
FABRICATION AND CHARACTERIZATION OF GROUP IV ALLOY  

SEMICONDUCTOR DEVICES 

  

 

 

 

 

by 

 

Kenny Sangcheol Kim 

 

 

 

 

 

 

 

A dissertation submitted to the Faculty of the University of Delaware in partial 

fulfillment of the requirements for the degree of Doctor of Philosophy in Electrical 

and Computer Engineering 

 

 

 

Fall 2015 

 

 

 

 

Copyright 2015 Kenny Sangcheol Kim 

All Rights Reserved 

  



All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed, 

a note will indicate the deletion.

  
All rights reserved.

This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway

P.O. Box 1346
Ann Arbor,  MI 48106 - 1346

ProQuest 10014752

Published by ProQuest LLC (2016).  Copyright of the Dissertation is held by the Author.

ProQuest Number:  10014752



FABRICATION AND CHARACTERIZATION OF GROUP IV ALLOY 

SEMICONDUCTOR DEVICES 

 

 

 

 

by 

 

Kenny Sangcheol Kim 

 

 

 

 

 

Approved:  __________________________________________________________  

 Kenneth E. Barner, Ph.D. 

Chair of the Department of Electrical Engineering 

 

 

 

Approved:  __________________________________________________________  

 Babatunde A. Ogunnaike, Ph.D. 

Dean of the College of Engineering 

 

 

 

Approved:  __________________________________________________________  

 James G. Richards, Ph.D. 

 Vice Provost for Graduate and Professional Education 

  



 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 James S. Kolodzey, Ph.D. 

Professor in charge of dissertation 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Keith W. Goossen, Ph.D. 

Member of dissertation committee 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 John Q. Xiao, Ph.D. 

Member of dissertation committee 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Fouad Kiamilev, Ph.D. 

Member of dissertation committee 

 



 

 

iv 

ACKNOWLEDGMENTS 

I am extremely thankful to the many people who supported and assisted me through 

the course of my doctoral research.  

 Firstly, I would never have been able to finish my dissertation without the 

guidance of my advisor, Dr. James Kolodzey. I would like to express my deepest 

gratitude to him for his excellent guidance, caring, patience, and providing me with an 

excellent atmosphere for doing research. I would also like to thank my dissertation 

committee members, Dr. Keith Goossen, John Xiao, and Fouad Kiamilev, for their 

time, guidance and innumerous meaningful discussions during my doctoral research. 

 Secondly, I would like to thank my family for their immense support and 

patience. Their unconditional love and support motivated me at every point to pursue 

my dream of Ph.D. I would like to especially thank my parents, my wife, Jumryang 

Yoo, and my three kids for being there during the course of my entire research at 

University of Delaware.  

 I would like to thank my fellow graduate students for their assistance: Dr. 

Guangchi Xuan, Dr. Nupur Bhargava, Dr. Jay Gupta, Dr. Thomas Adam, Dr. 

Pengcheng Lv, Dr. Matthew Coppinger, Dr. Nathan Sustersic, Dr. Ralph Troeger, Xin 

Zhang, Dr. Xin Fan, Suddhasatwa Ghosh, Ramsey Hazbun, John LaRocco, Ranjan 

Santra and John Hart. I would like to extend my special thanks to Dr. Nupur 

Bhargava, and Dr. Jay Gupta during the final few months of my Ph.D. completion. I 

also thank Kjeld Krag Jensen for his help with clean room facilities, and thank Debbie 



 

 

v 

Whitesel, Kathy Forwood, Debbie Nelson, Karen Stefano and Wendy Scott, ,Heather 

Roscoe and Michele Jennings for all the help in the department.  

 

 This research was in part funded by AFOSR under grant number: 

FA9550-09-1-0688, Voltaix Corporation under grant number: 12A01464, Department 

of Energy under grant number DE-FG02-07ER46374 and gifts from IBM corporation, 

IR labs, and Voltaix Corporation 

 

Kenny Sangcheol Kim 

University of Delaware  

Department of Electrical and Computer Engineering  

140 Evans Hall, Newark, Delaware 19716 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

vi 

 

 

 

 

 

This dissertation 

is dedicated to 

my loving parents, wife, Jamie, and children, Todd, Christine, and Paul 

 



 

 

vii 

TABLE OF CONTENTS 

LIST OF TABLES ......................................................................................................... x 

LIST OF FIGURES ....................................................................................................... xi 

ABSTRACT ............................................................................................................... xvii 

  

Chapter 

 

 1 INTRODUCTION AND MOTIVATION .......................................................... 1 

 

1.1 Introduction .................................................................................................. 1 

1.2 Growth and Device Characterization Ge1-xSnx  Alloys ................................. 1 

1.3 Novel Method of Reactive Ion Etching ........................................................ 3    

1.4 Magnetic Tunnel Junction Based Phase Detection Device .......................... 3    

1.5 Dissertation Summary .................................................................................. 4 

1.6 Publication from This Dissertation and Graduate Study .............................. 5 

 

 2 DEVICE CHARACTERIZATION AND FABRICATION METHODS .......... 8 

 

2.1 Introduction .................................................................................................. 8 

2.2 Advanced Fourier Transform Infrared Spectroscopy  

      Techniques   .................................................................................................. 8 

 

2.2.1 Michelson Interferometer .............................................................. 9 

2.2.2 Interferogram ............................................................................... 10 

2.2.3 Beam Splitter and Detector Selection .......................................... 13 

2.2.4 High-Resolution FTIR Spectroscopy .......................................... 14 

  

2.3 Photocurrent Measurements of Detectors .................................................. 15 

 

2.3.1 Modifications for Photocurrent Measurements ........................... 15 

        

2.4 Molecular Beam Epitaxy ............................................................................ 18    

2.5 MBE System for GeSn Growth .................................................................. 21 

2.6 Substrate Materials Preparation .................................................................. 24 

2.7 Source Materials Preparation ..................................................................... 26 

2.8 Substrate Loading and Growth Preparation ............................................... 28 

2.9 Device Fabrication ...................................................................................... 29 



 

 

viii 

2.10 Current-Voltage Measurement ................................................................. 32 

2.11 Rutherford Backscattering Spectrometry (RBS) ...................................... 34 

2.12 Secondary Ion Mass Spectrometry ........................................................... 36 

 

 

3 GeSn HETEROJUNCTION DIODE ............................................................... 37 

 

3.1 Introduction ................................................................................................ 37 

3.2 GeSn Alloy Growth and Device Fabrication  ............................................. 37 

 

3.2.1 Device Fabrication ....................................................................... 45 

 

3.3 Device Characterization  ............................................................................ 49 

3.4 Conclusion .................................................................................................. 57 

 

 

4 GeSn PHOTORESPONSE ............................................................................... 58 

 

4.1 Introduction ................................................................................................ 58 

4.2 Experimental Detail  ................................................................................... 58 

4.3 Results and Discussion ............................................................................... 61 

4.4 Conclusion .................................................................................................. 66 

 

 

5 NOVEL METHOD OF REACTIVE ITON ETCHING .................................. 67 

 

5.1 Introduction ................................................................................................ 67 

5.2 Plasma Etching  .......................................................................................... 68 

5.3 System Description: Plasma-Therm 790 .................................................... 70 

5.4 Novel Reactive Ion Etching  ....................................................................... 73 

 

5.4.1 Anisotropic Vertical Etching: Step 1 ........................................... 74 

5.4.2 Isotropic Undercutting: Step 2 ..................................................... 78 

 

5.5 Conclusions ................................................................................................ 85 

 

 

6 MAGNETIC TUNNEL JUNCTIONS ............................................................. 86 

 

6.1 Introduction ................................................................................................ 86 

6.2 Motivation .................................................................................................. 91 

6.3 Device Fabrication ...................................................................................... 92 

6.4 Conclusion ................................................................................................ 100 



 

 

ix 

7 DETERMINATION OF SPECTRAL RESPONSIVITY OF GESN 

PHOTO DETECTORS USING FACTORY CALIBRATED GE AND 

DTGS REFERENCE DETECTORS .............................................................. 101 

 

7.1 Introduction .............................................................................................. 101 

7.2 Background ............................................................................................... 101 

7.3 Responsivity Calibration .......................................................................... 102 

 

7.3.1 FTIR Set-up ............................................................................... 102 

 

7.4 Conclusion ................................................................................................ 110 

 

 

8 SUMMARY AND FUTURE WORK ............................................................ 111 

 

8.1 Summary ................................................................................................... 111 

8.2 Future Work .............................................................................................. 112 

 

REFERENCES ........................................................................................................... 113 

 

Appendix 

 

  PERMISSION LETTERS .............................................................................. 126 

 

 

 

  

 

 



 

 

x 

LIST OF TABLES 

Table 2.1 Beamsplitter and Detector Operational Spectral Ranges for the 

ThermoNicolet Nexus 870. ..................................................................... 14 

Table 3.1 MBE Growth parameters of GeSn samples . ........................................... 45 

Table 3.2 Extracted diodes parameters as derived . ................................................ 53 

Table 5.1 Reactive ion etching parameters used to fabricate the microdisks in 

Figure 5.8. The anisotropic etching process of the left column 

produces vertical cylinders. The isotropic etching of the right column 

produces undercutting of the cylinders to create a microdisk. The 

insets show two subsequent processes(Step 1, and Step 2) to form the 

microcylinder and microdisk respectively. ................................................ 84 

 

 

 



 

 

xi 

LIST OF FIGURES 

Figure 2.1 On the left: Michelson’s interferometer. Light entering from the 

left side of the figure, is split by beamsplitter (B), reflected at 

fixed (mF) and movable (mM) mirrors and then exits downwards. 

On the right: Example of an interferogram – amplitude of signal 

versus the of mirror position .................................................................. 10 

Figure 2.2 Schematic of the FTIR optical paths, based on a Michelson 

interferometer and its basic components such as an IR light 

source, parabolic mirrors, a beamsplitter, a fixed mirror, a moving 

mirror, and a detector. ............................................................................ 12 

Figure 2.3 Schematic diagram of Photocurrent measurement FTIR setup. The 

off-axis parabolic mirror focuses the radiation on the sample 

under test, which acts as a detector and is biased by a small 

reference voltage. Also shown in the figure is the radiation beam 

path to the sample with respective mirror positions. The radiation 

is chopped, amplified and sent to the FTIR electrical signal input 

port to obtain the interferogram. The whole setup is enclosed in a 

compartment and purged with N2 to avoid any water vapor 

absorption.. ............................................................................................. 17 

Figure 2.4 Schematic illustrations of the surface processes occurring during 

film growth in MBE ............................................................................... 18 

Figure 2.5 Schematic of MBD system used for GeSn alloy growth described 

in this chapter ......................................................................................... 22 

Figure 2.6 Schematic diagram of an effusion cell. The source material is 

placed in a crucible which is heated by a filament. The chilled 

water cools the surfaces around the cell and process control are 

provided by a shutter and a thermocouple.............................................. 23 

Figure 2.7 Karl Suss MJB-3 Mask Aligner used for GeSn devices fabrication ...... 31 

Figure 2.8 The top image shows I-V measurement data, and bottom image 

shows the I-V measurement setup components such as Keithley 

2400 source meter, alignment microscope and the Lab View 

interface. ................................................................................................. 33 



 

 

xii 

Figure 3.1 Image of the MBE system at University of Delaware (DuPont 

242) used to grow GeSn p-n junction diodes. The MBE system is 

located inside a Class 1000 clean room to avoid any external 

contamination and for maintaining good quality growth 

environment  ........................................................................................... 39 

Figure 3.2 SIMS measurement of 600 nm p-doped Ge0.946Sn0.054 /n-Ge 

[Courtesy Dr. T. Adams] showing profiles of B, P, Sn, Ge , C and 

O. ............................................................................................................ 41 

Figure 3.3 RBS random, aligned data along with the simulation of the 

random data which gave the Sn composition of 5.4%, showing 

good reduction in scattering yield for both Sn and Ge, which is an 

indication of high amount(>90%) of substitutional Sn .......................... 43 

Figure 3.4  ω-2θ XRD measurements of p-doped Ge1-xSnx /n-Ge with x 

varying from as 2.5%, 5.4% and 8% ...................................................... 46 

Figure 3.5 An illustration of the individual steps involved in the 

photolithography process used to deposit the topside contacts. In 

numerical order, the steps involved: p-GeSn/n-Ge layer growth 

(step 2), photoresist spin (step 3), UV exposure (step 4) using the 

device mask (step 4), photoresist development (step 5). ........................ 47 

Figure 3.6 Top view of the device showing the Al meshes with two Au wire 

bonded .................................................................................................... 48 

Figure 3.7 Dark current measurements of p-GeSn/n-Ge heterojunction diodes 

at room temperature. The inset shows I-V measurements of 

Samples with different Sn contents (A [9%], B [5.4%], C [2.4%], 

and D [0 %]). .......................................................................................... 50 

Figure 3.8 The manipulated dark I-V characteristics for the p-GeSn/n-Ge 

heterojunction diodes (Sample A). (a)  plot of the derivative dI/ 

dVa against Va to obtain G; (b) plot of dVa/dIcorr  against 1/Icorr to 

obtain η and Rs. ...................................................................................... 52 

Figure 3.9 Current-voltage characteristics of the n-Ge/p-GeSn heterojunction 

at different temperatures for Sample A (9% Sn). Inset shows the 

Arrhenius Plot for the calculation of activation energy of the 

reverse saturation current (extracted from the diode equation)  ............. 55 



 

 

xiii 

Figure 3.10 Dark reverse biased current-voltage characteristics at various 

temperatures for Sample A. The breakdown voltage was about 

1.75V at 297K, as indicated by the straight lines along the current 

branches .................................................................................................. 56 

Figure 4.1 (a) Schematic of the experimental setup for photocurrent 

spectroscopy using an IR source (Globar) and optical chopper. 

The Ge1-xSnx device is held at temperature T on a cryostat. A 

lock-in amplifier and Thermo-Nicolet 870 FTIR were used to 

measure the spectral response. (b) Diagram of the Ge1-xSnx / n-Ge 

heterojunction device structure showing top and bottom metal 

contacts. .................................................................................................. 60 

Figure 4.2 Photocurrent response of a Ge0. 902Sn0.098/ n-Ge heterojunction 

device at 100K (sample F, with 9.8%Sn): Increasing reverse-

biased voltage resulted in larger amplitude of photocurrent that 

saturated at higher reverse voltages. The inset shows the dark 

current-voltage characteristics of several Ge1-xSnx devices with 

different Sn compositions.   .................................................................... 63 

Figure 4.3 Spectral photoresponse in mid-IR regime of Ge1-xSnx/ n-Ge 

heterojunction devices, with different Sn compositions, at 100K.  

The response peaks lie at 0.619eV (sample G 12% Sn) , 

0.681eV(sample F 9.8% Sn), 0.765eV(sample E 4% Sn), and 

0.872eV(pure Ge sample H, 0% Sn) respectively .................................. 65 

Figure 5.1 Basic RIE system, and typical parameters such as RF power, 

frequency, pressure, and etc. .................................................................. 69 

Figure 5.2 Plasma-Therm 790 system used in this dissertation ............................... 71 

Figure 5.3 Graphic User Interface (GUI) of Plasma-Therm 790 to control a 

process, showing a process chamber with pressure (here, less than 

1mTorr), two green disks for two pumps of turbo, and mechanical 

rotary, and pumping lines of roughing, and foreline.    .......................... 72 

Figure 5.4 A depiction of the result of two major steps of our all-dry 

undercutting etching process. Step 1(anisotropic vertical etching) 

and Step 2(isotropic undercutting) to fabricate a microdisk. In 

Step 1, the perimeter of the upper disk structure was formed. A 

supporting pedestal was created by isotropic etching that removed 

substrate material under the disk in Step 2. ............................................ 75 



 

 

xiv 

Figure 5.5 A detailed depiction of cyclic dry reactive ion etching process to 

form a microdisk: (a) phosphorus doped bulk silicon (001) 

starting wafer, (b) A microcylinder formed in Step 1 using the 

three cyclic sub-steps of anisotropic, (c) In preparation for etching 

Step2, SiO2 was grown, (d) SiO2 is removed on bottom, and top 

by reactive ion etching (e) A supporting structure of pedestal was 

fabricated in Step 2. using isotropic undercutting etch. (f) A 

microdisk was formed ............................................................................ 77 

Figure 5.6 Isotropic silicon etch rate versus RF power for a gas mixture of 

10sccm/20sccm; SF6/He at a chamber pressure of 200mTorr. This 

condition was used during Step 2 of the undercutting process. ............. 80 

Figure 5.7 Silicon isotropic etch rate (μm/cycle), measured by the extent of 

undercutting versus pressure for a 10sccm/20sccm; SF6/He with 

RF power of 50 Watts. ........................................................................... 81 

Figure 5.8 SEM micrographs of microdisks fabricated using novel method of 

reactive-ion etching process reported here. (a) shows cylinders: 

diameter: 150µm, and height: 15µm. In (b), the cylinders from (a) 

were undercut showing microdisk arrays ............................................... 83 

Figure 6.1 First observations of giant magnetoresistance. (a) On Fe/Cr(001) 

multilayers (Baibich 1988). (b) On Fe/Cr/Fe trilayers (Binash 

1989). (c) Schematic of the mechanism of the GMR. In the 

parallel magnetic configuration (bottom), the electrons of one of 

the spin channels can go easily through all the magnetic layers 

and the short-circuit through this channel leads to a small 

resistance. In the antiparallel configuration (top), the electrons of 

each channel are slowed down every second magnetic layer and 

the resistance is high. The current is horizontal on the figure and it 

is carried by electrons having velocities in all the possible 

directions with different proportion of rightward and leftward 

orientations ............................................................................................. 87 

Figure 6.2 Schematic of MTJ, which has a very thin insulating layer between 

ferromagnetic layers so that electrons can tunnel through quantum 

mechanically through the insulating barrier  .......................................... 88 



 

 

xv 

Figure 6.3 Schematic of the TMR effect in an MTJ. During tunneling, 

electron spin orientation is preserved, i.e. an electron can only 

tunnel to the spin subband of the same spin orientation, and the 

conductance is proportional to the product of the Fermi level DOS 

values of the two electrodes of the same spin orientation. (a) 

shows parallel magnetization configuration, which means more 

tunneling conductance of  electron. (b) shows antiparallel 

configuration for less tunneling conductance ......................................... 90 

Figure 6.4 (a) Experiment setup of the MTJ based microwave relative phase 

detection, showing test equipments of VNA, microwave splitter, 

function generator, phase shifter, lock-in amplifier,  and MTJ 

device under test on CPWs. (b) Circuit for microwave phase 

detection. The MTJ is placed on the common short line of the two 

CPWs (left, and right CPW) ................................................................... 93 

Figure 6.5 (a) Relative phase dependence of the microwave induced voltage. 

(b) Two microwaves are fed into one structure, producing a 

response corresponding to the black curve in (a). (c) One 

microwave is fed into detection structure, while the other 

microwave is fed into an identical adjacent structure. In this case 

the microwave in the circuit is the same with the ones in (b). But 

the induced voltage response is only due to one of the microwave 

input, corresponding to the red and green curves in (a). ........................ 96 

Figure 6.6 HFSS simulation of the surface magnetic field distribution of the 

structure used in the experiment. The microwave is fed in from 

the left side. At the common short, there is a non-uniform 

distribution of the microwave magnetic field. ....................................... 98 

Figure 7.1 Spectral response characteristics of various infrared detectors, 

indicating that the Pyroelectic detector shows flat response over 

wavelength from 1.5µm to 18µm [90]. ................................................ 103 

Figure 7.2 Absolute spectral responsivity (A/W) of various detectors from 

Newport[91]. The pink line shows the absolute spectral 

responsivity of the Ge detector 818-IR, which is used in this 

calibration procedure. The inset shows the photograph of Newport 

Ge detector assembly with the active detector mounted in a black 

cylindrical holder, and a cable with DB-15 type electrical 

connector... ........................................................................................... 104 



 

 

xvi 

Figure 7.3 Schematic of the experimental setup for photocurrent 

spectroscopy using an infrared source (Globar) and an optical 

chopper. A lock-in amplifier and the Thermo-Nicolet 870 FTIR 

were used to measure the spectral response of the detector that is 

being tested... ........................................................................................ 105 

Figure 7.4 Extracted T (λ) shows the range between 0.2~0.3. The inset shows 

FGe-Factory (λ) in Eqn (1), which is the ratio of MGe-Factory (λ) to 

MDTGS (λ). ............................................................................................. 107 

Figure 7.5 The responsivity of GeSn detector determined at the wavelength 

range of 1,250nm to 1,950nm. The inset (a) shows the ratio MGeSn 

(λ) to MDTGS (λ), and the inset (b) shows the responsivity of GeSn 

detector before considering the size of detector area. .......................... 109 

 

 

 



 

 

xvii 

ABSTRACT 

 

The germanium-tin (GeSn) alloys comprise a non-equilibrium solid solution of two group IV 

elements.  Their compatibility with integrated circuit processing makes them very useful for 

monolithic integration on silicon wafers.  They have the important optical characteristic of an 

energy bandgap transition from indirect to direct in k-space with sufficient Sn content (above 

about 7 atomic % Sn).  The Sn incorporation into Ge is limited, however, due to 

thermodynamic instability and also the difficulties of material growth. Nevertheless, non-

equilibrium growth techniques have been used to prepare high quality GeSn alloys, which can 

be fabricated into optoelectronic devices.  In this work, GeSn is grown up to 12% Sn by 

Molecular Beam Epitaxy, fabricated into devices using Clean Room processing, and 

characterized optically and electrically. 

 This dissertation presents work on the electrical and optical characterization of 

GeSn/Ge heterojunction devices.  P-N heterojunction diodes were fabricated from layers of 

boron doped p-type GeSn grown by MBE on n-type Ge-substrates. GeSn pn diodes with 

varying Sn content were studied to extract diode electrical parameters. The Photoresponse of 

GeSn/n-Ge heterojunction devices was investigated with different Sn contents.  

 Electrical and optical devices sometimes use high profile structures including 

microdisks and resonators that are fabricated by methods such as deep etching. A simple 

fabrication method to achieve the deep undercutting required by microdisks by employing dry-

processing reactive-ion etching (RIE) is investigated.  The effects of key RIE parameters such 

as chamber pressure, and radio frequency (RF) power on the etch rates are reported for a 



 

 

xviii 

cyclic method that can achieve very deep structures. This cyclic RIE technique can be used for 

many materials such as Si, Ge, and GaAs, which would use a variety of different gas 

chemistries 

 The last section of this dissertation describes the fabrication and characterization 

of magnetic tunnel junction (MTJ) for microwave applications, which have been extensively 

investigated. In this work, a MTJ was designed, fabricated and tested for use as microwave 

phase detectors so that they can be used for microwave imaging, etc. 



 1 

Chapter 1 

INTRODUCTION AND MOTIVATION 

1.1  Introduction 

In this dissertation, work has been done on following projects: (1) fabrication and 

characterization of GeSn diode grown by Molecular Beam Epitaxy (MBE), (2) fabrication and 

characterization of GeSn photodetectors grown by MBE, (3) fabrication of Si-based micro-

disks with all dry-etching technique, (4) fabrication and characterization of Magnetic Tunnel 

Junction (MTJ) devices. The MBE growths were performed by Dr. Nupur Bhargava in our 

group. The major portion of this dissertation describes the fabrication and device 

characterization of Ge1-xSnx alloys. The Silicon dry etching project was performed for P, and 

B-doped Si Terahertz emitters. The MTJ project was collaborative work with the Physics 

Department of University of Delaware (Prof. John Xiao’s group). In the following sections, 

the main motivation behind the research work is discussed 

1.2  Growth and Device Characterization Ge1-xSnx Alloys   

 Group IV based optoelectronic devices are very attractive because they can be easily 

incorporated with conventional Silicon based integrated circuits technology [1,2] Compared to 

Group III-V materials, however, Group IV materials have lower mobility and typically have a 

bandgap that is indirect in k-space which has been a limiting factor for optoelectronic 

application[3]. In recent years, Ge1-xSnx alloys have drawn lots of interest on their electrical 

and optical characteristics due to their possible direct bandgap crossover for sufficient Sn 
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about 7 atomic percent[4,5], the predicted higher carrier mobility [6], and an increase of lattice 

constant that enables strain engineering for Ge-based devices. Furthermore, GeSn alloys, 

which are compatible with group IV material processing, can be grown on Si wafers, enabling 

more applications with the monolithic integration of photonic devices.  

Integrated silicon optoelectronic devices are useful for data communication in the near-

IR wavelength (0.75–1.4µm) region, and their potential applications in the Mid-IR region (3–

8 µm) has gained research interests in the past few years.  Recently, efficient optical emission 

devices [7-9] and photo detectors based on tensile-strained germanium have been reported [10, 

11].  While alterations in the band structure of bulk Ge that mimic direct bandgap behavior can 

be induced through strain, the formation of a direct bandgap by composition through the 

alloying of group IV materials would be a method of band engineering that is compatible with 

the conventional materials processing techniques used in CMOS device fabrication.  

 Recently, there has been interest in the development of Ge1-xSnx alloys due to their 

predicted properties of indirect-to-direct band gap crossover at Sn contents near 6 % [1], and 

their compatibility with silicon technology [1, 2]. Recent interest in GeSn has motivated 

researchers to studies electrical and optical devices based on GeSn. The properties of p-i-n 

photodetectors as well as the infrared emission from GeSn diodes have been reported with up 

to 4% Sn content [15-18]. The electrical and optical characteristics of GeSn diodes need 

further investigation, however, with higher Sn contents as described in this dissertation.  
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 In this study, we report the electrical and optical measurements of heterojunction 

diodes fabricated from epitaxial layers of boron doped p-type Ge 1-xSn x grown by MBE on n-

type Ge-substrates with up to 12% Sn, and some of their characteristics and limitations.  

1.3 Novel Method of Reactive Ion Etching 

  For micro-electromechanical systems (MEMS) applications, the etching of silicon is 

required to relatively large depths (tens of microns) with high aspect ratios (depth of trench 

versus lateral opening). In this dissertation, a new all-dry processing method for the fabrication 

of suspended silicon micro-structures based on reactive ion etching is presented.  This method 

was developed as an alternative to the combined dry, wet, and selective etching that was often 

used for undercutting structures such as cylinders to form microdisk resonators on pedestals.  

The goal of research is to report a simple fabrication method to achieve deep undercutting by 

employing dry-only reactive-ion etching (RIE), and report the effects of key RIE parameters 

such as chamber pressure, and radio frequency (RF) power.  

1.4  Magnetic Tunnel Junction Based Phase Detection Device    

 Magnetic tunnel junctions (MTJs) are thin film spintronic devices which are composed 

of two ferromagnetic electrodes separated by a thin insulating barrier layer. When a voltage is 

applied across the top and bottom of this structure, classical physics does not allow a current to 

flow. If the insulating layer (also referred to as the “tunneling barrier layer”) is sufficiently 

thin, however, electrons can flow by quantum mechanical tunneling through it. Microwave 

detection devices using this magnetic tunnel junction (MTJ) have been extensively 
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investigated in recent years [20-24]. In this dissertation, a microwave phase detector using a 

MTJ, which is placed on a common short of two coplanar waveguides (CPW) is presented.  

1.5  Dissertation Summary 

The primary themes of this dissertation are the characterization of GeSn devices, the 

description of the novel silicon dry etching technique, and finally a presentation of the 

microwave phase detection device using MTJ. 

Chapter 2 describes the methods to fabricate and characterize GeSn devices including 

Advanced Fourier Transform Infrared Spectroscopy techniques for measurement of optical 

properties of the devices, and Molecular Beam Epitaxy technique to grow GeSn devices. 

Chapter 3 investigates the electrical properties of p-GeSn/n-Ge diodes with different 

Sn contents. Diode parameters are extracted from forward and reverse bias measurements over 

different Sn contents. 

Chapter 4 reports the optical properties of GeSn/n-Ge heterojunction devices grown by 

MBE using electrical and photocurrent measurements.  

Chapter 5 describes a novel simple all dry silicon etching methods using Reactive Ion 

Etching (RIE).   This is an alternative method to the combined dry, wet, and selective etching 

that were typically required for undercutting structures to produce waveguides and microdisks, 

but with less cost, and simpler processing using the described technique.  
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Chapter 6 presents a novel phase detection device using the spintronic MTJ device 

principles.   

Chapter 7 presents a method used to determine the spectral responsivity of the Ge1-xSnx 

/ n-Ge heterojunction detector using a factory calibrated Ge detector and a DTGS pyroelectic 

detector with a flat spectral response is presented.  

1.6  Publications from This Dissertation and Graduate Study 

Below is the list of first author published papers: 

 Sangcheol Kim, J. Gupta, N. Bhargava, M, Coppinger and James Kolodzey” Current-
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 Sangcheol Kim, N. Bhargava, J.P. Gupta, M. Coppinger, and James Kolodzey “Infrared 
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Chapter 2 

DEVICE CHARACTERIZATION AND FABRICATION METHODS  

2.1 Introduction 

This chapter describes the fabrication techniques and various characterization methods 

used for the optoelectronic and spintronic devices described in this dissertation. The Fourier 

Transform Infrared (FTIR) Spectrometry technique used for photocurrent measurement on 

GeSn devices is explained, and the Molecular Beam Epitaxy technique used for GeSn growth 

is described. Lastly some other device measurement techniques such as Current-Voltage 

characterization, alloy concentration measurement techniques of Secondary Ion Mass 

Spectrometry (SIMS), Rutherford Back Scattering (RBS), and fabrication techniques such as 

photolithography are presented in later sections.    

 

2.2  Advanced Fourier Transform Infrared Spectroscopy Techniques   

Fourier Transform Infrared (FTIR) Spectrometry is a technique extensively used to 

measure transmission, absorption, reflection, and emission spectra in many different 

applications.  Especially FTIR has been the essential technique in finding various information 

of materials such as semiconductors, organic, and inorganic solids. In this dissertation, the 

ThermoNicolet Nexus 870[25] FTIR spectrometer was used to characterize the devices. FTIR 

principles, advanced measurement techniques are explained in below sections 
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2.2.1  Michelson Interferometer 

An interferometer is a device that introduces an optical path between two beams that 

are coming from the same source. A Fourier Transform Spectrometer is based on this 

interferometer, where the incident light is divided into two beams by a beamsplitter, creating 

an optical path difference causing the two beams to interfere when they combine later 

generating an interferogram as shown in Fig. 2.1.The Most common type of Fourier-

Transform spectrometer is based on Michelson’s interferometer as shown in Fig. 2.1. 

Incoming light from the source is partly transmitted and partly reflected by the beamsplitter.  

As shown in Fig. 2.2 of FTIR, a radiation source is first collimated by a parabolic 

mirror, and then the collimated beam travels to the beamsplitter , where the beam is separated 

into two beams path, one is transmitted to a moving mirror, and the other is reflected to a fixed 

mirror. Light is reflected back from the respective mirrors, and eventually interfere at the 

beamsplitter. The detector measures the variation in beam intensity as a function of the optical 

path difference. The signal measured is called interferogram which has the unique property 

that every data point (a function of the moving mirror position) which makes up the signal has 

information about every infrared frequency which comes from the source. In order to obtain a 

frequency spectrum, a mathematical technique of the Fourier transformation is required.   
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Figure 2.1: On the left: Michelson’s interferometer. Light entering from the left side of the 

figure, is split by beamsplitter (B), reflected at fixed (mF) and movable (mM) mirrors and then 

exits downwards. On the right: Example of an interferogram – amplitude of signal versus the 

of mirror position 

 

 2.2.2  Interferogram 

In order to understand the spectrometric measurements in an ideal FTIR using the 

notation of Griffiths and de Hasleth[26], the intensity at the detector as a function of optical 

path difference, δ, can be written for a monochromatic source with wavelength of radiation, λ 

(wavenumber: ν (1/ λ )) as: 
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𝐼(𝛿) =
1

2
𝐼0(ν)(1 + cos(2πνδ))                                    (2.1) 

 

where 𝐼0 is the intensity of the monochromatic source.  For a perfect monochromatic light 

source, the recombined beams will produce some interference, which can be constructive or 

destructive depending on the optical path differences as in equation 2.1. As the mirror moves 

and δ changes, Equation 2.1 contains both a modulated (AC) component and a constant (DC) 

component. When the DC component of Equation 2.1 is removed, the remaining modulated 

component for a monochromatic source can be expressed as, 

𝐼(𝛿) =
1

2
𝐼0(ν) cos(2πνδ)                                    (2.2) 

where I(δ) is the interferogram. 
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Figure 2.2: Schematic of the FTIR optical paths, based on a Michelson interferometer and its 

basic components such as an IR light source, parabolic mirrors, a beamsplitter, a 

fixed mirror, a moving mirror, and a detector. 
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  During practical spectrometry, some variations from ideal conditions should be 

considered such as detector response, the beamsplitter efficiency, etc. Therefore, we can 

define a wavenumber dependent correction factor, 𝐵(ν) to describe the spectral intensity as 

following equation:   

 

𝐼(𝛿) = 𝐵(ν) cos(2πνδ)                                   (2.3) 

 

where the interferogram, 𝐼(𝛿), is the cosine Fourier transform of the spectral intensity, 𝐵(ν). If 

we expand this to a broadband source from monochrome source, 

 

𝐼(𝛿) = ∫ 𝐵(ν) cos(2πνδ) 𝜕ν                           (2.4)
+∞

−∞

 

 

where the interferogram, 𝐼(𝛿), is now taken as an integral over all wavernumbers. However, in 

practice the spectral data that can be obtainable are limited due to the beamsplitter, the source, 

and the detector’s limited capability to cover the range.  

 

2.2.3  Beam Splitter and Detector Selection  

The Thermo Nicolet Nexus 870, the FTIR model used in this dissertation, is equipped 

with four detectors, three beamsplitters, and two broadband sources that allow the operation at 

wavenumber (1/) from 10 cm
-1

 to 32,000 cm
-1

. The first broadband source, a Globar is a 

silicon carbide infrared heated resistor that mimics the spectral emittance of an 1140˚C 
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blackbody source [27]. The useful wavenumber range for this source is from 9000cm-1 to 20 

cm
-1

. A white light source, heated Tungsten-Halogen filament is used for wavenumbers above 

9000 cm
-1

, and with a blue filter this source can be extended to record data up to 32,000 cm
-1

. 

The operational spectral ranges for compatible beamsplitter and detector combinations 

are listed in Table 2.1. A quartz beamsplitter was used for visible and near IR measurements 

while potassium bromide (KBr) and silicon beamsplitters were used for mid-wavelength IR 

and far IR measurements, respectively. Detectors included silicon and indium gallium arsenide 

(InGaAs) photodiodes, a thermoelectrically cooled (TEC) deuterated triglycine sulfate 

(DTGS) pyro-electric detector, a DTGS pyro-electric detector with a polyethylene (PE) 

window. To achieve maximum signal to noise ratio, suitable detector/beamsplitter 

combination have to be used for the wavelength range of interest. 

Table 2.1: Beamsplitter and Detector Operational Spectral Ranges for the ThermoNicolet 

Nexus  

 

 

2.2.4   High-Resolution FTIR Spectroscopy  

Compared to a conventional grating spectrometer technique, there are two advantages 

of FTIR spectrometers. First, spectral information from every frequency is recorded 

Beamsplitter Detector Spectral Range (cm-1) Wavelength (μm) 

Quartz Silicon 32,000 – 8,600 0.313 – 1.16 

InGaAs 12,000 – 3,800 0.833 – 2.63 

DTGS TEC 7,400 – 2,800 1.35 – 3.57 

KBr InGaAs 11,000 – 3,800 0.909 – 2.63 

DTGS TEC 11,000 – 350 0.909 – 28.57 

Silicon DTGS PE 600 – 150 16.67 – 66.67 

Silicon Bolometer 600 – 20 16.67 – 500
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simultaneously. This multiplexing ability, known as Fellgett’s advantage, suggests that the 

signal-to-noise ratio (SNR) for identical spectra measured on an FTIR spectrometer exceeds 

that of a grating spectrometer. Second, Jacquinot’s advantage describes the increase in SNR 

obtained from the optical throughput of the FTIR in comparison to a grating spectrometer. If 

the system optics are not changed for identical measurements using a grating spectrometer and 

an FTIR, according to Jacquinot’s advantage the SNR ratio for the FTIR increases with the 

square of the measured wavenumber. The combination of Fellgett’s and Jacquinot’s 

advantages indicates that the theoretical sensitivity of an FTIR taking measurements at a 

resolution of  4cm
-1

 can be 2000 times greater than that of a grating spectrometer.   

The FTIR spectral data recorded for this dissertation were obtained via the application 

of a fast Fourier transform (FFT) to the interferogram from the interferometric measurements.  

2.3  Photocurrent Measurements of Detectors  

For thin films, photocurrent spectroscopy is a useful technique for identifying spectral 

absorption characteristics that are too faint to see using reflection and transmission 

spectroscopy. Following sections explains the methods to measure photocurrent used in this 

dissertation 

 

2.3.1  Modifications for Photocurrent Measurements  

For photocurrent measurement, the device under test is used as the FTIR detector.  The 

Nexus 870 FTIR has a built-in detection port, capable of directing the combined Interfered(IR) 

light from the beamsplitter to a path outside the FTIR mainframe unit. The schematic of the 

FTIR for photocurrent measurements is shown in Fig. 2.3. An off –axis parabolic mirror is 
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used to focus light onto the sample, which is placed in a vacuum closed-loop He cryostat 

(ARS, Inc. DE-204SF) for cryogenic cooling (excluding the mirror and chopper). The cryostat 

was equipped with a low-vibration bellows to isolate the samples and FTIR components from 

external motion. To allow operation at cryogenic temperatures, the cryostat was evacuated to 

sub-militorr pressures using a molecular drag pump. The samples under test are electrically 

biased with a small voltage to produce a photocurrent. The FTIR internal source (globar) 

radiation, as shown in Fig. 2.3 is directed with the help of an off-axis parabolic mirror to fall 

directly on the sample under test. The incident source radiation may cause some of the 

confined carriers to be lifted from a ground state to a conduction continuum or to higher levels 

or generate electron-hole pairs by interband absorption; resulting in a change in photocurrent. 

The resulting current is amplified by a low- noise amplifier and returned to the external input 

of the FTIR to obtain the interferogram. The interferogram is Fourier transformed by computer 

software performing a fast Fourier transform to obtain the photocurrent spectra that contains 

the response specific to the materials properties of the device under test. Because of a very 

small change in the observed photocurrent due to the impinging radiation, the step scan 

technique has been most suitable for photocurrent measurements, to remove any ambient 

background interference and to improve the signal to noise ratio. To eliminate any 

contribution of the ambient background of light, electrical pickups, mechanical vibration, etc. 

an optomechanical chopper was placed in the beam path to produce an ac signal that can be 

synchronously detected by a lock-in amplifier, and the data were recorded in step scan mode. 

To ensure that atmospheric attenuation would not adversely affect any measurements, a 

nitrogen purge with a pressure regulator set at 30 standard cubic feet per hour was installed for 
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the sample compartment shown in Fig. 2.3 to remove moisture and CO2 that can absorb in the 

infrared. 

 

 

 

Figure 2.3: Schematic diagram of Photocurrent measurement FTIR setup. The off-axis 

parabolic mirror focuses the radiation on the sample under test, which acts as a 

detector and is biased by a small reference voltage. Also shown in the figure is the 

radiation beam path to the sample with respective mirror positions. The radiation is 

chopped, amplified and sent to the FTIR electrical signal input port to obtain the 

interferogram. The whole setup is enclosed in a compartment and purged with N2 to 

avoid any water vapor absorption. 
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2.4  Molecular Beam Epitaxy 

For the growth of epitaxial layers of material, Molecular Beam Epitaxy(MBE) has 

been a versatile technique due to its great precision and purity. It is characterized by a low 

growth rate, and has the capability to grow a single atomic layer of material. The primary 

advantage is to form high-quality epitaxial layers of material with precise control over 

chemical composition, thickness, and doping concentrations [29]. The epitaxial growth of 

MBE is achieved by the impingement of the constituent molecular or atomic beams onto a 

heated substrate in an ultra-high vacuum (UHV) chamber.  Fig. 2.4 shows a schematic 

illustration of the processes occurring during film growth in a typical MBE system. 

 

 

Figure 2.4: Schematic illustrations of the surface processes occurring during film  

growth in MBE[30] 
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A heated substrate can serve as a seed crystal, while constituent molecular or atomic 

beams impinge on the surface, therefore the temperature of the substrate is a source of the 

kinetic energy to the molecular or atomic beams for both dissociation and surface migration to 

suitable growth sites.  

During the MBE film growth, both chemical and physical processes occur on the 

surface. The most important processes for epitaxial growth are adsorption of the impinging 

atoms or molecules, surface migration and dissociation of adsorbed molecules, incorporations 

of constituent atoms at step edges, and thermal desorption of excess species [31]. The kinetic 

energy supplied by the substrate temperature mainly controls those growth processes rates.  

There are two types of adsorption in the growth of MBE, physical adsorption and 

chemical adsorption.  For physical adsorption, also called physisorption, the van der Waals 

forces bind the adatom or molecule to the surface without any electron transfer between the 

adsorbate and the surface. This adsorption is accompanied by the surface migration of the 

adsorbate strongly.  The other type of adsorption, which is chemisorption, involves a chemical 

reaction between the adsorbate and the surface, with electron transfer, which is leading to the 

formation of chemical bonds. 

MBE is an ultrahigh vacuum process. The typical growth pressure for MBE is 10
-10

 

Torr. At such a low pressure, fewer collisions occur due to the mean free path of the molecule 

being quite large. The thermal source provides molecules with thermal energy to propagate to 

the substrate. Due to fewer or negligible molecular collision, these molecules do not scatter. 

Hence they form a molecular or atomic beam which is incident on the substrate. These 

molecules adsorb onto the crystalline surface and they stay on the surface and reposition to 
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lattice sites due the energy provided by the heated substrate and form an epitaxial film. Before 

forming the film, these molecules make a large number of site changes. Due to the low 

pressure, MBE can be governed by this kinetics of the surface processes. The mean free path 

of a molecule (L) is inversely proportional to the pressure (p) and directly proportional to the 

temperature (T). 

𝐿 =
1

√2𝜋𝑑2    (2.6) 

𝑛 =
𝑝

𝑘𝐵𝑇
   (2.7) 

where d is the molecular diameter, n is the concentration of gas molecules and  𝑘𝐵 is the 

Boltzmann constant[32]. 

On the crystal surface, these atoms/molecules become incorporated into a lattice after a 

characteristic dwell time. The characteristic surface diffusion length ls and the thermally 

activated surface diffusivity Ds are related as follows: 

𝑙𝑠 = √2𝐷𝑠𝜏𝑠    (2.8) 

𝐷𝑠 = 𝐷0𝑒𝑥𝑝
−𝐸𝐷
𝑘𝐵𝑇     (2.9) 

where 𝜏𝑠  is the mean residence time of adatoms on the surface and 𝐸𝐷 is the energy barrier of 

site interchange. 𝜏𝑠 can be approximated to be the time for atom to find the lattice site. 

The above kinetic relationships help in growing metastable epitaxial structures. Large 

𝐷𝑠 gives adatoms enough energy to attain a thermodynamically stable structure [32, 

33] .Whereas small 𝐷𝑠  can allow kinetic stabilization of a nonequilibrium configuration. MBE 

is a non-equilibrium process and hence can synthesize alloys which are not in equilibrium 

state [34] .The non-equilibrium state is achieved by lowering the growth temperatures. 
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The low pressure (in the growth chamber) helps to reduce the impurity incorporation in 

the film (such as H2O vapor, O2, and CO), grow films as thin as a few monolayers and also 

make doping profiles and interfaces abrupt. If the partial pressure of residual gases is several 

orders of magnitude lower than the vapor pressure of the source (material to be grown) 

molecules, a high purity epitaxial film is formed. 

 

2.5  MBE System for GeSn Growth 

Figure 2.5 shows a schematic diagram of the custom EPI-620 MBE system used for 

GeSn alloys growth.  The system has two chambers, a growth chamber and a sample 

introduction chamber separated by a pneumatically activated gate valve. The sample is being 

transferred between the two chambers with a magnetically coupled sample transfer rod.  

In order to generate molecular or atomic beams from each constituent element, the 

EPI-620 system utilizes effusion cells with pneumatically controlled shutters.  The effusion 

cell contains a crucible made of pyrolytic boron nitride (pBN), heating filaments, and water 

cooling system, heat shields and orifice shutter shown in Figure 2.6.  
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Figure 2.5: Schematic of MBD system used for GeSn alloy growth described in this chapter. 

 

 

 



 23 

 

 

Figure 2.6: Schematic diagram of an effusion cell. The source material is placed in a crucible 

which is heated by a filament. The chilled water cools the surfaces around the cell and 

process control are provided by a shutter and a thermocouple [35] 
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The effusion cells are the source of the molecular beams and are each typically heated 

independently from resistive heating wire. By varying the cell temperature, the vapor pressure 

can be controlled such that the proper variations in growth rate and composition are achieved.  

All the molecular beams from the each effusion cell are controlled by pneumatically actuated 

linear motion shutters so that the molecular beams can reach the substrate only when shuttered 

are opened. A detailed description of the EPI 620 MBE system, its components, control 

software and safety interlocks can be found in Brad Orner’s Master’s thesis and Ph.D. 

dissertation [34]. 

For n-type doping of the GeSn alloys, a custom effusion cell for phosphorus 

evaporation from a solid source of GaP having a pBN crucible is used. GaP is heated above 

670 °C so that GaP is decomposed, P is evaporated, and Ga is trapped by a PNB baffle screen.  

For p-type doping, a boron effusion cell with a pyrolytic graphite (PG) crucible with a 

tungsten liner was used.  Due to boron’s low vapor pressure, the cell was heated to very high 

temperature (~ 1500°C). 

 

2.6  Substrate Materials Preparation 

The Ge substrate wafers were prepared for epitaxy by following procedure [36].  

(1) DI water rinse under running DI water 

(2) Methanol rinse to remove DI water left on substrate after the DI rinse 

(3) Solvent cleaning (in Pyrex beakers) 

 Boil in TCE(Trichloroethylene) for 5 minutes 

 Boil in Acetone for 5 minutes 
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 DI water rinse ( submerging in fresh DI water in a cleaned beaker) 

(4) Particulate removal (in Pyrex beakers) 

 Boil in H2O : FL-70(Detergent) with a ratio of 1:12 for 10 minutes 

 DI water rinse twice 

 DI water rinse boiled for 10 minutes. 

 DI water rinse twice 

   Keep the Ge substrate in DI water of a quartz beaker 

(5) Oxidation and Etch 

 Dip in HF: H2O  with a ratio of  1:10 for 10 seconds (in Teflon beaker) 

 DI water rinse under running DI water 

 Dip in H2O2 : H2O with a ratio of 1:10 for 15 seconds (in Quartz beaker) 

 Running DI water rinse 

 Repeat above HF: H2O  / H2O2 : H2O steps 4 times 

 DI water rinse 

 Dip in HF: H2O with a ratio of 1:10 for 10 seconds (in new solution)   

 Dip in H2O2 : H2O with a ratio of 1:10 for 15 seconds(in new solution) 

 Running DI water rinse 

 DI water rinse 

 Blow dry with N2 till no water droplet on the substrate 
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2.7  Source Materials Preparation  

In order to grow Ge1-xSnx alloys, Ge and Sn source materials were prepared and 

installed in the crucibles of EPI-620 MBE system. Before inserting the source materials, 

Pyrolytic Boron Nitride (pBN) crucibles were typically chemically cleaned and blow-dried. 

For the outgassing of PBN crucibles, the temperature is increased to 1500°C where it is held 

for a couple of minutes to prevent decomposition. The crucible is then cooled down to 1400°C 

where it is held for one hour for outgassing, and then is cooled to 1200°C for outgassing 

overnight. The crucible is cooled to room temperature before the charging the source material.  

Following are the procedure to clean Ge and Sn source 

Ge source 

 Degrease Ge source materials by boiling in the following solvents in Pyrex beakers  

 Trichloroethylene for 5 minutes  

 Acetone for 5 minutes  

 Methanol for 5 minutes  

 Etch charge material in HNA solution for 5 minutes: HF:HNO3:CH3COOH solution 

with ratio of 1:15:5 (etch rate ~ 5 μm/min). This etch removed several microns (~25 

μm) of source material.  

 Dip in 10% HF solution, to remove residual oxide.  

 Etch in a second HNA solution for 3 minutes, ratio of 5:15:7 with higher etch rate  

 Dip in 10% HF solution  

 Blow dry with N2  
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Sn source 

 Sn granules in Teflon basket.  

 Rinse with DI water, in a Pyrex beaker  

 20 seconds DI water rinse (running DI water)  

 Degrease by boiling in solvents in Pyrex beaker:  

 Trichloroethylene for 5 minutes  

 Acetone for 5 minutes  

 Methanol for 5 minutes  

 Transfer Sn granules to a DI water filled quartz beaker  

 Turn on heater of ultrasonic bath and fill with water  

 Etch Sn granules in a quartz beaker with etchant solution – HCl(32%):Methanol with a 

ratio 1:24  

 Place beaker in ultrasonic bath for 3 minutes.  

 20 seconds DI water rinse (running DI water)  

 DI water rinse in Pyrex beaker  

 Dry source material with fileted high purity N2 gas flow 

The cleaned Sn granules were placed in a pBN crucible and then loaded in to the MBE 

growth chamber. The growth chamber was rough pumped to 10
-4

 Torr using the two sorption 

pumps, and then pumped using the cryopump. At pressure of 10
-9

 Torr, the gate valve between 

ion pump and the growth chamber was opened. The temperature of the Sn effusion cell was 

increased at increments of 25°C, pausing at each temperature for 15 min, to a temperature of 

200°C. At 200°C, the Sn source was outgassed for 12 hours. To melt the Sn source material 
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(Tm = 232°C) , the temperature of Sn effusion cell was increased from 200°C to 250°C in 

increments of 3°C and then to 300°C in increments of 10 ºC, pausing at each step for 15 min. 

The abovementioned gradual outgassing ensured no residual impurities were incorporated in 

the Sn source [37]. The pBN is performed with maximum outgassing temperature for Ge = 

1300°C, for Sn = 950°C, for GaP = 825°C and B = 1850°C.  

 

2.8  Substrate Loading and Epitaxial Growth  

The Ge substrate is loaded immediately into the introduction chamber of the EPI-620 

MBE system right after the wafer preparation step. During the Ge substrate loading, the 

introduction chamber is purged with N2.  After loading the substrate, the introduction chamber 

is pumped by the sorption pumps to below 1 x 10
-4

 Torr, then the cryopump gate valve is 

opened and the pressure of the introduction chamber is cryo-pumped overnight to less than 10
-

8
 torr. When the load chamber pressure is sufficiently low, the substrate is transferred into the 

main growth chamber.  

 The outgassing procedure at elevated temperatures for the Ge substrate is described as 

following. First, Ge substrate is heated to 150 °C and outgassed for 15 minutes, and the 

substrate is then heated to 200 °C and to 350 °C and held for 15 minutes at each temperature. 

In order to desorb the Ge oxides formed during the last step of the Ge substrate preparation 

described in the previous section, the substrate is heated to 530 °C. The RHEED pattern is 

checked to confirm the (2x1) surface reconstruction for (100) Ge substrates. 

As performed by Dr. Nupur Bhargava from our group, following epitaxial growth was 

prepared[82]. The vapor pressure of the source materials defines the flux of the evaporant 
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species arriving the substrate [32]. Growth rates were calibrated by ex-situ characterization 

techniques. To calibrate growth rates, SiGe samples on Si (100) substrates and GeSn samples 

on Ge (100) substrates were grown. Using X-ray diffraction, concentration of Ge in SiGe 

samples was determined. From which the Si and Ge growth rates were extracted. Thickness of 

GeSn alloys was also determined using X-Ray and stylus profilometry. Knowing the growth 

rate of Ge, the growth rate of Sn was calculated. RBS measurements were used to determine 

the composition of Sn in GeSn alloys.  

Calibration samples consisted of various Ge and Sn cell temperatures and various Si e-

beam emission currents. The samples were of high epitaxial quality. These samples were 

characterized with X-ray diffraction. ω-2Θ rocking curves were scanned for (004) reflection of 

the Si and Ge substrate. From the growth rate of Ge and the thickness of GeSn alloys (from 

interference fringes in the ω-2Θ rocking curve) and the Sn cell temperature, the Sn growth rate 

was calculated. The Sn growth rate was found to be 0.80 Å/min at the Sn effusion cell 

temperature of 950°C. And boron dopant flus and phosphorous dopant flux were also obtained 

for p-type and n-type doping respectively [82]. 

 

2.9  Device Fabrication 

In order to fabricate optoelectronics device such as IR emitters and detectors from the 

MBE grown GeSn alloy, standard photolithography was used.  The samples were cleaned 

using rinsing in a series of solvents: Acetone, Methanol, and Isopropanol, 30 seconds each, to 

remove any oil residue or fine particles. The wafers were then blown dry with N2. Next, a 2 

μm film of negative resist (Futurrex NR7-1500PY) was applied to the wafer by spin coating at 
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3000 rpm for 40 seconds, and the wafer was soft-baked at 150 ºC for 60 seconds. The 

individual wafer was then loaded into the mask aligner (Karl Suss MJB-3, Fig. 2.7), where the 

pattern was transferred into the photoresist in contact with the custom topside mask plate with 

365 nm UV light for about 10 -13 seconds. The photoresist is post baked at 100 ºC for 60 

seconds. After exposure the resist is developed using developer (Futurrex, Inc. RD6) for 10 - 

12 seconds. After photoresist development, the wafers were loaded into a dual e-beam source, 

high-vacuum metal evaporator. 3000 Å of Al was deposited using an e-beam source to form 

the metal contact of the GeSn P-N junction. A metal deposition of Ti/Au (30/300 nm) was 

performed to form the bottom contact. Finally, metalized wafers were diced into chips with 

top surface areas of 2 x 2 mm
2
 and 1 x 1mm

2
 prior to electrical measurements. Au wires were 

bonded on top of the Aluminum electrodes. In order to electrically isolate the samples, 

insulating epoxy was used to affix the samples to a copper heat sink mount. Samples were then 

cooled using a closed-loop liquid He cryostat (ARS, Inc. DE-204SF) equipped with a thallium 

bromide-iodide (KRS-5) optical window 
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Figure 2.7: Karl Suss MJB-3 Mask Aligner used for GeSn devices fabrication 
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2.10   Current-Voltage Measurement 

 In order to characterize the electrical properties of the diodes fabricated in this chapter, 

current-voltage measurements were performed with a Keithley 2400.  All data acquisitions 

were carried out through a data and signal interface (RS-232) controlled by LabVIEW 

software. All the measurements were performed in the dark with no illumination, the 

measurement apparatus and an example of measurement data are shown in Fig. 2.8 
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(a) 

 

(b) 

Figure 2.8: The top image shows I-V measurement data, and bottom image shows the I-V 

measurement setup components such as Keithley 2400 source meter, alignment 

microscope and the Lab View interface.  
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2.11 Rutherford Backscattering Spectrometry (RBS)  

RBS is an analytical technique that can help determine the structure and composition 

of the materials. It measures the backscattering (number and energy) of a beam with high 

energy (number and energy) after it collides with atoms in the near surface region of the 

sample it was impinged upon.  The RBS consists of a source of helium ion, an accelerator to 

convert them into high energy alpha particles and a detector to measure the energies of 

backscattered ions. In this dissertation, Sn composition was measured by RBS measurements 

which were performed at Rutgers University Tandem Accelerator. The RBS system vacuum 

chamber pressure was ~10
-4

 Pa, and the probe beam consisted of 2 MeV He
++

 ions with a 10-

20 nA beam current incident on the sample with a beam spot diameter of about 2mm. A Si 

surface-barrier detector set at a 163° scattering angle with an energy resolution of about 12 

keV was used. The error in RBS measurement was obtained from the 20 nm depth resolution 

of the RBS set up which has a detector energy resolution ~ 12keV and plus RBS has an error 

of about 3% related to current integration.  

RBS channeling is used to determine the structure of single crystal samples. During 

channeling, the rows of atoms are aligned parallel to the incident beam. These rows shield the 

atoms after the first few monolayers by the surface atoms .The backscatter is only from the 

first few monolayers which can give information about the crystal structure, such as crystal 

orientation and crystal perfection.  

Angle dependent RBS channeling and random alignments were used to evaluate the 

crystalline quality and the amount of substitutional Sn in the alloys. Backscattered spectral 

data was analyzed using the SIMNRA simulation program. The ratio of the backscattered 
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yield (counts) between the channeled and random directions is the yield ratio χmin, which is 

an indication of the crystal quality.  

 

χmin = Channel Yield/Random Yield   (2.10) 

 

From the channeled and the random spectra, χmin was calculated for both the host and 

the impurity atoms. In this work, RBS measurements were done on Ge1-xSnx alloys where Ge 

was the host atom and Sn was the impurity atom. The RBS channeling scattering yield was 

used to determine the lattice position of the impurity atoms. If the reduction in scattering yield 

of the impurity during channeling is equal to that of the host crystal, then the impurity is 

considered to be present on a lattice site (substitutionally). If the impurity is present 

interstitially, or if the atoms are displaced by more than 0.1Å from the lattice sites, then the 

scattering yield of the impurity atom is much higher (does not show same decrease as host 

crystal) due to being exposed to the channeling ions[83-85]. The reduction in scattering yield 

is described by the parameter χmin. The fraction of Sn atoms (S) that are located on 

substitutional lattice sites was calculated using the equation [85];  

𝑆 =  
(1−𝜒𝑚𝑖𝑛−𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦/𝑆𝑛)

(1−𝜒𝑚𝑖𝑛−ℎ𝑜𝑠𝑡/𝐺𝑒)
× 100% (2.11) 
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2.12   Secondary Ion Mass Spectrometry (SIMS)  

 

Secondary ion mass spectrometry (SIMS) uses a focused ion beam to sputter the 

surface of the sample and analyzes the ejected ions from the sample to determine the 

composition. These ejected (secondary) ions are detected by a quadrupole mass spectrometer 

which uses the mass/charge ratio to determine the elemental or molecular composition of the 

sputtered sample. Using known reference standards, SIMS can quantify the amount of 

different materials in the sample [86].  
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Chapter 3 

GeSn HETEROJUNCTION DIODE 

3.1 Introduction  

Recently there has been interest in the development of Ge1-xSnx alloys due to their 

predicted properties of indirect-to-direct band gap crossover at Sn contents near 6% [4], and 

their compatibility with silicon technology [1,4].  Non-equilibrium growth methods such as 

molecular beam epitaxy (MBE) and chemical vapor deposition (CVD) are required to obtain 

Sn contents in excess of the thermodynamic equilibrium values, due to the low solubility of Sn 

in Ge [38] and the nearly 15% lattice mismatch between α-Sn and Ge [39]. 

Recent interest in GeSn has motivated studies of electrical and optical devices. The 

properties of p-i-n photodetectors as well as the infrared emission from GeSn diodes have 

been reported with up to 4% Sn content [19-20, 44, 22]. The electrical characteristics of GeSn 

diodes need further investigation, however, with increasing Sn content. In this chapter, the 

electrical measurements of heterojunction diodes fabricated from epitaxial layers of boron 

doped p-type Ge1-xSnx grown by MBE on n-type Ge-substrates with up to 9% Sn, and some of 

their characteristics and limitations are reported 

3.2 GeSn Alloy Growth and Device Fabrication  

   

The p-doped GeSn alloys were grown by solid source MBE (Fig. 3.1.) on three inch 

diameter Ge (001) wafer substrates that were n-type doped and also undoped. The n-type Ge 

(001) substrates had resistivities in the range of 0.005 – 0.02 Ω-cm, and the undoped Ge (001) 
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wafer substrates had room temperature resistivities of 40 Ω-cm. The Ge substrates were 

prepared for growth by degreasing with solvents (TCE, Acetone and Methanol), cleaning with 

detergent (FL-70) to remove particles, etching in dilute hydrofluoric acid H2O: HF (10:1) and 

finally dipping in a solution of dilute hydrogen peroxide H2O:H2O2 (10:1) to obtain smooth 

surfaces as previously reported [40]. The substrate was then immediately(within a minute) 

loaded into the MBE intro chamber, and once the pressure had reduced to 10-6 Pa, it was 

transferred to growth chamber where it was degassed in ultrahigh vacuum at 150 °C for 15 

minutes to remove any residual water, followed by degassing for 15 minutes at 200 °C. The 

substrate was then heated to 350 °C for 30 minutes, to desorb surface contaminations and then 

to 520 °C for 30 minutes to desorb the surface oxide. This procedure was found to clean the 

Ge wafer and provide a growth surface with minimal impurities. 

As performed by Dr. Nupur Bhargava from our group, Ultra high purity sources of Ge 

(triple zone refined) and Sn (6N purity) were evaporated from thermal effusion cells with 

pyrolytic boron nitride (pBN) crucibles.  
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Figure 3.1:  Image of the MBE system at University of Delaware (DuPont 242) used 

to grow GeSn p-n junction diodes. The MBE system is located inside a 

Class 1000 clean room to avoid any external contamination and for  

maintaining good quality growth environment 
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Prior to the GeSn alloy growth, n-doped Ge buffer layers were typically grown at 

substrate temperatures of 420⁰C with phosphorus doping to concentrations of 3x10
18

 cm
-
3. A 

p-doped Ge layer (~800 nm) on n-Ge substrate was fabricated as a Sn-free reference (Sample 

D). The growth parameters for these samples are summarized in Table 3.1.  

In order to understand the concentration of GeSn alloy grown in this dissertation, RBS 

and SIMS measurement were conducted as explained in Chapter 2, and the measurement were 

arranged by Dr. Nupur Bhargava [82].  First, SIMS measurements were done to verify the 

dopant concentration in GeSn devices. Fig. 3.2 shows the Secondary ion mass spectrometry 

(SIMS) measurement for the 600 nm p-doped Ge 0.946Sn0.054 /n-Ge (SGC 613:B). Sn 

composition from SIMS was found to be 5.2% from the SIMS measurement. It was found that 

the Sn composition was uniform within the doped layer. It was also found that the boron 

doping in the Sn layer was 2.5E
18

cm
-3

, which closely matched the doping expected from the 

growth conditions. This doping was found to be uniform. A spike in Boron and Carbon is 

found beneath the Sn-doped layer which is probably due to an air-exposed surface. Other 

impurity concentrations were negligible. Similar SIMS measurements on the other p-n 

junction samples confirmed boron doping ~ 10
18

cm
-3

 in the p-Ge1-xSnx layers and a 

phosphorous doping ~ 10
18

 cm
-3

 in the Ge buffer layers [82]. 
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Figure 3.2: SIMS measurement of 600 nm p-doped Ge0.946Sn0.054 /n-Ge [Courtesy Dr. T. 

Adams] showing profiles of B, P, Sn, Ge , C and O.  
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The composition of Sn was confirmed by the technique of Rutherford back scattering 

spectrometry (RBS). The RBS channeling measurement indicated that greater than 95% of the 

Sn atoms were located on substitutional lattice sites [82]. Fig. 3.3 shows RBS data for  

Ge0.946Sn0.054 /n-Ge  showing high amount of substitutional Sn 
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Figure 3.3: RBS random, aligned data along with the simulation of the random data that gave 

the Sn composition of 5.4%, showing good reduction in scattering yield for both Sn 

and Ge, which is an indication of high amount(>90%) of substitutional Sn [82]. 
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The amount of substitutional Sn in the p-doped Ge1-xSnx /n-Ge junctions was 

calculated using RBS random and channeling measurements as discussed in Chapter 2, Figure 

3.3 shows the RBS random, channeling and simulation. From the simulation, using SIMNRA 

software, of the RBS random data, the Sn composition of the p-n junctions was determined. It 

can be seen from Fig.3.3, that the Ge and Sn peak both shows good reduced channeling. The 

χmin (χmin = Channel Yield/Random Yield) of Ge and Sn are used to calculate the amount of 

substitutional Sn atoms in the lattice. It was found that χmin for Ge was 0.083 and χmin for Sn 

was 0.144 which gave the amount of substitutional Sn in the Ge lattice to be 93.3%[82]. 

Similar RBS measurements were done for 2.5% and 8% Sn p-doped Ge1-xSnx /n-Ge junctions 

and amount of substitutional Sn was above 90% in all p-n junctions. But when compared with 

an undoped alloy, the amount of substitutional Sn, as found by RBS, was ~99% in un-doped 

alloys where as it was ~ 92% in doped alloys (both were ~ 350 nm thick Ge0.975Sn0.025 layers). 

The difference in Sn % could be due to the effects of substitutional boron on the RBS yield, or 

to the presence of boron atoms in interstitial sites. 

 X-ray Diffraction (XRD) measurements of intensity versus diffraction angle were used 

to characterize the GeSn epitaxial layers.  As in Fig. 3.4, the sharp narrow XRD data showed 

good, coherent GeSn crystals, and the XRD fringe pattern yielded the thickness of the GeSn 

layers given in Table 3.1. The GeSn layer thickness from stylus profilometry agreed 

reasonably with the XRD results.  
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TABLE 3.1 MBE Growth parameters of GeSn samples 

 

 

3.2.1  Device Fabrication  

As illustrated in Fig. 3.5, standard photolithography and metal evaporation were used 

to fabricate topside electrical contacts of rectangular meshes with an area filling factor of 50% 

of Al (300nm) on the p-doped GeSn, and full wafer coverage of Ti/Ag (30/300nm) for the 

substrate bottom contact. As shown in Fig. 3.6, The width of individual metal mesh stripes 

was 80 µm. The metalized sample was diced into chips with top surface areas of 2 x 2 mm
2
 

and 1 x 1mm
2
 prior to electrical measurements.    
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Figure 3.4: ω-2θ XRD measurements of p-doped Ge1-xSnx /n-Ge with x varying from as 2.5%, 

5.4% and 8% [82].  
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Figure 3.5 : An illustration of the individual steps involved in the photolithography process 

used to deposit the topside contacts. In numerical order, the steps involved: p-

GeSn/n-Ge layer growth (step 2), photoresist spin (step 3), UV exposure (step 4) 

using the device mask (step 4), photoresist development (step 5). 
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Figure 3.6: Top view of the device showing the Al meshes with two Au wire bonded 
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3.3  Device Characterization 

The electrical current versus voltage (I-V) characteristics were measured with a 

Keithley 2400 Source Meter under no illumination. As shown in Fig. 3.7, the diodes showed 

rectifying I-V characteristics, with a “turn-on” voltage of about 0.4 volt for significant current 

flow. These I-V characteristics were similar to those reported by Oehme et al. [15], but with a 

lower dark current density, ~0.25 A/cm
2
 at -0.6 V for 9% Sn. This dark current density is 

similar to that reported by Mathews et al. [20], but higher than reported by Su et al [44]. A low 

dark current typically indicates high material quality. At a given forward voltage, the current 

increased with increasing Sn content, suggesting higher conductivity and/or greater injection 

of charge carriers, as discussed below.  
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Figure 3.7: Dark current measurements of p-GeSn/n-Ge heterojunction diodes at room 

temperature, showing current density versus applied voltage. The inset shows I-V 

measurements of Samples with different Sn contents (A [9%], B [5.4%], C 

[2.4%], and D [0 %]). 
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The I-V characteristics were evaluated as follows to extract the diode parameters including: 

reverse saturation current I0, ideality factor η, series resistance Rs, and shunt conductance G. 

The diode current equation can be written as: 

 

I = I0exp [q/ηkT (Va-Rs Icorr)] + GVa,           (3-1) 

 

 

with reverse saturation current I0 = qA ni
2
 (Dn/NA Ln +Dp/NDLp), q the electronic charge , ni the 

intrinsic carrier concentration, A the cross-sectional area, Dn,p the diffusion constants of 

electrons and holes, ND,A the donor and acceptor concentrations on the n and p side, Ln,p the 

diffusion lengths of electrons and holes, Va the externally applied voltage, and Icorr the 

corrected diode current as explained below.  

Equation (3-1) was manipulated [41,42] to extract the diode parameters, as shown for 

Sample A in Fig.3.8 based on the device I-V data. Fig. 3.8(a) displays the derivative dI/dVa 

against Va to obtain G ≈ dI/dVa near 0 volt where it dominated other terms. The extracted GVa 

product was subtracted from the current I in Eqn. (3-1) to yield the corrected current Icorr = I- 

GVa, which was then used to derive the remaining parameters. For Rs, the reciprocal derivative 

dVa/dIcorr = ηkT/q Icorr + Rs, was plotted versus (Icorr)
-1

 in Fig. 3.8(b). The y-intercept of Fig. 

3.8(b) represents Rs, and η was obtained from the slope (ηkT/q). The effect of the variation in 

B doping (>1x10
18 

cm
-3

) in GeSn layers of different samples is accounted for a change in the 

extracted series resistance, and saturation current density. The I0 was evaluated from the y-axis 

intercept by the extrapolation on a semi-logarithmic plot (not shown) of Icorr versus Va-Rs Icorr. 
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Figure 3.8:  The manipulated dark I-V characteristics for the p-GeSn/n-Ge  

heterojunction diodes (Sample A). (a)  plot of the derivative dI/ dVa against Va to 

obtain G; (b) plot of dVa/dIcorr  against 1/Icorr to obtain η and Rs.  
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TABLE 3.2:  Extracted diodes parameters as derived 

 
  

Table 3.2 summarizes the extracted diodes parameters. The reverse saturation current 

increased and the series resistance decreased with increasing Sn content, but no clear trend 

was found for the ideality factors and the conductance. An ideality factor between 1 and 2 is 

expected for current contributions from diffusion current and from defect-mediated 

recombination. For samples with our resistivity and size, a series resistance of about 0.28 Ohm 

was expected, in reasonable agreement with the observed values.  Whereas the diode 

incremental resistance is about 1 Ohm, the parallel shunt resistance (1/G) ranges from about 

13 to 22 Ohms and may be due to surface leakage.  Based on Equation (3-1), the increase in I0 

with Sn content can be caused by increases in the intrinsic concentration ni and/or the 

diffusivities Dn, p, and to decreases in the doping ND, A and/or to the diffusion length Ln, p, and 

also can be influenced by point defects, extended defects, and precipitations. The relative 

contributions of these parameters to I0 can be explained by the following analysis.  Since 

higher doping decreases I0, it is unlikely that the higher doping was responsible for the 

increased I0 with Sn.  The diffusivity and diffusion length are proportional to the carrier 
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lifetime Ln,p
2
= Dn, p , and usually all three parameters are affected by the material quality. It is 

unlikely that one would increase and the others decrease, which would be necessary if these 

parameters caused I0 to change.  The most likely contributor is the increased intrinsic 

concentration, which varies exponentially with the bandgap Eg: ni
2
 ~ T

3
exp (-Eg/kT). An 

increase in ni with Sn is consistent with a decreasing bandgap and the observed higher I0. The 

required change in Eg to support the observed change in I0 is ~140 meV for 9% Sn, which is 

reasonable based on published calculations of Eg versus Sn [49]. 

From the temperature dependence of the reverse saturation current of Sample A, the 

Arrhenius activation energy EA = 0.29 eV was found from a fit to I0 = IConstexp (-EA/kT), with 

constant pre-exponential factor IConst, as shown in the inset of Fig.3.9. This activation energy is 

slightly less than Eg/2 of Ge (Eg= 0.67eV), and may suggest a process of 

generation/recombination current. If the observed change in Io with temperature were fully 

attributed to the change in bandgap based on the influence of ni
2
, then the change would be 

about 1.8 meV/K, which is larger than the 0.39 meV/K of the Ge bandgap in this temperature 

range (300K-370K) [45]. If the change in bandgap of GeSn with temperature is assumed to be 

same as for Ge, then the temperature dependence of parameters such as diffusion coefficient 

and diffusion length may be responsible for the additional temperature changes.  It was not 

possible, however, to extract the relative contributions from the available data.   

The reverse breakdown voltage was extracted from the intersecting tangent lines of the 

two current branches (below and above the breakdown “knee”) as shown in Fig.3.10. The 

breakdown voltage decreased with increasing temperature, with a temperature coefficient of -
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0.011 V-K
-1

, consistent with a mechanism of Zener tunneling, which is enhanced in lower 

bandgap materials. 

 
Figure 3.9:  Current-voltage characteristics of the n-Ge/p-GeSn heterojunction at  

different temperatures for Sample A. Inset shows the Arrhenius Plot for the 

calculation of activation energy of the reverse saturation current (extracted from the 

diode equation).   
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Figure 3.10: Dark reverse biased current-voltage characteristics at various temperatures  

for Sample A. The breakdown voltage was about 1.75V at 297K, as indicated by the 

straight lines along the current branches. 
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3.4 Conclusion 

The electrical properties of GeSn heterojunction diodes were investigated under 

various conditions, along with the extraction of diode parameters. The magnitude of the 

reverse saturation current increased with increasing Sn content, suggesting that the addition of 

Sn reduced the bandgap. These findings indicated that GeSn/Ge p-n diodes have reasonable 

characteristics and could be useful for the fabrication of future Ge-Sn heterojunction electronic 

and optoelectronic devices.   
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Chapter 4 

GeSn PHOTODETECTOR RESPONSE 

4.1 Introduction  

With recent research efforts to understand the properties of GeSn alloys, the 

characteristics of optoelectronic devices such as infrared detectors and emitters are becoming 

better understood [52-55]. This report examines the properties of Ge1-xSnx / n-Ge 

heterojunction devices as infrared light detectors at various compositions and bias conditions. 

 

4.2  Experimental Details 

The undoped Ge1-xSnx alloys were grown in an EPI (Veeco) 620 molecular beam 

epitaxy (MBE) system on 76-mm diameter (100) oriented n-type Ge substrates with 

resistivities of 0.005 – 0.02 Ω-cm. Ultra high purity Ge (triple zone refined) and Sn (6N 

purity) were thermally evaporated from effusion cells having pyrolytic boron nitride (pBN) 

crucibles. The n-type doping used a custom effusion cell having a pBN baffle for preferential 

phosphorus evaporation from solid GaP pellets. Prior to the undoped Ge1-xSnx alloy growths, 

n-type Ge buffer layers were grown and doped to P concentrations of about 3x10
18

 cm
-3

 at 

substrate temperatures of 420 °C that produced coherent epitaxy. Three different samples of 

undoped Ge1-xSnx alloys with different Sn compositions (sample E: 4%, sample F: 9.8%, and 

sample G: 12%) and pure Ge (sample H) without Sn were prepared.  
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 All Ge1-xSnx alloys samples were grown using the identical Sn deposition rate of ~ 

0.80 Å/min while varying the Ge deposition rate by adjusting the Ge effusion cell temperature, 

to change the composition. The compositions of Sn were obtained through Rutherford back-

scattering spectrometry (RBS). Channeling RBS measurements indicated that most of the 

Sn(>95%) was substitutional in the Ge lattice [53]. The thickness of the Ge1-xSnx layers were 

measured by stylus profilometry to be ~ 150, 80, and 55 nm for samples E (SGC 591), F (SGC 

599), and G (SGC 609), respectively and the thickness of epitaxial undoped Ge was ~ 150 nm 

for sample H.  

Standard optical photolithography was used to fabricate the Ge1-xSnx / n-Ge 

heterojunction devices with structure as shown in Fig. 4.1(b). The evaporated metals of Al 

(300 nm thick) for the Ge1-xSnx topside, and Ti/Ag (30/300 nm thick) for the bottom n-Ge 

substrate side were used as electrical contacts.  To prepare devices for measurements, the 

metalized samples were diced using a diamond saw into several chips with a top surface area 

of either 2mm x 2mm or 1mm x 1mm.  

After device fabrication, current-voltage measurements were carried out with a 

Keithley 2400 Source Meter, with the results described below. Photocurrent (PC) 

measurements were carried out using Fourier transform infrared (FTIR) spectroscopy in the 

step-scan mode using a Thermo Nicolet Nexus 870 FTIR spectrometer equipped with a Globar 

IR light source, as shown in Fig. 4.1(a).  After mechanical light chopping (Thorlabs MC 1000) 

of the optical beam, the light was directed onto the Ge1-xSnx devices, which were mounted in 

the cryostat and cooled by a closed loop cooling system. An n-Ge wafer filter was placed in 

front of the samples (except Sample H) to reduce the current contribution from the Ge 
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substrate absorption.  The generated PC signal was delivered to the FTIR electronics from a 

lock-in amplifier.  

 

 

 

 

Figure 4.1: (a) Schematic of the experimental setup for photocurrent spectroscopy  

using an IR source (Globar) and optical chopper. The Ge1-xSnx device is held at 

temperature T on a cryostat. A lock-in amplifier and Thermo-Nicolet 870 FTIR 

were used to measure the spectral response. (b) Diagram of the Ge1-xSnx / n-Ge 

heterojunction device structure showing top and bottom metal contacts.    
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4.3  Results and Discussion 

The inset in Fig. 4.2 shows the dark current-voltage characteristics of typical Ge1-xSnx / 

n-Ge heterojunction devices at room temperature. The large variation in the magnitude of the 

dark current between forward and reverse bias indicated good rectifying behavior. At a given 

forward voltage, the dark current increased with increasing Sn composition, suggesting higher 

conductivity of the materials and/or greater injection of charge carriers, perhaps caused by a 

smaller energy bandgap. [54]  

Fig.4.2 shows the spectral response of the photocurrent of a typical device of sample F 

(9.8% Sn) for several different biases at a temperature of 100 K. The spectral photocurrent 

showed a narrow peak at photon energies below 0.8 eV.  The reduced photocurrent above 0.8 

eV was attributed to the absorbing n-Ge wafer filter inserted in front of the devices, which 

effectively removed the photon energies higher than 0.8 eV.  The photocurrent increased 

slightly as the reverse bias voltage increased. At reverse voltages above 0.5 Volts, however, 

the photocurrent started to saturate, which suggested that all the photo-generated carriers were 

swept out to the electrodes. The photocurrent decreased with forward bias, because the 

forward current opposes the collection of photo-generated carriers. The total current through 

the device is the sum of the dark current and the photocurrent.  

Fig. 4.3 shows the spectral photoresponse of Ge1-xSnx/ n-Ge heterojunction devices 

with different Sn compositions at a temperature of 100 K, and reverse bias of 0.5 Volts. The 

peak output current from the devices varied from 3µA (sample G 12%) to 18µA (sample E 

4%), using the n-Ge filter in the FTIR beam path as described above. The photon energies of 

the peak spectral photocurrents were shifted from 0.849 eV (1.46 µm) for pure Ge (sample H 



 62 

0% Sn) to 0.596 eV (2.08 µm) for 12% Sn (sample G) at 100 K. The lower energy progression 

of the spectral peaks was due to the bandgap narrowing as the Sn composition increased, 

which is consistent with previously reported models [10, 5], and observations [56]. 
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Figure 4.2: Photocurrent response of a Ge0. 902Sn0.098/ n-Ge heterojunction device at  

100K (sample F, with 9.8%Sn): Increasing reverse-biased voltage resulted in larger 

amplitude of photocurrent that saturated at higher reverse voltages. The inset shows 

the dark current-voltage characteristics of several Ge1-xSnx devices with different Sn 

compositions.   
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The photon energies of the peak spectral photocurrents were shifted from 0.872 eV (1.42 µm) 

for pure Ge (sample D 0% Sn) to 0.619 eV (2.0 µm) for 12% Sn (sample C) at 100 K. The 

lower energy progression of the spectral peaks was due to the bandgap narrowing as the Sn 

composition increased, which is consistent with previously reported models [59, 5], and 

observations [56]. 

The photocurrents of the Ge1-xSnx / n-Ge heterojunction devices generated from the Globar 

IR source were compared to the photocurrent of a calibrated Newport 818 Ge detector 

(responsivity 0.81 A/W at peak wavelength) for calibration. The responsivities at the peak 

response for samples E (4% Sn), F (9.8% Sn), and G (12% Sn) were calculated to be 0.17 

A/W, 0.13 A/W, and 0.03 A/W, respectively, at the temperature of 100K with 0.5V reverse 

bias. The relatively lower responsivity of the higher Sn composition device (sample G) was 

possibly due to the much thinner Ge1-xSnx layer compared to other samples. The relatively low 

responsivities of all Ge1-xSnx devices compared to the Ge reference detector were attributed to 

the: a) relatively thin absorbing layer of the Ge1-xSnx, b) attenuated photons through the Ge 

filter wafer reaching the absorption layer of the devices, c) relatively large area of Al metal on 

the surface that blocked the active region (the metal covered ~64% of the surface), and d) 

some surface reflection from Ge1-xSnx layer. 
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Figure 4.3: Spectral photoresponse in mid-IR regime of Ge1-xSnx/ n-Ge heterojunction  

devices, with different Sn compositions, at 100K.  The response peaks lie at 

0.619eV (sample G 12% Sn) , 0.681eV(sample F 9.8% Sn), 0.765eV(sample E 4% 

Sn), and 0.872eV(pure Ge sample H, 0% Sn) respectively. 
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4.4  Conclusions 

In summary, the properties of Ge1-xSnx / n-Ge heterojunction devices grown by MBE 

were investigated using electrical and photocurrent measurements. The 12% Sn sample (G) 

showed a photoresponse peak at a wavelength of 2.0 µm. The shift in wavelength in 12% Sn 

sample (G) from pure Ge was attributed to the bandgap decrease with Sn in the Ge1-xSnx 

alloys, which can be very useful for extending the response of the devices into the mid-IR. The 

bias dependences indicated that the photoresponse saturated with a reverse bias of 0.5 volts, 

which means all the carriers were swept out to the electrodes at this bias. The Ge1-xSnx alloys 

with lower Sn composition showed more photocurrent (higher responsivity) possibly due to 

the thicker absorption layer.   
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Chapter 5 

NOVEL METHOD OF REACTIVE ION ETCHING  

5.1 Introduction  

Over the past decades, deep dry etching has become invaluable for fabricating complex 

electrical, mechanical and optical structures.  For instance, a crucial component of any laser is 

the resonator that provides optical feedback. Microstructures such as resonant cavities are 

typically fabricated by a time consuming and complex combination of dry and wet etching, 

cleaving, and polishing [57]. Either by eliminating the need for wet etching steps, or by 

acquiring selectivity by doping or composition to achieve undercutting, the all-dry reactive-ion 

etching method described in this chapter greatly simplifies the micro-fabrication of silicon 

structures. Besides its simpler and lower cost processing, the method described here also 

enables the fabrication of suspended structures for materials that: a) are not readily etched 

using wet chemicals, and b) may not provide sufficient selectivity between the supporting and 

suspended materials.  Applications for undercut structures include optical micro-components 

such as waveguides, resonators, photonic crystals, and MEMS structures such as membranes, 

cantilevers, micro-springs, acoustic spectral filters[58], and microdisks  

For micro-electromechanical systems (MEMS) applications, the etching of silicon is 

required to relatively large depths (tens of microns) with high aspect ratios (depth of trench 

versus lateral opening). Conventional wet etchants, such as hydrofluoric acid mixed with nitric 
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acid [59], result in isotropic undercutting below the masking material. Crystal orientation-

dependent etchants, such as potassium hydroxide [60], sodium hydroxide [61], ethylene 

diamine pyrochatechol [62], and tetramethyl-ammonium hydroxide [63], produce   sidewalls 

that are straight, but that are inclined along preferred crystal planes. For most of these 

chemicals, the wet etching rate differs for the plane orientations, resulting in shapes that are 

restricted to rectangular and pyramidal forms. The wet etching rates of silicon also depend on 

doping concentration and conductivity type [64]. In contrast, ‘dry’ ion etching is somewhat 

independent of crystal orientation, produces nearly vertical sidewalls, and only weakly 

depends on doping. Typical dry reactive ion etching (RIE) inside a vacuum chamber occurs 

due to surface erosion of the desired sample by reactive species and/or ion bombardment.  

 

5.2 Plasma Etching 

The basis of plasma-assisted etching is simple; use a gas glow discharge to dissociate 

and ionize relatively stable molecules forming chemically reactive and ionic species and 

choose the chemistry such that these species react with the solid to be etched to form volatile 

products. A basic reactive ion etch (RIE) system, currently the most important plasma 

configuration, is illustrated in Fig. 5.1 with a list of typical parameters [81]  
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Figure 5.1: Basic RIE system, and typical parameters such as RF power, frequency, pressure, 

and etc. [81]. 
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In this work, we report a simple fabrication method to achieve deep undercutting by 

employing dry-only reactive-ion etching (RIE), and report the effects of key RIE parameters 

such as chamber pressure, and radio frequency (RF) power. Although we used this technique 

for silicon microdisks, it should work with other materials such as Ge, and GaAs, which would 

require different gas chemistries; however  the details of etching these other materials is 

beyond the scope of this paper. 

5.3  System Description: Plasma-Therm 790 

As shown in Fig. 5.2, the Plasma-Therm 790 system is configured for Reactive Ion 

Etching (RIE) of oxides, nitrides, and other semiconductor materials such as Silicon, 

Germanium. Samples up to 8 inches in diameter can be loaded into the process chamber. The 

process chamber is pumped by a turbo molecular pump backed by a mechanical rotary pump. 

The process gases enter the reaction chamber and are ionized by the application of 

RF(maximum power 500Watt at 13.57MHz). Maximum 7 different processing gases are 

provided into the chamber. The current system has following gases available for processing:   

N2, O2, CF4, Ar, H2, SF6 and He. The whole process is computer controlled by the graphic 

display interface as shown in Fig. 5.3.   
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Figure 5.2: Plasma-Therm 790 system used in this dissertation 
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Figure 5.3: Graphic User Interface (GUI) of Plasma-Therm 790 to control a process, showing 

a process chamber with pressure (here, less than 1mTorr), two green disks for two 

pumps of turbo, and mechanical rotary, and pumping lines of roughing, and 

foreline.    
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5.4      Novel Reactive Ion Etching  

The deep etching undercutting method will be described in the context of microdisk 

fabrication using the semiconductor material of Silicon in this chapter, but could be used for 

other cantilevered structures and semiconductor materials as well. The fabrication began with 

uniformly phosphorous-doped ( = 1 - 10cm) silicon (100) oriented wafers. Even though we 

selected the above mentioned doped silicon as a process material, the process is not confined 

to a specific doping type, and should work with other dopants as well. The wafers were 

cleaned with an RCA2- etch [65] for 10 minutes and subsequently rinsed in Buffered Oxide 

Etch solution (BOE) for 10 seconds.  

 Our deep undercutting process employed a combination of anisotropic and isotropic 

etching to remove the native oxide prior to any processing in order to fabricate microdisks 

those are attached to the underlying substrate by pedestals. Fig. 5.4 shows the two major steps 

of the undercutting etching processes: Step 1 and Step 2. In Step 1, the perimeter of the upper 

disk structure was formed by vertical (anisotropic) etching into the masked silicon substrate. 

In Step 2, a supporting pedestal was created by isotropic etching that removed substrate 

material under the disk. To our knowledge, previous techniques [66, 67] for the undercutting 

pedestal formation required selective etching that depended on compositional or doping 

variations, or on wet etching for the selectivity. In this paper, we present a novel method of 

forming disks on undercut pedestals with dry-only reactive ion etching. For the reactive-ion 

etching, we used a Plasma-Therm 790 system [68]
 
with fluoride-based process gases. 
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5.4.1  Anisotropic Vertical Etching: Step 1 

To produce a microdisk, first a cylinder is etched with the desired diameter of the  disk, 

to a depth that corresponds to the disk thickness plus final pedestal height. The sequence of 

steps is shown in Fig. 5.5. The purpose of Step 1 is to produce this cylinder using the 

anisotropic etching procedure described below. The microdisk patterns were transferred from a 

Chrome mask on quartz plate onto the silicon wafer using photolithography with negative 

photoresist (NR7-1500PY) that was applied with spinner conditions of 3000rpm and 40 seconds 

(thickness:1.5µm). The resist was subsequently soft baked at 120°C for 60 seconds to remove 

the solvent and improve adhesion. Contact-exposure UV photolithography was employed to 

expose the resist through the Chrome mask using a Karl Suss MJB-3 mask aligner (40 seconds, 

273 Watts). Finally, the resist was hard-baked at 130°C for 60 seconds and developed in resist 

developer (RD6 [69]) for 25 seconds. 
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Figure 5.4: A depiction of the result of two major steps of all-dry undercutting etching 

process. Step 1(anisotropic vertical etching) and Step 2(isotropic 

undercutting) to fabricate a microdisk. In Step 1, the perimeter of the upper 

disk structure was formed. A supporting pedestal was created by isotropic 

etching that removed substrate material under the disk in Step 2. 
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In order to produce the vertical structures shown in Fig. 5.5(b), a conventional Bosch[70]
 

process would require the use of inductively-coupled plasma (ICP) etching with repeating cycles 

of two steps: (i) isotropic vertical etching of the desired surface, and (ii) replenishment of a 

protective polymer masking layer, which is later removed at the etch front during step(i).  

However, we previously developed a similar cyclic process [71] that employed three sub steps 

that can be performed on conventional parallel plate reactive ion etchers, and does not require the 

precise balance between etching and mask replenishment that is characteristic of a two-step 

process. The anisotropic cyclic process was employed in our present Step 1 to fabricate silicon 

microcylinders by repeating sequences of: (1) polymer formation, (2) anisotropic removal of the 

polymer on the bottom trench and (3) isotropic etching. Sulfur-hexafluoride (SF6), tetrafluoro-

methane (CF4), oxygen, hydrogen, argon, and helium were used as process gases.  

In Step 1 of our present all-dry undercut process, first, a protective polymer layer that 

prevented sidewall etching in subsequent sub steps was deposited by a mixture of CF4 and H2,  

and will be designated as sub-step (1.1). For the subsequent removal of the polymer on the etch-

front at the bottom of the structure where the silicon surface needed to be  
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Figure 5.5: A detailed depiction of cyclic dry reactive ion etching process to form a microdisk: 

(a) phosphorus doped bulk silicon (001) starting wafer, (b) A microcylinder formed 

in Step 1 using the three cyclic sub-steps of anisotropic, (c) In preparation for 

etching Step2, SiO2 was grown, (d) SiO2 is removed on bottom, and top by reactive 

ion etching (e) A supporting structure of pedestal was fabricated in Step 2. using 

isotropic undercutting etch. (f) A microdisk was formed. 
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exposed, a second sub-step (1.2) of reactive ion etching was conducted in a gas mixture of 

10sccm of SF6 and 20sccm of He at a low chamber pressure (~5mTorr) which resulted in 

nearly perpendicular (anisotropic) etching with high ion-directionality. As the third and final 

sub-step (1.3) of Step 1, the exposed silicon surface was isotropically etched using a gas 

mixture of SF6 and He at a higher chamber pressure (~200mTorr). The chamber pressure, gas 

flows, and duration of this isotropic silicon etch were optimized to minimize soft-mask and 

sidewall polymer erosion, while maintaining a high silicon etch rate. Those there cyclic sub-

steps operate sequentially with each cycle producing a depth of about 0.4µm. Forty cycles of 

this three cyclic sub-steps produced etching to a total depth of 16µm.   

5.4.2  Isotropic Undercutting: Step 2 

The three cyclic sub-steps (step 1.1 – 1.3) of anisotropic etching in Step 1 produced a 

disk of the desired width and height. Following Step 1, the silicon was wet oxidized at 950ºC 

for 30 minutes to a thickness of 0.5m to protect the top and sidewall of the cylinder during 

Step 2 of isotropic etching, which undercut the microdisk and formed a pedestal. SiO2 was 

selected as a masking material owing to its high tolerance to SF6-based RIE that selectively 

etches silicon preferentially over SiO2 (selectivity of 10:1 of Si:SiO2 for a process of 10sccm 

SF6, 20sccm He at 50Watts RF power and 200mTorr of the chamber pressure).   During Step 2 

of the isotropic undercutting etching process, the SiO2 layer on the horizontal plateau was 

removed during dry etching by the reactive ions delivered vertically due to the electrical 

potential difference between the bottom electrode and the shower head of the chamber.  
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Step 2 was designed to etch both the bottom of the trench surrounding the cylinder, and 

underneath the cylinder simultaneously, forming the shape of a pedestal as shown in Fig. 

5.5(f). A processing gas mixture of SF6 and He was selected for its inherently large silicon 

etch rate, as compared to other etch gases (C3HF, CF4, etc). Parameters such as chamber 

pressure, radio frequency (RF) power, exposed area of the silicon and ratios of gas mixtures all 

influence the net etch rate, selectivity, and sidewall profiles. As described below, the effects of 

RF power and chamber pressure versus vertical and lateral etch rates were studied for the fixed 

flow rate ratio of SF6/He; 10sccm/20sccm. This particular flow rate ratio was chosen because 

we found that it produced the highest etch rates, compared to other ratios.   

This Step 2 process consisted of two cyclic sub-steps: (2.1) 4 minutes of isotropic 

etching with SF6/He chemistry, and (2.2) 10 seconds of purging for pumping out the residuals 

from the chamber. Fig. 5.6 shows the variation of isotropic etch rate with RF power at constant 

chamber pressure of 200 mTorr, where the etch depth was measured with a stylus 

profilometer. The chamber pressure of 200 mTorr was selected for a higher etch rate. The 

silicon isotropic etch rate increased linearly with RF power.    

Fig. 5.7 depicts the amount of etched silicon per cycle versus chamber pressure during 

the undercutting isotropic etching, based on 10 cycles of the two cyclic sub-steps in Step 2. 

The amount of undercutting was measured by cross-section SEM on the cleaved wafer.  With 

increasing pressure, the undercut increased due to the greater density of chemical reactants, 

and we were able to achieve an undercutting of up to 30 µm easily.   
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Figure 5.6 : Isotropic silicon etch rate versus RF power for a gas mixture of    

                   10sccm/20sccm; SF6/He at a chamber pressure of 200mTorr. This  

                    condition was used during Step 2 of the undercutting process. 
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Figure 5.7: Silicon isotropic etch rate (μm/cycle), measured by the extent of undercutting 

versus pressure for a 10sccm/20sccm; SF6/He with RF power of 50 Watts. 
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Fig. 5.8 shows structures made with our dry undercutting process. The microcylinders 

in Fig. 5.8(a) were formed after the anisotropic etching process of Step 1. The microdisks 

shown in Fig. 5.8(b) and 5.8(c) were undercut using the dry isotropic etching process 

described in Step 2 of Fig. 5.5 (f). For finally fabricated microdisk in Fig. 5.8, we cleaned the 

structure with Hydrofluoric acid to remove any residual oxide. As shown in Fig. 5.8(b), the 

etched surface on the edge of the disks showed nanometer-scale surface roughness. The 

process parameters used for fabrication of the microdisks in Fig. 5.8 are summarized in Table 

5.1.  
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Figure 5.8: SEM micrographs of microdisks fabricated using novel method of reactive-ion 

etching process reported here. (a) shows cylinders: diameter: 150µm, and height: 

15µm. In (b), the cylinders from (a) were undercut showing microdisk arrays 

 

 
       

(a) 

(b) 
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Table 5.1: Reactive ion etching parameters used to fabricate the microdisks in Figure 5.8. The 

anisotropic etching process of the left column produces vertical cylinders.  The 

isotropic etching of the right column produces undercutting of the cylinders to 

create a microdisk. The insets show two subsequent processes(Step 1, and Step 2) to 

form the microcylinder and microdisk respectively.   

 

 

Cyclic All Dry Reactive Ion Etching for a microdisk 

Step  : Anisotropic   Step 2: Isotropic   

Three cyclic sub-steps (8 minutes/cycle) Two cyclic sub-steps (4 min.10 sec /cycle) 

1.1 Polymer formation (4 minutes) 2.1 Etching( 4 minutes) 

-chamber pressure: 200mTorr 
-gas ratio of H

2
/CF

4
:15 / 25 sccm 

-RF power: 40 Watts 

1.2 Polymer removal (30 seconds) 2.2 Residual removal (10 seconds) 

-chamber pressure: 5mTorr 
- gas ratio of H

2
/CF

4
:10 / 20 sccm 

-RF power: 100 Watts 

1.3 Etching(3 minutes and 30 seconds) 
-chamber pressure: 200mTorr 
- gas ratio of SF

6
/He:10 / 20 sccm 

-RF power: 50 Watts 

-chamber pressure: 200mTorr 
-gas ratio of SF

6
/He :10 / 20 sccm 

-RF power: 40 Watts 

-pumping chamber  
-chamber pressure: < 1 mTorr 
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5.5  Conclusions 

A novel method of RIE for the fabrication of cantilevered silicon micro-structures 

based on reactive ion etching is presented. This method was developed as an alternative to the 

combined dry, wet, and selective etching that was often used for undercutting structures such 

as cylinders to form microdisk resonators on pedestals.  

 It was found that the extent of under-cutting was controllable by the chamber pressure 

and RF power. Furthermore, we have investigated the dependency of etch rates on the gas 

mixture ratio and RF power, and we showed that a large undercut is possible with this 

technique. The two-step anisotropic and isotropic dry etching of all silicon is a promising for 

the fabrication of suspended micro-structures in silicon based photonics, due to its simplicity 

and low cost.  
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Chapter 6 

MAGNETIC TUNNEL JUNCTIONS 

6.1   Introduction  

In 1988 the discovery of giant magnetoresistance (GMR) effect by Albert Fert and 

Peter Grunberg has opened the new era of spintronics (spin + 

electronics)Magnetoresistance(MR) is the change of resistance when a conductor is placed in 

an external magnetic field. For some conductors such as cobalt, iron and nickel, this 

magnetoresistance will change depending on the direction of the external magnetic field with 

respect to the direction of the current through the ferromagnets. In 1988 both Albert Fert and 

Peter Grunberg’s groups independently discovered that some materials show a very large MR, 

currently known as GMR. These materials consist of multilayers, where ferromagnetic and 

non-magnetic metals are stacked on each other. Figure 6.1 shows the measurement results of 

the MR reported from Albert Fert’s group (Fig. 6.1 (a)), and from Peter Grunberg’s group 

(Fig. 6.1 (b)), both showing the resistance change of the stacked materials to the external 

magnetic field. This new finding of GMR was hugely influential on the area of magnetic 

sensors and data storage. A hard disk storing binary information can use the difference in 

resistance between parallel and antiparallel layer alignment to store binary 1s and 0s. 
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Figure 6.1: First observations of giant magnetoresistance. (a) On Fe/Cr(001) multilayers 

(Baibich 1988). (b) On Fe/Cr/Fe trilayers (Binash 1989). (c) Schematic of the 

mechanism of the GMR. In the parallel magnetic configuration (bottom), the 

electrons of one of the spin channels can go easily through all the magnetic layers 

and the short-circuit through this channel leads to a small resistance. In the 

antiparallel configuration (top), the electrons of each channel are slowed down 

every second magnetic layer and the resistance is high. The current is horizontal 

on the figure and it is carried by electrons having velocities in all the possible 

directions with different proportion of rightward and leftward orientations [88]. 

 

 



 88 

The demand for even larger magnetoresistive effects for higher data storage densities 

motivated the development of magnetic tunnel junctions (MTJs) using aluminum oxide 

insulating tunnel barriers in 1991, and using magnesium oxide later for higher MR.  As shown 

in Figure 6.2, the MTJ has a very thin insulating layer between ferromagnetic layers so that 

electrons can tunnel through quantum mechanically through the insulating barrier.   

 

 

Figure 6.2:  Schematic of MTJ, which has a very thin insulating layer between ferromagnetic 

layers so that electrons can quantum mechanically tunnel through the insulating 

barrier 

 

In a typical MTJ structure, an insulating layer is sandwiched by two ferromagnetic 

electrodes as shown in Fig. 6.2. One of the magnetic electrodes is “pinned” such that its 

magnetization is oriented in the plane of the layer, but is fixed so as not to rotate in the 
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presence of an applied magnetic field. And a “free” ferromagnetic layer whose magnetization 

is able to be rotated in the plane of the layer relative to the fixed magnetization of the pinned 

layer, and an insulating tunnel barrier layer lies in between the ferromagnetic layers. When an 

electrical bias is applied across the MTJ, electrons that are spin polarized will traverse and 

tunnel through the thin insulating barrier.  The tunneling conductance of the electrons depends 

on the magnetization of the two electrodes, M1 and M2, relative to the spin orientation of the 

electrons. The electrical conductance G can be described by the following relation when the 

relative magnetization orientations M1 and M2 are at an angle Ѳ, 

 

𝐺(𝜃) =
1

2
(𝐺𝑃 + 𝐺𝐴𝑃) +

1

2
(𝐺𝑃 − 𝐺𝐴𝑃) ∙ 𝑐𝑜𝑠𝜃  (6-1) 

 

where GAP and Gp are the conductances for Ѳ=180 and Ѳ=0, respectively. The 

tunneling magnetoresistance(TMR) ratio is calculated as: 

TMR ratio =  
𝐺𝑃−𝐺𝐴𝑃

𝐺𝑃
=

𝑅𝐴𝑃−𝑅𝑃

𝑅𝑃
   (6-2) 

where RAP and Rp are the resistances in the antiparallel and parallel state, respectively.  

The mechanism of TMR arises from the difference in the electronic density of states (DOS) at 

the Fermi level EF between spin-up N↑(EF) and spin-down N↓(EF) electrons. Since electrons 

preserve their spin orientation during the tunneling process, electrons can only tunnel into the 

subband of the same spin orientation, as illustrated in Figure 6.3. Therefore, the tunneling 

conductance is proportional to the product of the Fermi level DOS values of the two electrode 

regions (M1 and M2) with the same spin orientation.  Fig. 6.6 shows two different 

http://www.sciencedirect.com/science/article/pii/S1369702106716935#fig4
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configurations of parallel and antiparallel magnetization: parallel magnetization configuration 

(Figure 6.3 a), antiparallel magnetization configuration (Figure 6.3 b) of the two electrodes 

showing different tunneling conductance. 

   

 

Figure 6.3:  Schematic of the TMR effect in an MTJ. During tunneling, electron spin  

orientation is preserved, i.e. an electron can only tunnel to the spin subband of the 

same spin orientation, and the conductance is proportional to the product of 

the  Fermi level DOS values of the two electrodes of the same spin orientation. (a) 

shows parallel magnetization configuration, which means more tunneling 

conductance of  electron. (b) shows anitiparallel configuration for less tunneling 

conductance [87]. 

 

 

 

http://www.sciencedirect.com/science/article/pii/S1369702106716935#fig4
http://www.sciencedirect.com/science/article/pii/S1369702106716935#fig4


 91 

Using the definition of the TMR ratio given by equation 6-2, the following relation was 

first obtained by Julliere[78]: 

TMR ratio =  
2𝑃1𝑃2

1−𝑃1𝑃2 
   (6-3) 

 

where P1 and P2, defined below, are the polarization factors for the two electrodes, 

respectively. The polarization factors are defined as [79,80]: 

𝑃 =  
𝑁↑(𝐸𝐹)−𝑁↓(𝐸𝐹)

𝑁↑(𝐸𝐹)+𝑁↓(𝐸𝐹)
   (6-4) 

where 𝑁𝜎(𝐸) is the spin-dependent density of states. Julliere [78] first demonstrated 

the TMR effect experimentally in 1975, measuring a TMR ratio of 14% in a Fe/Ge/Co 

junction at 4 K. Over the following decade, extensive research on aluminum oxide barriers 

yielded a steady increase in the TMR ratio by finding electrodes with higher spin polarization 

factors and improving the quality of barrier through the introduction of various material 

processing procedures. In 2004, a TMR ratio of 70% was achieved using a 

CoFeB/AlOx/CoFeB junction made with a standard sputtering technique and a CoFeB target 

composition of Co60Fe20B20  

 

6.2  Motivation 

Magnetic tunnel junctions (MTJs) for potential microwave applications have been 

extensively investigated in recent years [20-24]. Numerous prototype microwave devices have 

been demonstrated, such as microwave oscillators [27, 72], microwave detectors [26, 73], and 

microwave modulators [74]. To detect microwaves, one can use either the rectifying effect in 
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spin diodes [73] or the microwave photoresistance effect [28, 75]. Microwave detectors based 

on both effects have shown promising sensitivity and unique features such as frequency 

selectivity. However, the research has so far only focused on the detection of the microwave 

magnitude, rather than phase. In this dissertation, we will demonstrate microwave phase 

detection using an MTJ device, which is placed on a common short circuit region across two 

coplanar waveguides (CPWs).  

6.3  Device Fabrication 

As shown in Fig. 6.4, a MTJ is lithographically patterned on a common short line of 

two CPWs. The vertical structure of the MTJ is Cu 120 nm/CoFe 4 nm/ IrMn 15 nm/ CoFe 4 

nm/ AlOx 2.3 nm/ NiFe (Py) 20 nm/ Au 50 nm.  The magnetization in the CoFe layer is 

pinned in the x direction (along the CPW length axis) as defined in Fig. 6.4. The CPWs are 

made of the 120 nm copper. The whole structure is fabricated on a high resistive silicon wafer 

to reduce the microwave loss. Also shown in Fig. 6.4, microwave signal whose amplitude is 

modulated by a function generator at 430 Hz is output from a vector network analyzer (VNA). 

The microwave signal is split into two branches. The right branch is directly fed into the right 

coplanar waveguide. The microwave in the left branch passes through a tunable phase shifter 

before it is fed into the left coplanar waveguide. A pair of Helmholtz coils is used to adjust the 

external DC magnetic field for the ferromagnetic resonance frequency of the MTJ. The MTJ is 

biased with a constant current source and the modulate microwave induced voltage at 430 Hz 

is measured by a lock-in amplifier.  
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(a) 

 

(b) 

Figure 6.4: (a) Experiment setup of the MTJ based microwave relative phase detection, 

showing test equipments of VNA, microwave splitter, function generator, phase 

shifter, lock-in amplifier,  and MTJ device under test on CPWs. (b) Circuit for 
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microwave phase detection. The MTJ is placed on the common short line of the 

two CPWs (left, and right CPW). 

Microwaves from the two CPWs will be reflected at the short. The microwave currents 

generate microwave magnetic fields on top of the CPW lines. At the common short line, the 

microwave magnetic field ht is the linear superposition of the two microwave currents from 

both CPWs, 



ht  h1e
it  h2e

i t 
, where h1 and h2 are the magnetic fields generated by the 

microwave currents from the left CPW and the right CPW, respectively;  is the angular 

frequency of the microwave, and  is the relative phase between h1 and h2.  The MTJ 

microwave detector placed on the common short line responds to the total microwave 

magnetic field due to the rectifying effect: 

cos2 21

2

2

2

1

2
hhhhhV t  .   (6-5)          

In this experimental demonstration, the nominal power input was 1 mW and the 

frequency was 2 GHz. A 44 Oe external field is used to set the MTJ at its FMR at parallel 

configuration and a -39 Oe external field was used to reach FMR at antiparallel configuration. 

The MTJ was biased with a 10 µA dc current. The isolation higher than 50dB is measured by a 

traditional transmission measurment, indicating that there is no cross talk between the two 

microwaves across the common short. The microwave induced voltage was measured by the 

lock-in amplifier and the voltage difference between the resonance at parallel and at 

antiparallel configurations was taken and averaged to cancel out the background signal. The 

experimental result of the phase detection is shown in Fig. 6.5(a). The microwave induced 
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voltage revealed a sinusoidal relationship with the phase change tuned by the microwave 

phase shifter as described in Eq. (6-5). A control experiment was also performed by placing 

one of the coplanar airprobes onto the identical but adjacent CPW waveguide pattern on the 

wafer, as illustrated in Fig. 6.5(c). It is worth pointing out that due to the strong isolation of the 

shorted line, the microwave propagation in these structures of Fig. 6.5(c) should be identical as 

the structure in Fig. 6.5(b). However, in this case, the MTJ is excited by only one branch of 

microwave. As a result, the voltage response of MTJ of Fig. 6.5(c) shows much weaker phase 

dependence. The periodicity of Fig. 6.5(c) is half of the case of Fig. 6.5(a), where two 

microwave currents are interfering. That periodicity dependence on phase is due to 

dimensional resonance, where the microwave is reflected from one shorted coplanar 

waveguide and transmitted into the other waveguide. The reflected microwave goes through 

the phase shifter twice, which explains the half periodicity in the control experiment 
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Figure 6.5: (a) Relative phase dependence of the microwave induced voltage. (b) Two 

microwaves are fed into one structure, producing a response corresponding to the 

black curve in (a). (c) One microwave is fed into detection structure, while the 

other microwave is fed into an identical adjacent structure. In this case the 

microwave in the circuit is the same with the ones in (b). But the induced voltage 

response is only due to one of the microwave input, corresponding to the red and 

green curves in (a). 
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The derivation of the voltage change versus microwave phase given by Eq. (6-5) is 

based on the assumption that the microwave magnetic field distribution on the short line is 

uniform. The microwave current tends to flow through a relatively narrow channel of the short 

line due to the skin effect, however, causing nonuniform field distribution on the short line. A 

numerical simulation on the circuit using the commercial software High Frequency Structural 

Simulator (HFSS) was performed.  As shown in Fig. 6.6(a)a simulation of the microwave field 

distribution at the common short line reveals the nonuniformity,. 
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Figure 6.6: HFSS simulation of the surface magnetic field distribution of the structure used in 

the experiment. The microwave is fed in from the left side. At the common short, 

there is a non-uniform distribution of the microwave magnetic field.  
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Assuming the spatial distribution of the microwave is f(x, y), the total microwave 

magnetic field can be expressed as h1 f (x, y ) + h2 f (w- x, y ) due to symmetry, where h1and h2 

are the average microwave magnetic fields generated from each microwave inputs and w is the 

width of the common short line. Due to the non-uniform microwave magnetic field, the 

magnetization precession is no longer coherent and cannot be described by a constant 

magnetic susceptibility. Instead, the local magnetization precession should be calculated as  

𝑚(𝑥, 𝑦) = ∮ ℎ𝑡𝑜𝑡(𝑥′, 𝑦′) × 𝜒(𝑥. 𝑦, 𝑥′, 𝑦′)    (6.6) 

where 𝜒(𝑥. 𝑦, 𝑥′, 𝑦′) is a correlation function like susceptibility that indicates the 

magnetization precession at (x, y) due to the microwave magnetic field at (x’, y’) via spin wave 

coupling [76, 77]. This susceptibility carries a complex spatial term Σ𝑒−𝑖𝑘𝑥  , where k is the 

wave number of spin wave.  

The photoresistance of this MTJ can be modeled as a parallel circuit with local 

photoresistance corresponding to the local magnetization precession. Hence, the overall 

microwave-induced voltage can be modeled as 
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This complex expression has a mathematical form of      cos2 21
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Hence, the microwave phase response developed in this model will be similar to that 

developed in Eq. (6.5). The unknown parameters 𝜂0, 𝜂 and    are all intrinsic to the MTJ and 
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geometry of the CPWs, which can be calibrated. Hence, the spatially non-uniform distribution 

of microwave magnetic field doesn’t invalidate the application of microwave phase detection 

in this circuit. 

 6.4 Conclusions 

In summary, we have successfully demonstrated that a pair of common shorted 

waveguides with MTJ mounted on the short line can function as a microwave phase detector. 

The common short line isolates the two microwave inputs and the microwave current flowing 

through the common short line is the linear superposition of the two microwaves. By detecting 

the total emitted magnetic field, the relative phase difference between the two microwaves can 

be determined. The non-uniform distribution of microwave magnetic field at the common 

short line may reduce the sensitivity of the phase detection by a geometric factor, which can be 

predetermined. With the ability to detect magnitude and phase of microwaves, this MTJ-based 

device may find many applications such as on-chip network analyzer and spectrum analyzer.  

 

\ 
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Chapter 7 

DETERMINATION OF SPECTRAL RESPONSIVITY OF GESN PHOTO 

DETECTORS USING FACTORY CALIBRATED GE AND DTGS REFERENCE 

DETECTORS  

7.1  Introduction  

In this chapter, the method used to determine the spectral responsivity of the Ge1-xSnx / 

n-Ge heterojunction detector [89] using a factory calibrated Ge detector and a DTGS 

pyroelectic detector with a flat spectral response is presented.  

 

7.2 Background 

 

A DTGS detector is a pyroelectric device with a flat spectral response, and so can be 

used to calibrate the spectral responsivity of a device under test relative to a known calibrated 

detector that absorbs in a different wavelength region. Figure 7.1 shows the flat spectral 

response characteristic of the DTGS detector (labeled in the red box in the figure) among 

various infrared detectors. A factory calibrated Ge detector (Newport 818-IR/DB), which is 

shown in Figure 7.2, was used as the calibrated detector. The procedure to calibrate the 

measured responsivity of GeSn detectors is detailed below in Section 7.3. 
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7.3 Responsivity Calibration 

 

In this section, the responsivity calibration procedure using a factory calibrated Ge 

detector and a DTGS detector with the Thermo Nicolet Nexus 870 FTIR spectrometer 

equipped with a Globar IR light source is explained.  

 

7.3.1 FTIR set-up 

The FTIR was set-up as shown in Figure 7.3 in order to measure the spectral photo-

response of the different detectors, and a Ge wafer was placed in the beam path in front of the 

detectors. Measurements were done by taking current readings from the lock-in amplifier that 

is synchronized to a light chopper and connecting the output of the lock-in amplifier to the 

external input of the FTIR.  
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Figure 7.1: Spectral response characteristics of various infrared detectors, indicating   

that the Pyroelectic detector shows flat response over wavelength from 1.5µm to 

18µm [90] 
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Figure 7.2: Absolute spectral responsivity (A/W) of various detectors from Newport    

[91]. The pink line shows the absolute spectral responsivity of the Ge detector  

818-IR, which is used in this calibration procedure. The inset shows the  

photograph of Newport Ge detector assembly with the active detector mounted in a 

black cylindrical holder, and a cable with DB-15 type electrical  

connector. 
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Figure 7.3: Schematic of the experimental setup for photocurrent spectroscopy using  

                an infrared source (Globar) and an optical chopper. A lock-in amplifier and  

                the Thermo-Nicolet 870 FTIR were used to measure the spectral response of  

                the detector that is being tested. 

 

The step by step calibration procedure to determine the responsivity of GeSn detector 

is outlined below. First, the responsivity of factory calibrated Ge detector, MGe-Factory (λ), is 

measured with FTIR in the setup shown in Figure 7.3. Next the responsivity of the FTIR 

DTGS detector, MDTGS (λ), is also measured. The ratio FGe-Factory (λ), defined as the 

responsivity of Ge detector being divided by that of DTGS detector, is calculated and gives the 

measured Ge detector response relative to the flat DTGS response, so that we can determine 

more accurate responsivity of the GeSn detector, as shown in Equation (1).    

 

MGe-Factory (λ) / MDTGS (λ) ≡ FGe-Factory (λ)   (1) 
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Since we know the absolute responsivity of factory calibrated Ge detector, RGe-Factory 

(λ), we can extract a ratio of the known calibrated responsivity to the measured responsivity 

with our FTIR set-up as in Eqn (2). Namely, T (λ) is the conversion factor of responsivity 

measured from our FTIR to the factory published responsivity of the same Ge detector  

 

FGe-Factory (λ) x T (λ) = RGe-Factory (λ)    (2) 

 

Figure 7.4 shows the extracted T (λ) ranging between 0.2 ~ 0.3 over the wavelength of 

1,250nm to 1,850nm. 
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Figure 7.4: Extracted T (λ) shows the range between 0.2~0.3. The inset shows FGe-Factory (λ) in 

Eqn (1), which is the ratio of MGe-Factory (λ) to MDTGS (λ).  
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With a similar method as we did in Eqn. (1), we can measure the responsivity of newly 

fabricated GeSn detector, and compare the responsivity to that of DTGS detector.  

MGeSn (λ) / MDTGS (λ) ≡ FGeSn (λ)    (3) 

where FGeSn (λ) is the FTIR response of the GeSn detector under test, relative to the flat 

DTGS response.  Now we can use the conversion factor of T (λ), which is the FTIR spectral 

conversion factor calculated from the both the Ge detector and DTGS detector responses, to 

determine the absolute responsivity of GeSn detector, RGeSn (λ), which needs further correction 

for the relative active areas of the detectors. For the longer wavelength response of GeSn 

detector compared to Ge detector, we linearly extrapolate the conversion factor in Figure 7.5 

beyond the original spectral range of 1,800nm of factory calibrated Ge detector in Eqn (4).  

FGeSn (λ) x T (λ) = RGeSn (λ)     (4) 

Figure 7.5 shows the responsivity of GeSn detector determined from above mentioned 

procedure with further consideration of active areas of the detectors. GeSn detector tested here 

has 0.04cm
2
 active area, and Newport Ge detector has 0.071cm

2
 active area of the detector, 

which is ~1.78 time bigger detection area than GeSn detector. The Inset (a) showing FGeSn (λ) 

extracted from Eqn (3) from the ratio of MGeSn (λ) to MDTGS (λ). Finally determined 

responsivity of GeSn detector is ranging from ~0.13 to 1.28 A/W 
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Figure 7.5: The responsivity of GeSn detector determined at the wavelength range of 1,250nm 

to 1,950nm. The inset (a) shows the ratio MGeSn (λ) to MDTGS (λ), and the inset (b) 

shows the responsivity of GeSn detector before considering the size of detector 

area.  
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7.4 Conclusion 

The responsivity of newly fabricated GeSn heterojunction detector was determined 

using the factory calibrated responsivity of Newport Ge detector and flat response of DTGS 

detector. The determined responsivity range is from ~ 0.13 to 1.28 A/W. 
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Chapter 8 

SUMMARY AND FUTURE WORK 

8.1  Summary 

This dissertation presents fabrication and characterization of GeSn alloys using 

epitaxial growth (MBE), and also presents a novel method of all dry silicon etching, and a 

microwave phase detection device using MTJ.  The second chapter summarizes the method of 

GeSn alloy growth using MBE, and modification of FTIR for photocurrent measurement, and 

details of GeSn devices fabrication, and chapter 3, and 4 discuss about electrical and optical 

properties of GeSn heterojunctiondevices, and characterization of GeSn diodes, and 

photocurrent measurements. In Chapter 3, the electrical properties of GeSn heterojunction 

diodes were investigated under various conditions, along with the extraction of diode 

parameters. The magnitude of the reverse saturation current increased with increasing Sn 

content, suggesting that the addition of Sn reduced the bandgap. These findings indicated that 

GeSn/Ge p-n diodes have reasonable characteristics and could be useful for the fabrication of 

future Ge-Sn heterojunction electronic and optoelectronic devices, In chapter 4, the properties 

of Ge1-xSnx / n-Ge heterojunction devices grown by MBE were investigated using electrical 

and photocurrent measurements. A redshift in the photon energy of peak absorption of 0.146 

eV with increasing Sn composition from 4% to 12% was observed in the photoresponse 

spectra. The redshift was attributed to the bandgap decrease with Sn in the Ge1-xSnx alloys, 

which can be very useful for extending the response of the devices into the mid-IR. The bias 

dependences of the photodetector indicated that the photoresponse saturated with a reverse 

bias of 0.5 volts. The Ge1-xSnx alloys with lower Sn composition showed more photocurrent 
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(higher responsivity) possibly due to the thicker absorption layer.  Chapter 5 presents a new 

all-dry processing method for the fabrication of suspended silicon micro-structures based on 

reactive ion etching. This method was developed as an alternative to the combined dry, wet, 

and selective etching that was often used for undercutting structures. Chapter 6 demonstrated 

that a pair of common shorted waveguides with MTJ mounted on the short line can function as 

a phase detector. The common short line isolates the two microwave inputs and the microwave 

current flowing through the common short line is the linear superposition of the two 

microwaves. By detecting the total emitted magnetic field, the relative phase difference 

between the two microwaves can be determined. The non-uniform distribution of microwave 

magnetic field at the common short line may reduce the sensitivity of the phase detection by a 

geometric factor, which can be predetermined. With the ability to detect magnitude and phase 

of microwaves, this MTJ-based device may find many applications such as on-chip network 

analyzer and spectrum analyzer. 

 

8.2  Future Work 

The dissertation has investigated various GeSn diode properties with varying Sn 

content. However, study on GeSn heterojunction diodes with more Sn concentration and with 

various doping levels is required. Even though we have demonstrated photoresponse with up 

to 12% Sn GeSn alloy, more investigation with higher operating temperature, and more Sn 

incorporation to expand its commercial applications. With incorporation of novel technique of 

undercutting dry etching, more focus on resonating device such as LASER can be made 
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