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ABSTRACT

The interest in the growth of I1I-V compound semiconductors such as GaAs and AlGaAs
on high index planes has increased tremendously over the last few years. The structural,
optical and electrical properties of III-V based structures are found to improve by,
growing on (n11) planes. For example the amphoteric nature of silicon (Si) facilitates
the Molecular Beam Epitaxy (MBE) growth of ;;-type GaAs/AlGaAs heterostructures on
(311)A that have higher hole mobilities than those based on the conventional Be-doped
p-type on (100) GaAs plane. The incorporation of intentional impurities, such as Si or
Be in I1I-V semiconductors, have desirable effects in terms of controlling the electrical
conductivity of the materials. However, other unintentionally incorporated impurities

and defects have deleterious effects on the electrical and optical properties of III-V

based devices.

In this thesis, current-voltage-temperature (I-V-T), capacitance-voltage (C-V) Deep
Level Transient Spectroscopy (DLTS) and Laplace DLTS techniques have been used to
investigate defects in several MBE III-V epilayers and modulated structures grown both
on the conventional (100) and non-(100) GaAs substrates. These include: (i) n-type
silicon-doped (n11)B (n = 2-5) GaAs epitaxial layers; (ii) n-type silicon-doped (100)
and (311)B GaAs/AlGaAs multi-quantum well (MQW); (iii) n-type silicon-doped (100)
MQWs grown at different substrate temperatures, arsenic overpressures and arsenic
species (Asz and As,); (iv) p-type Be-doped (100) and (311)A AlGaAs epitaxial layers;
(v) GaAs/AlGaAs two dimensional electron gas (2DEG); (vi) commercially grown high

electron mobility transistors (HEMT).
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The main findings of the experimental results are given in the following:

)

(i)

(iii)

(iv)

)

n-type silicon-doped (n11)B (n = 2-5) GaAs: the overall density of defects is
highest in (211)B and lowest in (511)B. The number of detected defects is
minimum in (511)B. The common carbon background impurity in MBE is
observed only in (100) substrates.

n-type silicon-doped (100) and (311)B GaAs/AlGaAs MQWs: the concentration
of the only trap is higher in (100) than in (311)B orientation. Furthermore, in (100)
the observed trap electrically charged, while it has neutral nature in (311)B.

n-type silicon-doped (100) MQWs grown at different substrate temperatures,
arsenic overpressures and arsenic species (As; and Asy): the average trap
concentration for As; samples is lower than As, samples. In addition, the
concentration of the common Vj¢-related point defect decreases with increasing
growth temperature and arsenic overpressure.

p-type Be-doped (100) and (311)A AlGaAs: the number of hole traps in (311)A
decreases from five to one when the Be-doping level varies from 1x 10'® em™ to
1x10' ¢m™. For (100) the detected hole levels are three, four and two for Be-
concentrations of 1x10' ¢cm? , 3x10' cm™ and 1x10' cm?, respectively. In
addition, an electron emitting level is observed only in (100) samples doped to
1x10" em™,

GaAs/AlGaAs 2DEG and HEMT devices: one major defect, assigned to the DX'
center, is common in both in-house grown 2DEG and commercially HEMT
devices. It behaves as a generation-recombination center, and its concentration is

directly related to the silicon doping level in the AlGaAs layer. The HEMT
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devices which showed poor frequency response are found to have the highest

concentration of the DX center.

DLTS characterisation of defects in III-V compound semiconductors grown by MBE Page iii



PUBLICATIONS

Riaz H Mari, Muhammad Shafi, Mohsin Aziz, Almontaser Khatab, David
Taylor, Mohamed Henini, “Electrical characterisation of deep level defects in
Be-doped AlGadAs grown on (100) and (311)4 Gads substrates by MBE"”
Nanoscale Research Letters 6, 180 (2011).

D. L. Sales, E. Guerrero, J. F. Rodrigo, P. L. Galindo, A. Yéfiez, M. Shafi, A.
Khatab, R. H. Mari, M. Henini, S. Novikov, M. F. Chisholm, and S. I. Molina,
“Distribution of Bismuth Atoms in Epitaxial GaAsBi” Applied Physics Letters
98, 101902 (2011).

Riaz H Mari, M Aziz, M Shafi, A Khatab, D Taylor, and M Henini, “Effect of
epitaxial layer thickness on the deep level defects in MBE grown n-type
Alp33Gap.6724s” (Submitted to Physica Status Solidi C 2011)

A. Khatab, M Shafi, Riaz H Mari, M Aziz, M Henini, M. Sadeghi and S. Wang,
“Comparative Optical Studies of GalnAs/GaAs Quantum Wells Grown by MBE
on Conventional and High Index GaAs Planes” (Submitted to Physica Status
Solidi C 2011)

M. Shafi, R. H. Mari, A. Khatab, M. Henini, A. Polimeni, M. Capizzi and M.
Hopkinson, “Deep Levels in GaAs;«Ny Grown by Molecular Beam Epitaxy”
(Submitted to Journal of Applied Physics 2011)

J. Ibafiez, R. Oliva, M. De la Mare, M. Schmidbauer, S. Hernandez, P.
Pellegrino, D. J. Scurr, R. Cuscd, L. Artas, M. Shafi, R. H. Mari, M. Henini, Q.

Zhuang, A. Godenir, and A. Krier, “Structural and Optical Properties of Dilute

DLTS characterisation of defects in I1I-V compound semiconductors grown by MBE Page iv



Publications

10.

11,

InAsN Grown by Molecular Beam Epitaxy” Journal of Applied Physics 108,
103504 (2010)

M. Shafi, R. H. Mari, A. Khatab, D. Taylor and M. Henini, “Deep-level
Transient Spectroscopy of GaAs/AlGaAs Multi-Quantum Wells Grown on (100)
and (311)B GaAs Substrates” Nanoscale Research Letters 5, 1948-1951 (2010).
R. Kudrawiec, P. Poloczek, J. Misiewiciz, M. Shafi, J. Ibifiez, R. H. Mari, M.
Henini, M. Schmidbauer, S. V. Novikov, L. Turyanska, S. I. Molina, D. L. Sales
and M. F. Chisholm, “Photomodulated transmittance of GaAsBi layers grown on
(100) and (311)B GaAs substrates” Microelectronics Journal 40, 537 (2009).

M. Shafi, R. H. Mari, M. Henini, D. Taylor and M. Hopkinson, “Electrical
Properties of Nitrogen-related Defects in n-type GaAsN Grown by Molecular
Beam Epitaxy”, Physica Status Solidi C 6, No. 12, 2652 (2009).

R. H. Mari, M. Shafi, M. Henini and D. Taylor, “Laplace DLTS of Molecular
Beam Epitaxy GaAs Grown on (100) and (211)B Substrates”, Physica Status
Solidi C 6, No. 12, 2873 (2009).

R. Kudrawiec, M. Syperek, P. Poloczek, J. Misiewiciz, R. H. Mari, M. Shafi, M.
Henini, Y. Gobato, S. V. Novikov, J. Ib4fiez, M. Schmidbauer and S. I. Molina,
“Carrier localization in GaAsBi Probed by Photomodulated Transmittance and

Photoluminescence” Journal of Applied Physics 106, 023518 (2009).

DLTS characterisation of defects in IlI-V compound semiconductors grown by MBE Pagev



CONFERENCE PRESENTATIONS

1. Oral presentation in Semiconducting and Insulating Materials Conference

(SIMC- XV), held at the University of Vilinius, Lithuania, June 15-19, (2009),
“Laplace DLTS of Molecular Beam Epitaxy GaAs Grown on High Index GaAs
Substrates”

2. Poster presented in Essex meeting of COST Action MP0805 on ‘Novel Gain
Materials and Devices Based on III-V-N Compounds’, 24" May (2009), “High
Resolution Laplace DLTS investigation if Nitrogen related defects in dilute n-
type GadsN”

3. Poster presentation at Semiconducting and Insulating Materials Conference
(SIMC- XVI), held at the KTH, Kista-Stokholm, Sweden, June 20-23, (2011),
“Laplace Deep-level Transient Spectroscopy of Cubic-GaN Grown by MBE on

SiC”

L T e e e ————ee
DLTS characterisation of defects in lII-V compound semiconductors grown by MBE Pagevi



ACKNOWLEDGEMENTS

First and foremost, I would like to express my deepest gratitude to my supervisor

Professor M. Henini for his valuable guidance and support during my PhD. Without his
encouragement and guidance, the completion of this work would not have been possible.

I would also like to thank Dr. James Sharp for his valuable suggestions.

Thanks go to Robert Chettle for providing electronic support, Jas Chauhan and David
Taylor for their assistance in processing the Schottky diodes, Prof. Abdelmadjid Mesli
(IM2NP; Marseille, France) for helpful discussions regarding DLTS and Laplace DLTS

data analysis, and all other collaborators named in the publications list.

The financial support of University of Sindh, Jamshoro and Higher Education

Commission of Pakistan (HEC) is very much appreciated.

Finally, I would like to thank my parents and my family for their love and unconditional

support during all these years, and I wish to dedicate this thesis to them.

DLTS characterisation of defects in III-V compound semiconductors grown by MBE Page vii



TABLE OF CONTENTS

ABSTRACT ..ttt s s ss s b e ba e i
PUBLICATIONS ...cotitiiititiiisisitiinsiisineisnssisssssisisssssssssssssssasssssesssess iv
CONFERENCE PRESENTATIONS ......ooiivniriireniiinisiieisesmssssnsssissessssssssssans vi
ACKNOWLEDGEMENTS ... nnisinnsssvstenstssessesssesessssssssssans vii
TABLE OF CONTENTS ..ottt sassssssasssessssesss viil
LIST OF FIGURES .....cocoiiitiininninnsiitsnseineinssnesssssnesssssssssssssssssssssssssesssnsans XV
LIST OF TABLES ...cooiiiiineiniinininninessrsnesssssssssssssnsssssssssessssssssssnssssssnsasses XXV
CHAPTER 1; INTRODUCTION ....ccocoiinenimmrnrinnnnninininiiineisiasiiminsisesss 1
1.1  BACKGROUND ....cootsirrriiiinniinsnsisneininsmesssesissssssssssssssissssens 2
1.2 OBJECTIVES ..ottt istsssneseesessssessssissssesssisssssenssens 4
1.3 SCHEME OF THE THESIS ....c.cccoiniriiiiiiiineeneneenenessssssesisssssesenes 5
CHAPTER 2: FUNDAMENTAL CONCEPTS OF SEMICONDUCTORS ............. 7
2.1  INTRODUCTION ....covviiriniirenriiinninienenniiiiiieiinsesseessssssssissisnsssssesses 7
2.2 INTRINSIC AND EXTRINSIC SEMICONDUCTORS ......cceceurrennsisuruererenes 8
23  CRYSTAL STRUCTURE ......ciitrtiinicnncccicisiseesnreeeesssssisssans 9
2.4  DENSITY OF STATES IN SEMICONDUCTORS .....cccccverrrnnrnrsriserunsne 16
2.5  ENERGY BANDGARP......ccotitrrintiriitnessseteiiesiaeisssissssssessssssanns 18
2.6  DIRECT AND INDIRECT BANDGAP .........ccovevcvmvrniriiinniininsinresesnans 19
2.7  EFFECT OF TEMPERATURE ON ENERGY BANDGAP ........cccccerreununn. 20
2.8  HETEROJUNCTION STRUCTURES .......ccooiririiieeneninesiesnsssnsenns 20
2.9  ELECTRICAL PROPERTIES OF SEMICONDUCTORS .....ccccovrveeressnsenens 26
2.9.1 CARRIER MOBILITY ...ooviviieniennininininniinennnneesssssssssesesassnenes 26

2.9.2 EFFECT OF CARRIER MOBILITY ON DEVICE

PERFORMANC E .......cccovnmminnrirnnninnarmnsssisessestsisnmesansonsnsssessneass 27

DLTS characterisation of defects in II-V compound semiconductors grown by MBE Page viii



Table of contents

2.10 GENERAL PROPERTIES OF Gallium Arsenide (GaAS) ......ccoverevrererenenne 28
2.11 GENERAL PROPERTIES OF ALiGa]xAS ..cevrererrrreerinnerensreressenssseneassenes 31

CHAPTER 3: DEFECTS IN SEMICONDUCTORS AND THEIR

PROPERTIES .....uotitiiriiieiiisiesnssasssssssesssesssessssesssssasenans 35
3.1  CLASSIFICATION OF DEFECTS IN SEMICONDUCTOR ........coceervivnucne 35
3.1.1 POINT DEFECTS ...cotrtririiiitiinininesisesiaesessessesessessssssesessssasasse 36
3.1.2 COMPLEX DEFECTS ....ueirriiinririicrsncniisnissseessesssesssansssesessses 38
3.1.3 DONOR-ACCEPTOR PAIRS ........ocortrerrcrerrrrrensccereresesessessnessnns 40
3.1.4 LINEAR OR 1-D DEFECTS .....oiiiiiienentrenrrnerstssesesensaesssesesssons 41
3.1.5 SURFACE OR 2-D DEFECTS .....cectnrrrernrernrinrereresseresssersssesssnns 42
3.1.6 SHALLOW AND DEEP LEVEL DEFECTS .......ccccocvverenerunresreraens 43
3.2 GENERATION-RECOMBINATION STATISTICS .........ccocerereerrererervrnnnes 46
3.2.1 ELECTRON CAPTURE MECHANISM ........cccoovrerrerirreeeeerernenes 47
3.3  EFFECT OF ELECTRIC FIELD ON CARRIER EMISSION RATES. ........ 51

3.4 DISTINCTION BETWEEN POOLE-FRENKELL AND TUNNELLING

EFFECT .covvvveciiiscisinniisisssssciissessssssssssssssssssssssssssssssesssessssssens 52
3.5 DEFECTS IN III-V COMPOUND SEMICONDUCTORS .......cceovverreererenene 53
3.5.1 Defects in Gallium Arsenide (GaAS) .....cccervvvirerrmirieresesressereesessessonees 54
3.5.2 Defects in Aluminium Gallium Arsenide (A1GaAS) .......ccceurrvereernens 55

3.6  GaAs AND Al,Ga;.xAs SEMICONDUCTORS GROWN ON HIGH INDEX

PLANES ...t assssssssssossssssssssssesssssssassas 58
CHAPTER 4: EXPERIMENTAL TECHNIQUES ........cccoceiniiinicrnmricnnsnnsisnsnssssnnns 62
4.1  SCHOTTKY DIODE: PROPERTIES AND CHARACTERISATION ........ 62

4.1.1 ENERGY BAND DIAGRAM .......ccovvmemrerererarerennnessinsnsnessssesnseses 62

4.1.2 DEPLETION WIDTH ......coovirirriiririiernnennssnsnnesnsnnssssssasisssnissonnns 64

4.1.3 DEPLETION JUNCTION CAPACITANCE ......cccocerrusnsureisniusucnsans 66

DLTS characterisation of defects in IlI-V compound semiconductors grown by MBE Page ix



Table of contents

4.1.4 TRANSIENT CAPACITANCE ......ccccvuemmmrrnrnrsrernesesanresennssssssenns 67
4.1.5 EMISSION OF MAJORITY CARRIERS ......ccoconirsrinmneesseeresserens 70
4.1.6 CAPTURE OF MINORITY CARRIERS ........ccvvevuirivireirencrurncrennens 74
42  DEEP LEVEL TRANSIENT SPECTROSCOPY (DLTS) ..cccoervereruerennencne 75
42.1 WORKING PRINCIPLE OF CONVENTIONAL DLTS ................. 76
422 APPLICATIONS OF DLTS ...cuvviiirciinisrinininissisressnsisnissesionss 79
42.3 TRAP ACTIVATION ENERGY .....ciiiiimriniriniriiiiiiininiensinnns 79
424 TRAP CONCENTRATION ...covvniiiniiiniiinnsiseninininsessssensens 80
4.2.5 TRAP CAPTURE CROSS-SECTION.....cccoivinenirirricrnsriernesesnenianns 80

42.6 EFFECT OF THE ELECTRIC FIELD ON THE EMISSION

RATES....oiiitiriicnnneinieisnstsisssasssssssessessssensssessassssessosssessssass 83
4.3  PRINCIPLES OF LAPLACE DLTS ......ccoiviiivcieninicennnnieeeeseeseesssssessseses 85
44  DESCRIPTION OF THE DLTS AND LDLTS HARDWARE SETUP ....... 89
44.1 CRYOSTAT AND TEMPERATURE CONTROLLER ......ccccevevrne 90
442 CAPACITANCE METER .....ccocvinirinnninnirireninennnennnesrssssssessseresssssenes 91
44.3 PULSE GENERATOR ...................................................................... 91
4.4.4 CURRENT-VOLTAGE (I-V) SOURCE-METER ........ccceeeevvreninens 91
4.4.5 DATA ACQUISITION INTERFACE ........cuoereerrrrrecnreriresesensesaens 92
4.4.6 COMPUTER INTERFACE .....ccomvirririerenienienscssninssssssssssssssesssnns 92
4.5  SYSTEM SOFTWARE.......cocvmnrnnininnnistiiscnsnssnsnisssnsssssssssssssssssasnens 92
45.1 CONVENTIONAL DLTS MEASUREMENT MODE .......cccocoeuuuee. 93
45.2 LAPLACE DLTS MEASUREMENT MODE .......cccccovmruerensnrnsens 93
CHAPTER 5: EXPERIMENTAL DETAILS ........ccocecivinmeniisnnnsnsnnesinssssensessssseses 95
5.1  SAMPLES USED IN THIS STUDY .....cccocuirvirrimninrisnnssnsssssnsesssssessssssenes 95
5.1.1 Gallium Arsenide (GaAs) Samples ........ccceverrnventrvncnnsesnensccnssiresanennes 95

DLTS characterisation of defects in HI-V compound semiconductors grown by MBE Page x



Table of contents

5.1.2
513
5.14

5.1.5

Aluminium Gallium Arsenide (AlIGaAs) Samples ........cecovvrevvreenenene 97
P-type ALGajxAS SAMPIES ...ccveverererrerrrenrirninienseeseneesseessssessssssenens 97
Multi-Quantum Well (MQW) GaAs/AliGa).xAs Samples ................ 99

GaAs/AlGa;xAs Multi-Quantum Well (MQW) Samples Grown on
(100) and (311) B GaAs SUDSIIALES .....ccerrcrrrereerccnsnererasnssnereesssassones 99

5.1.6 GaAs/AlGa;xAs MQW Samples Grown at Different Temperatures

and Arsenic Overpressures using As; and Ass Species .....ccvevereneees 100

5.1.7 Two Dimensional Electron Gas (2-DEG) Samples .......c.crvurueuvnennas 102

5.1.8 Commercially Grown HEMT Devices (Details are not provided) ..104

52  MEASUREMENTS .....coviiiiriniisiniiscnnernnneriessnessessssssesssssssesssssesssses 104
5.2.1 CURRENT-VOLTAGE (I-V) MEASUREMENTS .......ccccccvrvreene 104

5.2.2 CAPACITANCE-VOLTAGE (C-V) MEASUREMENTS. ............. 104

5.2.3 DLTS MEASUREMENTS ..o sesisessseseseeens 105

5.2.4 Laplace DLTS MEASUREMENTS ......ooovtiviiieiireeereeeseseessneennsennes 105

CHAPTER 6: DEEP LEVEL DEFECTS IN GaAs GROWN ON HIGH INDEX

GaAs PLANES [(100), (211)B, (311)B, (411)B and (511)B.......... 106
6.1  INTODUCTION ...cocevvriiirirniririsisniiieiiiisiinenseenessmennesssesssssssssssses 106
6.2 EXPERIMENTAL RESULTS AND ANALYSIS .....ccocvvrnrinernrerneneereneens 108
6.2.1 I-V AND C-V CHARACTERISTICS OF DEVICES .......ccccceeruce 108
6.2.2 DLTS DATA ..ottt et st snssssas s sassens 110
6.2.3 DETERMINATION OF ACTIVATION ENERGIES OF TRAPS .111

6.2.4 EFFECT OF THE ELECTRIC FIELD ON THE EMISSION
RATES ....ooiittcniennnennensnsnninsnsssssnsssssnssssssissassesssssesess 115
6.2.5 DETERMINATION OF TRAP CONCENTRATION .......cccccevvuenee 122
6.2.6 BEHAVIOUR OF TRAP CONCENTRATION VERSUS
DEPTH.....cociiniiiriiniintiiinencisiistensessssssssnssassssesessesesssassusssnsnes 122
6.3 DISCUSSION ...cocririrrerenmnrnnninisiininsiesisssnsssssosssssisscsisassisnssmsssssssanssssans 124

DLTS characterisation of defects in IlI-V compound semiconductors grown by MBE Page xi



Table of contents

6.4 CONCLUSION .....coiuirririnenrercrsennnasesesssisssssssnssssssssssssessssssssssssssesssssssses 128

CHAPTER 7: Be-DOPED Alg29Gay71As LAYERS GROWN ON (100) AND

(311)A GaAs SUBSTRATES.......oooeeeeemerrsssesseeerseeemmmnsssssssssssnn 130

/2 WD 1 y:10)0] 604 ) (0) (NN 131
72  EXPERIMENTAL RESULTS AND ANALYSIS ..ouumeereeerseeeeseerseeessesenn 131
7.2.1 I-V AND C-V CHARACTERISTICS OF DEVICES ...ccorrerrrren. 131

722 DLTS DATA weeevevevsssmennsessesssssssssesessmmmssssessssssssessssssssesmmmmnsssas 133

7.2.3 DETERMINATION OF ACTIVATION ENERGIES OF TRAPS..135

7.2.4 EFFECT OF THE ELECTRIC FIELD ON THE EMISSION

7.2.5 DETERMINATION OF TRAP CONCENTRATION ........cccoererunen 141

7.2.6 BEHAVIOUR OF TRAP CONCENTRATION VERSUS

DEPTHu ittt eassssssses 142
7.3 DISCUSSION ..ctiiitrinininnnniiiiteiessnssnessesssessesssssssssssssssssssosssssesns 143
7.4 CONCLUSION ....oiniiirmniinmiiicsiniesssisnennninnniesesssiosessessssssesssssssessssesssses 148

CHAPTER 8: DEEP LEVEL DEFECTS IN GaAs/AlGaAs MULTI-QUANTUM

WELL STRUCTURES ...c.cotvtiriiiiteninnnneniseessesessssseressssessnss 149

8.1  GaAs/Alp33Gage7As MQWs GROWN ON (100) AND (311)B GaAs
SUBSTRATES ....tiiiiiiinimninininicnsessssssssssesssessesessssessenssssaes 149

8.1.1 EXPERIMENTAL RESULTS AND ANALYSIS .....ccccevvrrurrereerras 150

8.1.2 I-V AND C-V CHARACTERISTICS .....ccocurrecrrrenrererrenerererseesaenes 150

8.1.3 DLTS DATA ..ccoriirtiesintnninintiiisicsesinessesssesssssssscsssessasesassensassesses 152

8.1.4 DETERMINATION OF ACTIVATION ENERGIES OF TRAPS..153
8.1.5 DETERMINATION OF TRAP CAPTURE CROSS-SECTION ....154

8.1.6 ELECTRIC FIELD DEPENDENT EMISSION RATES

MEASUREMENTS ....ooouiirtiitiinireiiesissssssissessssssesessses 156
8.1.7 DETERMINATION OF TRAP CONCENTRATION ......ccoccvreenes 157
8.1.8  DISCUSSION ...ccccovvrrmmirsisesisisisrsssnsnsnsssssssssssssssssssssssssssssssssssones 157

—
DLTS characterisation of defects in III-V compound semiconductors grown by MBE Page xii



Table of contents

8.1.9  CONCLUSION .....ccvvriririririisisisiiniennnesseessssisesenesssesssssssssssssssens 160
82 MQWs GROWN ON (100) GaAs SUBSTRATES USING DIFFERENT
ARSENIC SPECIES, ARSENIC OVERPRESSURES, AND GROWTH
TEMPERATURES .....cooiitrsrttitrcnnncncieniseissssesssnnens 161

* 82.1 EXPERIMENTAL RESULTS AND ANALYSIS .........ccconrmeemce. 163
8.2.2 1-V AND C-V CHARACTERISTICS. ....cccovniinrirrmirscnsieescsenn, 163

8.2.3 DLTS DATA ..ottt tsassseseseenns 164

8.2.4 DETERMINATION OF ACTIVATION ENERGIES OF TRAPS..165

8.2.5 BEHAVIOUR OF TRAP CONCENTRATION VERSUS
DEPTH....cuiiiiiitiintininnencsscssesasssssssss s sesnssssasssssnenns 169

8.2.6 I-V-T CHARACTRISTICS .....cccriiritiirieineenreeirrensinsieressesesnesens 170

8.2.7 DISCUSSION ..corviirricrisrriniisinissieiesiecssnissesessssesssseesssssssesssssssens 171

8.2.8 CONCLUSION ...covvirrrreriririniniriisissssisesssnsssssssessssessasssssessssssnsans 175
CHAPTER 9: DEEP LEVEL DEFECTS IN 2DEG AND HEMT DEVICES ......176
9.1  INTRODUCTION .....coivriiiiriinisiiniesisnsnnenssssessssseessssssssessosssens 176
9.2 EXPERIMENTAL RESULTS AND ANALYSIS .....cocceevvrrnreerreenennresenns 178
9.2.1 I-V AND C-V CHARACTERISTICS ........ccovivrrrernrerrerrrrererennes 178

9.2.2 DLTS DATA .c.ovtenrinnnnsississssssssssisnessssasssssssass 180

9.2.3 DETERMINATION OF ACTIVATION ENERGIES OF TRAPS..181

9.2.4 DETERMINATION OF TRAP CAPTURE CROSS-SECTION ....183

9.2.5 DETERMINATION OF TRAP CONCENTRATION .....ccceourunenn. 185

9.2.6 I-V-T CHARACTRISTICS .....ccovtirirrririennrrinnitisnnisserisesesesnsaens 186

9.3 DISCUSSION .....oorrrerrereetimsnitesisesisnssisesnseenessessassssssesssssssssossssssessessassss 187
9.4 CONCLUSION .....cooieririiresniresssniisissssiessssssensisesserssssssssssssssssssssasas 190
CHAPTER 10: CONCLUSION AND FUTURE WORK .......ccoiiieivrserensusisiesinene 192
10.1  CONCLUSION ...ccivirvirrrsnmsisrniissisiisissssessssessmssssssssisssstssissssssssnssarsssanssssasess 192

DLTS characterisation of defects in IlI-V compound semiconductors grown by MBE Page xiii



Table of contents

10.1.1 Silicon-doped n-type GaAs grown in high index planes.................. 192

10.1.2 Be-doped Alg29Gag71As epitaxial layers grown on (100) and

(BID)B reeecrecrrtenenrcrenressiressesneseesssssessssasssssssessesssessesssssasssssnssssansessasas 194
10.1.3 GaAs/Alp33Gagg7As MQW grown on (100) and (311)B GaAs
SUDSITALES vvevveerrirniierirerienresisisessneesssessesssessessrssessesseossessessessusssssssns 194

10.1.4 GaAs/Alj33Gag7As MQW grown using As; and As, species ....... 195

10.1.5 GaAs/AlGaAs 2-DEG and HEMT DeVICES ..cociveevvrmrereecrrereesesrenns 196
10.2  FUTURE WORK ...tiiteerecinectneneeessesssssesssessseesssesssanssssessonsesssssssnsesanes 196
REFERENCES ..o tecvteieneecrnerennecseennsissssessssssnesssssssssessseesssnesssssssssssssesssasossnsssnns 198

b
DLTS characterisation of defects in I1l-V compound semiconductors grown by MBE Page xiv



List of Figures

Figure 2.1: The formation of the crystal structure from the combination of lattice and

basis is shown. The basis consists of two atoms shown as solid and open circles..... 10
Figure 2.2: Simple cubic system represented by ay, az, and a; translation vectors.... 11

Figure 2.3: The arrangement of atoms in (a) simple cubic, (b) body centred cubic and

(c) face centred cubic system is represented. ....cc.ovevnieiniennnisisnsinesneeises 12

Figure 2.4: Examples of (a) diamond and (b) zincblende structures for silicon and

GaAs, 1eSpeCtively [18]. .ot 12
Figure 2.5: Representation of some Miller indices. ....vvuvmuerninenreeinineininieeecnienas 16

Figure 2.6: Density of states N(E) for (a) bulk semiconductor (3D), (b) quantum well

(2D), () quantum wire (1D), and quantum dot (0D) [18]. ......cccvmrrreenmnrenricrinnnes 17

Figure 2.7: Energy-band structures of silicon and gallium arsenide; electrons and

holes are shown in full and open circles, respectively [18].......ccecevvernverererrrnrenenens 19

Figure 2.8: Lattice mismatching is illustrated between two materials with different

| AHEICE CONSLANLS. vvvvverrrrersersrersssnessessessessossesssassossasssssasssissnessorsissasssossssssenssossontersssssennasts 21

Figure 2.9: Classification of heterojunctions according to their band alignment,
where Ec, Ev, Eg, AEc, AEy and k are the conduction band, valence band, energy

gap, conduction band offset, valence band offset and electron affinity of the materials

Figure 2.10: Zincblende structure of GaAS. .....ccocveisesmenininininsmsmuninsininnsisssnsssies 29

DLTS characterisation of defects in III-V compound semiconductors grown by MBE Page xv



List of figures

Figure 2.11: The energy band diagram of GaAs is illustrated for the three different

conduction valleys (X, I' and L) ......cccoovivveiviiniininneninennnneeensscsssnenissssssnnns 30

Figure 2.12: Schematic illustration of change in the energy gap of AlGaAs at OK for

x = 0 (GaAs) to x = 1 (AlAs); X, T, and L are the conduction valleys [30]. ............. 33
Figure 2.13: Change in lattice constant of Al,Ga;.xAs as a function of x [29]. ......... 33

Figure 3.1: (a) Vacancy (the missing of an atom from a crystal) type defect, (b) Self-

interstitial and foreign-interstitial defects.......ovvurrerennirienennieninicnensnens 36

Figure 3.2: Substituitional impurity, in which the atom of a host material is replaced

by the atom of another type of material. .....oveienieniicerenceanee 37

Figure 3.3: The position of Gallium atom is occupied by an Arsenic atom to form the

ANEISILE AEIEC.ceuverrirreerrerreeectrerrerrerreersesestessserneassessaessssssasssensnsssesssasssassressssssnasssssntes 38

Figure 3.4: (a) Frenkel defect involving the combination of a vacancy and interstitial,

(b) Formation of split-interstitial defect. ... 39

Figure 3.5: (a) Different types of vacancy related defect complexes such as vacancy-

vacancy (Di-Vacancy), Vacancy-Impurity, and Split-Vacancy, (b) Illustration of an

impurity pair defect COMPIEX. c..vverrinrsrsessissrsitsissisiinisnisisnierssssesssssisessssiessssnssnisases 40
Figure 3.6: Illustration of the edge dislocation together with the direction of........... 42
Figure 3.7: Illustration of screw disloCation.....cucueemevescississsesisisnsinsiscinasnensanisenss 42

Figure 3.8: The arrangement of two different types of atoms is shown in such a way

that the twin boundary is formed........oevvnermsnsesissennneniissc

L
DLTS characterisation of defects in I1I-V compound semiconductors grown by MBE Page xvi



List of figures

Figure 3.9: Shallow and deep level defects are sketched within the band gap of GaAs

material (the scale iS NOt T€al). c.....covvveurrerererireriieriere sttt st seesens 45

Figure 3.10: The different carrier trapping processes are shown; (a) electron capture,

(b) electron emission, (c) hole capture and (d) hole emission [25]......cccceervrreurircnnee 46

Figure 3.11: The carrier emission process is shown in the absence of applied electric
field (a), and three different carrier emission processes namely, Poole-Frenkel Effect,
Phonon-Assisted Tunnelling and pure-Tunnelling are shown in the presence of

applied electric field (D). vevviiiriiiiriiiiiiin et 52

Figure 3.12: Schematic illustration of energy change of DX center with respect to

three conduction band minima of AIGaAS [65]. .....ccevvvivevrereererrerereerererersesssessssssnens 58

Figure 3.13: Atomic arrangement for each terminating plane in comparison to (100)

plane. The green and red circles represent group V and group III atoms,

TESPECHIVELY [T1] eniiiiiiiiiiiieerte e e st e e e s e s e s s e s sanes 60

Figure 4.1: Schematic representation of Schottky contact between metal and

SCITHICONAUCIOL. vevvveeerrecrereessessaresssssossssesseseresssssssssesssnsesssessssssssnessesssssssssnmesemneseneessnsssss 64

Figure 4.2: Illustration of the band diagram of an n-type Schottky diode under
different bias conditions: (a) under reverse bias (V = Vp), (b) under filling pulse

condition (V = Vp), and (c) under reverse bias (V = V). ....cccccvveevervrrerernnierererennnns 69

Figure 4.3: (a) Exponential capacitance transient response of the Schottky diode for

different bias conditions ShOWN IN (D). c.ccevuecerensisserrscaressansesssssscroseensesnesesesssenssasssssnes 70

R ——
DLTS characterisation of defects in III-V compound semiconductors grown by MBE Page xvii




List of figures

Figure 4.4: The generation of DLTS signal from capacitance transient is illustrated in
(a); (b) represents the change in peak position for different rate windows, and (c) the

Arrhenius plot for the calculation of trap activation energy (E1)......ocveevevruersrereenen, 78

Figure 4.5: Schematic diagrém illustrating the mechanism of nonradiative capture of
electron taking place. The vertical dashed lines represent the lattice coordinate
equilibrium positions. The diagonally shaded region within the band gap shows the
way that the trap energy changes with the lattice vibration. The smaller two arrows
(green) represent the amplitude of the thermal vibrations before and after electron
capture. The large arrow (green) shows the amplitude of the lattice vibrations relative

to the new equilibrium position after the capture [77]. ....eeveveeeevreeeeeeerereressson, 83

Figure 4.6: Illustration of the process of measurement of electric field dependent

EIMUSSION TALES. cuvurrreriiiiresirerisiseneeseerasesssssee st seeeseseassssessesesessesesnses s eseessessssenenns 84

Figure 4.7: DLTS and LDLTS spectra of hydrogenated silicon containing

s s £ OO 87

Figure 4.8: In part (a) the capacitance transient obtained during Laplace DLTS

measurements and (b) two well resolved peaks are ShOWN. ......voveeeeveeeeeeeeeoeeesnsnn, 88
Figure 4.9: Photograph of DLTS SYStEM....cccvvenmueririiereeerreseenseessenesesesssssesesesssesesssess 89
Figure 4.10: Block diagram of DLTS system (Courtesy of Dr. M. Shafi)................. 90

Figure 5.1: (a) The Schematic diagram of n-type GaAs sample and (b) Photograph of

samples mounted 0N TOS hEader .......ocvvvurerereerernmerersrenreresesensnessssssessssssesssssasssssssssssns 96

Figure 5.2: The layer structure of p-type Alp29Gag 71As samples. .......cvvvereereerrensesenns 98

DLTS characterisation of defects in I1l-V compound semiconductors grown by MBE Page xviii




List of figures

Figure 5.3: Layer structure of MQW samples grown on (100) and (311)B GaAs

SUDSITALES. 1.veevreerresrunrsanesserseesseesssiesesosssessassessnssssessesssesanssensessesssessnsessessssessesssesssossesns 100

Figure 5.4: Layer structure of MQW samples grown on (100) GaAs substrate using

AS2 ANA A S urrrririirirriieenniieeriereisireeesseetisstseesssreserssessssssesssssessssssssssannsessnssssnnneesenn 102
Figure 5.5: Schematic diagram of the layer structure of 2-DEG sample. ................ 103
Figure 5.6: Illustration of the energy band diagram of the 2-DEG. ........ccoceevenrennnne 103

Figure 6.1: Current-Voltage (I-V) characteristics of Schottky diodes fabricated from

n-type GaAs grown on various GaAs substrate orientations. .........c.eeeeeeeverevenereenns 109

Figure 6.2: 1/C? versus reverse bias of n-type GaAs Schottky diode processed from

(100) GaAS PIANE.....couieietceircriiiniiiiiesise e rsrssstesssessasre s rsssessssseessassens 109

Figure 6.3: The conventional DLTS scans for n-type GaAs samples, grown on (100),
(211)B, (311)B, (411)B and (511)B, are shown in (a) — (e), respectively. The
measurement parameters are: Vg = -3 V, V, = 05 V, t, = Imsec, and

£ALE WINAOW T SOHZ. oeeeeeiiereennnrriinnrenenieescseeceessresesssesssssssssssssessssessssssnessssessssssses 111

Figure 6.4: Arrhenius plots of traps detected in (a) (100), (b) (211)B, (¢) (311)B, (d)

(A11)B and (€) (S11)B. covreveveeeeeemmmeeessssssssssssssssssesmssnsssssssssssssssssssssssmssssssssssssssssssseses 112

Figure 6.5: Trap Al: (a) Emission rates versus square of junction electric field; (b)
tunnelling time 1, versus (1000/T): 1, is determined from the slope of In(e,) versus E?

at different temperatures (see Fig.6.5 (a)). The red solid line represents /2kgT. ... 115

DLTS characterisation of defects in III-V compound semiconductors grown by MBE Page xix




List of figures

Figure 6.6: Trap A2: (a) Emission rates versus square of junction electric field; (b)
tunnelling time T, versus (1000/T): 1 is determined from the slope of In(e,) versus E?

at different temperatures (see Fig.6.6 (a)). The red solid line represents h/2kgT. ...116

Figure 6.7: Trap B1: (a) Emission rates versus square of junction electric field; (b)
tunnelling time 1, versus (1000/T): 1; is determined from the slope of In(e,) versus E2

at different temperatures (see Fig.6.7 (a)). The red solid line represents h/2kgT. ...117

Figure 6.8: Trap B4: (a) Emission rates versus square of junction electric field; (b)
tunnelling time 1, versus (1000/T): 1, is determined from the slope of In(e,) versus E

at different temperatures (see Fig.6.8 (a)). The red solid line represents h/2kgT. ... 118

Figure 6.9: Trap D1: (a) Emission rates versus square of junction electric field; (b)
Emission rates versus square root of junction electric field; (c) tunnelling time 1,
versus (1000/T): t; is determined from the slope of In(e,) versus E2 at different

temperatures (see Fig.6.9 (a)). The red solid line represents b/2kgT. woueereervenronn, 119

Figure 6.10: Trap E1: (a) Emission rates versus square of junction electric field; (b)
Emission rates versus square root of junction electric field; (c) tunnelling time T,
versus (1000/T): 1, is determined from the slope of In(e,) versus E? at different

temperatures (see Fig.6.10 (a)). The red solid line represents B/2KgT. .....ovuvevennenen. 120

Figure 6.11: Concentration depth profile of the traps detected in the different GaAs

OTICILALIONS. 11evuvirrrureririssereieeressesrensseesnesessosseressesssssensessensessonsossssnssssmnssssmssnesessessesn 122

Figure 7.1: Current-Voltage (I-V) Characteristics of Schottky diodes measured at

300K. The diameter of the devices vary from Imm to 0.25mm. ........cccouvereeverrenennes 131

Figure 7.2: Typical 1/C? versus reverse bias (VR) characteristic at 300K............... 132

DLTS characterisation of defects in III-V compound semiconductors grown by MBE Page xx



List of figures

Figure 7.3: Conventional DLTS scans for each MBE grown Be-doped AlGaAs
sample; (a) — (f) represent scans for NU1362 -NU1367 samples, respectively. The

signal of the traps HA1, HA2, HE1 and HE2 are multiplied by a factor of 10 for

Figure 7.4: Arrhenius plot for each hole trap is obtained from Laplace DLTS
measurements. The letters A, B, C, D, E and F refer to samples NU1362, NU1363,

NU1364, NU1365, NU1366 and NU1367, respectively.......cuuvvnrieereennieeroseeuneens 135

Figure 7.5: Traps showing electric field-dependent emission rates. The data are

analysed using Poole—Frenkel model. ........cccouevvennnneiiiececerrereee e sens 138

Figure 7.6: (a) and (c) Arrhenius plot of traps HA1 and HA2, respectively, (b) and
(d) show the change of activation energy as a function of electric field of HA1 and

HAZ2, T€SPECLIVELY. oottt eaetsee s esesesessesesesesesesss e esenns 139

Figure 7.7: (a) and (¢) Arrhenius plot of traps HB1 and HB3, respectively, (b) and (d)

show the change of activation energy as a function of electric field of HB1 and HB2,

TESPECHIVELY . cvuvvucriereriresernrnnssissesssessetssstscstsessesatsesstses e ssssess e bessssensssessassssesensane 139

Figure 7.8: (a) and (c) Arrhenius plot of traps HC1 and HC2, respectively, (b) and (d)

show the change of activation energy as a function of electric field of HC1 and HC2,

TESPECHIVE]Y . tirriirereirernreriineenrersennessessessesssiessossnassaesansansseesnesnsessessonsossasssssnssnssassnssnese 140

Figure 7.9: (a) Arrhenius plot of traps HD1 (b) show the change of activation energy

as a function of electric field Of HD1.....cocovimiriiivsniiiiiniiiinsssssisesensisesnnns 140
Figure 7.10: Concentration depth profile of each defect level. .......covvrrennninunnns 141

DLTS characterisation of defects in IlI-V compound semiconductors grown by MBE Page xxi



List of figures

Figure 8.1: Current-Voltage (I-V) characteristics of the Schottky diodes fabricated on

(100) and (311)B MQW SIUCHUIES. wvvvvvveveeeeeremmmesessssssssssessoesesessoeeoseseseeeeseeseeeeeeeee 151

Figure 8.2: 1/C? versus reverse bias characteristics of (100) and (311)B MQW

SEIUCTUIES. tieuriiieiireerrnncreseerrereressrereessassesssesmessessssssssesssasssnnsnsesssssnssossnssssssssssssssrssnnnnssns 152

Figure 8.3: Conventional DLTS signals for two MBE grown MQW’s using (a) (100)

and (b) (B311)B SUDSITALES. ....ceceveerrreerecerererenrnrenssnsessssssesisesssesessssssssessessssssesssssesne 153

Figure 8.4: Two closely spaced peaks are well resolved by using high resolution

Laplace DLTS. ....cuiiiritintniienicsisinsesssssiessasssasnsssssesssssesssesessesssessssnsnsaes 153

Figure 8.5: Arrhenius plots obtained from Laplace DLTS data of each detected trap

in (a) (100) MQWs (E1), (b) (311)B MQWs (EB1 and EB2) .......ccoovvevvervevcrrennennes 154

Figure 8.6: (a) Direct capture cross-section measurement data of trap E1, (b) effect of

temperature on itS CAPLUIe CTOSS-SECHION. w.verirerieerersrerirereriessssesseeserssssorencsssenssenssrses 155

Figure 8.7 Direct capture cross-section measurement data of traps (a) EB1 and (c)

EB2; effect of temperature on the capture cross-section (b) EB1 and (d) EB2. ......156

Figure 8.8: (a) Change of trap Elemission rate versus reverse bias, (b) Electric field
dependent Arrhenius plot and (c) the change in the trap activation energy versus

CLECTTIC FICIA. cueiviireiiierireeeernnnreeessssseseesssennressssssssssnsesnnsnneessesnsnsessssmmnsessssemnsseseemmsesses 157

Figure 8.9: Current-Voltage (I-V) characteristics of Schottky diodes processed on
MQW samples grown on (100) GaAs plane using As; and As, at different growth

TEIMPEIATUIES. uviivvereerererrecrerrsueersersesenersseasassssssssossasssssssessasesssssnsessssesssassssssnsssssssrosss 163

DLTS characterisation of defects in 1II-V compound semiconductors grown by MBE Page xxii



List of figures

Figure 8.10: 1/C? versus reverse bias of MQW sample grown on (100) GaAs plane at

600°C USING AS2. cuvurreriisiscirerenensirstssnsesessessssesesesssssssssscscssnssessnssssssssssssssssssesesesesens 164

Figure 8.11: Conventional DLTS scans for the MQW samples grown on (100) GaAs
substrate with As; at growth temperatures of 600 °C, 650 °C and 675 °C shown in
(a), (c) and (e), respectively (b), (d) and (f) show the spectra for the samples grown

with As, at growth temperatures of 600 °C, 650 °C and 675 °C, respectively. ....... 166

Figure 8.12: Arrhenius plots of the temperature corrected emission rates of each
defect level in the MQW samples; (a) NU780, (b) NU781, (c) NU778, (d) NU784,

() NU777 and (£) NU785 are ShOWIL ...cvcceurvrineeneiernrernreneneensneesesssessesssssesssessssnens 167

Figure 8.13: Concentration-depth profiles of the traps found in the MQW structures

grown with As; and As, for different growth temperatures. ...........ooeveeeeveeererseeseens 169

Figure 8.14: Arrhenius plots of Current-Voltage-Temperature (I-V-T) characteristics

Of @ll the SAMPIES. c.cviriuiiiiiriniieeirtriees et eeeeesses s oo sssesssssseseseeseseseseses 171

Figure 8.15: Effect of growth temperature on the concentration of common traps
(0.52 eV) in GaAs/AlGaAs MQW structures MBE grown using As; and

AS4 SPECIES...cuueetssenrrrersersnsersreenesrsnsssasstsessssssassssersssssssessseossssssnsssesensasesessssssessnsnsssssens 174

Figure 9.1: I-V characteristics of 2DEG and HEMT devices. ..occoveereieeseneeseses 180

Figure 9.2: 1/C? versus reverse bias V characteristics of AlGaAs/GaAs

2DEG QEVICE. wevveeeveeeeieeeeeeeseeesseeessesssesessesessessnseessssessesesasessssesssssessssssesssssessessssssessesss 181

Figure 9.3: Conventional DLTS scans for 2DEG and commercially grown HEMT

devices (a) NU1280, (b) NU1297, (c) HEMT1536 and (d) HEMT1541...ccerven... 182

DLTS characterisation of defects in I1I-V compound semiconductors grown by MBE Page xxiil



List of figures

Figure 9.4: Arrhenius plots of the temperature corrected emission rates of the deep

levels for (a) NU1280, (b) NU1297, (c) HEMT1536 and (d) HEMT1541............. 183

Figure 9.5: (a) Direct capture cross-section measurement data of trap NAI, (b) effect

of temperature on the CaptUre CrOSS-SECON. ........cuueveereereeesreseeseseeseeeeee oo 184

Figure 9.6: Direct capture cross-section measurement data of traps (a) NB1, (c) NB2
and (e) NB3; and the effect of temperature on respective capture cross-section ®)

NB1, (d) NB2 a0d () NB3...ouuuunnevveereeemmennssssessseseessssssssssssssssseseeeeseemseessess s 185

Figure 9.7: Direct capture cross-section measurement data of traps (a) CA1 and (c)
CBI; and the effect of temperature on respective capture cross-section (b) CAl and

(d) CB1, reSPECLIVELY vttt e e 186

Figure 9.9: I-V-T data of NU1280, NU1297, HEMT1536, and HEMTI1541is

illustrated in (2)-(€), TESPECIVELY. c..ccvurrrrreerrereeerreeeneeseresseseeeseos oo 188

e ————
Page xxiv

DLTS characterisation of defects in IlI-V compound semiconductors grown by MBE



List of Tables

Table 2.1: Some important properties of intrinsic GaAs, AlAs and AlGaAs at 300K;

hs and 1y stand for heavy hole and light hole, respectively[28, 29] ......ocveveerrererrrnnnns 31
Table 5.1: The growth parameters of Be-Aly29Gag 71As samples are shown.............. 98

Table 5.2: Details of GaAs/Alg33Gage7As quantum well samples grown on (100)

GAAS SUDSITALE. .....coceereceereerrernrreeerseosses i stessesaeseessressesssessessesssensessssnssessessmesess e 101

Table 6.1: The activation energy and capture cross-section, and concentration of the

traps are calculated from Laplace DLTS and DLTS measurements, respectively...113

Table 7.1: Trap parameters calculated from DLTS and Laplace DLTS

INEASUTEINCIILS cuvoveerrreenrrerneresiitissiresuiacsensesaensenensssssnesenssessessesssssssssssssssssssnssmennnsnsenenes 136

Table 7.2: Poole-Frenkel constant of the defects calculated from field dependent
emission rates and their respective rate of change of activation energy with respect to

electric field are ITUSIIAtEd ..uueviuiecreerceiinceicceeeeeee et 138
Table 8.1: Trap parameters calculated from DLTS and Laplace DLTS data........... 154

Table 8.2: Trap activation energy and apparent capture cross-section calculated from

Laplace DLTS data and concentration from conventional DLTS peak amplitude,

TESPECHVELY . vueriretiniririirceereterresessssrssstsesssiesetnastessssssasssssessessssssssasassesssssessesens 168

Table 9.1: Trap parameters calculated from DLTS and Laplace DLTS

INCASULEINENLS. .cvviriisirrisserneressesressssesseseesnssessessersesteseassssassessesnessssansessossessesonsonssssrasss 183
Table 9.2: Concentration of a common defect level for each sample. ........ccoeeverecees 187

DLTS characterisation of defects in I1I-V compound semiconductors grown by MBE Page xxv



CHAPTER 1

INTRODUCTION

Practical semiconductors contain a number of intrinsic and extrinsic defects with
energies located in their band gaps. These defects severely affect the device
performance. For example the non-radiative defects degrade the efficiency of light

emitting diodes (LEDs) and lasers.

Overall, there is a general lack of knowledge of the key parameters of the defects
involved, and therefore it is very important to characterise these defects and provide

feedback information to the growers to improve the quality of the semiconductor

materials.

The characterisation techniques are divided in two main categories, namely optical
and electrical. It is well known that optical techniques such as photoluminescence
can only detect shallow and radiative defects. However, conventional deep level
transient spectroscopy (DLTS) and high resolution Laplace DLTS are powerful
electrical techniques that can be used to probe the existence of deep centers,
localized states, disorder effects due to crystalline imperfections, impurities and

nonradioactive defects.
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CHAPTER 1: Introduction

1.1 BACKGROUND

The revolutionary importance of semiconductor materials was realised in 1947 after
the invention of the transistor, which was first fabricated from the elemental
semiconductor germanium (Ge). Ge was considered as the most useful technological
material for about one decade. In 1960 silicon (Si) replaced Ge due to its thermal
stability, availability of stable oxide (SiO,), abundance, and the development of Si-
based integrated circuits. The small bandgap energy (1.1 eV at room temperature),
indirect bandgap nature, and low carrier mobility of Si limit its applications for (i)
electronic devices operating at high temperatures, and (ii) optoelectronic devices
emitting in the visible spectrum range [1]. After the elemental semiconductors Ge
and Si, gallium arsenide (GaAs), a III-V compound semiconductor, was considered
as a potential candidate in semiconductor technology due to its versatile properties
such as wide energy gap (1.42 eV at room temperature) and direct bandgap nature. In
addition, the energy bandgap can be tuned up to the bandgap (2.16 eV at room
temperature) of aluminium arsenide (AlAs) by substituting Ga atoms with Al atoms

and forming the aluminium gallium arsenide (AlGaAs), a ternary III-V compound

semiconductor.

Traditionally, Si and Be are used as donor (n-type) and acceptor (p-type) dopants,
respectively, in Molecular Beam Epitaxy (MBE) GaAs and AlGaAs grown on (100)
substrate [2-5]. Previously reported studies suggest that the electrical and optical
properties of Si-doped GaAs and AlGaAs are better than those of Be doped layers [6,
7]. Furthermore, it was also observed that the electron mobility in Si-doped bulk
GaAs and GaAs/AlGaAs single heterostructures is higher than the hole mobility of
similar Be-doped MBE structures grown on (100) GaAs substrate. In order to obtain

p-type GaAs, AlGaAs and GaAs/AlGaAs heterostructures with improved crystal
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quality, electrical and optical properties, Si can be used as an acceptor dopant. Siis a
group IVA element, and in III-V semiconductors it can occupy either a Ga site
(donor; n-type) or an As site (acceptor; p-type). In MBE, the occupation of this
amphoteric dopant depends on the substrate orientation. For example, Si incorporates
preferentially as a donor in (N11)B and as an acceptor in (N11)A GaAs surfaces,
where N = 1,2,3 [8], A and B refer to a Ga and an As terminated surface,
respectively. The Si occupancy can also be influenced by the growth temperature [9]
and As/Ga flux ratio [7]. Transmission Electron Microscopy (TEM) [10] studies also
confirm that better surface morphologies are obtained for Si-doped GaAs MBE
grown on (110) as compared to Be-doped samples. TEM results elucidated that the
defects observed between the buffer layer and the doped epitaxial layer extend more
in Be-doped samples than in Si-doped samples. It was argued that the extension of
these defects into the Be-doped epitaxial layers may be due to Be-diffusion and
segregation. To explore the effect of substrate orientation on the incorporation of
nonradiative defects in epitaxial layers and heterostructures, two sets of n-type

silicon-doped GaAs and GaAs/AlGaAs MQWs were investigated. The orientations

of the GaAs substrates employed were (n11)B where n = 2-5,

The incorporation of Be in AlGaAs grown on (100) and (311)A has been
investigated by Galbiati et al. [11]. Photoluminescence and Hall measurement results
[11] confirmed that carrier mobility and optical properties of AlGaAs grown on
(311)A are better than those grown on (100) substrate. The improvement in mobility
and optical properties is likely to be due in part to the reduction of defects in (311)A
during MBE growth. In order to confirm the assumption of reduced defects in
AlGaAs epitaxial layers grown on (311)A, DLTS and Laplace DLTS measurements

are carried out.
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In addition to high index planes, the growth of GaAs and AlGaAs also depends on
the use of arsenic species such as dimer (As;) and tetramer (Asy). It is believed that
the population of Ga and As atoms at the surface depends on substrate temperature
and relative As-to-Ga ratio reaching the surface [12]. Ass has a higher evaporation
probability as compared to Ga, and therefore it is possible that the deficiency of As
atoms in GaAs can cause arsenic-vacancy (Vas) defects by using As,. The sticking
efficiency of As; is reported to be greater than that of Ass. Thus in order to overcome
the As deficiency in GaAs, As; can be used instead of Ass. Part of this thesis

contains a comparative electrical study of GaAs/AlGaAs multi-quantum well

structures using As; and Asg.

It is well known that the carrier mobility in modulated semiconductor structures,
such as two dimensional electron gases (2DEGs) and high electron mobility
transistors (HEMTs), is much higher than in GaAs epilayers. This is due to the
presence of impurities in the host materials and scattering processes [13]. In this
work the relationship between defects and Si-doping concentration in the AlGaAs
layer of 2DEG devices has been studied. In addition, this study includes the

investigation of defects in commercial HEMT devices.

1.2 OBJECTIVES

The purpose of this thesis is to investigate the electrically active deep level defects in

I1I-V based semiconductor structures, namely:

(i) Si-doped MBE GaAs grown on (211)B, (311)B, (411)B, (511)B GaAs
orientations. The properties of these structures will be compared with

conventional Si-doped structures grown on the (100) plane.
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CHAPTER 1: Introduction

(i) Be-doped MBE AlGaAs epitaxial layers grown on (100) and (B11)A GaAs
substrates.

(iii) Si-doped GaAs/AlGaAs multi-quantum well structures grown on (100) and
(311)B substrates.

(iv) Si-doped GaAs/AlGaAs grown on (100) plane using different arsenic species
(Asz and Asy), growth temperatures, and arsenic overpressures.

(v) AlGaAs/GaAs two dimensional electron gas (2DEG) systems having different
Si-doping concentrations in the AlGaAs layer, and commercial High Electron

Mobility Transistor (HEMT) devices.

1.3  SCHEME OF THE THESIS

This thesis is organised as follows:
Chapter 1 contains the background and research objectives.

Chapter 2 is devoted to the description of the fundamental concepts of
semiconductors, crystal structure, principles of heterostructure devices, and the

properties of GaAs and AlGaAs.

Chapter 3 provides information on defects in semiconductors, generation-
recombination centers, kinetics of defects, and literature survey of defects in GaAs
and AlGaAs. The importance and growth of III-V compound materials on high

index planes will be also covered.

Chapter 4 explains the experimental techniques used in this thesis including Deep
Level Transient Spectroscopy (DLTS) and Laplace DLTS. The description of their

hardware and software implementation will be presented.
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Chapter 5 gives the details of the samples investigated in thesis and the

experimental procedures.

Chapter 6 is based on the DLTS and Laplace DLTS experimental results for a set of
n-type Si-doped GaAs samples grown on (100), (211)B, (311)B, (411)B and (511)B

GaAs substrates.

Chapter 7 contains DLTS and Laplace DLTS experimental results for a set of Be-
doped Alg29Gag¢1As samples grown on (100) and (311)A GaAs substrates with Be

doping ranging from 1x 10'¢ -1x 10'7 cm>,

Chapter 8 is divided into two sections: (i) DLTS and Laplace DLTS experimental
results of GaAs/Alo33GagesAs multi-quantum well structures grown on (100) and
(311)B GaAs substrates; (ii) experimental results of GaAs/Aly33GaggsAs multi-
quantum well structures grown on (100) at different growth temperatures, arsenic

overpressures, and arsenic species (As; and As).

Chapter 9 deals with DLTS and Laplace DLTS investigation of defects in in-house

MBE grown 2DEG and commercially grown High Electron Mobility Transistors

(HEMT) devices.

Chapter 10 is based on the overall conclusion of the research work carried out in

this thesis and suggestions about future work.
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CHAPTER 2

FUNDAMENTAL CONCEPTS OF
SEMICONDUCTORS

This chapter describes the fundamental concepts of semiconductors, including crystal
structure, density of states, semiconductor band gap, heterostructures and carrier
mobility. In addition, some important properties of III-V compound materials such as

GaAs and AlGaAs are discussed generally.

2.1 INTRODUCTION

Semiconductor materials are the backbone of modern electronic industry and
according to the economical surveys, it was expected that in 2010 the volume of the
electronic industry, which is based on the fabrication of semiconductor devices [14],
will be about 10% of the gross world product (GWP). This industry is based on the
production of computers, cell phones, light emitting diodes (LED), detectors, solar

cells, etc from different semiconductor materials.

The classification of solid materials is generally based on the energy gap between
their conduction and valence bands. Most of the common materials have energy gaps
in the range from zero to few electron volts (eV). According to this classification
principle materials having an energy gap of ~0 eV are referred to as metals or semi-
metals. On the other hand, materials with energy gaps greater than 3 eV are
frequently known as insulators, whereas semiconductor materials have energy gaps

spanning from ~0.1 eV to ~ 3 eV between its conduction and valence bands [15].

e -
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According to the resistivity theory, semiconductor materials are also defined as the

materials having resistivities from 102 Q cm to 10° Q cm.

Semiconductor materials are divided into two categories known as elemental and
compound materials. Examples of elemental semiconductors are Silicon (Si),
Germanium (Ge), and carbon (C), which belong to group IV elements in the periodic
table. Compound semiconductor materials are formed by adding two or more than
two elements from the different groups of the periodic table. For example GaAs is
the most familiar compound semiconductor material, which is formed by combining
Gallium (Ga), group III element, with Arsenic (As), group V element. Other III-V
compound semiconductors include InP and GaP. Another important class of
semiconductors is known as II-VI compound materials such as Zinc Sulphide (ZnS)

and Mercury Cadmium Telluride (HgCdTe).

The electrical properties of the semiconductors can be controlled in different ways,
such as temperature, variation of the amount of shallow impurity incorporation, and
by electrical or optical injections. In the following section two different types of

semiconductors based on their purity are discussed.

2.2 INTRINSIC AND EXTRINSIC SEMICONDUCTORS

Undoped semiconductors are known as intrinsic semiconductors. This type of
semiconductors is considered to be pure from any impurity that can play an
important role by changing the electrical properties of the material. Intrinsic
semiconductors posses equal number of electrons and holes in their respective bands
at OK and behave as insulators at this low temperature. However, the current can
flow through these types of materials at a certain temperature which is sufficient to

provide the thermal energy to excite the electrons from valence band to conduction

L
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band. The photo-excitation is another source of excitation of electrons from valence

band to conduction band and increases semiconductor material’s conductivity.

If a certain amount of impurity atoms is added to a pure semiconductor, it is said to
be an extrinsic semiconductor, and this process is known as doping. The electrical
properties of the resulting material are moderated by doping level. The dopant atoms
can produce an excess number of electrons or holes, and create an n-or p-type
semiconductor, respectively. For example, incorporation of Si and Be (beryllium) in
GaAs produces n- and p-type GaAs, respectively. Further details of the doping

mechanisms will be covered in chapter 3.

23  CRYSTAL STRUCTURE

Semiconductor materials are also known as crystalline materials. Crystalline property
of any material depends on the process of arrangement of their atoms. In an ideal
case the crystal structure is defined as the structure which is formed by the periodic
repetition of an infinite number of atoms. In terms of a lattice, the crystal structure
can be defined as a group of atoms located at each lattice point. The group of atoms

form basis and the repetition of the basis in space results in the form of a crystal

structure.

The basis is the building block of a crystal structure. It is composed of a number of
atoms. In some cases, it consists of only a single atom [16, 17]. An example of the

basis is shown in Figure 2.1 for two atoms.

—
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Lattice + Basis =  Crystal Structure
O

Figure 2.1: The formation of the crystal structure from the combination of lattice and
basis is shown. The basis consists of two atoms shown as solid and open circles.

The lattice is defined as the proper position where the basis lies to form a crystal
structure (Figure 2.1 and Figure 2.2). The site of the regular arrangement of the basis
in the crystal structure is known as the lattice point. It can be obtained by the
primitive translation vectors indicated by a;, a,, and a; (Figure 2.2). These
translation vectors are used to specify the position of a point that exists within the

lattice. The mathematical expression used to locate the position of the points is given

by equation 2.1.

C= c,a; + ca; + czaz 71

where C is the point that is located in the crystal structure, ¢, c,, and c3 are the
integers corresponding to three different axes, and a;, a,., and az are the

fundamental translation vectors.
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Figure 2.2: Simple cubic system represented by a;, a,, and aj translation vectors.

There are some important types of primitive cells known as simple cubic (sc), body-
centred cubic (bcc), and face-centred cubic (fcc). The structure of these crystal
lattices depends on the occupation of the lattice sites. For a simple cubic system
(Figure 2.3 (a)) all the three axis are perpendicular to each other, and the sides are
equal in magnitude. Each lattice site is occupied by a lattice point (host atom).
Body-centred cubic system is shown in Figure 2.3 (b) and can be obtained by
introducing an additional atom at the middle of the simple cubic system. The
addition of this atom makes the lattice arrangement in such a way that each host atom
has bonds with eight neighbouring atoms. The occupation of the host atoms at each
face of a simple cubic system, as shown in Figure 2.3 (c), allows the formation of

bonds diagonally. This type of structure is known as the face-centred cubic system.
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(a)

Figure 2.3: The arrangement of atoms in (a) simple cubic, (b) body centred cubic and
(c) face centred cubic system is represented.

‘ Gallium Atom

@ Silicon Atom ;
@ Arsenide Atom

Figure 2.4: Examples of (a) diamond and (b) zincblende structures for silicon and
GaAs, respectively [18].

In addition to sc. bec, and fee there are also two other most important crystal
structure types. These are known as the diamond (Figure 2.4 (a)) and zincblende
(Figure 2.4 (b)). Most popular elemental semiconductor materials such as silicon,
germanium, and carbon have the diamond like structure, which is formed between
the same types of atoms. In diamond structure each atom makes bonds with four
adjacent atoms of the same group. The zincblende structure, which is the moderated

form of fcc, is formed by two different types of atoms. The most popular III-V
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compound materials such as GaAs and GaP possess the zincblende structure. Both
the diamond and zincblende structures have the form of the tetrahedral crystal

structures.

The crystalline solid can be described by a, b, and ¢, the primitive basis vectors in
such a way that the crystal structure remains the same under translation through a
vector R. The translation vector R is an integral multiple of the basis vectors (a, b,

and c) and is defined as
R=pa+gb+rc 29

where p, q, and r are integers and a, b, and ¢ the primitive vectors.

The reciprocal lattice basis vectors a*, b*, and ¢* in terms of direct basis vectors (a,

b, and c) are written as

-

. b
a’=21m ( ><c)/(a.bxc)

-

b*=2mn ( ><a)/(a.b X C)

. b
¢ =2m |@ )/(a.bXC)

here a*.a = 2m and a.b* = 0 and so on, whereas the denominators are the same

because a.bxXc=b.cxa=c.a Xb, is known as the volume enclosed by the

vectors (a, b, €).

The position of the reciprocal lattice vector (&), in a reciprocal space is given as

L ——
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G=ha"+kb"+lc 23

where h, k, | are integers.

The relationship between direct lattice and reciprocal lattice is given by
G- R = 27 X integer 24

Thus, each vector of the reciprocal lattice is perpendicular to a set of planes in the

direct lattice. The relationship between the volume of direct lattice (V) and the

volume of reciprocal lattice (V') is given by

3
yr = M /Vc y

where V represents the volume of direct lattice and is equal to a.b X c.

The knowledge of the orientation of the semiconductor crystal and the properties of
its surface are very important for the fabrication of devices. For example (1)
metallisation that provides contacts to the devices is very sensitive to the surface
quality; (2) edge-emitting lasers rely on the orthogonal natural cleavage planes of the
crystal for high performance operation. The orientation information for a crystal can
easily be obtained from the study of Miller indices of a plane. The method of finding

of the Miller indices is discussed below.

Consider a three dimensional crystal plane whose three basis vectors are x, y, and z.

The Miller indices of this plane can be obtained in the following way:

(i) find the intercepts of the planes along three basis vectors (these intercepts can be

in terms of lattice constant or primitive cells)

L ——
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(ii) take the reciprocals of intercepts along each axis

(iii) reduce the reciprocals of these intercepts into smallest values in such a way that

the smallest three integers have the same ratio

The result obtained from above three steps llae enclosed in a parenthesis (hkl) called
the Miller indices of a single plane with intercepts at 1/h, 1/k, and 1/1 on the x, y, and
z-axis, respectively. However, {hkl} represents the Miller indices of a full set of
planes of equivalent symmetry, such as {100} for (100), (010), (001),

(100), (010), (001).

Examples of some crystal structures and Miller indices of the planes are given in
Figure 2.5. For example consider a plane with an intercept at x = a, on the x-axis,
where it does not intercept with the other two axes (y and z). Therefore, it is
convenient to say that the plane is parallel to y- and z-axis. In case of the plane
parallel to y- and z-axis its intercepts are considered to be at . Thus the intercepts
for such a plane are a, o, . The fractional reciprocals are a/a, a/oo, a/oo. Thus the
reciprocals result are (1, 0, 0) and the Miller indices of this plane are (100). In a

similar way, the Miller indices of other planes are determined as shown in Figure 2.5.

The planes of a cubic crystal system containing the 0’s and 1’s only such as (100),
(110), and (111) are known as the low index planes. However, the planes containing

higher values such as (n11), where n = 2,3,4,5,..., are known as high index planes.
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(100) (110) (111)

Figure 2.5: Representation of some Miller indices.

2.4 DENSITY OF STATES IN SEMICONDUCTORS

The atoms of solid materials are so close to each other that they can easily interact by
means of their electric fields. The interaction leads to the splitting of energy levels
into a finite number of electronic states [19]. The electrons then tend to occupy the
sublevels with lower energy states. This results in the creation of conduction and
valence bands of the material. During the conduction process the electrons are
excited from valence band to the conduction band of a semiconductor material. The
vacancy that is created in the valence band due to the migration of electron carries a
positive charge and is known as a hole. The density of states {N(E)} of
semiconductors is defined as the number of states at a certain energy level that are
available to be occupied. N(E) is directly related to the availability of the energy
states for the occupation in a certain energy level and depends on the confinement of

charge carriers and their degree of freedom.

Material dimensions are the most important for the charge carrier confinement which
facilitates the number of degree of freedom. The density of states for different
degrees of freedom is illustrated in Figure 2.6. In case of bulk materials the carriers

have three degrees (3D) of freedom. In quantum wells, quantum wires, and quantum
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dots the carriers are confined in two (2D), one (1D) and zero (0D) dimensions,
respectively. Therefore the charge carriers in quantum wells, quantum wires and
quantum dots possess two, one and zero degrees of freedom, respectively. The

density of states for each case is shown in Figure 2.6.

The density of states for three dimensional systems is proportional to square root of
energy. In case of two dimensional systems it follows the step like function.
However, for one and zero dimensional system the density of states is proportional to
(E)" and independent of (delta function) energy, respectively. The relationship
between density of states and energy for the different systems is illustrated in Figure

2.6 [18].

o EI2
e >
S
v
(b) (2D) —_
« E"= constant
E
(c) (ID) &
(d) (0D) Q
>

Figure 2.6: Density of states N(E) for (a) bulk semiconductor (3D), (b) quantum well
(2D), (¢) quantum wire (1D), and quantum dot (0D) [18].
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2.5 ENERGY BANDGAP

The energy and wave vector (E-k) (Figure 2.7) relationship gives information
regarding energy band gap of semiconductor materials, which have two types of
bands, conduction band which reniains empty at lower temperature (~0 K) and the
valence band called the filled band. These energy bands are separated from each
other by a forbidden region. No carrier occupies the energy levels within this
forbidden energy band. This energy difference between conduction and valence band
is called the band gap or energy gap (Eg). As mentioned in section 2.1, metals,
semiconductors, and insulators can be distinguished from each other on the basis of

the gap between their conduction and valence bands.

At around k = 0, the conduction and valence bands have parabolic shape. The energy
of conduction (E;) and valence (E,) bands is given as

bk o WK
8nZmeg’ YV 8n2 my, 2.6

where h is Plank’s constant, k is Boltzmann constant, m, is mass of electron and my

is mass of hole.

The energies are calculated with respect to the maxima of valence band. For very low
temperatures (~0 K) the electrons are confined in the valence band and the material
behaves as an insulator. By increasing the material temperature the electrons acquire
sufficient energy to make transition from the valence band to conduction band and

hence, they become available for electrical current conduction.

b S
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2.6 DIRECT AND INDIRECT BANDGAP

A semiconductor can have a direct or indirect energy band gap. This result depends
on the position of valence band maxima and conduction band minima with respect to
wave vector (k). If the valence band maxima and conduction band minima lie at the
same value i.e. k = 0, the material is said to be direct band gap. On the other hand, if
the valence band maxima and conduction band minima lie at different values of wave
vector (k), then the material is said to be indirect band gap. The most familiar
examples of indirect and direct band gap material are Si and GaAs, respectively, as

shown in Figure 2.7.

4 .
Si GaAs
31 CONDUCTION | | CONDUCTION
BAND BAND
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©
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[I11] 0 [100] [111] 0 [100]

WAVE VECTOR

Figure 2.7: Energy-band structures of silicon and gallium arsenide; electrons and
holes are shown in full and open circles, respectively [18].
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2.7  EFFECT OF TEMPERATURE ON ENERGY BANDGAP

Semiconductors such as Si and GaAs have a negative temperature coefficient i.e.
their energy band decreases with increasing the thermal energy. The energy bandgap
of pure Si and GaAs at room temperature is 1.12 €V and 1.42 eV, respectively.
However, it increases to ~ 1.17 eV and 1.52 eV for Si and GaAs, respectively, when
the temperature reaches ~0 K. The mechanism involved in the decrease of the energy
gap of the material is the effect of inter atomic spacing between the atoms of the
semiconductors. This can be explained by the fact that as the temperature of the
semiconductors increase, the thermal vibrational energy of the atoms also increase,
which results in the increase of the vibrational amplitude of atoms and thus the
increase of inter atomic spacing. This means that the potential that electrons face in
the material also decreases, the energy bandgap of the semiconductor decreases. The
effect of temperature on energy bandgap of semiconductor materials is
mathematically expressed as
« T?

Eg(T) ~ Eg(0) - T+8 2.7

where Eg(T) and E;(0) are the temperature dependent bandgap energy, and bandgap
energy at 0 K, respectively. Whereas, « and B are empirical parameters related to the
material. For Si and GaAs, « = 4.9x10 and 5.4x10* eV/K, respectively and f8 = 655

and 204 K, respectively [18].

2.8 HETEROJUNCTION STRUCTURES

Heterojunctions are formed by growing two different semiconductor materials on top

of each other, provided that their energy bandgap differ. The most common examples
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of heterojunction structures are multi-quantum wells (MQWs) and superlattices

(SLs).

The performance of MQWs and SLs depends on the growth quality, which can be
degraded due to various reasons. For example the lattice mismatching between two
semiconductor materials produces defects at the interface of the heterojunction. To
avoid the creation of these interface defects both semiconductors forming the
heterojunction should be lattice matched. For example, GaAs/AlGaAs(or AlAs) are

good examples of lattice matched systems.

If there is a large difference between the lattice constants of the two materials, then
the defects at the junction interface tend to increase. For example, in case of the
growth of epitaxial materials, if the lattice constant of the substrate material is higher
than that of the material used in the epitaxial growth, tensile strain occurs in the
heterostructure (Figure 2.8 (a)). On the other hand, if the lattice constant of the
substrate is lower than that of the epitaxial material then compression strain is

produced (Figure 2.8(b)).

Figure 2.8: Lattice mismatching is illustrated between two materials with different
lattice constants.
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Up to some critical thickness, good quality heterojunctions can be grown even if the
lattice constant of the two materials differ from each other. The surface terminating
dangling bonds of very thin epitaxial layer produce strain to the material and adjust
its lattice constant with the lattice constant of the substrate. This results in the
decrease of the interface defects [18]. The lattice-match can empirically be expressed

by the change in lattice constant at the interface of two materials and is given by

Aa _ 3ayer — sub
a Asub

where ajayer is lattice constant of layer and agyy, is lattice constant of substrate.

In addition to the lattice matching, the size of the atoms of two different materials,
electronegativity (x), and energy band alignment play an important role during the
heterojunction structure growth. If the size of the atoms is different for two different

materials, then strain is produced during heterojunction growth process.

The ability of an atom to attract the electron towards itself and make a chemical bond
is called electronegativity ()). Electronegativity is a unitless quantity and referred to
as Pauling scale after the name of Linus Pauling, who carried out the first principal
study of electronegativity in 1932 [20]. Consider A and B two different materials
used to make the heterojunction. The difference in the electronegativity of these two

materials can be calculated using the Pauling’s empirical formula.

Ep(AA) + Ep(BB
xA—xB=[(eV)'%]\FD<AB)—[°( EE

L
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where xa and xgis the electronegativity of A and B, respectively, and Ep (4B),

Ep(AA) and Ep (BB) are the dissociation energies in €V between the atoms AB, AA

1
and BB, respectively. The factor [(eV)_E] is used to render the value of

electronegativity unitless.

Another important parameter that is of critical interest during the heterojunction
growth is the band alignment between two semiconductor materials. As mentioned
above in this section that heterojunction structures are formed by growing materials
of different band gaps on top of each other. It is therefore of great importance to have
knowledge of the band gaps of the different materials involved and how the energy
bands align with respect to each other. There are three different types of band
alignments as shown in Figure 2.9, and these are known as type-I or straddled

alignment, type-II or staggered alignment and type-III or broken gap alignment.

E«(A) L

AE-= K — K|
Ev(A) —ﬁ e

AEy=E,(A)-E,B)-Ax

Ec(B)

Straddling Heterojunction ~ Staggered Heterojunction ~ Broken-gap Heterojunction

Figure 2.9: Classification of heterojunctions according to their band alignment,
where Ec, Ev, Eg, AEc, AEy and x are the conduction band, valence band, energy
gap, conduction band offset, valence band offset and electron affinity of the materials

A and B.

If the conduction band of the material with higher energy gap lies within the

conduction band of the material with lower energy, and the valence band of the

_—
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higher energy gap material lies within the valence band of the lower bandgap
material, the alignment is said to be type-I or straddled alignment. AlGaAs/GaAs and
InGaAs/InP heterostructures are examples of type-I heterojunctions. However, if the
conduction band of the higher bandgap material lies within the conduction band of
the lower bandgap material and the valence band of lower band gap material lies in
the valence band of higher energy gap material then the resulting alignment is said to
be type-II or staggered alignment. The example of type-II heterojunction is
GaAsSb/GalnAs heterojunctions. The type three band alignment is formed when
both the conduction and valence band of the higher energy gap material lies within
the conduction band of lower band gap material. Type-III alignment is obtained

during the growth of GaSb/InAs heterostructures, for example.

The first theoretical model known as electron affinity model was proposed by
Anderson in 1962 [21] to calculate the band offset of an ideal heterostructure. For the
purpose of understanding the electron affinity model let us consider, A and B be the
two semiconductor materials. The electron affinity and energy gap of the materials A
and B are xa, and «g, and Ega and Egg, respectively. The sum of the energy released
by an electron to move from vacuum level to semiconductor A (k) from there to B

and finally from semiconductor B back to the vacuum level must be equal to zero.

Mathematically it is expressed as

KA—AEC—KB=0 29

AEC= Kap — Kp and AEV=AEg—'KB 210

where AEc and AEy is the conduction band and valence band offset energies,

respectively.

L ———— __
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Anderson model gives the best accurate value for some but not all of the
heterostructures. The main reason of the failure of this model, given by Kroemer [22]
is the formation of the semiconductor surface dipoles. These dipoles are formed due
to the rearrangements of the atoms at semiconductor surface, and their presence

affects the electron affinity measurement, and thus the band offset of the

heterostructures.

The properties of binary semiconductors such as energy gap, and lattice constant will
change with the addition of some other element from the same group in the periodic
table. For, example the addition of aluminium in GaAs changes the properties of
Al GajAs (x is Al content). The change in the energy gap of the resulting ternary

material with respect to x can be calculated by

Eg,ABC (X) = X. Eg,AB + (1 - X) . Eg,AC ~b.x (1 - X) 211

where Egapc (x) is the content (x) dependent energy gap of the material obtained

from A, B, and C, three different semiconductor materials. The factor b.x (1 — x) is
usually negligible for most semiconductors because the value of the bowing

coefficient (b) is often less than 1eV.

The relationship between lattice constant and the constituent x is given by Vegard’s

law [23]. According to Vegard’s law the x dependent lattice constant of the ternary

material can be written as

agpe (%) = xaap+ (1 —x).a,c 212

here asgc () is lattice constant of the resulting ternary material.

IR —
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2.9  ELECTRICAL PROPERTIES OF SEMICONDUCTORS

The electrical properties of semiconductor such as the carrier mobility play an
important role in the performance of semiconductor devices. Following sections are

devoted to explain the carrier mobility and its effect on device performance.

29.1 CARRIER MOBILITY

The carrier mobility is defined as the average drift velocity per unit electric field in a

semiconductor. It is mathematically expressed as

Va _ qTc

u: — o

E m 2.13

where y is the carrier mobility, v4 is carrier average drift velocity, E is the applied
electric field, q is charge, . is the mean free time between two successive collisions

of the carrier, m* is the carrier effective mass.

The average drift velocity of the carriers in a semiconductor is affected by scattering
of the carriers between each other and with other imperfections (defects) in the
material and by the relaxation time between two scattering events. These scattering
mechanisms result in a decrease of the carrier mobility. In order to enhance the
mobility of carriers it is important to increase the relaxation time (mean free time).

This can be achieved by reducing the number of scatterers and defects.

Besides these, the carrier mobility also decreases with increasing the impurity doping
concentration and temperature. When the doping concentration increases, the
probability of collisions between carriers and impurity atoms increases. As a

consequence, the carrier average velocity and hence the mobility reduces as well.

~
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Moreover, by increasing the temperature the amplitude of the thermal vibration of
the atoms in a semiconductor crystal increases and so the number of phonons
increases. These phonons also interact with the carriers and reduce the carrier
mobility. The effect of these parameters on the carrier mobility is mathematically
represented as

-3 T,

where T is temperature and N is the doping concentration [18, 24].

2.9.2 EFFECT OF CARRIER MOBILITY ON DEVICE
PERFORMANCE

The carrier mobility affects the device performance through its frequency response in

two different ways. First, for low electric field, the carrier mobility is proportional to

its velocity, and therefore the frequency response of higher mobility material is high

because the carriers take less time to travel through the device. The second effect is

related to the current flow through the device which is directly related to the carrier

mobility.

The device geometry affects the mobility of the carriers in some devices. For
example in Metal oxide field effect transistors (MOSFET) surface scattering of the
carriers plays major role in reducing the carrier mobility. The carriers at oxide-
semiconductor interface create more scattering mechanisms such as the Coulomb
scattering from oxide charges and interface states, and surface roughness scattering.

These scatterings reduce the mobility of MOSFET devices [25, 26].

L
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2.10 GENERAL PROPERTIES OF Gallium Arsenide (GaAs)

GaAs is one of the most familiar and most investigated III-V compound
semiconductor material and is formed by combining Ga (group-III) and As (group-
V) elements from the periodic table. It was first produced by Goldschmidt in 1920’s

[27]. However, its properties remained unexplored up to 1952.

GaAs crystal posses zincblende structure type, in which a face-centered cubic lattice
(fcc) of As with Ga atoms positioned on the body diagonals as shown in Figure 2.10.
These Ga atoms also lie on a fcc displaced relative to the As lattice by one quarter

the body diagonal of the cube.

The band structure of GaAs is shown in Figure 2.11. It can be seen that both the
conduction band minima and the valence band maxima lie at the same value of wave
vector at k = 0. Therefore, the transition of an electron from valence band to
conduction band needs a change in energy, but no change in momentum is required.
According to energy band diagram definition the nature of the GaAs band gap is
direct. This is an important property, as compared to Si which has an indirect band
gap, for devices used in optoelectronics applications. Moreover, GaAs possesses a

higher carrier mobility than Si, and is preferably used in high frequency devices.
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. Arsenide Atom

Figure 2.10: Zincblende structure of GaAs.

The resistivity of GaAs is very high ~ 10® Q-cm compared to Si (6.4x10% Q-cm at 20
°C), which makes it more suitable to be used as a semi-insulating substrate for
integrated circuits. In addition, due to the fact that the energy gap of GaAs is higher

than that of Si, the GaAs devices are more reliable to operate at higher temperatures

than Si devices.

Besides the above mentioned selected properties, some other important properties of

intrinsic GaAs at room temperature (300K) are given in Table 2.1.
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Figure 2.11: The energy band diagram of GaAs is illustrated for the three different
conduction valleys (X, I"and L)
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Table 2.1: Some important properties of intrinsic GaAs, AlAs and AlGaAs at 300K;
hy and 1, stand for heavy hole and light hole, respectively[28, 29]

Parameter GaAs AlAs AlLGa;As
Crystal Structure Zincblende  Zincblende Zincblende
Lattice constant (A) 5.6533 5.6611 5.6533 + 0.0078x
Crystal densit
i 3 Y 5.360 3.760 5.360-1.6x
(g/em’)
E band V) 142 5 168 x<0.45 1.424+1.247x
nergy band gap (e . .
Sy band gap x>0.45 1.9+0.125x+ 0.143x>
) ) Changes from Direct to
Band type Direct Direct
indirect with Al content
Electron effective
0.063 my 0.150 my 0.063+0.083x mo (x<0.45)
mass
) 0.62mg (hy)  0.76my (hy) 0.62 + 0.14x (hy)
Hole effectivemass  .037my (1)  0.15 mo (1) 0.087 + 0.063x (Ix)
Dielectric constant
12.85 10.06 12.85-2.84x
(static)
Specific heat(cal/gK) 0.08 0.11 0.08+0.03x
4.07-1.1x (0<x<0.45
Electron afﬁmty (CV) 4.07 34 3.46-0.1 4X((0 45 <X<1))

2.11

GENERAL PROPERTIES OF Al,Ga;.,As

The energy band gap of a semiconductor is one of the most significant parameters

which enhance its scope for various optical devices operating in different energy

range. For example the ability to control the band gap of GaAs by incorporating

aluminium (Al) in the host material will extend its application range from near

infrared to visible region; the band gap energy at 300 K can span from 1.42 eV
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(GaAs) for x = 0 to 2.168 eV (AlAs) for x = 1. The energy change of the different
conduction valleys (X, I', and L) at 0K with respect to Al content (x) is shown in
Figure 2.12. In addition it is observable that at a certain value of Al content (x =

0.44) the transition from direct to indirect bandgap takes place for AlGaAs material.

It is assumed [30, 31] that the relationship between energy gap and alloy composition
follows equation (2.11). The bowing coefficient for Al,Ga;As is less than 1 eV so

it is neglected and therefore the energy gap can be calculated from equation as
Eg,Aleal_xAs = X. Eg (GaAl) + (1 - X) . Eg(AlAS) 215

The above energy gap equation is valid only if the lattice constant of the material

changes linearly and the energy gap has nonlinear bowing with the constituent x.

The lattice constant of Al;Ga;.xAs obeys Vegard’s law [23] and varies linearly with
Al content (x) in GaAs. This linear relationship between x and lattice constant is

shown in Figure 2.13.
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Figure 2.12: Schematic illustration of change in the energy gap of AlGaAs at 0K for
x =0 (GaAs) tox =1 (AlAs); X, I', and L are the conduction valleys [30].
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Figure 2.13: Change in lattice constant of AlyGa,.xAs as a function of x [29].
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In addition to change in the material band gap and lattice constant, other parameters
such as density, thermal expansion coefficient and electron transport properties of the

material also change.

Since the semiconductor materials are grown at various temperatures, therefore, the
change of the lattice parameter with respect to temperature is a very important factor
to take into consideration. During the epitaxial growth, defects can be created at the
interface due to the change of the lattice constant as a function of growth temperature
and it will affect the device performance. The first mathematical relationship
between the lattice constant and temperature was developed by Kudman and Puff
[32] in 1972. The authors suggested a linear relationship between lattice constant and

temperature for ternary semiconductor materials. This is given by

ar = ap(1 + aT) 216

where ar, a9, « an T are the temperature dependent lattice constant, lattice constant

at a temperature of 0 °C, linear coefficient of thermal expansion and temperature in

°C, respectively.

Transport phenomenon plays an important role in the mobility of charge carriers in
semiconductors like AlyGa;4As alloy, where for example electrons face potential
fluctuations that are created due to the compositional disorder. This effect produces
an irregular scattering process, called alloy scattering. Alloy scattering potential,
which is caused by the change in the electronegativity of atoms, results from the
covalent bonds [29]. Some important parameters of Al,GaixAs alloy are also

mentioned in Table 2.1.
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CHAPTER 3

DEFECTS IN SEMICONDUCTORS
AND THEIR PROPERTIES

This chapter is based on the description of various types of defects such as intrinsic
and extrinsic defects and their behaviour in semiconductor materials. The defect
carrier kinetics is also described on the basis of Shockley-Read-Hall theory. In
addition, the effect of electric field on the carrier emission rates from the defects is
also discussed, and finally the literature regarding the defect characterisation in III-V
compound such as GaAs and AlGaAs has been reviewed. The importance of high

index planes for the high quality materials have been discussed as well.

3.1 CLASSIFICATION OF SEMICONDUCTOR DEFECTS

Ideally the crystal structure is defined as the structure which is formed by the
periodic repetition of an infinite number of unit cells along three crystallographic
orientations. In a practical case a number of different types of defects exist within the
crystal structure. These defects may be the intrinsic or due to the impurity

incorporation known as extrinsic defects.

Extrinsic defects in the semiconductor crystal may be created intentionally to obtain
the desired electrical properties of the material or unintentionally during growth.
Incorporation of carbon impurity in GaAs during MBE growth is the best example of
unintentionally introduced impurities. Different types of crystal defects are described

here.
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3.1.1 POINT DEFECTS

The point defects, also known as zero-dimensional or atomic size defects, are formed
due to the missing of an atom from its regular site, or the occupation of an atom by
prohibited (interstitial) site in the crystal structure. These defects alter the electrical
and optical properties of the materials by creating some energy states within the
energy band gap of the materials. Different types of point or zero—dimensional

defects are briefly defined below [33].
a) VACANCIES

The vacancy known as the Schottky defect is shown in Figure 3.1(a). It is defined as
the missing of an atom from its lattice site in a crystal plane. In the case of Schottky
defect formation the displaced atom moves from its original position within the

crystal to the surface by leaving a vacancy at its actual site within the crystal.

Vacancy Self-Interstitial

o9 O o ¢
H:O—*‘—C—‘

oo ©

(a) (b) Foreign-Interstitial

Figure 3.1: (a) Vacancy (the missing of an atom from a crystal) type defect, (b) Self-
interstitial and foreign-interstitial defects.
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b) INTERSTITIAL

An interstitial defect is defined as the defect that can be created due to the insertion
of a host atom at the site other than its regular sites, known as self-interstitial or due

to impurity-incorporated atoms known as the foreign-interstitial as shown in Figure

3.1(b).
C) SUBSTITUITIONAL IMPURITY

These types of defects are formed during the incorporation of an impurity in a pure
semiconductor material. In this process a foreign atom replaces a host atom from its

regular position. Figure 3.2 represents the formation of a substituitional impurity.

Substituitional impurity

®
® &
@

Figure 3.2: Substituitional impurity, in which the atom of a host material is replaced
by the atom of another type of material.

d) ANTISITE DEFECTS

The antisite defect is created in the host material when the site of one type of atom is
occupied by other type of atom and vice-versa. Figure 3.3 shows an example of

gallium-antisite (Asg,) created in GaAs.
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Figure 3.3: The position of Gallium atom is occupied by an Arsenic atom to form the
antisite defect.

3.1.2 COMPLEX DEFECTS

These types of defects are created by the formation of a pair of either the same type
of defect or different type of defects in the semiconductor crystal structure. Few of

the major types of complex defects are discussed below.
a) FRENKEL DEFECT

As illustrated Figure 3.4 (a) the Frenkel defect is formed by the combination of a

vacancy and an interstitial defect.
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Frenkel Defect Split-Interstitials
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(b)

Figure 3.4: (a) Frenkel defect involving the combination of a vacancy and interstitial,
(b) Formation of split-interstitial defect.

b) SPLIT-INTERSTITIAL

If two closely spaced interstitial defects interact with each other by Coulomb
interaction, then the resultant defect level is known as split-interstitial. These
interstitial pairs may be formed between same type of atoms such as the host atoms

or the impurity atoms as shown in Figure 3.4 (b).
c) VACANCY-COMPLEXES

Different vacancy related complexes exist in semiconductor materials. These types of
complexes are formed by different means such as the formation of a vacancy-
impurity complex involving a pair of defects such as a vacancy and a foreign
interstitial. The defect complex formed between two adjacent vacancies is known as
di-vacancy complex. Another type of vacancy related complex can be formed when

two vacancies are separated by the interstitial defect known as the split-vacancy.

These types of defect complexes are shown in Figure 3.5 (a).
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Split-Vacancy Vacancy-Impurity pair Impurity-Pair

(a) Di-Vacancy (b)

Figure 3.5: (a) Different types of vacancy related defect complexes such as vacancy-
vacancy (Di-Vacancy), Vacancy-Impurity, and Split-Vacancy, (b) Illustration of an
impurity pair defect complex.

d) IMPURITY RELATED COMPLEXES

Other defect complexes, referred to as impurity related complexes., can exist in
semiconductors. These defects are formed when a substitutional impurity atom
interacts by coulomb interaction with another impurity atom located at an interstitial

site. This type of impurity complex is sketched in Figure 3.5 (b).

3.1.3 DONOR-ACCEPTOR PAIRS

The donor and acceptor defects are defined as the defects that contribute in the
addition of electrons and holes to the conduction and valence band of the host
material, respectively. This is because the ionization energy of these impurities is
small and can easily be ionized at room temperature. As an example, the ionization
energy of a donor impurity is ~7 meV for GaAs. Donor levels behave as neutral
levels when filled by electrons and positively charged when they emit an electron.
However, the acceptor impurities behave as negatively charged atoms when they
capture electrons and behave as neutral when they emit an electron. For example, the

addition of extrinsic atoms from the group in the periodic table higher than that of the
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host material increases the number of electrons in the resulting material i.e. makes an
n-type semiconductor material. Similarly, the addition of an extrinsic material from
the group lower than that of the host material in the periodic table creates a
deficiency of electrons and results in the addition of holes. The resulting material is
known as p-type semiconductor material. In addition to acceptors and donors some
other type of defects can be created when the impurity atoms of the same group of
periodic table are added to the host material. These type of centres are known as

isoelectronic or isovalent centres [14].

3.1.4 LINEAR OR 1-D DEFECTS

These types of defects are different than those of zero-dimensional defects. These
defects are mostly created during the material growth, and involve a row of atoms
rather than isolated atoms such as in the case of zero-dimensional defects. The main
cause of these defects is the lattice mismatch between the substrate and the epitaxial

layer grown on it.

The edge dislocation and screw dislocation are the two main types of 1-D defects.
The edge dislocation shown in Figure 3.6 occurs as the boundary between the slipped
and un-slipped crystal planes, when one of the planes of the crystal is displaced as
compared to the other plane. The direction of the propagation of edge dislocation is

into the plane and normal to the displacement direction.

Another type of dislocation known as screw dislocation (Figure 3.7) is created at the
boundary between displaced and non displaced planes; the direction of this type of

defect is parallel to the displacement direction [33].
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Figure 3.6: Illustration of the edge dislocation together with the direction of
the Slip.

Figure 3.7: Illustration of screw dislocation.

3.1.5 SURFACE OR 2-D DEFECTS

The occurrence of plastic deformation is due to the change in the inter-atomic

arrangement of the crystal. This change in the inter-atomic space occurs by moving
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one part of the plane above and the other part below. This type of crystal movement
is known as slip. The surface that contains the slip is known as the slip plane. The
slip direction is the same as the direction of the motion of the planes. The crystal
structure can be maintained after the slip, if and only if the slip vector and translation

vectors are equal to each other.

There is another type of 2-D defects that occurs during the crystal deformation. This
is known as twining. The difference between slip and twining is mainly related to the
magnitude of the deformation; the magnitude of the deformation of slips is higher
than that for the twining. In twining, the partial displacement occurs only in the
neighbouring crystal planes. Therefore, the deformed part of the plane is the mirror

image of the un-deformed part as shown in Figure 3.8.

{111}

Twin Boundary

(111}

Figure 3.8: The arrangement of two different types of atoms is shown in such a way
that the twin boundary is formed.

3.1.6 SHALLOW AND DEEP LEVEL DEFECTS

There are two general terms mostly used in the literature to categorise the defects in

the semiconductor material according to their position with respect to conduction or
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valence band energies (Figure 3.9) of the material. The defects having their energy
levels close to the conduction or valence band are known as the shallow levels.
Whereas, on the other hand the defects having their energy states near the middle of
the band gap are said to be deep levels. The shallow levels have low ionization
energies (<0.1 eV), and are easily ionized at room temperature and therefore,

contribute to the current flow mechanisms in the semiconductors.

The shallow level defects are sometimes known as the shallow donors or shallow
acceptors depending on the contribution of excess electrons to the conduction band
or the excess of holes to the valence band of the host materials, respectively. For
example, the addition of phosphorus (P) atoms to Si bulk material results in the
addition of extra electrons to the conduction band of the resulting material and makes
Si as an n-type material. On the other hand, if Si is doped with Ga, the element from
group three in the periodic table, it adds excess number of holes to the valence band
and makes Si as a p-type semiconductor material. The Ga in this case is known as the
acceptor material and the P is known as the donor material. Some more familiar
examples quoted in the reviewed article [34], are given here, such as the
incorporation of Lithium (Li) in GaN. If the Li atom sits on the Ga site, it behaves as

an acceptor. However, if it sits on the interstitial site it behaves as a donor.

As deep levels have activation energies > 0.1 eV below the conduction band or
above the valence band, they cannot be ionised at room temperature and their

contribution to the current flow is very small as compared to that of the shallow

levels.

The deep centres affect the electronic and optical properties of semiconductors.

When they act as nonradiative centres the luminescence properties of the material are
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degraded. In addition, these centres create energy states within the forbidden energy
band of the semiconductor materials, and thus, play an important role in avoiding the
band to band transition of the carriers. Sometimes, they behave as generation,

recombination, or trapping centres.
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Figure 3.9: Shallow and deep level defects are sketched within the band gap of GaAs
material (the scale is not real).

Beside the fact that these deep centres affect the efficiency of the optical devices
such as LED’s by affecting the carrier life time, these defects behave as trapping
centres and reduce the free carrier concentration of the materials. Therefore., they
play an important role in the formation of semi-insulating semiconductor materials.
For example, EL2, the well known deep level in GaAs behaves as a killing centre. Its
existence reduces the free carrier concentration in GaAs, and thus makes the GaAs a
semi-insulating (highly resistive) material, mostly used as a substrate during the

growth of III-V semiconductor materials and in integrated circuits [35-37].
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3.2  GENERATION-RECOMBINATION STATISTICS

The carrier generation-recombination centers are the sources that affect the
performance of semiconductor devices. This is because it affects the carrier life time
of semiconductors. According to Schockley and Read [38] the carrier life time
depends on the crystal quality of the material. Moreover, the generation and

recombination occurs in two different ways;

(1) the band to band, which occurs mostly for the pure semiconductors and is
known as the direct recombination.

(ii) Recombination via the defect energy states that exist within the material band
gap and this is called the indirect recombination.

The different carrier capture and emission processes associated with the traps are

shown in Figure 3.10. There are different carrier capture mechanisms, and are

discussed in the following section.
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Figure 3.10: The different carrier trapping processes are shown; (a) electron capture,
(b) electron emission, (¢) hole capture and (d) hole emission [25].
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3.2.1 ELECTRON CAPTURE MECHANISM

Consider a defect level of energy (Er) and concentrati(;n (N1) lying within the
forbidden energy gap of the semiconductor, n and p are the density of electrons and
holes resulting from the shallow level dopants, respectively. To understand the
capture and emission mechanism of defects; consider that the defect captures an
electron from conduction band as shown in Figure 3.10 (a), characterised by capture
coefficient (c,). When the electron is captured there are two possibilities; (i) it emit
the electron back to the conduction band known as electron emission (e,) [Figure
3.10 (b)], (ii) capture a hole from valence band called hole capture coefficient (c;,) as
shown in Figure 3.10 (c). After any of the two processes shown in Figure 3.10 (b &
c) there are two possibilities; (i) emit hole to the valence band (ep) or (ii) capture

electron from conduction band.

If the generation-recombination (G-R) center captures electrons from conduction
band then the concentration of filled trap becomes nr, and if it captures hole from the
valence band then its concentration becomes pr. For a donor center nt is neutral and
pr is positively charged whereas in the case of an acceptor center nr is negatively
charged and pr is neutral. The total concentration (Nt) of G-R is equal to the sum of
nr and pr i.e. Nt = nt + pr. The electron density in conduction band (n), hole density
in valence band (p), nt and pr change with time. The change of n with respect to time

is mathematically expressed by

dn

a G-R = (b) — (a) = eyt — CyNPT 3.1

Equation (3.1) describes the change in electron density in conduction band with

respect to time. It is based on emission and capture process. One can notice that
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electron emission depends only on the concentration of the traps filled by electrons
and the emission rate, i.e. process (b) = e, nt. Whereas, the capture process involves

the presence of electrons in the conduction band, ¢, and pr, i.e. process (a) = ¢, n pr.

Similarly, for holes the mathematical expression can be written as

dp

a - =(d)-(c)= €pPT — CppnT 3.2

The emission rate e, (equation 3.1) is defined as the number of electrons per second
emitted by G-R to the conduction band and cnn is the concentration of electrons
captured from conduction band [e, = 1/sec]. The capture coefficient ¢, depends on

electron capture cross-section (o,) and thermal velocity (vin) and is given by

Ch =0,V
n n Vth 3.3

KT | . . . . .
where vin = |75 k is Boltzmann constant, T is temperature in Kelvin and m* is
the effective mass which can be obtained from Energy-Momentum (E-K) diagram

1t (g
m*  h?¢ \dkz/J’
The capture cross-section of the center also depends on its nature i.e. the capture
cross-section of negatively (repulsively) charged centers is smaller than that for

neutral or positively (attractively) charged centres. The capture cross-section of

neutrally charged centers is roughly equal to the atomic size (10" cm?).

The concentration of the filled trap changes with respect to time during the emission

or capture process and is given by

Page 48
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dnr dp dn
d_t G-R = EE - -(E = (Cnn + ep)(NT - nT) - (Cpp + en)nT 34

Since n and p are two time dependent variables in equation 3.4, therefore it is
difficult to solve. For simplicity, consider the case that n and p are constant in the

quasi-neutral region and the solution for nt is given by

—t (ep + Can)Np -t
ny(t) = ny(0)exp (-T—) + ent+ Can + e+ Cpp 1-exp (_r_) 3.5
Here nr(0) is concentration of filled G-R center at time t = 0 and t =

1/(extcanteptcyp).

For the steady state when t — oo, nr is given by

ep+ Cyn
nr = NT
en+ Chn + ey + Cyop 3.6

The equations (3.5) and (3.6) are the basis of deep level impurity measurements.

For a particular case when there is n-type semiconductor in which p can be

neglected, then equation (3.5) becomes

nr(t) = np(0)exp (:_t) + (ep + Con)Np <1 —exp (;)) 3.7

here 1, = 1/(entcantep).

Now consider a Schottky diode on an n-type semiconductor. In the absence of any

bias (i.e. under zero bias) c,>>e,, and nt = N1, When a reverse bias is applied ex>>c,.
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Equation (3.7) can be further simplified if we consider that the traps are in the upper
half of the energy gap of the material so that the probability of emission of electrons
to the conduction band is much higher than the probability of emission of holes to

valence band, i.e. e, >> €p so that e, can be neglected. For this case the solution of

equation (3.7) is written by

nr(t) = np(0)exp ({:t) ~ Nr exp ('::t) 3.8

where 1. = 1/e,, and n1(0) is the density of filled center at time t = 0.

The steady state trap density nt for reversely biased space charge region is

= N
T ent+ €p T 3.9

When the applied voltage changes from the reverse steady state bias to zero bias the
carriers (electrons) from the neutral semiconductor region will rush to be captured by
the traps in pr (traps that have already captured the holes) state. In this way the

density of the traps filled with electrons will change with respect to time, and the rate

of change is given by

nr(t) = Np = [N~ nr(0)] exp (:_t) 3.10

c

where 1. = 1/c,, n and nr are the initial steady state concentration given by equation

(3.9) and nt (0) is the concentration of filled center at time t = 0.
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3.3  EFFECT OF ELECTRIC FIELD ON CARRIER EMISSION
RATES

The DLTS [39] working principle is based on measurement of junction capacitance
transient that is produced during the filling and empting process of the traps by
applying electrical pulses of different amplitudes. The use of the electrical pulses
(bias) produce an electric field within the junction which will be discussed in chapter
4. In addition to the applied bias the doping concentration also enhance the electric
field strength up to many thousands of V/cm within the junction [40]. The high
amplitude electric field interacts with the defect associated potential barrier, and
normally reduces its barrier height. This results in an enhancement of the carrier
emission rate. The study of the effect of electric field on emission rate is very

important because it provides useful information regarding defect charge states.

There are three different mechanisms responsible for enhancement of emission rates

within the junction [41-44]

a) Poole-Frenkel Effect
b) Direct Tunnelling

c) Phonon-Assisted Tunnelling

Particularly, Poole-Frenkel effect is responsible for the emission of carriers from
charged centres only. Whereas, both the direct and phonon-assisted tunnelling are
observed for all type of charge states including neutral defect states [41]. All of these

three mechanisms are illustrated in Figure 3.11.

—
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unenhanced emission

Poole-Frenkel Effect

(=)

Figure 3.11: The carrier emission process is shown in the absence of applied electric
field (a), and three different carrier emission processes namely, Poole-Frenkel Effect,
Phonon-Assisted Tunnelling and pure-Tunnelling are shown in the presence of
applied electric field (b).

3.4  DISTINCTION BETWEEN POOLE-FRENKEL AND
TUNNELLING EFFECT

Ganichev et al. [42] proposed a simple model to easily differentiate Poole-Frenkel
and Phonon-Assisted Tunnelling effects on the emission rates. The authors proposed

2 (E is electric field) results in a straight line then

that if the plot In (e,) versus (E)
the emission from a defect level follows the Poole-Frenkel effect. However, at high
electric fields phonon-assisted tunnelling becomes dominant and the carrier emission
rates increase logarithmically with the square of applied electric field. If the carrier
emission rate at low electric field satisfies the conditions of phonon-assisted

tunnelling then it is obvious that the emission rate is obtained from a neutral defect

level.

Mathematically the phonon-assisted tunnelling follows the relation
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e(F) _ F?
e() P (F_g) 3.11

where ¢(F), €(0), F and Fc are the emission rate in the presence of applied electric
field, emission rate in the absence of electric field, applied electric field, and
3m*h

characteristic electric field [F, = (E"‘-)l/ 2], respectively, m’ is the effective mass,
2

72 is the tunnelling time, h is Plank’s constant and q is electronic charge.

The tunnelling time (1) for the carriers can be calculated by equating the slope of

equation (3.11) to the value of F; and solving equation (3.12) [45].

T2 =5 Eh 3.12

where plus and minus signs stand for adiabatic potential structures for substituitional
impurities and autolocalized centers, respectively and 7, is the time constant and is

equal to the order of inverse local impurity vibration frequency.

3.5 DEFECTS INIII-V COMPOUND SEMICONDUCTORS

It is a well-known fact that the devices fabricated from semiconductor materials do
not perform as predicted. The degradation of the devices is due to the existence of
the different types of defects in the semiconductor materials. For this reason the
identification and characterization of defects is essential to provide the feedback for
the growth of good quality materials. This section is based on the literature review

regarding the defects in GaAs and AlGaAs compound materials.
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3.5.1 Defects in Gallium Arsenide (GaAs)

The native defects in the material are mostly created during the growth process.
These defects include vacancies, interstitials, antisites and their complexes as well.
The mechanism of creation of these types of defects is reported in the literature.

In GaAs two types of vacancies exist; Ga vacancy (Vga) and As vacancy (Va).
Kobayashi et al. [46] experimentally verified that by varying the As/Ga ratio, i.e.
(As/Ga > 2) during MBE growth a number of Ga vacancies (Vg,) are created in the
epitaxial layers due to the shortage of Ga atoms in the material. The authors also
expected to have As vacancies in the material for As/Ga< 1 but there were no
evidences found for the existence of Vs vacancies. It was suggested that the absence
of Vas is due to some residual background doping during growth. The evidence of
Vas in MBE grown GaAs was found by Ky et al. [47] when performing
Photoluminescence (PL) studies. The samples that showed this type of vacancy
defect were grown under As-poor conditions. In addition the authors proposed that
the presence of Va5 may result in the formation of Ga antisite defects (Gaas) and‘ may
also create Ga-vacanies (Vga).

The most common and famous intrinsic defect in bulk and epitaxial as-grown GaAs
is known as EL2 level. The position of this trap in the energy gap observed from
DLTS measurements is ~0.8 eV below the conduction band edge [48]. The
concentration of EL2 in bulk and epitaxially grown materials is ~ 10'® cm™ and ~
10" cm?, respectively [49]. In addition it is found that its concentration depends on
growth conditions. For example it increases with As/Ga ratio [50-52]. These studies
support that it is an As related trap [53]. Bardeleben et al. [49] suggested a more
complex nature of EL2 rather than just an isolated Asg, defect. It was assigned to an

Asg, and an intrinsic interstitial (As;).
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EL3, a defect level with an activation energy ranging from 0.408 eV [54] to 0.56 eV
[55], is detected in GaAs material. Although there are still controversial theories in
the literature regarding its origin, Mortane et al. [S6] suggested that this defect is
composed of Arsenic-interstitial (As;) —Arsenic-vacancy (Vas) comp&ex. However,
the authors [55] reported that its origin could be related to an impurity, i.e. sulphur

(S) in their case.

Another group of deep level defects called ELS and EL6 exist in GaAs. Their energy
with respect to conduction band edge is reported to be ~0.35 eV to ~0.43 eV [57].
The origin of these defect levels is even more controversial. It was suggested that
these defects are impurity related [S1, 58, 59] and due to native point defects [60,
61]. In order to clarify the origin of these defects an attempt was made by Yakimova
et al. [57] on the Metalorganic vapor-phase epitaxially (MOVPE) grown GaAs
samples using DLTS measurements. The authors explained that As interstitials (As;)
and Ga vacancies (Vga) complexes are the origins of EL5 defect. Their results were
in correlation to the previous work carried out by Zahu et al.[62] and Tabata et al.
[59]. They found that the concentration of the defect level with an energy ~ 0.47 eV
and ~0.45 eV vary with As/Ga ratio. The deep level EL6 is tentatively assigned to

Vga-Vas complex [63]. It is therefore, concluded that EL2, EL3, ELS5, and EL6 traps

are related to native defects in GaAs material.

3.5.2 Defects in Aluminium Gallium Arsenide (AlGaAs)

Aluminium Gallium Arsenide (Al,Ga;.xAs), the most famous II[-V material after
GaAs, has got interesting properties including the ability of tuning up its energy gap

between GaAs and AlAs, and a direct band gap up to x~0.4 [64]. A multitude of
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studies have been carried out to characterise deep level defects in AlGaAs and the
findings are summarised below.

Yamanaka et al. [64] observed seven (ME1-ME7) electron traps in MBE grown
Al,Ga;xAs (x = 0.07 to 1.0) layers using DLTS technique. It was found that the
activation energy of all traps increased up to the aluminium content x = 0.4 (the
cross-over point from direct to indirect band gap) and then decreased for x > 0.4.
However, the energy of two of the traps (ME2 and ME3) remained the same. The
possible origin of the defects was also discussed. ME2 and ME3 were found to be
similar to the famous DX center in AlyGa;xAs, which is usually observed for x >0.35
and with an activation energy of ~0.42 eV. It was observed that the concentration of
ME4, MES5 and MES is related to the doping impurities, but the other parametric
studies such as V/III ratio and growth temperature reveal that the nature of ME4 and
MES is not the same. The trap ME4 is attributed to aluminium and oxygen, and MES
and MES6 are possibly associated to arsenic oxide originating from the arsenic source.
Whereas, ME7 is possibly related to group Ill-vacancy and is probably related to
EL2 in Vapour-phase Epitaxy (VPE) grown GaAs layers.

It seems from the available literature [65] that DX-centre is the most important trap
in AlyGa;xAs that controls the electrical properties of the material. The name of this
deep center (DX) was proposed by Lang et al. [60, 66] in a view that the defect
responsible for persistent photoconductivity (PPC) in III-V semiconductors is a
complex of substituitional donor atom (D) and an unknown lattice defect (X). It was
further suggested that X may possibly be related to As vacancy (Vas). In addition
there are different suggestions available in the literature regarding the origin of DX
center. Hayakawa et al. [6] proposed that the DX-center could be related to group III

vacancy, the As interstitial or the antisite defect (Asyy) in AlyGa;xAs. The authors
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investigated the effect of V/III flux ratio on the defects in MBE grown Al,Gaj.xAs (x
= (.7) epitaxial layers, and observed that the concentration of the DX defect
increases continuously by increasing V/III flux ratio from 1 to ~4.5. However,
Mizuta et al. [67] suggested the substituitional donors as an origin of DX center.

In addition, the energy of the DX center also changes with respect to the Al fraction
(x) in AlGaAs. The energy of DX center as a function of x, obtained from Hall
measurements, is plotted in Figure 3.12 with respect to the three conduction minima.
It is clear that the activation energy of the DX center increases with x up to the
direct-indirect crossover of the energy band gap. Whereas, in the indirect bandgap
region the energy difference between the DX center and X-valley decreases, i.e. the
activation energy of the center decreases for x > 0.4. Another important thing to note
that the DX center energy is nearly parallel to the energy of L-minima [65].

The DLTS studies carried out by Calleja et al. [68] on MBE grown Si:AlGaAs
epitaxial layers confirm the position of DX center to be ~160 meV below the L-
minima for higher x (i.e. x = 0.74). On the contrary some other studies [69]
regarding the relationship between L-minima and DX center energy does not support
the linear relationship, and therefore, it is proposed that DX center is related to all the

conduction band minima i.e. I'-, L- and X-minima rather than only L-minima.
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Figure 3.12: Schematic illustration of energy change of DX center with respect to
three conduction band minima of AlGaAs [65].

3.6 GaAs AND Al,Ga; (As SEMICONDUCTORS GROWN ON
HIGH INDEX PLANES

Group IV element silicon is most widely used as n-type dopant in (100) plane MBE
grown GaAs [5, 70]. However, it behaves as an amphoteric dopant in III-V
compound materials such as in GaAs and AlGaAs. It can be incorporated in GaAs as
a donor/n-type (Si occupies Ga atom position) or acceptor/p-type (Si occupies As
atom position) impurity depending on the substrate orientation, growth temperature
and As/Ga ratio. It has been reported in the literature that for the (N11)A GaAs
orientations, silicon behaves as a p-type dopant for N < 4. As shown in Figure 3.13,
A-face refers to a Ga terminating face where Si makes bonding with Ga atoms and

occupies an As site and behaves as p-type dopant. However, in B-face, which refers
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to an As terminating face, the Si atoms make bonding with As atoms, and therefore
they occupy a Ga site and the resulting material is n-type [70]. Although Be is mostly
used as a p-type dopant in MBE grown GaAs and AlGaAs, it has some disadvantages
with regard to Si. For example Be has a higher diffusion coefficient and is less purer
than Si, and therefore, the quality of Si-doped p-type GaAs is better than Be-doped
GaAs. The electronic and optoelectronic properties of p-type Si-doped devices [6]
are expected to be superior to p-type Be-doped devices. It is also mentioned by Xu et
al. [7] that at higher As/Ga flux ratio, the Si is compelled to occupy Ga site and lead
to n-type behaviour on (110) orientation. Transmission Electron Microscopy (TEM)
measurements were performed to investigate the surface morphology on MBE
samples grown on (110) using Si and Be dopants. TEM results elucidated that the
defects observed between the buffer layer and the Si-doped epitaxial layer, extend
more in Be-doped samples. They concluded that the extension of these defects into

Be-doped epitaxial layers may be due to Be-diffusion and segregation.

Gonzalez-Borrero et al. [9] also experimentally confirmed the n- to p-type transition
of Si- doped MBE layers grown on non-(100) planes for different As/Ga ratios. It
was found that conversion from Vg, to Vs takes place when changing the V/III ratio
- and growth temperature. Li et al. [8] also demonstrated that p-type Si doping is
reproducible in AlGaAs and GaAs grown on (311)A GaAs planes. Their results also
showed that higher hole concentration (4 x10' cm™) is obtained for the samples
grown on (311)B substrate using low As4 flux and higher growth temperatures (>660
°C), whereas, an electron concentration of 1x 10"%m?? is obtained for samples grown
with higher As, flux and low growth temperatures (< 500°C). This confirms that the
amphoteric nature of Si depends not only on the As/Ga ratio but also on the substrate

temperature as well.
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Figure 3.13: Atomic arrangement for each terminating plane in comparison to (100)
plane. The green and red circles represent group V and group I1I atoms, respectively

[71].

Studies of Si-doped AlGaAs/GaAs heterostructures grown on A-faces of GaAs
substrates using techniques such as Atomic Force Microscopy (AFM), TEM, Hall
Effect and Photoluminescence (PL) confirm that they are of better quality in terms of
surface morphology and luminescence as compared to those grown on conventional
(100) substrates [72]. Pavesi et al. [73] carried out detailed PL studies on MBE Si-
doped GaAs epitaxial layers grown on (100), (I11)A, (111)B, (ZIDA, BIDA,
(311)B and (110) substrates using different doping levels and confirmed the

amphoteric nature of Si.

From the literature survey carried out it has been noted that the use of DLTS and

Laplace DLTS for the defect characterization in materials grown on high index

planes is very scare. Sarmiento et al. [74] used DLTS on MBE samples grown on on-
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axis (100) and off-axis (4° towards the (11 1)) GaAs substrates. The authors observed

two traps in each orientation, they attributed them to EL3 (As-Vacancy) and EL2

(As- antisites), respectively.
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EXPERIMENTAL TECHNIQUES

Deep level Transient Spectroscopy (DLTS) is considered to be one of the most
powerful techniques for the characterisation of electrically active defects lying within
the semiconductor material band gap. This method relies mainly on the change in
the junction capacitance of the device under investigation due to the charging and
decharging of the traps present in the material. The process of filling and emptying
the defects with charge carriers is achieved by employing a train of electrical pulses.
This chapter discusses the Schottky devices required for the DLTS measurements,

the conventional DLTS and high resolution Laplace DLTS techniques.

4.1 SCHOTTKY DIODE: PROPERTIES AND
CHARACTERISATION

4.1.1 ENERGY BAND DIAGRAM

A Schottky diode is formed when a metal of work function (®y,) is brought into
contact with either a p-type or n-type semiconductor with a work function ®; < @y,
The metal and semiconductor are so close to each other that the interfacial layer
between them can be ignored. When isolated, the Fermi-energy levels in the metal
and semiconductor are different. When the two materials are brought into contact the
Fermi-energy levels in the metal and semiconductor become equal due to the flow of

electrons from n-type semiconductor to metal. This process creates an equal
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number of holes on semiconductor side. The schematic diagram showing the
Schottky junction in equilibrium condition is shown in Figure 4.1. The parameters
Dp, Os, ¥, and Pp,, are the metal work function (energy difference between Fermi
level and Vacuum level), semiconductor work function, electron affinity (energy
from bottom of the conduction band to vacuum level), and barrier height (difference
between metal work function and electron affinity), respectively. In addition, Ec, Ef,

Er, and Ey represent conduction band, Fermi level, trap energy, and valence band

energies, respectively.

In an ideal case, the separation between metal and semiconductor is very small and is
about equal to the inter-atomic distance. Due to the very small separation the

electrons flow easily and do not face any barrier. The barrier height and built-in

potential are given by

Dpp = Py — Ky

and

Vi = Om — 5

By applying an external voltage to the Schottky diode, its depletion width changes,
i.e. it increases with reverse bias and decreases with forward bias. The junction is
said to be forward biased when the negative voltage is applied to n-type
semiconductor side and positive to the metal. In this case, the built-in potential is
reduced by the applied voltage (Vr) and is given by (Vui — V). This is due to the fact
that the semiconductor Fermi level increases with respect to the metal Fermi level.
The reduction of the built-in potential allows the flow of electrons through the

junction. Whereas, if the junction is reverse biased using a voltage (Vr), where the
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positive voltage is applied to n-type semiconductor and negative to the metal side,
the built-in voltage becomes (Vy; + V). In this case the semiconductor Fermi level
decreases with respect to that of the metal, which results in an increase of the band
bending and consequently an enhancement of the built-in potential. This has the

effect of a reduction in the flow of electrons.

Vacuum Level

N N

Figure 4.1: Schematic representation of Schottky contact between metal and
semiconductor.

4.1.2 DEPLETION WIDTH

The depletion region of a Schottky diode behaves in the same manner as an abrupt
(p" - n) junction. It is produced due to the depletion of free carriers. The depletion
width of the junction (W) is calculated from Poisson’s equation using the boundary
conditions from junction interface (x = 0) to the start of the neutral region of the

semiconductor (x = W). The net potential is given by Poisson’s equation.

DLTS characterisation of defects in IlI-V compound semiconductors grown by MBE Page 64



CHAPTER 4: Experimental techniques

. w
V=-£-s-fxp(x)dx 41
0

where &; is the semiconductor dielectric constant and x is the distance from junction

to semiconductor. Considering that the charge density (p) is uniform, then it is given

by
p = qNger

where N, is known as the density of charges in the depletion region or space charge

region.

Thus from equation (4.1) the junction depletion width can be given by

W= [Zs
* qNgcr

The effect of applied bias on the junction depletion width can be deduced from

equation (4.2).

Therefore, the depletion width for the forward and reverse bias conditions is given by

equations (4.3) and (4.4), respectively

y
Vi — 2
W= [285 ( bi VF)

- QNgcr 4.3
1
We [28 s + Vo)) 72 ie
s qNger )
Page 65

DLTS characterisation of defects in HII-V compound semiconductors grown by MBE



CHAPTER 4: Experimental techniques

According to the depletion region approximation, the depletion region is completely
depleted from the free carriers. Therefore, the sharp boundary exists between the
depleted and neutral regions. This is only possible for an ideal case. Practically, it is
very difficult to get a sharp boundary between depleted and neutral regions because
some charges are not depleted from the depletion region near neutral region. This
small region called Debye Length (Lp) is given by

g kT 2

Lp = [——
D ®Nger 4.5

where k is Boltzmann constant, T is the temperature in Kelvin, and q is the electronic
charge. The application of the depletion approximation is much more favourable
when Lp << W. This condition is mostly satisfied for the low-doped semiconductors,

or for the junction with large reverse bias [18].

4.1.3 DEPLETION JUNCTION CAPACITANCE

The capacitance (C) of a Schottky junction is similar to the capacitance of a parallel

plate capacitor and mathematically given by

dQ
(= 46

where dQ is the charge in the depletion region and dV is the applied voltage.

The junction capacitance (C) also depends on the junction depletion width as given

by the following the equation (4.7)
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w 47
In equation (4.7), A is the diode area and W is the junction depletion width. Using
equation (4.2) and (4.7) the junction capacitance can be written as [25, 75]

C=

dVe 2 Wy + Vg

..d& A 285 qNscr] 1/2 4 8

where Vg is the reverse bias and N is the ionized impurity density in the space
charge region. Equation (4.8) shows a relationship between junction capacitance and
applied reverse bias (Vr). According to this equation, by increasing Vy the junction

capacitance decreases.

The average doping concentration and the built-in potential of a device can be
derived from the slope and intercept of a linear relationship between 1/C? versus Vg,
respectively. The linearity between 1/C? and V shows that Ny is uniform throughout

the depletion region. A non-uniformity of Ng would result in a non-linear relationship

between 1/C? and Vg [18].

4.14 TRANSIENT CAPACITANCE

The capacitance transient of a Schottky diode can be deduced from equation (4.8)

considering N, = Np - nr in case of shallow level donors. Thus the equation (4.8)

can be written as

A 285 QND nT(t)
C=5 e [1- 49
2 |(Voi + VR) Np :
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or

_ nr(t)
€=G 1=, 4.10

where Cy is the capacitance of a device in the absence of deep level impurities at a

reverse bias Vg and is given by

If we consider Ny << Np then the solution of equation (4.10) using first order

expansion is given by

4.11
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Figure 4.2: Illustration of the band diagram of an n-type Schottky diode under
different bias conditions: (a) under reverse bias (V = Vg), (b) under filling pulse
condition (V = Vp) , and (c) under reverse bias (V = Vy).
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Figure 4.3: (a) Exponential capacitance transient response of the Schottky diode for
different bias conditions shown in (b).

4.1.5 EMISSION OF MAJORITY CARRIERS

When the junction device is zero biased (Vp = 0) as shown in Figure 4.2 (b), the
traps are allowed to capture majority carriers, i.e. electrons in this case. When a
reverse bias is applied to the diode the traps start emptying as shown in Figure 4.2
(c), and the diode capacitance changes exponentially with time. The exponential
change in the diode capacitance is shown in Figure 4.3 (a) for t > 0. Therefore, the
resulting capacitance of the diode can mathematically be deduced using equation

(3.8) in chapter 3 and equation (4.11).

nt(0) -t
C=C, [1_(ZTND)BXP(E)] 412
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This equation is schematically shown in Figure 4.3 (a) for t > 0.
From the capacitance — time relationship the value of 1. can be derived, and from the
reverse biased capacitance change the value of n(0) can be obtained. If one define

AC.=C(t=00)-C (t=0)then

_ ny(0)
ACe = Go 2Np 4.13
The capacitance difference is given by
_ . ng(0) -t
Cle) = C(1) = Co = exp (Z) 4.14

The slope of the plot In [C(w) — C(t = 0)] versus t is equal to -1/1,, whereas, the

intercept is equal to In [nt (0) Co / 2Np].

The emission time constant of the carriers for a given trap can be deduced by
considering the capture and emission coefficients as discussed in chapter 3. Recalling
equations (3.1) and (3.2), it is evident that emission and capture coefficients are
related to each other. Considering the detailed balance principle which states that

dn/dt = 0 under equilibrium condition and considering that the trap concentration

(No) is equal to sum of nyg and pro. Therefore, equation (3.1) becomes
€nolTo = Cnolo Pro = CnoNo (Nt — nyo) 415

In equation (4.15) subscript ‘0’ represents the respective values in equilibrium state.

The values of carrier concentration at equilibrium state (no) and the filled trap

concentration at equilibrium state (nro) are
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Nt
1+ exp ((Et—~ Ep)/KT) 4.16

Ep—E;
N, = n; exp [(Fk—T'Z], and ny =

where n; is the intrinsic carrier density, Er is Femi energy level, E; is the reference
energy level i.e. E; = Ec for n-type semiconductor and E; = Ey for p-type

semiconductors [18, 26].
By combining equation (4.15) and (4.16) carrier emission rate in equilibrium state is
given by

€no = Cnolj €XP|——

(ET - E )
417

For holes a similar equation (4.17) exists, and the relationship between emission and

capture coefficients remain the same for equilibrium condition i.e. €np = cno np and ey

= Cpo Po,

For electrons

N (E'r —-E;)
Ng=Nn; exp|——7 4.18
and similarly for holes
I —(Er—E;)
Po = j €Xp kT

The emission time constant of the carriers can be obtained from equation (4.17)

using e, = 1/7¢ and ¢y = o, vy, for electrons
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exp [———(E = )] exp [(E ¢~ Er )]
Te = OnVin Dy OnVenNe 419

where vy, is carrier thermal velocity, o, is capture cross-section and N, is the
effective density of states in conduction band. The quantities vy and N, are

mathematically given below

3kT
Vinh = m 4.20
2nm* kT *a
Ne=2 ('—hz"—) 421

where h is Planks constant and m’ is the electron effective mass which can be

derived from E-k diagram (chapter 3).

For simplicity, using ya = (v/T"?) x (N/T*?), the emission time constant can be

written as

[(Ec —Ey )]
et

exp
4.22

1. T2 =
OnYn

The slope of In(t.T?) or In(e/T?) versus 1/T is equal to [(Ec-Et) / k] and the intercept

is equal to (1/0, N¢ Vi) which are used to deduce the trap activation energy and

capture cross-section, respectively [25, 26].
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4.1.6 CAPTURE OF MINORITY CARRIERS

Let suppose that a Schottky diode is reverse biased for a long time, and therefore all
the traps are emptying [Figure 4.2 (a)]. After a filling pulse is applied the state of the

traps goes from a filling to an emptying as shown in Figure 4.2 (c) to Figure 4.2 (b).

The concentration of the filled trap is given by equation (3.10), which is rewritten

nr(t) = Ny — [Ny — n(0)] exp (?;‘) 423
where 1. is capture time constant and t; is filling time. For long filling time, t¢>> T, it
is assumed that all the traps are filled by capturing electrons and nr (t — ©) = Nr.

However, for very small filling time i.e. ty << 1. the concentration of filled traps nr

(t—0) = 0.

Substituting equation (4.23) in equation (4.12), the filling pulse dependent reverse

bias capacitance of a Schottky diode is given by

[Ny — (N = ng(0))] exp (:Tf-f) —(t—t])
CO=Co1- 2N, e"p( T, ) 424

Here 1. is the capture time which can be obtained by changing the filling pulse time.
Using t = t; in equation (4.24), the transient capacitance [Figure 4.3 (a)] is given by

[N = (Nr = n(0)] exp (Z)
Clt) =Co [1— 2Np 425
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Considering the difference between two capacitance i.e. AC; = [C(ty) — C(tr = )],
equation (4.25) can be written as
Nt - n¢(0 -t
2Np Te 4.26
The solution for filling pulse time (t;) can be extracted from equation (4.26) and is
written as

Nr— nT(O)] &

In(AC.) =In [C
‘ ° 2N T 427

The slope of a plot of In(AC;) versus (t) is equal to [-1/1; = - 6, v n] and the
intercept is equal to In[Cy {Nt-n1(0)}/2Np]. To draw this type of plot one needs to

perform the DLTS measurements by varying the filling pulse time [25, 26].

4.2  DEEP LEVEL TRANSIENT SPECTROSCOPY (DLTS)

Deep Level Transient Spectroscopy (DLTS) is a very popular defect characterization
technique that depends on the change of the junction capacitance of diodes such as p-
n or Schottky diodes. Since its invention by Lang in 1974 [39], DLTS is considered

to be the most powerful technique for the assessment of electrically active defect

states present in semiconductors.

The DLTS signal is obtained from the capacitance transient which originates due to
the filling and empting of the defect levels by applying electrical pulses to the sample
under observation. This section will cover the basic understanding of the principle of

operation of DLTS.
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4.2.1 WORKING PRINCIPLE OF CONVENTIONAL DLTS

D.V Lang [39] introduced the conventional DLTS technique in 1974 This technique
is based on the rate window concept where the capacitance is measured at two
different times t; and t; (t; > t;). The DLTS signal (S) is basically the change in
capacitance between t; and t; [S = AC = {C(t;) - C(t;)}]. Therefore, the DLTS signal

(S) is mathematically written as

STy = €t = Ct) = 2 n7(0) exp (;ng_) — exp (i)]

ZNq e Te 4.28
equation (4.28) can be rewritten as
S(T) = AC, [exp (_—t-z-) — exp (_—tl)]
Te Te 429
ACy = C—";‘%Q is the change in capacitance.

The maximum amplitude of the DLTS signal is obtained when the inverse emission
rates (Tmax ) is equal to the DLTS rate window as described below. The value of e max
can be deduced by taking the first derivative of equation (4.28) and equating it to

. dS(T) _
zero 1.e. s = (.

then

tz-t _
1 ), for T= Te max

Temax = (‘n(t’/n) 430
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Equation (4.30) is known as the rate window. By changing the values of two
measurement times one can change the value of the rate window and thus the peak

maximum can be obtained at different temperatures.

The DLTS signal generation process is schematically represented in Figure 4.4 (a). It
can be seen that the emission rates become faster and faster with increasing the
temperature of the sample. The DLTS signal peaks when the inverse of emission rate

T=Temax= l/€, matches At = tp-t; [25, 26].
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Capacitance Transient increasing with temperature
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Figure 4.4: The generation of DLTS signal from capacitance trans.ient is illustrated in
(a); (b) represents the change in peak position for different rate windows, and (c) the
Arrhenius plot for the calculation of trap activation energy (Et).
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4.2.2 APPLICATIONS OF DLTS

This section is devoted to the applications of the DLTS technique for the
characterization of electrically active defects. The measurement procedures and the
analysis of the data will be discussed to show how to obtain the different trap
parameters such as activation energy, capture cross-section and trap concentration.

The effect of the electric field on the carrier emission rates will be also presented.

4.2.3 TRAP ACTIVATION ENERGY

One of the most important parameters of defects is the activation energy Er (eV).
This value is referred with respect to the conduction or valence band energy for

electron or hole traps, respectively, within the band gap.

As explained in the previous section the conventional DLTS relies on the use of

different rate windows to determine the emission rates at different temperatures. For
example, by using equation (4.19) the electrons emission rates can be written as

W) N ( AE)

€n = On\VthNe €Xpl\ — 7=

kT 4.31

where AE = E, - Et is the trap activation energy with respect to conduction band

energy, o, is apparent capture cross-section of trap, <vy> average carrier thermal

velocity equation (4.20) and N¢ is the density of states in conduction band equation

4.21).

The plot of In (e"/.rz) versus (1000/T) should be a straight line. The factor (1/T %)

appears because of the temperature effect on Vi, and Ne. The slope of the plot is used

to calculate the trap activation energy (eV), whereas (equation 4.22) the intercept at
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(1000/T) = 0 is used to deduce the value of the apparent capture cross-section of the
trap.
424 TRAP CONCENTRATION

The trap concentration (cm™) is directly related to the amplitude of the conventional
DLTS peak. The mathematical relation to calculate the trap concentration can be

derived from equation (4.11) [39].

Considering that the filling pulse is applied for sufficient time so that the trap is

completely filled and using equation (4.11) and n1(t) = N,

N
AC, = Ce, (1——7—)—coo

2Np
For Nt <<Np
Nt
A€ = Co (m)
Therefore,
Ny = 2 Np oo
T= 48D - 4.32

where Nt is the trap concentration, ACy is the conventional DLTS peak amplitude

and C,, is the capacitance at maximum reverse bias [25, 26].

4.2.5 TRAP CAPTURE CROSS-SECTION

In addition to trap activation energy, the capture cross-section of the defect is also

very important parameter of a defect level. There are two different ways by which
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the trap capture cross-section can be determined. The first and simplest way is to
infer its value from the intercept of the Arrhenius plot of In [e,/T 2] versus (1000/T)
using equation (4.22). This is known as the apparent capture cross-section. This
value may deviate from the real value because of the following two main reasons: (i)
a very small error in the extrapolation process can cause a large error in the
calculated value, (ii) the capture cross-section is assumed to be temperature-

independent which is not always the case.

There is another procedure which allows the direct measurement of the capture
cross-section of the defect level. This technique is known as the direct filling pulse
method. In this case, the DLTS measurements are carried out at a constant rate
window using different durations of the trap filling pulse (t;). The number of trapped
carriers will depend on the duration of the filling pulse. The longer the pulse the
more carriers will be trapped and therefore the amplitude of the resulting DLTS peak
will increase with tr. For a certain maximum value of t; the trap will be completely

filled with carriers and the DLTS peak saturates.

The relationship between the DLTS peak height (S), and duration of the filling pulse,

teis expressed as

4.33

where S, is the saturated DLTS peak height for the maximum filling pulse time, t¢is
the filling pulse duration and 7 is the capture time constant [ © = 1/(n Cy)], where n is

the effective doping concentration or electron density in the conduction band and Cys

is the capture rate and is given by Cy = o, <vth>.
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Therefore, the capture cross-section can be calculated from the slope of the graph

1
T n{vep)

In[1 - (Sir/ So)] versus te which is given by 6, = ( ) [76-78].

Sometimes, the capture cross-section can have a temperature-dependence

relationship which follows equation (4.34).

_ AE,

where AE;, is the energy barrier faced by an electron (or hole) to be captured by the

defect.

The values of 6, and AE, can be deduced from the intercept and the slope of the plot

of In (o,) versus 1000/T, respectively.

It is worth pointing out that AE, can be used to determine the real value of the
activation energy of the trap using AEmess = AE + AE,, here AEpes is the apparent
activation energy, AE is the actual activation energy of the defect and AE, is the
barrier energy obtained from the temperature dependent capture cross-section

measurements (equation 4.34) [76].

The physical mechanism involved behind this phenomenon is explained by Henry et
al. [77] with the help of the model shown in Figure 4.5. In this model the authors
propose that the position of the defect energy level changes within the band gap. The
responsible factor for this change is the lattice vibration in the crystal. This process is

known as the capture of the carriers by multiphonon emission.
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Before Capture
After Capture

Lattice Coordinate

Figure 4.5: Schematic diagram illustrating the mechanism of nonradiative capture of
electron taking place. The vertical dashed lines represent the lattice coordinate
equilibrium positions. The diagonally shaded region within the band gap shows the
way that the trap energy changes with the lattice vibration. The smaller two arrows
(green) represent the amplitude of the thermal vibrations before and after electron
capture. The large arrow (green) shows the amplitude of the lattice vibrations relative
to the new equilibrium position after the capture [77].

4.2.6 EFFECT OF THE ELECTRIC FIELD ON THE EMISSION
RATES

The effect of the junction electric field on the carrier emission rates is discussed in

chapter 3. In this section the measurement procedure is described. The measurements

are carried out by using the double pulse method in which the sample is biased by

applying two pulses with same reverse bias (Vr) and different filling pulse heights
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Vp1 and Vpy, in such a way that Vp, < Vp; as schematically illustrated in Figure 4.6.
The difference AVp = Vp; — Vp; is kept always constant. In the conventional DLTS
mode the rate window is kept constant. The purpose of this is to keep the electric
field uniform within each portion of the junction under investigation. In addition, the
amplitude level of Vg is always kept the same. By applying electrical pulses Vp; and
Vp, of different height the junction electric field can be changed. This will allow the
investigation of the dependence of the emission rates as a function of electric field in

separate and small portion of the junction.

Averaged field <E> = (Eyp; + Eypp)/2

l"lnA\ 1 EVpl l
The averaged position (W, + Wy)/2

EVp2

Electric field

»
>

W, W W
Ip' | Be B Depth
| Second pulse
Vi
[ First pulse

Vi

VR

Figure 4.6: Illustration of the process of measurement of electric field dependent
emission rates.
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4.3  PRINCIPLES OF LAPLACE DLTS

Although DLTS [39] is considered to be the most powerful technique for the
characterization of defects in semiconductors, its poor resolution has always been a
questionable problem. The resolution of DLTS signal depends on the exponential
behaviour of the emission rates. However, if the emission rates do not follow an
exponential behaviour the resolution of the signal becomes poor. The deviation from
the exponential behaviour is due to: (i) the emission of carriers detected from closely
spaced defects and (ii) the effect of the junction electric field on the carrier emission
rates. In addition, Ikossi-Anastasiou and Roenker [79] suggested‘ that the emission
from a trap having very high concentration i.e. comparable to the material doping

concentration can cause the non-exponential behaviour of the capacitance transient.

To overcome the problems associated with the resolution of DLTS signals resulting
from non-exponential behaviour of capacitance transient, is to consider that the
capacitance transient contains a spectrum of emission rates. The recorded transient

[f(t)] can be shown by a mathematical relation

f(t) = f “F(s) e~ ds o
] .

where F(s) is the spectral density function [80]. The representation of capacitance

transient f(t) in equation (4.35) is the Laplace transform of the actual spectral density

function [F(s)].

To deduce the different emission rates embedded in f(t) one needs to apply any

suitable algorithms that perform the inverse Laplace transform for the function f{t)
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[80]. Laplace DLTS shows the output intensity as a function of emission rates and

the area under the peaks is related to the trap concentration.

Due to its high resolution, Laplace DLTS has been used to separate the conventional
DLTS peaks obtained from very closely spaced defects, for example when their
emission rates are different from each other, or in some cases even if the emission
rates are nearly similar but their energies are different. For example, Laplace DLTS
has been used previously [81] to separate the two closely spaced hydrogen and gold
related defects in silicon. Conventional DLTS scan in Figure 4.7 shows only one
broad peak for both defects. However Laplace DLTS shows two well resolved peaks
related to hydrogen and gold [82]. In addition Figure 4.8, represents an example
where Laplace DLTS technique is applied to resolve the closely spaced defects in an
n-type GaAs sample used in this study. Laplace DLTS output represents the
amplitude of the capacitance (pF) versus emission rate (1/sec). Three different
routines called FLOG, CONTIN and FTIKREG are applied simultaneously to

obtained the solution for equation (4.35).
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Figure 4.7: DLTS and LDLTS spectra of hydrogenated silicon containing gold [82].
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Figure 4.8: In part (a) the capacitance transient obtained during Laplace DLTS
measurements and (b) two well resolved peaks are shown.
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4.4 DESCRIPTION OF THE DLTS HARDWARE SETUP

This section contains the details of the hardware used to implement the conventional
DLTS and Laplace DLTS system. These include: (i) capacitance meter, (ii) current-
voltage meter, (iii) pulse generator (iv) cryostat and (v) temperature controller. All
these components are controlled by a computer via a GPIB interface. Figure 4.9 and

Figure 4.10, show a photograph and block diagram of the DLTS set up, respectively.

Shielded Connector
Box (NIC SCB-68) Sample Cryostat
(Inside Cryostat) (Janis CCS-450)

I'o GPIB Interface

Pulse Generator
(Agilent 33220A)

Capacitance Meter
(Boonton 7200)

[emperature Controller
(Lake Shore331)

Current Source
measurement unit
(Keithley 236)

Figure 4.9: Photograph of DLTS system.
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GPIB Temperature Cryostat
Interface Controller (Janis CCS-450)
(Lake Shore 331) — P
o
'u__l TEST
S Pulse Generator C- Meter -
%- (Agilent 33220A) (Boonton 7200)
(@) |
&)
Data Acquisition :
phies NI SHC68-68- | Shielded Connecter | |
B
(NI PCI-6251) EPM Cable ox (NI SCB-68)

Figure 4.10: Block diagram of DLTS system (Courtesy of Dr. M. Shafi).

4.4.1 CRYOSTAT AND TEMPERATURE CONTROLLER

As discussed previously the emission of charge carriers from defects depend on the
thermal energy. Therefore, the sample temperature needs to be controlled and
monitored during DLTS measurements. For this purpose a cryostat (model Janis

CCS-450) with an associated temperature controller (model Lake Shore 331) are

used.

The internal structure of the cryostat system is consists of: (i) a cold finger which
accommodates the sample holder, (ii) a radiation shield, (iii) lightweight aluminium
vacuum shroud, (iv) electrical ports for sample contacts and thermal sensors. The
cryostat operates with a compressor which ensures the continuous flow of helium gas
(He) through a high efficiency flexible six feet cryogen transfer line. It is based on
close-cycle refrigeration principle. Model CCS-450 operates in the temperature range

10K to 450K with +1K [83].

The Lake Shore 331 [84] temperature controller is used to control two temperature

sensors, one of them is located very close to the sample.
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442 CAPACITANCE METER

A Boonton capacitance meter, model 7200,[85] is employed to measure the
capacitance transients. The signal to noise ratio (S/N) of Boonton 7200 model is
better than the conventional model Boonton 72BD model. The Boonton 7200 has a
good time response of ~120us, which makes this apparatus very suitable for DLTS
system operation. The sampling frequency for measuring the capacitance transients is
IMHz. The capacitance meter is also used to perform standard capacitance-voltage

(C-V) measurements.

443 PULSE GENERATOR

DLTS measurements require a train of electrical pulses to continuously fill and
empty the traps as discussed previously. The Agilent 33220A [86] which has the
ability to generate electrical pulses of different width (t,) ranging from 20nsec to

990msec with an output voltage ranging from -10V to +5V, has been used.

444 CURRENT-VOLTAGE (I-V) SOURCE-METER

For reliable DLTS measurements, the samples should exhibit very low reverse
currents. Therefore, current-voltage (I-V) measurements are performed to select the
best samples. For this purpose a current-voltage source-meter, model Keithley 236
[75], has been utilised. This offers a source voltage and source current in the range
100pV-110V and 100fA-100mA, with a good sensitivity of £10uV and 10fA,

respectively.
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4.4.5 DATA ACQUISITION INTERFACE

This is very essential component that allows the collection and processing of
capacitance transients. Here a National Instruments (NI) data acquisition (DAQ) card
(model PCI-6251) has been used for this purpose. The NI PCI-6251 is a high-speed
multifunction DAQ signal card optimised for superior accuracy at fast sampling
rates. It is 16-bit with maximum sampling frequency of 200 kHz. The DAQ offers +
10.0V input/output voltages. These PCI-based boards offer a simple, seamless bridge

between the computer and the GPIB instruments.

Capacitance transient data is collected through the DAQ with a suitable shielded
input/output 68-pin terminal board (NI SCB-68), which is connected with a matching

shielded cable (NI SHC68-68EPM).

4.4.6 COMPUTER INTERFACE

All the equipments are controlled remotely using a general-purpose interface bus
(GPIB), which provides a standard high-speed interface for communication between

instruments and computer.

4.5  SYSTEM SOFTWARE

The software used to control each piece of equipment, collect and analyse the
capacitance transients was developed by Prof. L. Dobaczewski and co-workers
(Institute of Physics Polish Academy of Sciences, Warsaw, Poland) and Prof. A. R.
Peaker et. al. (University of Manchester, UK) under the project “Copernicus Project
CIPA CT-94-0172 and The Foundation for Polish Science Serial No: C3.2.041” [87].

The provided software operates in two modes, namely conventional DLTS and
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Laplace Transient processing mode. The conventional DLTS mode utilizes the rate
window concept as discussed in section 4.2.1, and the Laplace DLTS mode of
operation uses the application of algorithms that contain three mathematical routines

that will be discussed in the Laplace DLTS section below.

4.5.1 CONVENTIONAL DLTS MEASUREMENT MODE

In this mode the software offers three types of different routines, namely TrapView
version 4.0, Multiple rate windows and Exponential Fitting. All these routine are
based on rate window concept and discussed below.

In “TRAPVIEW VERSION 4.0” measurement mode there is a choice to select only
one pair of rate windows out of five provided rate window pairs; namely (4,10 Hz),
(20,55 Hz), (80,200 Hz), (400, 1 kHz), (2,5 kHz) [87].

In “MULTIPLE RATE WINDOWS” operation mode, the software utilizes nine
different rate windows simultaneously to collect capacitance transient’s data by
scanning the sample temperature continuously. The minimum rate window value
starts from 2.5 Hz to a maximum of 5 kHz with three different settings [87]. The
multi-rate windows mode has the advantage of obtaining nine different DLTS spectra
in one temperature scan, and of course this mode saves a lot of time.

The “EXPONENTIAL FITTING” measurement mode is different from TRAP
VIEW and MULTI RATEE WINDOWS. This allows to take only a single scan at a

time by selecting only one rate window [87].

452 LAPLACE DLTS MEASUREMENT MODE

Laplace DLTS is an isothermal DLTS technique, where the capacitance transients

are measured at a fixed temperature. The transients are then averaged to improve the
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signal to noise (S/N) ratio, and different algorithms are applied to generate the

LDLTS peaks as shown in Figure 4.7 and Figure 4.8 [87].
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EXPERIMENTAL DETAILS

In this chapter the experiment details are presented which consist of the growth and
processing of all the samples used in this study. In addition, the details of the
measurements carried out such as, Current-Voltage (I-V), Capacitance-Voltage (C-

V), conventional DLTS and Laplace DLTS measurements are explained.

5.1 SAMPLES USED IN THIS STUDY

n-type GaAs, and n- and p-type AlGaAs samples are grown on non (100) planes to
investigate the electrical properties of the defects present in epitaxial layers grown on

different Miller indices. The details of each set of samples is given below.

5.1.1 Gallium Arsenide (GaAs) Samples

GaAs epitaxial layers were grown on (100), (211)B, (311)B, (411)B, and (511)B
GaAs substrates by Molecular beam Epitaxy (MBE) in a Varian Gen II system. The
growth parameters are: 580 °C growth temperature, 1pm per hour growth rate and
1.2x10™ Torr arsenic overpressure. The As:Ga beam equivalent pressure ratio as
measured by an ionization gauge was approximately 12:1. The samples were rotated
during growth in order to improve the uniformity of the layers. The epitaxial layers
consisted of 0.2um undoped GaAs buffer layer followed by 1.5um silicon-doped

GaAs region schematically shown in Figure 5.1 (a). For the samples grown on

DLTS characterisation of defects in III-V compound semiconductors grown by MBE Page 95



CHAPTER 5: Experimental details

(411)B and (511)B all the growth parameters are the same except the thickness of the

-3

buffer layer (0.1um), doped layer thickness (2.0um) and Si doping (n=2x10'® cm™).

The electron concentration as determined by Hall measurements was 1x10" cm™.
The epitaxial layers were processed into circular mesas of various diameters ranging
from 0.25 to Imm using photolithography and wet chemical etching techniques.
Ge/Au/Ni/Au were first evaporated and alloyed to form ohmic contacts to the doped
layer immediately above the undoped GaAs buffer layer. Schottky contacts (Figure
5.1) were processed and samples mounted on TOS5 header for -electrical

measurements.

Schottky contacts
P g

/

# Ohmic contact

Si-doped GaAs

Figure 5.1: (a) The Schematic diagram of n-type GaAs sample and (b) Photograph of
samples mounted on TOS header
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5.1.2  Aluminium Gallium Arsenide (AlGaAs) Samples

Three different sets of AlyGa,xAs samples are investigated in this work. These are (i)
bulk p-type Beryllium doped AlyGa;xAs samples grown on high index planes, (ii)
GaAs/AlyGa;.x<As multi-quantum well (MQW) structure grown on (100) and (311)B
GaAs substrate, and (iii) MQW structures grown on (100) plane at different growth
temperatures and arsenic overpressures using As; and Ass. The growth details for

each set of the samples is given below.

5.1.3 p-type Al,Ga;.xAs Samples

A set of six AlGaAs samples with different Be-doping concentrations (1x 10'® cm™
to 1x 10" cm™) were grown on semi-insulating (100) and (311)A GaAs substrates
using a Varian Gen-II MBE system. The samples, labelled as NU1362-NU1367, are
described in Table 5.1 and the layer structures are shown in Figure 5.2, The growth
of the AlGajxAs epitaxial thin films was performed at a substrate temperature of

680 °C with an As4 beam-equivalent pressure of 2x10 Torr.

Schottky contacts of different diameters ranging from 0.25mm to 1mm, were made
by evaporating Ti/Au on the top of AlGaAs layer. Top layer has been etched up to

600 nm for the deposition of ohmic contacts [Au/Ni/Au] which were annealed at 360

°C.

DLTS characterisation of defects in I1I-V compound semiconductors grown by MBE Page 97



CHAPTER 5: Experimental details

Schottky contact Ohmic contact

J !

1.0 pm Alg 20Gag71As (p = 1x1016 cm)

(100) Semi-insulating GaAs

Figure 5.2: The layer structure of p-type Aly29Gag 71As samples.

Table 5.1: The growth parameters of Be-Aly20Gap 71As samples are shown.

Sample Substrate Intentional Growth Be-doped layer
ID type doping (cm'3) Temperature thickness (um)
°C)
NU1362  (100) 1 % 16'° 680 1.00
NU1363  (31DA 1x 10" 680 1.00
NU1364  (100) 3 x 10" 680 1.00
NU1365  (31DA 3% 10" 680 1.00
NU1366  (100) 1x 10" 680 1.00
NU1367  (31DA 1x10" 680 1.00
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5.1.4 Multi-Quantum Well (MQW) GaAs/Al,Ga,.xAs Samples

Two types of GaAs/AlGaAs multi-quantum well structures are investigated and their

details are given below.

5.1.5 GaAs/Al,Ga;,As Multi-Quantum Well (MQW) Samples Grown

on (100) and (311) B GaAs Substrates

NU1054 and NU1056, two n-type silicon-doped GaAs/AlGaAs MQW’s were grown
by MBE on a semi-insulating (100) and (311)B GaAs substrates, respectively. GaAs
and Alg33Gage7As epilayers were doped to a concentration level of 2x10' ¢cm™ and
1.33x10" cm?, respectively, and the growth temperature of the buffer and the
epitaxial layers was 580 °C and 630 °C, respectively. Layer structure of the samples
starting from the substrate is: 1um GaAs (n = 2 x 10'® cm™) buffer layer, 0.14um
Alg33GaoerAs (n = 1.33 x 10'® cm™) barrier, a 60 periods GaAs (50 A) (n=2 x 10"
em™) /Al 33Gage7As (90 A ) (n = 1.33 x 10" em™) MQWs, 0.14 pm Aly33Gage7As

(n=1.33 x 10" cm’) barrier. The layer structures are illustrated in Figure 5.3.

Ohmic contacts were made on n-type-doped AlGaAs layer using wet chemical
etching, metal evaporation of Ge/AwNi/Au (54-nm/60-nm/20-nm/136-nm thick
layers) and annealing at 360 °C for 30 sec. The Schottky contacts were fabricated by
evaporating Ti/Au (40 nm/175 nm) on the top of the n-type-doped Alo33Gage7As

layer.
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Schottky contact

Ohmic contact

|

0.14um Alg 33Gag 67As (n=1.33x1016 cm3)

W VL A A o

0.14pm Al 33Gag ¢7As (n=1.33x10'6 cm3)

(100)/(311)B Semi-insulating GaAs

Figure 5.3: Layer structure of MQW samples grown on (100) and (311)B GaAs
substrates.

5.1.6 GaAs/AliGa;,As MQW Samples Grown at Different
Temperatures and Arsenic Overpressures using As, and As,

Species

Another set of six GaAs/AlGaAs MQW samples [Table 5.2], namely: NU777,
NU778, NU780, NU781, NU784 and NU785 was investigated. These samples were
grown on (100) GaAs substrates only. The growth parameters of the samples were:
growth rate 1monolayer/sec and 45 monolayer/sec for GaAs and Alj3;Gag¢/As.
respectively, As; and As, fluxes were obtained using a commercial cracker furnace
(with the sublimation and cracker operating zone at 400 and 700°C, respectively).
The growth temperatures 600 °C, 650 °C and 675 °C were used. Because of the
different growth temperatures, the samples were grown at different As, and A4 over

pressures of 1.2 x10™ Tor, 2 x10” and 3 x10” Tor, respectively. The sample layer
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structure starting from substrate consists: n* GaAs (n~3 x10'® cm™) substrate, 1ym
GaAs buffer layer, 0.14 um thick Al33Gags7As layer (n = 2x10'® cm™), 60 loops of
each 50.9A GaAs quantum well and 84.8A Aly3;Gag ¢7As, respectively, and 0.14 ym
Alp33GagerAs cap layer. The layer structure of this set of samples is schematically

illustrated in Figure 5.4.

Schottky and ohmic contacts were processed on the top layer (cap layer) and bottom

layer (substrate), respectively.

Table 5.2: Details of GaAs/Alg33GagerAs quantum well samples grown on (100)
GaAs substrate.

Sample  Arsenic Growth Arsenic Si-doping GaAs/Alyy;GaggrAs
ID Species  temperature over GaAs/Aly;;GaggAs (thickness) (A)
(°C) pressure (cm™) 60 Loops each
(Torr) GaAs/ Alg33GaggrAS
NU780 As;, 600 1.2 x10% 2 x10' 50.9/84.8
NU781  Ass 600 1.2 x10° 2x10' 50.9/84.8
NU778  As; 650 2.0 x10° 2 x10' 50.9/84.8
NU784  As, 650 2.0 x10° 2 x 10 50.9/84.8
NU777 As, 675 3.0 x10° 2 x10% 50.9/84.8
NU785  As, 675 3.0 x10° 2 x 10" 50.9/84.8
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Schottky contact

0.14um Al 33Gag 67As (n=1.33x1016 cm3)

(100) n* GaAs Substrate (n~3x10'8 cm-3
)

Ohmic contact

Figure 5.4: Layer structure of MQW samples grown on (100) GaAs substrate using
Asy and Asy.

5.1.7 Two Dimensional Electron Gas (2-DEG) Samples

The purpose of the study of 2-DEG devices is to compare these samples to those of
High Electron Mobility Transistor (HEMT) grown by a commercial company. The
layer structures and Schematic band diagram of the 2-DEG devices namely NU1297

and NU1280 are shown in Figure 5.5 and Figure 5.6, respectively.

The growth rate, Arsenic beam equivalent pressure, and growth temperature are
1 um/hr for GaAs and 0.5um/hr for AlGaAs, 1.2 <107 Torr, and 630 °C, respectively.
The layer structure starting from substrate is: Semi-insulating GaAs substrate, 1.1pm
GaAs buffer layer, 100xGaAs (25.4A)/Al33Gagg7As (25.4A) super-lattice, 0.5um
undoped GaAs, an undoped 407A Aly33Gagg7AS spacer, 0.2 um Alj33Gage7As (n

=1x 10" and 1.33 x 10"%c¢m™ for NU1297 and NU1280, respectively), 169.6 A GaAs

cap layer.
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The Schottky and Ohmic contacts were made side by side without any etching of the
top layer. Ti/Au was used for the Schottky contacts, and Ge/AwNi/Au were

deposited and annealed at 360 °C to form an ohmic contact.

Schottky contact Ohmic contact

02pm A10'33Gao_67AS (n=1x 107 ¢m3 )

407A undoped Al 3;Gay ¢;As Spacer

0.5um undoped GaAs

Semi-insulating GaAs

Figure 5.5: Schematic diagram of the layer structure of 2-DEG sample.

Metal fAleal-xAS§

depleted ;
T : :undoped

Electron lonized : :
Energy : donors : 2-DEG Undoped
' E GaAs

Fermi Level

Figure 5.6: Illustration of the energy band diagram of the 2-DEG.
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5.1.8 Commercially Grown HEMT Devices

Due to the confidential agreement with commercial company the details of the

samples are not provided.

5.2 MEASUREMENTS

The detail of the measurements carried out in this thesis is given in the following

sub-sections.

5.2.1 CURRENT-VOLTAGE (I-V) MEASUREMENTS

The DLTS and Laplace DLTS system used for these studies are based on the
measurement of capacitance transients. Therefore, the devices having low reverse
current i.e. having reverse current in the range of pA, are selected for the
measurements. In this regard, the I-V characteristics of the samples are measured
using KEITHLEY 236 SOURCE MEASURE UNIT which is computer controlled
using the provided software. The current values are measured with 50 mV increment.
Depending on the diode quality steady state, reverse biases ranging from -1 to -5V

were applied.

5.2.2 CAPACITANCE-VOLTAGE (C-V) MEASUREMENTS

The analysis of the C-V characteristics provides important parameters such as the
built-in voltage, the background doping concentration and concentration depth
profile. The DLTS data analysis relies on these parameters. Therefore, C-V
characteristics of each device are measured using BOONTON 7200 Capacitance

Meter, which is controlled by a computer. It operates at a frequency of IMHz.
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5.2.3 DLTS MEASUREMENTS

DLTS and Laplace DLTS are used as the main tool for the characterisation of deep
levels present in the material systems investigated in this thesis. Though the details
of the measurements are covered in chapter 4, whereas here the experimental
procedure is described. The samples packaged in a TO5 header were mounted on a
sample holder. The samples were first cooled down to a temperature of 10K in a
Closed Cycle CRYODYNE Refrigerator, Model number CCS-450. DLTS
measurements were then started by ramping the temperature at a rate of 2K/min. A
train of electrical pulses, generated by a pulse generator (model Agilent 33220 A)
was applied to the sample. The filling pulse repetition rate is fixed to 50 Hz for most
of the samples. The reverse bias (Vg) and filling pulse (Vp) is applied in such a way

that Vp < Vg.

5.2.4 Laplace DLTS MEASUREMENTS

For the resolution of the broad featureless DLTS peaks, High Resolution Laplace
DLTS measurements were carried out. Laplace DLTS is an isothermal DLTS
process, therefore, the measurements are performed at constant temperature within a

temperature range where the conventional DLTS peak appears. Further details of the

measurements are also covered in chapter 4.
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CHAPTER 6

DEEP LEVEL DEFECTS IN GaAs
GROWN ON HIGH INDEX GaAs
PLANES [(100), (211)B, (311)B,
(411)B and (511)B]

6.1 INTRODUCTION

Compound semiconductor structures grown on index planes other than the
conventional (100) orientation have attracted a great deal of attention because of
their interesting and unusual aspects related to growth, impurity incorporation,
electronic properties, piezoelectric effects and laser performance. In addition, it is
now well established that the structural, electrical and optical properties of self-
assembled nanostructures can be highly sensitive to the substrate orientation [88]. It
is important to add that the silicon (a group IVA element) impurity in GaAs grown
by Molecular Beam Epitaxy (MBE) can act as either a donor (occupies Ga site) or
acceptor (occupies As site). This amphoteric dopant is dependent on the substrate
orientation [4, 89]. Silicon is mainly a donor when the growth is on the (100) surface.
However, silicon incorporates preferentially as a donor in (N11)B and as an acceptor
on (N11)A surfaces (N = 1,2,3), where A and B denote a Ga- and As-terminated
plane, respectively. In addition, in (111)A, (211)A, and (311)A planes, silicon may
act as a donor or as an acceptor depending on the substrate temperature and the
arsenic overpressure used during the MBE growth. This amphoteric nature of silicon

could lead to the development of novel devices.
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Growth on high index planes opens, therefore, an interesting new research field on
the physics of doping, heterostructures and self-assembled nanostructures.
Numbers of research groups have been involved in the characterisation of defects in
GaAs using different characterisation techniques. The overview of their work is
presented in section 3.5.1.

This chapter presents results of electrical characterisation of deep level defects in
MBE silicon doped n-type GaAs epilayers grown on (100), (21 1)B, (311)B, (411)B
and (511)B GaAs substrates. Experimental results include current-voltage (I-V)
characteristics, capacitance-voltage (C-V) characteristics, conventional DLTS and

Laplace DLTS measurements.

In summary, it is observed that the number of electrically active traps is dependent
on the substrate orientation. The average density of traps observed in (211)B is
maximum, whereas, it is minimum for (511)B substrate. The mid-gap energy level
C3 (0.71440.002 eV), not previously reported in the literature in as-grown MBE
GaAs, is only detected in (311)B. It is tentatively assumed to be related to EL2 defect
family in GaAs, but its nature is not exactly the same as that of the famous EL2 since
the emission rates of C3 are insensitive to the junction electric field. Further
investigations in the future are needed to explore its nature. The activation energy of
D3 in (411)B, detected for the first time in as-grown MBE GaAes, is similar to that of
level EL16 in VPE GaAs. In addition, other defect levels, namely A1 (0.054 + 0.002
eV) and A2 (0.143 + 0.003 eV) in (100), D1 (0.139 + 0.011 eV) in (411)B, and El
(0.141 £ 0.024 eV) in (511)B, are observed for the first time in MBE grown GaAs.
Their origin is not known. However, the nature and properties of D1 in (411)B and
El in (511)B are similar. All the defects observed here in Si-doped GaAs are neutral,

except for D1 and E1 which are charged centers. Comparison between the tunnelling
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times data determined experimentally and theoretically (t, = h/2kpT) suggest that the
levels Al and A2 in (100), B1 and B4 in (211)B, D1 in (411)B and E1 in (511)B are
substitutional impurities related defects. In addition, our findings suggest that the
common carbon background impurity in MBE is more susceptible to be incorporated

in (100) than in high index GaAs substrates.
6.2 EXPERIMENTAL RESULTS AND ANALYSIS

6.2.1 I-V AND C-V CHARACTERISTICS OF DEVICES

In order to select the suitable devices for DLTS and Laplace DLTS measurements, I-
V characteristics at 300K Were carried out following the experimental procedure
described in section 5.2.1. Typical I-V characteristics are shown in Figure 6.1. The
reverse current at -3V is less than 1pA for all devices except for the (211)B sample
(NU929). It is observed that the reverse current decreases with increasing n for the
substrate orientation, i.e. (n11)B where n = 2,3,4,5. The plausible reason for the
higher reverse current in NU929 (211)B can be explained by the higher trap

concentrations as compared to all other GaAs orientations investigated in this study.

In order to determine the free carrier concentration and the doping profile, C-V
measurements were carried out at 300K. The C-V data, plotted in the form of 1/C?
versus reverse voltage following equation 4.8, is shown in Figure 6.2. The free
carrier concentration, needed to calculate the trap concentration, is determined from

the slope of the above relationship.

The linear relationship between 1/C? and reverse bias, as depicted in Figure 6.2, is

evidence of the uniform profile of silicon doping in the epitaxial layers.
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Figure 6.1: Current-Voltage (I-V) characteristics of Schottky diodes fabricated from
n-type GaAs grown on various GaAs substrate orientations.
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Figure 6.2: 1/C* versus reverse bias of n-type GaAs Schottky diode processed from
(100) GaAs plane.
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6.2.2 DLTS DATA

In order to detect the defect levels lying within the band gap of these n-type GaAs
grown on various GaAs substrate orientations, DLTS measurements were carried out
by following the experimental procedure described in section 5.2.3. Typical DLTS
spectra are shown in Figure 6.3 (a) — (¢) for the samples grown on (100), (211)B,
(311)B, (411)B and (511)B, respectively. The measurement parameters used are:
reverse bias (Vr) = -3 V, filling pulse height (Vp) = -0.5 V, filling pulse width (t,) =

1msec and rate window = 50 Hz.

It is worth noting from Figure 6.3 that: (i) for the (100), (211)B and (311)B samples
the peaks, related to electron emitting defect levels, are not well unresolved; (ii) for
the (411)B and (511)B samples the peaks are well resolved; (iii) the (211)B sample
displays a stronger DLTS signal in terms of amplitude; (iv) compared to (100),
(211)B and (311)B, the DLTS signals from (411)B and (511)B are weaker. The
concentration of defects is directly related to strength of the DLTS signal [39], and

therefore the density of traps in (411)B and (511)B is much less than the other

planes.

The levels observed in (100), (211)B, (311)B, (411)B and (511) samples are labelled
as A, B, C, D and E, respectively. The digits 1, 2, 3, etc, refer to the number of defect

levels in respective samples.
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Figure 6.3: The conventional DLTS scans for n-type GaAs samples, grown on (100),
(211)B, (311)B, (411)B and (511)B, are shown in (a) — (e), respectively. The
measurement parameters are: Vg =-3 V, V, =-0.5 V, t, = Imsec, and rate window =

50Hz.

6.2.3 DETERMINATION OF ACTIVATION ENERGIES OF TRAPS

It is difficult to deduce the trap parameters such as activation energy and apparent

capture cross-section from DLTS signals because of the overlapping signal peaks.

—_——
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Laplace DLTS is employed to resolve the peaks, and determine the emission rates of

the defects. Emission rates of each defect level are plotted in an Arrhenius plot of

In(e/T?) versus 1000/T as shown in Figure 6.4. The slope and intercept of each plot

is utilised to deduce the activation energy and apparent capture cross-section of

respective defect levels. Deduced activation energy, apparent capture cross-section

and concentration values of each trap are illustrated in Table 6.1.
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Figure 6.4: Arrhenius plots of traps detected in (a) (100), (b) (211)B, (¢) (311)B, (d)

(411)B and (e) (511)B.
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Table 6.1: The activation energy and capture cross-section, and concentration of the

traps are calculated from Laplace DLTS and DLTS measurements, respectively.

Sample Trap Activation Capture cross- Concentration
ID Energy (eV) section (cm's)
Gn () (cmz)
(100) Al 0.054+0002  492x10% 5.57 x 10"
A2 0.143+0.003  1.14x10% 6.90 x 10"
A3 0.163£0002  2.14x 102 1.08 x 10
A4 0283+0.005  9.19x107% 2.02 x 10"
A5 0323+0001  3.48x107% 1.94 x 10"
(211)B Bl  0467+£0.002  428x10"® 6.38 x 10"
B2  0496+0.001  9.69x 10 7.23 x 10"
B3  0482+0001  1.78x 10" 9.54 x 10"
B4  0570+0.002  6.17x 10" 7.95 x 10"
(311)B Cl 04650001  416x10™ 6.23 x 10"
C2  0.572+0.002  121x10™ 3.13x 10"
C3  0.714+0.003 1.11 x 10! 2.89 x 10"
(411)B D1 0.39x0011  1.01x10" 3.57 x 10"
D2 03260012 126x10" 3.43 x 10"
D3 0374+ 0.008  192x10"7 3.56 x 10"
D4  0.468+0.011 1.13 x 1077 4.81 x 10"
(511)B El  0.141£0.024 253 x10" 3.06 x 10"
E2  0462+0.007 523 x107 2.35x 10"
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6.2.4 EFFECT OF THE ELECTRIC FIELD ON THE EMISSION
RATES

As discussed in section 3.3, there are cases where the carrier emission rates depend
on the junction electric field. In order to investigate the effect of the electric field,
Laplace DLTS measurements were carried out by employing the double pulse

method as described in section 4.2.6.

To analyse the field dependent emission rate data, a model proposed by Ganichev et
al. [42] is used as described in section 3.4. In this work it is found that the emission
rates follow the phonon-assisted tunnelling model for the traps A1l [Figure 6.5 (a)],
A2 [Figure 6.6(a)], B1 [Figure 6.7 (a)] and B4 [Figure 6.8 (a)], whereas, the emission
rates of traps D1 [Figure 6.9 (a, b)], and E1[Figure 6.10 (a, b)] involve two processes
depending on the strength of the electric field (E), namely the Poole-Frenkel effect at
low E (6.48x10* — 8.64x10°® V/cm) and phonon-assisted tunnelling at high E
(1.06><106 — 2.66x10° V/cm). In addition, the carrier tunnelling time (t,) at different
temperatures is calculated from equations 3.11 and 3.12. The relationship between T,
and temperature is shown in Figure 6.5 (b) for A1, Figure 6.6 (b) for A2, Figure 6.7

(b) for B1, Figure 6.8 (b) for B4, Figure 6.9 (c) for D1 and Figure 6.10 (c) for E1.
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Figure 6.5: Trap Al: (a) Emission rates versus square of junction electric field; (b;
tunnelling time 1, versus (1000/T): 1, is determined from the slope of In(e,) versus E
at different temperatures (see Fig.6.5 (a)). The red solid line represents h/2kgT.
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at different temperatures (see Fig.6.7 (a)). The red solid line represents h/2kpT.

——
DLTS characterisation of defects in III-V compound semiconductors grown by MBE Page 117



CHAPTER 6: Deep level defects in GaAs grown on high index planes [(100), (211)B, (311)B, (411)B and (511)B

T, (sec)

Emission rates (sec")

b
—
()

1x10°
0

4.3x10™"
4.2x10™"
4.1x10™

4.0x10™

1.0x10™"

9.0x10™"

w

r Trap B4

(211)B (a)

Phonon-Assisted Tunneling

392K

[ J

e 394K
e 396K
e 398K
e 400K

13

2x10”  4x10”  6x10”  8x10”  1x10
[Electric Field (V/em)]’

=

T

\K

T

| Slope = 1.18x10"" sec K (b)

Intercept = 1.07x10"" sec

Experimental value

I ——————

250 251 252 253 254 255 256
1000/T (K

Figure 6.8: Trap B4: (a) Emission rates versus square of junction electric field; (b)
tunnelling time 1, versus (1000/T): 12 is determined from the slope of In(e,) versus E?
at different temperatures (see Fig.6.8 (a)). The red solid line represents h/2kgT.

DLTS characterisation of defects in III-V compound semiconductors grown by MBE

Page 118



CHAPTER 6: Deep level defects in GaAs grown on high index planes [(100), (211)B, (311)B, (411)B and (511)B

1x10* ¢
E(411)B (a)
[ Trap DI
. ‘ Phonon-Assisted Tunneling
7 3
g 1x10 3 ‘ . ®
s : ‘ s oo =
o I s o s ®
.2
g 1x10” ry e 110K
e EPooIe-Frenk}{el : }égi
_hﬁect ’ e 125K
1x10" ]
410" 2x10”  4x10”  6x10”
[Electric field (V/cm)]’
| (411)B (b)
Trap DI
~ Ix10' IT0K
9 115K
= Poole-Frenkel Effect e 120K
g e
s ~—— -
8 =
7] —
5 T
]X]OZ L *’//'_/’*—"_A

2x10° 4x10° 6x10° 8x10° 1x10°
[Electric field (V/cm)]”2

4.3x10 =
| Slope = 1.55x10 "~ sec K (c)
4.2x10™ | Intercept = 2.86x10"" sec
; s '
Experimental data
4.1x10™ F
3 4.0x10™
T 34x10™M g
/
/
32x10™ =
/
3 Oxlo'“ L/ 1 . ! " 1 i 1 " ! .
’ 78 80 82 84 86 88 90 92
1000/T (K™

Figure 6.9: Trap D1: (a) Emission rates versus square of junction electric field; (b)
Emission rates versus square root of junction electric field; (c) tunnellmg time T,
versus (1000/T): 1, is determined from the slope of In(e,) versus E? at different
temperatures (see Fig.6.9 (a)). The red solid line represents h/2kpT.

DLTS characterisation of defects in IlI-V compound semiconductors grown by MBE Page 119



CHAPTER 6: Deep level defects in GaAs grown on high index planes [(100), (211)B, (311)B, (411)B and (511)B

1x10’
[ (S1H)B (a)
[ Trap EI
e i H**’Aw4 -
3 s s —»
2 fL“'*". e
g0
s
-% ..0 Phonon-Assisted e 05K
2 b ! Tunneling e 110K
[43] b
Poole-Frenkel ¢ 15K
Effect e 130K
e 135K
IXIOI A I ’ | 1 . ! —
4x10°  2x10”  4x10”  6x10"”
. [Electric Field (V/em)]’
1x10
(511)B (b)
[ Trap_EIl
Poole-Frenkel Effect &
2 o=
4 o«
oty e
s [
=
.8
m * 110K
¢ 115K
* 130K
lX]Ol 1 2 L s i 1 " 1 = " 1
2x10°  4x10”  6x10°  8x10°  1x10°  1x10’
[Electric field (V/cm)]"?
5x10™ =
Slope = 2.8x10 "~ sec K (c)
[ Intercept = 1.20x10™
ax10™F Experimental data PY
[ )
g 3x10™F
- \
2x10™ F
1 10'14 i L L 2 1 A | " 1 1
T4 s 6 7 8 9 10

1000/T (K™
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6.2.5 DETERMINATION OF TRAP CONCENTRATION

The concentrations of the defect levels observed in Si-doped n-GaAs samples is
calculated by following the experimental procedure described in section 4.2.4 [39].

These are shown in Table 6.1.

6.2.6 BEHAVIOUR OF TRAP CONCENTRATION VERSUS
DEPTH

To investigate the concentration depth profile of the traps, Laplace DLTS
measurements were carried out by applying the double pulse technique. For this
purpose the area under the Laplace DLTS curve is taken into account instead of the
DLTS peak height [87]. The calculations of the trap concentrations were performed
by using equation 4.32 [39]. Figure 6.11 (a) — (¢) illustrates the concentrations versus
depth of the traps observed in samples grown on (100), (211)B, (311)B, (411)B and

(511)B, respectively.
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Figure 6.11: Concentration depth profile of the traps detected in the different GaAs
orientations.
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6.3  DISCUSSION

As shown in Figure 6.3 and Figure 6.4 the number of detected traps in (100), (211)B,
(311)B, (411)B and (511)B GaAs substrates is five, four, three, four and two,
respectively. For simplicity of the analysis, the traps are grouped according to their

activation energies.

The activation energies of traps A5 (0.323+0.001eV) and D2 (0.326+0.012¢V) are
comparable to the activation energy of the well known M3 (0.31 eV - 0.33 eV)
defect in MBE grown GaAs layers [90-93]. Defect level A4 (0.283+0.005 eV) has
also a similar energy as M3 (0.29+0.01 eV) that was reported by Okada et al. [94] in
MBE samples grown at different temperatures (330 °C and 580 °C). The samples
used in this study are grown at temperature of 580 °C. Chand et al. [92] studied MBE
GaAs grown on silicon and GaAs substrates. The authors assigned the origin of M3
level to a complex of unknown chemical impurity and an As related native defect in
GaAs. Lang et al. [95] supported this finding regarding the nature of M3 trap by
investigating As-rich MBE grown n-GaAs. It is worth pointing out that the density of
M3 related trap in the sample grown on (100) GaAs substrate is higher than in the
sample grown on (411)B (see Table 6.1). The concentration-depth profiles of A5 and
D2 [Figure 6.11 (a) and (d)] show different behaviours; the density of A5 in (100)
decreases continuously with depth, whereas the density of D2 in (411)B increases up

to 0.25 um then saturates.

The defect level A3 (0.163+0.002 eV) detected in (100) samples could be related to
level M1 (0.17 ¢V) in MBE grown n-GaAs studied by Dautremont-Smith et al. [96].
The authors investigated the effect of hydrogen passivation followed by thermal

annealing, and observed that M1 vanishes. It was proposed that M1 could be related
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to impurities such as carbon (C) and oxygen (O) in as-grown GaAs. The
disappearance of M1 in the hydrogen passivated and annealed samples were
accounted for by the fact that C and O are highly reactive with H,. Lang et al. [95]
suggested that M1 is more likely to be related to a chemical impurity or a complex
formed between impurities and native defects. In this study the M1 related defect
detected only in the (100) plane, can be related to carbon background impurities in
our MBE system [97]. This suggests that the common C background impurity in
MBE is more susceptible to be incorporated in (100) than in high index GaAs
substrates. The A3 concentration depth profile in (100), illustrated in Figure 6.11 (a),
reveal that its density (possibly M1 level) is nearly uniform with depth. The emission

rates of A3 are found to be electric field insensitive, and therefore it is a neutral

defect level.

The activation energies of traps, B1 (0.467+0.002 eV), B2 (0.496+0.001 eV), B3
(0.482+0.001 eV), C1 (0.465+0.001 eV), D4 (0.468+0.011 eV) and E2 (0.462+0.007
eV) observed in the samples grown on (211)B, (311)B, (411)B and (511)B, oriented
GaAs substrates, respectively, are comparable to the well-known M4 electron trap
(0.45 - 0.51 eV) [95]. There are controversial suggestions reported in the literature
regarding the origin of M4 defect. Two suggestions have been put forward regarding
the origin of M4: (i) a complex involving a chemical impurity and a native defect
[95], and (ii) carbon or oxygen impurities [96]. Comparing the densities of these
traps (see Table 6.1), the traps detected in (211)B and (311)B have higher densities
than those detected in (411)B and (511)B. Trap E2 observed in (511)B has the lowest
density (2.35x10" cm™). The emission rates of B1 are sensitive to electric field and
follow the phonon-assisted tunnelling model [Figure 6.7 (a)]. Since the experimental

tunnelling time (t2) of Bl at any temperature is higher than the theoretical 1; =
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h/2kgT, suggests that Bl is related to a substituitional impurity [43, 44]. The
concentration depth profile [Figure 6.11 (b) - (e)] shows that the density of B1, B2,
B3 in (211)B and E2 in (511)B are uniform with depth, whereas the density of C1 in

(311)B and D4 in (411)B decreases and increases with depth, respectively.

Trap levels B4 (0.570+0.002 eV) and C2 (0.572+0.002 eV) observed in (211)B and
(311)B, respectively, can be assigned to defect level EL3 (0.572 eV) [98] in Vapour
Phase Epitaxial (VPE) GaAs, and a defect with activation energy [Ec-0.58 eV]
observed by Liu et al. [99] in epitaxial (MBE) and bulk (Liquid encapsulated
Czochralski) grown n-type GaAs. EL3 was assigned to the excess arsenic at the
surface. A sulphide treatment was found to significantly decrease the density of EL3.
This reduction in density is believed to be due to the sulphide-arsenide reaction,
which makes the excess arsenic at the surface soluble in the sulphide solution, and
therefore is removed from GaAs. It was concluded that EL3 is most probably an
arsenic related defect. However, Martin et al. [98] suggested that the concentration of
EL3 depends on growth conditions and thermal annealing, and may be related to
point defect or point-defect/impurity complexes. The concentration depth profiles of
traps B4 and C2, illustrated in Figure 6.11 (b) and (c), respectively, show that the
concentration of both levels decrease with depth. The emission rates of B4, which are
sensitive to the applied electric field, follow the phonon-assisted tunnelling model. In
addition, since the values of T, for any temperature are greater than the predicted

theoretical values h/2kgT suggests that B4 is an impurity related level [43, 44].

Defect level C3 (0.714+0.003 eV) detected in (311)B is possibly related to EL2 like
defect, whose activation energy varies from 0.723 - 0.82 eV [74, 94]. There are
different suggestions in the literature regarding the origin of EL2 as discussed in

section 3.5.1. According to the findings of Martin et al. [98] there are no evidences
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regarding the existence of EL2 defect in MBE as-grown GaAs layers, but EL2
appear after thermal annealing treatment [90, 91, 100]. In addition, Okada et at [94]
observed a paramount reduction (3-10 times) in the density of EL2 in H-assisted
MBE growth technique as compared to conventional MBE. The concentration depth
profile of C3 [Figure 6.11(c)] shows that the concentration is nearly uniform with
depth. As EL2 is a major defect in bulk and MOCVD [101] GaAs, it is important that
further studies should be carried out to investigate its existence in as-grown MBE

GaAs synthesised in different MBE systems worldwide.

Level D3 (0.374+0.008eV) in (411)B GaAs substrate a similar activation energy as
EL16 (0.37 — 0.38 eV) reported in VPE grown GaAs layers [98, 102-104]. The origin
of EL16 is not yet known. As far as we know it is believed that D3, tentatively
assigned to EL16, is observed for the first time in MBE grown GaAs. The
concentration depth profile of D3 [Figure 6.11 (d)] shows that its density increases
up to 0.32 pm and then saturates. In addition the experimental results confirm that
the emission rates of D3 are insensitive to electric field, which confirms that D3 is
neutral defect level. To explore the origin of D3 level, further experimental studies,
i.e. positron annihilation spectroscopy (PAS) [105], high resolution TEM, Energy

Dispersive X-ray analysis or Electron Energy Loss Spectroscopy etc are required.

In addition to the above deep levels, some other traps, namely Al (0.054+0.002 eV)
and A2 (0.143+0.003 eV) in (100), D1 (0.139+£0.011 eV) in (411)B and El
(0.141£0.024 €V) in (511)A, are observed for the first time in MBE grown silicon-
doped n-type GaAs. The emission rates of Al, A2, D1 and El vary with electric
field. The emission rates of Al and A2 follow the phonon-assisted tunnelling model.

However, the emission rates of D1 and E1 obey both the Poole-Frenkel model and
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phonon-assisted tunnelling, depending on the strength of the electric field. These
findings reveal that A1 and A2 are neutral levels, whereas D1 and E1 carry electrical
charge when they emit the carriers. The experimental values of tunnelling time (t) at
different temperatures of Al, A2, D1 and E1 which are higher than the values of
b/2kgT suggest that these levels are related to substitutional impurity [43, 44]. The
concentration depth profiles of A1 and A2 [Figure 6.11 (a)], D1 [Figure 6.11 (d)] and
El [Figure 6.11 (e)] shows that the density of A1, A2 and E1 does not change with

depth whereas the density of D1 increases up to 0.25 pm and then saturates.

6.4 CONCLUSION

In summary a set of five MBE n-GaAs samples grown on conventional (100) and
high index (211)B, (311)B, (411)B and (511)B oriented GaAs substrates were
investigated by DLTS and Laplace DLTS. It is revealed that the maximum reverse
current flows though the sample grown on (211)B and the lowest reverse current for
the (511) sample. The plausible reason for the higher reverse current in NU929
(211)B can be explained by the higher trap concentrations as compared to all other
GaAs orientations investigated in this study. It is further observed from DLTS
measurements that the concentration of the defects observed in (211)B is higher

compared to other samples. Whereas, the sample grown on (511)B has the minimum

number of defects with lower concentrations.

In addition, the common defect levels detected on conventional (100) and high index

oriented GaAs substrates are summarised below:

(@) A4, AS and D2 levels detected in (100) and (411)B, respectively, have an

activation energy equal to level M3 whose origin is reported to be related to a
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(b)

(©)

(d)

(e)

®

complex formed between a chemical impurity and an arsenic related native
defect.

A3 in (100) has an activation energy similar to level M1 that has been associated
with unwanted impurities such as carbon and oxygen in GaAs.

The activation energies of levels B1, B2, and B3in (211)B, C1 in (311)B, D4 in
(411)B and E2 in (511)B are similar to level M4. Two propositions have been
put forward as to the origin of M4: (i) a complex defect between a chemical
impurity and a native defect; (ii) defect related to carbon or oxygen in GaAs.

The levels B4 in (211)B and C2 in (311)B are similar to EL3 defect, which is
related to access arsenic at the surface.

C3, observed only in (311)B and reported here for the first time, is tentatively
assigned to the well-known EL2 defect.

D3 in (411)B is similar to EL16 whose origin is not clear yet.

Following defect levels are detected for the first time in MBE GaAs.

(®

Al and A2 in (100), D1 in (411)B and E1 in (511)B are reported here for the
first time. Al and A2 are neutral defect levels, whereas D1 and El are charged

levels. Their origin is not known yet.
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CHAPTER 7

Be-DOPED Aly20Gag7;As LAYERS
GROWN ON (100) AND (311)A
GaAs SUBSTRATES

The growth of high mobility two-dimensional hole gases (2DHGs) using GaAs-
GaAlAs heterostructures has been the subject of many investigations. However,
despite of many efforts hole mobilities in Be-doped structures grown on (100) GaAs
substrate remained considerably lower than those obtained by growing on (311)A
oriented surface using silicon as p-type dopant. In this study we will report on the
properties of hole traps in a set of p-type Be-doped Al 29Gag 7 As samples grown by
molecular beam epitaxy on (100) and (311)A GaAs substrates using deep level
transient spectroscopy (DLTS) technique. In addition, the effect of the level of Be-
doping concentration on the hole deep traps is investigated. It was observed that with
increasing the Be-doping concentration from 1 x 10" to 1 x 10'” cm™ the number of
detected electrically active defects decreases for samples grown on (311)A substrate,
whereas, it increases for (100) orientated samples. The DLTS measurements also
reveal that the activation energies of traps detected in (311)A are lower than those in
(100). From these findings it is expected that mobilities of 2DHGs in Be-doped

GaAs-GaAlAs devices grown on (311)A should be higher than those on (100).
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7.1 INTRODUCTION

High index planes have attracted a great deal of attention for the production of high
quality epitaxially grown semiconductor materials. In particular, the incorporation of
silicon as an amphoteric dopant in AlGaAs [106, 107] and GaAs [108] grown on
high index GaAs substrates have been studied extensively using Hall,
photoluminescence and photothermal ionisation measurements. Compared to silicon,
beryllium (Be) can be incorporated only as p-type dopant in GaAs [109, 110] and
AlGaAs [111]. Photoluminescence studies have been carried out by Galbiati et al.
[11] to investigate the effect of Be incorporation and hole mobility in MBE grown p-
type AlGaAs on (100) and (311)A GaAs orientations. Their results favour (311)A
orientation to have better dopant incorporation efficiency and higher carrier mobility
than that of (100) plane. This is due to higher substitutional Be incorporation
efficiency in (311)A. It was concluded that good quality p-AlGaAs material can be
grown on (311)A substrate using Be dopant. Furthermore, it was also reported that
the PL spectra of the samples grown on (100) are affected due to the presence of
non-radiative centres compared to those grown on (311)A plane. In the light of the
above experimental studies, it is important to study and characterise the electrically

active deep level defects present in Be-doped AlGaAs grown on (100) and (311)A.
7.2 EXPERMENTAL RESULTS AND ANALYSIS

7.2.1 1-V AND C-V CHARACTERISTICS OF DEVICES

The current-voltage (I-V) characteristics of each device were obtained by performing
the experimental procedure described in chapter 5. Only the diodes having low

reverse current were selected for investigation of defects using DLTS and Laplace
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DLTS techniques. Typical I-V characteristics are shown Figure 7.1. Reverse currents
of a few pA at -3V are obtained, demonstrating the suitability of the devices for

defect characterisation.
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Figure 7.1: Current-Voltage (I-V) Characteristics of Schottky diodes measured at
300K. The diameter of the devices vary from Imm to 0.25mm.

The Capacitance-Voltage (C-V) measurements at room temperature were performed
for each diode following the measurement procedure described in chapter 5. In order
to determine the background doping concentration (Ng) of each sample, C-V data
was analysed using equation 4.8. The deduced value of Ny will be used to calculate
the trap concentration. Figure 7.2 represents the C-V data of one of the samples
(NU1362) in the form of 1/C* versus V. The slope of this plot is used to calculate

Ny using equation 4.8.
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Figure 7.2: Typical 1/C? versus reverse bias (VR) characteristic at 300K.

7.2.2 DLTS DATA

For the DLTS measurements the samples were mounted in a closed-cycle helium-
cryostat and cooled down to a temperature of 10 K. The temperature was then
ramped to ~400K at the rate of 2K/min and the DLTS signal was recorded as shown
in [Figure 7.3 (a)—(f)] for samples NU1362-NU1367, respectively. The measurement
parameters used are: a rate window of 50 Hz, quiescent reverse bias Vg =-3V,

filling pulse V, =-0.5 V and filling pulse duration t,= 1 ms that was sufficient to fill

the traps with carriers.

The DLTS measurements reveal three and four hole traps in NU1362 and NU1364
samples, respectively [Figure 7.3 (a) and (c)] grown on (100) plane with doping
concentrations of 1 x 10'® cm™ and 3 x 10" em™, respectively. For NU1366 (100)
plane (1 x 10" em ™) sample [Figure 7.3 (e)] two hole traps and two electron traps
are observed. Whereas the DLTS scans shown in Figures 7.3 (b), (d) and (f) for the
(311)A orientation, five, two and one hole traps have been detected in samples

NU1363, NU1365 and NU1367 doped with 1x 10" cm?, 3x10' em™ and
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1 x 10" em™, respectively. For convenience holes traps are labelled as HA, HB, HC,
HD, HE and HF, in NU1362, NU1363, NU1364, NU1365, NU1366 and NU1367,
respectively. The digits, 1, 2, .. correspond to a particular trap in each sample. In this

work, the interest is to investigate the majority carrier defect levels, and therefore the

electron emitting levels are not investigated.
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Figure 7.3: Conventional DLTS scans for each MBE grown Be-doped AlGaAs
sample; (a) — (f) represent scans for NU1362 -NU1367 samples, respectively. The
signal of the traps HA1, HA2, HE1 and HE2 are multiplied by a factor of 10 for

clarity.
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7.2.3 DETERMINATION OF ACTIVATION ENERGIES OF TRAPS

In order to find out the position of these defect levels within the material band gap,
i.e. the activation energy of the defects with respect to the top of valence band, the

emission rates of each trap were measured using High Resolution Laplace DLTS

technique.

The temperature corrected emission rates of the traps are plotted versus 1000/T in
Arrhenius plots [Figure 7.4]. As explained in section 4.2.3 the slope and intercept of
these plots are used to determine the activation energies and the apparent capture

cross-section of the traps as displayed in Table 7.1.
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Figure 7.4: Arrhenius plot for each hole trap is obtained from Laplace DLTS
measurements. The letters A, B, C, D, E and F refer to samples NU1362, NU1363,

NU1364, NU1365, NU1366 and NU1367, respectively.
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Table 7.1: Trap parameters calculated from DLTS and Laplace DLTS measurements

Sample Be- Trap  Activation Capture Concentration
ID doping energy (eV)  Cross-Section (em™)
(cm") (cmz)
NU1362 6 s 3
x 10" HA1  0.041 £0.002 8.32 x 10 2.09x 10
(100)
HA2  0.145£0.006 535x 10" 2.74 x 101
HA3 0.406+0.006  1.89 x 1071 1.67 x 10
NU1363 16 -15 14
HB1 0.014+0.006 1.03x10 9.83 x 10
(B1DA
HB2 0.017 +0.004 1.56x 1076 7.85 x 10*
HB3  0.305+0.006  5.84x 1076 1.74 x 10%
HB4  0.400+ 0.003 3.92x 1070 7.35 x 1013
HB5 0.430+0.003 1.49 1012 3.24 x 10M
NU1364
3x10'% HC1 0.356+0.013 145 x 10" 1.37 x 10"
(100)
HC2 0383+0.003  832x101 8.01 x 10"
HC3  0.403+0.004 832 x 1077 8.01 x 10"
HC4 0554+0.007 229x10" 7.68 x 101
NU1365
3x 10 HDI 0.013+0.001 1.58 x 10716 1.43 x 10"
(G1DA
HD2 0.450+0.004 249 x 10" 3.42 x 10
NU1366
1x10"7 HEl 0.021+0.002 3.84x10" 2.88 x 10"
(100)
HE2  0.130 +0.005 1.38 x 10718 4.69 x 10"
NU1367 x 107 HF1 0.028+0.004 3.83x10" 8.47 x 101
B1DA
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7.2.4 EFFECT OF ELECTRIC FIELD ON EMISSION RATES

The emission rates of some defect levels are dependent on the applied electric field
as mentioned in section 3.3. To check the dependence of the emission rate on
junction electric field, the Laplace DLTS measurements were carried out for each

trap using the experimental procedure described in chapter 5.

In order, to investigate the effect of the junction electric field on the hole traps
emission rates and consequently on their activation energies, the LDLTS double
pulse method [41] is employed. The difference between the two pulse heights is kept
constant during each measurement at a constant temperature. A considerable change
in emission rate of traps HA1, HA2, HB1, HB3, HC1, HC2, HD1 with respect to
different filling pulse heights is observed. The electric field-dependent emission data
are analysed using Poole-Frenkel and phonon-assisted tunnelling models following
the simple criteria proposed by Ganichev et al. [42] to differentiate between both
mechanisms. It is evident that the obtained emission rates satisfy the Poole-Frenkel
model [Figure 7.5]. The calculated value of Poole~Frenkel constant for each trap are

given in Table 7.2.

The field-dependent Arrhenius plots and activation energies versus electric field data
for the deep levels mentioned above are shown in Figure 7.6, Figure 7.7, Figure 7.8,

and Figure 7.9.
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Figure 7.5: Traps showing electric field-dependent emission rates. The data are
analysed using Poole-Frenkel model.

Table 7.2: Poole-Frenkel constant of the defects calculated from field dependent
emission rates and their respective rate of change of activation energy with respect to

electric field are illustrated

Sample Doping Trap Poole-Frenkel Rate of change of
ID (em™) Constant (apr) X 107 activation energy
eV m'?v12 with electric field
(x10™ eV m/V)
NU1362 16
10.5 -1.725
(100) 1 x10 HAI 7
HA2 27.3 -3.009
NU1363 16 -0.693
GIDA 1 x10 HB1 22 :
HB3 4.2 -7.429
NU1364 16
Tuk -8.293
(100) 3x10 HC1
HC2 6.2 -6.763
NU1365 16 -1.315
GIDA 3x10 HDI1 2.0
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Figure 7.9: (a) Arrhenius plot of traps HD1 (b) show the change of activation energy
as a function of electric field of HD1.

7.2.5 DETERMINATION OF TRAP CONCENTRATION

The trap concentration determination was described in chapter 4. The average

concentration of each defect level is shown in Table 7.1.
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72.6 BEHAVIOUR OF TRAP CONCENTRATION VERSUS
DEPTH

In order to investigate the propagation of the defect levels within the epitaxial layers,
their concentration are measured with respect to depth by utilising the value of the
area under the peak obtained from Laplace DLTS measurements. In these types of
measurements the double pulse technique is applied in the same way as in the
measurement of the electric field dependent emission rate. The depth is calculated
from C-V measurements at each reverse bias. The concentration-depth profiles of

each trap are shown in Figure 7.10 [(a) — (D] for NU1362 -NU1367, respectively.
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Figure 7.10: Concentration depth profile of each defect level.
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7.3  DISCUSSION

For analysis purposes, the trap energies are compared with the available published
data in the literature and it is found that few of the traps detected in these studies
have been reported previously. However, as far as we are aware most of the traps

investigated in our Be-doped AlGaAs epitaxial layers are new.

The traps HA2 (0.145 £ 0.006 eV) and HE2 (0.130 £ 0.01 eV) have almost the same
activation energy as that of H1 (0.14 eV) [112], but seem to be different in nature
than that of H1. For example the capture cross-section of Hl was found to be
temperature-dependent, whereas in this study the capture cross-sections of HA2 and
HE?2 are temperature insensitive, which confirms that there is no evidence of phonon
interaction during the capture of the carriers [77]. In addition, HA2 shows electric
field-dependent emission rate and obeys the Poole-Frenkel model [42] [Figure 7.5]
with a constant app= 27.3 x 10~° eV(m/V)“2 whereas, the carrier emission rate of
HE2 are electric field-independent. The apparent activation energy of this trap is
0.145 eV at 3.94 x 10° V/m and 0.098 eV at 5.35 x 10° V/m. The extrapolated
energy of HA2 at zero electric field is 0.264 eV. The concentration of both traps
HA2 and HE2 [Figure 7.10 (a) and (e), respectively] increases with depth. It is worth
noting from Figure 7.10 that the concentration of HE2 is higher than that of HA2.
This is probably because the Be-doping concentration in sample NU1366 (HE2) is
higher than that in sample NU1362 (HA2). One may conclude that the concentration
of these two traps is affected by Be-doping concentration, and therefore these defects
may be related to impurities associated with Be complex defects. It is worth pointing
out that the probed depth of the concentration profile of HA2 and HE2 is different.

This is because the junction depletion width (w) depends on the intentional Be-
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doping concentrations; sample NU1362 (Be-doping = 1x10'® ¢cm™) has a larger w
than NU1366 (Be-doping =1x10'7 cm™). The DLTS technique does not probe the
microscopic nature of the defects, and therefore, it is difficult at this stage to explain
how these levels are created and to assign them to any known defect. However, the
electric field dependence of the emission rates for defect HA2 suggest that it is a

charged center [42, 112], whereas, HE2 is a neutral defect level.

The traps HA3 (0.406 +0.006eV), HB4 (0.400+0.003eV) and HC3
(0.403 = 0.004 €V) have similar activation energies as that of H3 (0.4 eV) [112]
which is possibly related to a defect formed when an As atom is replaced by a Ga
atom, i.e. Ga antisite defect (Gaas) [113]. In addition, the average concentration of
HA3 (1.67x10"cm™), HB4 (7.35x10" ¢m™) and HC3 (8.01x10" ¢m®) [Table 7.1]
indicates that HA3 and HC3 present in samples grown on (100) plane have higher
concentrations than the similar trap HB4 detected in sample grown on (311)A plane.
Assuming that HA3 and HC3 are of the same nature, then it is worth noting that this
trap density decreases when the Be-doping increases from 1x10'® em™ to 3x10" em?
for the (100) plane. The concentration versus depth profiles of HA3, HB4, and HC3

have similar trends, i.e. the density increases with depth, as shown in Figure 7.10 (a),

(b) and (c), respectively.

Traps HBS (0.430 + 0.003eV) and HD2 (0.450 £ 0.004 eV), detected in samples
grown on (311)A with different Be-doping concentration of 110" cm™ and 3x10'¢
cm?, respectively, have similar activation energies as that of H4 (0.46 eV) [112].
Both levels have nearly the same average concentration [Table 7.1]. However, the
concentration-depth profile [HBS: Figure 7.10 (b); HD2: Figure 7.10 (d)] shows that

the concentration of HBS increases continuously from 1.24x10" cm? at 0.28 pm to

DLTS characterisation of defects in III-V compound semiconductors grown by MBE Page 143



CHAPTER 7: Be-doped Al ;9Gag 7,As layers grown on (100) and (311)A Gads substrates

7.93x10" em? at 0.34 um, whereas, for HD? it increases from 4.03x10" cm™ at 0.25
pm to 1.52x10" cm™ at 0.31um. The emission rates of HB5 and HD2 showed no
electric field dependence, and therefore one can conclude that these defects are

neutral [42, 112] in Be-doped AlGaAs epitaxial layers.

Trap HC4 (0.554 £ 0.005 V) has exactly the same activation energy as H5 (0.55 V)
[114] but with higher capture cross-section and concentration. It was identified as
Cu-related trap in MBE grown p-type AlGaAs [114]. The concentration-depth profile
[Figure 7.10 (c)] shows that the concentration varies from 1.25x10" cm™ at 0.25 um
to 3.07x10" cm™ at 0.31 pm. The emission rates of HC4 were electric field

independent and therefore this deep level is neutral.

In addition to above deep traps some new shallow and deep traps are detected for the
first time in our Be-doped sample. These traps include shallow levels namely; HA1
(0.041 +0.002 V), HB1 (0.014 + 0.006 eV), HB2 (0.017 + 0.004 ¢V), HD1 (0.013 +
0.001 eV), HE1 (0.021 + 0.002 eV) and HF1 (0.028 + 0.004 eV), and deep levels

namely; HC1 (0.356 = 0.013 eV) and HC2 (0.383+0.003eV).

For the deep traps HB3 (0.305+0.006eV), HC1 (0.356+0.013¢V), and HC2
(0.383£0.003¢V), we observed that their emission rates are sensitive to the applied
electric field, and follow the Poole-Frenkel model as shown in Figure 7.5 (b) and (c),
respectively. It is found that the activation energies decrease with increasing electric
field; from Eyps = 0.294 eV at 2.33 x10° V/m, Eup; = 0.144 eV at 4.13 x10° V/m;
Enci = 0.373 eV at 1.37 x10° V/m; Eyc = 0.298 eV at 2.37 x10° V/m; Enc, = 0.387
eV at 1.77 x10° V/m; Eyca = 0.299 eV at 3.17 x10° V/m. The extrapolated energy at
zero electric field of HB3, HC1 and HC2 is 0.441 eV, 0.494 eV and 0.510 eV,

respectively. The enhancement of emission rates with field suggest that HB3, HC1
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and HC2 are charged defects in Be-doped AlGaAs epitaxial layers. The
concentration profile measurements illustrated in Figure 7.10 (b) and (c),
respectively, show that the density of these traps increases with depth; [HB3] = 2.43
x 10" em™ at 0.28 pm to 1.13 x 10" em™ at 0.34 pm, [HC1] = 3.56 x 10" cm” at
0.25 pm t0 2.57 x 10" cm™ at 0.31 pm, and [HC2] = 6.51 x 10'2 cm™ at 0.25 um to

5.52 x 10" cm™ at 0.31 pm.

The emission rates of levels HA1 (0.041 + 0.002 eV), HB1 (0.014 + 0.006 €V), and
HD1 (0.013 eV = 0.001 eV) are sensitive to the electric field and this confirms that
these shallow levels are charged. These emission rate enhancements follow the
Poole-Frenkel model. It has been observed from field dependent emission rate data
that the energies of these traps are affected by the electric field: Eya; = 0.067 eV at
3.94 x 10% V/m, Eya; = 0.042 €V at 5.35 x 10° V/m; Egg; = 0.019 eV at 3.33 x 10°
V/m, Eup1 = 0.014 eV at 4.13 x 10° V/m; Exp; = 0.024 €V at 1.19 x 107 V/m, Exp; =
0.009 eV at 1.31 x 107 V/m. The extrapolated energies at zero electric field for these
defects are found to be 0.132 eV, 0.042 eV and 0.179 eV, respectively and the rate of
change of respective activation energies with respect to applied electric field is
mentioned in Table 7.2. The concentration of the traps changes with depth; [HA1] =
1.62 x 10" cm™ at 0.28 pm to [HA1] = 2.33 x 10" cm™ at 0.34 pm; [HB1] = 1.62 x
10" em™? at 0.29 pm to [HB1] = 2.00 x 10" cm™ at 0.34 um; [HD1] = 3.03 x 10"

em™ at 0.25 pm to [HD1] =3.56 x 10" cm™ at 0.31 pm.

In addition to charged shallow levels some neutral shallow levels are found in this
work. These are HB2 (0.017 + 0.004 eV), HE1 (0.021 + 0.002 eV) and HF1 (0.028 +
0.004 eV). Their concentration changes with depth; [HB2] = 1.4 x 10" cm™ at 0.28

um to [HB2] = 1.93 x 10" cm™ at 0.34 pum; [HE1] = 9.22 x 102 cm™ at 0.13 pm to
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[HE1] = 6.85 x 10 cm™ at 0.15 pm; [HF1] = 3.54 x 102 cm™ at 0.13 um to [HF1] =

2.63 x 103 cm™ at 0.15 um.

This study reveals that the number of traps, including some electron emitting deep
levels, increases with increasing Be-doping for the samples grown on (100) plane.
On the other hand, the number of hole traps decreases with increasing Be-doping
concentrations for (311)A samples. These results are in agreement with the reported
optical studies [11, 115] where it was shown that superior PL efficiencies are
obtained in Be-doped AlGaAs samples grown on (311)A substrates. The appearance
of electron traps in the samples grown on (100) plane for higher doping level is
probably due to residual unintentionally background Si-doping [97]. All the samples
used in this study were grown under the same experimental conditions except the
variation of Be-doping concentration. The existence of electron traps in the samples
grown on (311)A plane is not expected because silicon behaves as a p-type dopant on

A-faces [106, 107].

It is suggested [42] that in case of Poole-Frenkel the emission rates are enhanced due
to the lowering of Coulomb potential surrounding the defect centre. This also
suggests that the defect centres carry no charge when they are filled, and become
charged when empty. The nature of the traps before and after the emission can be
summarised as C° — C + C*, where C is the charge state of the defect when it is
filled, C™ is defect charge state when it emits a hole, and C" is the carrier (hole in this
case) that is emitted by the trap. Following this argument we are confident to confirm
that hole traps found in this study namely; HA1, HA2, HB1, HB3, HC1, HC2 and

HD1 are acceptor like traps [112, 114].
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It is worth noting that all the traps have similar concentration versus depth behaviour
i.e. increasing with the depth, except HE1 and HF1 whose concentrations first
increase, then decrease up to a certain depth, and again increase. Traps HB1, HC2

and HC4 have a more uniform concentration depth profile.

7.4  CONCLUSION

In summary, the effect of Be-doping concentrations on deep electrically active
defects has been investigated in AlGaAs layers grown on (100) and (311)A GaAs
substrates. It is found that for (100) samples the number of hole traps increases for
doping level from 1 x 10" cm™ to 3 x 10" cm™. In addition, electron emitting levels
are detected in (100) sample doped to 1 x 10" cm™. The nature of these negative
defects is not known, but they could be related to Si residual dopant in the MBE
system. For (311)A samples the number of hole traps decrease with increasing Be-
doping level. It is obvious from the electric field studies that both charged and
neutral like defects exist in the samples. Some of the traps detected in the samples
doped with 1 x 10'® and 3 x 10" cm™ have carrier emission rates that are dependent
of the electric field, and therefore, are ionised after carrier emission and carry an
electric charge. However, the traps detected in 1 x 10'” cm™ do not show any field
dependence on their emission rates. Finally few shallow level and deep level traps
are detected for the first time in Be-doped AlGaAs grown by MBE, some of which
have an electric field dependent emission rate. The rate of change of activation
energy with respect to the electric field is higher for the defect levels detected in the
samples grown on (100) plane than those detected in (311)A samples. Further studies

are needed to explore the nature and origin of these defects.

DLTS characterisation of defects in II-V compound semiconductors grown by MBE Page 147



CHAPTER 7: Be-doped Aly ;0Gay 7,4s layers grown on (100) and (311)4 GaAs substrates

In addition, the common defects levels detected in Be-doped AlGaAs are given

below:

(a) HA3 (100), HB4 (311)A and HC3 (100) are related to Ga-antisite (Gaa;) defect.

(b) HC4 level detected in only (100), is assigned to the Cu related defect.

Furthermore, these studies confirm for the first time the existence of a number of

both shallow and deep level defects:

(1) Shallow levels:

(a) Charged levels: HAlin (100) and HB1 in (311)B

(b) Neutral levels: HB2 in (311)B, HE1 (100) and HF1 (311)A
(2) Deep levels:

(a) The defects HA2 in (100), HE2 in (100), HBS in (311)A, HD2 (311)A, HB3
in 311)A, HC! in (100) and HC2 in (100) are related to Be-doping
concentration.

(b)Traps HA2 in (100), HB3 in (311)A, HC1 in (100) and HC2 in (100) are

charged defect levels, whereas, HE2 in (100), HB5 in (311)A and HD2 in

(311)A are neutral defect levels.
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CHAPTER 8

DEEP LEVEL DEFECTS IN
GaAs/AlGaAs MULTI-QUANTUM
WELL STRUCTURES

This chapter comprises DLTS and Laplace DLTS results of defects in two different
sets of Multi-Quantum Well (MQW) structures. The first set was grown on
conventional (100) and high index (311)B GaAs substrates. The second set was
grown on (100) GaAs substrates at different growth temperatures, arsenic species,

i.e. using As; and As4 and arsenic overpressures.

GaAs SUBSTRATES

During the last few decades, heterostructure-based devices have contributed to the
advancement of diode lasers, high speed electrical devices [116] and THz detectors
[117]. Electrically and optically active defect states in the band gap of semiconductor
materials can play an important role in their carrier transport properties. Previous
DLTS studies of defects in GaAs/AlAs/GaAs quantum wells [118] showed at least
six out of eight sub-bands in the heterostructures are occupied by defect states. Using
DLTS technique, Jia et al. [119] investigated Si-doped GaAs/AlGaAs quantum wells
and superlattices and demonstrated that the energy of the well-known DX centre in

AlGaAs epilayers decreases in the case of MQWSs and increases for superlattices.
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Arbaoui et al. [120] have also reported defects states in MBE-grown AlGaAs/GaAs

MQW structures which can affect the carrier transport properties.

Most of the studies on defects in GaAs/AlGaAs quantum wells and superlattices
reported so far are on samples grown on the conventional (100) GaAs plane. The
crystallographic orientation of the substrate has a strong influence on incorporation
of impurities and defects and hence on optical and electronic properties of III-V
materials. It is therefore important to probe similar structures grown on non-(100)
planes. In this work, DLTS [39] and LDLTS [80] techniques have been employed to
investigate the electrical properties of defect states present within the band gap of
(311)B Si-doped GaAs/AlGaAs MQWs. For comparison purpose similar structure

grown on (100) GaAs substrate was investigated.

In summary, one dominant electron-emitting level is observed in the quantum wells
structure grown on (100) plane whose activation energy varies from 0.47 to 1.3 eV as
the junction electric field varies from zero field to 4.7 x 10° V/m. Two defect states
with activation energies of 0.24 and 0.80 eV are detected in the structures grown on
(311)B plane. The E.-0.24 eV trap shows that its capture cross-section is strongly
temperature dependent, whilst the other two traps show no such dependence. The

value of the capture barrier energy of the trap at E.-0.24 eV is 0.39 eV.

8.1.1 EXPERIMENTAL RESULTS AND ANALYSIS

8.1.2 I-V AND C-V CHARACTERISTICS

Current-voltage (I-V) characteristics were assessed prior to DLTS measurements to
select the Schottky diodes with the lowest leakage currents. The I-V measurements

shown in Figure 8.1 were performed following the experimental method discussed in
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Chapter 5. Typical leakage currents of 2.4 x 10°A and 1.2 x 10°A at reverse bias of
-5 V were obtained on (100) and (311)B devices, respectively. The very small
reverse current of the diodes makes them very suitable for DLTS and Laplace DLTS

measurements.

NU1054 (100)

NU1056 (311)B

Current (A)

<
3

Bias(V)

Figure 8.1: Current-Voltage (I-V) characteristics of the Schottky diodes fabricated on
(100) and (311)B MQW structures.

In order to determine the background doping concentration, the capacitance—voltage
(C-V) characteristics of the diodes were measured by following the experimental
method discussed in Chapter 5. The doping concentration deduced from the slope of
Figure 8.2 was 1.64 x 10' cm™ and 2.21 x 10'® cm™ for (100) and (311)B samples,
respectively. These values of background concentration are used to determine the

concentrations of the traps.
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Figure 8.2: 1/C% versus reverse bias characteristics of (100) and (311)B MQW
structures.

8.1.3 DLTS DATA

The devices were mounted in a 10K closed-cycle helium cryostat. The DLTS spectra
of the samples grown on (100) and (311)B devices are shown in Figure 8.3 (a) and
(b), respectively. These scans were taken using a sampling rate window of 2.5 sec”,
a quiescent reverse bias of -5 V and a filling pulse of 1 ms. A prominent peak
associated with the electron trap labelled E1 is detected in (100). The broader feature
that appears in the tail of E1 at a temperature ~350 K is not resolved by either
techniques, i.e. DLTS and Laplace DLTS. The (311)B samples show two peaks
associated with defect states labelled EB1 and EB2. Trap EB1, which appears as a

shoulder of the main peak EB2 at temperature ~390 K, is resolved by using LDLTS

as shown in Figure 8.4.
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Figure 8.3: Conventional DLTS signals for two MBE grown MQW’s using (a) (100)

and (b) (311)B substrates.

8.1.4 DETERMINATION OF ACTIVATION ENERGIES OF TRAPS

Further to the conventional DLTS investigations, the Laplace DLTS measurements

were performed to determine the carrier emission rates of the deep levels. The

Arrhenius plots of the emission rates (e,) are shown in Figure 8.5. The slope and

intercept of the In(e,/T?) versus 1000/T plot were used to deduce the activation

energy and apparent capture cross-section of the detected deep levels. The calculated

defect parameters are illustrated in Table 8.1.
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Figure 8.4: Two closely spaced peaks are well resolved by using high resolution

Laplace DLTS.
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Figure 8.5: Arrhenius plots obtained from Laplace DLTS data of each detected trap
in (a) (100) MQWs (E1), (b) (311)B MQWs (EB1 and EB2)

Table 8.1: Trap parameters calculated from DLTS and Laplace DLTS data

Sample Trap Activation Capture Cross- Concentration
Energy (eV) section (cm?) (em™)
NU1054 E, 04710 1.3 1.86 x 10714 4.4x 10"
(100)
NU1056 Egi 0.24 151 ]G 4.1x 10"
(311)B
En, 0.80 1.32x 10" 3.0x 10"

8.1.5 DETERMINATION OF TRAP CAPTURE CROSS-SECTION

As mentioned in Chapter 4, there are certain cases when the apparent capture cross-
section of some defect centers may not represent the real value, i.e. the capture cross-
section may be temperature dependent. In order to test this dependency and to
determine the real values of o, and Er, the direct measurements of o, of all the traps

have been performed using the filling pulse method as described in Chapter 4.

The measured o, data of the traps and the effect of temperature on o, are shown for

trap E1 in Figure 8.6 , and for trap EBI1 in Figure 8.7. It is clear from Figure 8.6 (b)
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and Figure 8.7 (d) that the capture cross-sections of traps E1 and EB2 are not
temperature dependent. However, o, of EB1 [Figure 8.7 (b)] is strongly affected by
temperature, and increases with increasing temperature. The mechanism involved in
this phenomenon will be examined in the discussion section using the phonon

interaction model given by Henry and Lang [121] for defects in GaAs and GaP.
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Figure 8.6: (a) Direct capture cross-section measurement data of trap E1, (b) effect of
temperature on its capture cross-section.
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Figure 8.7: Direct capture cross-section measurement data of traps (a) EBI and (c)
EB2; effect of temperature on the capture cross-section (b) EB1 and (d) EB2.

8.1.6 EFFECT OF ELECTRIC FIELD ON EMISSION RATES

The effect of the junction electric field on the trap carrier emission rates was
investigated using Laplace DLTS measurements by applying the double pulse
method as discussed in Chapter 4. It was observed that only the El trap has
properties which are electric field dependent. Figure 8.8 (a) and Figure 8.8 (b)
illustrate the effect of the junction electric field on the trap emission rates and
activation energy. The respective change in activation energy with applied electric

field is plotted in Figure 8.8 (¢).
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Figure 8.8: (a) Change of trap Elemission rate versus reverse bias, (b) Electric field

dependent Arrhenius plot and (c) the change in the trap activation energy versus
electric field.

8.1.7 DETERMINATION OF TRAP CONCENTRATION

The concentration of each trap shown in Table 8.1, is calculated using the amplitude
of conventional DLTS signal as given by equation 4.32. The concentration of trap E1
is higher than the concentration of both EB1 and EB2 traps, which are found in

(311)B MQW samples.

8.1.8 DISCUSSION

Our results demonstrate that trap E1 in (100) samples is strongly influenced by the
external applied electric field. The broad feature that appears in the tail of this peak

could be due to the existence of a closely spaced defect that cannot be resolved
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because of its very small concentration. It was observed that the E1 emission rates in
the 416K — 430 K temperature range [Figure 8.8 (a)] decrease as the junction reverse
bias increases. This kind of behaviour is not compatible within the framework of the
well-known Poole-Frenkel mechanism in which the emission rate is enhanced with
the increase of the junction electric field [122]. However, this sort of trend of carrier
emission as a junction of electric field has also been observed for DX-related centres
in GaAs/AlGaAs MQWs structures by Jia et al. [123]. In addition, this effect was
found to be dependent on the Al composition. Their results show that the decrease in
the thermal emission rates with increasing field is biggest for the layers having
medium Al compositions (Al: 30—40%) and smallest for the large Al content layers
(Al: 50-60%). Our emission rates versus electrical field results in the MQWs
samples that have 33% Al composition confirm their observations. Furthermore, Jia
et al. [123] suggested that these changes in the emission and capture rates at different
field strengths are due to the traps which are closely located and interacting with
each other, It is important to add that if the electric field is not uniform in the
depletion region of the Schottky junction, emission rates contribute non-uniformly
from the depletion layer edge to metal-semiconductor interface [124]. The decrease
in the carrier emission rate of E1 might be due to its interaction with some other traps
such as the one that appears in the tail of its DLTS signal. The dependence of the
emission rate on the electric field indicates that the trap can acquire a different net
charge after the emission of the carriers from the trap. The trap El is electrically
charged upon electron emission, and it becomes neutral by capturing an electron.
This suggests that E1 should be a donor-like level. From the activation energy results

[Figure 8.8 (c)], the exact location of the trap in the bandgap of the material is
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difficult to identify. Extrapolation to zero field in Figure 8.8 (c) gives an activation

energy of 0.47 eV which could correspond to the DX centre.

Since Laplace DLTS was able to resolve the broad peak in (311)B sample, thermal
emission rates of both traps (EB1 and EB2) were analysed separately at different
reverse biases and no such behaviour to what has been seen in the (100) sample has
been observed. Thus, the emission rate signatures of EB1 and EB2 are electric field
independent, and their charge state is neutral. The activation energies determined
from their emission rates are 0.24 and 0.80 eV, respectively. The emission rate
signatures of EB2 are comparable with those of E4 studied by Hayakaw et al. [6] in
MBE-grown Si-doped AlGaAs layers. They have considered the influence of V/III
ratio and assigned this trap to a complex that can include both group III vacancy

(arsenic interstitial or antisite defect Asyy) and arsenic vacancy (group III interstitial

or I1lxs).

The capture cross-section (0,) results determined at different temperatures show that
carrier capture rates are thermally activated for EB1[Figure 8.7 (b)], whereas the
defect states E1 and EB2 show no such dependence upon temperature as depicted in
Figure 8.6 (b) and Figure 8.7 (d), respectively. Although o, of E1 does not depend on
the temperature, but due to the strong influence of the junction electric field, the
apparent capture cross-section determined from the intercept of the Arrhenius plot of
the emission rates shows large fluctuations in its value from 1.75x10°"° to 3.45x107
cm? as the field varies from zero to 4.7x10° V/m. The direct 6, measurements of this
trap at 380K and applied bias of -5 V give a value of 1.89x107* ¢cm?, which is much
smaller than its apparent value 3.45x10™' cm?. The value of o, of trap EB2 [Figure

8.7] is found to be 1.48x10™" cm?, Figure 8.7 clearly shows the increase of o, from
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1.04 x 108 t0 2.58 x 10" cm? as the temperature increases from 372 to 392 K. The
capture barrier energy calculated using relation (4.34) is 0.39 eV, which suggests a

strong interaction of carriers with the lattice [6, 121].

8.1.9 CONCLUSION

We reported here the DLTS and LDLTS studies of MQWSs samples grown by MBE
on (100) and (311)B GaAs substrates. The activation energy of the dominant trap E1
observed in the sample grown on (100) is found to be dependent on the junction
electrical field. The measured value for this trap varies from 0.47 to 1.3 eV as the
junction electric field varies from zero to 4.7x10® V/m. Since the emission rates of
El are dependent on electric field, it can be concluded that E1 is a donor-like level.
On the other hand, EB1 and EB2 traps in (311)B showed no evidence of a field
dependence, and therefore their charge states can be confirmed to be neutral. In
addition, we observed that the capture cross-section of EB1 is thermally activated,

while those of E1 and EB2 are not.
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8.2  MQWs GROWN ON (100) GaAs SUBSTRATES USING
DIFFERENT ARSENIC SPECIES, ARSENIC
OVERPRESSURES AND GROWTH TEMPERATURES

MBE growth of III-V compound semiconductors, for example GaAs, AlAs and
AliGajxAs compounds, use two types of group V sources such as dimeric (As;) or
terameric (As;) arsenic [12, 125]. Ass and As; can be produced by subliming solid
arsenic and by dissociating Ass molecules using a special two-zone furnace,
respectively. C.T Foxon [12] reported that for the growth of GaAs, the use of As;
and Asy results in different growth mechanisms of GaAs. It was found that the
sticking coefficient of As; is proportional to the gallium flux, and approaches unity

when the surface is gallium-rich. However, the maximum sticking coefficient of As,

is only 0.5.

Kim et al. [125] investigated the effect of As; and As4 during the MBE growth of
Alg sGag sAs using reflection high-energy electron diffraction (RHEED). They found
that the growth front morphology of AlysGagsAs improves using As,, whereas it
degrades for As,. In another study, Kim et al. [126] observed that the roughness of
AlgsGagsAs layers increase faster for As; as compared to As,. The difference in

roughness employing two As species depends on the surface mobility of group III

atoms.

Photoluminescence (PL) and RHEED techniques were utilised by Kim et al. [127] to
study MBE grown GaAs/AlyGajxAs heterostructures. They observed that the PL
spectra depended on the substrate temperature. The full width at half maximum of
the main PL peak decreases with increasing the substrate temperature from 590°C to

635°C. This finding provides evidence that the optical and structural quality of the
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heterostructures improve with increasing the growth temperature. The authors also
concluded that at As-stabilized growth conditions the surface migration range of
group III atoms depend on the substrate temperature; it increases with increasing

growth temperature, and this results in a smooth growth front.

PL, RHEED and DLTS investigations by Moneey et al. [128] on MBE grown n-type
AlGaAs layers using As; and As, did not reveal any prominent effect of As species
on the defect levels. The findings of Hayakawa et al. [129] show that: (i) surface
morphology is As dependent; a specular smooth surface is obtained using As, for
high growth temperatures, (ii) PL intensity is independent of As species for low
substrate temperatures; however, at high substrate temperature (> 650 °C) the PL
efficiency of As, samples is lower than that of Ass. The authors suggested that the

reason of degradation of the PL intensity could be due to the presence of defects.

In this thesis DLTS, Laplace DLTS and I-V-T techniques are employed for the
detailed investigations of the presence of electrically active defects in GaAs/AlGaAs
MQW samples grown at temperatures of 600, 650 and 675 °C using As; and As

species. The arsenic overpressures used for the growth of these samples depended on

the growth temperature. The growth details are given in section (5.1.6).

In summary, it is observed that the current flow through the devices is proportional to
the concentration of DX center. In addition, the overall concentration of defects is
less in the samples grown using As, as compared those grown using As, species.
Furthermore, it is also found that the concentration of arsenic-vacancy related trap

decreases with increasing growth temperature.
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8.2.1 EXPERIMENTAL RESULTS AND ANALYSIS

8.2.2 1-V AND C-V CHARACTERISTICS

[-V measurements were performed using the procedure discussed in Chapter 5. The
selected Schottky diodes investigated by DLTS and Laplace DLTS are those
showing the lowest reverse current. Typical I-V characteristics are illustrated in

Figure 8.9 with reverse currents <1 pA at -5V.
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Figure 8.9: Current-Voltage (I-V) characteristics of Schottky diodes processed on
MQW samples grown on (100) GaAs plane using As; and Asy at different growth
temperatures.

The C-V characteristics of the diodes were measured by following the experimental
method outlined in Chapter 5, and background doping concentration was calculated
from the slope of 1/C* versus reverse bias. Typical relationship between 1/C* and
reverse bias is depicted in Figure 8.10 for the sample grown at 600°C using As;
(NU780). The deduced doping concentration was [NU780] = 2.25 x 10" em,

[NU781] = 4.52 x 10'6 cm?, [NU778] = 2.12 x 10" cm™, [NU784] = 1.15 x 10"°cm’
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}, [NU777] = 1.77 x 10'"® cm?, and [NU785] = 3.66 x 10'® cm™. These values are

used for the determination of the concentration of the detected traps.
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Figure 8.10: 1/C? versus reverse bias of MQW sample grown on (100) GaAs plane at
600°C using Asy.

8.2.3 DLTS DATA

The samples were mounted in a closed-cycle helium-cryostat and cooled down to a
temperature of 10 K in a similar way as for the samples used in Chapters 6 and 7.
The temperature was then ramped to ~ 400K at the rate of 2K/min and the DLTS
signal was recorded as shown in Figure 8.11 (a) NU780, (b) NU781, (c) NU778, (d)
NU784, (e) NU777 and (f) NU785. The measurement parameters used are; a rate
window of 50 Hz, quiescent reverse bias Vg =5V, filling pulse V,=—- 0.5V and

filling pulse duration t, = 1 ms which was sufficient to fill completely the traps with

carriers.

The DLTS measurements reveal that three defects are detected in each sample

grown with As; at different growth temperatures (600°C, 650°C and 675°C),

DLTS characterisation of defects in IlI-V compound semiconductors grown by MBE Page 164



CHAPTER 8: Deep level defects in GaAs/AlGaAs multi-quantum well structures

whereas the number of traps for the samples grown with As4 at 600°C and 650°C is
one, and three for 675°C. For convenience, the defects are labelled as As,T;E,
As4T\E, As;THE, As4T3E, As,T3E and AssT3E in NU780, NU781, NU778, NU784,
NU777 and NU78S, respectively; and T; = 600°C, T, = 650°C and T; = 675°C. The

digits, 1, 2, 3 etc with E correspond to a particular trap in each sample.

It is worth pointing out that there are no traps detected in NU784 within the

temperature range ~10K to ~400K; only a single DLTS peak is observed above

400K.
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Figure 8.11: Conventional DLTS scans for the MQW samples grown on (100) GaAs
substrate with As, at growth temperatures of 600 °C, 650 °C and 675 °C shown in
(a), (c) and (e), respectively (b), (d) and (f) show the spectra for the samples grown
with As, at growth temperatures of 600 °C, 650 °C and 675 °C, respectively.

8.2.4 DETERMINATION OF ACTIVATION ENERGIES OF TRAP

In order to find out the activation energy of each defect level, the emission rates were
measured using high resolution Laplace DLTS technique following the procedure

described in Chapter 4. The temperature corrected emission rates of the traps are

e —
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plotted as In(ey/T?) versus 1000/T [Figure 8.12]. As explained in section 4.2.3 the

slope and intercept of these plots are used to determine the activation energies and

the apparent capture cross-sections of the traps as displayed in Table 8.2.
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Table 8.2: Trap activation energy and apparent capture cross-section calculated from
Laplace DLTS data and concentration from conventional DLTS peak amplitude,
respectively.

Sample Sample Trap Activation Capture Concentration
Name  Identity energy (eV) Cross- (cm™)
section (cm?)
NU780 As; As,TiE1 0.421£0.003  1.79x10™ 3.91x10"
Tg = 600°C
As,TiE2 0.519+0.007 1.26x10" 1.12x10"
As,TiE3 0.824+0.005 5.11x107" 1.02x10"
NU781 As, AssT;E1  0.52940.005 1.94x10°P 422x10"
Tg = 600°C
NU778 As; As,T,E1  0.431£0.007 2.34x10™ 4.69x10"
Tg = 650°C
As,T,E2 0.518+0.003  4.21x107" 5.33x101
As,T,E3 0.826+0.003 2.79x107* 3.69x10'
NU784 Asy AssToE1  0.656+0.004  5.99x10°" 4.48x10"
Tg = 650°C
NU777 As; As,T:E1 0.422+0.010  3.91x1074 2.22x10"
T = 675°C
As,T;E2  0.529+0.006  1.49x107° 3.45%10"?
As,T:E3  0.836+0.003  2.07x10™ 2.81x10"
NU785 Ass As;T;El 0.35240.003 4.44 x 107 9.57x10"
Tg = 675°C
As;T:E2  0.421£0.010  1.27x10™ 1.73x10"
As,T:E3 0.53240.005 2.39x107° 1.69x10"
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8.2.5 BEHAVIOUR TRAP CONCENTRATION VERSUS DEPTH

In order to determine the defects depth concentration profile, the concentration are

obtained by integrating the Laplace DLTS peaks following the procedure described

for Be-doped AlGaAs layers in Chapter 7, and the depth was calculated from C-vV

measurements at room temperature. In order to compare the effects of As, and Asa,

and growth temperatures, only the concentration-depth profiles of traps of similar

activation energies, and possibly of similar origins, are plotted in Figure 8.13; (a) Er

~042eV, (b)Er~0.52¢eV, (c) Er ~0.82eV and (d) some new traps Er ~ 0.352 eV

and E'r ~
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Figure 8.13: Concentration-depth profiles of the traps found in the MQW structures
grown with As; and As, for different growth temperatures.
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8.2.6 I-V-T CHARACTERISTICS

According to Shockley-Read-Hall (SRH) theory some deep level defects, called
generation-recombination centers, can actively contribute to the reverse current as it
was observed in Chemical Beam Epitaxy (CBE) grown GaAsN samples [130]. The
carriers generated by these centers are swept out of the space charge region because
of the presence of electric field within the junction, and the motion of these carriers

produces an electric current through the devices.

In order to find out the activation energy of the dominant center, Current-Voltage
characteristics were measured at different temperatures ranging from 20K to 400K.

The I-V-T data at constant reverse bias is analysed by using equation

-AE
) 8.1

Id (T) = I exp (—l.(?

where Iy is the reverse current through the diode at a certain reverse bias, T is
temperature, I, is saturation current, AE is thermal activation energy and k is

Boltzmann constant.

The reverse current at a constant reverse bias is plotted in Figure 8.14. The activation

energy of the defect level is obtained from the slope of In(Ig) versus 1000/T using

equation 8.1.
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Figure 8.14: Arrhenius plots of Current-Voltage-Temperature (I-V-T) characteristics
of all the samples.

8.2.7 DISCUSSION

In order to shed some light on the possible origin of the traps, the activation energy
(Er) of each defect level is compared with published literature. It is found that Er of
the traps As;T1E1 (0.421 + 0.003 eV), As,T,E1 (0.431 + 0.007 eV), As;T3E1 (0.422
+ 0.010 eV) and AssT3E2 (0.421 + 0.010 eV); and As,T,E2 (0.519 + 0.007 eV),

As;TiE1 (0.529 + 0.005 eV), As;T:E2 (0.518 + 0.003 eV), As,T;E2 (0.529 + 0.006

—_—
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eV), and AssT3E3 (0.532 + 0.005 eV) are comparable to levels P3 and P4 [131],
respectively, detected in MBE grown GaAs/AlGaAs heterostructures. The structures
of Qurashi et al. [131] were grown using As, only. The authors attributed both P3
and P4 to arsenic-vacancy (Vas) related point defects in the AlGaAs layers. In case
of As, samples, we observed that the concentration of the deep level at ~0.42 eV
level is more sensitive to growth temperature, i.e. it rapidly decreases from 3.91 x
10" ecm™ at 600 °C to 2.22 x 10" cm™ at 675 °C [Figure 8.15], whereas for level
~0.52 eV it decreases from 1.12 x 10" cm™ at 600°C to 3.45 x 10" cm™ at 675°C in
As; samples, and from 4.22 x 10" cm™ at 600°C to 1.69 x 10" cm™ at 675°C for As,
samples. It is worth noting that the observed concentration of ~0.52 eV level is
higher in As4 samples than in As; samples. Moreover, the concentration of ~0.52 eV

level in As4 samples are in agreement to the concentration of P4 [131].

The observation of the lower concentration of trap ~0.52 eV (tentatively assigned to
Vas related point defect) in As; samples as compared to As, samples, is probably
related to the higher sticking coefficient of As; than of As, [12]. However, the rate of
decrease with growth temperature is more pronounced in As; than in Asy samples
[see Figure 8.15 (a)]. It is worth pointing out that in order to compensate for the
arsenic loss with substrate temperature, the arsenic overpressure was increased with
the growth temperature for all As; and As, samples (see samples details in Chapter
5). Although the samples were grown at different arsenic overpressures and
temperatures, it is assumed that the net number of arsenic atoms contributing to the
growth of the epitaxial layers is the same. Based on this assumption, it is expected
that the rate of decrease of the trap concentration should be similar. Our findings do
not support this argument. This effect can be explained by considering the sticking

coefficients of As; and Asg; As; has a higher sticking coefficient than Ass, and this
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can account for the lower trap (~0.52 eV) concentrations for the higher arsenic
overpressures and substrate temperatures. In order to investigate the nature of the
0.52 eV trap and its relation to the V4, related point defects it is proposed for future
work to grow several samples at constant growth temperatures with different arsenic

OVErpressures.

The emission rates of traps As;TiE3 (0.824 + 0.005 eV), As,T;E3 (0.826 + 0.003
eV) and As;T;E3 (0.836 + 0.003 eV) are comparable to those of level C (0.82 eV) in
MOCVD grown GaAs/AlGaAs superlattice [132, 133] and in MOCVD epitaxial
AlGaAs layers [133]. The authors attributed this level to EL2 defect (Ga vacancy),
but there are contradicting suggestions about the origin of EL2 defect. For example it
suggested that EL2 is a complex between Asga + X [134], where X might be a
double-vacancy complex with As interstitial. Kaminska and his co-workers,
however, suggested that EL2 could be an isolated arsenic antisite defect [135], or an
arsenic antisite defect surrounded by four arsenic atoms [136]. It is important to note
that there are no reports for the existence of EL2 defect in MBE epitaxial GaAs
layers grown in the temperature range similar to the one used for the growth of the
samples investigated this part of the thesis. In addition, it is well known in the
literature that the emission rates of EL2 level are electric field dependent. However,
our studies showed no evidence for such electric field dependence. It is, therefore,
concluded that this level is not exactly the same as the famous EL2 electron trap, but
due to the similar activation energy it can be said that this is an EL2-like defect
found in MBE grown GaAs/AlGaAs MQW structures. From Figure 8.15 (b) one can
easily observe that the concentration of this defect level follow nearly similar trend

with growth temperature as that of level having activation energy of ~0.52 eV. The

p -
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concentration-depth profile [Figure 8.13 (c)] shows that the concentration of this
level is not uniform with depth.

In addition, to the above discussed traps, two new traps AssToE1 (0.656 + 0.004 eV)
and AssT3E1 (0.352 £ 0.003 eV) are found in Ass samples grown at temperatures
650 °C and 675 °C, respectively. Both traps did not appear in any of the samples
grown under As; and Ass conditions at 600 °C. Although the origin of these levels is
still unknown, their emission rates are insensitive to the junction electric filed, and
therefore can be assigned to neutral defect levels. Figure 8.13 (d) shows that the
concentration of AssT,E1 increases uniformly from 3.22 x 10" em™ at 0.41um to
5.70 x 10" ¢cm™ at 0.72um, whereas the concentration of As;T3E1 is almost constant

~2.79 x 10" em™ from 0.41 pm to 0.62 um and then suddenly drops to 2.77 x 10"

em” at 0.7 um.
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Figure 8.15: Effect of growth temperature on the concentration of common traps
(0.52 eV) in GaAs/AlGaAs MQW structures MBE grown using As; and As, species

The activation energy of the recombination center deduced from [-V-T
measurements [Figure 8.14] confirms that the deep level with activation energy
~0.42 eV is the dominant trap in all samples. Although DL TS measurements also

reveal other deep levels with higher activation energies, i.e. ~0.52 ¢V, ~0.656 eV and
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~0.82 eV, the deep level at ~0.42 eV is the main trap that contribute to the reverse
current. It is worth noting that higher concentration of recombination centers results
in higher reverse currents [Figure 8.9]. From Table 8.2 it can also be seen that the

~0.42 eV level has the highest apparent capture cross-section.

8.2.8 CONCLUSION

In summary, a set of six MBE grown GaAs/Aly1;Gags7As MQW samples were
investigated using I-V-T, DLTS and Laplace DLTS techniques. It is observed that
the reverse current flow through these devices is directly related to the concentration
of the main recombination center, whose activation energy of ~0.42 eV calculated
from I-V-T measurements is in close agreement with the activation energy deduced
from Laplace DLTS measurements. The undetected recombination center DLTS
peak in NU781 (Ass, Tg= 600°C) and NU784 (Ass, Tg = 600°C) is probably due to
its very low trap concentration. This is also further confirmed by the very low

leakage current observed in these two devices.

In addition, the main findings of this part of the thesis are summarised below, where
T; (600°C), T2 (650°C) and T3 (675°C), and As; and As, refer to the growth

temperature and the arsenic species, respectively, used to grow each set of samples.

(a) As,TiE;, As,T;E;, As;T3E; and AsT3E; have an activation energy similar to
that of the defect level P3 identified as an arsenic-vacancy (Vas) defect.

(b) The activation energies of As;Ti1Ez, AssTiE1, As;T2E;, As;T:Ez and AssT3E;
levels are similar to the defect level P4 whose origin is related to arsenic-

vacancy (Vas).
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(c) The concentration of Vs defects decreases with increasing growth temperature.
in samples grown with As; and Asg.

(d) Vas (P3) behaves as a generation-recombination centre.

(e) Levels As,T>E3, As;T3E3, AssT2E; and AssT3E, are newly detected in Si-doped

AlGaAs. The origin of these defects is still not clear at this stage.

DLTS characterisation of defects in IlI-V compound semiconductors grown by MBE Page 176



CHAPTER 9

DEEP LEVEL DEFECTS IN 2DEG
AND HEMT DEVICES

The purpose of this chapter is to characterise and compare deep level defects in
commercially grown MBE High Electron Mobility Transistors (HEMTs) and
GaAs/AlGaAs Two Dimensional Electron Gas (2DEG) devices grown in our in-
house MBE system. The main reason of investigating the HEMTs was to find out
why two batches, grown within six months interval under the same experimental
conditions, exhibited different frequency responses. The 2DEG samples details are
given in Chapter 5, whereas, due to confidential agreement with the commercial
company, the HEMT layer structure is not disclosed here. The deep levels were
characterised by means of electrical techniques such as DLTS, Laplace DLTS and

Current-Voltage-Temperature (I-V-T) measurements.

9.1 INTRODUCTION

GaAs/AlGaAs based-heterostructures such as 2DEG and HEMT devices have got
paramount applications in satellite communications [137], and high power switching

devices [138].

The heterojunction devices are formed by two different types of semiconductors
having different energy gaps, in which the high energy gap material (e.g. AlGaAs) is

Si-doped and the low energy gap (e.g. GaAs) is undoped. When these two materials

DLTS characterisation of defects in l[I-V compound semiconductors grown by MBE Page 177



CHAPTER 9: Deep level defects in 2-DEG and HEMT devices

are brought into physical contact, the carriers (electrons) from doped AlGaAs diffuse
to undoped GaAs and accumulate at the interface on the GaAs side and posses 2D
motion. These types of devices, where the electrons in GaAs are separated from their
parent donors in AlGaAs, are called Two Dimensional Electron Gases (2DEG). This
technique of doping is termed modulation-doping. It is well-known that impurities in
semiconductor materials dramatically affect the charge carrier mobility. In order to
reduce ionised impurity scattering and hence increase the electrons mobility [18,
139], 2DEG-based devices are employed where the electrons move in pure GaAs

away from the ionised doping impurities which are in AlGaAs.

Historically, L. Esaki and R. Tsu in 1969 introduced the concept of charge
accumulation at heterojunction interface and its importance for the device
applications. Practically, the growth of high quality heterostructures, i.e. quantum
wells and superlattices became possible after the development of MBE and MOCVD
epitaxial growth technologies in 1970s. The first demonstration of mobility
enhancement in modulation-doped GaAs/AlGaAs superlattice was presented in 1978
and similar effect was observed in AlGaAs/GaAs single heterojunction in 1979. The
above studies were carried out on two terminal devices without a third terminal
control gate used in field effect transistors. It was not until 1980 when Mimura et al.
demonstrated the first three terminal transistor device based on single

heterostructure. The device was named High Electron Mobility Transistor (HEMT)

[18].

Carrier mobility degradation, which reduces the efficiency of devices, is believed to
cause problems for example during the operation of high speed switching devices.

The reduction in mobility occurs mainly due to (i) phonon scattering, dominant at
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high temperatures (ii) Coulomb interaction that takes place between ionised donor
atoms and charge carriers, and (iii) impurity scattering, dominant at low

temperatures.

In order to provide feedback knowledge regarding the existence and characteristics
of impurity centers, i.e. electrically active defect levels that play major role in carrier
mobility degradation, Conventional DLTS, Laplace DLTS and I-V-T measurements
were employed to investigate defect levels in MBE grown 2DEG and commercially
grown HEMT devices.

DLTS and Laplace DLTS results confirm the existence of a common defect level
(~0.36 €V) in 2DEG and HEMT devices. Its concentration is maximum in the 2DEG
sample (NU1280) which has the maximum Si-doping of 1.33 x 10"%cm™ in the
AlGaAs layer, whereas comparing HEMT1536 and HEMT1541 the concentration of

~0.36 eV level is less in HEMT1536.
9.2 EXPERIMENTAL RESULTS AND ANALYSIS

9.2.1 I-V AND C-V CHARACTERISTICS

Laplace DLTS measurements, the current-voltage (I-V) characteristics of each
device were measured at room temperature (300K). The devices having low reverse
current were selected for further investigations. Typical I-V characteristics are shown
Figure 9.1. It is observed that the maximum reverse current of ~10 pA at -1V is
obtained for NU1280, the highly doped (n = 1.33 x 10'® cm®) 2DEG sample.
Whereas, very low reverse current (< pA) is obtained for the other devices

demonstrating their suitability for defect characterisation. All the devices have very

.
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low reverse current and are most suitable for DLTS and Laplace DLTS

measurements.
1.0x10" NU1280 [1x10|‘_8 em’]
NU1297 [1x10" cm™]
- HEMT1536
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Figure 9.1: I-V characteristics of 2DEG and HEMT devices.

In order to determine the background doping concentration (N4) of each sample,
Capacitance-Voltage (C-V) measurements were carried out at room temperature
(300K) for each device and the C-V data was analysed using equation 4.8. Figure 9.2
represents the C-V data of one of the samples (NU1280) in the form of 1/C? versus

V. The deduced value of Ny will be used to calculate the trap concentration.
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Figure 9.2: 1/C? versus reverse bias V characteristics of AlGaAs/GaAs 2DEG device.

9.2.2 DLTS DATA

The DLTS measurements were carried out using similar procedure as explained in
section 5.2.3. The DLTS signals for samples NU1280, NU1297, HEMT1536 and
HEMT1541 are shown in Figure 9.3 (a) — (d), respectively. The measurement
parameters used are: a rate window of 50 Hz, quiescent reverse bias Vr=-1V,

filling pulse V, =0V and a filling pulse duration t, of 1 ms was sufficient to fill the

traps with carriers.

Figure 9.3 (a) and (b) show that NU1280 and NU1297 2DEG samples grown on
(100) GaAs plane with doping concentrations of 1.33 x 10" em™ and 1 x 107 em™,
reveal one and three electron traps, respectively. Whereas, only one trap is detected
in each commercially grown HEMT1536 and HEMT1541 samples [Figure 9.3 (c)
and (d)]. For convenience, electron traps in 2DEG samples are labelled as NAI for
NU1280 and NB1, NB2 and NB3 for NU1297. Similarly, CA1 and CB1 are detected

in commercially grown HEMT1536 and HEMT1541, respectively.
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Figure 9.3: Conventional DLTS scans for 2DEG and commercially grown HEMT
devices (a) NU1280, (b) NU1297, (c) HEMT1536 and (d) HEMT1541.

9.2.3 DETERMINATION OF ACTIVATION ENERGIES OF TRAPS

In order to find out the activation energy of the defects in 2DEG and HEMT samples,

the emission rates of each trap were measured using High Resolution Laplace DLTS

technique.

The temperature corrected emission rates of the traps are plotted in In (e,/T?) versus
1000/T in Arrhenius plots [Figure 9.4]. As explained in section 4.2.3 the slope and
intercept of these plots are used to determine the activation energies and apparent

capture cross-section of these defects. These are displayed in Table 9.1.
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Figure 9.4: Arrhenius plots of the temperature corrected emission rates of the deep
levels for (a) NU1280, (b) NU1297, (c) HEMT1536 and (d) HEMT1541.

Table 9.1: Trap parameters calculated from DLTS and Laplace DLTS measurements.

Sample ID  Trap e/:gig";t(ieo\l;) Crgsas;—,st:::;on Con:ce:lt_g;tion
(cm?)
NU1280  NAI  0.371£0.045 1.31 x 107 2.04 x 10"
NU1297  NBI  0.117£0.005 7.10 x 107! 7.51 x 10"
NB2  0.254+0.022 2.18 x 107" 1.06 x 10"
NB3  0.382+0.002 R.31 x 10718 1.84 x 10'°
HEMT1536 CAl  0.362+0.007 6.59 x 107° 1.03 x 10"
HEMT1541 CB1  0.366+0.016 439 x 1077 6.22 x 10"
Page 183
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9.2.4 DETERMINATION OF TRAP CAPTURE CROSS-SECTION

The apparent capture cross-section of defects can be determined from the intercept of
the plot ln(en/Tz) versus 1000/T, as shown in Table 9.1, assuming that it is
temperature independent. For certain deep centers this is not the case, and therefore,
the direct measurement of trap capture cross-section has been performed using the

filling pulse method as explained in Chapter 4.

Figure 9.5 (a) and (b) illustrates the capture cross-section data of level NAI in
sample NU1280. It is clearly shown that the capture cross-section of this level is
temperature insensitive. Similar behaviour is observed for all the other traps detected

2DEG (Figures 9.5 and 9.6) and HEMT (Figure 9.7) samples.
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Figure 9.5: (a) Direct capture cross-section measurement data of trap NAI, (b) effect
of temperature on the capture cross-section.
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Figure 9.6: Direct capture cross-section measurement data of traps (a) NB1, (¢) NB2
and (¢) NB3; and the effect of temperature on respective capture cross-section (b)
NBI1, (d) NB2 and (f) NB3.
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Figure 9.7: Direct capture cross-section measurement data of traps (a) CAl and (c)
CB1; and the effect of temperature on respective capture cross-section (b) CA1l and

(d) CB1, respectively.

9.2.5 DETERMINATION OF TRAP CONCENTRATION

The concentration of each defect level is deduced from the amplitude of DLTS signal
as described in Chapter 4 and is illustrated in Table 9.1. In addition, the
concentration of the common defect (~0.37 eV) level in all the samples is shown in
Table 9.2. It is observed that this deep level in sample NU1280, which is doped with
the highest Si-doping density (n = 1.33x10" ¢m™), has the highest trap concentration

of 2.04x10" ¢m™ as compared to that of NU1297 (n = 1x10'” cm™)and HEMT1536

devices [Table 9.1].
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Table 9.2: Concentration of a common defect level for each sample.

Sample ID Common Trap Concentration (cm")
NU1280 (2DEG) 2.04 x 10"
NU1297 (2DEG) 1.84 x 10'¢
HEMT1536 1.03x 10"
HEMT1541 622x 10"

9.2.6 I-V-T CHARACTERISTICS

In order to find out the energy of the dominant trap that contribute to the reverse
current flow through the devices, I-V-T measurements were performed at different

temperatures and the data is analysed in a similar way as mentioned in section 8.2.3.

Figure 9.8 illustrates the I-V-T data for: (a) NU1280, (b) NU1297, (c) HEMT1536
and (d) HEMT1541, respectively. All the samples show that the activation energy of

the dominant trap is within range of the activation energy of the famous DX center

activation energy ranges from 0.36 to 0.50 eV [140, 141].
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Figure 9.8: [-V-T data of NU1280, NU1297, HEMT1536, and HEMT1541is
illustrated in (a)-(e), respectively.

9.3 DISCUSSION

From the experimental results it is evident that a common defect level having
activation energy 0.371 + 0.045 eV (NU1280), 0.382 = 0.002 eV (NU1297), 0.362 +
0.007 eV (HEMT1536) and 0.366 + 0.016 eV (HEMT1541) exists in all the samples
under investigation. The other parameters such as apparent capture cross-section and
concentration are also illustrated in Table 9.1. It is worth noting that the activation
energy of these traps is comparable to that of BS5 (0.37 eV) detected in
AlGaAs/InGaAs/GaAs MODFET. B5 was assigned to the DX center which is
associated with Si doping in AlGaAs layer [142]. The origin of the DX center, which

controls the electrical properties of AlGaAs materials, is still controversial. It is
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proposed [65, 66] to be associated to a complex center formed by substitutional
donor atom (D) and an unknown lattice defect (X), possibly the As vacancy in
Al Ga;4As. It was also suggested [6, 66] that the DX-center could be related to
group III vacancy, namely arsenic interstitial or antisite defect (Asyy) in AlyGa;jxAs.
Moreover, substitutional donor atoms were put forward as possible candidates for the
origin of the DX center [67, 143]. Our experimental results for the in-house gro§vn
2DEG samples support the latter findings, since the concentration of the dominant
trap in our devices is dependent on the Si-doping densities in the AlGaAs layer. Its
concentration increased by a factor ~100 when the Si-doping in the 2DEG samples
changed from 1x10'7 em® (NU1297) to 1.33x10"® cm™ (NU1280) (Table 9.1 and
Table 9.2). This suggests our dominant trap, which is tentatively assigned to the DX

center, is related to the donor doping level in the AlGaAs layer as proposed by [143].

As shown in Table 9.1 and Table 9.2, the concentration of the trap center, tentatively
assigned to the DX defect, is about six times greater for HEMT1541 as compared to
HEMT1536. Although the reason for this large difference is unknown, it may be
possible that some additional background dopants, which can affect the concentration
of the defect level, are incorporated during the growth of this specific batch. It is
therefore concluded in this study, as predicted, that the frequency response is

affected by the trap concentration, the higher the concentration the worse frequency

response.

The direct measurements of the capture cross-section of our “DX” center as a
function of temperature have shown that the capture cross-section is temperature

independent. This implies that there is no evidence of multiphonon capture process

for this level [77, 144, 145].
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Previous studies [146] believed that an oxygen related (0.48 eV) trap behaved as a
recombination center in MBE grown AlGaAs/GaAs heterojunctions. However, the
activation energy of our dominant trap, acting as a generation-recombination center,
calculated from I-V-T data [Figure 9.8] confirm that the DX center has major
contribution in the reverse current flow through these devices. Our results are in
agreement with Kunets et al. [140] where they established that the DX center acts as
a generation-recombination center in modulation doped

Aly2Gag gAs/Ing 1 Gag 9As/GaAs structures.

The activation energy of NB2 (0.254 + 0.022 eV) is comparable to that of the defect
level having energy of 0.255 eV detected in Si-doped GaAs/Al,Ga;xAs quantum
well structures [147]. The authors attributed this defect level in the GaAs layer
whose origin is still unknown. It is evident from the capture cross-section data at
190K and the effect of temperature on the capture cross-section (Figure 9.6 (c) and

(d), respectively), that there is no evidence found of multiphonon interaction during

the capture process [121].

We were unable to measure these devices at higher reverse bias, i.e. >1V due to high
reverse current (~10 pA at -1V) is obtained for NU1280, the highly doped (n = 1.33
x 10'® cm™) 2DEG sample and it was expected that high reverse current will flow for
higher reverse bias and may cause a serious damage to the device. Therefore, the
effect of electric field on the carrier emission rates is unknown in this case, and it is

very difficult to draw some conclusion on the charged or uncharged nature of this

defect level.

In addition to two known traps; NB2 and NB3, another unknown deep level NB1

(0.117 £ 0.022 eV) is detected in 2DEG sample NU1297. It is believed that NBlis

E ——
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reported here for first time in GaAs/Aly 33Gag ¢7As 2DEG structures. From the direct
measurements of its capture section, there is no proof of multiphonon interaction
during carrier capture. The nature of the charge state of this level was not possible to

investigate due to the high leakage current at voltages greater than 1 V.

9.4  CONCLUSION

In summary, DLTS and Laplace DLTS techniques have been employed to
characterise the electrically active deep level defects in MBE grown
GaAs/Alp 33Gag ¢7As 2DEG and commercially grown HEMT devices. It is observed
that the DX center is the dominant trap in these samples, with the highest
concentration in the highly Si-doped 2DEG (NU1280) sample. This is in agreement

to early published literature that suggests the origin of DX center to be related to

donor atoms.

The activation energy calculated from I-V-T measurements is in agreement with that
obtained from Laplace DLTS measurements and confirms that the DX center is

responsible for the reverse current flow mechanism through these devices.

In addition to the common DX center trap, two other deep levels (NB1 and NB2) are
detected in NU1297 2DEG sample having a lower Si-doped AlGaAs layer. The
activation energy of NB2 is comparable to a GaAs related trap (origin is not known
yet) reported in GaAs/AlGaAs MQW structures. NB1 is observed for the first time in

MBE grown GaAs/AlGaAs heterostructures.

The capture cross-section of all the traps was found to be temperature insensitive,

which confirms that the capture process does not involve multiphonon interaction.
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The Laplace DLTS results confirm that the different trap concentration in
HEMT1536 and HEMT1541 is responsible for the different frequency response of

these HEMT devices.
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CONCLUSION AND FUTURE
WORK

This chapter summarises the research work carried out on the electrically active deep
level defects in GaAs- and AlGaAs-based structures an heterostructures. In addition,
suggestions for future work will be highlighted. The MBE samples used in this
thesis were investigated by Current-Voltage-Temperature (I-V-T), Capacitance-

Voltage (C-V), Deep Level Transient Spectroscopy (DLTS) and Laplace DLTS

techniques.
10.1 CONCLUSION

10.1.1 Silicon-Doped n-Type GaAs Grown on High Index Substrates

A set of five MBE n-GaAs samples grown on conventional (100) and high index
(211)B, (311)B, (411)B and (511)B oriented GaAs substrates were investigated by
DLTS and Laplace DLTS. It is revealed that the reverse leakage current at a given
voltage in the (n11)B (n = 2-5) samples decreases with increasing n, i.e. it is highest
for (211)B and lowest for (511)B. The (100) samples showed reverse currents lower
than (211)B samples. This finding can be explained by the fact that the overall
density of defects in (211)B is higher than the defect concentrations in all other GaAs

orientations. Some traps, which are common in all samples, have been identified with

known defects.
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Although, there is no evidence in the literature about the existence of EL2 in as-
grown MBE GaAs, the observed mid-gap C3 (0.714+0.002 eV) trap in (311)B is
probably related to the EL2-like defect in MBE GaAs. The emission rates of EL2 are
known to be sensitive to the junction electric field. However, in this work no such
dependence is found for C3. This is a further proof that C3 is not exactly the same as
EL2 defect. Further experimental studies are needed to explore the origin of this mid-
gap level in as-grown MBE GaAs layers. The levels B1 and B4 are observed in
(211)B oriented samples. The activation energy of Bl is related to the reported level
M4. There are two controversial suggestions regarding the origin of M4: (i) a
complex between chemical impurity and native defects, and (ii) impurity related

point defect. Level B4 is similar to EL3 defect which was related to access arsenic.

The neutral defect D3 in (411)B, identified with level EL16 in VPE grown GaAs, is
reported here for the first time. Defect levels Al and A2 in (100), D1 in (411)B, and
El in (511)B are reported here for the first time. Their origin is not known. However,
D1 and El1 are electrically charged levels related to substitutional impurities,

whereas, Al, A2, Bl, and B4 are substitutional impurities related levels with a

neutral nature.

In addition it is also observed that the common and undesirable carbon background
impurity in MBE layers is more susceptible to be incorporated in (100) than in high
index GaAs substrates. This suggest that devices grown on the conventional (100)
could have inferior electrical and optical properties than those grown on (nl11)B

orientations, where n = 2-5.
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10.1.2 Beryllium-Doped Aly,9Gag7As Epitaxial Layers Grown on
(100)an 311HA
The effect of Be-doping concentrations on deep electrically active defects has been
investigated in AlGaAs layers grown on (100) and (311)A GaAs substrates. It is
found that for (100) samples the number of hole traps increases when the Be-doping
level increases from 1 x 10'® cm™ to 3 x 10'® cm™. In addition to two hole traps,
electron emitting levels are detected in samples doped to 1 x 10" cm™. The nature of
these negative defects is not known, but they could be related to Si residual dopant in
the MBE system. To the contrary of (100) samples, the number of hole traps in
(B11DA samples decreases with increasing Be-doping level. From the electric field
studies both charged and neutral like defects have been confirmed to exist for the
samples doped to 1-3x10'Scm™. The traps HA1, HBA2, HB1, HB3, HC1, HC2 and
HDI in samples doped with 1 x 10" and 3 x 10" cm™ are ionised after carrier
emission and carry an electric charge. However, the traps detected in samples doped
to 1 x 10"7 cm™are neutral. Finally, few shallow and deep levels traps are detected
for the first time in Be-doped AlGaAs grown by MBE, some of which have an
electric ficld dependent emission rates. The rate of change of the activation energy

with the electric field is higher for the defect levels detected in the samples grown on

(100) plane than those in (311)A samples.

10.1.3 GaAs/Aly33Gage7As MQW Grown on (100) and (311)B GaAs
Substrates

GaAs/Aly33Gagg7As MQWs grown on (100) and (311)B GaAs substrates were
investigated using DLTS and Laplace DLTS techniques. Our experimental results
reveal that one and two defect levels are detected in (100) and (311)B samples,

respectively. The concentration of trap in (100) orientation is higher. The activation
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energy of the dominant trap E1 observed in the sample grown on (100) is found to be
dependent on the junction electrical field. The measured value for this trap changes
from 0.47 to 1.3 eV as the junction electric field is increased from zero to 4.7x10°
V/m. Since the emission rates of E1 are dependent on the electric field, it can be
concluded that E1 is a charged defect level. On the other hand, EB1 and EB2 traps in
(311)B showed no evidence of a field dependence, and therefore their charge states
can be confirmed to be neutral. In addition, we observed that the capture cross-

section of EB1 is thermally activated, while those of E1 and EB2 are not.

10.1.4  GaAs/Aly33;Gag67As MQWSs Grown on (100) using As, and As;
Species
A set of six (100) GaAs/Aly33Gage7As MQW samples grown under As; and As,
species, and growth temperatures (600 — 675 °C) were investigated using I-V-T,
DLTS and Laplace DLTS techniques. The main finding of this study is that the
concenltrations of the traps detected in As; samples is less than those of Asy samples,
which indicates that better quality MBE grown samples can be obtained by using As;
instead of As4 species. It is also found that the reverse leakage current is directly
related to the concentration of the main recombination center which has an activation
energy of ~0.42 eV as determined from I-V-T and Laplace DLTS measurements.
The undetected DLTS peak of the recombination center in NU781 (As4 and Tg =
600°C) and NU784 (Ass and Tg = 650°C) is probably due to its very low trap
concentration. This is also further confirmed by the very low leakage current

observed in these two devices.

The reduction in the concentration of the Vs -related point defect with increasing

growth temperatures seems to be related with increasing arsenic overpressures. This

R e
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argument still needs further confirmation by studying the effect of arsenic

overpressures at constant growth temperatures.

10.1.5 GaAs/AlGaAs 2DEG and HEMT Devices

Electrically active defects in in-house MBE grown GaAs/Al0.33Ga0.67As 2DEG
heterostructures and commercial HEMT devices have been investigated using DLTS
and Laplace DLTS. It is observed that the DX center is the dominant trap in all these
samples. In the 2DEG structures the DX center has the highest concentration in the
samples with the highest Si-doping in the AlGaAs layer. In addition, the I-V-T
experimental results confirm that the DX center is responsible for the reverse leakage
current. Furthermore, it is observed that the capture process does not involve

multiphonon interaction.

It was also confirmed that the inferior frequency response of HEMT1541 is due to

the fact that it has a higher trap concentration as compared to HEMT1536.

10.2 FUTURE WORK

The experimental results carried out in this thesis work lead to the following future

directions;

(a) In order to explore the device applications of these novel materials in satellite
communications and as detectors, it would be worth to investigate the effect of
different sources of irradiations on the defects.

(b) The defect level El detected in n-type GaAs/AlGaAs MQW grown on (100)
GaAs substrate shows a decrease in its emission rates with increasing reverse
bias. This behaviour of emission rates does not follow the existing field

dependent models such as Poole-Frenkel, phonon-assisted tunnelling and pure

DLTS characterisation of defects in III-V compound semiconductors grown by MBE Page 197



CHAPTER 10: Conclusion and future work

tunnelling. It would be highly useful to develop a theoretical model to explain
this unusual behaviour.

(¢) In case of As; and Ass grown GaAs/AlGaAs MQWs it will be of paramount
importance to carry out a systematic study to investigate the effect of arsenic
overpressure on the concentration of arsenic vacancy (Vas) related defects at
constant growth temperatures.

(d) The nature of new defects found in 2DEG and HEMT devices need further
investigations to find out their nature and microscopic composition.

(e) Confirm the existence of unwanted impurities like carbon or oxygen using

Secondary Ion Mass Spectroscopy (SIMS).
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