

microscopy 

electron electron 
surface 

image 
- 1 nm - 

TEM 

Transmission electron 

microscopy 

electron electron 

surface image 

& crystal 

struct. 

- sub-nm - 

RHEED 

Reflection high energy 

electron diffraction 

electron electron 
crystal 

struct. 
- 

0.1-1000 

 µm  
2 nm 

EDAX 

Energy dispersive 

analysis of X-ray 

electron 
photon 

(X-ray) 
elem 1019-1020  1 µm   1 µm  

SIMS 

secondary ion mass 

spectrometry 

ion ion elem 1014-1018  1 µm  

1-30 nm 
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RBS 

Rutherford 

backscattering 

spectroscopy 

ion ion elem 1019-1020 0.1 cm 20 nm 

XPS 

X-ray photoelectron 

spectroscopy 

photon 

(X-ray) 
electron elem/chem 1019-1020 

10-1000 

 µm   
2 nm 

Raman 

Raman vibrational 

spectroscopy 

photon 

(X-ray) 

photon 

(X-ray) 
molecule 1019  1 µm   1−10 µm  

STM 

Scanning tunneling 

microscopy 

E-field electron 
surface 

roughness 
- 0.1 nm 0.01 nm 

AFM 

Atomic force 

microscopy 

E-field electron 
surface 

roughness 
- 30 nm 0.1 nm 

*elem: elemental composition, chem: chemical composition; **Detection limit depends on 

element to be detected. 
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2.4 Low Temperature Magneto-Transport Measurements System  

 

Low-temperature magneto-transport measurements are the major characterization used to 

study the physics of spin transportation in 2DEG. This system consists of a cryostat, various 

external instruments, and a LabVIEW data acquisition program (see Figure 2-2). The 

experiment could be carried out at the base temperature 1.9 K and the largest magnetic field of 

±9 Tesla. The sample is mounted at the bottom of the cryostat, and connected to the external 

electronics instruments that are controlled by a LabVIEW data acquisition program. Because this 

program integrates the cryostat and all of the external instruments, it could modulate all the 

parameters in one setup, such as the source-drain bias voltage, gate bias voltage, temperature, 

and magnetic field. Most importantly, this system is able to perform continuous magneto-

transport measurements. Once setup, the LabVIEW program collects data day and night, hence it 

takes full advantage of liquid helium and time.  

The left part of Figure 2-2 is a commercial cryostat called Physical Property Measurement 

System (PPMS) from Quantum Design. It provides a fast access of low temperature (1.9 K) and 

high magnetic field (±9 Tesla). The sample cooling is achieved by pumping the liquid helium 

into the PPMS probe through an impedance tube at the probe-end. In this way, the sample 

temperature could be controlled accurately via adjusting the helium flow rate in the impedance 

tube. In addition, by passing a large current (~ 8.6 A at 1 Tesla) through the superconducting 

magnet that merges inside the liquid helium, a large magnetic field could be created at the 

sample space. Furthermore, while a superconductor switch bypasses the magnet current into a 



19 

    

 

closed superconducting loop, the magnet could be operated in the “persistent” mode to minimize 

helium consumption.  

In experiments, the sample is mounted at bottom of the PPMS probe with an accurate-

controlled temperature and magnetic field. The sample wirings are extended upwards to the 

probe head, where a hand-made interface box collects all the wiring and serves as a connection 

bridge to various external instruments (center part of Figure 2-2), in which the typical functions 

of each instrument are summarized in Table 2-2. Finally, every instrument and computer are 

interconnected by GPIB cables, and all parameter could be collected by a LabVIEW data 

acquisition program (right part of Figure 2-2). For example, Figure 2-3 shows a LabVIEW 

block diagram to query PPMS information, in which every command is built by a graphic and 

connected by a wire to form a sequence. It provides a user-friendly interface between computer 

and external instruments. The program remotely controls the instruments via the GPIB (IEEE-

488) interfaces, so that it could simultaneously send commands to each one and link them 

together. With the help of data acquisition program and flexible connection, it is easy to perform 

innovative design of magneto-transport measurements. 
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Figure 2-2. Schematics of the low temperature magneto-transport measurements system. The 

sample is loaded at the bottom of the PPMS probe (left). The sample wirings are extended 

upwards to the probe-head, where a hand-made interface box collects all the wiring and serves as 

a connection bridge to various external instruments (center) for magneto-transport 

measurements. The PPMS and external instruments are integrated together by a LabVIEW 

program (right) for data acquisition. 
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Table 2-2. List of instruments and the related functions 

Company Model Function 

Quantum Design QD 6000 Temperature and field control system 

Keithley KE 6221 AC/DC current source 

Keithley KE 2182 Nano-voltmeter 

Keithley KE 2636 Source measure unit 

Stanford Research Systems SR 830 Lock-in preamplifier 

Stanford Research Systems SR 560 Voltage preamplifier 

Stanford Research Systems SR 570 Current preamplifier 
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Figure 2-3. The LabVIEW block diagram used to query PPMS information. This block diagram 

is based on a basic driver, “ppmscomm.dll”, provide by Quantum Design.40 It serves as a GPIB 

communication interface between the PPMS and computer. To query the PPMS information, the 

GPIB command is Getdat$ 7, and the returned information would be in the format of 7, x, x, x, x. 

The first number corresponds to the Getdat number; the second number corresponds to the time 

stamp; the third number corresponds to the PPMS status; the forth number corresponds to the 

temperature; the fifth number corresponds to the field. For the third number, once converted to 

the format of Hexadecimal, Appendix A shows the status table for the status of temperature, 

magnet, chamber, and sample position, respectively. 
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2.5 Electrical Detection of Spin Transport in Semiconductor 

 

Electrical spin injection and detection in semiconductor is one of the essential requirements 

to realize functional spintronics devices. In this section, I will use spin injection in Ge as 

examples and review different approaches of electrical spin detection, including three-terminal 

(3T) Hanle, 3T inverted Hanle, four-terminal (4T) nonlocal Hanle, and 4T nonlocal spin valve 

measurements. In the end, Table 2-3 is a summary of the electrical detection techniques for spin 

transport in semiconductor channel. 

For electrical methods, 3T and 4T nonlocal schemes are two major approaches used to study 

spin transport. The advantages of 3T Hanle techniques include the simplicity of both device 

fabrication and the ability to extract spin lifetime. However, since the same contact is used for 

both spin injection and detection, care must be taken to distinguish the desired signals attributed 

to the spin injection and transport in the semiconductor from anomalous signals due to 

anisotropic magnetoresistance (AMR),41 surface roughness,42 or localized states at the 

interface.43 On the other hand, 4T nonlocal techniques show that the nonlocal voltage signal 

depends on the relative magnetization orientations of the injector and detector.25,27,30 It is 

conventionally used to avoid the above-mentioned spurious signal41-43 because the charge current 

is separated from the spin diffusion path into the detector terminal. However, the spacing 

between the injector and detector has to be comparable to the spin diffusion length, which is 

usually in the range of sub-micron meters.  

Figure 2-4(a) shows the typical schematics of the 3T device structure and the circuit setup of 

3T Hanle measurements. Figure 2-4(b) shows an energy band diagram of the active contact 
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under reverse bias, in which spin accumulation (µ↑ > µ↓ ) is generated in Ge channel by passing 

currents through a Fe/MgO/n+-Ge tunnel contact. The spin polarization voltage (V3T) is linearly 

proportional to the spin accumulation given by  ΔV = Δµ ×γ 2e , where γ  is the tunneling spin 

polarization of the contact, and Δµ = µ↑ − µ↓  is the difference between the electrochemical 

potentials of spin-up and spin-down electrons. To detect spin accumulation using Hanle effect, 

the spin polarization voltage could be de-polarized by applying a transverse magnetic field (Bz), 

which induces spin precession around the magnetic field direction at the Larmor frequency20,28 (

  ω L = gµB Bz !  , where g = 1.6 is the Landé g-factor for Ge,  µB  is the Bohr magneton, and  !  is 

the reduced Planck constant). As a result, the 3T Hanle voltage could be modeled by a 

Lorentzian function:28 

  
ΔV3T B( ) = ΔV3T , B=0 1+ ω Lτ s( )2⎡

⎣⎢
⎤
⎦⎥                                                  (2-1) 

It is important to noted that spin lifetime could be extracted when Hanle voltage reduces to the 

half of the maximum value:  

  
ΔV3T B1 2( ) = 12 ⋅ ΔV3T ,B=0                                                    (2-2) 

  
ω L = 1 τ s = gµB B1 2( ) !                                                   (2-3) 

  
τ s = ! gµB B1 2( )                                                           (2-4) 

As shown in Figure 2-4(c), the 3T Hanle curve at 4 K is well fitted by Equation 2-1. In 

particular, the extracted spin lifetime  τ s  at 4 K is 900 ps.  
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The 3T Hanle curve indicates a dephase process of spin polarization while spin-polarized 

electrons precess at the Larmor28 frequency around a transvers (Bz) magnetic field. On the 

contrary, the 3T inverted Hanle effect is an opposite process that spin polarization is increased by 

an in-plane magnetic field (By). The appearance of the 3T inverted Hanle effect is a consequence 

of spatially inhomogeneous magnetostatic stray field that arises from the finite roughness at the 

FM/oxide interface. The stray fields cause intrinsic spin precession near the interface, so the spin 

polarization is suppressed even without an external field. By sweeping an in-plan magnetic field 

(By), the injected electron spins could be re-aligned towards the easy-axis of the FM contact, and 

the spin polarization finally saturates at a large field (~1 Tesla).42 Consequently, the coexistence 

of 3T Hanle and 3T inverted Hanle curves are currently regarded as a strong evidence of spin 

accumulation in semiconductor channel.  
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Figure 2-4. Schematic diagrams of the 3T Hanle measurements. (a) Schematics of the 3T device 

structure and the measurements scheme. The size of the active contact is  3× 50 µm2 . (b) Energy 

band profile of the active contact under reverse bias at 4 K. (c) The MR curve of 3T Hanle 

measurements at 4 K, in which the Lorentizan fitting provides a spin lifetime of   τ 3T = 900 ps . 
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Figure 2-5(a) is a schematic diagram of the 4T device structure and the nonlocal 

measurements scheme. The energy band diagram of the spin injector (E2) is similar to that of 

Figure 2-4(b). Once applying a reverse bias voltage (current) on the spin injector, the spin-

polarized electrons are vertically injected into the Ge channel, and laterally diffuse toward 

outside non-FM electrode (E1) and spin detector (E3) due to the gradient of spin-dependent 

electrochemical potentials, as shown in the lower inset of Figure 2-5(a). As a result, the spin 

detector measures a nonlocal voltage (VNL) that is proportional to the projection of the spin 

accumulation in the Ge channel onto its magnetization direction; furthermore, VNL changes sign 

when the magnetization orientations of spin injector and detector switch from parallel to 

antiparallel configurations. Figure 2-5(b) shows 4T nonlocal spin valve measurements at 4T 

while sweeping field along the in-plane direction (By), where the nonlocal resistance (RNL) is 

defined as the nonlocal voltage (VNL) divided by the AC modulation current (IAC), and the blue 

arrows indicate the magnetization orientation of the injector and detector. 

Figure 2-5(c) shows 4T nonlocal Hanle measurements at 4 K, in which a small transverse 

field (Bz) is applied to induce the spin precession by the Hanle effect.20,28 The solid (dashed) lines 

were fitting based on the one-dimensional (1-D) spin drift-diffusion model:30  

VNL ∝ ± 1
4πDt

exp − L2

4Dt
⎡

⎣
⎢

⎤

⎦
⎥0

∞

∫ cos ω Lt( )exp − t
τ s

⎛
⎝⎜

⎞
⎠⎟
dt                       (2-5) 

In the above equation, + (-) sign is for the parallel (antiparallel) magnetization configuration, D 

is the diffusion constant,  ω L  is the Larmor frequency as defined above. A spin lifetime of 770 ps 

at 4 K was extracted by fitting the data with Equation 2-5.   
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Figure 2-5. Schematic diagrams of the nonlocal Hanle and nonlocal spin valve measurements. 

(a) Schematics of the device structure and the nonlocal measurements scheme. The lower inset 

shows the lateral distribution of spin-dependent electrochemical potential. (b) MR curves of the 

nonlocal spin valve measurements at 4 K with a DC bias current of  −20 µA  and an AC 

modulation current of  −10 µA . (c) MR curves of the nonlocal Hanle measurements at 4 K with 

a DC injection current of  −130 µA . The extracted spin lifetime is  τ 4T = 770 ps . For both curves, 

the blue arrows indicate the magnetization orientation of E2 and E3.  
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Table 2-3. Summary of electrical detection techniques for spin transport in semiconductors 

Setup 
Local 

3T Hanle 3T inverted Hanle 

Schematics 

  

Spin injection 
• Spin accumulation (Δµ = µ↑ − µ↓ ) in SC channel is built under the spin 

injector by passing a current through a FM tunnel contact. 

Spin detection 

• Spin polarization voltage is proportional to the spin accumulation as: 

 ΔV3T = Δµ ×γ 2e   

• Apply transverse field (Bz) to 

induce spin precession and spin 

dephasing (Hanle effect).  

• Extract spin lifetime using 

Lorentzian fitting. 

   

ΔV3T (B) =
ΔV0

1+ ω Lτ s( )2
,  τ s =

!
gµB B1 2

  

• Stray field from surface 

roughness induce additional spin 

relaxation at FM/SC interface. 

• Apply in-plan field (By) to 

enhance spin polarization. 

Advantage • Device fabrication and spin lifetime extraction are relatively easy. 

Disadvantage • Suspicious signals are easily involved in the measured signal. 
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Setup 
Nonlocal 

4T Hanle 4T spin valve 

Schematics 

  

Spin injection 

• Spin accumulation (Δµ = µ↑ − µ↓ ) in SC channel is built under the spin 

injector by passing a current through a FM tunnel contact. 

• Spin accumulation laterally diffuses in channel towards the spin detector. 

Spin detection 

• VNL is proportional to the projection of spin accumulation onto the 

magnetization orientation of the spin detector (E3).  

• Apply transverse field (Bz) to 

induce spin precession and spin 

dephasing (Hanle effect) 

• Extract spin lifetime using 1-D 

spin drift-diffusion model: 

  

VNL ∝ ± 1
4πDt

exp(− L2 4Dt)
0

∞

∫
×cos ω Lt( )× exp(− t τ s )dt

  

• Apply in-plan field (By) to build 

parallel and antiparallel 

magnetization configuration 

between the spin injector (E2) 

and the spin detector (E3).  

Advantage 
• Promising transport measurements by avoiding suspicious signal with 

nonlocal setup. 

Disadvantage 
• Device fabrication is more complex due to the smaller dimension. 

• Spin polarization voltage is smaller to detect after lateral transport. 
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Chapter 3  Electrical Spin Injection and Transport in Ge 

 

3.1 Introduction of Spin Injection in Ge 

 

During the last decades, a continuous downscaling of CMOS field-effect-transistor 

dimensions has lead to an increase in device performance and efficiency.18 With gate lengths of 

currently 14 nm in production, this downscaling is gradually reaching the end. The alternative 

device concepts that make use of spin polarization as state variables (spintronics) are being 

increasingly investigated as potential candidates for logic devices. The current spin polarization 

in a semiconductor (SC) can be defined as PJ ,SC = J↑ − J↓( ) J↑ + J↓( ) , where J↑  and J↓  are the 

current densities for spin-up and spin-down electrons, respectively. They describe the asymmetry 

of majority and minority spin currents in the semiconductor. The prototypical spin-polarized 

field-effect-transistor (FET) was proposed by Datta and Das3 in 1990, which was followed by 

numerous concepts for spintronic devices.44-47 In these concepts, there are two essential 

achievements to realize functional devices: one is the electrical detection of spin transport in SC 

channel. The other is the effective manipulation of spin-polarized currents. 

Ever since the earlier developments of electrical spin injection in Si,26,28,29 Ge has been 

investigated as another promising candidate for CMOS-compatible spintronics. Because of the 

crystal inversion symmetry of Si and Ge, the spin relaxation of conduction electrons are 

dominated by Elliott-Yafet mechanism1 that the spin relaxation time is proportional to the 

momentum relaxation time. Therefore, the higher electron mobility of Ge promises a longer spin 
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diffusion length. On the other hand, as shown in Table 1-1, the spin orbital interaction (SOI) of 

Ge (0.29 eV) is between that of Si (0.044 eV) and GaAs (0.35 eV), so it is approachable to 

combine the techniques of electrical spin injection in Ge30,31 and spin Hall/inversed spin Hall 

effects in Ge48,49 for device applications.  

 In Chapter 3, I will present two systematic works of electrical spin injection in Ge using 

different contact materials: one is Fe/MgO/n+-Ge tunnel contact, and another is 

Mn5Ge3C0.8/Al2O3/n+-Ge tunnel contact. The former is a conventional structure used by Si29,50 

and Graphene,51-55 and the later is an innovative structure that replaces the ferromagnetic metal 

by the ferromagnetic semiconductor (Mn5Ge3C0.8), which holds great potential to build a high 

quality Schottky contact for device application. 
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3.2 Electrical Spin Injection in n-Ge Using Fe/MgO/n+-Ge Tunnel Contact 

 

This section reported the electrical detection of spin injection in n-Ge using single-crystalline 

Fe/MgO/n+-Ge tunnel junction, and compared the temperature dependence of spin lifetime in n-

Ge characterized by three-terminal (3T) and four-terminal (4T) Hanle measurements. Figure 3-

1(a) shows the schematic of the 3T device structure and the measurements setup (see device 

fabrication in Appendix A). A DC bias voltage (Vb = -5 ~ +2 V) coupled with an AC modulation 

voltage (VAC = 0.1 V) was applied to the active contact ( 3×50 µm2 ) to create spin polarization 

in the Ge channel. The 3T spin polarization voltage is linearly proportional to the spin 

accumulation given by   ΔV = Δµ ×γ / 2e , where γ  is the tunneling spin polarization of the 

Fe/MgO interface, and Δµ = µ↑ − µ↓  is the difference between the electrochemical potentials of 

spin-up and spin-down electrons. By applying a transverse magnetic field, the spin polarization 

voltage decreases due to the Hanle effect, in which the spin precesses around the magnetic field 

direction at the Larmor frequency20,28 (  ω L = gµB Bz ! , where g = 1.6 is the Landé g-factor for 

Ge,  µB  is the Bohr magneton and  !  is the reduced Planck constant). The 3T Hanle resistance (

  R3T = ΔV3T / I AC ) is defined as the Hanle voltage divided by the AC modulation current, which is 

calculated from the differential resistance of the spin injection circuit at each Vb by a separate 

scan, and it could be modeled by a Lorentzian function:28 

  
ΔR3T B( ) = ΔR3T 1+ ω Lτ s( )2⎡

⎣⎢
⎤
⎦⎥                                                 (3-1) 
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As shown in Figure 3-1(b), the 3T Hanle curve at 4 K was well fitted by Equation 3-1, and in 

particular, the extracted spin lifetime  τ s  at 4 K is 900 ps. 

Deriving from the standard model of spin diffusion and relaxation, the spin injection 

theory34,56-58 predicts that when the spin transport along a lateral channel in the diffusive regime, 

the occurrence of an appreciable magnetoresistance (MR) is directly related to an upper 

threshold value of the spin resistance-area (RA) product at a single ferromagnet 

(FM)/semiconductor (SC) interface. In the case when the spin diffusion length lsf is shorter than 

contact width W but longer than channel thickness w, i.e., (W >> lsf >> w ), the spin RA product 

is   Rs ⋅ A = γ 2ρlsf
2 w ≈ 6 ×106  Ω ⋅µm2 , where the tunnel spin polarization of Fe/MgO interface is 

 γ ≈ 0.5 ,
59 the Ge resistivity is  ρ ≈1 Ω ⋅m  with a doping concentration of  1×1016  cm−3 , and the 

spin diffusion length is lsf = 600 nm at 4 K as calculated from the  τ 3T  in Figure 3-1(b). In our 

case, the 3T spin RA product at zero bias was estimated to be   R3T ⋅ A ≈ 5 ×104  Ω ⋅µm2  at 4 K. The 

predicted upper limit of the RA product is two order of magnitude larger than that of our 3T 

devices RA, suggesting that the spin accumulation is likely to occur in the Ge channel. 

Otherwise, the extracted RA product would be much larger than the upper limit if the spins are 

trapped in the localized interface states.43  
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Figure 3-1. Electrical spin injection in Ge using Fe/MgO/n+-Ge tunneling contact. (a) 

Schematics of the 3T device structure and the measurements scheme. The size of the active 

contact is  3× 50 µm2 . (b) Resistance (R3T) from 3T Hanle measurements at 4 K. The extracted 

 τ 3T  is 900 ps. (c) The temperature dependence of the contact resistance-area (RA) product of 3T 

and 4T devices,30 respectively. (d) Schematics of 4T device structure and the nonlocal 

measurements scheme. The center-to-center distance between the spin injector (E2) and detector 

(E3) is  1 µm . (e) Nonlocal resistance (RNL) from the 4T nonlocal Hanle measurements at 4 K 

with a DC injection current of  −130 µA . The extracted  τ 4T  is 770 ps. The red circle and black 

square symbols are for the signal measured when the spin injector (E2) and detector (E3) are in 

parallel or antiparallel configurations, respectively. The blue arrows indicate the magnetization 

orientations of the spin injector and detector. (f) 4T nonlocal spin valve measured at 4 K with a 

DC injection current of  −20 µA  and an AC modulation current of  −10 µA . Figures (d), (e) and 

(f) are adopted from our previous work.30  



37 

    

 

For the 4T device, Figure 3-1(d) is the schematic diagram of the device structure and 

nonlocal measurements scheme (see device fabrication in Appendix A). Figure 3-1(e) shows 4T 

nonlocal Hanle measurements at 4 K, where the nonlocal resistance (RNL) is defined as the 

nonlocal voltage (VNL) divided by the AC modulation current (IAC), and the blue arrows indicate 

the magnetization directions of the injector and detector. The solid (dashed) lines were fitting 

based on the 1-D spin drift-diffusion model:30  

  
RNL ∝ ± 1

4πDt0

∞

∫ exp − L2

4Dt
⎡

⎣
⎢

⎤

⎦
⎥cos ω Lt( )× exp − t

τ 4T

⎛
⎝⎜

⎞
⎠⎟

dt
                     

(3-2) 

In the above equation, + (-) sign is for the parallel (antiparallel) magnetization configuration, D 

is the diffusion constant, ω L  is the Larmor frequency as defined above. A spin lifetime of 770 ps 

at 4 K was obtained by fitting the Hanle curves with Equation 3-2. The results from 3T and 4T 

nonlocal Hanle measurements turned out to be close at 4 K, which is consistent with the previous 

study on spin lifetimes in Si using 3T and 4T measurements.60 Figure 3-1(f) shows the nonlocal 

spin valve signal at 4 K. By applying an in-plane magnetic field (By), VNL depends on the relative 

magnetization orientations of the injector and detector, as a direct indication of the spin current 

injected into the Ge channel. Since the 3T and 4T nonlocal Hanle curves were measured from 

different devices, it is necessary to assess the junction properties of two devices. As shown in 

Figure 3-1(c), the contact RA products for both devices were close and exhibited the same 

temperature dependence (slight increase as the temperature decreases), which indicate that the 

junction properties for 3T and 4T nonlocal Hanle devices are similar. 
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Figure 3-2. Spin lifetime as a function of bias voltage in the modulation-doped n-Ge at 10 K. (a) 

The left Y-axis shows the bias dependence of  τ 3T  (solid circle), and the right Y-axis shows the 

bias dependence of the average penetration depth, ZI (open triangle) extracted from the device 

simulation at 10 K. The inset color bar shows the corresponding doping level of the Ge sample. 

Starting from the MgO/Ge interface, the 15 nm surface layer has n = 2 × 1019 cm-3,  followd by 

the 15 nm transition layer with the doping level from n = 2 × 1019 to 1 × 1016 cm-3. (b), (c), (d), 

and (e) The left Y-axes show the simulated band diagram (solid line), and the right Y-axes show 

the spatial distribution of electron density (dot line) under different bias voltages Vb = +2, 0, -3 

and -5 V, respectively, where EC (EV) stands for the conduction (valence) band edge, and ne (ND) 

stands for the electron (dopant) density, respectively.  
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Before comparing the temperature dependence of  τ 3T  and  τ 4T , we investigated the bias 

dependence of  τ 3T . In Figure 3-2(a), the left (right) Y-axis shows  τ 3T  (ZI) as a function of the 

bias voltage at 10 K, respectively. Here the average penetration depth (ZI) is determined by the 

spatial distribution of electron density: 

 
ZI ≡ z × ne z( )

0

L

∫ dz ne z( )
0

L

∫ dz                                              (3-3) 

where L is defined from the position of back contact, and ne(z) is the electron density obtained 

from a self consistent device simulator, Sentaurus Device, using Fermi-Dirac statistics model, 

nonlocal tunneling model, and incomplete ionization model at 10 K. In addition, the inset color 

bar shows the corresponding doping level of a 15 nm surface layer (n = 2 × 1019 cm-3), followed 

by a 15 nm transition layer with the doping level from n = 2 × 1019 to 1 × 1016 cm-3. The position 

of spin accumulation should consider both electric field distribution and spin drift-diffusion 

equation,61 but the complete device simulation is beyond the scope of this section, so we only 

simulated the electric field distribution here. The real position of spin accumulation should be 

offset ZI towards the low doped region. Figure 3-2(b-e) illustrated the simulated band diagrams 

(left Y-axes, solid line) and electron density (right Y-axes, dot line) under different bias voltages 

(Vb = +2, 0, -3 and -5 V), in which EC (EV) stands for the conduction (valence) band edge, and ne 

(ND) stands for the electron (dopant) density, respectively. According to the bias dependence of 

 τ 3T , Figure 3-2(a) can be roughly divided into three regions: region (I) stands for the forward 

bias region (Vb > 0 V in Figure 3-2(b)), where ZI is reduced to be within the uniformly heavily-

doped (n = 2 × 1019 cm-3) surface layer. In this region, τ 3T  is relatively small (~200 ps) due to the 
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severe ionized impurity scattering, and it is not sensitive to the forward bias voltage because 

most of the electrons are accumulated within the uniformly doped surface layer. Region (II) 

stands for the moderate reverse bias region (-4 V < Vb < 0 V in Figure 3-2(d)), in which ZI 

gradually increases with the bias voltage and extends from the heavily-doped surface layer into 

the transition layer. It is clear to see that  τ 3T  increases with the bias voltage because spin-

polarized electrons are more easily injected into the relatively low-doped region (n = 2 × 1019 to 

1 × 1016 cm-3). Region (III) stands for the large reverse bias region (Vb < -4 V in Figure 3-2(e)), 

where ZI keeps increasing but  τ 3T  starts to drop with increasing reverse bias. The possible causes 

might attribute to spin-drift-based mechanism,62 thermalization process,63 or phonon emission 

process.64 

Finally we studied the temperature-dependences of  τ 3T  and  τ 4T . Because the bias voltage in 

the 3T scheme was applied across the whole sample rather than mainly on the tunneling junction, 

the 3T bias voltage is usually much larger than that in the 4T scheme. To compare  τ 3T  and  τ 4T  

under the similar bias condition, we chose the specific bias voltage with about the same current 

density. Figure 3-3(a) shows 3T Hanle resistance peaks measured at different temperatures (1.5 

~ 50 K) with a DC bias voltage of -3.5 V, or equivalently an injection current density of 

 −20 µA / µm2 , and Figure 3-3(b) shows 4T Hanle resistance peaks in the same temperature 

range with a DC bias voltage of -0.2 V, or equivalently an injection current density of 

 −26 µA / µm2 . In addition, 3T and 4T Hanle curves (open circle) are well fitted by Equation 3-
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1 and 3-2 (solid line), respectively. The extracted  τ 3T  (blue solid square) and  τ 4T  (red open 

circle) were plotted as a function of temperature in Figure 3-3(c).  

  1 τ s = λ τ L = λ ⋅T 1.66 , or τ s = λ−1 ⋅T −1.66                                       (3-4) 

where λ  is a constant, and the temperature dependence of   T 1.66  for  1 τ L  is based on the 

experimental result.65 The power-law fitting of the temperature dependence of our measured spin 

lifetimes shows that   τ s ∝T −1.9  for both 3T Hanle and 4T nonlocal Hanle measurements, which is 

in good agreement with the theoretical prediction. For comparison, Sasaki’s results60 of 3T and 

4T spin injection into Si are re-plotted as the inset of Figure 3-3(c), in which the  τ 3T  and  τ 4T

behave very similar in the whole temperature range between 8 K and 100 K. Although our 

measured  τ 3T  and  τ 4T  at high temperature (T > 50 K) show similar temperature dependence of 

  τ s ∝T −1.9  due to phonon scattering,  τ 3T  starts to drop from a lower temperature than  τ 4T , which 

might be attributed to additional scattering mechanisms. The possible reasons for such a 

difference at the high temperature regime are discussed in the following. The active contact in 

the 3T geometry acts as both the injector and detector, while the detector in the 4T geometry is 

separated from the injector. Since the spin signal is measured under the detector, the electric field 

and current density is inevitably much higher for 3T than that for 4T. When the temperature 

increases and the carrier density becomes high, carrier collisions act as an important scattering 

mechanism66 contributing to the increased momentum scattering in the 3T geometry.  
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    In summary, we compared 3T and 4T methods to characterize the temperature dependence of 

spin lifetimes in n-Ge. At the low temperature regime (T ≤ 10 K), τ 3T  and τ 4T  behave very 

similar; however, the difference between  τ 3T  and  τ 4T  shows up in the high temperature regime 

(T > 10 K). The results show that both methods are useful to extract the spin lifetime, but τ3T is 

more easily affected by the accompanied the charge current and electric field at the high 

temperature regime (T > 10 K).  
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Figure 3-3. Spin lifetime as a function of temperature in the n-Ge. (a) and (b) Temperature 

dependences of 3T (   Vb = −3.5 V,  Jb = −20 µA / µm2 ) and 4T nonlocal Hanle (

  Vb = −0.2 V,  Jb = −26 µA / µm2 ) measurements at different temperatures (1.5 ~ 50 K), 

respectively. The 3T Hanle curves are well-fitted by the Lorentzian shape (Equation 3-1), and 

the 4T nonlocal Hanle curves are fitted by the 1-D spin drift-diffusion model (Equation 3-2). (c) 

Temperature dependences of and  τ 3T  and  τ 4T  under close range of bias current density. At low 

temperature (T < 10 K),  τ 3T  and  τ 4T  behave very similar; at T > 10 K, the fitting shows that  τ 3T  

and  τ 4T  have similar phonon scattering behavior (  τ s ∝T −1.9 ) but  τ 3T  starts to drop at lower 

temperature. The inset shows the temperature dependent spin lifetime adopted from Sasaki’s 

work.60  
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3.3 Electrical Spin Injection in n-Ge Using Mn5Ge3C0.8/Al2O3 Tunnel Contact 

 

This section reported electrical spin injection and detection in degenerately doped n-Ge 

channel using Mn5Ge3C0.8/Al2O3/n+-Ge tunnel contact. The whole structure is integrated on a Si 

wafer for CMOS compatibility. From 3T Hanle-effect measurements, we observed a spin 

accumulation up to 10 K. The spin lifetime is extracted to be 38 ps at 4 K using Lorentzian 

fitting, and the spin diffusion length is estimated to be 367 nm due to the high diffusion 

coefficient (D = 37.5 cm2/s) of the highly doped Ge channel. Though spin injection into Ge has 

previously been shown for devices fabricated on Ge substrates, the integration of such Ge 

channels on Si substrates holds great potential for future CMOS-compatible SiGe-based 

spintronics devices.   

To demonstrate spin injection into a semiconductor channel, the conductivity mismatch 

problem33,34 can be solved by inserting a thin oxide layer between the ferromagnetic metal and 

the semiconductor channel. For example, spin injection was demonstrated in Ge by using tunnel 

contacts30,31,67 and Schottky contacts.68 In addition to traditional ferromagnetic metals (such as 

Fe, Co and Ni0.8Fe0.2), Mn5Ge3 is a ferromagnet (FM) with a Curie temperature (Tc) of 296 K,69 

and the Tc could be further enhanced by C-doping (Mn5Ge3Cx) up to 450 K.70-72 More 

importantly, Mn5Ge3Cx has a negligible conductivity mismatch with highly doped Ge,73 and it 

can be grown epitaxially on Ge (111),72 which is helpful to avoid the formation of interface 

defects and hence improve the spin injection/detection efficiency. These favorable properties 

make it particularly interesting as a contact material for spin injection into Ge.  
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The three-terminal measurements setup and the cross section of the active contact area are 

shown schematically in Figures 3-4(a) and (b). The device fabrication process is attached in 

Appendix B. In the experiment, the temperature-dependent three-terminal Hanle-effect 

measurements were carried out in a Quantum Design physical property measurements system 

(PPMS). A DC current was applied between contact 2 and 3 with a Keithley 6221 DC/AC 

current source, and the voltage difference V12 was measured between contact 2 and 1 with a 

Keithley 2182 nanovoltmeter. Temperature-dependent I-V measurements between two adjacent 

Mn5Ge3C0.8/Al2O3/n+-Ge tunnel contacts (contact 1 and 2) are shown in Figure 3-4(c), in which 

the inset shows the temperature dependence of the normalized zero-bias resistance 

  R0(T ) R0(300K) . The moderate temperature dependence suggests the total current consists of 

both tunneling and leakage components for a large active contact ( 98×198 µm2 ). Figure 3-4(d) 

shows a simulated conduction band diagram of the Mn5Ge3C0.8/Al2O3/n+-Ge tunnel contact at 10 

K under zero bias, which is obtained by solving the Poisson and Schrödinger equations self-

consistently in one dimension.74 The sharp tunneling barrier and a well-defined potential 

reservoir in the conduction band of n+-Ge near the Al2O3/n+-Ge interface are two essential 

features for efficient spin injection and detection.75 
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Figure 3-4. Mn5Ge3C0.8 device structure and contact properties. (a) Schematic illustration of 

device structure and measurements setup, where the arrows indicate the magnetic field in the 

perpendicular (  B⊥ ) and parallel (   B / / ) direction. (b) Cross section structure of the 

Mn5Ge3C0.8/Al2O3/n+-Ge tunneling contact. (c) Temperature dependent I-V measurements 

between contacts 1 and 2. The inset shows the temperature dependence of the normalized zero-

biased resistance. (d) Simulated conduction band profile under zero bias at 10 K.  
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High-resolution transmission electron microscopy (HRTEM) was used to characterize the 

Mn5Ge3C0.8/Al2O3/n+-Ge junction. Material intermixing can occur at the Mn5Ge3C0.8/n+-Ge 

interface if Mn5Ge3C0.8 is directly sputtered on top of a Ge layer, as can be seen in Figure 3-5(a). 

To ensure material separation and enhance spin polarization, an Al2O3 tunneling oxide was 

inserted at the interface,76 as shown in Figure 3-5(b). Atomic force microscopy (AFM) on a 

reference sample without the Al/Mn5Ge3C0.8-metallization was used to measure the roughness of 

the Al2O3 surface in order to obtain information on the Mn5Ge3C0.8/Al2O3 interface. Figure 3-

5(c) shows an AFM image of the surface of the Al2O3 tunneling oxide with a square area of 

 500×500 nm2 , and Figure 3-5(d) shows a cross-sectional height profile along the 

corresponding double heads arrow. We obtained a root-mean-square (rms) roughness of 0.2 nm 

with a correlation length of 30 nm, which is comparable to the results obtained in Dash’s work42 

and suggests a reduced spin accumulation as well as spin lifetime from the effects of local 

magnetostatic fields. 
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Figure 3-5. Structure characterization of the Mn5Ge3C0.8/Al2O3/n+-Ge contact. (a) High-

resolution TEM image of a Mn5Ge3C0.8/n+-Ge contact. Arrows indicate two different orientations 

of crystal planes. (b) High-resolution TEM image at the interface of a Mn5Ge3C0.8/Al2O3/n+-Ge 

(111) tunneling contact. (c) AFM image of the Al2O3 surface prior to metal electrode deposition. 

(d) Cross-sectional height profile along the dashed line in (c).  
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Figures 3-6(a) and (b) show voltage signals originating from the Hanle and the inverted 

Hanle effect while the magnetic field was applied perpendicularly (  B⊥ ) to the 

Mn5Ge3C0.8/Al2O3/Ge-interface or parallel (   B / / ) to the direction of the long axis of the 

Mn5Ge3C0.8 electrodes, respectively. Those measurements were performed at 4 K under various 

spin injection and extraction conditions. The Hanle curve indicates a dephasing process of spin 

polarization while spin-polarized electrons precess at a Larmor28 frequency around a transvers 

(perpendicular) magnetic field. It strongly suggests that spin-polarized electrons are accumulated 

in the Ge channel.42 On the contrary, the appearance of the inverted Hanle effect is a 

consequence of spatially inhomogeneous magnetostatic stray-fields that arise from the finite 

roughness of the Mn5Ge3C0.8/Al2O3-interface, which enhance incoherent spin precession and 

reduce spin polarization. In the inverted Hanle effect, an in-plane magnetic field aligns the 

conduction electron spins in the semiconductor channel, and therefore reduces the diminishing 

effect of spin precession at interface and restores spin polarization.42 

The qualitatively most notable features about our measurements are the signs of the Hanle 

and inverted Hanle signals under spin injection (  I < 0 ) and extraction (  I > 0 ) conditions. The 

measured signals  ΔVHanle  are determined by  ΔVHanle ∝ Pi × Pd × I , where  Pi  and  Pd  are the spin 

polarization for spin injector and spin detector, respectively. In the present case,  Pi  and  Pd  have 

the same sign, so ΔVHanle  should be positive for spin extraction conditions and negative for spin 

injection, but the present samples show the opposite trends in Figure 3-6(a). Sign inversion of 

ΔVHanle  has been observed in three-terminal devices for different electrode materials using 
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Schottky as well as tunneling contacts, and the sign has been reported to change under different 

applied bias and temperature.77-79 

As shown in Figure 3-6(c), the Hanle (ΔVHanle ) and the inverted Hanle (ΔVinv.Hanle ) curves 

change sign at different values of the applied bias. Two main mechanisms have been discussed 

for the inversion of spin polarization at an FM/oxide/SC interface: one is tunneling via interfacial 

resonant states,80-82 and another is tunneling from bound states into a heavily doped SC surface 

layer, from which minority-spin states are preferentially extracted.75,83 Those mechanisms can be 

responsible for the sign change of the Hanle and the inverted Hanle curves under different bias 

conditions in our system. Since the Mn5Ge3C0.8 contact is polycrystalline, the orientation of 

magnetization is not perfectly aligned in all crystal grains. As a result, even a magnetic field 

aligned parallel to the Mn5Ge3C0.8/Al2O3/n+-Ge-interface can induce spin precession and reduce 

spin accumulation. On the other hand, the band structure of our devices might play an important 

role. The simulation results of the conduction band profile shown in Figure 3-4(d) indicate that 

the itinerant electrons are localized in the potential reservoir close to the semiconductor surface, 

and so spin injection can be expected to occur predominantly into the bound states.83  

It is also noted that, depending on the orientation between an external magnetic field and 

material interfaces, the density of states inside a quantum well are affected accordingly: a 

perpendicular magnetic field increases the energy of Landau levels (  ΔELandau = !ω c = !eB m ), 

whereas a parallel field lifts the spin degeneracy due to Zeeman splitting ( ΔEZeeman = gµB B ). The 

influence of Landau levels and Zeeman splitting might also affect the sign of the Hanle and 

inverted Hanle curves. In this case, the sign of spin polarization should be sensitive to the 

variation of channel thickness as quantum confinement plays a more important role.75 Future 
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experiments are required to explore the physical origins of the sign change of the Hanle as well 

as the inverted Hanle signal. In particular, the influence of a thickness variation of the highly 

doped surface Ge layer could be investigated, and spin injection from polycrystalline and single-

crystalline Mn5Ge3Cx contacts could be compared. 

Figure 3-7(a) shows the Hanle signal and the related Lorentzian fitting at 2 K. The amplitude 

of the Hanle signal decreases with increasing temperature, as shown in Figure 3-7(b), and no 

Hanle signal is observed for temperatures above 10 K. We extract the spin lifetime  τ s  by fitting 

the data with Lorentzian curves according to: 

  

ΔV =
ΔV0

1+ ω Lτ s( )2
=

ΔV0

1+ B
τ sgµB

!
⎛
⎝⎜

⎞
⎠⎟

2 =
ΔV0

1+ B
ΔB

⎛
⎝⎜

⎞
⎠⎟

2

                               

(3-5) 

where    ω L = gµB B / !  is the Larmor frequency,  µB is the Bohr magneton,   g = 1.6  is the Landé 

factor,30 and    ! = h / 2π  (h: Planck constant). Spin accumulation is reduced by 50% at the point 

where    B = ΔB = ! / gµBτ s , i.e., we can obtain the spin lifetime from the full width at half 

maximum  ΔB . The temperature dependent spin lifetimes below 10 K are shown in Figure 3-

7(c). We find that the spin lifetime of 38 ps at 10 K from our sample is comparable to that of 35 

ps at 10 K reported in Jain’s work,84 in which the spin injection was investigated in a three 

terminal geometry using a Co/permalloy/Al2O3/n+-Ge tunnel contact. Because the magnetostatic 

stray-fields from surface roughness induces artificial broadening of the Hanle peaks,42 the spin 

lifetime extracted from the width of the Hanle signal has to be taken as a lower bound.  
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Considering about spin relaxation in Ge, the Elliott-Yafet mechanism can be expected to 

dominate the spin transport in n-Ge.30 In a degenerately doped group-IV system, the Elliott-Yafet 

spin relaxation time is proportional to the momentum relaxation time  τ EF ∝τ P ,
1 and the 

momentum relaxation time could be further extracted from the Hall measurements:  

  
µe(T ) = qτ p (T ) me,Ge

*                                                      (3-6) 

where  µe  is Hall mobility, q is electron charge, and   
me,Ge

*  is the effective electron mass in Ge. 

For our samples,  τ P  is weakly dependent on the temperature while T < 10 K (see Figure 3-7(c)), 

because the Hall mobility is almost constant with   µe(T ) ~ 400 cm2 / V ⋅s  for   T <10 K , as 

shown in the inset of Figure 3-7(c). Consequently, the weak temperature dependence of spin 

lifetime is consistent with measurements of the Hall mobility for T < 10 K. The reason that spin 

injection is only possible at very low temperatures can have two reasons. On the one hand, the 

high concentration of dopants can induce significant ionized impurity scattering particularly at 

low temperatures. On the other hand, the threading dislocations in the Ge channel can suppress 

spin lifetimes at all temperatures. 

Furthermore, the spin diffusion length could be estimated from the spin lifetime 

  
lsf = D(T )τ s , where   D(T )  is the temperature-dependent electron diffusion coefficient. In our 

degenerately doped Ge,   D(T )  could be estimated from Hall mobility according to:85 

  
D(T ) = 2

3q
(EF − EC ) ⋅µe(T )                                                  (3-7) 
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where we approximate 

   
EF − EC = 1

me.Ge
*

3
2
π 2!3

2
N D

⎛
⎝⎜

⎞
⎠⎟

2/3

= 142.8 meV                                  (3-8) 

at T = 0 K, using ND = 1×1020  cm-3  and me,Ge
* = 0.55me,0 . Taking into account the Hall mobility 

data in the inset of Figure 3-7(c), we obtain a temperature-dependent diffusion coefficient of 

  D = 37.5 cm2 s  for electrons in the n+-Ge layer and a corresponding spin diffusion length of 

  
lsf = 397 nm  at   T = 2 K . This result suggests that, even though the spin lifetime is only tens-of-

ps, the spin-diffusion length is sufficiently large for device applications from the benefit of large 

diffusion coefficient in the Ge channel.    

To sum up, we experimentally observed a Hanle signal in a Mn5Ge3C0.8/Al2O3/n+-Ge-system 

on a Si (111) wafer, indicating that spin injection can be achieved in degenerately doped Ge 

channels that are integrated on Si wafer. For future spintronic device applications, this provides 

the possibility of using high-mobility Ge channels in a CMOS-compatible process flow. 

Although the spin lifetimes are low (38 ps at 10 K), Hall measurements let us conclude that spin 

transport in these channels is possible over distances larger than 100 nm, i.e. on length scales that 

are relevant for future device operation. Although the spin signal is only observable at low 

temperature (  T <10 K ), we expect to increase this temperature in future experiments by 

adjusting the doping concentration and improving the Ge layer quality. 
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Figure 3-6. 3T Hanle and inverted Hanle effect measurements at 4 K. Measured voltage signals 

 ΔV  under the magnetic fields (a)  B⊥  and (b)   B / /  at T = 4 K for various spin injection and 

extraction conditions. (c)  ΔV  at T = 4 K and I = - 0.5 mA of Mn5Ge3C0.8/Al2O3/n+-Ge and of the 

Al/Al2O3/n+-Ge reference sample.  (d) Peak voltage   ΔV (B = 0)  as a function of the applied 

current.  
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Figure 3-7. Temperature-dependent Hanle effect measurements and extracted spin lifetime. (a) 

Hanle signal at T = 2 K and I = 0.5 mA with Lorentzian fit (red line) to the data. (b) Peak voltage 

as a function of temperature. (c) Spin lifetime extracted from Lorentzian fitting for temperatures 

between 2 K and 10 K. The inset shows the temperature-dependent Hall mobility of the same n+-

Ge sample in a semi-logarithmic plot.   
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3.4 Limit of the Traditional Approach 

 

Since Schmidt33 and Fert34 pointed out the fundamental obstacle for electrical spin injection 

from a FM into a diffusive semiconductor (SC), extensive efforts have focused on the electrical 

detection of spin transport in GaAs,24,25 Si,26,28,29 and Ge.30 In order to overcome conductivity 

mismatch problem33,34 and rebuild the spin polarization at the FM/SC interface, one of the 

solutions is to fabricate a high quality tunnel contact by inserting an oxide between the FM and 

the SC. In particular, as shown in Figure 3-4(d), the typical layer sequence of a tunnel contact 

for efficient spin injection is designed as:  

FM/oxide/heavily doped surface layer/lightly doped channel layer 

where the FM is used as spin aligner,20 the oxide alleviates Fermi-level pinning problem86 and 

increase spin injection efficiency,2 the heavily doped surface layer leads to a sharp depletion 

region and thus reduce contact resistance,87 and the lightly doped channel layer provides a 

potential reservoir for spin accumulation with minimal ionized impurity scattering.75  

For this multiple layers structure, the most critical part is a high quality tunnel oxide that 

possesses the following characteristics:88 a uniform and well-controlled thickness, a minimal 

defect and trapped charge density, a good compatibility between the ferromagnetic metal and the 

SC channel, a minimal diffusion between the surrounding material at the temperature of device 

fabrication processing, and an optimized resistance-area product for efficient spin injection and 

detection efficiency. These requirements of the tunnel oxide increase the challenges of device 

fabrication. In addition, a common problem for the tunnel contact is a relatively large contact 

resistance-area product, which causes large power consumption and limits the device application. 
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Although an alternative is to build a reverse-biased FM Schottky contact,89-91 cares must be taken 

during device fabrication to prevent material intermixing and compound formation.  

On the other hand, both FM tunnel and FM Schottky contacts require a heavily doped surface 

layer to reduce the contact resistance, but high density of ionized impurities cause significant 

ionized impurity scattering66 that is unfavorable for spin transport.57 As a result, for spin 

injection devices that built on a SC thin film, it is challenging to achieve a low contact resistance 

and a high-mobility channel at the same time. To overcome this problem, the high-mobility two-

dimensional electron gas (2DEG) confined in a modulation doped quantum well structure 

(MODQW) might provides a major breakthrough in this area, because it possess a high-mobility 

channel as well as a high carrier density. 
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Chapter 4  Electrical Detection of Spin Transport in Si 

2DEG Systems 

 

4.1 Introduction of the Spin Injection into Semiconductor-based 2DEG System 

 

Electrical detection of spin transport in a semiconductor (SC) channel is one of the key 

requirements to realize spintronics devices.1 Among various SC materials, the high-mobility 

two-dimensional electron gas (2DEG) confined in a modulation doped quantum well structure 

(MODQW) is of particular interest for device applications. This is because the high mobility 

promises for a long spin diffusion length of coherent transport as well as large spin signal for 

easy sensing.2 Meanwhile, the effective spin manipulation is achievable either by enhanced 

Rashba spin-orbit interaction from an asymmetric E-field structure,3,4 or by direct control of 

discrete density of states (DOS) within the quantum well structure.5,6 Despite of these merits, 

very few studies of direct electrical spin injection into 2DEG have been reported so far, mainly 

because of the difficulty in making reliable ferromagnetic (FM) contacts to the buried 2DEG 

channel. Only recently, Oltscher et al.8 reported electrical spin injection into a high-mobility 

2DEG channel confined at an (Al,Ga)As/GaAs interface. They showed a giant spin signal while 

the device dimensions were comparable to the mean free path (lmfp), and claimed that such a huge 

signal, which greatly exceeds the expectations from the standard spin drift-diffusion model,33,34,92 

was due to spin transport in the ballistic regime. 
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For the last decade, although there have been successful demonstrations of electrical spin 

injection into thin films of GaAs,24,25 Si,26,28,60 and Ge,30 using tunnel contacts to overcome the 

conductivity mismatch problem,33,34,92 it is still challenging to fabricate a reliable FM tunnel 

contact to the buried 2DEG in MODQW. In literature, only a few reports in Si/SiO2
6 and III-V 

matrices4,7,8 are available up to now; however, electrical detection of spin transport in the high-

mobility 2DEG in a Si/SiGe MODQW has not been reported. To make continuous progress of 

Si-based spintronics and to take full advantage of current CMOS technology, there is an urgent 

need to develop Si-based spintronics devices.9,10 In this chapter we demonstrate electrical 

detection of spin transport in the 2DEG in a Si/SiGe MODQW using FM Mn-germanosilicide 

(Mn(Si0.7Ge0.3)x) end contacts, which is a new approach to circumvent the difficulty of etching 

process adopted for the typical spin valve devices.4,8 The experiments show that the spin-

polarized electrons could be laterally injected into one side of the 2DEG confined at the Si/SiGe 

interface, and subsequently detected from the other side by the magnetoresistance (MR) of a 

FM/2DEG/FM spin valve. In what follows, we present a comprehensive material and device 

analysis, including TEM characterization of the Mn(Si0.7Ge0.3)x end contact, anomalous Hall 

effect (AHE) measurements of a single FM Mn(Si0.7Ge0.3)x contact, temperature-dependent 

contact resistance-area (RA) product of the Mn(Si0.7Ge0.3)x end contact, and low-temperature 

Hall measurements of the Si/SiGe MODQW. Most important of all, symmetric resistance steps 

were clearly observed from a series of FM/2DEG/FM spin valve devices with different channel 

lengths (Lch = 1.5~3.5 µm), by which the spin diffusion length and spin lifetime are calculated to 

be 
  
lsf = 4.5 µm  and   τ s = 16 ns  at 1.9 K, respectively.   
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4.2 MBE Growth of the Sb δ-doped Si/SiGe MODQW 

 

Experiments were carried out starting from a Sb δ-doped Si/SiGe MODQW. Figure 4-1(a) 

shows the cross section of the layer sequence. The whole structure was grown by solid-source 

molecular beam epitaxy (MBE) on a Si (111) substrate.93,94 Firstly, an initial Si layer with a 

thickness of 50 nm was grown as the starting layer to cover remaining surface contaminants, 

followed by the growth of a 50 nm-thick Si0.95Ge0.05 layer. Then the Ge content was linearly 

increased to 30% in a 1.5 µm-thick graded buffer layer in order to accommodate the lattice 

mismatch between the substrate and Si0.7Ge0.3, and thus enable the subsequent growth of high-

quality layers. On top of this buffer layer, a 500 nm-thick Si0.7Ge0.3 layer was grown, followed 

by a 10 nm-thick strained Si layer (Si channel). After that, another 5 nm-thick Si0.7Ge0.3 layer 

was grown to separate the doping region from the Si channel. The Sb δ-doping and the final 45 

nm-thick Si0.7Ge0.3 layer was achieved by a pre-estalished technique, i.e. 1/20 monolayer of Sb 

was deposited prior to the overgrowth of Si0.7Ge0.3. Figure 4-1(b) shows the simulated 

conduction band diagram (lower axis) as well as carrier density (upper axis), in which the 2DEG 

is located in the quantum well inside the Si channel layer. As shown in Fig. 4-1(c), the depth 

profiles of the Sb concentration (left axis) and Si, Ge composition (right axis) were confirmed by 

secondary ion mass spectrometry (SIMS) that was carried out by Evans Analytical Group. 

Besides, these data were used to simulate the conduction band diagram in Fig. 4-1(b) by solving 

the one-dimensional Poisson and Schrödinger equations self-consistently along the Z-axis.74 It is 

important to note that the Sb δ-doping was intentionally used to increase the 2DEG carrier 

concentration95,96 in order to reduce contact resistance as well as minimize conductivity 
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mismatch problem33,34,92; however, the δ-doping also induced a parasitic channel in the Si/SiGe 

MODQW. Therefore, its contribution to transport measurements will be carefully considered in 

the following characterizations.  

We had successfully grown high-quality Si/SiGe MODQW on Si (100) substrate94 that the 

Hall mobility at 4 K reaches as high as 100,000 cm2 V-1s-1; however, since the surface potential 

of Si (111) substrate is different from Si (100), the MBE growth protocols should be modified 

for the growth on a Si (111) substrate. Table 4-1 summarizes the MBE growth protocols for six 

samples (A4051-4200), in which the substrate temperatures are gradually increased from A4051 

to A4200. Figures 4-1(d) and (e) show high-resolution TEM images of the two selected samples 

A4053 and A4200. It is noted that the sharp contrast among the different layer in A4200 suggests 

that the defect densities are significantly suppressed at higher substrate temperature. To further 

confirm the transport properties, low temperature Hall measurements were carried out for the six 

Si/SiGe MODQW samples. Figure 4-2 shows Hall mobility as a function of temperature for 

A4051, A4052, A4053, A4197, A4198, and A4200. It is important to see that the mobilities of 

the first sets of samples (A4051, A4052, and A4053) drop at low temperature (T < 100 K). It is a 

standard bulk-property that the Sb-doped layer dominates the carrier transport in Si/SiGe 

MODQW, and therefore the mobility is limited by the ionized impurity scattering at low 

temperature. On the contrary, the mobilities of the last sets of samples (A4197, A4198, and 

A4200) continue to increase at low temperature (T < 100 K). It is a standard 2DEG-property that 

the high-mobility 2DEG dominates the carrier transport in Si/SiGe MODQW, in which the 

channel is separated from the ionized dopants by the spacer layer, and therefore the ionized 
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impurity scattering is significantly minimized. In the following sections, we will focus on sample 

A4200 for all of the device fabrication and characterization.  
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Figure 4-1. Material developments for the Sb δ-doped Si/SiGe MODQW on Si (111) (a) Cross 

section of the Sb δ-doped Si/SiGe MODQW structure. (b) The simulated conduction band 

diagram (lower axis) and carrier density (upper axis) at 1.9 K. (c) SIMS spectra of Sb 

concentration (left axis), and Si, Ge composition (right axis), respectively. It is noted that the 

SIMS detection limit of Sb concentration is about 1x1017 cm-3, so the real Sb concentration in the 

SiGe cap layer and the SiGe buffer layer could be much lower. (d) High-resolution TEM images 

of the as-grown A4053. (e) High-resolution TEM images of the as-grown A4200.  
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Table 4-1. Substrate temperature during MBE growth for the Sb δ-doped Si/SiGe MODQW  

Sample # A4051 A4052 A4053 A4197 A4198 A4200 

Si0.7Ge0.3 Cap layer 330 °C 330 °C 330 °C 380 °C 400 °C 400 °C 

Sb δ-doping layer 330 °C 330 °C 330 °C 380 °C 400 °C 400 °C 

Si0.7Ge0.3 Spacer layer 620 °C 640 °C 660 °C 660 °C 660 °C 680 °C 

Si Channel layer 620 °C 640 °C 660 °C 660 °C 660 °C 680 °C 

Si0.7Ge0.3 Buffer layer 620 °C 640 °C 660 °C 660 °C 660 °C 680 °C 
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Figure 4-2. Hall mobilities as a function of temperature for the six samples A4051-A4200.  
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4.3 Device Fabrication for the Si/SiGe MODQW 

 

Figure 4-3(a) shows a typical device image, in which a 100 nm-thick SiO2 layer fully covers 

the mesa and substrate except for five open windows for Mn(Si0.7Ge0.3)x contacts. Five pairs of 

Ti/Au electrodes are connected to the upper (1-5) and lower (10-6) ends of Mn(Si0.7Ge0.3)x 

contacts for magneto-transport measurements. Figure 4-3(b) illustrates the configuration for spin 

transport measurements: by flowing a current between contacts 2 and 5, spin-polarized electrons 

are laterally injected into the 2DEG from the FM Mn(Si0.7Ge0.3)x end contact, and the voltage is 

sensed between contacts 3 and 4. Though the parasitic channel from the Sb δ-doping contributes 

to the background signal in the MR, the spin polarization in the parasitic channel is randomized 

before reaching the contact 4, because of the severe spin relaxation from high density of ionized 

impurity charge.31,57,88 The spin diffusion length was reported to be about 190 nm when the 

doping level was as high as  3×10
19  cm−3  in Si57,88, which is much shorter than the channel 

length of  1.5 µm  in our device. Consequently, in this case, the MR of the FM/2DEG/FM spin 

valve between contacts 3 and 4 could be measured using a standard four-terminal setup. 

Because quantum confinement in the Si/SiGe MODQW is sensitive to the surface potential 

of the SiGe cap layers, the 2DEG could be depleted after destructive etching process adopted in 

the previous approaches.4,8 To protect the high-mobility 2DEG channel during device 

fabrication, we developed a Mn solid-state reaction process97,98 for the Si/SiGe MODQW, 

aiming to fabricate FM Mn(Si0.7Ge0.3)x end contacts to the 2DEG. The device fabrication started 

with a mesa isolation (80 nm-height) by a reactive ion etching (RIE), and then a 100 nm-thick 

SiO2 layer was deposited using plasma-enhanced chemical vapor deposition (PECVD) to 
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passivate the surface. The contact windows (sizes of 10 × 20 and 5 × 20 µm2) were patterned by 

photolithography (PL) and structured by RIE and wet chemical etching. After removing all the 

photoresist residual (PR), a 150 nm-thick Mn layer was deposited on the patterned sample with 

e-beam evaporation, immediately followed by rapid thermal annealing (RTA) at 360 °C for 2 

minutes. During the annealing, Mn(Si0.7Ge0.3)x only formed inside the contact windows, while 

other regions were protected by the 100 nm-thick SiO2 mask. The remaining unreacted Mn layer 

was removed by wet etching (see also Fig. 4-3(c)). Finally, metallization was accomplished by 

metal deposition of Ti/Au (50/100 nm) to connect electrodes into the Mn(Si0.7Ge0.3)x contact 

windows. In the above process flow, the most critical step is the rapid thermal annealing that 

drives Mn to diffuse into the SiGe cap layer, in which the annealing temperature should be 

chosen carefully so as to form FM Mn(Si0.7Ge0.3)x contact97,98 but not to affect the doping profile 

of the Si/SiGe MODQW. Also, rather than using a Si (100) substrate, the (111) crystal 

orientation is chosen to improve the crystallinity of the formed Mn(Si0.7Ge0.3)x upon 

annealing.32,99 Previously we show that the formed Mn5Ge3 on a Si (111) substrate behaves like a 

ferromagnetic “bad metal”, whose conductivity is comparable to that of highly doped Ge;32,73 

accordingly, we do not expect a serious conductivity mismatch at the Mn(Si0.7Ge0.3)x/Si 

interface. By measuring two devices on Si (100) and (111) substrates with Mn(Si0.7Ge0.3)x end 

contacts with transfer length method (TLM), Fig. S2 shows that the RA product of the device on 

Si (111) substrate at 10 K is almost two orders of magnitude smaller than that on Si (100) 

substrate. 
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Figure 4-3. Schematics of the Si/SiGe MODQW device structure and the contact process. (a) 

Optical microscope (OM) image of a typical fabricated device, where various dash rectangles 

highlight the position of FM Mn(Si0.7Ge0.3)x contacts. (b) Schematics of the measurements 

configuration for electrical detection of spin transport in the 2DEG. The MR of the 

FM/2DEG/FM spin valve with a channel length (Lch) could be obtained using a standard four-

terminal setup. (c) Reactive ion etching (RIE) and wet chemical etching are used to pattern SiO2 

contact window, followed by Mn deposition (left). During rapid thermal annealing, Mn diffuses 

into the Si/SiGe modulation doped quantum well structure (MODQW) and forms Mn(Si0.7Ge0.3)x 

(middle). Leftover Mn is removed by wet chemical etching. The clean Mn(Si0.7Ge0.3)x surface is 
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ready for final metallization and transport measurements (right). It is important to note that 

surface cleaning before Mn deposition is the most critical step, since oxide residual could block 

Mn diffusion. 

 

 

Figure 4-4. Effects of (100) and (111) crystal orientation on the contact properties. Comparison 

of Mn(Si0.7Ge0.3)x side contact resistance area products (RA) as a function of temperature 

between two devices measured with a transfer length method (TLM): the red diamonds are 

measured from the TLM device on Si (100) substrate, and the green squares are from the TLM 

device on Si (111), respectively. It is clear to see that the RA product of the TLM device on Si 

(111) substrate is smaller by at least one order of magnitude than that on Si (100) in the entire 
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temperature range of T = 10~300 K. The weak temperature dependence also suggests the formed 

Mn(Si0.7Ge0.3)x yields a sharp Schottky contact to the Si/SiGe MODQW.  
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4.4 Structure Characterization of the Si/SiGe MODQW and Mn(Si0.7Ge0.3)x 

 

Figure 4-5 exhibits the structural characterization of the Si/SiGe MODQW and 

Mn(Si0.7Ge0.3)x contacts. A field-emission TEM (JEM-3000F), operated at 300 kV with a point-

to-point resolution of 0.17 nm, was used to obtain the epitaxial relationships. Figure 4-5(a) 

shows a high-resolution TEM image of an as-grown Si/SiGe MODQW, in which the sharp 

contrast among the SiGe cap layer, SiGe spacer, Si channel, and SiGe buffer layer confirms the 

high quality heterostructure. Figure 4-5(b) shows a low-magnification TEM image on a specific 

device. Considering the high temperature annealing process during device fabrication may affect 

the Si/SiGe MODQW, the TEM sample is directly cut from a device using a focused ion beam 

(FIB) to double-check the crystal structure. The center part of the device image in Figure 4-3(a) 

is shown in the inset of Figure 4-5(b), in which the double-headed arrow indicates the FIB 

sample position. In the cross section image, the edge of SiO2 layer tilts up due to the mismatched 

thermal expansion coefficient during annealing. For the right part without the SiO2 protection, 

the dark area in the SiGe cap layer indicates the formation of Mn(Si0.7Ge0.3)x. Further zooming in 

the white square, a high-resolution TEM image in Figure 4-5(c) shows that Mn diffuses into the 

SiGe cap layer upon annealing, and the solid-state reaction is controlled to stop at the Si channel 

layer. More importantly, the crystalline structure of the Si channel layer is well preserved after 

the fabrication process.  

To examine the material phase of the formed Mn(Si0.7Ge0.3)x, the high-resolution TEM 

images in Figures 4-5(d) and (e) correspond to the Mn5(Si0.7Ge0.3)x and Si regions, respectively. 

Further, Figures 4-5(f) and (g) are the FFT-diffraction patterns from two marked regions of 
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Figure 4-5(c), revealing the epitaxial relationship to be: Mn5(Si0.7Ge0.3)3 [021]  // Si [112]  and 

Mn5(Si0.7Ge0.3)3 (212) // Si (131) . The formed Mn5(Si0.7Ge0.3)3 has a hexagonal structure100 

(space group P63/mcm) with lattice constants: ahex = 6.912 Å and chex = 4.812 Å. The lattice 

spacings for Mn5(Si0.7Ge0.3)3 (212) and  Si (131)  planes are determined to be   d212  = 1.64 Å and 

  d131 = 1.64 Å , which results in a good epitaxial growth between Mn5(Si0.7Ge0.3)3 and Si.  
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Figure 4-5. Structure characterization of Si/SiGe MODQW and Mn(Si0.7Ge0.3)x. (a) High-

resolution TEM image of the as-grown Si/SiGe MODQW. The sharp contrast between each 

layers confirm the high quality heterostructure. (b) Low-magnification TEM image on the edge 

of a Mn(Si0.7Ge0.3)x contact. The inset shows the center part of the device image and the FIB 

sample position. (c) High-resolution TEM image of the Mn(Si0.7Ge0.3)x/Si channel interface, as 

indicated by the white square in (b). It shows that Mn vertically diffuses into the SiGe cap layer 

and stops at the Si channel layer. (d,e) High-resolution TEM images taken in the Mn(Si0.7Ge0.3)x 
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and the Si regions, respectively. (f,g) The corresponding FFT-diffraction patterns of 

Mn(Si0.7Ge0.3)x (Si) along  [021]  ( [112] ) zone axis, respectively.  
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4.5 Ferromagnetic Property of the Mn(Si0.7Ge0.3)x  

 

The following two sections (4.5 and 4.6) summarize the low temperature magneto-transport 

characterizations to check the typical device properties, which were carried out in a Quantum 

Design physical property measurements system (PPMS). First of all, we confirm the 

ferromagnetism of the Mn(Si0.7Ge0.3)x at 1.9 K by measuring the AHE101,102 of a single 

Mn(Si0.7Ge0.3)x contact. As shown in Fig. 4-6(a), the measurements were carried out on a typical 

spin injection device, by applying a lateral current (I25) between contacts 2 and 5 and measuring 

a transverse voltage (V38) between contacts 3 and 8 (see Fig. 1d). The Hall resistance (

 RHall ≡V38 I25 ) could be simplified as a combination of ordinary and anomalous Hall 

components:  RHalld = RO H + RAmz , where d is the channel thickness, mz is the magnetization 

component in the Z-axis, and RO (RA) are the ordinary (anomalous) Hall coefficient, respectively. 

The AHE resistance (RAHE) is obtained by subtracting the linear ordinary Hall component from 

the RHall, as shown in the inset of Fig. 4-6(a), whose linear background yields a carrier density of 

  n = 2.5 ×1020  cm−3 , suggesting that the formed Mn(Si0.7Ge0.3)x behaves like a ferromagnetic bad 

metal. The angle-dependent measurements in Fig. 4-6(b) confirms that the easy axis of 

magnetization of the formed Mn(Si0.7Ge0.3)x is in in-plane direction along the Y-axis. 

Furthermore, temperature dependent AHE measurements in Fig. 4-6(c) were carried out to 

estimate the Curie temperature (TC), in which the corresponding Arrot’s plot102,103 in Fig. 4-6(d) 

shows that the TC of Mn(Si0.7Ge0.3)x is higher than 150 K. 
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Figure 4-6. Anomalous Hall effect measurements of a single Mn(Si0.7Ge0.3)x contact. (a) The 

magnetization curves of RAHE measured from a single FM Mn(Si0.7Ge0.3)x contact by sweeping 

an external magnetic field along the Z-axis (HZ) at 1.9 K. The RAHE is obtained by subtracting the 

ordinary Hall components from the RHall, as shown in the inset. (b) The magnetization curves of 

RAHE under the magnetic field along the out-of-plane direction (HZ) and in-plane direction (HY), 

respectively. In contrast to the slight RAHE under H = HY, the clear RAHE loop under H = HZ 

shows that the easy axis of magnetization is along the in-plane direction. (c) The magnetization 
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curves of RAHE of a single Mn(Si0.7Ge0.3)x contact at various temperatures T = 1.9-150 K, in 

which the RAHE is clearly observed up to 150 K. (d) The Arrot’s plots under various temperatures 

T = 90-150 K. Considering a simplified model that anomalous Hall coefficient (RS) is 

independent on the magnetic field, the RAHE could be used to replace the M in the Arrott’s plot102 

(that is M2 versus H/M plot). Because the dashed line at 150 K can not be extrapolated to 

intercept the origin point, it suggests that the TC of Mn(Si0.7Ge0.3)x contact is higher than 150 

K.103 

  



80 

    

 

4.6 Electrical Transport Characterization for the Si/SiGe MODQW Devices 

 

To have a better understanding of the contact and 2DEG properties, a series of TLM and Hall 

bar devices were simultaneously fabricated with the spin injection devices on the same chip. 

Three kinds of TLM devices with spacing and area variants were used to examine the 

Mn(Si0.7Ge0.3)x end contact to the Si/SiGe MODQW. The dimension of the contact size was 

designed to be 
 
Atop = w× w 2 , where the width has three different values of w = 20, 60, and 100 

µm. Figure 3b shows the total resistance from two-terminal measurements (RT) as a function of 

channel length (d) at 1.9 K. In the diffusive regime, while the channel length is much longer than 

the mean free path, RT can be formulated as  RT = Rshd w+ 2RC , where Rsh is the sheet resistance 

of the channel, d/w is the aspect ratio of the channel, and RC is the contact resistance. From the 

linear fitting of experimental data in Fig. 4-7(a), we obtain Rsh = 3526, 4192, and 4827 Ω/sq; RC 

= 720, 281, and 202 Ω for w = 20, 60, and 100 µm (green squares, red circles, and blue 

triangles), respectively. The extracted sheet resistances from three TLM devices with area 

variants show that the channel property is much better within smaller areas (Rsh reduces 27% by 

shrinking the width from 100 to 10 µm), which is consistent with the TEM image in Fig. 4-5(b) 

that there are some observable defects in the SiGe buffer layer. 

On the other hand, because RC is dependent on the contact size, in order to confirm the 

effective contact area and current path, we calculated the RA product from two different aspect 

ratios of contact area (Atop and Aside), and plotted their temperature dependence in Fig. 4-7(b). 

The top three sets (solid symbols) utilize top area 
 
Atop = w× w 2  and the bottom three sets (open 
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symbols) utilize side area  Aside = w× t , where t = tparasitic + t2DEG = 3.6 + 3.5 = 7.1 nm is the sum 

of effective thickness of the parasitic (tparasitic) and 2DEG (t2DEG) channels estimated from the full 

width of half maximum of the carrier density in Fig. 4-1(b) (red dotted line). It is interesting to 

see that, from three different TLM devices, the RA products are normalized in the case of 

 RC × Aside . Three bottom sets of RA product suggest that the Mn(Si0.7Ge0.3)x forms a end contact 

instead of surface contact to the Si/SiGe MODQW with the effective current path being 

illustrated in the inset of Fig. 4-7(b). Meanwhile, since the RA product remains almost constant 

from T = 1.9 to 300 K, the weak temperature dependence of the RA product also suggests that 

the formation of Mn(Si0.7Ge0.3)x yields an sharp Schottky end contact to the Si/SiGe MODQW. 

In addition to TLM contact characterization, low-temperature Hall mobility is a crucial figure 

of merit to check overall quality of the Si/SiGe MODQW. Figure 4-7(c) shows the temperature 

dependence of the measured Hall mobility (left-axis) and sheet carrier density (right-axis), 

respectively. Although at room temperature the high-mobility 2DEG is screened by the parasitic 

channel due to phonon scattering,96 the temperature dependence of mobility shows that the 

2DEG starts to contribute when T < 100 K, reaching the lowest sheet carrier density of 

  nH = 1.91×1012  cm−2  and the highest mobility of   µH = 865 cm2 V ⋅s  at 1.9 K. However, the 

measured Hall mobility consists of a high mobility 2DEG channel as well as a parasitic channel 

introduced by the Sb δ-doping, as can be seen from the simulation of the carrier density in Fig. 

4-1(b). For a better analysis, the contribution of the 2DEG channel could be extracted using a 

dual channel as follows: 

  
µH =

n1µ1
2 + n2µ2

2

n1µ1 + n2µ2
,   nH =

n1µ1 + n2µ2( )2
n1µ1

2 + n2µ2
2                                      (4-1) 
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where   n1,  µ1  (n2 ,  µ2 )  are sheet carrier density and mobility of the 2DEG (parasitic) channel, 

respectively. Accordingly, we extracted the mobility and sheet carrier density of the 2DEG as 

follows: 

  
µ1 =

nHµH
2 − n2µ2

2

nHµH − n2µ2
≈1200 cm2 V ⋅s,   n1 =

nHµH − n2µ2( )2
nHµH

2 − n2µ2
2 ≈ 9.6 ×1011  cm−2          (4-2) 

in which   n2 = 1×10
13  cm−3  and  µ2 = 49 cm2 V ⋅s  is measured from a control sample that 

possesses the similar doping profile but without a 2DEG channel. 

It is noted that the extracted 2DEG mobility ( µ1 ≈1200 cm2 V ⋅s ) is still two orders of 

magnitude smaller than that of a typical Si/SiGe MODQW reported by Ismail104 (

 µ ≈ 4 ×105  cm2 V ⋅s ). In addition to the substrate difference, the major mobility-limiting factor 

in our sample is probably due to remote impurity scattering94,105 from the adjacent Sb dopants. It 

can be estimated using the model proposed by Monroe:105  

 
   
µremote ≈16 πgvgsens

3deff !N" = 4300 cm2 V ⋅s                                (4-3) 

in which  gv = 2  is the valley degeneracy,  gs = 2  is the spin degeneracy,   ! = 6.58 ×10−16  eV ⋅s  is 

the reduced Plank constant, 
  
deff = 8.1 nm  is the center-to-center distance between the impurity 

layer and the wave function in Si channel,   ns = n1 = 9.6 ×1011  cm−2  is the sheet carrier density in 

the 2DEG channel, and    N! = n2 = 1.0 ×1013  cm−2  is the sheet carrier density of the impurity 

(parasitic channel). The mobility from remote impurity scattering model is slightly higher than 

that from the Hall measurements (4300 vs. 1200  cm2 V ⋅s ) because there are also other 

mobility-limiting mechanisms,105 such as uniform background charges, alloy scattering, and 
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strain distribution. Importantly, this model suggests that the mobility could be further improved 

by carefully tuning the spacer thickness (deff) and impurity concentration (  N! ), which provides a 

useful guideline for future experiments. 
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Figure 4-7. TLM and Hall measurements of the Si/SiGe MODQW. (a) RT as a function of d. 

They are measured between every two adjacent Mn(Si0.7Ge0.3)x contacts from three TLM devices 

with different channel widths of w = 20, 60, 100 µm (green squares, red circles, and blue 

triangles). (b) Two series of the RA product as a function of temperature: the solid (empty) 

symbols utilize the Atop (Aside) for calculation, respectively. (c) Temperature dependence of Hall 

mobility (left axis) and carrier density (right axis) measured from a Hall bar device.  
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4.7 Electrical Spin Injection, Transportation, and Detection in the Si 2DEG System 

 

So far we have confirmed that (i) the Tc of the Mn(Si0.7Ge0.3)x contact is higher than 150 K, 

and the easy-axis is along the in-plane direction, (ii) the formation of Mn(Si0.7Ge0.3)x yields an 

sharp Schottky end contact to the 2DEG, and (iii) a high-mobility 2DEG is formed in the Si/SiGe 

MODQW. It should be noted that, compared to the high mobility of 1200  cm2 V ⋅s  in the 2DEG 

channel, the mobility in parasitic channel is much lower (49  cm2 V ⋅s ). Spin polarization in the 

parasitic channel could be significantly randomized by the high-density ionized impurity charges 

before reaching the contact 4, so its contribution to the spin detection signal could be neglected.  

Figure 4-8(a) shows the setup for nonlocal measurements,25,31 aiming to build up spin 

accumulation under the contact 3 and therefore generate spin diffusion current towards the 

contact 4. In this way, the spin transport in 2DEG could be detected by the relative magnetization 

orientations of the contact 3 and 4 while sweeping in-plane magnetic field. However, only a 

small resistance change (  ΔRNL = 60 nΩ ) and coercive field (  Hc = 500 Oe ) are observed, as 

shown in Figure 4-8(b), which could not provide a clear evidence as well as a detailed physical 

analysis. On the other hand, the MR of the FM/2DEG/FM spin valve could also be measured 

using the four-terminals setup shown in Figure 4-8(c), and it is used to demonstrate the spin 

injection and transport2,106 in the 2DEG. Figure 4-8(d) shows the MR curves of the 

FM/2DEG/FM spin valve with a channel length of Lch = 1.5 µm at 1.9 K. In the experiment, an 

AC modulation current (I25 = 1 µA) superimposing on a DC bias current (-13 µA) was applied 

through the FM/2DEG/FM spin valve, and an AC response (V34) voltage was measured by a 
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lock-in amplifier while sweeping the magnetic field along the in-plane direction (HY). The fine 

peak around zero field (HY) is due to hyperfine interaction with nuclear spins.107,108 It is 

important to see that the symmetric resistance steps were clearly observed at the coercive fields 

of ± ~300 Oe. They are not only the typical characteristics of the spin valve switching between a 

parallel and an antiparallel configuration,106,109 but also a strong evidence of the successful spin 

injection, transport, and detection in the 2DEG. 

It is interesting to compare the local and nonlocal MR curves in Figures 4-8 (b) and (d) that 

they show similar coercive fields at ± 300-500 Oe, which suggests that the spin 

injection/detection efficiency is improved by the applied field in the local setup. Although both 

curves indicate the switching behavior of the magnetization configuration, only the local MR 

curves give rise to the sharp resistance states between parallel and antiparallel configuration. The 

energy band diagram in Figure 4-9 could probably explain the effect of the applied field. In our 

devices, the Si 2DEG channel is not continuous under the FM contacts, and a 

Mn(SiGe)x/Si/Mn(SiGe)x heterostructure is formed between contact 3 and 4 along the lateral 

direction, so that there are narrow Schottky barriers at the Mn(SiGe)x/Si interface, which blocks 

electron diffusion while the Mn(Si0.7Ge0.3)x/Si/Mn(Si0.7Ge0.3)x heterostructure is under zero bias 

voltage (nonlocal setup). Therefore, the applied E-field in local setup causes band bending and 

helps spin polarized electrons tunnel through the barrier. 
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Figure 4-8. Nonlocal and local FM/2DEG/FM spin valve measurements. (a) The setup for the 

nonlocal measurements (   
RNL = R32,45 ≡V45 I32 ). (b) The nonlocal MR curves of the 

FM/2DEG/FM spin valve with a channel length of Lch = 1.5 µm at 1.9 K. (c) The setup for the 

four-terminal measurements (  
R4T = R25,34 ≡V34 I25 ). (d) The four-terminal MR curves of the 

FM/2DEG/FM spin valve with a channel length of Lch = 1.5 µm at 1.9 K. The background 

signals of both MR curves are subtracted from the raw data, and the black and red arrows 

indicate the backward and forward sweeping directions of magnetic field between -1500 and 
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1500 Oe. Particularly for the four-terminal MR curves, the blue arrow shows the spin-dependent 

resistance ( R↑↑ − R↑↓ ) between the parallel and antiparallel configurations of the FM/2DEG/FM 

spin valve. 

 

 

Figure 4-9. Energy band diagrams of the FM/2DEG/FM spin valve with (a) nonlocal and (b) 

four-terminal setups.  
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In the meanwhile, the spin-dependent resistances are extracted from three devices under the 

same bias condition at 1.9 K (see Fig. 4-10(a)). Because of spin relaxation in the 2DEG, the 

amplitude of the spin-dependent resistance ( R↑↑ − R↑↓ ) exponentially decays as the electrode 

spacing increases from Lch = 1.5 to 3.5 µm, as shown in Fig. 4-11. Last, Fig. 4-10(b) shows that 

the spin dependent resistance is observable up to T = 10 K from the device with Lch = 1.5 µm. 

Combining the MR of the FM/2DEG/FM spin valve as a function of channel length and 

temperature, we could rule out the concern of suspicious effects,35 including local Hall effect and 

anomalous MR from the FM electrodes. If the spin-dependent resistance is due to the anomalous 

MR of a single FM electrode, its amplitude should not exponentially decays with the increased 

channel length, and the spin-dependent resistance should be observable to T > 10 K, considering 

the Tc of the Mn(Si0.7Ge0.3)x contact is higher than 150 K. 

To quantitatively estimate the spin diffusion length from the channel length-dependent MR 

data, we take into account the spin relaxation and modify the Julliere’s model for the 

FM/2DEG/FM spin valve as follows:106,110  
R↑↑ − R↑↓ ∝ 2Pinj Pdete

− Lch lsf , where Pinj and Pdet are the 

spin polarization of the FM electrodes, defined as  
P = N↑ − N↓( ) N↑ + N↓( ) , in which N↑ (N↓) 

are the DOS at the Fermi levels for the majority (minority) spins, respectively. The slope of a 

linear fitting in Fig. 4b yields a spin diffusion length of lsf = 4.5 µm in 2DEG at 1.9 K. In 

addition, the spin lifetime can be estimated by  
τ s = lsf

2 D . We calculated the diffusion 

coefficient (D) for a degenerate semiconductor particularly at low temperature using Eq. (3), 

which is different from the simplified Einstein relation ( D µ = kT q ) because only the electrons 
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having energies close to the Fermi level contribute to the conduction current at low 

temperature:8,111 

   
D = 1

2
v f
2τ m = 1

2
! 2πns

m*

⎛

⎝
⎜

⎞

⎠
⎟

2

m*µ
e

= 13 cm2 s                                  (4-4) 

in which 
   
v f = ! 2πns m*  is the Fermi velocity,   τ m = m*µ e  is the momentum relaxation 

time,   m*= 0.22 × 9.11×10−31  kg  is the effective electron mass in Si,   ns = n1 = 9.6 ×1011  cm−2  is 

the sheet electron density in the 2DEG, and  µ = µ1 = 1200 cm2 V ⋅s  is the electron mobility in 

the 2DEG. As a result, the corresponding spin lifetime at 1.9 K is estimated to be 

  
τ s = lsf

2 D = 16 ns . 

Comparing to Erve’s work88 using graphene as a tunnel barriers for spin injection into Si, in 

which the extracted spin lifetime is   τ s ≈ 0.2 ns  in Si (  Nd = 1×10
19  cm−3 ) at 4 K, the significant 

improvement of   τ s = 16 ns  in the Si/SiGe MODQW at 1.9 K is mainly due to the spin transport 

in a high-mobility 2DEG channel, where the impurity density is as low as   Nd ≈1×10
14  cm−3 . 

Our results are consistent with the fact that spin lifetime is strongly dependent on the impurity 

density.31,88,112 In the experiments, it is usually difficult to achieve spin transport in Si with such 

a low impurity concentration because a heavily doped surface layer is typically required to form 

a narrow depletion width for optimized contact resistance,2,34 which on the other hand could 

cause serious carrier scattering and spin relaxation. On the contrary, in our case the impurities 

are separated from the channel by a spacer layer in the Si/SiGe MODQW structures, which have 

the uniqueness to preserve a high carrier density but a low impurity density at the same time.  
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Figure 4-10. MR curves of the FM/2DEG/FM spin valves. (a) MR curves of three 

FM/2DEG/FM spin valves with different channel lengths (Lch = 1.5, 2.5, and 3.5 µm) at 1.9 K. 

Even though the FM electrodes are designed to be the same size, the coercive fields for different 

devices could be slightly different from each other’s.27 The spin-dependent resistances of three 

devices are summarized in Figure 4-15 to extract the spin diffusion length. (b) MR curves of the 

FM/2DEG/FM spin valves with Lch = 1.5 µm at different temperatures from 1.9 to 10 K. All the 

MR curves are intentionally offset for clarity. 

  



92 

    

 

 

Figure 4-11. The spin-dependent resistance as a function of channel length at 1.9 K. The linear 

fitting yields a spin diffusion length of lsf = 4.49 µm in the 2DEG channel at 1.9 K. 
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Chapter 5  Summary 

 

5.1 Conclusion 

 

In conclusion, we have demonstrated electrical spin injection and transport in the 2DEG 

using FM/2DEG/FM structure, particularly for the first time in a Si/SiGe MODQW system. 

Being different from the traditional approaches, we developed high-quality Mn(Si0.7Ge0.3)x end 

contact to the buried 2DEG in a Si/SiGe MODQW using CMOS-compatible processes. In 

addition, we extracted the spin diffusion length and lifetime lsf = 4.5 µm and   τ s = 16 ns  at 1.9 K, 

respectively. In the future, the use of the high-mobility channel and the functionality of 

heterostructure systems for room-temperature applications will probably require further efforts to 

improve the material quality of the Si/SiGe MODQW: the Curie temperature of Mn(Si0.7Ge0.3)x 

could be further raised up by carbon-doping;71-73 the SiGe spacer layer thickness and the Sb δ-

doping level could be further optimized to increase the mobility;94,113,114 the implementation of 

front and back gating holds great potential for device application to effectively tune the wave 

functions in the MODQW.115 Our findings in the Si/SiGe MODQW may spur further work on 

semiconductor-based heterostructures that integrate high-mobility channel with magnetic 

contacts, and may potentially lead to the innovation of novel spintronics devices. 
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5.2 Outlook 

 

Only recently, we demonstrate the electrical detection of spin transport in Si 2DEG systems 

using FM Mn-germanosilicide (Mn(Si0.7Ge0.3)x) side contacts,116 which is the first report of spin 

transport in the 2DEG confined in a Si/SiGe modulation doped quantum well structure 

(MODQW). To make continuous progress of Si-based spintronics, the next step is to built up a 

logic device by integrating a 2DEG channel and five FM Mn(Si0.7Ge0.3)x contacts within the 

scale of spin diffusion length,46 as shown in Figure 5-1(a). We propose a different approach 

using a spin accumulation as the basis for a semiconductor logic device to realize the 

NAND(X,Y) operation, as schematically illustrated in Figure 5-1(b) and (c). By connecting two 

spin valves with a common source terminal M, we create a system that is capable of amplifying 

the current of each spin valve.117 

The motivation to achieve transformative improvements over previous work is to invoke the 

following four unique innovative features: (1) the use of a high-mobility Si 2DEG channel as 

interconnects between five FM contact for spin-dependent information processing; (2) high-

quality Mn(Si0.7Ge0.3)x/2DEG contact with atomically clean interfaces to achieve effective spin 

injection/detection; (3) information stored as the magnetization orientations to ensure nonvolatile 

storage; (4) the use of spin polarization(collective spins) as a single identity to achieve low 

power dissipation. The proposed activity will bring in-depth understanding of the physics of spin 

transport in a Si 2DEG channel and the superimposition of spin accumulation.   
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Figure 5-1. Proposal of Si 2DEG-based spin logic device. (a) Schematic illustration of the 

proposed Si 2DEG-based nonvolatile spin logic device. The red arrows indicate the 

magnetization orientation of each FM contact. The output is given by a transient current 

response, IM(t), caused by an in-plan rotation of M magnetization. The amplitude of IM(t) is 

proportional to the spin accumulation in the 2DEG channel. (b) Typical steady state profiles of 

the spin-dependent chemical potential inside the Si 2DEG channel.46 (c) Simulated transient 

currents (IM) in the M terminal induced by a 10-ns rotation of M magnetization.46 The operands 

of the NAND(X,Y) are the magnetization directions of the contacts labeled by A, B, X, and Y. 
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Appendices 

Appendix A. PPMS System Status Table 

Description of General System Status Measure Code 

Bits Value Status, Temperature 

0-3 

0 Status unknown 

1 Normal stability at target temperature 

2 Stable 

5 Within tolerance, waiting for equilibrium 

6 Temperature not in tolerance, not valid 

7 Filling/Emptying reservoir 

10 Standby mode invoked 

13 Temperature control disabled 

14 Request cannot complete, impedance not functioning 

15 General failure in temperature system 

Bits Value Status, Magnet 

4-7 

0 Status unknown 

1 Persistent mode, stable 

2 Persist switch warming 

3 Persist switch cooling 

4 Driven mode, stable at final field 

5 Driven mode, final approach 
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6 Charging magnet at specified voltage 

7 Discharging magnet 

8 Current error, incorrect current in magnet 

15 General failure in magnet control system 

Bits Value Status, Chamber 

8-11 

0 Status unknown 

1 Purged and sealed 

2 Vented and sealed 

3 Sealed, condition unknown 

4 Performing purge/seal routine 

5 Performing vent/seal sequence 

8 Pumping continuously 

9 Flooding continuously 

15 General failure in gas control system 

Bits Value Status, Sample Position 

12-15 

0 Status unknown 

1 Sample stopped at target value 

5 Sample moving toward set point 

8 Sample hit limit switch 

9 Sample hit index switch 

15 General failure 
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Appendix B. Fe/MgO/n+-Ge Device Fabrication Process  

 

To fabricate the spin injection devices, an unintentionally doped Ge wafer (n ~ 1014 cm-3) 

was used as a starting substrate. Low-temperature solid-source molecular beam epitaxy (MBE)118 

was used to grow a lightly doped (n = 1×1016 cm-3) Ge layer (300 nm thick), followed by a 

transition layer (15 nm thick) and then a degenerately doped (n = 2×1019 cm-3) surface layer (15 

nm thick). For 3T devices, the MgO (1 nm) and Fe (20 nm) films were subsequently grown on 

Ge and capped by a 20 nm Al layer52 in another MBE chamber. The electrodes were patterned 

with photolithography, followed by reactive ion etching and wet chemical etching. Ti/Au 

(10/100 nm) bonding pads were fabricated by electron beam evaporation and lift-off process. 

Finally, as the back contact, silver epoxy was applied to the backside of the whole wafer. A 

standard lock-in technique was used for spin injection measurements. For the 4T device, the 

doping profile of the Ge wafer is the same as in the 3T device, and the device structure is similar 

to the previous spin valve structure.30 Briefly, a Ge channel was first defined by reactive ion 

etching with a mesa height of 60 nm. Then four electrodes were fabricated with standard e-beam 

lithography and lift-off process, where the outer two non-ferromagnetic electrodes (E1 and E4) 

were made of Au/Ti, and the inner two spin-dependent electrodes (E2 and E3) were made of 

MgO (1 nm) and Fe (100 nm) grown by MBE.52 Figure 3-1(d) is the schematic diagram of the 

device structure and nonlocal measurements scheme.  
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Appendix C. Mn5Ge3C0.8/Al2O3/n+-Ge Device Fabrication Process 

 

Doped semiconductor layers were grown by solid-source molecular beam epitaxy (MBE). 

First, a Ge virtual substrate with a thickness of 50 nm was deposited on a Si (111) substrate. It 

accommodates the lattice mismatch between the Si substrate and the final Ge layer, and thus 

enables the subsequent growth of high-quality Ge layers. This was followed by the growth of a 

300 nm n-Ge buffer layer with   N D = 1×1018  cm−3 . Finally, a thin layer (40 nm) of degenerately 

doped n+-Ge (  N D = 1×1020  cm−3 ) was deposited as highly conductive channel layer. The device 

fabrication process started with structuring of the mesa by reactive ion etching (RIE). A SiO2 

layer (100 nm) was deposited by plasma-enhanced chemical vapor deposition (PECVD) to 

passivate the surface. Contact holes (size  98 ×198 µm2 ) were defined by photolithography and 

structured by RIE as well as wet chemical etching. Prior to the deposition of Mn5Ge3C0.8, a thin 

Al2O3 layer (2 nm) was deposited by plasma-enhanced atomic layer deposition (PE-ALD) in 

order to prevent material intermixing. The 40 nm Mn5Ge3C0.8 contacts were deposited by 

simultaneous DC- and RF-magnetron sputtering from elemental targets of Mn, Ge, and C in a 

high-vacuum system under Ar atmosphere at a substrate temperature   Ts = 400 °C . The 

Mn5Ge3C0.8 films were capped in-situ with 40 nm of Al at   Ts = 40 °C . After a 5 s dip in buffered 

hydrofluoric acid (BHF), another 300-400 nm of Al were then deposited ex-situ by thermal 

evaporation as the final metallization layer. The Al/Mn5Ge3C0.8-metallization was patterned by 

photolithography and structured in one etching step. A reference sample without the 

ferromagnetic Mn5Ge3C0.8 layer was also fabricated.  
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Appendix D. Mn(Si0.7Ge0.3)x Device Fabrication Process 

 

STEPS STRUCTURE INSTRUCTION 
1. Sample 
Clean 

 

1-1. Acetone, ultrasonic, 5 min 
1-2. Methanol, ultrasonic, 5 min 
1-3. IPA, ultrasonic, 5 min 

2. 1st PL: 
Mesa 
 

 

2-1. HMDS, 5 min 
2-2. Spin coating 5000 rpm, 30 sec 
2-3. Remove thick PR on four corners  
2-4. Soft bake, 100 C, 1 min (2nd 135 C) 
2-5. UV expose 8 sec, VAC-CONT 
2-6. Developer: AZ400K (1:4), 20-25 sec 

 
3. Mesa 
Etching 
 

 

 

3-1. Recipe: AOE, LJYDBOX, ~100 sec 
3-2. Check mesa height by profiler  
NOTE:  

• Prepare dummy samples around real 
devices to check etching rate 

• Si etching rate: 1-2 nm/sec 
• Make sure Tsub < 100 C 

 
4. Remove 
Residual 

 

4-1. Acetone, ultrasonic, 5 min 
4-2. Stripper (AZ300T), 80 °C, 30 min 
4-3. O2 plasma (TEGAL Asher), 200 W, 5 min 
4-4. Perform clean process before PECVD  
NOTE: Check PR residual with SEM/AFM  

5. PECVD 
Growth 

 
 

 

5-1. Recipe: STS-PECVD, LFSIOST (low freq. 
SiO2), 3 min 
5-2. Check SiO2 thickness using Nanospec  
(The color should be navy blue for 100nm SiO2) 
NOTE:  

• Refractive index, SiO2 = 1.54427 
• Prepare dummy samples to check 

initial growth rate 
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6. 2nd PL: 
Active 
Contact 
Hole 

 

 

6-1. IPA, ultrasonic, 5 min  
6-2. HMDS, 5 min 
6-3. Spin coating 5000 rpm, 30 sec 
6-4. Remove thick PR on four corners 
6-4. Soft bake, 100 C, 1 min (2nd 135C)  
6-5. UV expose 8 sec, VAC-CONT 
6-6. Developer: AZ400K (1:4), 10-15 sec 
NOTE: MR_2-3um pattern are very 
sensitive to developer concentration and 
developing time.  

7. Dry 
Etching 
(STS-AOE) 

 

7-1. Recipe: AOE, LJYDBOX, 25 sec 
7-2. Check SiO2 thickness with NanoSpec 
(color should be graphite for 40-50nm SiO2) 
NOTE:  

• Etching rate is not linear  
Time (sec) 10 20 25 

Etching depth 
(nm) 6 41 68 

 

8. Wet 
Etching 
(BOE) 

 

 
 

8-1. Dip in BOE 30 sec 
NOTE:  
BOE etching rate: 26.5 nm/10 sec 
Check SiO2 residual by SEM/AFM 
 
Remove PR: 
8-2. Acetone, ultrasonic, 5 min 
8-3. IPA, ultrasonic, 5 min 
8-4. BOE, 5 sec 

9. Metal 
Deposition 

 

9-1. Deposit Mn for 150 nm  
        process #: 35 
        Mn pocket: 4 
NOTE:  
Dip in BOE for 5 sec right before metal 
deposition. 

10. RTP 
Process 

 

10-1. Anneal 400 C for 2 min 
NOTE:  

• Anneal sample right after metal 
deposition to minimize oxidation.  

• Keep backside clean before annealing 
to improve thermal conducting. 

• Keep TTC ~ 65 C before every run 
• Factor setup: 1(1.0), 2(1.4), 3(0.3), 

4(0.3), 5(1.4) 
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11. 
Remove 
Leftover 
Mn  

11-1 Dip in Al etchant @ 80 C for 1 min  

12. Final 
PL and 
Metal 
Deposition 

 

12-1. IPA, ultrasonic, 5 min  
12-2. HMDS, 5 min 
12-3. Spin coating 4000 rpm, 30 sec 
12-4. Remove thick PR on four corners 
12-4. Soft bake, 100 C, 1 min (2nd 135C)  
12-5. UV expose 8 sec, VAC-CONT 
12-6. Developer: AZ400K (1:4), 10-15 sec 
12-7, O2 plasma (TEGAL Asher), 200 W, 5 
min  
12-8, BOE dip for 5 sec before deposition 
12-9, Deposit Ti/Au for 50/100 nm 
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