ABSTRACT

CRAFT, HUGHES SPALDING. Spectroscopy of Oxide-GaN Interfaces. (Under the
direction of Jon-Paul Maria.)

GaN-based devices are of interest for applications requiring high-frequency, high-
power operation at elevated temperatures. As in traditional, silicon-based devices,
integration of semiconducting phases with insulators is critical. Additionally, applications
involving the integration of GaN with polar oxides such as perovskite ferroelectrics have
been proposed, due to the coupling that may be achieved between the respective polar
vector. Devices utilizing such a coupling behavior would make possible two-dimensional
electron gases of high charge densities that could be modulated by the oxide’s
polarization. The current status of oxide-GaN research is far behind that of oxide-Si
research, and large-scale realization of GaN devices will require detailed understanding
of oxide-GaN interfaces. This thesis focuses on the characterization of several oxide-GaN
interfaces using x-ray photoelectron spectroscopy (XPS), as well as the identification of
issues relating to the GaN surface.

The rocksalt oxides MgO and CaO have been proposed as candidates for GaN
MOSFET gate oxides, passivating layers, and buffer layers in GaN-ferroelectric
structures. Thus, knowledge of film growth modes and band alignments is critical.
Utilizing in-vacuo molecular beam epitaxy (MBE) and XPS, the growth of MgO on GaN
was found to occur by the Volmer-Weber mode, with coalescence occurring at ~12 nm.
This coalescence behavior was not found to affect the band alignment. As measured by
XPS, the valence band offset at the MgO-GaN interface is 1.2 + 0.2 eV, leading to a

conduction band offset of 3.5 eV.



A similar study was undertaken for the CaO-GaN system, in which more rapid
coalescence was observed, leading to the conclusion of a Stranski-Krastanov growth
mode. The difference in coalescence behavior is attributed to the increased reactivity of
the CaO surface. The band offsets at the CaO-GaN interface were found to be 1.0 £ 0.2
eV at the valence band, and 2.5 eV at the conduction band. The band structures measured
in this thesis are considered to be sufficient for limiting leakage current by Schottky
emission for high-temperature devices.

Surface chemical stability of rocksalt oxides is a known issue with respect to
hydroxylation through water adsorption. XPS characterization of water uptake was
performed using the O 1s photoelectron line after several in-vacuo exposures,
culminating in a one-hour exposure to a water/oxygen mixture at 1 x 10° Torr.
Characterization of polycrystalline MgO showed a saturating coverage of —OH groups at
approximately 1 monolayer, regardless of exposure. CaO films exhibited increased
reactivity, with hydroxyl coverage increasing to 3 monolayers, in addition to a similar
amount of physisorbed water, suggesting the possibility for further reaction. Complete
recovery of both oxide surfaces is shown to be achievable using mild vacuum anneals.

Finally, the surface of GaN has been characterized with respect to several issues
encountered during these investigations. GaN surfaces are found to be significantly Ga-
rich, with surface stoichiometries routinely in excess of Ga,N. Several wet chemistries
for GaN preparation were evaluated for their ability to modify the electrical behavior of
subsequently grown oxide films. XPS could not unambiguously identify any change in
surface chemistry that promotes these effects. Finally, p-type GaN films were noted to

consistently possess greater oxide contamination in the as-grown state. Typical n-type or



undoped GaN were marked by submonolayer quantities of oxide surface coverage, while
p-type GaN typically exhibited coverages in the 1-2 nm scale. This difference has been
found to be due to the p-type dopant activation anneal, during which GaN oxidation

cannot be suppressed.



Spectroscopy of Oxide-GaN Interfaces

by
Hughes Spalding Craft

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Materials Science and Engineering

Raleigh, North Carolina

2009
APPROVED BY:
Dr. Zlatko Sitar Dr. Donald Brenner
Professor of Materials Science Professor of Materials Science
Dr. Thomas Pearl Dr. Jon-Paul Maria
Assistant Professor of Physics Associate Professor of Materials Science

Chair of Advisory Committee



il

Biography

Spalding Craft was born in Atlanta on April 22, 1982, to proud parents Spalding, Sr.
and Sandy Craft. A six-year career in catholic school served him well in establishing a
lifelong desire to learn, while a longer stint in public schools taught a healthy distrust of
authority figures. Spalding moved with his family to Morehead City, NC in 1991, where he
attended Morehead City Middle School and West Carteret High School, finally developing a
late-blooming aptitude for science and math that would eventually lead to his career in
engineering at North Carolina State University.

At NC State, Spalding arrived in 2000 fully expecting to pursue a degree in acrospace
engineering, but instead was beguiled by a materials science demonstration in an
Introductory Engineering course. The exhibits of work hardening, annealing, and shape
memory alloys had little to do with Spalding’s eventual interest in electronic materials, but
they presented fundamentally satisfying explanations for materials behavior that are observed
daily, and so appealed to Spalding’s general curiosity about phenomena in general.

Spalding stayed at NC State for graduate school, having found the research he wanted
to do in the laboratory of Prof. Jon-Paul Maria. Starting with oxide MBE of rare earth oxides
on silicon, Spalding moved on to the spectroscopic investigations of oxides on gallium
nitride presented in this dissertation. After obtaining his PhD in materials science, Spalding
will continue to work in the NC Research Triangle area at Hexatech, where he will be

involved in the bulk growth of aluminum nitride for future substrate applications.



il

Acknowledgements

First and foremost, I owe a tremendous debt of gratitude to my advisor and friend,
Prof. Jon-Paul Maria. Without his guidance, my graduate career would not have been nearly
as successful or enjoyable. Whether through mysteriously prescient processing advice, the
Midas touch with equipment, or a well-timed, insightful question, JP was always able to keep
nudging me in the right direction throughout my time at NC State, and I will always be
grateful for that.

I would be remiss if I did not express my sincere thanks for Dr. Ramon Collazo, who
was always an enthusiastic surrogate advisor in all matters spectroscopic. Ramon never
hesitated to take time away from his own work to teach me about some new aspect of XPS I
was running into, or to zealously engage in endless arguments about details of data
interpretation. I never left a conversation with Ramon without having learned something
new.

The past and current members of JP’s Electronic Oxides Group, and the other student
denizens of RB1, have been integral to my success and enjoyment at NC State. To Brian,
Jon, Dipankar, Alissa, Seymen, Beth, Peter, Jess, Michelle, Mark, James, Seiji, Xianglin, and
Tony, thanks for making a better difference. My tenure as a grad student would not have
been the same without the long Bojangles lunches, golf, Text Twist, and late-night arm biting
incidents. I have truly been lucky to be part of such a tightly knit group of students, and I

can’t imagine grad school without it.



iv

Finally, I wouldn’t have been able to do any of this without my family. To my
parents, my sister, and Beth: there’s just no way I would have made it through eight and a
half years of school without your love and support. Thank you for being there when things

got crazy, and sharing my successes with me. I couldn’t have done it without you guys!



Table of Contents

List of Tables viii
List of Figures ix
1. Semiconductor Interfaces 1
1.1 Metal-Semiconductor CONLACES ........couureiirniiieieiiiiee et 2
1.1.1 The Schottky-Mott RULE..........cc....uuveeiiiieiiiaiiiiieee e ettt e e e e eeieeee e e e e e e e 2
1.1.2 The BArdeen LML ..............couuiiouuuiieieeeeeiieiiieeeeeeeeeeseiiteeeeeeeesssseibaeaeeeeeeesnnnaes 4
1.1.3 The Development Of MIGS TREOTY ........ccoccueueuueeiiieieiiiiiiiiieeeeeeeesiireeeee e e e e 11

1.2 Semiconductor HEtETOSIIUCTUIES ........vveeiiriiiiieeiiiiee et 20
1.2.1 The IFIGS MOdEL...........ccocueiiiiiiiiiiiiiieeieeeeee ettt 20
1.2.2 Correlating Experiment and TREOTY................ueeeeieeeiiiiiiiiiiieeeeeeeeiiieeeeeeeeeenans 23
REFERENCES ...ttt ettt et e et e st e e 26

2. X-ray Photoelectron Spectroscopy 28
2.1 Historical DeveIOPMENt.........c..uuiiiiiiiieeiiiiiiiiieeee et e e e st e e e e e e s e seaaaeees 29
2.1.1 EQrLY EXPETIMENLS ..cccooueieieeeeeeeeeeteee e e e e ettt e e e e e e ettt e e e e e e e esnianaaaeeeaeens 29
2.1.2 MOAETTL XPS ....oveeeeeeeeeeeeeee ettt ettt e e e e e ettt e e e e e e e st e aeeeeeeas 31

2.2 Fundamentals Of XPS ... 33
2.2.1 Practical ASPects Of TREOTY ........coceuuuuuiieiiiiiieiiiiieeee ettt e e 33
2.2.2 INSTFUMERILALION ..cooeeeeeiiiiiieeeeeeeeeeet e e e e e e ettt e e e e e e s e s saibbaeeeeeeeessssasseaaeeaaeeas 40

2.3 Techniques Of INTETESt ....ccciiiiiiiiiiiieiee et e e e e e e e e e e e e 46
2.3.1 Surface CompoSition MeASUFEMIENLS ............coeeeeuuueeeeeeeeeiaiiiiieeeeeeeessssinsereeeeaeens 47
2.3.2 Thin Film GrOWHh MOAES ............cccccuuueviiiieeiiaiiiiiiiieee e e eeesieeee e e e e e e ssieaeeeeae s 48
2.3.3 Band Offset MeQSUTEMENLS ..........ccc.uuuueeeeeeeeiaiiiiiieeeeeeeeeesiieeeeeeeeesssiiieeaeeeeeens 53
REFERENCES ...ttt ettt et e et e st e e 57

3. Materials 62
3.1 GallIUm NIEFIAE et e e st e e s reeee e 62

3. 1.1 Properties Of GAN..............uuueeiiieiiieiiiieeeee e e ettt ee e e e e e ettt e e e e e e s sseaaaaaeeeeaeens 63
3.1.2. GaN Growth: Controlling GaN Polarity ..............cccccceeeveeiiiiiieiieeeeiiiiiiieeeeaennn 73

3.2 Dielectrics 0N GaAN ....cooiiiiiiiiiiieee ettt e e e e et e e et e e e e e e 81
REFERENCES ...ttt ettt ettt e et e et e e sanees 86

4. Experimental Procedure 90
4.1 Experimental EQUIPMENT ......ccooiuiiiiiiiiiiiiiiiiice e 90
4.1.1 Surface Analysis CRamber: XPS ..........c..uuueeiiieiiiiiiiiiiiiee e eeesiaeee e 91
4.1.2 Molecular Beam Epitaxy: Film GrOWH ............ccooceciiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeees 93
4.1.3 Annealing Chamber: Surface Preparation ...............cccceeeeeeeeeseciiueieeeeeseennneneneens 95
4.1.4 Electron Beam Evaporator: Metal DepoSition ..................coeueeeecuieeeeeeeeennsainennns 96

4.1.5 Additional EQUIDIMENT .............ceeiiieimiiiiiiiiieeeeeeeeesiiteeee e e e e e ssiiieaeeee e e e e s niaeaeees 96



vi

4.2 SUbStrate Preparation............oovieiiiiiiiieeeeeiiiiiiieeee e e e e et ee e e e e s e e eeeeeesesnneaneeees 97
4.3 Experimental DEtails ........cccoovviiiiiiiiiiiiiiiiiieeeeeee e 98
4.3.1 Growth Mode MeQSUFEIENLS ...........ceeeeeeeeeeeeeiiiieieeeeeeeeeeeriiieeeeeesssereriiiseeeeeessseenns 98
4.3.2 Band Offset MEASUTEIENLS ............ccueeeuuuuuiieeeeeeiiiiiiiieeeeeeesssisireeeeessesssnnneeees 100
REFERENCES ..ottt ettt e e e e e e e e e e e e e e e e e eaataaaaeeeeeeeeennees 102
5. Band offsets and growth mode of MBE-grown MgO (111) on GaN (0002) by X-ray
photoelectron spectroscopy 103
Y01 1 v V! A 104
318 o6 L1 e (o) | ER 105
Experimental PrOCEAUTIE ..........ciiiiiiiiiiiiiiiiieiee e e e e e e e e e e e 106
Results and DiSCUSSION.......ccceeeeiiiiieieeeee e e e e 108
Characterization of MgO Growth MOde ...................couuieieiiiiiiiiiiiiieeiiiiiiiiieeeaeeeeeans 108
Band Offset MeQSUTEMENLS .............uueeiieeeieiiiiiiiiieeeeeeeeieiiieeeeeeeesssirereeeeeesssssaaneeeees 110
(000) 1 16] 11T o) ) 117
ACKNOWIEAZEMENLS ...t e e e e ettt e e e e e s s ibbb e eeeeeeeeennnnns 118
REFERENCES ......ooiiiteeee ettt e e e e e et e e e e e e e e e e e eaataaaaeeeeeeeeennnes 119
6. Spectroscopic analysis of the epitaxial CaO (111) - GaN (0002) interface.......c........ 120
Y01 1 - To! A 121
318 o6 L1 e (o) | B 122
Results and DiSCUSSION.......cccceeeiiiieeeeieeeee e e e e 124
(000) 1 16] 11T 03 ) H 130
ACKNOWIEAZEIMENLS ...ttt e e e e ettt e e e e e s st aeeeeeeeeesnnnnns 130
REFERENCES ...ttt e e e e e et a e e e e e e e e e e saataaaaeeeaeeaeennees 131
7. Surface water reactivity of polycrystalline MgO and CaO films investigated using x-
ray photoelectron spectroscopy 132
Y01 1 v V! A 133
318 o6 L1 e (o) | B 134
Experimental PrOCEAUTIE ..........ciiiiiiiiiiiiiiiiiee et e e e e et e e e e e e e e 135
Results and DiSCUSSION.......ccceeeeiieiieeeeeeeeeeeeeeeeeeeeeee e e e 137
(000) 1 16] L1 T3 o) ) 145
ACKNOWIEAZEMENLS ...t e e e e et e e e e e s st aeeeeeeeesennnnes 146
REFERENCES ......ooiiiteeee ettt e e e e e et e e e e e e e e e e e eaataaaaeeeeeeeeennnes 147
8. GaN Surfaces 148
8.1 Surface StOIChIOMEIIY ..cccueiiiiiiiiiieee et e e e e e e e e eiaraeeeeeeeees 148
8.2 GaN Chemical TIEAtMENTS ..........uuvuurrurreriirriririeeraeeerrerrereraeeerereee———————————————————————————. 158
8.3 Surface oxidation differences arising from GaN doping...........ccccceeeeeeeivviiiiiiieeeennnn. 164
REFERENCES ..ottt ettt e e e e e et a e e e e e e e e e e e saatabaaeeeeaeeeennees 169
9. Conclusions and Future Work 170




vii

9.1 CONCIUSIONS......eeieiiiiieee ettt ettt e e e ettt e e e e e e e s e e e neneee 170
9.2 FULUIE WOTK ...ttt et e e e e e e 173
Appendix 175
Band offsets of SrTiO,, GdScO,/SrTiO;, and LaAlO,/SrTiO; epitaxial heterostructures
WIth (0001) GAN ..ttt ettt e et e et e e st e e sbaee e 175

REFERENCES ...t 184



viii

List of Tables

Table 2.1: Characteristics Of COMMON X-TAY SOUICES  ........evereereereerererrereereereeseseneeseeseesens 43
Table 3.1: Summary of the band gap (E;), hole mobility (u,), saturation electron velocity
(V) critical electric field (E.), thermal conductivity (A), and dielectric permittivity (e,)
of GaN, and several other SEMICONAUCTOTS. .......iivueiiieieiie ettt e e eeeeeeneeeens 63
Table 5.1: Summary of XPS data used for valence band offset calculations..................... 115
Table A.1: Summary of band offsets determined for the heterostructures in this study...... 187



X

List of Figures

Figure 1.1: Schematic band diagram of Schottky’s space charge model for rectifying metal-
SEMICONAUCTOT COMEACES. ....eeiiiiiiieiiiiiiteeeiiitee e ettt e e ettt e e e sttt e e e st e e e e snbeeeeessraeeeeneneee 2
Figure 1.2: (a) Band diagram illustrating Bardeen’s modification to the Schottky-Mott
model; note the schematic depiction of surface gap states. (b) Plot comparing the degree

of band bending to the relative densities of surface and space charge.............cccueeeeene.. 6
Figure 1.3: Demonstration of the effect surface states may have on semiconductor surfaces,
USING & P71 JUNCEIOM ..vvtieeeeeeeeiiiiiieeeeeeeeeesiiieteeeeeeeesssaatttaeeeeeeeessnnansstseeeeesessssnsnsnsaaeeeeeens 8
Figure 1.4: Modification of the plot given in Figure 1.2b, with the addition of the first
electric field term of EQuation 1.8 ........oooiiiiiiiiiiiiiiii e 9
Figure 1.5: Plot from Kurtin, ef al. showing slope parameter S versus Pauling ionicity AX for
various dielectric MALETIALS .....ccovuiiiiiiiiiiii e 16
Figure 1.6: Kurtin et al.’s data after Schliiter’s rescaling of S t0 Sy.....ceevvviieiiniiiieiinninnen. 17
Figure 1.7: Monch’s data showing the quadratic relationship between the slope parameter
and the electronic polarizability...........ccccuiiiiiiiiiiiiiiiiieeeeee e 19
Figure 1.8: Schematic band diagram showing two semiconductors in intimate contact....... 34
Figure 2.2: Plot of the electron inelastic mean free path for electrons of kinetic energies up
T0 S>T000 €V .. e e et e e e as 36
Figure 2.3: Model demonstrating the origin of the XPS chemical shift in terms of the change
in valence band electron density upon oxidation of metallic lithium ............................ 39
Figure 2.4: Greatly simplified diagram of an XPS analysis chamber ............cccccccccennnieeen. 41
Figure 2.5: Diagram of a typical XPS x-ray source, showing the usual dual-anode
arrangement with the aluminum anode in OPeration............cceevvvuevvivieeeeeeenriiiiiieeeeeenen. 44
Figure 2.6: Schematic showing the operating principles of the concentric hemispherical
ANALYZOT . ..eeeiieeiiiie ettt e e e e ettt e e e e e e ettt e e e e e e e e bttt e eeeeee e e narttaaeaeeeens 45
Figure 2.7: The three essential thin film growth modes .............ccccoviiiiiiiiiiiiinniiiecee. 49
Figure 2.8: Plot of theoretical photoelectron intensity attenuation versus thickness for the
three thin film growth MOdEs..........ccoiviiiiiiiiiiiiiiie e 52
Figure 2.9: Generic band diagram showing the measurements necessary for determining
valence band OFfSELS .......coouuiiiiiiiiiiiii e 54

Figure 3.1: The electron drift velocities versus electric field for Si, GaAs, InP, and GaN ... 65
Figure 3.2: A comparison of the temperature dependence of the intrinsic carrier

concentration Of Si, SIC, and GaAN .....c..oiiiniiiieiiiee ettt e e e eeans 67
Figure 3.3: The structure of GaN viewed along [110], inclined slightly towards the c axis,
using Ga- or N-centered tetrahedral to visualize the polarity...........ccccceeeeviiiiiiiineennnnn. 70

Figure 3.4: Structure forming a 2DEG (in red) at the AlIGaN/GaN interface, and schematic
band diagram showing the conduction band of GaN bending below the Fermi level at
the interface, thus inducing the 2DEG ............ccccoeiiiiiiiiiiiiiiieiieee e 72
Figure 3.5: The use of the intrinsic polarity of the wurtzite structure to control the location
and sign of the carrier gases at AIGaN/GaN interfaces...........oooevvviiieeeeieeniniiiiiieeeeennn. 73



Figure 3.6: Ga supersaturation as a function of V/III ratio and F ratio ..........ccccccceeeennneeee. 78
Figure 3.7: Schematic interfacial bonding arrangements for N- and Ga-polar GaN on a
SAPPRITE SUDSTIALE ..eeieiiiiiiiiiiiiieee e e ettt e e e e e ettt e e e e e e sttt e eeeeeesssnsnabeeaeeeeeessnnnnns 80
Figure 4.1: Schematic diagram of the Sitar surface analysis cluster.........cooccuvivvieeeeeennnnnnns 91
Figure 5.1: Comparison of integrated intensity of Ga 2p photoelectric peak with theoretical
predictions as MgO thicCkness INCIEaSes ...........uuveeereeerriiiiiiiiieeeeeerririreeee e e e e e 110
Figure 5.2: Representative XPS data showing Ga 3d and Mg 2p core levels, and the
corresponding valence band regions (INSELS) .......ceeeerrrriuiiiiiiireeeeriiiiiiieeeeeeeeeeriiieeeees 113
Figure 5.3: Simplified band diagram of MgO/GaN interface ...........cccceeeevviieeeinniieeeennnnee. 117
Figure 6.1: Comparison of Ga 2p integrated intensity as CaO thickness increases with
prediction for two-dimensional film growth...........ccccoeiiiiiiiiiiiiiiiniii e, 125
Figure 6.2: Schematic illustration of the relative coalescence behaviors of CaO and MgO on
GAN (0002). .ottt ettt et ettt et e e s e s e e 127
Figure 6.3: Sample spectra showing Ga 3d and Ca 3p core levels as well as valence band
spectra from bare GaN and 40 nm CaO, respectively........occcuuiiiiiieiiiiiiiiiiiiieeeee e, 128
Figure 6.4: Simplified band diagram of the CaO/GaN interface...........ccccoccuveeeervuieeeennnne. 129
Figure 7.1: XPS survey scans of (a) MgO and (b) CaO polycrystalline films used in this
SEUAY . 1eeetieeiiiiittt ettt e ettt e e e e e ettt e e e e e e et bt t e e e e e e e e e ettt eeeeeeeeaannbttaaeeaeeeeeannnns 138
Figure 7.2: O 1s photoelectron spectra of MgO film following various exposures. ........... 139
Figure 7.3: O 1s photoelectron spectra of CaO film following various exposures. ............ 141
Figure 7.4: O 1s spectra comparing CaO surface following 500 °C recovery anneal to as-
dePOSILEd SUITACE. ....uvveiiiieeeeiiiiitie et e e e e et e e e e e e s e naaseeeeas 143
Figure 7.5: Free energies for the bulk reactions of CaO and MgO with water to form
hydroXide PRASES........uviiiiiiiiiiee e e e e e e e 144
Figure 8.1: Representative data showing the Ga 2p,, and N 1s photoelectron line from an
UNdoped GaN SAMPIE ....coeiiiiiiiiiiiiiiiiee et e e e e e et e e e e e e s e naaneeees 150
Figure 8.2: Ga 2p,, and N 1s photoelectron lines taken from GaN exposed to Ar ion beam
sputtering for ten minutes at 600 “C. ........ccooiiiiiiiiiiiiieeeeiiriieeee e e e e 152
Figure 8.3: Evolution of surface stoichiometry of p-type GaN following one-hour vacuum
anneals at 700, 800, and 900 PC......ouiiiuiiiiei ittt ettt e e eaaaas 153
Figure 8.4: Survey scans taken using Mg Ko radiation of GaN surfaces subsequent to each
ANNEAIING STAZE .....vvveiieeeeiiiiiiiieeee e e ettt ee e e e e e sttt e eeeeeesssaabbteeeeeeeessssnnnsseaeeeeeeens 154
Figure 8.5: Ga:N ratio vs. Ga supersaturation for several GaN films ............ccccoeveeeennne 155
Figure 8.6: Ga:N ratio as a function of growth time............ccoovuieiiiniiieeinniiiccereeeee 157
Figure 8.7: O 1s photoelectron spectra of untreated GaN, the standard HCI-HF etch, and the
HCI-buffered HE €tCh. ........oiiiiiiiiiee e 160
Figure 8.8: Atomic force microscopy images of GaN surfaces after the denoted chemical
3L 811 1S) 1L P OO P PP OPUPPRPPPP 161
Figure 8.9: Valence band spectra of the GaN surface after the HCI-HF etch (red), and the
HCI-HF:NH,F €tCh (DIUC).....uvviiiiiiiiiiiiiiiiiiiiiiiiititieieeeteveevveveevtavavavvssaassssssssssssssssnssnnne 162

Figure 8.10: XPS scans of Cl 2p core level photoelectron lines of GaN surfaces exposed to
an HCl-last treatment and the standard HCI-HF treatment. .............ccccccoviiiiiinnnnnen. 163



xi

Figure 8.11: O 1s core levels comparing the surface oxygen contamination for p- and n-type

GAN SUITACES. ....eeeieiiiiiee e e s e e et e e e s ineeeees 165
Figure 8.12: Survey scans using Al Ka radiation illustrating the relative contamination
differences arising from the p-type dopant activation anneal...............cccccceeerrinnnnnnenn. 167
Figure 8.13: O 1s core level scan of an unactivated p-type GaN surface. ..........ccceeveeeeenn. 168

Figure A.1: RHEED images collected along the substrate <l l§0> azimuth of (a) GaN, (b)
5 ML (100)-oriented TiO,, (¢) 2 nm (111)-oriented SrTiO;, (d) 40 nm (111),-oriented
GdScO;, and (e) 40 nm (111),-oriented LaAlO;.........cccovviiiiiiiiiiii 188

Figure A.2: (a) 6-20 and scan of a 40nm LaAlO; / 2nm SrTiO, / (0001)-oriented GaN
heterostructure. (b) Azimuthal ¢-scans of the LaAlO, 2024 family (top) ( x=35.33°)
and GaN 1011 family (bottom) ( ¥=28.03°) with 0° aligned parallel to the [10 TO] GaN

L4 CTe1 10 ) 1 PP PPPUPUPRPPRPPPRRE 189
Figure A.3: X-ray photoelectron spectra of the (a) Ga 3d, (b) Ti 3p, (c) Al 2p, and (d) Sc 3p
PhOLOCIECIION TINES .....evviiiiiieeeiiiiiieeeeee e e e e e e s ee e e e e e e s eebeeeees 190

Figure A.4: Simplified schematic band diagram of the (a) LaAlO, / SrTiO; / GaN interface
and (b) GdScO, / SrTiO; / GaN interface.........cccccevvvviiiiiiiiiiiiiieeeeeee 191



1. Semiconductor Interfaces

The electronic properties of semiconductor interfaces constitute a central theme of the
research to be presented in this thesis. Of those properties, the band alignment (or the mutual
offsets between the conduction bands and valence bands of the two phases) is perhaps the
most critical, as it establishes the conditions of current transport across the interface: the
extent to which it can occur and the mechanisms that will govern it. Therefore, the
mechanisms that establish this band lineup are worth investigating.

This chapter presents a review of those mechanisms in the form of a historical outline
of the research aimed at understanding these interfaces. The formation of metal-
semiconductor contacts is reviewed in somewhat greater detail than semiconductor
heterostructures, as the debate over these contacts lasted for nearly three quarters of a
century, and the understanding of Schottky barriers led to a much more rapid understanding
of heterostructures.

The state-of-the-art understanding of metal-semiconductor contacts evolved from the
simplistic Schottky-Mott Rule (1938), to the Bardeen limit (1947), in which surface and
interfacial effects are considered, to the most recent elucidations of the Metal-Induced Gap
States (MIGS) theory (~1980-2000). The present MIGS theory is finally accepted and has a
strong theoretical and experimental basis. The advent of high-quality heterostructures
prompted the relatively rapid adoption of MIGS theory (such as it was) to explain their band

alignments in the late 1970’s. Thus, with a reasonably thorough understanding of the



mechanisms governing the formation of Schottky contacts, the behavior of semiconductor

heterostructures will be seen to be analogous, and comparatively easy to understand.

1.1 Metal-Semiconductor Contacts

1.1.1 The Schottky-Mott Rule

The unusual properties of metal-semiconductor contacts were first observed by Braun
in 1874," who observed rectification behavior in Cu/Cu,O contacts. Their commercial use
followed quickly, but it was not until 1938, when Schottky published his paper’ proposing
the formation of a depletion layer extending into the semiconductor from the metal-
semiconductor interface, that sustained research investigating the mechanisms underpinning
the devices began in earnest. Schottky’s proposed mechanism for rectifying behavior is

shown schematically in Figure 1.1, for an n-type semiconductor.

Ey,

ac A

Figure 1.1: Schematic band diagram of Schottky’s space charge model for rectifying metal-
semiconductor contacts.



In Schottky’s model, the metal and semiconductor form a clean, abrupt interface. The
semiconductor surface is assumed to be bulk terminated, and consequently, no surface states
are present, and no band bending occurs until the semiconductor and metal are brought close
to one another. As the two materials make contact, charge transfer at the interface occurs in
order to bring the Fermi levels into equilibrium. If the work function, @,,, of the metal is
larger than that of the semiconductor, as is the case in Figure 1.1 above, then electrons are
transferred from the semiconductor into the metal, consequently a depletion region and a
space charge layer form in the semiconductor. In the metal, the charge incurred by the
interface formation is screened over atomic distances, and thus the band bending is
negligible. In the semiconductor, the electric field is screened over a much larger distance, as
described by the Debye length, typically on the order of 10 nm.” Thus, the degree of
rectification is determined by the amount of band bending in the semiconductor.

Schottky finalized his theory in 1940,* and Mott in 1938’ arrived independently at the
same rule for determining the magnitude of the barrier height ®; at the metal-semiconductor
contact:

Dy, =Dy —Xs, [1.1]
where the subscript B,n refers to the barrier height for an n-type semiconductor. For a given
semiconductor, the behavior of the junction can be varied from ohmic, using a low work
function (®,, < x) metal, to rectifying (“Schottky” behavior) using a high work function

metal. The barrier height scales linearly with the metal work function. This leads to the



definition of the Slope Parameter, S, which describes the variation of the barrier height with
the metal work function, for a particular semiconductor:

do,

S .
do,,

[1.2]

For a semiconductor following the Schottky-Mott rule, S = 1. The use of an identical model,
with appropriate changes in sign, can be used to derive a similar relationship for the barrier
height on a p-type semiconductor.

Experimental work to test this theory was performed quickly, but the data for the
semiconductors of interest at the time (Ge, Se, and Cu,0O) did not match Schottky’s
predictions, and thus much of it was not published until later. For a summary of some early

experimental work that suggested the insufficiency of Schottky’s theory, see ref [6].

1.1.2 The Bardeen Limit

Although the Schottky-Mott rule established an important basis for the interpretation
and prediction of metal-semiconductor contacts, its inadequacy was quickly apparent, as the
behavior of most semiconductors was found to deviate significantly from a linear, one-to-one
variation in barrier height with metal work function. The first substantive insight into the
failure of this theory was proposed in 1939, but not seriously adopted until much later. In
1939 Shockley theorized, building on earlier work from the Soviet Union, that for a one-
dimensional crystal, surface states must exist as a result of the termination of the crystal

periodicity.” Extending his model to three dimensions, Shockley concluded that there should



be one surface state per surface atom, existing in a half-filled band. These states decay
exponentially into the crystal, and their energies reside within the band gap. The existence of
surface states, whether intrinsic or extrinsic, provides the central paradigm for all further
understanding of semiconductor junctions.

Bardeen, in 1947, identified the two essential deficiencies of the Schotty-Mott rule.
First, he pointed out that the work function of either surface contains a term due to the
surface dipole, and thus its value may be modified by the formation of the contact. Second,
he utilized Shockley’s argument of surface states to explain the experimental observations of
metal-semiconductor junctions with slope parameters of much less than one.® Bardeen’s
contribution is fundamental to further understanding of semiconductor contacts, so some
attention will be given to its derivation here. The basic quantities needed are given in the
metal-semiconductor band diagram, again for an n-type semiconductor, shown in Figure
1.2a. Here, the important quantity to note is €, or the topmost energy level of surface states

within the band gap, referenced to the bottom of the conduction band.
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Figure 1.2: (a) Band diagram illustrating Bardeen’s modification to the Schottky-Mott
model; note the schematic depiction of surface gap states. (b) Plot comparing the degree of
band bending to the relative densities of surface and space charge. (a) And (b) adapted from
ref[6].

As shown in Figure 1.2a, the Fermi level at the surface is above ¢, so the surface
states are filled, and the surface will be negatively charged, leading to the compensating
upward band bending, as shown. The band bending leads to the formation of space charge
within the bulk of the semiconductor, the density of which is determined by the amount of
surface states. At equilibrium, the band bending is just enough to compensate the surface
charge. At the surface, the semiconductor work function, @, then, depends on the degree of
band bending according to:

O, =D+ P, +0. [1.3]

The relationships between the two charge densities (o, and ©;, or the surface and

interior charges, respectively), and @, are shown in Figure 1.2b. For a volumetrically



uniform space charge, g; is dependent on the square root of @,. The trace of o, with @, has a
steep slope indicating a high density of surface states. Its zero occurs when

-9, [1.4]
since ¢, represents the level to which the surface states must be filled to give zero net surface
charge. For a very high density of surface states, the trace of o, is nearly vertical, thus the
zeros of the traces o, and (0, + 0;) coincide. For this case, combining equations 1.3 and 1.4
gives

D, =D +¢,. [1.5]
The Fermi level of the semiconductor does not affect the work function, thus the effective
surface Fermi level becomes ¢, which fixes the amount of band bending and consequently,
the metal-semiconductor barrier height @,. Figure 1.3 illustrates this effect in terms of a
semiconductor band diagram in which the doping is varied from n-type to p-type from one
end of the semiconductor to the other. In order for the surface band bending due to surface
states to be significant (i.e. for @, to be on the order of ¢,), Bardeen estimates a density of

~10" states/cm®, or about one state for every 1000 surface atoms.
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Figure 1.3: Demonstration of the effect surface states may have on semiconductor surfaces,
using a p-n junction. In (a), no surface states are present and the difference in contact
potential (¢) for the same metal is large between the p and n-type sides of the crystal. In (b),
a large quantity of surface states exists, and ¢ in this case is much smaller. Adapted from
ref[6].

Examining Figure 1.2a, the electric fields formed at the interface can be evaluated,
and the amount of surface charge required to completely erase the effect of the bulk
semiconductor Fermi level can be estimated. The field between the metal and semiconductor

is given by

(®y - @)
ga

[1.6]

The field itself is caused by the charges existing at the semiconductor surface, so can be

expressed as the total charge density
4n(o, +0,). [1.7]

Equating the two expressions, and substituting Equation 1.3 into 1.6, finally yields



D, -0-D. -,
4mqa

=0,+0,, [1.8]

where o, and o; are functions of @,. Now, Figure 1.2b is revisited in Figure 1.4. The left-
hand side of Equation 1.8 is added to the plot, and its solution is the intersection of the new

line with (o, + 0)).

Figure 1.4: Modification of the plot given in Figure 1.2b, with the addition of the first
electric field term of Equation 1.8

If the density of surface states is high, then (o, + o;) will have a steep slope, and the
intersection of Equation 1.8 and (o, + o;) will occur at nearly the same value for ®, as given
by Equation 1.4. Thus, again the barrier height is practically independent of the Fermi level.
In the standard Schottky-Mott picture of metal-semiconductor interface formation, the value
of @, is determined by the difference in work functions between the two phases. The Fermi
levels align at equilibrium, and band bending occurs to bring the vacuum levels into registry.

According to Bardeen’s picture, however, at some value of o,, the work function of the metal
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would cease to be of importance in determining the barrier height, because the semiconductor
already determines the band bending, before the two materials are brought together. For this
to take place, the absolute value of the slope of the line o, (and consequently (o, + ©;)) must
be much larger than that of the line describing the left side of Equation 1.8. This occurs for o,
> 10" cm?, or approximately one order of magnitude higher density than is required for
appreciable band bending to occur.’ In this case, the slope parameter, S, is equal to zero.
This is referred to as the Bardeen limit.

Concomitantly to Bardeen’s work, Meyerhof published results further supporting the
concept of Fermi level pinning by surface states.® Meyerhof measured the Schottky barrier
heights of 11 elemental metals and alloys on n- and p-type silicon. No discernible
relationship between the metal work function and @, is present, and in fact very little
variation in @, exists through the series of metals. Additionally, referring back to Figure 1.3,
it can be seen that the work function for a semiconductor doped p-type, should differ from
that of the same semiconductor doped n-type by approximately the value of the
semiconductor band gap. Meyerhof measured the work functions of n- and p-type silicon,
and found a variation of only 0.3 eV. The results are interpreted in the context of a metallic
silicon surface, which screens the contact potential of the metals, thus reducing the
dependence of the metal work function. This interpretation is similar to Bardeen’s surface
state approach; in Shockley’s seminal paper regarding surface states, he notes that the states

should exist as a half-filled band, and would be conductive in the surface plane.’
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Brattain and Bardeen,” and Morrison' first reported experimental studies explicitly
setting out to prove the existence of surface states, by changing the surface exposure of Ge
crystals and measuring the contact potential,” and the surface conductivity."” The results
suggested that surface states existed and had significant influence on the properties of
semiconductors, but the states probed in these studies would not prove to be those

fundamentally important to Schottky barrier formation.

1.1.3 The Development of MIGS Theory

For the next several years, research into metal-semiconductor contacts continued in
much the same vein as Meyerhof’s contribution: numerous reports of materials systems in
which the variation of @, with @,, is much smaller than that predicted by the Schottky-Mott
rule, with little further progress in the understanding of the proposed surface states and their
origins. For metal-Si contacts, Crowell et al. measured the barrier heights of evaporated Au,
Ag, Cu, and Pd films on Si using the spectral response of the photocurrents.'" Archer and
Atalla performed differential capacitance measurements of Cu, Au, and Ni contacts on n-type
silicon."”” Mead and Spitzer reported @, data collected using current-voltage measurements
of Au-Si contacts.” In all cases, @, was found to be essentially independent of the metal
work function. Crowell, Sze and Spitzer reported in 1964 that the temperature dependence of
@, for Au films on n-type Si was identical to the temperature dependence of the Si band

gap.'* The increase in @, is due to the decrease in the Si band gap with temperature. The bulk
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Fermi level tends toward the middle of the gap as temperature increases, and thus @, had it
been determined by the Fermi level, would decrease as temperature increases.

During the same period, a similar set of data evolved for several compound
semiconductors. See, for example, references[13,15,16] for an overview of work performed
on GaAs, InSb, GaP, AlISb, InP, GaSb, InAs, and CdS. For all materials except for CdS, a
very weak dependence of @, with @,, is observed. In particular, the insensitivity of Si and
GaAs suggested that the density of surface states for these materials must be near to the
Bardeen limit value of > 10" cm™. Notable among this work is the appearance of the “E/3

rule,nlB

the first of several attempts to establish broad trends for predicting interface behavior.
This rule was based on the observation that the Fermi level pinning always seemed to occur
above the valence band maximum by a value of approximately 1/3 of the band gap. The
observation was based on a serendipitously limited data set, and the inclusion of more
complete data, along with appropriate account of experimental scatter, disproved the trend.
Concomitantly to much of the work cited above in metal-semiconductor contacts, two
major contributions to their understanding were put forward. First, Cowley and Sze finally
quantified Bardeen’s predictions, by synthesizing the body of experimental work into a
unifying equation for predicting the barrier height at such interfaces.'” Taking into account
the image force barrier height lowering A®, (the Schottky effect), the slope parameter S, and
finally referencing the highest occupied surface state @, to the top of the valence band, rather

than the bottom of the conduction band (as in [6]), Cowley and Sze derived the barrier height

as given by
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Dy = §(Py, — x5 )+ (1-S)(Eq - 5) - A [1.9]

n°

By considering the variation in band bending with the density of surface states, S can be

derived as
1
S= — [1.10]
1+ q ])SS6
€€,

Here, then, is the first description of the slope parameter explicitly as a function of the
density of surface states, Dg. Also included is some accounting for the chemical and
electrical quality of the interface, expressed as the interface thickness 6 and it’s dielectric
behavior €. In considering Equation 1.9, there are two obvious limiting cases: (1) as S 2 1,
then the density of surface states is small, and the Schottky-Mott rule applies (with the
additional image force term), and (2) as § = 0, then the density of surface states is very
large, and the Bardeen limit is in effect; the barrier height is controlled by the energy
distribution of the gap states. Additionally, differentiation of Equation 1.9 with respect to
temperature shows that if the temperature dependence of @, and X are approximately equal,
then the change in @, with temperature is equal to the change in band gap with temperature,
as observed in.'* Cowley and Sze compiled much of the experimental data referenced above
and applied Equations 1.9 and 1.10 in an attempt to consistently explain the observations.
They determined slope parameters for Si, GaP, GaAs, and CdS, finding that in all cases the
data, which had previously been fit using the Schottky-Mott approach, was better described

when some Fermi level pinning was taken into account.
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Also in 1965, Heine argued that the surface states discussed by Bardeen and proven
to exist through experimental data are not necessarily the result of the crystal surface being
intrinsically different from the bulk (i.e. they do not exist as “dangling bonds”)."® Instead, the
surface states are a result of the bulk states of the metal contact, which tail exponentially into
the semiconductor, in the energy range of the band gap. The states into which the metal states

> which are states in the intrinsic band

decay are derived from the “virtual gap states,”
structure of a semiconductor, which possess complex wave vectors. Such states either grow
or decay exponentially, and thus can only exist at interfaces, from which they can decay."

Heine’s theory was largely ignored experimentally for many years, but slowly gained
traction, as theoreticians explored the concept. Louie and Cohen used pseudopotential
calculations to model the electronic structure of Al-Si contacts using a jellium to approximate
the Al metal.” They found four types of interface states: (1) states falling in the energy
region of the semiconductor valence band and the metal conduction band, (2) bulk
semiconductor states lying below the metal conduction band which decay into the metal, (3)
localized interface states lying in energy gaps below the semiconductor valence band, and (4)
states in the range of energies where the metal conduction band overlaps the semiconductor
band gap. In the fourth case, the states result in a continuum of metal-induced gap states
(MIGS), which are filled up to the Fermi level.

Louie et al. expanded upon the previous work by including calculations for GaAs-,

ZnSe-, and ZnS-Al (jellium) interfaces,” and found the same behavior. Further, they

calculated the MIGS density of states for the four semiconductors investigated over the
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previous two references, and found values in the range of 1-5x10" c¢cm?, from which they
determined the slope parameters. Although this work did not take into account the
possibility of interface chemical and structural effects, the calculated S values agreed well
with experimental observations, and suggested a trend towards a smaller density of MIGS
(and thus smaller degree of Fermi level pinning), as the ionicity of the compound increased.
The ionicity trend presented the tantalizing possibility of a predictive link between an
easily obtained quantity (the Pauling ionicity) and the Schottky barrier height, which had
proved so elusive to understanding. Kurtin et al. first proposed the relation in 1969.” They
collected the known experimental data of the time (23 semiconductors and oxides), and
plotted the slope parameters as a function of the Pauling ionicity (or the difference in the
electronegativity X between two constituents of a binary compounds). The data is reproduced

in Figure 1.5, and shows a pronounced S-shaped trend, with a step in the slope parameter at

AX ~0.8.
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Figure 1.5: Plot from Kurtin, ef al. showing slope parameter S versus Pauling ionicity AX for
various dielectric materials. Data reproduced from ref[22].

The authors cite that for highly ionic solids, Madelung potential calculations show
that the electrostatic binding energy of a surface atom is nearly identical to that of an atom in
the bulk, and thus the surface of an ionic solid is not unique in its electrical properties. This
explanation also serves to highlight the early resistance to Heine’s MIGS theory, as it ignores
the concept of the complex band structure.

Schliiter” later pointed out that in considering the slope parameter as a function of

electronegativity, the correct definition for S is

S, =—2B [1.11]
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or the change in barrier height with respect to the change in metal electronegativity, rather
than the metal work function. Values for § can easily be converted to Sy, since the work
function and electronegativity are linearly related, but the Schotty limit for Sy is not unity.
Rescaling the slope parameters from Kurtin ef al., and accounting for experimental scatter,

Schliiter ruled out the S-shaped trend, as shown in Figure 1.6.
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Figure 1.6: Kurtin ef al.’s data after Schliiter’s rescaling of S to Sy. No S-shaped trend is
discernible by a least-squares fit. Still, the correlation of § with a fundamental materials
parameter seems possible. Reproduced from ref[*].

The attempt to correlate the slope parameter with electronegativity was not
successful, but the drive to connect S to fundamental material properties continued. Phillips*
reasoned that since S describes the screening of the metal work function by a double layer at

the semiconductor interface, and that it is semiconductor (not metal) dependent, then it must
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still be derived from the bonding of the semiconductor, as Kurtin et al. had attempted to
show. Phillips’ suggestion, which had far-reaching influence, was a correlation based on the
electronic polarizability (&, — ) of the semiconductor. Schliiter” attempted to prove this
correspondence by plotting Sy vs (g, — 1), but the results were no more definitive than his
adjustment of Kurtin et al.’s result (Figure 1.6).

Monch later showed that the product Dy (see Equation 1.10) is related to the
average band gap of the semiconductor, which can also be related to the electronic
polarizability (e, — 1).” Thus, by rearranging Equation 1.10, it can be seen that to relate S to
the polarizability, the correlation should be (1/S — 1) vs. (¢, — I). These results are shown in
Figure 1.7; the data shows a quadratic relation between (//S — 1) and (¢,, — 1), and brings the
C (diamond) data point into agreement (diamond presented an interesting case for the test of
the two correlations; it is covalent, AX = 0, but has a large band gap, and thus small

polarizability).
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Figure 1.7: Monch’s data showing the quadratic relationship between the slope parameter
and the electronic polarizability. The regression coefficient r is 0.91. Note the agreement for
diamond; Schliiter had previously attempted a simple S vs. (¢, — I) correlation, but the
diamond data fell well outside of any trend. Reproduced from ref[*].

The slope parameter correlation discovered by Mdénch provided strong support for
MIGS theory. Monch went on to show that the decay length of the MIGS is inversely
proportional to the average band gap width,”” and thus materials with wide band gaps (and
small (¢, — 1)) should be less affected by Fermi level pinning.

In the meantime, Tersoff** and Cardona and Christensen™ had undertaken an effort
to calculate the branch point energies, E,, of semiconductors. Tersoff states® that the surface
Fermi level should correspond with the highest occupied energy of the MIGS, which
corresponds to the branch point energy. This is the energy at which the virtual gap states

transition from donor- to acceptor-like states. The net charge density in the MIGS, then, is
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negative, zero, and then positive when the Fermi level is above, equal to, and below Ej,
respectively. For this reason, Ej is frequently called the charge neutrality level (CNL).

Both Tersoff”® and Cardona and Christensen® show (for Si, Ge, GaP, InP, AlAs,
GaAs, InAs, and GaSb) that the determination of the CNL depends only upon accurate
knowledge of the bulk band structure (as Heine had predicted in 1965), and achieve excellent
agreement with experimental data without considering interfacial structure or chemistry.
These contributions, along with the correlation of the slope parameter and electronic
polarizability, effectively provided the final necessary support for MIGS theory. With
additional experimental input, MIGS was eventually accepted to be the fundamental

mechanism determining @, for metal-semiconductor contacts.’

1.2 Semiconductor Heterostructures

1.2.1 The IFIGS Model

Having reviewed the development of the MIGS model for predicting metal-
semiconductor band alignment, the mechanisms determining the band alignment at
semiconductor-semiconductor (or more generally, dielectric-dielectric) interfaces will be
shown to be simply an extension of the MIGS model. As the technology for growing high-
quality semiconductor heterostructures was not developed until well into the metal-
semiconductor contacts debate, the relative lack of confusion in the heterostructures literature

is striking in comparison. Experimentally, the premier method for determining the band
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alignment at such interfaces is photoemission spectroscopy; such measurements will be
covered in detail in Chapter Two.

Figure 1.8 shows a band diagram of two semiconductors in contact, neglecting band
bending. The electron affinity y, the ionization energy I, band gap E;, Fermi level E,,

valence band offset AE, and the conduction band offset AE. are depicted.

ESI R - T T - R
A

XB

Figure 1.8: Schematic band diagram showing two semiconductors in intimate contact, giving
the quantities used in Anderson’s first explanation of heterostructures band alignment. For
more complex models, the charge neutrality levels of each semiconductor align to establish
the band offset and bending.

Anderson studied Ge-GaAs heterostructures and made a first attempt to explain their
behavior in terms of band alignment in 1962.%* This study was published three years prior to

" and Heine’s

both Cowley and Sze’s quantification of Bardeen’s surface state theory,'
prediction of MIGS,'® and thus the understanding of any semiconductor interface formation

was far from complete. Anderson’s approach therefore remains within the confines of the
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Schottky-Mott rule. Anderson accordingly defines the conduction band offset as resulting
from the difference of the two electron affinities:

AE¢ =% = Xe> [1.12]
and the valence band offset is then the difference of the ionization energies:

AE, =1,-1,. [1.13]
Like the Schottky-Mott rule, Anderson’s rule assumes a zero density of surface states, and
uses quantities (I and ) more appropriate to free surfaces than interfaces.’

Harrison attempted to solve the problem by using a linear combination of atomic
orbitals (LCAO) approach.” He calculated the positions of the valence band maxima of 37
different semiconductors (elemental and compound) with respect to their vacuum levels. To
calculate the valence band offset AE,, then, Harrison simply placed the two valence band
maxima on a common energy scale and evaluated the difference. The conduction band offset
AE could then be estimated if the two band gaps were known.

Harrison’s theory had the advantage of being extremely simple in its use for
predicting band offsets and enjoyed reasonably good agreement with experimental results at
the time. It makes no predictions, however, on the nature of the interface, specifically the
tailing of the states from one semiconductor into the gap of the other. This concept was well
established by this time (at least theoretically), and its dominating influence on band

alignment was beginning to be understood.
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Tejedor and Flores first extended the CNL model to semiconductor heterostructures
in 1978.** In their model, the valence band offset is expressed simply as the difference in
branch point energies E; of the two semiconductors:

AE, =E,, -Egz+A, [1.14]
where A represents an interface dipole term. A is essentially an experimental correction
factor, which encompasses effects ranging from dipoles resulting from polar interfaces,
strain, and the ionicity of the interface bonds (for most semiconductor interfaces, this last
effect can be neglected). Tersoff also arrived at Equation 1.14 in 1984,” and with the
collection of CNL’s tabulated by Tersoff”® and Cardona and Christensen,” the basic
underpinning of the IFIGS (InterFace Induced Gap States) model was established. The
mechanism is analogous to the MIGS concept: filled bulk states from the valence band of one
semiconductor tail into the virtual gap states of the other, providing the charge transfer that

aligns the CNL’s of the semiconductors, and establishing the band offset.

1.2.2 Correlating Experiment and Theory

Because of the technological importance of semiconductor heterostructures, a wealth
of experimental data exists which allows the utility of the IFIGS theory to be assessed. For an
excellent review of band alignment measurements of elemental/compound semiconductor
heterostructures, ternary and quaternary III-V heterostructures, and chalcopyrites, see
Chapter Six of ref[3]. As a general rule, agreement between theory and experiment is

excellent (within 0.1 eV, or inside the limits of experimental error). The case of the band
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alignment between semiconductors and oxide dielectrics is somewhat more ambiguous, as
the value of A from Equation 1.14 becomes larger due to large lattice mismatches,
differences in electronegativity, and polar effects.

The interest in oxide/semiconductor band alignment has ballooned since the need
emerged for dielectrics with permittivities higher than that of SiO, (~3.9). This requirement
was driven initially by the increased scaling of Si-based transistors to smaller and smaller
dimensions, which necessitated the need for thicker gate dielectrics to mitigate tunneling
losses. In this respect, the band alignment at the oxide/Si interface is a chief parameter in
determining the behavior of the interface. The significance of compound semiconductors,
and the relatively poor quality of their native oxides, has extended this focus to III-V/oxide
interfaces.

To date, Robertson™"° has provided the most complete application of the CNL/IFIGS
theory to predict the band alignment between Si and a wide range of dielectrics, including
ferroelectric oxides. Robertson calculated slope parameters and CNL’s for 16 dielectrics of
interest using Monch’s empirical relation for S (see Figure 1.7), and Tersoff’s method for the
CNL. Agreement with experimental data is similar in quality to studies mentioned above in
semiconductor/semiconductor heterostructures. Robertson also shows that the band
alignment for most transition metal oxides is asymmetric (i.e. a much larger AE, than AE),
because the CNL for the oxides of interest lies relatively high in the band gap. This is
because the position of the CNL depends on a weighted average of the density of states;

increasing the conduction band density of states can shift the CNL lower in the gap. Since the
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conduction band in metal oxides derives from metallic states, this can be accomplished by
decreasing the valence of the metal cation, or by using unary, rather than binary, oxides.
Robertson also applied the CNL/IFIGS theory to III-V/oxide interfaces.”
Experimental values, where available, compare less favorably in this case. It should be noted
that the calculations of Robertson do not account for chemical or structural effects at the
interface, i.e. they do not account for A in Equation 1.14. Such effects may have a much
larger influence for these materials. For example, some of the poorest agreement is obtained
in the case of oxides on GaN, a polar semiconductor. The polarization charge at the [0001]
surface of GaN must be compensated; this would surely have some effect on the interface
formation, and thus, the band alignment. Robertson’s value of AE. for MgO on GaN differs
from the value measured in this thesis by ~25%. A similar disagreement is found for SiO, on
GaN, though it should be noted that not all comparisons with experiment are this
unfavorable, so it is difficult to quantify the effect of A in all cases; indeed, it is likely to be
oxide-dependent for a given semiconductor. This highlights the need for extensive

experimental studies of such interfaces.
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2. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is the principle analysis technique used in
the experimental work presented in this thesis; all of the experiments were designed around
its use, and the conclusions drawn derive chiefly from spectroscopic data. This chapter is
divided into three sections. The first section is concerned with the history of XPS, dating
from the late 19" century. This section highlights the development of the technique from the
standpoint of the early investigators’ struggles with technological limitations despite an
evident appreciation for the possibilities offered by the method, through the development of
adequate instrumentation that enabled those possibilities to be quickly realized.

The second section of the chapter is a brief discussion of the fundamentals of XPS,
from basic aspects of theory to practical features of the instrumentation. The theory section
focuses on the fundamental equation describing XPS experiments and its consequences, the
origin of the “surface sensitive” label for the technique, and the mechanism leading to the
observation of chemical shifts in photoelectron spectroscopy. The section on instrumentation
highlights the two most important components of a surface analysis system: the x-ray source
and the spectrometer.

Finally, the third section of this chapter discusses the three analysis techniques
employed in this thesis: surface composition analysis, thin film growth mode determination,

and band offset measurements.
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2.1 Historical Development

2.1.1 Early Experiments

The history of XPS stretches back to the discovery by Hertz, in 1887, of the
photoelectric effect.' He found that an electric arc between two electrodes of a certain metal
could be triggered by the ultraviolet radiation given off by a second arc; it was later shown
that the arc was triggered by photoelectrons ejected from the cathode by the UV radiation.
Einstein was able to explain this behavior in 1905 with his seminal paper on the quantum
nature of light.”

Arguably the first true photoelectron spectroscopy experiment was performed at
Princeton in 1912. Richardson and Compton reported an experiment using monochromatic
UV light from a mercury lamp to irradiate strips of eight elemental metals.’ The spectrometer
used was a spherical conductor with an unspecified energy resolution; however, the spectra
collected consisted only of nearly Gaussian electron distributions centered about a maximum
kinetic energy, which would have corresponded to the metal work function. No mention is
made of any fine spectral features. This resolution limitation would persist for decades.

Several investigators originating from Ernest Rutherford’s laboratory at Manchester,
England, primarily H. Robinson, took up most of the early development of XPS. Robinson’s
apparatus consisted of a Cu Ka x-ray source aimed at the sample, or “target.” The ejected
photoelectrons were deflected by a magnetic field onto photographic plates, which enabled
the radius of their trajectory, and hence their energy, to be determined. Although several

small studies from Rutherford’s laboratory had been published earlier, the most complete
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early XPS experiment was published in 1923.* Despite the poor instrumental resolution, in
studying 19 samples, Robinson was able to locate several photoelectric lines for each
material, as well as visually estimate their intensities, even though given the state of quantum
mechanics at the time, no explanation of them could be possible. Combined with the second
extensive tabulation of spectroscopic data by Robinson (carried out under “exasperating
conditions™),” as well as the first definitive observation by M. DeBroglie of Auger electrons
in a photoemission experiment,® an impressive and significant contribution to the field of
photoelectron spectroscopy was provided much earlier than often realized.

Perhaps the most remarkable of the early work, however, is the report by Robinson
and Young of their observation of chemical shifts in the K levels of Cr compounds.’ They
note a decrease in the kinetic energy of the photoelectric lines between Cr metal and
Cr(OH),, as well as in the Cr Auger series (“fluorescent lines”). This represents the first clear
report of chemical state identification by XPS, and also hints at the use of the Auger
parameter in future spectroscopic studies.

The final early contribution of significance came in 1937, when M. Ference reported
an accurate measurement of the KLL and KLM Auger series using Ag radiation.” Following
this, Robinson and others published sporadic results through the 1940’s, but were constantly
plagued by poor instrumental resolution, which prevented the technique from developing any
further; it would not be until Siegbahn’s advancements that interest in XPS would be revived.

For a far more complete and in-depth review of the early history of XPS, see ref[8].
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2.1.2 Modern XPS

Following the extensive work of Robinson and others, interest in XPS as an
experimental technique waned; the poor resolution negated any possible advantage it could
have over x-ray absorption experiments. However, starting in 1950, K. Siegbahn of Uppsala
University began developing a new spectrometer based on his earlier work in nuclear
physics.® Siegbahn’s essential contribution was adapting a double-focusing magnetic
spectrometer for B-ray spectroscopy to be used as a photoelectron analyzer.”' This provided
a two order of magnitude improvement in energy resolution, in addition to improving the
signal intensity.

The early experiments by Siegbahn'® focused on Cu films using Mo Ka. (17,479 eV)
radiation. Using radiation of this energy, the authors were able to investigate deep core levels
in Cu (down to the 1s photoelectron line), but the radiation had a broad natural line width and
an intense Ko, component, which limited the results somewhat. The authors claim a possible
error in their line position measurements of 1.7 eV, providing the various errors combine in a
linear fashion. Later, in 1965, Siegbahn and his group began using Cr Ka radiation, with
significantly lower energy (5417 eV) and line width."' The change in radiation allowed them
to accurately correct earlier values of binding energies for several light elements (Al, Mg,
and O). Additionally, although following the first description by Robinson of chemical shifts
by nearly 40 years, Siegbahn’s report'* of chemical state identification in Cu and CuO is the

first account of such data using the vastly improved technology of the day.
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In the 1960’s, and especially the 1970’s, the worldwide use of XPS increased quickly,
and investigators rapidly found a number of ways to employ the technique. In this time
period, a wide range of organic molecules was characterized."”'® The results were compared
to electronic structure calculations, and in particular, the investigations of organic molecules
highlighted the usefulness of the chemical shift observed in XPS, as many organic
compounds contain atoms of the same element in different bonding arrangements.
Siegbahn’s group in particular was active in the XPS study of gases and liquids. They
investigated methane and ethane gases,” vapors of Bi and Pb,"” and Hg."® The interest in
vapors was driven by the desire to correlate cohesive energies of metals with the binding
energy differences observed between solids and vapors, and the observations of metal spectra
without the inherent features from a solid sample, such as shakeup lines, and plasmon loss
peaks. Similar interests, especially in the case of ionic solutions, motivated the study of
liquids where studies of the solid were complicated by long-range Madelung potentials.'*
Metal alloys and compounds, being Siegbahn’s first conception of the utility of XPS,* also
received considerable attention. For example, Shimodaira’s group at Tohoku University

performed extensive studies of Fe and Cr alloys,””

studying surface composition and
passivation. Studies of Ni were instrumental in providing explanations for final state

effects,” and surface termination effects on valence band regions.”
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2.2 Fundamentals of XPS

2.2.1 Practical Aspects of Theory

Photoemission results from the irradiation of an atom with photons of sufficient
energy to eject electrons from its core levels (and valence band levels if the atom is part of a
solid). For core levels, electrons are confined by binding energies ranging from ~10 to >10°
eV, so in general, x-ray radiation is used for such experiments. The kinetic energies of the
electrons emitted, then, is the difference between the energy of the incoming radiation, the
electron binding energy, and the work function. When collected by an electron energy
analyzer (to be described in 2.2.2), the kinetic energies can be determined, and providing the
x-ray energy is known accurately, the binding energies (E;) can be determined according to
the following equation:

E,=hv-E, -®,,, [2.1]
where hv is the x-ray energy, E, the measured electron kinetic energy, and @, the
spectrometer work function. A schematic demonstrating the origin of Equation 2.1 is shown

in Figure 2.1.
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Figure 2.1: Schematic energy level diagram showing the core levels and valence band of a
semiconducting sample in equilibrium with the spectrometer. The equivalence of the sample
Fermi level and the spectrometer Fermi level allows the experiment to be performed without
knowledge of the sample work function.

The substitution of the spectrometer work function with the sample work function is
due to the assumption that the sample and the spectrometer are in equilibrium (as seen in
Figure 2.1, the Fermi level of the sample and of the spectrometer coincide). This assumption
is vital, as it allows practitioners to establish the position of the Fermi level of any sample
under investigation (relative to that of the spectrometer). The spectrometer work function is
not the energy an electron must gain to escape the spectrometer (the classical sense of a work
function), rather, it is a catch-all instrumental term that encompasses all of the processes
within the collection equipment that occur to thermalize the collected electrons. Referring to

Figure 2.1, where the Fermi levels are depicted as equal, the sum of the kinetic energy at the
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spectrometer and the spectrometer work function, is equal to the sum of the kinetic energy at
the sample and the sample work function. Provided @, is known (this is determined through
instrumental calibration), it is therefore not necessary to know the work function of the
sample under investigation in XPS.

Any spectroscopic technique based on the detection of photoelectrons is surface
sensitive by default. The inelastic mean free path (IMFP) of escaping photoelectrons
determines the surface sensitivity. In XPS, the photoelectrons have kinetic energies up to
approximately 1000 eV. The IMFP is controlled mainly by electron-electron interactions,
which is described by the dielectric loss function,” but the dependency of the IMFP on
kinetic energy shows a broad minimum in the range of energies accessible by XPS. As
shown in Figure 2.2, the IMFP is on the order of 1-10 monolayers for a broad range of

energies.
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Figure 2.2: Plot of the electron inelastic mean free path for electrons of kinetic energies up
to >1000 eV. The heavy line is an empirical fit to the data; the lighter region encompasses the
approximate range of values observed for elemental metals. Adapted from ref[27].

Since the IMFP is determined through the dielectric loss function, it should in
principle be material-specific. However, one can see from Figure 2.2 that there is actually a
fairly narrow band of IMFP’s for a given energy, and thus the heavy curve can be considered
more or less universal. The lack of a dramatic material dependency stems from the fact that
in the energy range of interest, the specific bonding properties of the material are not
important, and the average electron-electron distance describes the loss function. This
distance is effectively the same for all materials, thus the energy dependence of the IMFP is

similar.” Empirically, the IMFP can be determined, for elements, by the relation

A=538KE™ +0.41a-KE , [2.2a]
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where A is the IMFP (in units of monolayers), KE is the kinetic energy of the photoelectrons,
and a is the monolayer thickness, in nm.” For inorganic compounds, the relation is slightly

different:

A =2170KE™ +0.72+/a- KE . [2.2b]

Equations 2.2a and 2.2b are useful for obtaining rough estimates for IMFP’s. Since,
in many experiments, it is useful to know an approximate degree of surface sensitivity, the
sampling depth (the depth less than which 95% of all photoelectrons which have not lost
energy originate) is taken by convention to be 31.** It is also often useful in general practice
to possess an estimate of how surface sensitivity varies across the entire range of kinetic
energies available in an XPS experiment. From Equation 2.2b, one can see that for a
monolayer thickness of 0.3 nm, the sampling depth varies from ~1 nm at a kinetic energy of
50 eV, to 13.5 nm at a kinetic energy of 1500 eV. This encompasses the approximate range
of energies available when using an Al Ka x-ray source, and demonstrates that the technique
is considerably less surface sensitive in the high kinetic energy (or low binding energy)
valence band region of spectra.

The unique electronic structure of every element allows for unambiguous elemental
identification of effectively any sample (allowing for potential spectral artifacts and overlap).
However, XPS is seldom used as simply an elemental technique, because the core level
spectra contain sufficient information to identify chemical states. Although the core levels
are, by definition, not involved in chemical bonding, they contain chemical information by

virtue of the fact that bonding necessarily entails a change in the electronic structure of the



38

valence levels. Though this change in the valence region can be observed directly via
photoelectron spectroscopy of these states, quantitative analysis is difficult as the band
structures are generally complex.

The chemical shift effect of the core level photoelectrons is due to the rearrangement
of the valence shell. As a photoelectron escapes the atom, it encounters a potential based on
the charge distribution in the valence levels. A change in this charge distribution (brought
about by a change in chemical state) thus affects the potential encountered by the escaping
photoelectron, and its kinetic energy is increased or decreased accordingly. Figure 2.3

demonstrates a simple example of this effect: the difference between a metal and its oxide.
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Figure 2.3: Model demonstrating the origin of the XPS chemical shift in terms of the change
in valence band electron density upon oxidation of metallic lithium. In the metallic state the
atom cores (including the 1s electron levels) are surrounded by a 2s valence band density.
Upon oxidation, the 2s valence electrons are taken up by the oxygen 2p level to create a full
octet. This decrease in valence band density surrounding the lithium ions reduces the
screening of the nuclear charge observed by the escaping photoelectrons, thus the binding
energy of the lithium 1s core level increases. For less ionic bonds, the effect is not as
pronounced. Adapted from ref[26].

As Figure 2.3 shows, the decrease in valence band electron density experienced by Li
atoms upon oxidation leads to the emerging photoelectrons encountering a potential that is
positive with respect to the metallic state. This serves to decrease the kinetic energy of the
photoelectrons, thus increasing the observed binding energy. The increase in binding energy
of a metal photoelectric line is one of the ubiquitous observations of chemical shifts in XPS
practice. In general, the binding energy of a photoelectron line is the negative of the

corresponding orbital energy, with the addition of some relaxation energy that accounts for
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the rearrangement of the electrons within the atom and surrounding atoms after
photoemission.”® To a first approximation, then, the chemical shift can be considered as the
change in orbital energy that occurs due to chemical bonding. The shift in binding energy can
also be approximated by the free energy of the corresponding chemical reaction, this

correlates well with observed chemical shift values, showing agreement within ~0.5 eV.*

2.2.2 Instrumentation

A standard XPS arrangement includes a radiation source, some mechanism for
sample manipulation, and a spectrometer, all contained within an ultra-high vacuum (UHV)
chamber. A typical analysis system is shown schematically in Figure 2.4. This section will
focus on a brief discussion of relevant practical issues regarding the source and spectrometer
(the sample manipulation is of logistical interest only, unless angle-resolved studies are
necessary). Additional equipment can include crystal monochromators for the x-ray source,
an ultraviolet radiation source (typically in the form of a He glow discharge lamp and its
accompanying differential pumping mechanism), an Ar ion beam source for sputter depth

profiling, and a low energy electron flood gun for neutralization of charging effects.
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Figure 2.4: Greatly simplified diagram of an XPS analysis chamber. For clarity the sample
transfer, pumping, and pressure measurement equipment are omitted.

The desire for UHV conditions in a chamber used for XPS experiments is
straightforward. XPS, being a surface sensitive technique, depends a system’s ability to
maintain a surface in a given state (free of unwanted physisorbed or chemisorbed gases,
within the limits of detection) for a sufficient time to carry out the desired experiment. Using
a simple gas kinetics argument, the impingement rate for gas molecules on a surface as a

function of pressure, in Torr,” is given by

d=3.51 ><1022L [2.3]

NMT’
where M is the molecular weight of a gas species of interest, T is the absolute temperature,

and @ is in units of atoms (or molecules) per cm” - s. Thus, at a pressure of ~3x10° Torr, a
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surface receives approximately one monolayer of gas molecules in one second. This is a
conservative estimate based on a sticking coefficient of unity, at room temperature. If it is
desired to maintain a clean surface for ~30 minutes, or a typical duration for data collection
in XPS, the pressure must be kept to a level at or below ~1x10” Torr. This is well within the
capabilities of a standard UHV system. The collection of electrons at the spectrometer also
requires a long mean free path, and thus a low pressure. In practice, however, at the pressures
necessary for surface cleanliness, the mean free path requirement is satisfied by several
orders of magnitude.

The choice of x-ray sources boils down to two factors: the natural line width, and the
energy of the radiation. If no crystal monochromators are employed, the line width of the
source must be sufficiently narrow so as not to limit resolution in typical XPS experiments.
For characterizing most photoelectron lines and chemical shifts, an energy resolution of ~1.0
eV is sufficient. The energy of the excitation should be sufficiently high so that a reasonable
range of electron core levels can be investigated for all elements. Table 2.1 presents a

tabulation, reproduced from ref,” of common x-ray sources, their energies, and line widths.



43

Table 2.1: Characteristics of common x-ray sources

X-ray Line Energy (eV) FWHM (eV)
Y MC 132.3 0.47
Zr MC 151.4 0.77
Nb MG 171.4 1.21
Mo MC 192.3 1.53
Ti La 395.3 3.0
Cr La 572.8 3.0
Ni La 851.5 2.5
Cu La 929.7 3.8
Mg Ka 1253.6 0.7
Al Ko 1486.6 0.85
Si Ka 1739.5 1.0
Y La 1922.6 1.5
Zr La 2042.4 1.7
Ti Ka 4510.0 2.0
CrKa 5417.0 2.1
CuKa 8048.0 2.6

As shown in bold in Table 2.1, the Mg and Al Ka lines have suitable energies and
widths for most XPS experiments. For maximum flexibility, the most common arrangement
is a dual anode Mg/Al x-ray source. Such a source is shown schematically in cross section in
Figure 2.5. The two anodes are deposited as thin films on opposing faces of an angled, water-
cooled Cu block. The filament for each respective anode is resistively heated at low voltage,
and the resulting thermionic electrons are deflected by focusing elements onto the anode,
which is biased at an accelerating voltage of up to +15 kV. The x-ray radiation results from
core level ionizations in the target material, and emerges from the source through a thin Al
window, which is in place to filter any radiation from possible source contamination, as well

as shield the sample from stray electrons.
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Figure 2.5: Diagram of a typical XPS x-ray source, showing the usual dual-anode
arrangement with the aluminum anode in operation. For simplicity, the source is depicted as
being rigidly mounted to the vacuum chamber. In practice, the source is typically mounted to
a bellows so that it may be moved out of the way during sample transfer.

The most critical component of an XPS analysis system is the spectrometer. The
spectrometer passes electrons of an arbitrary kinetic energy of interest to the detector, and
rejects electrons of all other energies. The concentric hemispherical analyzer is the most

commonly used design for XPS experiments,” and is shown schematically in Figure 2.6.
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Figure 2.6: Schematic showing the operating principles of the concentric hemispherical
analyzer. The escaping photoelectrons (and Auger electrons) are slowed by the retarding
meshes; only those electrons slowed to the pass energy are collected at the far end of the
specrometer. The equation is included to show the direct effect the pass energy has on the
spectrometer’s energy resolution.

Ultimately, the defining characteristic of a spectrometer is the absolute energy
resolution, which is defined® as the full width at half maximum (FWHM) AE of a given

peak. The relative resolution, R, is defined as:
R=—, [2.4]
where E, is the kinetic energy of the photoelectron line in question. In XPS, desire for

chemical state analysis demands high absolute resolution over a wide range of kinetic

energies. The resolving power of a concentric hemispherical analyzer is inversely related to
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the radius of the analyzer and the energy of interest (i.e. narrow features are resolvable for a
larger analyzer and for smaller kinetic energies), according to equation 2.4:

2AE v + (6(1)2.
EO RO

[2.5]

Therefore, for sufficient energy resolution over all kinetic energies of interest, the
spectrometer would have to be prohibitively large. The solution is the use of retarding
electric fields for electrons entering the analyzer, which decrease the kinetic energy of the
electrons to a fixed value, called the pass energy E,. The retarding field can be varied such
that all kinetic energies can be selected serially. Thus, the spectrometer plates operate at a
fixed potential, set to allow electrons with kinetic energies equal to the pass energy through
to be detected (E, becomes E, in Equation 2.4). This not only allows the spectrometer to
operate at high resolution when investigating high kinetic energy electrons (e.g. valence band

electrons), but also has the effect of making the resolution over the entire range of energies

constant.

2.3 Techniques of Interest

In this thesis, three spectroscopic techniques constitute the bulk of the experimental
work. Those techniques are: the use of XPS to determine surface molar ratios (or the
measurement of surface stoichiometry), growth mode determination of thin films, and the
measurement of valence band offsets at semiconductor interfaces. The following section will

address practical aspects of these techniques.
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2.3.1 Surface Composition Measurements

In XPS, each element has a specific sensitivity to x-ray-stimulated photoemission.
Rigorously, the current of photoelectrons escaping a surface is a function of many
parameters, including the x-ray flux, the photoelectric cross section for the given orbital,
geometric effects based on both the instrumentation and orbital geometry, and the IMFP.
These parameters have been empirically distilled into a single factor S, the atomic sensitivity
factor for a given orbital, for each element detectable by XPS (Z = 3). Values for S for each
element have been tabulated in[31].

The atomic sensitivity factors allow one to normalize the integrated intensity of
photoelectron lines originating from different elements within the same sample. Thus, the
peak areas may be placed on a common scale and directly compared. The molar ratio of the
surface under investigation can be determined as:

I

AN
Sk

Xy =2 [2.6]

where I is the integrated intensity of the peak in question, N is the chemical species of
interest, and the summation in the denominator represents the total intensity of the different
chemical species desired for comparison. Alternatively, a chemical formula can be obtained
by simply referencing all previously normalized peak areas to a peak of choice, thus
quantitatively comparing the intensities to one peak. In either case, the analysis is simple,

however the surface sensitivity of XPS should not be forgotten. In general, whether through
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contaminants such as adventitious carbon or oxygen, or surface chemical reactions, the molar
ratios or stoichiometries will differ from those in the bulk, often significantly. Despite these
caveats, surface stoichiometries are almost always reported in XPS studies, because they are

easily determined and are of general interest.

2.3.2 Thin Film Growth Modes

There are three general mechanisms describing thin film nucleation and growth. In
Frank-van der Merwe growth (or 2-D layer by layer growth), the evolution of the film is
described by the condensation of the adsorbing atoms into complete monolayers in a smooth
growth front. In Volmer-Weber (or 3-D island growth), the adatoms condense on the
substrate surface and form individual nuclei that grow and eventually coalesce. Finally, in the
Stranski-Krastanov mode, the initial stages of growth follow the Frank-van der Merwe mode
for the first few monolayers, after which islands nucleate. The three growth modes are shown

in Figure 2.7.
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Figure 2.7: The three essential thin film growth modes. In each schematic, three monolayers
have been deposited to varying stages of completion. The growth mode is globally dictated
by the energy balances depicted under each schematic between the film-substrate interfacial
energy, the energy of the substrate free surface, and the energy of the film free surface. In a
broad sense, the presence of a Frank-van der Merwe suggests a strong film-substrate
interaction, while the Volmer-Weber mode suggests a weak interaction. The Stranski-
Krastanov mode is an intermediate case in which the film-substrate interaction decreases
rapidly in strength as the film grows, as a result of strain energy or other factors.

Frank-van der Merwe growth typically occurs in systems that are chemically similar
or in which the growth atoms otherwise have a strong affinity for the substrate.”” The strong
adatom-substrate binding encourages the formation of complete monolayers rather than the
segregation into island clusters, and if the substrate-adatom interaction decreases
monotonically as the number of layers increases, then layer by layer growth continues.
Otherwise, the adatoms may segregate into islands, initiating Stranski-Krastanov growth. The

opposite case is true for Volmer-Weber growth, which tends to occur in cases where there is
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a weak interaction between the substrate and adatoms, which instead segregate into nuclei,
which become stable and grow if they reach a critical size.”

XPS is a technique well suited to studying growth modes, because the attenuation of
photoelectron intensity by an overlayer is dependent on the morphology of that overlayer.
Thus, by tracking the intensity of a well-defined photoelectron peak originating from the
substrate, as film growth proceeds, the data can be fit to one of several decay functions,
which uniquely describe each growth mode. For Frank-van der Merwe growth, the film

grows as a dense overlayer, and the photoelectrons originating from the substrate attenuate as

%=exp(‘%), [2.7]

where [ is the attenuated photoelectron intensity, /, the initial intensity (prior to growth), t is
the film thickness and A is the IMFP as determined from Equation 2.2. The measurement is
sensitive to partial monolayers, and since exponential decay only occurs for full monolayer
coverage, the quantity na can be substituted for ¢, where a is the thickness of one monolayer
and n is the number of complete monolayers. Additional accounting can be made for
attenuation due to partial monolayers, but this only necessary at small thicknesses and if very
precise control over the deposition is possible.

For the Volmer-Weber (3-D) growth mode, the attenuation of the photoelectrons is
still an exponential function, but it is mitigated by the rate of coalescence of the film islands.
For this type of growth, the area fraction of the islands’ coverage over the substrate is
expressed as ©: as O increases from zero, the area fraction increases, and at © = 1, the film

has coalesced. Volmer-Weber growth attenuates the substrate photoelectron intensity as:
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j_(s) - (1-0)+ ©exp(~1). [2.8]

In this case, the first term represents the intensity due to exposed areas of the substrate, and
the second term represents the exponential decay due to the film growth.

The Stranski-Krastanov growth mode represents an intermediate case between the
previous two modes, and the form of the electron attenuation in this mode is therefore

intermediate to the other two modes:
% = (1-©)exp(~1%/ ) + Oexp(~1/} ). [2.9]
Here, the attenuation due to the initial 2-D monolayer(s) formed is exponential but damped
by the (1 — ©) term, and is added to the attenuation due to the 3-D islands (the second term of
Equation 2.8. Depending on how quickly @ increases as deposition proceeds, Equations 2.7
and 2.8 can lead to attenuation very close to that of the Frank-van der Merwe case (if @
increases rapidly), or to attenuation that is much slower (if @ increases slowly). For example,
in examining Equation 2.7, one can see that if © increases very slowly (i.e. it does not
approach unity until 7 is much larger than A), then the attenuation will be effectively linear
with respect to thickness. Figure 2.8 depicts the relative rates of decay for the three growth

modes, and at two rates of coalescence for the Volmer-Weber and Stranski-Krastanov modes.
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Figure 2.8: Plot of theoretical photoelectron intensity attenuation versus thickness for the
three thin film growth modes. For the Volmer-Weber and Stranski-Krastanov modes, the
lighter line shows the attenuation in the case of a film coalescing at a thickness of 3
nanometers. The darker line shows data for a film that does not fully coalesce until a
thickness of 10 nanometers. Note that significant signal from the substrate is still measurable
after the intensity corresponding to the Frank-van der Merwe growth mode is nearly zero.

The use of XPS to determine thin film growth modes is useful if the deposition rate of
the material of interest can either be measured in-situ (i.e. by a quartz microbalance) or is
reliably known from other measurements (profilometry, ellipsometry). Since the attenuation
of the substrate photoelectrons is exponential, errors in thickness can have large effects on
attempts to fit the data to the three models. Additionally, these models assume that the

substrate is ideally flat and sharp (i.e. the film is conformal to any local topography, and no
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chemical reaction occurs at the interface). If this condition is not met, then the attenuation

will be significantly slower due to local thickness variations and intermixing at the interface.

2.3.3 Band Offset Measurements

While other methods exist for determining band alignment at metal-semiconductor
contacts and semiconductor heterojunctions, photoelectron spectroscopy is the preferred
technique because it provides a method for directly observing the electronic structure at the
interface between two materials. Although ultraviolet photoelectron spectroscopy provides
enhanced resolution at low binding energies, as well as improved sensitivity for angle-
resolved studies, XPS provides sufficient resolution and energy to excite core levels to carry

out complete band alignment measurements with good accuracy (+ ~0.1 eV).

Grant, Waldrop, and Kraut first developed the technique for XPS measurements of
band offsets in the late 1970’s, studying Ge-GaAs heterojunctions grown via molecular beam
epitaxy.™ Since the first paper of 1978, the technique has remained essentially unchanged:
the measurement is carried out in three steps, using a substrate (GaAs in the case of the
earliest experiments) upon which a film (Ge) is grown in stages, ideally without having
exposed the sample to atmosphere. The measurement is described by the generic band

diagram shown in Figure 2.9.
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Figure 2.9: Generic band diagram showing the measurements necessary for determining
valence band offsets. The open circles denote the features to be measured at each
measurement stage, denoted above the diagram.

The three steps are as follows: 1) the positions of a core level and the valence band
maximum are determined for the substrate. 2) The positions of the same substrate core level
and a core level from the film (or second phase of the heterostructures) are measured. This
measurement is performed on a film thin enough that both the substrate and film are “visible”
by XPS. 3) The difference between the film core level and valence band maximum is
measured. This measurement is performed after the film has been grown to a sufficient
thickness that any vestiges of signal from the substrate are no longer present. The complete
procedure consists of four core level measurements and two valence band measurements.

Finally, valence band offset AE), can be calculated using the relation
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Substrate Film
AE, =(E¢; —Euygy) ~(Ec. ~Eypy) - AE,. [2.10]

XPS is not capable of probing states above the Fermi level, thus the conduction band offset
AE cannot be determined independently. However, the sum of the band discontinuities must
equal the difference in the band gaps of the two materials (see Figure 2.9), thus AE. can be

determined through the relation
AE.=AE; -AE,. [2.11]

Since Grant et al. established the method for measuring band discontinuities, the
technique has been heavily used, since the band alignment is a key parameter for predicting
and describing the electrical behavior at semiconductor interfaces. Given silicon’s status as
the standard material in semiconductor devices, there have been extensive studies of band
alignment at Si-insulator interfaces. For example, the Si-SiO, interface is particularly well
characterized (see ref[35] for an extensive review) given its critical importance. The need to
replace SiO, as the gate dielectric in Si transistors has necessitated studies of other insulators
on Si, most notably the Zr- and Hf-based oxides and silicates.”**' II-VI heterostructures,
particularly the selenides and tellurides, have also undergone significant investigation due to
their applications in optical technologies such as IR detectors, and multijunction solar cells.*”
“ However, perhaps the most active area of band offset research is III-V heterostructures,
due in part to the very wide variety of alloys available, and the fact that the nature of their
technological use (quantum wells for optical (LED’s, lasers) and electrical (two-dimensional

electron gases) applications) depends on accurate knowledge of the band discontinuities.
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Thus, extensive studies of nitride, phosphide, and arsenide structures and alloys have been
performed.**™ Finally, the interest in GaN-based transistors and related devices has
highlighted the desire for knowledge of GaN-insulator band alignments. Most experimental
work has focused on Ga,0, and Gd,O,, resulting in a valence band offset of 0.9 eV, but to

date, studies have also been performed on Sc,0,, SiO,, HfO,, Al,0O;, and MgO.”>*
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3. Materials

This thesis investigates the fundamental behavior of a materials system: oxides
(chiefly rocksalts) in contact with gallium nitride. Gallium nitride is a compound
semiconductor currently envisioned for use in many next-generation applications requiring
high RF power output at elevated temperatures. Research investigating the interface between
gallium nitride and oxides results from the need for efficient device isolation, passivation of
surface states, and increased functionality through polar oxides.

In this chapter, gallium nitride will be reviewed from two perspectives: the
relationship between its properties and the predicted applications, and the use of metal
organic chemical vapor deposition as a synthesis route for achieving high-quality material
with reproducible polarity. Additionally, the current status of oxide/gallium nitride research
will be reviewed, concentrating on Ga- and Si-based dielectrics, and the recent progress in

rocksalt/gallium nitride research efforts.

3.1 Gallium Nitride

Gallium nitride (GaN) is a wide band gap semiconductor commercially used for
optical applications. GaN belongs to the III-Nitride family of III-V semiconductors, and its
band gap falls between that of InN and AIN. Owing primarily to its wide band gap and
processability, it is currently under development by many research groups and companies for

next-generation semiconductor devices, which are envisioned for high temperature and high
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frequency operation. In this section, the properties of GaN will be reviewed in terms of the
features that make it technologically attractive. Additionally, the growth of GaN will be

discussed from the standpoint of controlling its polarity.

3.1.1 Properties of GaN

The aspects of GaN that make it attractive for future devices boil down to two
essential factors: its wide band gap and its polar structure. The band gap of GaN, 3.4 eV,
gives it potential for application for devices operating at high frequencies, high power levels,
and high temperatures; in short, all of the regimes of future device technology that are largely
inaccessible to Si. In Table 3.1, some of the important GaN material parameters are given in
comparison to other semiconductors. This table will provide the basis for further discussion
of the properties of GaN.

Table 3.1: Summary of the band gap (E), hole mobility (u,), saturation electron velocity (V,), critical electric
field (E.), thermal conductivity (A), and dielectric permittivity (¢,) of GaN, and several other semiconductors.
Data taken from refs[1,2].

Material E; @ 300K u, Ve E. A r
eV) (cm*V's) (10" cm/s) (MV/cm) (W/cm K)

GaN 34 900 2.0 33 1.3 9

Si 1.1 1350 1.0 0.3 1.3 11.7
GaAs 1.4 8500 2.0 0.4 0.5 12.8
3C-SiC 23 900 2.0 1.2 4.5 9.6
6H-SiC 2.9 370 2.0 2.4 4.5 9.7
4H-SiC 3.2 720 2.0 2.0 4.5 10
Diamond 5.6 1900 2.7 5.6 20 55

AIN 6.1 1100 1.8 11.7 2.5 8.7
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For high frequency operation the saturation drift velocity of electrons must be
improved over silicon-based devices. As shown in Table 3.1, the drift velocity of all wide
band gap semiconductors, as well as GaAs, is a factor of two higher than that of Si.
Compound semiconductors are, in general, composed of light elements with short bond
lengths. This minimizes the effect of lattice scattering, allowing the saturation velocity to
increase relative to that of Si." While V, for GaN is similar to that of GaAs, as shown in
Figure 3.1, it saturates at a much higher electric field in GaN; advantageous because higher

voltage operation allows for increased power output at high frequencies.
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Figure 3.1: The electron drift velocities versus electric field for Si, GaAs, InP, and GaN.
Adapted from[1].

For operation at high power levels, the material must be able to withstand large
electric fields, so that high voltages may be supported. This is a perennial problem for GaAs-
based devices. The wide band gap materials have an inherent advantage in this arena because
the large band gap prevents avalanche breakdown until much higher electric fields. Table 1
shows that the critical electric field E. is approximately one order of magnitude higher for

GaN than for Si and GaAs, and is also higher than that of the SiC polymorphs. This allows
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GaN to operate at higher voltages, which increases power output. The advantage of the high
breakdown field also extends to circuit design, as GaN devices can operate without the need

for voltage step-down electronics.'”

High temperature devices require wide band gaps for several reasons, all centering
around control of carrier concentration. Control of carrier concentration in both doped and
undoped regions of a device is critical in semiconductor technology, because the conductivity
can vary by orders of magnitude as the amount of free carriers changes. At room
temperature, the conductivity is controlled by using dopant amounts many orders of
magnitude higher than the intrinsic carrier concentration, so that the intrinsic contribution to
device behavior is negligible. However, the concentration of intrinsic carriers varies with

temperature as

n,= NCNVe;%, [3.1]
where n; is the intrinsic concentration, and N, and N, are the effective electron and hole
densities of states, respectively, for the semiconductor.* As Equation 3.1 shows, the intrinsic
concentration is exponential with both temperature and the band gap. So, for a given
semiconductor, the intrinsic concentration depends dramatically on the ambient temperature,
but by choosing a semiconductor with a wider band gap, that intrinsic contribution can
decrease by orders of magnitude. Figure 3.2 illustrates this effect for Si and GaN; for a given
temperature, the intrinsic carrier concentration is seven 