Virginia Commonwealth University

VCU Scholars Compass

Theses and Dissertations Graduate School

2012
Investigation of doped ZnO by Molecular Beam Epitaxy for n- and
p-type Conductivity

Huiyong Liu
Virginia Commonwealth University

Follow this and additional works at: https://scholarscompass.vcu.edu/etd

b Part of the Engineering Commons

© The Author

Downloaded from
https://scholarscompass.vcu.edu/etd/393

This Dissertation is brought to you for free and open access by the Graduate School at VCU Scholars Compass. It
has been accepted for inclusion in Theses and Dissertations by an authorized administrator of VCU Scholars
Compass. For more information, please contact libcompass@vcu.edu.


http://www.vcu.edu/
http://www.vcu.edu/
https://scholarscompass.vcu.edu/
https://scholarscompass.vcu.edu/etd
https://scholarscompass.vcu.edu/gradschool
https://scholarscompass.vcu.edu/etd?utm_source=scholarscompass.vcu.edu%2Fetd%2F393&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/217?utm_source=scholarscompass.vcu.edu%2Fetd%2F393&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarscompass.vcu.edu/etd/393?utm_source=scholarscompass.vcu.edu%2Fetd%2F393&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:libcompass@vcu.edu

Investigation of doped ZnO by Molecular Beam Epitay for n-
and p-type Conductivity

A dissertation submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy at Virginia Commonwealth Univesity

by

Huiyong Liu

Bachelor of Engineering in Electrical Engineering
Shenyang Normal University, Shenyang, China, 2002

Master of Science in Optical Engineering
Rose-Hulman Institute of Technology, Terre Haute, ndiana, USA, 2007

Director: Dr. Hadis Morkoc
Founders Professor of Electrical and Computer Engiaering

Virginia Commonwealth University
Richmond, Virginia
August 2012



Acknowledgements

My deepest and sincere appreciation first goes yoadvisor, Professor Hadis
Morkog, for his support, guidance, and faith intbote and my project during these years.
This dissertation simply would not have been pdssibithout his supervision and
encouragement.

| am indebted to my Ph.D. committee members, PsofssS. Bandyopadhyay, A.
Baski, M. Reshchikov, U. Ozgir, and Dr. V. Avrutiior their time and effort. Their
advice and support are highly appreciated througtins endeavor.

| have also benefited from many friends and co-wmskinside and outside the
VCU community. | would like to express my gratitutte my friends and co-workers,
including Mr. X. Li, Mr. F. Zhang, Dr. N. Izyumskay Dr. H. Gao, Dr. X. Gu, Dr. B.
Xiao, Dr. J. Xie, Dr. X. Ni, Dr. Q. Fan, Mr. M. WMs. J. Nie, Prof. P. Voyles, Dr. A.
Kvit, Mr. A. Yankovich, and any others who | mayrdotten, for their suggestions,
assistance, and friendship.

Finally, 1 would like to thank my parents and myuyger sister for their selfless
love, support, and encouragement. Special thanksytevife, Lili Ding, and my uncle,

Hongwei Liu for their understanding and caringm proud of you all.



Table of Contents

ACKNOWIEUAGEIMENTS ...ttt sreeea s s e e e e e e e e e e e eeees i
Table Of CONTENTS ... e e e e e e bbb e eees ii
LISt OF TADIES ...ttt e e e e e e e Vi
S o ) T [P Vil
ADSTIACT ...t e ettt a————— it e e e e Xiv
(@4 gF=T o] (=1 g A 101 o Yo [1 T £ T o ISP 1
I Y/ o) V71 = [ o 1
2 @ ] o] (= o1 1= 3
1.3 DiSSertation CONTENTS .........cceeveuttm e eeeeeeeetennnnaaaasseeeeaeaaeeeeeeeseeeaneeeessnnnnns 3
Chapter 2 Literature REVIEW .........ccoiiiieeeeeee et s e e e e e e e e e e e e eeeeeeeeeeesanannes 6
2.1 Basic properties Of TCO .....ccooiiiiiiiieeeeeeeeceeeeitier e eeee e eeeneeeeeee 6
2.2 Doped ZNO fOr N-tYPE TCO ...ouiiiiiiiiiieeee e e e e e e e e e e e eeeeeeeeeees 8
2.3 MBE growth 0f GZO .....cco oo 12
2.4 Applicaition of GZO as transparent electrod&aN-based LEDs................... 12
2.5 Controversy in explaining electron transpo@avily doped ZnO.................. 14
2.6 Development of SZO for p-type CONAUCHVItY ceeevvvvvvvnniiiieeie e 16
2.7 ZnO:[N+Te] for p-type CONAUCTIVILY ......uimeieeieiieeeeeeeii e 19
Chapter 3 Effects of MBE Growth Parameters on GZQPerties .........cccceeeeeeeeeeeeeeennn. 23
3.1 MBE system and preparation of substrates............cccoovvviiiiiiiiiiiiiiiiiiinins 23.
3.2 Oxygen effects on the properties of GZO .........ccceeeviiiiiiiieiiiiiieeeeeiiie 24
3.2.1 Oxygen effects on structural properties 00GZ.............cccevvvvvvviinnnnnns 26
3.2.2 Oxygen effects on electrical properties ofIGZ..............cccevvvvvvevnnnnns 30
3.2.3 Oxygen effects on optical properties of GZO..............cceevvvvvviiiiinnnnns 34
3.2.4 Proposed complex defects in GZO layers gromder oxygen-rich
(070 810 1110 0 IS PRSP 38
3.3 Ga flux effects on the propertiesS Of GZO mceeeeeeiieeiiiiiiiieee 41
3.4 Substrate temperature effects on GZO properties............coevveeevvvvvvnnninnnennn. 49

3.5 Summary of MBE growth parameter effects andtieemal stability of
highly cnductive and transparent GZO grown undetafrméch conditions....52



Chapter 4 Applications of GZO as Transparent Ebelets in InGaN-LEDs and

Effects of GaN Templates 0N GZO Properti€S o .eevvveerveriiiiiiiieeeeeeeeeeeeeeeennnns 55
4.1 Applications of GZO as transparent electroddaGaN-LEDs........................ 55
4.1.1 Growth of GZO on LED templates.......ccccceeeiiiieieivieieeeeeee e 55
4.1.2 Structural properties of GZO grown on LED péges......................... 56
4.1.3 Electrical properties and optimizaiton ofiegresistance of GZO-
LE DS e 58
4.1.4 Comparisons between GZO-LEDs and Ni/Au-LEDs...................... 62
4.2 Effects of morphologies of p-GaN on GZO proj@srt............cceevvvvvvvvvnnnnnnnnnnn. 64
4.2.1 Effects of morphologies of p-GaN layers onG&&tructural and
(o] o1 i[or=1 I o] (o] 61=T 1 1S PP N 65
4.2.2 Effects of morphologies of p-GaN layers onGG&lectrical
PIOPEITIES oot e e e et ettt s e e e e e e e e e e e e e eeeeeeeannees 69
4.3 SUMIMAIY «.etiiieiitieee ettt e e et e e et e e e et e e e aa e e e et e e eet s e e e snnnneeeennneeesnns 77
Chapter 5 Electron Transport and Physical Linotain GZO .............cooeeeiiiiiiiieiiiiiinnns 78
5.1 Basic therories of scattering mechaniSms............cccceeevevvveeveeeiiiviiccee 78
5.1.1 Neutral SCAterING .......uuuuruuuiieeeeeieieea e e e e 78
5.1.2 Dislocation SCAttering ..........covvvvuuueeiiiiee e 79
5.1.3 lonized IMPUTrity SCAErING .......... o eeeeeeeeeeiiiniiiaaaar e e e e e eeeeeeees 80
5.1.4 LattiCe SCALEIING ....ccvveeeeeiriiiiieeeee e e e e e e et e e e e e e e e e e e aeeeeees 81
5.1.5 Grain boundary scattering ...........coooooc i 83
5.2 ReSUItS and @nalYSES ........uiiiiiiii e a e e 86
5.2.1 Electron transport in GZO grown uncer oxygeh-and metal-rich
(o100 {1110 o TP PR TPPRR 87
5.2.1.1 Correlation between crystal structure ammn-temperature
electron Mobility in GZO............ooovviiiiimmmmm e eee e 87
5.2.1.2 Electron transport in GZO grown under oxygeh and
metal-rich CoNditionS ............ccciiiiiiieceee e 92
5.2.2 Effect of Ga flux via changing Ga cell terggare (Tsg) -....cvvvvvvvvvvnnnnns 98
TR @0 o Tod (1] 0] o - PP 101
Chapter 6 Doped ZnO for p-Type CONAUCHIVILY .........uuuurrmiiiiiiieieeeeeeeeeeeeeiiiiiiiees 104
6.1 ZnO doped with a large-size-mismatched elemokantimony ...................... 104
6.1.1 Antinomy flux effects ..........ooiriiiiceeee e 104
6.1.2 Substrate temperature effectS.........ouuueiiiiiiiiii 41

iv



6.1.3 OXYQEN EffECtS ....coeiiiiiieiiii e 115

6.1.4 Summary for Sb-doped ZnO..........coo e 119
6.2 ZnO co-doped with nitrogen and tellurium ... 120
O o= 10 0= ] £ RS 120
6.2.2 Substrate temperature effectS.........ouuuueiiiiiii i, 212
6.2.3 RTA annealing effects and Te effeCtS....cccceeeeeeiiviiiiieiiiiiccceee, 124
6.2.4 Effects of N/O ratio and Te fluX ... 127
6.2.5 Summary for ZnO co-doped with N and Te.............cceeevvvvvvvevnnnnnns 131
Chapter 7 CONCIUSIONS .......coiiiiiiiiiiitmmmmmmm e e e e et eeeeeeeeeti e e e e e e e e e e e anaeeeeaaaeeeeeeeeene 133
RETEIEINCES ..otk ettt ettt e e e e e e e e e e s s e b et rr et e e e e e e e e eeeaeas 142
....................................................................................................................... 152



Table 2.1:

Table 2.2:

Table 5.1:

Table 5.2:

Table 5.3:

Table 6.1:

List of Tables

Basic properties for ITO, FTO, and AZO/GZO achieved different
depositions techniquesl] means unavailable and SP means Spray
PYrolysis [reference 11]. ......cooiviiiiiiiii e et 11
Electrical properties and N concentration for upeth N doped, Te-
doped, and N and Te co-doped ZnO films by MBE oi®A&ubstrates
(After Park et al.J95]).....ccoiiiiiiiiiiiiit e s 21
Basic information for 4 selected GZO used for TDHEasurements. .......... 92
Results of fitting to the temperature-dependent ifitpldfor GZO 1-3
based on MatthieSSEN’S rUle. ..........ooviieeieeeeiiee e a5.
Basic information for 3 selected GZO layers used foDH
MEASUIEMENTS.  oeiiiiiiiiiiii et e e 99
Comparisons of substrate temperature effects anriel@ properties of

SZ O o —————————————— e 115

Vi



Figure 2.1:

Figure 2.2:

Figure 2.3:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:

List of Figures

Transmittance spectra for GZO filmshwiarious carrier concentrations
(2.3x16° cm®*to 10x16° cm®). The two boundaries (in the near-UV and
IR-regions) shift to shorter wavelength with thecremse of carrier
concentration, making the transmittance window awaer (After Shirakata
B Al [26]). ittt 7

TCO semiconductors for thin-film traasgnt electrodes. (After Minami et
=L Y ) TP SRRPRPY 8

The illustration of isoelectronic raantfor Te atoms incorporated into ZnO
(after Park et al. [10])...cccoeiiiieeeeeeeeeeeee e 20

MBE manufactured by SVT Associates bBguipped mainly with RHEED
by Staib Instruments for monitoring the growth lod £pitaxy layer, effusion
cells with different materials (Zn, Ga, Mg, Te) felementary sources, and
an oxygen RF plasma power supply (Addon INC)ueeeeevieiiieeeeeeennnnn. 23

Typical RHEED patterns of (a) a-plarepphire, (b) LT ZnO before
annealing, and (c) LT ZnO after annealing and lee®7O growth recorded
along the ZnO [11-20] aziMULN. .......covviiieeeee e 26.

Typical RHEED patterns recorded for th&-20] azimuth of GZO films
grown atPg, = (a) 4.5x10 (630-nm film), (b) 8.0x18 (300-nm film), (c)
1.5x10° Torr (300-nm film), respectively and (d) rockingrees of (0002)
XRD reflection measured from GZO films grown atfelient Po, with
comparable film thickness of 300 NM. ..., 21.

FWHM of (0002) XRD rocking curves measlifor GZO layers grown at
different Po, (4.5x10° 8.0x1CP, 1.5x10° Torr, respectively) as a function
of film thickness. Open symbols are for as-growmgi, and filled symbols
are for annealed filmS. ... 28

Cross-sectional dark-field TEM imagetloéd GZO films grown under (a)
metal-rich Poy=4.5x10° Torr) and (b) oxygen-richRp,=1.5%10° Torr)
conditions. Arrows indicate positions of moiré aast due to overlapping
of small grains with different orientation) .................ooovvvviiiiiiinneennns 30.

Thickness dependences of electricgbgatees of GZO films grown under
different oxygen pressures: (squares) annealed fgrown under oxygen-
rich conditions (1.5x18 Torr), (circles) annealed films grown under near-
stoichiometric conditions (8.0xf0Torr), and (open triangles) as-grown
films deposited under metal-rich conditions (4.5%T@rr). ................... 31

Vii



Figure 3.7: SIMS results of (a) nominally undopedOZona-plane sapphire grown at
near stoichiometric condition (8.0x20Torr) and (b) GZO ora-plane
sapphire grown at metal-rich (blue color) (4.5%1Dorr) and oxygen-rich
(red color) (1.5%18 Torr) CONAItIONS. ........veveeeeeeeeeeeeeeeeeeseeeeeeeenen, 33

Figure 3.8: Transmittance of (a) as-grown and (mealed GZO grown at different
oxygen pressures (Note that transmittance highen ti00% is an
measurement artifact due to the Fabri-Perrot ieterice) ...................... 35.

Figure 3.9: A representative of GZO layers (~300 timck) grown by MBE under
metal-rich conditions on double-sides polished bapp substrates for
transparency illustration. Note the backgrounal jsece of white paper35

Figure 3.10: Estimated optical band gap of therasvg GZO layer grown under metal-
rich conditions (4.5x18 Torr) using Tauc’s plot method.....................36

Figure 3.11: PL of as-grown (a) and annealed (bOG#ms grown under different
OXYQEN PIESSUIES ...iiiiiieeiie e ettt e e e ettsseeet s e e eat s e e eat s e e esnaeeeanaeeesanaaeen 37

Figure 3.12: RTA annealing temperature effectsitrogen environment on (a) carrier
concentration, (b) mobility, and (c) resistivity @740 nm GZO layer grown
under oxygen-rich conditions ¢&= 1.5X10° TOIT) ....cooveveveveeeeeeeeeseenenns 39

Figure 3.13: Determination of binding energy for @Z&ample grown under O-rich
condition based on temperature-dependent carriegertrations...........40

Figure 3.14: Formation energies of defects as atilmm of the location of Fermi energy
(origin is set at the VBM) in (a) oxygen rich ant) (oxygen poor
environment. Positive (negative) slope correspaiedpositive (negative)
defect charge state. The ends of the formationggrieres correspond to the
experimental EF of Ga heavily doped ZnO, 0.3eV abine CBM (vertical
T T 1 1 O 40

Figure 3.15: RHEED patterns recorded for the [1]Le&20muth of (a) ZnO control grown
underPg,=9%10° Torr (optimal condition for ZnO), (b) ZnO grown uerd
metal-rich conditionsRo,=4.5x10° Torr), (c) GZO grown under metal-rich
conditions and §=450C, (d) GZO grown under metal-rich conditions and
Tee=500C, (e) GZO grown under metal-rich conditions ang=600°C,
and (f) GZO grown under metal-rich conditions ang=650C, which all
have a thickness ~300NM ..ot ememme e 43.

Figure 3.16: RHEED patterns from (a) undoped a®lZnO film and Ga-doped ZnO

films grown with different Ga cell temperatures(bj 350°C, (c) 380°C,
(d) 410°C, (e) 440°C, and (f) 470C. (after Han et al.[101])................. 44.

viii



Figure 3.17: FWHM of (0002) XRD rocking curves ma@sl for ZnO control samples
grown under B,=9x10° Torr (square in green) andoR4.5x10° Torr
(square in red) and GZO layers grown under methl-rconditions
(Poz=4.5x10° Torr) but different TGa varying from 425 to 650C ........ 45

Figure 3.18: Schematic of in-plane epitaxial relaship between ZnO and a-plane
sapphire subStrate ..........cccooveeiiiiiiiiiiieeecee e eeeen A0

Figure 3.19: Electrical properties of ZnO contrahmles grown underd2=9x10° Torr
(square in green) andy4.5x10° Torr (square in red), and GZO samples
grown under metal-rich conditions c(i24.5><106 Torr) but different E4
varying from 400C t0 650C ..........coeevvveiieee e, A7

Figure 3.20: Temperature-dependent Hall measurenfentselected GZO layers grown
under metal-rich conditions ¢2=4.5x10° Torr) but with TGa=42%C,
450°C, and 608C, respectively. [Note: (d) is the enlarged onegdh for
TGATASOC.] ..ottt ettt 49.

Figure 3.21: Substrate temperature effects ontnagsiss of as-grown GZO layers grown
on 200-Torr p-GaN under oxygen pressure of ~4XI6rr by MBE ...... 51

Figure 3.22: Effects of substrate temperaturegapf200°C, (b) 285°C, and (c) 400°C on
surface morphology of GZO layers grown on 200-TefaN................ 52

Figure 3.23: Effects of post-growth thermal anmeglin oxygen environment on the
electrical properties of highly conductive GZO (n=39°cm?®, RT p=~42
o 1 HAVARS) RO 54

Figure 4.1: The schematic diagram of the InGaN/G&D structure with TCO (GZO
or Ni/Au) as transparent electrode along with isdb structure (GZO also
serves as the current spreading layer). ....cccccceeeiioieniies 56.

Figure 4.2: Epitaxial relationships between ZnO arm@hN templates. (GZO

[0001]//GaN [0001] and GZO [10-11]// GaN [10-11])..cccceeveeriiinininnnns 57
Figure 4.3: Typical surface morphology of GZO lageown on top p-GaN (0001) by

AFM e —————— a1t r et rreeaaaaanaans 57
Figure 4.4: TEM image of one GZO-LED in the brifletd mode ........................... S8.

Figure 4.5: a) Sheet resistance, (b) carrier canagon, (c) resistivity, and (d) electron
mobility of 400-nm-thick GZO films vs. RTA anneafjiemperature .....60

Figure 4.6: Current-voltage (I-V) characteristic§ the GZO contacts on p-GaN
measured in transmission lines patterns havingd@ontact spacing...61



Figure 4.7: RTA annealing effects on current-vaitag(l-v) and pulsed
electroluminescence (EL) measurements of GZO-LEDs................... 62

Figure 4.8: Relative external quantum efficiency garrent density and current vs.
voltage for LEDs with Ni/Au and GZO p-contact lager....................... 62

Figure 4.9: Light emission images of GZO-LEDs andAN-LEDs under different DC
currents (a) and under injection current of 100 foidifferent times......63

Figure 4.10: Pictures of uniform light emission®Z0O-LEDs with a mesa size of 400
pum x 400 um but with different metal grids (notee applied injection DC
current is 50 mA and the exposure time iS5 MS)aee.vvvvvvvvvvveiiiiinnennnn. 64

Figure 4.11: Surface morphologies of (a) 200 TeGaN, (b) 400 Torr p-GaN. ........ 65.

Figure 4.12: RHEED patterns taken along [1-100azh from (a) 200 Torr p-GaN, (b)
400 Torr p-GaN, (c) 3D GZO on 200 Torr p-GaN, adiZD GZO on 400

TOI P-GaAN. ... e 66
Figure 4.13: Surface morphologies of (a) 3D GZO26A Torr p-GaN, and (b) 2D GZO

0N 400 TOIT P-GaAN....ouiieiiee e e 67
Figure 4.14: TEM data of GZO (a) on 200-Torr anddip 400-Torr p-GaN .............. Q7.

Figure 4.15: XRD 2-o scans of GZO layers grown on 200-Torr (dashed)40@Torr
P-GaN (SONA). ..ueeiiie e ——— 68

Figure 4.16: Transmittance spectra of GaN/sapptaneplate, GZO/template, and the
ratio of (GZO+GaN)/GaN............uuuuuuiiiiiiiiiieea e e e eeeeeeeeens 69.

Figure 4.17: Temperature-dependent (a) electroncezdmations and (b) mobilities
measured by Hall measurements ..........coocceeeeeeiiiiiii e 71.

Figure 4.18: Comparisons of PL measurements for @&@n on 200-Torr p-GaN, 400-
Torr p-GaN, and a-sapphire substrates. ......ccccccevvviiiieiviiiiiiie e, 72.

Figure 4.19: RTA annealing effects to eliminate #fiects of 200-Torr p-GaN template
on measured GZO electrical properties of (a) edactoncentration, (b)
mMoDbility, and (C) reSISTIVILY .........ooeiiiiiiiieee e 73

Figure 4.20: XRD 2-o scan of GZO with a thick ZnO buffer layer (5 nm EZhO+50
nm HT ZnO) grown on 400-Torr-103C p-GaN template.................... 74.



Figure 4.21: Electrical properties measured by tapre-dependent Hall
measurements for GZO grown on 400-Torr-1U3P-GaN template with a
thick buffer (5 nm LT ZnO+50 nm HT ZnO). Note: hmN symbols for as-
grown sample and solid for annealed sample ..............oovviviiciiiennnnn. 75

Figure 4.22: PL measurements of as-grown and asthe@ZO grown on 400-Torr-
1030°C p-GaN tEMPIALES .......ccveeeeeiieie e et 76.

Figure 5.1: (a) A representative of STEM image&dO layers grown under oxygen-
rich conditions and (b) Low angle annual dark filldADF) TEM image
of a representative GZO layer grown under metdl-cienditions (GZO-1 as
shown later). Note: arrows indicating inclined gréioundaries (12from
the polar C-dir€CtION). ......coooiiiiiie e s 388

Figure 5.2: Hall mobilities vs. (a) electron contations and (b) grain sizes for
annealed GZO layers with different thicknesses grawmder oxygen-rich
conditions (squares), annealed GZO layers witredbfit thicknesses grown
under near stoichiometric conditions (circles), asdgrown GZO layers
with different thicknesses grown under metal-riadnditions (triangles).
[Symbols in hollow from STEM/TEM for comparisons) annealed GZO
grown under metal-rich condition (highest p) wasoahdded to see RTA
treatment effECt]. ... e 91

Figure 5.3: Temperature dependence of a) carriacastdration and b) mobility for
GZ0-1, GZ0-2, GZO-3 and GZO-4 (From top to bottambith). Note:
solid lines in (b) are fittings. For GZO 1-3, th#ihgs used a constant for
mobility limited by temperature-independent scatigs, and polar optical
phonon scattering for temperature-dependent soajterhile for GZO-4, it
was fitted with power dependence. (c) effects offedent scattering
mechanisms in GZO-1 indicating ionized impurityattering and POP
scattering is the first and the second dominanth@eiems limiting the RT
[ aT0] o] ] 11 22U 94

Figure 5.4: Temperature dependence of a) carriecasdration and b) mobility for
GZO-1, GZO-5, and GZO-6. ....cuvveeiiiiiiiiiieeeiaeieeeee e 90.

Figure 5.5: Fittings to the temperature dependantility for GZO 5 and 6 with grain
barrier scattering with the assumption of a conidvarrier. ................... 101

Figure 6.1: (a) Electron concentration and (b) ritybin SZO vs. Sb cell temperature,
IRy PSRRI 105

Figure 6.2: Temperature dependent Hall measurenfi@ngs-grown SZO layers grown
at (a) T=430°C and (b) Tr=460°C......ccveeieiieeieeeeeeee e, 107

Xi



Figure 6.3: Temperature dependent Hall measurenfentmnealed SZO layers grown
at (a) T=430°C and (b) Tr=460°C......coeieiiieieeceeecee e, 108

Figure 6.4: RHEED pattern recorded along [1-100jnath for SZO grown at (a)
Ts=370°C, (b) Tsr=430°C, and () EE550C ..., 110

Figure 6.5: XRD B-o scan of SZO grown atsf=43(°C (solid line) and 55 (dash
[INE), rESPECHIVEIY ...ceeeeeeeeee e e e e e e e e e rrennes 110

Figure 6.6: out-of-plane lattice parameter derived fromb-d HRXRD scans as a
FUNCHION OF Tohncvvniiiiiiii e 111

Figure 6.7: FWHM of (002) SZO XRy-rocking curves as a function of Sb sell
LEMPEIALUIE, Jhevveiieiii i aa e 113

Figure 6.8: Cross-sectional TEM image of the SzZo@a with 0.9 at.% Sb content
(TSh = 520%C).. oeieeeeieeeee ettt et en e 114

Figure 6.9: Effect of oxygen pressure during groviakp, on electron concentration (a)
and mobility (b) for the SZO layers grown with lo8b flux (region 1).
Po2=0.45x10° Torr (square,) §=1x10° Torr (circle), and B~=1.5x10°
B oL G (=TT |1 PR 117

Figure 6.10: Optical spectra from the plasma posugaply with only oxygen (dots) and
with both oxygen and nitrogen (line). Note that thain peaks for oxygen
emission (~778 nm) for the two cases have a comigairatensity......... 121

Figure 6.11: RHEED images of (a) ZnO:N grown at3500°C, (b) ZnO:N grown at
Tsus=300°C, (c) ZnO:[N+Te] grown at J=500°C, and (d) ZnO:[N+Te]
grown at Tu;=300°C. Note: Te = 375°C and N-to-O ratio = 0.3 (3x10
TO VS, L0XL0 TOIT).. coiuieeeie et eeeem e, 122

Figure 6.12: (a) mobilities and (b) electron concaions of ZnO:N and ZnO:[N+Te]
grown at different substrate temperatures. Noted Ktio=0.3, B,=10°
TOIT, AN =375 C . oot e et e e e e e e e eee s 123

Figure 6.13: RTA annealing temperature effects anrésistivity, (b) mobility, and (c)
carrier concentration of ZNO:[N+Te]......coiiieceeeeiiiiee e, 125

Figure 6.14: Comparisons of mobilities before arffittraRTA annealing at the same
temperature of 808C in oxygen environment for reference samples @ Zn
ZnO:N, ZnO:Te, and ZnO:[N+Te]. Note that the nunsbefr 0, 1, 2, 3, and 4
are assigned for the best ZnO achieved, ZnO pgsaffdcted by Te from
the sample holder, n-doped ZnO, Te-doped ZnO, amdloped ZnO
FESPECHIVEIY. ettt e e e e e e e e e e e e e e eeeeeeas 125

Xii



Figure 6.15: Comparisons of carrier concentratlmefere and after RTA annealing at the
same temperature of 868G in oxygen environment for reference samples of
Zn0O, ZnO:N, ZnO:Te, and ZnO:[N+Te]. Note that thenbers of 0, 1, 2, 3,
and 4 are assigned for the best ZnO achieved, £¥3ilgy affected by Te
from the sample holder, n-doped ZnO, Te-doped Zad, co-doped ZnO
S O LSTod 11V 126

Figure 6.16: (a) XRD @®» scan and (b) XRI» scan for ZnO:[N+Te] before and after
annealing at temperature of 8 in oxygen environment.................. 127

Figure 6.17: RHEED patterns of ZnO:[N+Te] grown andifferent Te cell temperatures
(note: N/O=0.27 and =600 C).....cvveeeeeciieeieeereeee e 128

Figure 6.18: Average resistivity of ZnO:[N+Te] grmowunder different Te cell
temperatures (note: N/O=0.27 and,¥600FC). For the one grown at
T1=425°C, it is semi-insulating after annealing...........c...cccoceveennee... 129

Figure 6.19: RHEED patterns of ZnO:[N+Te] grown andlifferent N/O ratios (note:
T1e=375°C and TumB00°C)....voeneeeieeceectee e 130

Figure 6.20: Resistivities of ZnO:[N+Te] grown undkfferent N/O ratio. (a) before and
(b) after annealing at temperature of 8G0n oxygen environment.....131

Xiii



Abstract

Investigation of doped ZnO by Molecular Beam Epitay for n- and p-
type Conductivity
Huiyong Liu, Ph.D

A dissertation submitted in partial satisfaction ofthe preliminary examination
requirements for the degree of Doctor of Philosophin Electrical and Computer
Engineering at Virginia Commonwealth University

Supervisor: Dr. Hadis Morkog

This dissertation presents an investigation of fhieperties, especially the
electrical properties, of doped ZnO films grown phkasma-assisted molecular beam
epitaxy (MBE) under different conditions. The imst in investigating ZnO films is
motivated by the potential of ZnO to replace thaently dominant ITO in industries as
n-type transparent electrodes and the difficultyadchieving reliable and reproducible p-
type ZnO. On the one hand, n-type ZnO heavily dopigd Al or Ga (AZO or GZO) is
the most promising to replace ITO due to the l@stcabundant material resources, non-
toxicity , high conductivity, and high transparen®n the other hand, ZnO doped with a
large-size-mismatched element of Sb (SZO) or ceedowith N and Te exhibits the
possibility of achieving p-type ZnO.

In this dissertation, the effects of MBE growth graeters on the properties of
GZO have been investigated in detail. The ratioxgfgen to metal (Zn+Ga) was found to
be critical in affecting the structural, electricahd optical properties of GZO layers as
revealed by x-ray diffraction (XRD), transmissiofearon microscopy (TEM), Hall
measurement, photoluminescence (PL), and transmé@tameasurements. Highly
conductive (~2x18 Q-cm) and transparent GZO films (> 90% in the visilspectral

range) were achieved by MBE under metal-rich comast (reactive oxygen to
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incorporated Zn ratio < 1). The highly conductaed transparent GZO layers grown
under optimized conditions were applied as p-sidmsparent electrodes in InGaN-
LEDs, which exhibited many advantages over thattoahl thin semi-transparent Ni/Au

electrodes. The surface morphologies of GaN temgplavere demonstrated to be
important in affecting the structural and electripeoperties of GZO layers. In those
highly conductive and transparent GZO layers withfguality crystalline structures,

studies revealed ionized impurity scattering beimg dominant mechanism limiting the
mobility in the temperature range of 15-330 K, whgolar optical phonon scattering
being the mechanism responsible for the temperalependence for T>150 K. The
majority Sb ions were found to reside on Zn sitestaad of O sites for lower Sb
concentrations (~0.1 at.%), which can lead to a kightron concentration of above'10

cm® along with a high electron mobility of 110 &ivi-s at room temperature. The
reduction in electron concentration and mobility fagher Sb concentrations (~1 at.%)
was caused by the deterioration of the crystaltjnality. ZnO co-doped with N and Te
was also studied and the advantages of the co-glofgohnique and problems in

achieving p-type conductivity are discussed.
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Chapter 1: Introduction

The semiconductor material of zinc oxide (ZnO)nisadtractive material for applications in
electronics, photonics, acoustics, and sensiZmO has grained substantial interest in
optoelectronics application mainly due to its diretde band gap of ~3.3 eV at 300 K and large
exciton binding energy of ~60 meV, which permitsiextc emission at room temperature (RT)

and above because this value is 2.4 times th&iedRT thermal energy (25 meV).

1.1 Motivation

Unfortunately, ZnO suffers from the doping asymmegproblem (also dubbed as the p-type
problem) which means it is easy to achieve strorigpe ZnO but very difficult to create
consistent, reliable, high-conductivity p-type me®* The lack of reproducible and low-
resistivity p-type ZnO is the main obstacle to #pplications of ZnO in optoelectronic devices

such as light-emitting diodes (LEDs) and laser di.Ds)***

In the realm of p-ZnO, nitrogen (N) is widely redad as the most promising p-type dopant
in ZnO since it can substitutes a chalogen atomfamds a shallow accepftdue to its similar
ionic radius to that of oxyg&nLook et al* summarized the pertinent data of most of ZnO:N
with p-type behaviors grown by different deposititechniques.Although many reports of
ZnO:N being p-type materials are available in &tares, problems are also reported. It was
found that the crystal quality of ZnO films withetlincorporation of N atoms exhibited serious
degradation which hampers p-type conducti¥ityThe formation of (Mo defects having
sufficiently low energies converts (Macceptors into donors, which along with the low

solubility of N hinders the p-type conductivity’ To achieve high N concentration and high



crystalline simultaneously, the technique of coidgpof N and Te was recently propo$éd

which need to be examined carefully.

Recently, some groups also reported p-type beravidrZnO doped with large-size-
mismatched group-V elements (As, Sb) and proposatithe p-type behaviors are due to the
Aszn-2Vz, or Shkyn-2Vz, complexes. As well known, reports of p-type ZnOvéabeen
controversial. Therefore, more careful studies aeeded for ZnO doped with large-size-
mismatched group-V elements, especially for Sb dapeO (SZO) because of few available

reports.

On the other track, the potential world-wide shgetaof indium has stimulated the
investigation of ZnO as an n-type transparent cotidg oxide (TCO) to replace the currently
dominant indium tin oxide (ITO) in industriés.Compared to ITO yielding the lowest
resistivities of about 1xIDQ-cm it is much more difficult to prepare doped Zafsuch low
resistivities* Despite decades of research on ZnO it is not lgetr avhat the lower limit of the
resistivity of such film is> Therefore, it is necessary to study and explainiritvénsic physical

limitations that affect the development of ZnO asaliernative to ITO.

The molecular beam epitaxy (MBE) technique, with pirecise control over the process
parameters, such as substrate temperature and fifixee constituent components and dopants,
allows one to gain insight into the nature of pbgbkiphenomena governing the electrical
properties of either n- or p-type ZnO and thus mlewaluable information for further improving
their characteristics. It is undoubtedly imperatteeuse MBE technique to grow high-quality
doped ZnO and then investigate the origins andrttimsic physical limitations in the n- or p-

type conductivity.



1.2 Objectives

In brief, the objectives of this dissertation irdd¢uthe followings based on the existing

problems, doubts, great interests, and the lagkfofmation in literature.
1) For n-type conductivity,
* toinvestigate the MBE growth parameter effectZo®:Ga (GZO) properties,

* to apply highly conductive and transparent GZOrasgparent electrodes in InGaN

based light-emitting diodes (LEDS),
* to study the nature of mechanisms that limit théittg in GZO.
2) For p-type conductivity,
* toinvestigate the MBE growth parameter effectS@® electrical properties,

» to investigate the MBE growth parameter effectstmnelectrical properties of ZnO

co-doped with N and Te (ZnO:[N+Te])).

More detailed information regarding the problemsulats, great interests, etc. mentioned

above can be found in next chapter “Literature Bavi

1.3 Dissertation contents

This dissertation describes the achievements adsiinyating the properties of GZO, SZO,
and ZnO:[N+Te] grown by plasma-enhanced MBE undéerént conditions as well as the
applications of GZO as transparent electrodes@aMt-based LEDs and the electron transport in

heavily doped GZO. This dissertation includes:



Chapter 1: Introduction
A brief introduction of the motivations, objectivesd the organization of this dissertation,
Chapter 2: Literature Review

A relatively detailed literature review of the déyment of ZnO-based TCOs, the status of
MBE-grown GZO and the application of GZO in InGaRiDs as well as the controversy in
explaining the electron transport in heavily dop2dO, followed by the review of the

development of SZO and ZnO: [N+Te] for p-type coctdlity,
Chapter 3: MBE Growth Parameter Effects on GZO Progerties

A detailed study of the effects of MBE growth paeders including oxygen pressure, Ga
flux, and substrate temperature on the structetattrical, and optical properties of GZO layers
from which highly conductive (resistivity < 2x¥@-cm) and transparent (transmittance > 90%
in the visible range) GZO layers were achieved wimetal-rich conditions (reactive oxygen to

incorporated Zn ratio < 1:1) were employed,

Chapter 4: Applications of GZO as transparent eleatbdes in InGaN-LEDs and effects

of GaN templates on GZO properties

Applications of highly conductive and transparenZds layers as p-side transparent
electrodes in conventional GaN-based LEDs alondh whie optimization of post-annealing
temperatures to achieve the minimum series resstahe comparison between LEDs with
GZO electrodes and LEDs with typical Ni/Au seminagparent electrodes, and the effects of

GaN template surface morphologies on GZO properties

Chapter 5: Electron Transport and Physical Limitation in GZO



Numerical fittings to the temperature-dependent Rulbility curves of GZO layers grown
under different conditions with a combination offglient scattering mechanisms to explore the
physical limitation in the resistivity of heavilyoged GZO, where structural properties by X-ray

diffraction (XRD) and transmission electron microgg (TEM) are also provided,
Chapter 6: Doped ZnO for p-type conductivity

Studies of properties of SZO and ZnO:[N+Te] film®wn under different conditions by
MBE, revealing (i) Sb behaves as donor and higblydactive n-type SZO with a RT mobility
of 110 cnf/V-s along with an electron concentration of ~4.6X1n° can be achieved for a Sb
concentration of ~0.1 at% ; (ii) for a higher Sb cemration of ~0.9 at%, both the electron
concentration and mobility reduced due to the dmtation of crystal quality and the lattice
distortion caused by extra Sb; (ii) ZnO co-dopedhwN and Te can have much lower
conductivities than either N-doped or Te-doped Zit@s and the co-doping technique could

have some potential to achieve p-type ZnO
Chapter 7 Conclusions

The last chapter of the dissertation which will soanize the key contributions of this

dissertation and foresee the future works.



Chapter 2 Literature Review

2.1 Basic properties of TCO

TCO materials are electrically conductive eithee da intrinsic defects (oxygen vacancies
or metal interstitials) or due to extrinsic dopaftypically a higher-valent metal). The extrinsic
dopant concentration of the well-developed TCOsicaly varies from 1& to 16 cm?®.
Usually, the resistivityp=1/c, not the conductivityg, is used as the figure of merit which is on
the order of 18 Q-cm for many TCO materials of practical viabilityvhile the carrier
concentration n in TCO is limited by the solubility dopants, the mobility, u, is limited by
scattering of the charge carriers in the lattidee Tetailed discussion of scattering mechanisms
will be given later. In short, n and p cannot beré@sed simultaneously for heavily doped TCO
with homogeneously distributed dopants in the netsince they are negatively correlated to

each other, which limits the conductivity of TCO.

The transmission window of TCOs is defined by twaposed boundaries. One is in the
near-UV region determined by the effective band &gpwhich is blue shifted due to the
Burstein—-Moss effett Owing to high electron concentrations involved #bsorption edge is
shifted to higher photon energies. The sharp albisorpdge near the band edge typically
corresponds to the direct transition of electrasnfthe valence band to the conduction band.
The other is at the near-infrared (NIR) region ¢lne¢he increase in reflectance caused by the
plasma resonance of electron gas in the condub@ma. The absorption coefficieatis very

small within the defined window and consequentiysparency is very high.

The positions of the two boundaries defining transmission window are closely related to

the carrier concentration n. For TCOs, both bouedatefining the transmission window shift to
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shorter wavelength with the increase of carrierceotration n. The blue shift of the onset of
absorption in the near UV region is associated \hih increase in the carrier concentration
blocking the lowest states (filled states) in tbaduction band from absorbing the photons. The
plasma frequency at which the free carriers arerdlesl has a negative correlation with the free
carrier concentration. Consequently, the boundampe near IR region also shifts to the shorter

wavelength with increase of the free carrier cotragion, as shown in Figure 2.1.

100
_ 80
S
S
§ 60 N
-é .
3 40 2.3x10” cm”
© I! 4.1x10%° cm*®
= 1 20 3
| 7.2x107 cm
2011 9.0x10° cm”
- )i 1.0x10* cm®
O T T T T T T T
500 1000 1500 2000
Wavelength (nm)

Figure 2.1 Transmittance spectra for GZO films withvarious carrier concentrations (2.3x18° cm®*to 10x1G°
cm?). The two boundaries (in the near-UV and IR-regios) shift to shorter wavelength with the increase of
carrier concentration, making the transmittance wirdow narrower (After Shirakata et al. [26).

The shift in the near IR region is more prnamged than that in the near UV region.
Therefore, the transmission window becomes narraagethe carrier concentration increases.
This means that both the conductivity and the trattance window are interconnected since the
conductivity is also related to the carrier concatiin as discussed above. Thus, a compromise

between material conductivity and transmittancedeu must be struck, the specifics of which
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being application dependent. While for LED appi@as the transparency is needed only in a
narrow range around the emission wavelengths, smHis require high transparency in the
whole solar spectral range. Therefore, for photacd, the carrier concentration should be as
low as possible for reducing the unwanted freei@aabsorption in the IR spectral range, while

the carrier mobility should be as high as posdiblestain a sufficiently high conductivity.

2.2 Doped ZnO for n-type TCO

In,0,

Figure 2.2 TCO semiconductors for thin-film transpaent electrodes. (After Minami et al. [15])

Figure 2.2 summarizes the widely recognized n-fy@®s encompassing the;Ms-SnG-
ZnO system for practical applicatiorn3.O is the most widely used J@s-based binary TCO and
fluorine-doped tin oxide (FTO) is the dominant inCs-based binary TCOs. In comparison to
ITO, FTO is less expensive and shows better thestaddility of its electrical propertie’$ as
well chemical stability in dye sensitized solan.céllO is the second widely used TCO material,
mainly in solar cells due to its better stability hydrogen-containing environment and at high

temperatures required for device fabricatihe typical value of FTO’s average transmittarsce i



about 80%'"?° However, electrical conductivity of FTO is relatly low'’ and it is more

difficult to pattern via wet etching as comparedT® %,

ZnO with an electron affinity of 4.35 eV and a dirband gap energy of 3.37 eV is typically
a n-type semiconductor material with the residaatier concentration of ~10cm 2. However,
doped ZnO films have been realized with very ativacelectrical and optical properties for
electrode applications. The dopants that have bsed for the ZnO based binary TCOs are Ga,
Al, B, In, Y, Sc,V, Si, Ge, Ti, Zr, Hf, and £.Among the advantages of the ZnO-based TCOs are
low cost, abundant material resources, and noritgXi* At present, GZO and ZnO heavily
doped with Al (AZO) have been demonstrated to Haweresistivity and high transparency in
the visible spectral range, which are the most Bmm ones to replace ITO. The typical
transmittance of AZO and GZO is easily 90% or high& which is comparable to the best
value reported for ITO when optimized for transpase alone and far exceeds that of the
traditional semitransparent and thin Ni/Au metalctlodes with transmittance below 70% in the
visible range®. The high transmittance of AZO and GZO origindi®sn the wide band gap
nature of ZnG>%* On the resistivity side, Agura et #lreported a very low resistivity of
~8.5x10° Q-cm for AZO, and Park et #.reported a resistivity of ~8.1x2a-cm for GZO,
both of which are similar to the lowest reportedisgvity of ~7.7x10 Q-cm for ITO".
However, most of the reported resistivities for AaBd GZO (particularly prepared by large
area coating methods like magnetron sputtering)rathe range of ~2-4x10DQ-cm which are
slightly higher than the typical values for IF®As compared to ITO, ZnO-based TCOs also
show better thermal stability of resistivity® and better chemical stability at higher
temperature€8 both of which bode well for the optoelectroniovides in which this material

would be used. Among GZO and AZO, GZO is more staithen subjected to moisture than
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AZO*. GZO is also more stable with respect to oxidatidme to gallium’s greater
electronegativity in comparison to that of alumirfffit In addition, the Ga—O covalent bond
length (1.92 A) is very close to the Zn—0O bond ten@.97 A), as compared to those of A-O
(2.7 A) and In-O (2.1 Af% The comparable bond length of Ga—O to that of(Zallows
minimizing deformation of the ZnO lattice even metcase of very high Ga concentratfGns
From the cost and availability and environmentah{soof view, AZO appears to be the best
candidate to replace ITO. This conclusion is alsistered by batch process availability for large

area and large-scale production of AZO.

Table 2.1 lists the basic properties including bla@d gap, carrier concentration, mobility,
resistivity, and transmittance for ITO, FTO, and @Q/&ZO achieved by different deposition
techniques. The averaged resistivity of ITO byat#ht techniques is ~1x1@-cm, which is
much lower than that of FTO. For FTO, the typicatijmployed technique is spray pyrolysis
which can produce the lowest resistivity of ~3.8%10Q-cm. For AZO/GZO, the resistivities
listed here are comparable to or slightly highanthirO but their transmittance is slightly higher
than that of ITO. Obviously, AZO and GZO are pramgsto replace ITO for transparent
electrode applications in terms of their electriGald optical properties. More detailed
information regarding the comparisons among them lm found elsewhereand will not be
repeated. It must be reiterated that among altitdpants for ZnO-based binary TCOs, Ga and Al

are thought to be the best candidates sb far.
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Table 2.1 Basic properties for ITO, FTO, and AZO(GZchieved by different depositions techniquéseans

unavailable and SP means Spray pyrolysis [referg&hte

TCO Deposition Band gap | Carrier Mobility Resistivity Transmittance (%)
techniques concentration
(eV) (102 cmi®) (cnf/V-s) | (10%Q-cm) at the wavelength
of interest
ITO Commercial | O 0 O 1-1.9 0
ITO PLD 0 13.8 53.5 0.845 >80
ITO SP O 18 40 0.95 81
ITO Sputtering 3.78-3.80 14.6-18.9 25.7-32.Y nzm >80
FTO SP 4.12-4.18 1.02-9.59 11.1-18.9 0 >75
FTO SP 0 24.9 6.59 3.8 0
FTO SP 3.15-3.57 4.5-7 12-24 3.85-7.51 ~80
FTO CVD 0 3.05 19 10.9 ~80
AZO MBE O 2.1 57 O O
AZO CVvD 3.59 8.7 a a O
AZO Sol-gel 0 25 31 1.2 >90
AZO Sputtering O ~5.5 67 1.4 O
AZO Sputtering O 15 22 1.9 >80
AZO Sputtering 0 9 25 2.7 >85
AZO Sputtering 3.18-3.36 | O O 980 >85
AZO PLD O 13.1 36.7 1.3 89-95
AZO PLD O 15 47.6 0.85 >88
AZO PLD 3.51-3.86 20.2 16.2 191 75-90
GzO MBE 0 8.1 42 1.9 >80
GZ0O CvD O O ] 1.2 >85
GZO Sputtering 3.37-3.43 1-6 5-35 5.3 ~90
GZ0O PLD 3.51 146 30.96 0.812 >90
GzO PLD 0 64 4.9 2.6 >90
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2.3 MBE growth of GZO

It was found that the influence of MBE growth cdrawhs on electrical and optical
properties of GZO is scarcely studied. Only theefbf Ga/Zn supply ratio has been reported so
far for MBE growti#***** Katoet al.** only investigated ZnO/a-sapphire lightly dopedhn@a
(n~10® cm®) which is not applicable as transparent electrod@set al. >’ reported Ga-dped
ZnO grown on GaN templates but the maximum cacdecentration achieved is 1.13%916m?,
which is still much lower than required for transgr@ electrode applications. Only Muranaka
al. * has reported MBE-grown GZO films with a sufficignibw resistivity of 3x10* Q-cm and
transmittance of >85% in the visible range, whichswgrown on glass substrate. However, a
saturation of carrier density near 4-651@m* was observed. In fact, both the carrier
concentration and transmittance reported by Muraeg#l.**are lower than those of GZO/AZO
by other deposition techniques. The lack of therga results from MBE techniques as well as
the detailed studies of MBE growth parameters &feequires further investigation towards

transparent electrode applications.

2.4 Application of GZO as transparent electrode irGaN-based LEDs

In order for LEDs to be used for general lightingdgpave the way for reduced energy
consumption, it is imperative for them to produaeghhluminous fluxes. This necessitates high
injection currents, preferably while retaining higbwer conversion efficiencies. The external
quantum efficiency (EQE) of an LED is a convolutioithe internal quantum efficiency (IQE)
and the photon extraction efficief€yas well as another term having to do with the eta
conversion efficiency. The latter term represehts fraction of photons generated that end up

escaping the device in the desired direction. S¢verethods such as textured surfaces,
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transparent p-contact layéfsand proper substrate design for reflecting the @oheading in
the wrong direction in certain packaging technitiesin be employed individually and or in

unison to improve the extraction efficierity

TCOs come into play as transparent contacts and begn used in GaN-based LEDs and
organic LEDs as transparent electrodes to imprine extraction efficiency and hence the
external quantum efficiency. The enhanced latecsidactivity afforded by TCO has added
advantages as wel\s can be imagined, the performance degradatidrE@f at high injection
levels can in part be due to the poor conductiatyp-type GaN subcontact region which

34,

contributes to the so-called “current crowding™blamentation” process (formation of regions
with relatively higher current densities). Becaasehe ensuing local heating and increasingly
non uniform current injection, the emission effitiy and operation voltage as well as the device
reliability are adversely affected. In the earlggas of development of GaN based LEDs, a thin
Ni/Au layer with a transparency below 70%, whiclpeeds on the metal thickness as well as the
wavelength, has been investigated extensively @sémi-transparent contact layér® In this
approach, a compromise must be struck between d¢bd to increase the photon extraction
(requires a thinner and well separated contacefsjgand the need for low series resistance of
the LEDs (requires the opposite). This undesirabl@promise can be avoided by using TCOs

The ohmic-contact technologies on p-GaN layers@aN-based LEDs with a comprehensive

treatment can be found elsewhére

As mentioned earlier, ITO is the dominant TCO idustries which also applies to InGaN-
based LEDs. Even beyond the scarcity of In, AZO &Z®D are more attractive as transparent
electrodes in GaN-based LEDs than ITO, since Zn® @aN share the same wurtzite crystal

structure with a small lattice mismatch of ~1.8%e3d favorable structural properties help lay
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the groundwork for epitaxial growth of ZnO electesdon GaN LEDs with improved carrier
mobility and optical transparency. As the most psang TCO replacing ITO, AZO /GZO was
not extensively studied in InGaN-based LEDs. Thailable reports for AZ&=%*2and GzG*
%5as p-side transparent electrodes are quite fethelitase of GZO which seems more promising
as discussed earlier, the three available repagte Wwom two groups, one of which reported a
relatively high resistivity of ~5.3x10Q-cm™ and the other of which reported a relatively low
transmittance of ~80% in the near UV and visible @ength rang€s™> Due to the lack of
more detailed information such as the effects ateulying GaN on GZO properties and the
effect of activation conditions for n-side ohmictact on the properties of GZO as well as the

LED performance, further studies are still needed.
2.5 Controversy in explaining electron transport inheavily doped ZnO

The reported mobility for GZO and AZO films grown Hifferent techniques scatters from
as low as ~5 to as high as 70°t¥hs for electron carrier concentrations exceediéfy cm>.** It
is generally accepted that the wide dispersionh@ mobility is due to the differences in
materials quality since the substrate temperatfim®, thickness, annealing conditions and
reactant compositions all affect the electricalpemies®. However, explanations of electron
transport in heavily doped ZnO are still controlersFrom a theoretical point of view, the
grain-barrier model employed by Seto et’affollowed by Bruneaux et &f. suggests that the
grain boundary scattering is negligible for heawlyped TCOs since the barriers at the grain
boundaries are thin enough for electrons to tunileé contribution of the grain boundaries to

the electron scattering is believed to be entisglyeened out by the contribution of the bulk of

the crystallites in heavily doped TC&4lhe fact just mentioned is supported by Ellmerl&f,a
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1°° Steinhauser et &t.and Ruske et &%. Minami et al®°

Minami et a have concluded that grain
boundary scattering is mainly dominant in AZO filmgh carrier concentrations in the range of
10"-10° cm® while the ionized impurity scattering is dominaint layers with carrier
concentrations in the range of 2a0** cm®. Steinhauser et ai' concluded that the grain
boundaries do not limit the conductivity for carrimncentrations exceeding 1¥1@ni* based
on the comparison between Hall mobility and opticabbility for boron-doped ZnO. By
comparing the Hall mobility and the optical molyilitRuske et al®® have found that grain
boundaries do not limit the conductivity only fon@:Al films with a carrier concentration
above ~5x1¢ cm®. It has to be pointed out that one criterion usedvaluate if grain boundary
scattering is important is to compare the mean paé of the carriers and the grain size. The

mean free pathcan be calculated &3

h. 3n2

| = (Z—e)(;)3ﬂ

Equation 1

which was derived based on free electron degentgas. Base on this method, Chen et al.
concluded that grain boundary scattering is notartgnt for conductive ITO and AZO. On the
other hand, Robbins et #lconcluded for nanocrystalline GZO with a carriencentration of
5.5x13° cm® and an average grain size of 80 that thegrain boundary scattering and ionized
impurity scattering contribute nearly equally t@ thverall mobility. Ahn et &° suggested that
the grain boundary scattering limits the mobilityGZO with carrier concentrations above®L0
cm® in the temperature range of 190-300 K. The maid, @rguably the remaining, issue is the

nature of mechanisms that limit the mobility in Wi&a doped ZnO, which is one of the
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motivations of this dissertation. Theories regagdine scattering mechanisms and the analyses

of experimental data will be discussed later.
2.6 Development of SZO for p-type conductivity

Reliable p-type doping is the major bottleneck ting the development of high-efficiency
device&® due to the self-compensating effect from nativéects (V, and Zp)°®’ and/or H
incorporatiofi® as well as the well-known low solubility and theegp acceptor levels of the

dopant§’.

A few groups have investigated the group-V elemeh®, As, Sb with larger ionic radii as
compared to O to find better p-dopant. Surprisinghe group-V elements of P, As, Sb with
larger ionic radii as compared to O have also eparted to be p-type dopants in ZnO. Their p-
type behaviors are claimed due to complexes sucNa$o-Vz, complexe®, Asy -2V,
complexe§"’? |, Shn-2Vz, complexe®. However, reports of p-type ZnO have been
controversial® For examples, in the case of P, it was experiniigmieoved as a deep accepfor

or a donor-like defect of** ®; In the case ofs, the majority of As atoms were found to reside on

Zn !

Zn sites which is probably determined by its atosize and electronegativity rather than its
position in the periodic syst€m Consequently, more careful studies are neededrfér doped

with large-size-mismatched group-V elements.

Very few studies of SZO were found in literaturdnigh will be discussed below. The first
p-type SZO layer with hole concentration of ~55Hn>were reported by Aoki et &., which
were widely questioned due to its high hole conmedian. Based on the means [Hfemission
channeling from the radioactivé’Sb isotope, Wahl et &f.found that the majority of Sb occupy

Zn sites, with the possible fraction on O sites\geat maximum 5%-6%. Consequently, Wahl et
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al.”®doubt whether Shacceptors are responsible for the reported p-tipeacter in SZO layers.
Based on the first principle calculation, Limpijuony et al.”” proposed that As or Sb occupies
Zn position which forms a complex with two spontamgly induced Zn vacancies in a process
that involves fivefold As or Sb coordination. Xitia@.®® reported reproducible SZO layers grown
by electron-cyclotron- resonance-assisted MBE or$i nf100) substrates, which hole
concentration and mobility were ~1.7*¥86m™ and 20 cr/V-s. They claimed that the high hole
concentration and mobility are probably due to$hg-2Vz, complexes. Guo et &.reported p-
type SZO layers epitaxially grown by PLD under higkygen pressure on (0001) sapphire
substrates without post-deposition annealing. Téetrgcal properties of their best layers (1.0%t.
SZ0) are as follows: hole concentration ~1.9%&@1°, mobility ~7.7 cni/V-s, and resistivity
~4.2 ohm-cm. As Guo et &l.pointed out, the p-type conductivity closely ctates to the high
density of defects which facilitate the formatioh axceptor complexes (proposedzSBVz,
complexes) and the compensation of native shallemocs. Mandalapu et &. reported
homojunctions of n-type ZnO:Ga/ p-type SHEI1 but the small turn on voltage of 2V for this
structure was widely questioned. Yang et dl.also reported p-type SZO/n-type ZnO:Ga
homojunction grown on 400-nm-ZnO buffered c-plarspmhire substrate and claimed the
improvement in output power for this LED is duethe high quality of ZnO grown oa-plane
sapphire substrate. However, the measured fullhaadgithalf-maximum (FWHM) of the rocking
curve of ZnO (0002) by Yang et Flis only 44 arcseconds, which could be measured frem
ZnO buffer instead of SZO layer. If it is really édcseconds, it contradicts with the model of
Shyr-2Vz, complexes for p-type character as discussed alvavieh is closely related to high
density of defects. Samanta ef%tecently reported an excellent p-type SZO (5% ISERO)

with a very high mobility of 57.44 cffV-s along with a hole concentration of 6.25 ¥,
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The high mobility of 57.44 cAiV-s for p-type ZnO makes itself less convincibilece that value

is even good for n-type ZnO. Friedrich et®akeported SZO films with different [Sb] grown on
MgO (100) substrates by PLD which revealed thatSberelated phase precipitations such as
S0, ZnSO1,, and ZnSEOs is disadvantageous to achieve p-type doping vig &sld/or
Shyn-2Vz, complexes because most of the Sb atoms is accoatatboh large precipitateBhere
are several more reports for p-type SZO with eitbar mobility (<2 cnf/V-s)*4®* or low hole

concentratior{10°cm®?# or high resistivit{*°

As we can see from the above reports, the repgreahductivity is achieved for SZO
directly or indirectly grown on either Si or saph{0001) or glass substrates, which could lead
to high interface defect densities and consequendly be responsible for p-type conductivity in
some experimentd Meanwhile, Hall-effect measurements on inhomogessamples can yield
wrong carrier typ¥, which need to be carefully examined. To shed nmareded light on the

dopant behavior of Sb in ZnO, more comprehenséias are needed.

To use Hall method to evaluate the p-type charastemhave to understand the Hall method
very well. Look et af. summarized the basics for Hall studies, which bélrepeated below for

reader’'s convenience.

Before embarking on a detailed analysis of p-typ® Zwe must first point out that “type” is
typically measured in either of two ways, by thellHdfect or the Seebeck effect. The latter
arises from a temperature gradient, and will giyetgpe response if ppi n-h. The Hall effect,
on the other hand, requires pz-l’pl n-p? for a p-type indication, which is a more difficult
condition to satisfy, since usually g .. Thus, a Hall-effect measurement is considerdubta

more definitive measure of type. Unfortunately, th&ll voltages measured in p-type ZnO are
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very small, because the measured hole mobilityiteno< 1 cni/V-s. Also, ohmic contacts to p-
type ZnO are difficult to fabricate, and thus naspikes during one or more of the eight Van der
Pauw switching configurations can easily produce “aftype” result. This problem can
sometimes be dealt with by averaging several measemts. Even if the p-type nature can be
established, it is still not likely that the mobyliand hole concentration can be accurately
determined in such samples. Thus, the resistiatjolmes the most important factor, and that is
what we will use for comparative purposes in trapgr. To be more quantitative, caution must
be exercised when a Hall analysis gives a mob#it0 cnf/V-s, or a hole concentration >*£0

cm3,

2.7 ZnO: [N+Te] for p-type conductivity

One possible strategy for solving the p-type protslecould be the use of co-dopiffg.
Gallium and aluminum, for example, have been sugdeas possible co-dopants for nitrogen-
doped ZnO film$*?*°The reactive Ill-element was proposed to enhaneertborporation of N
acceptor in p-type co-doped ZnO because n-typendopsing lll-element species reduces the
Madelung energy* However, the typical problems such as reductioremiission intensity
and/or limits of hole concentration (f@m?®) still remain, in spite of a high concentrationNf
atoms (16° cm®).%2 Recently, the isoelectronic impurity, telluriume)T was chosen as a co-
dopant'®®**"The anion-rich nature of ZnTe suggests that by mgixiith the cation-rich ZnO, a
more stoichiometrically balanced material couldabhieved. (ZnTe tends to be rich in Te which
leads to p-type behavior in the as grown matewhlereas, ZnO tends to be rich in Zn which
leads to n-type behavioF)Porter et af® proved the strategy of co-doping of N and Te can

produce ZnO with resistivity increased by sevenaleo of magnitudes, which exhibited the
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potential to achieve p-type conductivity with fugthoptimization of growth conditionsPark et
al. 199% demonstrated thail and Te co-doping is helpful to improve the crifstiy and N
incorporation efficiency simultaneously, which pueed p-type conductivity in comparison with

ZnO doped with only N.

Figure 2.3 The illustration of isoelectronic reactbn for Te atoms incorporated into ZnO (after Park & al. [10])

The realization of high quality p-type ZnO with higN concentration by MBE on ZnO
substrates could be due to the reduction of Madetmergy when the strategy of N and Te co-
doping was used. As given by Park et’the enhancement of nitrogen solubility by irraitigt
Te can be understood in terms of a differenceentadnegativity. As shown in Figure 2.3, if the
Te atoms are incorporated into O atom, they will pesitively charged because the
electronegativity of Te is relatively smaller thdrat of O (2.1 vs. 3.44), which consequently

makes Te atom an isoelectronic donor. The ZnO:Temsfi exhibited higher electron
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concentrations than un-doped ZnO as shown in TaBlewhich could prove that the explanation

of Te atom being an isoelectronic donor is reaskendb

Table 2.2 Electrical properties and N concentratisrun-doped, N doped, Te-doped, and N and Teoged ZnO
films by MBE on ZnO substrates (After Park et 8b]).

# N2 flow | Jre [N] n.(cm®) | Carrier | p (Q
(SCCM) | (A/S) | (cm™) type (cm?/Vs) | cm)

A u-ZnO - - i 4x10° | n 94 1.73

B ZnO:Te - 0.01 |- 3.6x10" | n 69 0.25

C ZnO:Te - 0.03 |- 2.4x10°% [ n 11 0.23

D ZnO:N 0.5 - 3x1¢ | 2.5x10" [ n 8 3

E ZnO:[N+Te]| 0.5 0.03 2x180 | 5.8x10° | p 21 49

F ZnO:[N+Te]| 0.5 0.06 1x180 | 4x10° |p 11 13

The improvement of crystal quality in the co-dopitese is probably due to two reasons.
Firstly, the bond lengths of Zn-N (0.201 nm) andn(0.263 nm) are differerit It is likely
that the incorporation of N into ZnO induces codti@n of lattice, while Te incorporation would
cause expansion of lattice. Thus, the co-dopinigotth Te and N would help incorporation of N
with minimum lattice strain. Secondly, Te may ast & surfactait®’ because of the large
difference of atomic radii between O (0.066 nm) &rel (0.132 nnif, which may partially
explain that the co-doping method favors the twoahsional growth characterized by reflection

high energy electron diffraction (RHEED).

It has to be pointed out that the hole concentnatiachieved by Park et ‘217>

using the
co-doping method are still lower than*i@m*. For some layers with lower hole concentrations
(~10" cm®), the mobility is as high as 51 é&h-s. ' While Tang et ai’ reported much higher

hole concentrations for ZnO:[N+Te] by metal orgacleemical vapor deposition, which are
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~5x10"- 4x10® cm with correspondingnobilities of ~ 10-2 crfiV-s. The reports mentioned
here could cover all the works related to ZnO cpetbwith N and Te available in public
literature and the lack of extensive studies matkstdl difficult to judge whether this strategy o

co-doping are promising as compared with otherrtegles for p-type ZnO.
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Chapter 3: Effects of MBE Growth Parameters on GZOProperties

The growth parameters discussed in this chaptérdecoxygen pressure during growth, Ga

flux controlled by adjusting the Ga effusion celirtperature, and substrate temperature.

3.1 MBE system and preparation of substrates

Figure 3.1 MBE manufactured by SVT Associates Incequipped mainly with RHEED by Staib Instruments
for monitoring the growth of the epitaxy layer, effusion cells with different materials (Zn, Ga, Mg, &) for
elementary sources, and an oxygen RF plasma powempply (Addon Inc).

The MBE system used in the work was manufacture8\W¥ Associates Inc. with a typical

background pressure of dTorr in the growth chamber which is maintainedabturbo pump.
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As shown inFigure 3.1, it is equipped mainly with RHEED (Staistruments) for monitoring
the growth of the epitaxy layeis situ, Knudsen effusion cells with different materiafs( Ga,
Te, and Mg) for elementary sources, an oxygen agower supply with a RF frequency of
13.56 MHz and a maximum power of 600 W (Addon Inthe desired temperatures of effusion
cells and substrate heater can be achieved by D¥erpsupplies (Sorensen Inc.) through the
feedback of temperature controllers (Eurotherm.liitie flux of reactive oxygen is controlled
by supplying @ through a mass-flow controller (MFC) and a pressgauge installed in the
main chamber. For each cell, a computer contratadter is used to allow precise control of the

thickness of each layer down to a single layertoife.

Typically, a-plane sapphire substrates were usddfacleaning procedures are as follows:
they were ultrasonically cleaned with acetone, au@dh and deionized (DI) water in sequence
for 5 minutes; and then were degreased in pirathi rfixture of HSO, and HO,) for 10

minutes; were finally rinsed in DI water for 3 mtea and then were dried by nitrogen.

3.2 Oxygen effects on the properties of GZO

GZO layers were grown on a-plane sapphire substiayeMBE as shown in Figure 3.1.
First, a ~10-nm-thick ZnO buffer layer was growraaubstrate temperature of 300°C to provide
better nucleation. Then, GZO films with thicknessying in the range from 100 nm to 750 nm
were deposited at a substrate temperature of 40DAENg the growth, the temperatures of Ga
and Zn cells were kept constant, 600°C and 3508€pactively. An RF plasma source operated
at 400 W acted as a source of reactive oxygen.fllikeof reactive oxygen was controlled by
supplying Q through a mass-flow controller, and different miisw rates resulted in different

oxygen pressures in the growth chamber during drowhree series of GZO films were grown
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under three different oxygen pressur®s, = 4.5x10°, 8.0x10°, and 1.5x18 Torr,
corresponding to metal (Zn+Ga) rich (reactive oxyge incorporated Zn ratio < 1:1),
intermediate or near stoichiometric (reactive oxygeincorporated Zn rati 1:1), and oxygen-
rich (reactive oxygen to incorporated Zn ratio X)lconditions, respectively. The reactive
oxygen to incorporated Zn ratio was assessed fnmwtf ratevs. oxygen pressure dependence.
The corresponding growth rates were ~2.1 nm/mintHernear-stoichiometric and oxygen-rich
conditions and ~1.7 nm/min for the metal-rich coiodis. Rapid thermal annealing (RTA) at a
temperature of ~650 °C in,Naitmosphere for 3 mins was performed to activatel@ers and

increase conductivity of the GZO films.

Surface morphology and crystal quality of the G4lth$ were characterized by RHEED,
XRD, and TEM. Electrical properties were studiedHall effect measurement using the van der
Pauw configuration, and optical properties wereegtigated by photoluminescence (PL) and
transmittance measurements. For transmittance megasats, after the spectrum of the light
from a tungsten lamp passing through the samplemessured, the GZO film was completely
etched away using a 10% aqueous HCI solution amdhéasurement was repeated under exactly
the same experimental conditions and on the sagienref the sample to obtain the reference

transmission through the substrate.

Figure 3.2 shows the typical RHEED patterns ofgg)ane sapphire, (b) LT ZnO before
annealing, and (c) LT ZnO after annealing and leef®ZO growth recorded along the ZnO [11-
20] azimuth. The streaky lines in (c) indicate tla¢ ZnO buffer surface which is desired for the

following GZO growth.
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Figure 3.2Typical RHEED patterns of (a) a-plane sapphire L{EZnO before annealing, and (c) LT ZnO after
annealing and before GZO growth recorded alongti@ [11-20] azimuth.

3.2.1 Oxygen effects on structural properties of G@

In situ monitoring of RHEED patterns during the growth@ZO films revealed a strong
effect of oxygen pressure on the growth mode. Fer films grown under the metal-rich
conditions, streaky RHEED patterns were observedutfhout the growth, indicating two-
dimensional (2D) growth mode [Figure 3.3 (a)]. Thlens grown under the stoichiometric

conditions showed a gradual change from streaky EHMBpatterns in the beginning of

- 26 -



deposition to spotty ones, characteristic of tidimeensional (3D) growth [Figure 3.3 (b)], as
film thickness reached ~100 nm. For the layers gromder the oxygen-rich conditions, the
RHEED pattern transformed into a spotty one aftenmng the first 10-15 nm of GZO, and
short arcs superimposed on the spotty diffractecame visible in the RHEED pattern recorded
from the 300-nm-thick film, which indicates the geace of polycrystalline material at the film

surface [Figure 3.3 (c)]. Further increasé#a resulted in polycrystalline layers.

o 1.5x10”° Torr (d)
a 8.0x10°8 Torr
4.5x10°® Torr,’

Intensity (a.u.)

1 ] 1 | | L
17.0 175 18.0 18.5 19.

Omega scan (degree)

Figure 3.3 Typical RHEED patterns recorded for the [11-20Jnazth of GZO films grown aPg, = (a) 4.5x10
(630-nm film), (b) 8.0x16 (300-nm film), (c) 1.5x18 Torr (300-nm film), respectively and (d) rockingrees of
(0002) XRD reflection measured from GZO films groatrdifferentPo, with comparable film thickness of 300 nm.

The effect of oxygen pressure on the crystal padeof the GZO films was revealed by
XRD: the full width at half maximum (FWHM) of th@®Q02) rocking curves measured for the
~300-nm films grown atPo, = 1.5x10°, 8.0x10°, and 4.5x18 Torr are 0.907°, 0.623°, and

0.488°, respectively [Figure 3.3 (d)]. Thus, then§ grown under the metal-rich conditions

exhibit better crystal quality in terms of FWHM.
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Figure 3.4 FWHM of (0002) XRD rocking curves measured for GEers grown at differenPo, (4.5x10°,
8.0x10°% 1.5x10° Torr, respectively) as a function of film thickse®Open symbols are for as-grown films, and
filled symbols are for annealed films.

Figure 3.4 shows the variation in FWHM of the (OPBRD rocking curve as a function of
layer thickness for the as-grown and annealed sssy#posited at differeRo,. Note that the
optimum rapid thermal annealing (RTA) conditiong a600C in nitrogen environment for 3
mins in terms of resistivity. In general, the filggown under the metal-rich conditions show
narrower XRD lines than their counterparts depdsiteder the near-stoichiometric and oxygen-
rich conditions, indicating the improving crystalty with reducingPo,. The crystal quality of
the as-grown GZO films prepared R, = 4.5x10° Torr improved further with film thickness

increasing from 100 nm to 630 nm, as evidenceuah fitee gradual decrease of the rocking-curve
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FWHM from 0.67° to 0.41°. To the contrary, for thiens grown at higheiPo,, the rocking-
curve FWHM first decreases with increasing layackhess and then increases as the film
thickness exceeds 300-400 nm, in agreement withRHEED data, suggesting increasing
disorder in these films as the growth progressegufg 3.3 (b)-(c)]. The XRD rocking-curve
widths for all the GZO samples decreased upon Rigignificantly for the layers grown under
the metal-rich conditions and substantially for firs deposited under the near-stoichiometric
and oxygen-rich conditions. Nevertheless, as seam figure 3.4, the crystal quality of the
annealed and even the as-grown layers depositeg timel metal-rich conditions is superior to

that of the annealed samples prepared at higher

The effect of oxygen pressure on the crystal pgde®f the GZO films was confirmed by
TEM. Figure 3.5 compares cross-sectional TEM imanfeghe samples grown under different
oxygen pressures. One can see that the layer degasider the metal-rich conditions [Figure
3.5 (a)] is grown epitaxially with a columnar stue composed by slightly misoriented
domains (smaller than 0.5°). Selective area difivac(SAD) reveals very strong epitaxial
relationship between the sapphire substrate anG#@ layer. Predominant extended defects in
this film are dislocations, which concentration @&ses drastically from interface to the surface
of the structure, since most of the dislocatiorm®nebine near the interface and do not penetrate
further than 100 nm in depth of the GZO layer. Tilm grown under the oxygen-rich conditions
has a textured structure [Figure 3.5 (b)], as exddd by moiré pictures observed in the vicinity
of the interface. High-angle boundaries are predamti extended defects in this film. SAD

confirms this observation and reveals the arc siradypical for textured materials.
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(b)

Zn0

Sapphire

Figure 3.5Cross-sectional dark-field TEM image of the GZ@nfl grown under (a) metal-ricRg=4.5x10°
Torr) and (b) oxygen-richRp,=1.5x10° Torr) conditions. Arrows indicate positions of n@icontrast due to
overlapping of small grains with different orierndait

3.2.2 Oxygen effects on electrical properties of GX

Electrical properties of the films were studiedtbg Hall-effect method in the van der Pauw
configuration. The as-grown films deposited under dxygen-rich conditions showed very high
sheet resistance,sRtypically in the Ko range, whereas the sheet resistance of the layers
deposited under the near-stoichiometric reducesliees of about 10Q/a. The as-grown films
deposited under the metal-rich conditions had t¢lneest values of the sheet resistance, ranging
from 4.6 to 30Q2/a, depending on film thickness [see Figure 3.6 (djjon annealing, the sheet
resistance of the layers grown at higifep (1.5x10° and 8.0x18 Torr) reduced drastically,
down to values varying from ~2Q/o to severak)/o depending on film thickness [see Figure
3.6 (a)]. In contrast, RTA had virtually no effem the electrical properties of the GZO films

grown under the metal-rich conditions which remdimery conductive.

Figure 3.6compares the electrical parameters of the as-griwis deposited aPo, =
4.5x10° Torr with those measured on the annealed layensmyatPo, = 8 x10° and 1.5 x10

Torr.

Figure 3.6@b) shows resistivityp, of the GZO films deduced from the measured vatides
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Figure 3.6 Thickness dependences of electrical properties&® @lms grown under different oxygen pressures:
(squares) annealed films grown under oxygen-riaiditmns (1.5%10 Torr), (circles) annealed films grown under
near-stoichiometric conditions (8.0xi0rorr), and (open triangles) as-grown films depamsiunder metal-rich
conditions (4.5x18 Torr).

sheet resistance and film thickness £ Rsxt. One can see thatof the films grown under the
oxygen-rich conditions rises substantially as tha thickness increases, of the layers grown
under the near-stoichiometric conditions increasdy slightly with the film thickness, whilg

of the films grown under the metal-rich conditi@iws virtually no thickness dependence. The
lack of thickness dependence pnof the films grown under the metal-rich conditioiss

consistent with the RHEED observation of 2D growibde through the deposition of whole
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film with different thicknesses. In contrast, foZQ films grown under highePo,, RHEED

changed either slowly (8 xf0Torr) or immediately (1.5 xI0Torr) from 2D growth mode to
3D growth mode as discussed earlier, which botlcatd the worse crystal quality with the
increased film thickness and consequently a filmhva non-uniform resistivity is possible.
Meanwhile, for a thicker film, the RTA annealingubd be insufficient through the whole film

thickness and result in a non-uniform resistivisyL@ok et af® found.

Figure 3.6 (c) shows the average electron condentraalculated using the measured sheet
carrier density and the film thickness under treuagption of uniform dopant distribution in the
growth direction. The carrier density in the laygrown under oxygen-rich conditions drops
drastically with increasing film thickness. Ever thims grown at lowPo; = 4.5x10° Torr show
a decrease in the average carrier concentratidm inttreasing film thickness. The phenomena
could be explained as the followings. Figure 3.6veh the results of secondary ion mass
spectrometry (SIMS) for undoped ZnO grown at néaickiometric condition, and GZOs grown
under metal-rich and oxygen-rich conditions, resipely. The Al concentrations near the
interfaces in the three cases above-mentioned igle he high Al concentration near the
interface between a-plane sapphire and ZnO is daosmnly by Al out-diffusion from the
substrate while it is not clear why the Al concatitm is high near the other interface. Anyway,
the thinner the GZO layer is, the stronger theoeftd Al due to out-diffusion on the average
electron concentration measured in Hall methodesAlcand Ga are the same as dopants in ZnO.
Here it must be pointed out the above-mentionectlagions assumed the reliability of SIMS
results but they may not, which need further swdince the SIMS results themselves are
difficult to understand. The other thing is thatMEevealed the thinner GZO layers are more

defective due to the ZnO/a-sapphire interface whamkld result in higher electron
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Figure 3.7 SIMS results of (a) nominally undoped ZnO @plane sapphire grown at near stoichiometric caolit
(8.0x10° Torr) and (b) GZO om-plane sapphire grown at metal-rich (blue colot5%40° Torr) and oxygen-rich
(red color) (1.5x18 Torr) conditions.

concentrations for GZO layers with thicknesses agdo00 nm. One more thing is the GZO
thickness measurement error which is typically giduo be within ~25 nm. The big error of 25
nm compared with a thin layer of 100 nm for GZO Iwhuse the calculated electron

concentration for thin layers to significantly data from the real electron concentration while it
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will not for a thick GZO layer. The slightly diffent average concentrations for GZO layers
with comparable thicknesses but grown under eitnetal-rich conditions or oxygen-rich

conditions could origin from the differeRt, during growth.

Electron mobility in the GZO layers grown under ateich conditions increases with film
thickness [Figure 3.6 (d)] in agreement with the@iaved crystal quality deduced from the XRD
data and the reduced average electron concentragasured from Hall method. The former one
indicates the reduced effect on mobility from gré&oundary scattering and the latter one
indicates the reduced effect on mobility from i@dampurity scattering. In the layers grown at
higher Po,, the mobility first increases and then decreasetha thickness increases, which is
also consistent with the behavior of the XRD rogkaurves exhibiting first a decrease and then
an increase of the FWHM [compare Figure 3.4 andifei@.6 (d)]. Detailed studies regarding

the electron transport in GZO layers will be cavuy soon.

3.2.3 Oxygen effects on optical properties of GZO

The transmittance spectra from the as-grown aneéaed samples grown at differdPs,

but having comparable thickness are shown in Figude Transmittance below the ZnO band
gap was close to 90% in all the studied samplegreds the position of the transmission was
sample-dependent. The highest transmittance (nhare 5% above 385 nm) was observed for
the annealed sample grown under metal-rich comditjeee Figure 3.8 (b)]. Figure 3.9 shows a
real GZO sample grown by MBE under metal-rich ctods on double-sides polished sapphire
substrate for transparency illustration. The bagkgd is a piece of white paper with letters. As
you can see the GZO is very transparent althouglastsome light pink color, which is highly

desired for transparent electrode applications.
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Figure 3.8 Transmittance of (a) as-grown and (b) annealed @&Wn at different oxygen pressures (Note that
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Figure 3.9 A representative of GZO layers (~300 nrthick) grown by MBE under metal-rich conditions on
double-sides polished sapphire substrates for traparency illustration. Note the background is a piee of
white paper.

The GZO samples grown under the metal-rich conutidemonstrated a strong blue shift
of transmission edge, both in the as-grown and aedesamples, which is attributed to the

Burstein-Moss shift of the Fermi level deep inte thonduction band. This finding is in
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agreement with the electrical measurements, rengedfie high conductivity of these samples.
According to the electrical data, the layers grawrder oxygen-rich conditions became highly
conductive only upon RTA, and supportive of thessults the transmission edge shifted

significantly to shorter wavelengths after RTA [$agure 3.8].

L " i
L [y
_\ GZO grown under metal-rich condition \ -

3.3 3.4 3.5 3.6 3.7
hw (eV)

Figure 3.10Estimated optical band gap of the as-grown GZOrlgyewn under metal-rich conditions (4.5%L0
Torr) using Tauc'’s plot method.

The optical band gap of the as-grown GZO grown unuetal-rich conditions was
estimated using Tauc's plot by plottingh¢)> versus hn (photon energy) and extrapolating the
straight line portion near the onset of the absompedge onto the energy axis.As shown in
Figure 3.10, its optical band gap was estimatdakt8.54 eV which is 0.27 eV larger than that of

the ZnO control (3.27eV) grown by our MBE systemrresponding to a strong blue shift.
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Figure 3.11PL of as-grown (a) and annealed (b) GZO films graxuder different oxygen pressures.

PL spectra of GZO films measured at room tempegahafore and after annealing are
presented in Figure 3.11 (a) and (b), respectivMelyboth cases, the PL spectra from the film
grown under metal-rich condition®d,=4.5x10° Torr) exhibits only strong near band edge
(NBE) emission, broadened and shifted to highergeg (maximum at 3.35-3.4 eV), that agrees
with the Fermi level position well above the contilwe band minimum. To the contrary, the PL
spectra of the as-grown GZO films deposite®&t=8.0x10° and 1.5x10 Torr show only weak
NBE emission and a strong, broad defect-relatedsgom around 1.75 eV. The nature of the
defect-related band needs further studies. Aftaeealing of these two samples, the intensity of
the defect-related emission decreases, while ttemsity of the NBE emission increases by a
factor of ~30 and the peak maximum shifts signifitamo shorter wavelengths, indicating
improvement of the crystal quality and increasecamcentration of free electrons, in a good

agreement with the electrical and XRD data. Newtess, the NBE line from the sample grown
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under metal-rich conditions shows the strongese Ighift, indicating higher concentration of

free carriers.

In short, Po; has strong effects on the structural, electrical aptical properties of GZO
films. To achieve higher conductivity and highensmittance, metal-rich conditions (reactive
oxygen to incorporated Zn ratio<l) instead of oxygeh conditions (reactive oxygen to

incorporated Zn ratio>1) are required.

3.2.4 Proposed complex defects in GZO layers growmder oxygen-rich conditions

To understand why the GZO layer grown under oxygem-conditions exhibited a much
higher resistivity, RTA annealing in nitrogen emriment were carried out for a GZO layer
grown under oxygen-rich condition®dg= 1.5x10° Torr), which is about 740 nm thick. As
shown in Figure 3.12 (c), upon the RTA treatmenthig temperature range from 400 to 660
the resistivity of samples reduced from ~4.5%10 ~5.7x10°Q-cm. Compared with the as-
grown GZO films grown under oxygen-rich conditiofrs ~2x13° cm®, p ~6 cni/V-s), the
significant improvement in resistivity after RTA ragaling is due to the increase in both the
electron concentration and the mobility. The inseem both electron concentration and mobility
for a GZO layer grown under oxygen-rich conditiocmuld be caused by the reduction in
compensation of the free electrons with some aocgpts pointed out by Look et®dl.As seen
from Figure 3.12 (a), when annealing temperatumzemsed from 400 to53D, the electron
concentration increased with annealing temperatunge the corresponding mobility varied
around 20 ciV-s. Consequently, in this temperature range ¢red) the reduction in resistivity
is mainly due to the increase in electron concéntra When annealing temperature further
increased from 550 to 65 (region 2), the electron concentration gradud#greased which

could be due to the decrease in structural qualitghe material. The increase in electron
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concentration in region 1 is likely related to ttiissociation of some acceptor-like complex
defects. As seen from Figure 3.13, the temperatapendent electron concentrations of these
annealed GZO samples in region 1 follows the Anteilaw and the binding energy of defect

complexes was found to be ~0.57 + 0.2eV.
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Figure 3.12RTA annealing temperature effects in nitrogen emvinent on (a) carrier concentration, (b) mobility,
and (c) resistivity of a 740 nm GZO layer grown endxygen-rich conditionsPg,= 1.5x10° Torr).
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Using hybrid functional theory, the defect complkexe GZO layers grown under oxygen-

rich conditions were determined to be mainly £@dz,) acceptor complexe§’ As seen from
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Figure 3.14 (a), the formation energy of (¥, acceptor complexes decreases with
increasing electron concentration in GZO grown wundeygen-rich growth conditions and
becomes lower than that of the jfdonors in the degenerate material fa5x10® cm®).
Consequently GZO films grown under oxygen-rich gbads as shown in Figure 3.13 have

lower mobility partially due to higher compensatiaduced by (Ga-Vzn) acceptor complexes.

Based on théybrid functional theory, the binding energy ofGa,n-Vz,) acceptor complex
was estimated as the formation energy differenca @ban-Vz,) complex and its constituents
(Gazn and Wy). As in the case of the GZO grown under oxygen-rishditions with n~2x10°
cm’® [Figure 3.12], placing the Fermi level approxinatat 0.1 eV below the conduction band
minimum (CBM), the binding energy of(&az,-Vzn) acceptor complex is about 0.75 eV, which
is very close to the one calculated from the expents (0.57 eV). Therefore, the theoretical
calculation should be reliable. Whiler GZO layers growth under metal-rich growth cdiwtis
[see Figure 3.14 (b)], the Gadonors have the lowest formation energy withinidewange of
electron concentrations including the highly degateematerial. Thus, a low compensation level

is expected in GZO layers grown under metal-richditons.

In short, to achieve highly conductive GZO compénsamust be minimized, which will
significantly increase both electron concentratiand mobility. Again, to minimize the
compensation caused by ¥&/z,) acceptor complexes, metal-rich conditions instedd

oxygen-rich conditions for growth are needed.

3.3 Ga flux effects on the properties of GZO
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Ga flux was varied by changing Ga cell temperalieg) from 400 to 658C to investigate
the Ga flux effects on the properties of GZO layg®wvn on a-plane sapphire substrate by MBE.
During depositions for this group of GZO samplesygen pressure, plasma power, Zn cell
temperature, and substrate temperature were kdpbxt0° Torr (metal-rich conditions), 400 W,
350°C, and 400°C, respectively. Again, a ~10-nmkth@mO buffer layer was grown at a
substrate temperature of 300°C to provide bettecleation. The following GZO layer

thicknesses are ~300 nm.

Figure 3.15 (a) shows a representative RHEED patitundoped ZnO grown under the
optimal condition Po,=9x10° Torr), which streaky RHEED pattern indicates 2Dvgth mode
and high crystalline quality for this layer. Whilee RHEED pattern of undoped ZnO grown
under the metal-rich conditiof§,=4.5x10° Torr) as shown in Figure 3.15 (b) indicates that t
growth mode and probably the crystalline qualitg dot change wheRo, was reduced from
9x10° Torr to 4.5x10 Torr. After Ga was introduced, the growth mode &#O layers grown
under T<=600°C is still 2D growth mode [see Figure 3.15 (c)-(alfile it is obvious 3D
growth mode indicated by the spotty RHEED pattdfigiyre 3.15 (f)] when &, was further
increased to 65C. Note that the RHEED pattern for the GZO layesvgr under E=500°C
shows tendency to become 3D growth mode, whichdcbel caused by the variation of the
growth conditions during growth since tiie, during growth is not stable. The transition in
RHEED patterns from streaky lines to spotty dotemfic, was increased from 600 to 68D
revealed that the Ga flux agF600C is close to the optimal condition and further@ase in
Ga flux will degrade the crystal quality and producougher surface. One interesting

phenomenon is that a RHEED pattern like the onEigure 3.15 (d) for a GZO layer grown
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under metal-rich conditions along witlz£600°C could be recovered to one like in Figure 3.15

(e) with time, which means the surface becomes fimeowavith doping Ga.

(@) ZnO (d) GZO T;,=500°C
Po,=9x10%Torr Po,=4.5x106Torr

(b) ZnO (e) GZO T5,=600°C
Po2=4.5x10°Torr Po,=4.5x10%Torr
' .

“

() GZO Tg,=450°C  (f) GZO T, =650°C
Po2=4.5x10%Torr Po,=4.5x105Torr

Figure 3.15 RHEED patterns recorded for the [11-20] azimuth(@fZnO control grown undePo,=9x10° Torr
(optimal condition for ZnO), (b) ZnO grown under talerich conditions Po,=4.5x10° Torr), (c) GZO grown under
metal-rich conditions andg=450C, (d) GZO grown under metal-rich conditions ang=600°C, (e) GZO grown
under metal-rich conditions angE600°C, and (f) GZO grown under metal-rich conditionsl &ia =650C, which
all have a thickness ~300nm.

The similar RHEED evolutions with Ga flux discussdabve were also observed by Han
et al’® who varied Ga cell temperatures from 3%D to 470°C and found the Ga cell
temperature of 448C is the highest cell temperature to achieve higpiyaxial single crystalline

a-plane ZnO grown on r-plane sapphire substrateMBi£ [Figure 3.15 vs. Figure 3.16]. As
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illustrated in Figure 3.16 (f), when Ga cell tengtare was increased to 47Q the layers
showed strong polycrystalline features. Han éf*adlso claimed that the surfaces of Ga doped
ZnO achieved at Ga cell temperatures below 2@0are smoother than the undoped ZnO
revealed by both RHEED and AFM. According to HaraEf* AFM revealed that the root-
mean-square surface roughness of the undoped Zaboig 2.2 nm while those of Ga-doped
ZnO are between about 1.7 and 0.7 nm, which redwitbsthe increase in Ga cell temperature

for Tg,<440°C.

[0001)n0

[-1100);,0

[0001);n0

[-1100};0

Figure 3.16RHEED patterns from (a) undoped a-plane ZnO filmd &a-doped ZnO films grown with different Ga
cell temperatures of (b) 35C, (c) 380°C, (d) 410°C, (e) 440°C, and (f) 470C. (after Han et al.[101 ])
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Figure 3.17 shows the FWHM of the (0002) XRigking curve verses the Ga flux by our
MBE system. In general, the layers including bottOZsamples and GZO samples with good
streaky RHEED patterns as shown above [Figure 8a)5c) and (e)] exhibited relatively
smaller FWHM values. The GZO layer grown undegB50C shows the largest FWHM value
of 0.48 while the one grown undercE500C is the second largest, which are consistent with
their RHEED patterns. For other GZO layers, th&\fHM values are even smaller than those of

the ZnO control samples.
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Figure 3.17FWHM of (0002) XRD rocking curves measured for Zo@trol samples grown undBp,=9x10°
Torr (square in green) amth,=4.5x10° Torr (square in red) and GZO layers grown undemhrich conditions
(Poo=4.5x10° Torr) but different E, varying from 428C to 656C.

With not taking into account the GZO layer growndan Te=500C, the trend for the

12%% indicating that at

effects of &, on FWHM values was similar to that observed by ldaa
lower Ga flux Ga doping helps improve the crystaalgy but at a Ga flux higher than some
level limited by the Ga solubility in ZnO the exi@a will degrade the crystal quality, probably

due to the defective grain boundaries. The achiewealler FWHM values of lightly doped GZO
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or the improvement in their crystalline quality tibbe explained as the relief of strain in lattice
distortion. Figure 3.18 illustrates the epitaxialationship between ZnO and a-plane sapphire
substrate. It is easy to see that along ZnO [11&t0kapphire [0001] direction the lattice
mismatch is almost zero (12.99 A~4x3.25 A). Whilenal the [1-100] direction of either ZnO or
sapphire, the lattice mismatch is huge (5.63 A8v&82 A) which could cause significant lattice
distortion. After doping with Ga, the lattice digfon could be reduced since the radius of'Ga
ion is smaller than that of Zn (0.62 A vs. 0.74 Ahis hypothesis has to be examined carefully
because the small difference in FWHM values of doged undoped ZnO could also originate

from the measurement errors.

(0001)-plane ZnO/a-plane sapphire

[ooT-T]

> [0001]

Axes of Al,O, Substrate
(rectangular)

[001-T]

- [11-20)
Axes of ZnO
12.99A - (hexagonal)

[ 3.25A |

Figure 3.18Schematic of in-plane epitaxial relationship betw&aO and a-plane sapphire substrate.

Figure 3.19 shows the electrical properties ofaheve-mentioned samples grown by our
MBE system. As seen, the ZnO control sample gromateuthe optimal condition®§,=9x10°
Torr) exhibited a low electron concentration of ~@Xtm* and a high mobility of ~72 cftV-s,

which both are superior to those for the ZnO sargpdsvn under metal-rich conditions in terms
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of defects. This observation is consistent withirtff@VHM values as shown in Figure 3.17.
When Ga was introduced, the electron concentrdtorall GZO layers is much higher than
those ZnO samples. Wherwas increased from 425 to 6@) the electron concentration and
mobility first increased and then virtually sat@ét While when E, was further increased to
650°C, the electron concentration kept almost uncharngedmobility reduced. The lowest
resistivity achieved is atdi=600°C, which is slightly lower than 2x10Q-cm, and consequently
Te=600C is the best condition for Ga flux. The similapdadences of carrier concentration,
mobility, and resistivity on Ga cell temperaturesour experimental data are also observed by

Han et al'®%, where the electron concentration saturated awvar value of ~3x18 cm®.

70 __ \ [£4

28 - ZnO @ P_,=8x10" torr Annealed

gg—: a Others@ PO2=4.5x10'6 torr o

] | [ ]

20 (a) y

10 | ! | ! | ! | ! | /1 ! | ! | ! | ! | ! |
1021 44 ] |
10%° overlap

1019 =
103 =
10" | i (b) . . —//

Mobility
(cmzN-s)

(cm™)

=
S
w
1
W
\

4
2.0x10 i (C) [ ]

/ L
/7 /1 ! | |

T T T " T T T — T T T T T '
0.0 0.2 04 0.6 0.8 400 450 500 550 600 650
Ga Cell Temperature (°C)

Resistivity Carrier concentration

(ohm-cm)

Figure 3.19Electrical properties of ZnO control samples gravaerPo,=9x10° Torr (square in green) and
Po,=4.5x10° Torr (square in red), and GZO samples grown unual-rich conditionsRo,=4.5%10° Torr) but
different T, varying from 406C to 650C.
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In order to get some more needed light on the &ffe€ Ga flux, temperature-dependent
Hall (TDH) measurements in the van der Pauw conditjon were carried out for 3 GZO layers,
which were grown undergi=425°C, 450°C, and 608C, respectively. These layers have smaller
FWHM values than those of the control ZnO layerd #reir electron concentrations are in the
range of 16 cm®, 10" cm®, and 16° cm®, respectively. As shown in Figure 3.20 (a), their
electron concentrations are temperature-indepenidetiie investigated temperature range of
15K to 330K, indicating of their degeneracy natuFkeir electron concentrations are 9.2¥10
cm?®, 5.5x10° cm?® and 6x16° cm?® respectively. However, their temperature-dependen
mobility curves are totally different. Although theRT mobilities are comparable, the LT
mobility for GZO layer grown undergi=600°C is much higher than that for GZO layer grown
under T=45FC while the latter one is much higher than that &O layer grown under
Te=400C. As shown in Figure 3.20 (c), the GZO layer grammader T=600C initially shows
an increase in mobility with decreasing temperatloen to ~150 K which then becomes almost
invariant at low temperature (LT). As shown in FigB.20 (b), the GZO layer grown under
Te=600C shows metallic behavior, which means the resigtis temperature-independent at
LT while it almost linearly increases with tempewat at high temperature (HT). In contrast, the
GZO layer grown under &=425C shows semiconductor-like behavior although itaiso
degenerate since it exhibits a temperature-activatebility [Figure 3.20 (c)] and a negative
temperature coefficient of resistivity [Figure 3.@f)]. The GZO layer grown undersE450C
is the transition one between the GZO layer growden Tc=400°C and the GZO layer grown
under T=600°C. As seen in Figure 3.20 (c), its mobility is aBhtemperature-independent. Its
resistivity first decreases with temperature (semductor-like) and then increases with

temperature (metallic behaviour). The scatteringhmaisms controlling the electron transport in
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GZO layers with different electron concentrationmsvgn under different &, and R, will be

discussed in more details later.
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Figure 3.20Temperature-dependent Hall measurements for sdl&F®© layers grown under metal-rich conditions
(Po:=4.5x10° Torr) but with Ts=425°C, 450C, and 608C, respectively. [Note: (d) is the enlarged onddnfor

Te=450C.]

3.4 Substrate temperature effects on GZO properties

The effects of substrate temperatures on GZO ptiepehave been investigated on GaN

substrates instead of a-sapphire substrates. Jihisdause GZO will be applied in InGaN based

LEDs as transparent electrodes later and the sunfexphologies of GZO layers which could be

closely related to the substrate temperatures b@gweficant effects on light extraction from the

inside to the outside of the LEDs. Therefore, itkesmmmore sense to use GaN substrates to
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investigate the effects of substrate temperatwk&h will provide more accurate information to

achieve the best device performance.

InGaN LED structures with top p-type GaN layer gnoan c-plane sapphire in a vertical
low-pressure metalorganic chemical vapor deposiiM@®CVD) system were used as substrates
to investigate the substrate temperature effect&Sa0 properties. The top p-type GaN:Mg
layers are about 100 nm thick, which were growrsabstrate temperature of 980 and
MOCVD chamber pressure of 200 Torr. Before loadiitg the MBE system for GZO growth,
p-GaN templates have been activated by rapid tHeemaealing in N environment. Hall
measurements performed after the activation onliaraaon p-GaN layer indicated a hole

concentration of ~X 10'" cm®. To prevent oxidation of the GaN surface in MBEariber

before growth, the GaN substrate has been keptrrdéux before oxygen is allowed into the

MBE chamber and plasma source is turned on.

The growth procedure and growth parameter excdptsate temperature for GZO growth
are the same as those for GZO growth on a-sapphirgtrate under metal-rich conditioff =
4.5x10° Torr and &=600°C). The substrate temperature for GZO growth wasdrom 200
to 450°C to investigate the substrate temperature effétis film thicknesses were controlled to

be 200-300 nm.

Figure 3.21 shows the effects of substrate temyession electrical properties of as-grown
GZO layers grown on LED structures under oxygersguee of ~4x18 Torr. As seen from
Figure 3.21 (a), carrier concentration varied fre@x1G° to ~4x1G3° cm™ and in general
decreases with increasing substrate temperaturkilitponcreases from ~ 25 cifV-s to ~ 57

cn’/V-s with the increasing of substrate temperatiiee substrate temperature has only a
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moderate effect on the resistivities of GZO layefhe optimum trade-off between carrier
density and mobility resulting in a resistivitylasv as ~2.3x13Q-cm has been achieved for the

GZO films grown at substrate temperature of 350°C.
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Figure 3.21Substrate temperature effects on resistivitiesajrawn GZO layers grown on 200-Torr p-GaN
under oxygen pressure of ~4x4Torr by MBE.

Figure 3.22shows three AFM scans representing surface morglesaf the GZO layers
grown at different substrate temperatures. As demm the figure, the surface morphology
changes from relatively smooth one to a rather mosigrface with pronounced large islands
when substrate temperature increases from 20026Q02C. For GZO film grown at the substrate
temperature of 200°C [Figure 3.22 (a)], the rooamequare (RMS) surface roughness is ~5.5

nm. As substrate temperature increased to 285°C de®ned islands typically 200-250 nm in
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diameter and ~150 nm in height were formed on tipeoforelatively smooth underlying GZO
surface [Figure 3.22 (b)] resulting in RMS ~16.2 tarther increase in substrate temperature to
400°C gives rise to the larger density of 3-dimenal islands [Figure 3.22 (c)] and, RMS value
increases to ~19.1 nm. The rough surface of GZO hajté the typical island size of the order
of light wavelength is desirable for enhancing light extractions from LEDs as it assists to
scatter photons propagating at large angles tsuhace normal towards the surface. Therefore,
our results indicate that the GZO layers grown &0-300°C should provide the best

performance as electrodes to p-GaN in terms of bbthlectrical properties and the ability to

enhance the photon extraction.

Figure 3.22Effects of substrate temperatures of (a) 200°L28%°C, and (c) 400°C on surface morphology of
GZO layers grown on 200-Torr p-GaN.

3.5 Summary of MBE growth parameter effects and théhermal stability of
highly conductive and transparent GZO grown under netal-rich conditions

In short, the MBE growth parameter effects havenhagestigated. The highly conductive
and transparent GZO layers can be achieved undercdhditions of B, = 4.5x10° Torr,
Te=400°C, and T+=350-400C. To achieve highly conductive and transparent Gxi€xal-rich
conditions instead of oxygen-rich conditions areedesl. Moreover, RTA annealing inoN

environment was found to improve the electricalpernties.
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One more important thing we have to consider isttlegmal stability of GZO for real
application. The thermal stability of conductiviy highly conductive GZO (n=~9x¥bcm?,
RT p=~42 cryV-s) grown under metal-rich conditions was invgastitd using post-thermal
annealing in oxygen environment. Figure 3.23 ilaigts the electrical properties of the GZO
layer annealed at different temperatures varyimgnfd75°C to 600°C. When the annealing
temperature increases from 4%5to 550°C the electron concentration dramatically dropswit
temperature while when the annealing temperatuthdu increases the electron concentration
virtually saturates. Although the annealing times Is@me effect, the whole tendencies in the
effect of annealing temperatures on the electrarcentrations are similar for different annealing
times. The mobilities for the GZO layers annealedhigher temperatures are generally lower
than those for the GZO layers annealed at lowepésatures as seen in Figure 3.23 (b). The
resistivity of the GZO layer annealed at 4Z5%ven for 2 hours is just slightly higher thant thia
the corresponding as-grown GZO layer. Therefore, &ZO films grown under metal-rich
conditions are thermally stable in conductivity tap500°C, which is better than the previously
reported ZnO-based TCOs (up to A@)'°>!% The reduction in electron concentration with
annealing in oxygen environment is probably becars® based films can absorb the oxygen
atoms under high temperature oxidation environmehtch prefer to stay at grain boundaries,
and thus induces the acceptor-like interface statgsh trap free electrorf&**'®The high
mobilities for the GZO films annealed at a tempamatbelow520°C could due to the weak
effects from compensation caused by the acceperilterface states and grain boundary
scattering while they appear to become dominanGioO films annealed at temperature higher

than 520C.
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Figure 3.23Effects of post-growth thermal annealing in oxygewironment on the electrical properties of highly
conductive GZO (n=~9xfcm* RT p=~42 cfiV-s)
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Chapter 4 Applications of GZO as Transparent Electodes in
InGaN-LEDs and Effects of GaN Templates on GZO Proerties

4.1 Applications of GZO as transparent electrodesiilnGaN-LEDs

4.1.1 Growth of GZO on LED templates

The InGaN/GaN quantum well LEDs with GZO transpamemlectrode (referred below as
GZO-LEDs) have been fabricated as follows [Figudg.4The active-region structures consisting
of 6 Iny.14Ga.gsN quantum wells 2 nm thick separated with ey od\ barriers, were designed
to emit at 400—410 nm were grown on (0001) sappsirestrates in a vertical low-pressure
metalorganic chemical vapor deposition (MOCVD) eyst The barrier thickness in the multiple
guantum well regions was chosen to be 12 nm towage efficiency droop at high injection
currents for investigative purposes. GZO transpaedégctrodes were grown epitaxially on the
top p-type GaN of the LED structures by plasmasasdi MBE at a substrate temperature of
400°C under metal-rich conditions (metal (Ga+Zn) to gety ratio >1). The thickness of GZO
films was controlled to be ~400 nm. These conditians consistent with the best growth
conditions for GZO on a-sapphire substrates by M@Bducing resistivities below 3 x 1@

cm and transparency as high as ~95% in the vissnige

For comparison, InGaN-based LED sturcures with 5Nife nm Au transparent p-electrode
(referred below as Ni/Au-LEDs) have been fabricafedjure 4.1]. The detailed fabrication
information can be found else and the mesa siZ5@sum in diameter® Again, structural
properties were characterized by XRD and surfacephmogy of the GZO films were assessed

from AFM, scanning electron mictroscopy (SEM) measwents. Electrical properties were
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studied by Hall effect measurements using the v@anR&uw configuration and current-voltage
(I-V) measurements. RTA was employed to investigast-annealing effects on GZO properties
and LED performance, respectively. Relative EQBhaf LEDs with the GZO electrodes and
control LED structures with thin Ni/Au top electes] were assessed from pulsed and CW

electroluminescence (EL) measurements.

TCO layer

p-GaN
p-AlGaN electron p-AlGaN
blocking layer
Active regions. 1 <«—In,,,Ga, ,.NQW

n-inGaN .
underlayer % , ' A

n-GaN 4

Inw. Ga, osN
barrier

n-contact Metal contact pad

Figure 4.1 The schematic diagram of the InGaN/GaN LED striectwith TCO (GZO or Ni/Au) as transparent
electrode along with its band structure (GZO alswes as the current spreading layer).

4.1.2 Structural properties of GZO grown on LED tenplates

As seen from Figure 4.2, GZO grows epitaxially caNGvith GZO [0001]/GaN [0001] and
GZO [10-11])// GaN [10-11]. From the symmetric tweeta omega scan as illustrated in Figure
4.2 (a) and using the sapphire substrate as areferthe lattice constants of GZO films were
calculated to be 5.208 A. While from skew-symmetwo-theta omega scan of (101) reflection
shown in Figure 4.2 (b), the lattice constants of GZO were calculated to b&&.& by using

GaN as a reference and tbdattice constant found from the symmetric scane Thlculated
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lattice parameters of GZO grown on p-GaN are végecto those of bulk ZnO, indicating very

low lattice distortion even in ZnO films with vehygh Ga concentrations.

1000 ¢

- |GaN (0002) (a) i (b)
10005— 100l P-GaN (101)
—_ [ GZ0O|(0002) sapphire (0006 3
50 S
s @
2100 > GZO (101)
2 F %)
9 I G100
£ AN E

105 I

{ o, o T )
35.5 36.0 36.5 37.0 37.5

34 36 38 40 42
two-theta omega scan for (0002) GZO/GaN (degree) two-theta omega scan for (101) GZO/GaN (degree)

Figure 4.2 Epitaxial relationships between ZnO and GaN tenaglatGZO [0001]//GaN [0001] and GZO [10-11]//
GaN [10-11)).

0 | 5 1m

Figure 4.3 Typical surface morphology of GZO layeigrown on top p-GaN (0001) by AFM.

AFM measurements showed that the surfaces of th@ fdms grown on the top p-GaN are

rough and the root mean square (RMS) roughnedsesetGZO layers varies from 10 to 20 nm.
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As an example, Figure 4.3 shows a typical AFM imafjihese GZO films, which has a RMS of
~17 nm. As seen from Figure 4.3, well defined istameére formed on the relatively smooth
GZO surface during growth.

Figure 4.4 shows a bright-field TEM image of one@EKED layer with similar surface
morphology as shown in Figure 4.3. As seen froim M image the GZO surface is rough.
These rough surfaces of GZO layers are thoughetbdhpful in photon extractions from LED
active regions since they could scatter more plsotart of the LEDs. TEM studies also show
that dominating defects in the GZO layers growr34dimensional growth mode are low-angle
grain boundaries and threading dislocations. Theraged grain size is 8040 nm. Grain
boundary scattering could be one of the main mashemnlimiting the carrier transport in GZO.
Threading dislocations in GZO layer are the di@misequence of the threading dislocations in

GaN which originated from the GaN-sapphire intezfdoe to the large lattice mismatch.

200 nm

Figure 4.4TEM image of one GZO-LED in the bright field mode.

4.1.3 Electrical properties and optimization of saes resistance of GZO-LEDs
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Room temperature Hall measurements show that tigeoash GZO layers on p-GaN have a
resistivity of below 3x1d Q-cm. RTA annealing in nitrogen environment can cedtheir
resistivity to below 2x18 Q-cm. The low resistivity of GZO is the basis for currepreading in
LED applications. Typically, the GZO sheet resismnitself was found by RT Hall
measurements to be €5 before the n-type contact (Ti/Al/Ni/Au contacts o#type GaN) was

fabricated in these LED structures.

Figure 4.5 presents the results of transport measemts for the 400-nm-thick GZO films as
a function of RTA annealing temperature startingfr625 °C. As the annealing temperature
increases, the sheet resistance and, consequestistivity first drops reaching the minimum

value of ~1.9 x 18 Q cm for the samples annealed at 675 °C and theaifisantly increases.

The carrier density increases initially as the afing temperature rises, and then reduces
dramatically from ~8.6 to ~3.5 x {Dcm* as annealing temperature increases from 675 to
800 °C, while Hall mobility increased throughoué tivhole temperature range, from ~2728m
s in the as-grown sample to ~40 %¥hs in the sample annealed at 800°C. The incrémase
mobility is attributable to improvement of the daisquality of GZO upon high-temperature
annealing. Although it is generally believed thaatsering on ionized impurities is the main

factor determining mobility in heavily doped magdsi®’

Minami et al. have pointed out that
crystallinity can also affect mobility for TCOs itcarrier concentration in the range of%0
10°* cmi*2%® Thus, in terms of electrical properties of the G&@ers, the optimum annealing
temperature is 675 °C. However, the optimum tentpezeor annealing of Ti/Al/Ni/Au contacts
used for n-type GaN in the LED structures is 800 V@ich can deteriorate the resistivity and
consequently the sheet resistance of GZO trandpatentrode. As indicated in the above

mentioned example of RTA annealing effects, theeshesistance of GZO annealed at the
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temperature of 800 °C is higher than 10 ohms whiithdefinitely reduce the ability of GZO p-
electrode to spread current. Therefore, a tratidetfween the resistances of p- and n-side
contacts should be made to achieve the best peafarenof the LEDs, unless GZO films are

deposited after the n-contact anneal.
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Figure 4.5 (a) Sheet resistance, (b) carrier concentration, Jeesistivity, and (d) electron mobility of
400-nm-thick GZO films vs. RTA annealing temperatue.

Prior to electrical characterization of the InGalDs, we evaluated the current-voltage
characteristics between the GZO gnaN layers. As clearly seen in the Figure 4.6, dis-
grown GZO shows ohmic behavior on p-GaN layers avitmetal contact pads deposited on the
top of GZO. The detailed information regarding th¥ characterizations can be found
elsewheré® The GZO layer annealed at the optimum condition6@5 °C in nitrogen
environment as mentioned earlier should behave winm@c since the resistivity is considerably
reduced compared with the as-grown one and theretoe same |-V characterizations on

annealed GZO layers as shown in Figure 4.6 growp-GaN template were not repeated.
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Figure 4.6 Current-voltage (I-V) characteristics of the GZOhtaxts on p-GaN measured in transmission lines
patterns having 40m contact spacing.

Figure 4.7 shows I-V and pulsed EL characteristnesasured for GZO-LEDs annealed at
temperatures of 675, 780, and 800 °C, respectiv@he can see that the annealing temperature
has a minor effect on the I-V characteristics ¢ tBZO-LED. The operating voltage of the
GZO-LEDs is very close to each other, which is2\3. The slope of the |-V characteristics and,
consequently, the dynamic series resistances s€tG&Z0O-LEDs are also comparable. However,
the EL characteristics exhibit a strong dependemcé¢he annealing temperature (Figure 4.7).
The GZO-LED annealed at 675 °C shows the highestimnan EQE as compared to those
annealed at 780 °C and 800 °C. Even the smallrdiffee of annealing temperatures between
780 °C and 800 °C causes a considerable differentteeir EQESs. It should be mentioned that
three regions of the LED structure, which are ntaoh) active region, and p-contact, contribute
to |-V characteristics, and annealing can cause drasticges in their resistances. Therefore, a
complex interplay between contributions, first 8f p-contact and n-contact can be responsible
for insignificant changes of the resulting I-&rves, whereas the balance between injected

electrons and holes can change substantially. ditiad, the optical transmittance of the GZO
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layer could be also changed upon thermal treatntenther studies are needed to gain insight

into the genesis of this dramatic effect of anmgpbn device performance of GZO-LEDs.
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Figure 4.7RTA annealing effects on current-voltage (I-V) gndsed electroluminescence (EL) measurements of
GZO-LEDs.

4.1.4 Comparisons between GZO-LEDs and Ni/Au LEDs
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Figure 4.8Relative external quantum efficiengs. current density and currevd. voltage for LEDs with Ni/Au and
GZO p-contact layers.
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Figure 4.8 shows the |-V and pulsed EL characiessthich are very repeatable and thus
only one of each curves is shown for clarity. TheGsLEDs have virtually the same vertical
series resistance (typically ~18-22 Ohm) as thahefNi/Au-LEDs (typically ~17-23 Ohm). It
can also be seen that the forward voltage measr2d mA is 3.5 V and 3.7 V for GZO-LEDs
and Ni/Au-LEDs, respectively. The EQE of the GZOB.Es 1.7-2 times higher than that of
Ni/Au-LED at high current densities due to what \eelieve GZO’s relatively higher
transparency. In addition, the rough surface asvehearlier could assist photons propagating at
high angles to the surface normal to escape fraLBED due to multiple scattering, which will
increase the extraction efficiency and hence th& Bthe GZO-LEDs. Moreover, as seen from
Figure 4.8GZO-LEDs can withstand much higher current dersi#700 A/cr) than that of

Ni/Au LEDs (3500 A/cm) under pulsed mode.

Ni’/Au-LED GZO-LED Ni/Au-LED GZO-LED

0OmA M2 min

Figure 4.9Light emission images of GZO-LEDs and Ni/Au-LEDgen different DC currents (a) and under
injection current of 100 mA for different times.

Figure 4.9 a) illustrates the light emission of GEZBDs and Ni/Au-LEDs under different

DC currents. The filamentation phenomenon due #onbn-uniform distribution of current is
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clearly seen for Ni/Au-LEDs at an injection curr@f50 mA (159 Acrif) while it is not seen for

GZO-LEDs even at an injection current of 100 mAg3%kcmi?). Figure 4.9 b) compares the time
evolution of the light emitting of GZO-LEDs and thaf Ni/Au-LEDs under the same injection
current of 100 mA. In short, GZO-LEDs have manyadages over Ni/Au-LEDs which can be

found elsewheré®®10°

So far what | have discussed is related to GZO-LEth a mesa size of 250 um in
diameter. To further illustrate that GZO layer @od as a current spreading layer which can
eliminate the filamentation phenomenon, GZO-LED$hva mesa size of 400 um x 400 um
were fabricated. Figure 4.10 illustrates the umifdight emission of GZO-LEDs with a mesa
size of 400 um x 400 um but with different metaidgr which clearly shows GZO is a

promising TCO as transparent electrodes in LEDieafbns.

Figure 4.10 Pictures of uniform light emission of GO-LEDs with a mesa size of 400 um x 400 um but vhit
different metal grids (note: the applied injectionDC current is 50 mA and the exposure time is 5 ms).

4.2 Effects of morphologies of p-GaN layers on GZ@roperties

In addition to the high conductivity and high traagency required, the surface morphology

of GZO/AZO is also an important factor to be coesatl, which could have considerable effect
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on device performance. For example, rough surfacesired to improve the photon extraction
efficiency and consequently the external quantuficiefcy in GaN-based LEDs. In contrast,
very smooth GZO/AZO surface (the surface roughisessild be very small compared with the
emitting wavelength) is required to reduce the agdtioss in GaN-based vertical cavity surface-
emitting lasers (VCSELSs). It is consequently impatt to investigate the effects of GaN

templates on the properties of GZO/AZO.

Again, InGaN-LEDs with p-GaN on the top as discdsabove were used as the bases for
GZO growth. However, the p-GaN layers were growsudistrate temperature of 950 °C with 2
different chamber pressures of 200 and 400 Tospeetively. All procedures for GZO growth
are the same as | used before to achieve highldumive and transparent GZO layers and

therefor are not repeated.

4.2.1 Effects of morphologies of p-GaN layers on GZ structural and optical properties

15 nm

Figure 4.11Surface morphologies of (a) 200 Torr p-GaN, (b) F0@r p-GaN.

Figure 4.11 (a) and (b) show the AFM images of examples of p-GaN layers grown
under substrate temperature of 950°C but diffel@CVD chamber pressures of 200 and 400
Torr, respectively. AFM measurements showed thé-muean-square (RMS) surface roughness

of 0.6 nm and 0.4 nm for p-GaN grown at 200 Toxt 480 Torr, respectively. Atomic steps are
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clearly seen for the 400-Torr p-GaN [Figure 4.1)], (imdicating better quality.

Figure 4.12RHEED patterns taken along [1-100] azimuth fromZ@) Torr p-GaN, (b) 400 Torr p-GaN, (c) 3D
GZO on 200 Torr p-GaN, and (d) 2D GZO on 400 TefaN.

Thein situ monitoring of GZO growth with RHEED revealed aosiy effect of the p-GaN
surface morphology on the growth mode and surfasghology of the resultant films. Figure
4.12 (a) and (b) shows the RHEED patterns of 200-pd5aN and 400-Torr p-GaN templates,
respectively. The GZO layers grew in a 3D growthdmon 200-Torr p-GaN templates, while
2D growth mode was observed for the layers on 480-p-GaN. AFM data are in a good
agreement with RHEED observations. Figure 4.13(a) (b) show the surface morphologies of
two GZO layers grown on the top of 200-Torr p-Gaid 400-Torr p-GaN, respectively. As seen
from Figure 4.13 (a), the layer grown on 200-ToiGaN is featured by a very rough surface
with an RMS surface roughness of 10.7 nm. The G&grl is composed of dense islands
typically 200-250 nm in diameter and 150 nm in heidgn contrast, the layer grown on the top of
400-Torr p-GaN with pronounced atomic steps shasmaoth surface with an RMS roughness

of about 2 nm [Figure 4.13 (b)].
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Figure 4.14TEM data of GZO (a) on 200-Torr p-GaN and (b) o0-4®rr p-GaN.

Figure 4.14 (a) and (b) show STEM data for GZO taygown on 200-Torr p-GaN and 400
Torr p-GaN, respectively. Grain boundaries areblésin both Figure 4.14 (a) and (b) but the
surface morphologies are different. The resultswface roughness are consistent with those

from AFM measurements and RHEED characterizations.

Figure 4.15 shows symmetric (0002) XRD two-thetaegenscans for GZO layers grown on
200-Torr p-GaN and 400-Torr p-GaN, respectivelydiasussed above. As seen clearly from the
figure, the GZO layers grown on different p-GaN pdates show a large difference in peak
positions indicating different lattice parameters. Similar phenomenon was alserebd for

skew-symmetriq1101)XRD reflections which are not shown here.
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Figure 4.15XRD 20-w scans of GZO layers grown on 200-Torr (dashed)4@@dTorr p-GaN (solid).

5 GZO layers grown on 200-Torr p-GaN (in 3D growtbde) and 3 on 400-Torr p-GaN (in
2D growth mode) were analyzed. Théattice constants were determined from symmetiRDX
scans using the (0006) reflection from sapphiressate as a reference. Tadattice constants
were calculated from inter-plane distances foundthfskew-symmetric two-theta omega scan of

(L100)reflection by using the GaN reflection as a refeeeand the lattice constants found

from the symmetric scans. Thelattice constants of GZO layers grown on 400-Tm@aN
(5.220-5.222 A) are much larger than those of GAgels grown on 200-Torr p-GaN (5.200-
5.210 A). Thec lattice constants of GZO on 400-Torr p-GaN arestattially larger than the
bulk ZnOc lattice parameter equal to 5.206 A, while thiattice constant of GZO deposited on
200-Torr p-GaN is comparable to or slightly smallean the bulk value. In-plana lattice
constant for the GZO layers grown on different gNGamplates shows comparable variations as
in c lattice constant in terms of percentages 3.25 A for GZO on 400-Torr p-GaN which is
virtually coincide with the bulla lattice parameter of ZnO, while this value is Istlg higher @&
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~ 3.26 A) for GZO on 200-Torr p-GaN templates. Fuidith at half-maximum (FWHM) of the
(0002) XRD rocking curves measured on GZO layers400-Torr p-GaN layers are ranging
from 0.07 to 0.09 degree which is much smaller tRa¥HM for GZO on 200-Torr p-GaN
varying in a range of 0.13-0.2 degree. This findsnggests lower density of extended defects in
GZO layers grown on 400-Torr p-GaN. The origin lod bbserved variations in lattice constants
and FWHM of XRD rocking curves induced by undertyip-GaN layers are not fully

understood yet.
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Figure 4.16 Transmittance spectra of GaN/sapphire template, &ndplate, and the ratio of (GZO+GaN)/GaN.

Although the morphologies of p-GaN templates hatreng effects on GZO structural
properties as revealed by RHEED, SEM, TEM, and XRig, transmittance of GZO grown on
200-Torr p-GaN is comparable to that of GZO growmr400-Torr p-GaN, which average value is
above 95% in the visible range as shown in Figuté.4

4.2.2 Effects of morphologies of p-GaN layers on GZX electrical properties
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Carrier concentrations in the GZO layers grownothi2D and 3D growth modes are 5-t0-6
x107° cmi®, while Hall mobilities are higher in the layersogm in 2D mode on 400-Torr p-GaN
templates (~90 cfiV-s vs. ~45 cnf/V-s). As a result, resistivities in the GZO laygrown on
400-Torr p-GaN are ~ 1.5xT@ cm, which is lower than the values of ~ 2%X0 cm obtained
for 3D GZO on 200-Torr p-GaN. However, the mobilityagnitudes and, consequently, the
resistivities are likely overestimated and undemested, respectively, because of possible
parallel conduction through th€ 1GaN layer of the LED structure located below p-Gan
confirm the concern of overestimating the mobilityGZO layers, temperature-dependent Hall

measurements were performed for GZO layers growinEdh templates.

Figure 4.17 (a) shows the temperature-dependecir@heconcentrations measured by Hall
method in Van der Pauw configuration, which tempeedependence is inconsistent with that
for degenerate TCOs since the electron concentraicdiemperature-independent due to the
degeneracy. Meanwhile, the temperature-dependehaeeobilities for GZO grown on LED
templates is also abnormal. For TCOs, the typmalperature-dependent mobility curve has two
distinct parts and the part for T below about 156s Kemperature-independent while the other
part for T above 150 K exhibits a tendency of daseewith temperature. The abnormal
phenomena therefore prove that the measured ekdagbrioperties for GZO layers were affected
by the underlying LED templates. However, in congaar between GZO grown on 200-Torr p-
GaN and GZO grown on 400-Torr p-GaN templates,etiiect of 200-Torr p-GaN template is

smaller as shown in Figure 4.17. This observasoronsistent with PL measurements.
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Figure 4.17 Temperature-dependent (a) electron coeratrations and (b) mobilities measured by Hall
measurements.

As shown in Figure 4.18, the PL profile of GZO Iageown on 200-Torr p-GaN template is
similar to that of GZO grown on a-plane sapphirbsstate, indicating the effect of 200-Torr p-
GaN template on GZO properties is small. In contthg PL profile of GZO grown on 400-Torr
p-GaN template showed a strong peak around 2.2&eNow band from GaN), which indicates
that the underlying GaN layers (probably p-GaN grawder 400-Torr) are wrong and have

strong effects on GZO electrical property measuréme
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In an effort to eliminate the effects of the unglier GaN layers and consequently to get
accurate GZO electrical properties, RTA annealmgitrogen environment were employed for
GZO layers grown on both 200-Torr p-GaN and 400-fefGaN templates above mentioned.
Temperature-dependent Hall measurements indichg#dRTA annealing can only eliminate the
effect of 200-Torr p-GaN templates on measured @Htrical properties. This should be due
to the high material quality of GaN layers in 200rTp-GaN template as compared with 400-

Torr p-GaN template as shown in Figure 4.18.
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Figure 4.18 Comparisons of PL measurements for GZ@rown on 200-Torr p-GaN, 400-Torr p-GaN, and a-
sapphire substrates.

Figure 4.19 compares the electrical properties agDQayer grown on 200-Torr p-GaN
before and after RTA annealing in nitrogen envirenin After annealing, the electron
concentrations are visually temperature-independetit small random variations at some
temperatures. At the same time, the temperatureraimt mobility curve exhibits the similar
temperature-dependence as those from typical TE@ghis special GZO layer, the RT electron
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concentration, mobility, and resistivity are ~5%16m*, ~45 cni/V-s, and ~ 2.7x10 Q cm,

respectively, which are reasonable.
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Figure 4.19 RTA annealing effects to eliminate theffects of 200-Torr p-GaN template on measured GZO
electrical properties of (a) electron concentration(b) mobility, and (c) resistivity.

On the other hand, GZO layers were grown againem bED templates which still used
400 Torr for p-GaN growth but the substrate temfpeeawas increased to 108Dinstead of
930°C (400-Torr-1036C p-GaN templates). The 400-Torr-108Dp-GaN templates were found
to have comparable surface roughness to that efquely 400-Torr p-GaN, where atomic steps
are clearly seen from AFM measurements. The GZ@rtagrown on 400-Torr-103C p-GaN

templates have very smooth surface as indicatedhby2D growth mode characterized by
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RHEED. Figure 4.20 illustrates the XRD characterssof GZO with a thick ZnO buffer layer (5
nm LT ZnO+50 nm HT ZnO) grown on the 400-Torr-1680p-GaN template. Noting the small
lattice mismatch between ZnO and GaN, the XRD seare carried out in triple-axis mode in
order to distinguish the peaks. Thickness fringescéearly seen in Figure 4.20, which indicates
sharp interfaces and highly epitaxial GZO grown4@®-Torr-1030°C p-GaN template. Note
that no fringes were observed for GZO/200-TmfBaN template and the (0002) peak intensity is
also about one-order lower than what we observe. lfarr (101) peaks which are not shown
here, no obvious difference between GZOs grownlloBaN templates is seen because the peak

intensities are very weak.

Triple-axis scan
as grown (a)
annealed

| GaN (0002)

ZnO (0002)
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Figure 4.20 XRD ®-o scan of GZO with a thick ZnO buffer layer (5 nm LT ZnO+50 nm HT ZnO) grown on
400-Torr-1030°C p-GaN template.

Unexpected behaviors similar to the observationafegrown GZO grown on 200-Torr p-
GaN/400-Torr p-GaN templates have also been naie@d-grown GZO grown on 400-Torr-
1030C p-GaN with a 5 nm LT ZnO buffer. Again, post-aalireg in N, makes it behave like

high quality TCOs. Figure 4.21 (a), (b), and (c)wlthe temperature-dependent electron
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Figure 4.21Electrical properties measured by temperature-depedent Hall measurements for GZO grown on 400-Torr-

1030°C p-GaN template with a thick buffer (5 nm LT ZnO+50 nm HT ZnO). Note: hollow symbols for as-grown samyg
and solid for annealed sample;

concentrations, mobilities, and resistivities fdre tas-grown (solid symbols) and annealed
(hollow symbols) GZ0O/400-Torr-108C p-GaN template with a thick ZnO buffer (5 nm LT
ZnO+50 nm HT ZnO). For the as-grown one here, ffexes from the underlying GaNs on the
electrical properties are void due to the thickaODzbuffer. For the annealed one, the electron
concentration reduced while mobility increased I ttemperature range of 15-330 K as
compared with the as-grown one. Although XRD chirdations did not show any obvious

difference before and after annealing [see FiguB®]4the resistivity for the annealed one is
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much lower than that for the as-grown one [see reigu21 (c)]. In general, the resistivities
achieved for GZO/400-Torr p-GaN are much lower tttese for GZO/200-Torr p-GaN but are

not better than those for GZO grown on a-plane lsapsubstrates.

[ GZO/400-Torr-1030°C P-GaN (2D-growth mode

—— as-grown

1000 annealed
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8
=100
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Figure 4.22 PL measurements of as-grown and annedléGZO layers grown on 400-Torr-10300C p-GaN
templates.

Detailed studies regarding the comparisons amon@ssgrown on 200-Torr p-GaN and
400-Torr-1036C p-GaN, and a-plane sapphire substrates can Inel felsewherg®, which are
not repeated here. In short, the LED templates leffects on measured as-grown GZO
electrical properties, especially the 400-Torr gNGgrown at substrate temperature of €30
This could because there are some pin holes in Nb-Gger and consequently the Hall
measurement measures the composite formed by GdG@harunderlying thick n-GaN layek.
thicker ZnO buffer (50 nm in this work) or anneglican eliminated the effects from the
underlying GaN layers. GZO grown on a rougher GaNase (200-Torr p-GaN in this work)
will lead to a rougher GZO surface which is desifed transparent electrode applications in

GaN-LED while GZO grown on a smooth surface (400rTpGaN in this work) will have a

-76 -



smooth surface which is desired for transparerttielde applications in GaN-based VCSEL. It
has to be pointed out that the resisitivities ofG3Ayers grow on both 200-Torr p-GaN and 400-
Torr p-GaN are acceptable for electrode applicatitrough there are some differences in their
resistivities. The newly grown 400-Torr-1080 p-GaN has a minor effect on GZO electrical
properties due to its higher crystal quality asesded by the PL measurement as shown in Figure
4.22, where the yellow band emission of GaN is muehker than that of pervious 400-Torr p-

GaN templates grown at substrate temperature ¢¥230

4.3 Summary

In summary for this chapter, | have investigateel dipplications of highly conductive and
transparent GZO layers as transparent electrodé€saM-based LEDs, which exhibited many
advantages over the traditional thin semi-transged&Au electrodes and the highly conductive
and transparent GZOs are promising to replace ldOpfactical applications in GaN-based
devices. The surface morphologies of GaN were dsimated to be important in affecting the
structural and electrical properties of GZO layerSsor applications in LEDs, rougher GZO
surface is desired and consequently the rougher ahplate is needed. In contrast, for
applications in other GaN-based devices which r@adoth surface, smooth GaN surface is

needed to grow highly conductive and transparer® GX/ers with a smooth surface.
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Chapter 5 Electron Transport and Physical Limitation in GZO

The scattering mechanisms governing electron tabswill be studied using a
comprehensive set of GZO layers grown by MBE maonya-plane sapphire substrates with
varying oxygen-to-metal-ratio and Ga flux. The gsak were conducted by temperature
dependent Hall measurements which were supporteditngp structural investigations as well.
The physical limitation in GZO conductivity will bdiscussed in details, which is the main point
to be addressed because it will shed light on ltmgrow GZO layers with desirable mobilities

and conductivities.
5.1 Basic theories of scattering mechanisms

As discussed earlier in the Section of 2.5 of Caiapt the explanations in electron transport
in GZO layers are controversial, it is thereforecassary to briefly introduce the scattering
mechanisms first before the analyses are givensdlseattering mechanisms include neutral
impurity scattering, dislocation scattering, iorzempurity scattering, lattice scattering, and

grain boundary scattering which are typically dssrd in literature.

5.1.1 Neutral scattering

The neutral scattering limited mobility was firstleulated by Erginsdy* who scaled the
electron scattering at hydrogen atoms to a semigtind by using the dielectric constant and

carrier effective mass, which is

_ me
A(T)4rEe h°N,

H,

Equation 2
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Here, A(T) is the generally temperature-dependent scattenogs-section factor ard, is
the density of neutral scattering centers. The rofyebols have their typical meanings as
elsewhere. The detailed discussions regarding tbdemof neutral scattering can be found
elsewheré!? Since the shallow donors in ZnO doped with graliglements exhibit ionization
energies around about 50 me¥**3 the concentration of neutral donors at RT is Vewyand is
therefore not consider&d. It must be pointed out thad(T) was typically treated as a

temperature-independent term and a value of 20useg!*?

5.1.2 Dislocation scattering

Dislocation scattering is a natural scattering pssan polycrystalline materials. However,
this process is rarely used in explaining experialestata of carrier transport in polycrystalline
semiconductors and especially transparent condyotifdes:** Mobility limited by dislocation

scattering is given b{f#411°

y 30V 2 (g6, F'2a2/nkT
e ef2/m'N,.

Equation 3

wherea is the distance between acceptor centers alondishacation linef is the occupation
rate between 0 and 1 of these acceptorsNyadn the density of dislocationBor ZnO single
crystals this scattering process can be negledtex® slislocation densities are very loNg
<300 cn). Juneet al.*® calculated the mobilities of undoped ZnO grownMBE with the
values ofNgs =6x1F-3x10 cm? and n=2.2x18 cm? and got a RT mobility of ~600-700

cn’/V-s. If the same dislocation density was usedafafegenerate GZO layer with an electron

-79 -



concentration above 5x3cm®, the RT mobility limited by dislocation scatterivgould be

30000-35000 crwhile the mobility limited by dislocatioscattering at 10 K would be above
1000 cni/V-s. As it will be seen later, the measured mtib#i at both 300 K and 10 K are at
least 20 times lower than those calculated valunek dislocation scattering for heavily doped
GZO grown by our MBE system is definitely negligaldince TEM characterization revealed the

dislocation densities for the GZO layers are bel®cm®.

5.1.3 lonized impurity scattering

lonized impurity scattering is a very important tseang mechanism in doped materials.
According to the Brooks-Herring formula for degeatermaterials simplified by Looé al.*,
the ionized impurity limited mobility; in partially compensated films can be expressed as
1-K
1+K

Iuii = Iumax
Equation 4

whereK is the compensation ratio apgly represents the maximum attainable mobility limited
by ionized impurity scattering (mobility at 0 K) isamples with no compensatign.x as a
function of electron concentration is given in the following equation witd being the

ionization charge in units @&andey being the dielectric constant.

B 24773802753 1
T 52,372 y 4 18 2
Ze'm In[L+ y(n)] - y(n) with y(n) = 3%4n2£9h n
1+y(n) =

Equation 5

As seen above for degenerate materials, ionizedirimyplimited mobility is temperature-
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independent and compensation in TCO should be nEeiirsince the reduced compensation not
only increases its donor concentration but alscemses its mobility.

5.1.4 Lattice scattering

In ZnO, lattice scattering includes acoustic phonsgattering, polar-optical phonon

scattering, and piezoelectric scattering.

Acoustic phonon scattering is a lattice deformatioattering due to a local energetic shift of

the band edges originating from acoustical phon@he. acoustical lattice mode Hall mobility

117

is:

L=t J8mr en’c

D Hac 3 E12 l(m*)S(KT)S
Equation 6

whereC; is the longitudinal elastic constar; is the deformation potential (energy shift of the
conduction band per unit dilatiom) is the Hall coefficient for acoustic phonon scatigt™
which is 3t/8. The deformation potenti&; is not very well known for ZnO. In literature, its
value scattered (1.4 é¥ 3.8 eV 15 eV}®and 31.4 eV*). For the calculation of the
overall carrier scattering in ZnO this is not vemyportant since other scattering mechanisms,
especially polar-optical and piezoelectric scatigriare dominari? It must be pointed out that

recent papers used the deformation energy of 3.8e¥nO, which could be more accurate.

Piezoelectric scattering occurs only in piezoelectnaterials, i.e., in crystals without
inversion symmetry, and is caused by the electeid fassociated with acoustical phonons. The

piezoelectrically limited mobility is given a8
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NP E,E.

= Thpie
p Hp 3 m*3 PD’HZ kT

Equation 7

where fpie is the Hall coefficient and is equal to528. P, is the averaged piezoelectric

electro-mechanical coupling coefficients for elaalt transport perpendicular or parallel to the ¢

axis. As seen later, piezoelectric scatteringse alot important.

Polar optical phonon (POP) scattering is importargolar materials at temperature near or
above room temperature (RT). As calculated by Jetng. **°for high quality undoped ZnO
grown by MBE, the effect of POP scattering is mgtionger than other scattering mechanisms,
including deformation potential scattering, piezwmglic scattering, and dislocation scattering.

The temperature dependent mobility limited by P@dttering is given by***%

upop[%] =0.199x (T /300)?x (eE Fx (m, m*2x (10°M  ])

x(10%v, [em®]) x (10 “w[s” ])><(eﬁ%aT —1)><G(h% )

Equation 8

wheree* is the Callen effective chargkl is the reduced mas¥,is the volume of the unit cell,
andm* is the effective mass of electron. The Ehrenrsi¢anction G Gw/ksT) accounting for
the screening effet®f is a slowly varying function of temperatufe with %o being the LO
phonon energy, which is 72 meV in the case of ZNGte thatks is Boltzmann constant. For
degenerate materials, when the Fermi level is éataeeply in the conduction band, the POP

scattering may become even more important becduserease in the electron effective mass
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caused by nonparabolicity of the conduction bang.shown later, the strong effect of POP
scattering makes both acoustic phonon scatteridggazoelectric scattering negligible.

5.1.5 Grain boundary scattering

Most of the available models for grain boundarydeéd mobility refer to the works by
Petritzet al.'*, Tarnget al.'*°, and Setet al.>’ These theories are based on the model of a barrier
induced by charges trapped by states at grain lzoigsdwhere there are many defects due to the
incomplete chemical bonds. There are typically éhdifferent formulas for grain boundary
scattering based on this theory in the literatliree one based on thermionic emission from traps
on the grain boundaries was developed by 8e.>’ for non-degenerate materials which has

the form
ug=La(2rm*keT) 2exp(@p/keT) or In(4,TH?) ~ =T

Equation 9

This model is widelgited but is not suitable for degenerate materidtste that L is the grain
size andkg is Boltzmann constant. As pointed out by Ellreeal. **the Seto model extended by
Wernel?® as shown below, can be used to describe the tamope-dependent mobility at lower

carrier concentration.

_Ag
Moy _ Holyain BT okT
= = exp( )
Ho * Heg _Ag KT
Mo+ U exp(_M)
0 grain KT
Equation 10

where uo is temperature independemty is temperature dependent, amgin is the mobility

inside the grain. That developed by Taragal.'*® based on the assumption of Schottky
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thermionic emission and then followed by Bruneaual.>® for degenerate materials is
Hg=BTexp(@./keT) or In(u, /T) ~ T

Equation 11

Note thatB is a constant related to the grain size and @ectoncentration and, is the
activation energy given b$,-(Er-Ec). If we assume Schottky barrier, the barrier shdnddigh
for which a value of 0.5eV was given by Tamigl.'**for polycrystalline-Si. That probably first
used by Zhangt al.**’ for grain boundary scattering jg=BT 'exp(@/ksT) or In(uyT)~-T*,
which has been widely used in the literatfr& With my careful examination, reference 127
directly refers to the work by Bruneaux et *dlin which ug=BTexp(d4/ksT) or In(uy/T)~-T™.
However, the temperature dependence of mobilitgappin a different form (ngT)~-T1) from
the original work by Bruneaux et af Therefore, the expression used by Zhahal.*?" is
possibly problematic since it is not physically mieaful and they did not mention its
inconsistency with the original reference.

When considering grain boundary scattering, we mumtsider two other physical
phenomena. Although they are different in formulidmoth they are temperature independent.
The first one is electron reflection by grain boanes, which gives the strength of the potential
and thickness of the grain boundary. The modetjfam boundary scattering based on reflection

can be found elsewhet&!?®'**The second phenomenon is quantum mechanical timmef

we consider a simple rectangular barrier of helgtnd widthW, the tunnelling probabilify®

Ttunn = %Z_E) exp(_ MW )
U \ h

can be expressed as

Equation 12

-84 -



Following Holm'! for a rectangular barrier of heiglig and widthl,, when a very small applied

voltage V is across a barrier the conductivity g tunnel effect., can be expressed'as

0. =[Lq?(2m* E,) '/ (hA,)]exp[-47d,,(2m* E,) 2/ 1]

Equation 13

whereL andh are the grain size and Planck constant, respéctiVbis equation indicates that,
for a given free-carrier concentration, the mopilit=6/gn) limited by the tunnel effect is
temperature independent but is proportional togitan size. It should be mentioned, however,
that while pure tunnelling is temperature indepemndm and of itself, but the effective
tunnelling-governed electron flow across grain ltarmes is temperature-dependent, because the
energy distribution of electrons is temperatureethglent and electrons with different energies
experience barriers of different heights. The lestsideration dramatically complicates the
theoretical study of grain-boundary scattering tlog tunnelling limit (low barriers). Recently,
Look et al®®**°provided a formula of grain-boundary-scatteringited mobility for degenerate

TCOs, which is temperature-independent too andvengas:

,u:er: d/C _e d/C
Cm Y V() R @)

Equation 14

whered is the film thicknessC is a fitting factor,veerni IS the Fermi velocity for a degenerate
material. It must be pointed out that the fittiregtior C is not well known, which varied from
paper to paper. For example, ZnO layers grown @a By PLD produced & value of 4®while

PLD grown ZnO layers on sapphire substrates pratiec€ value of 2.5% Look et al**®
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concluded that although there are some fluctuatinrG values, the mobility limited by grain
boundary scattering for heavily dope GZOs must bey\high (527 crfiV-s for C=2.5 and
n=1.1x16° cm®) and can be neglected. Note that based on th@ythfor layers with smaller n
but still degenerate, the mobility limited by grddaundary scattering should be higher since it is

inversely proportional to carrier concentration.

5.2 Results and analyses

The detailed studies of electron transport in tets 9f GZO samples were performed using

TDH measurements in the van der Pauw configuration.

In the first series, we compared electrical prapsrof the samples grown under metal-rich
and oxygen-rich conditions withck = 600°C. Note that the GZO layers discussed in the first
series are actually the GZO layers grown for ingasion of effects of oxygen pressures on
GZO properties, and consequently the details wigigh be found in Chapter 3 will not be

repeated here.

In the second series, we varied Ga flux by changiggfrom 425 to 608C, while oxygen
pressure was kept at 4.5X4Torr (metal-rich conditions). Note that the GZ@des discussed in
the second series are actually the GZO layers gfowimvestigation of effects of Ga fluxes on
GZO properties, and consequently the details whath also be found in Chapter 3 will not be

repeated here.

Rapid thermal annealing (RTA) at a temperature @CC in nitrogen environment for 3
mins was used for some GZO layers to improve teperties. The structural properties of the

GZO layers were characterized by XRD. For the regmeatives of GZO layers, STEM/TEM,
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electron energy loss spectroscopy (EELS), and gnéigpersive X-ray spectroscopy (EDX)
measurements were done on cross-section specingng an aberration-corrected STEM
microscope Titan S-Twin operated at 200 kV. The TEMEM investigations were focused on
characterization of structural defects that coukl Hesponsible for carrier scattering and

limitation of electron mobility in GZO.

5.2.1 Electron transport in GZO grown under oxygenrich and metal-rich conditions

First, the general relationship between the micuastire of GZO layers grown under
various reactive-oxygen-to-metal ratios and theinsport properties at room temperature (RT)
have been studied. Then, the electron concentratmhmobility were investigated in order to
gain insight into electron scattering mechanismgegang the transport in GZO.
5.2.1.1 Correlation between crystal structure and room-temperature electron mobility in GZO

STEM and TEM studies revealed that the microstmecai GZO layers strongly depend on
Po2,. i.e., oxygen-to-metal ratio. Inclined grain boundarig®’ from the polarc-direction
indicated by the two arrows) are the dominatingeeded structural defects in the GZO layers
grown under oxygen-rich growth conditions [Figuré& £)]. It was conjectured that they should
have strong polar field in ZnO because the poléidmavector pointing into the-direction will
have a substantial projection on them and as aegoesice, coulombic interaction between free
carriers and grain boundaries will reduce electrwbility. The grain size in these GZO films
varies in the range from 10 to 30 nm. Unlike the GGEayers grown under oxygen-rich
conditions, the GZO films grown on a-sapphire unatal-rich growth condition have high
crystal quality but albeit with some porosity anarqus GZO grows on top of the non-porous
ZnO seed layer. Investigation of the nature of pamvealed that these defects form due to

nucleation of multiple open-core dislocations in@layer. Open-core dislocations have a minor
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effect on the width of the XRD rocking curves. Hawe the high concentration of pores masks
the position of low-angle grain boundaries in STEivages and consequently makes it difficult
to use STEM technique to visualize the grain bouerdaby varying electron channelling effect

for grains oriented at different angles with resgedhe probe direction.

Seed layer

Sapphire

200 nm

Figure 5.1 (a) A representative of STEM images of O layers grown under oxygen-rich conditions and (b
Low angle annual dark field (LAADF) TEM image of a representative GZO layer grown under metal-rich
conditions (GZO-1 as shown later). Note: arrows initating inclined grain boundaries (12 from the polar c-
direction).
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In order to gain accurate information regardingdhan boundaries and grain sizes for GZO
layers grown under metal-rich conditions, low angteual dark field (LAADF) technique was
employed. Also the special care was taken aboudirse® preparation in order to minimize the
effect of ion milling on the sample microstructufes shown in Figure 5.1 (b), the low-angle
grain boundaries in the GZO layer grown under metal conditions mainly propagate from the
ZnO seed layer normally to the substrate planea(lghto the polac-direction), which is totally
different from that for GZO layers grown under ogygrich conditions as discussed above
[Figure 5.1 (a)]. Therefore, the grain boundarie$sZO grown under metal-rich conditions are
parallel to thec-direction that results in much smaller polarizatiteld at the interfaces. The
average grain sizes in these layers were deternmime@ry from 30 nm to 50 nm, which are
larger than those for GZO layers grown under oxygeim conditions. Owing to the larger grain
size and the smaller charge accumulation on loweagigain boundaries, the mobility limited by
grain boundaries in GZO layers grown under metdi-donditions should be higher than that in
GZO layers grown under oxygen-rich conditions.

Figure 5.2 shows the Hall electron mobility versither electron concentration [Figure 5.2
(a)] or grain size [Figure 5.2 (b)] for the as-groand annealed GZO layers, for which carrier
concentrations varied from 3x®0o 12x16°cm™. Note that the grain size was extracted from
the (0002) XRD rocking curves using the Scherreragiqn>* except the two points with error
bars (one for the GZO layer grown under metal-gohditions and the other one for the GZO
layer grown under oxygen-rich conditions), for whigrain sizes were determined from
STEM/TEM cross-section measurements. The erroimbdre mobility is due to the spatial non-
uniformity of electrical properties over the wafés seen from Figure 5.2 (a), there is no clear

correlation between the electron mobility and tbaaentration. However, the mobilitg. grain
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size plot reveals a nearly linear relationship Bsmvthese two parameters. At a first glance, the
data appear to indicate as if mainly the grain lolauy scattering limits the electron transport.
However, one should keep in mind that the full ymietis quite complicated, which was caused
by the differences in oxygen pressures during dnoarid film thicknessestc. The detailed
discussion regarding the effects of oxygen pressuikn thickness, and annealing on GZO
electrical properties as well as grain sizes carfoo@d in Chapter 3In short, annealing in
nitrogen environment significantly improved the atteeal properties of GZO grown under
oxygen-rich conditions while only minor increase mnobility and electron concentration
observed for GZO grown under metal-rich conditioRise difference in the annealing behavior
is tentatively attributed to the lower concentrata@f compensating defects in GZO grown under
metal-rich condition$®® For highly conductive GZO with electrical propegicomparable to our
best GZO grown under metal-rich conditions, Loetkal.!*® reported the existence of Zn-
vacancy-related acceptors causing self-compensat@msed on positron annihilation
measurements and secondary-ion mass spectrosct$)(SThis seems consistent with the
observation of slight increase in both the electoncentration and mobility upon annealing for
one GZO layer grown under metal-rich conditions§33x13°cm® andp=36.7 cnf/V-s in the
as-grown samplers. n=9.23x16° cm®, p=42.4 cni/V-s in the annealed one). Note that the
annealed sample is actually GZO-1 which will becdssed in more details later. Since the grain
size remains virtually unchanged (~25 nm) befom @&ter annealing as shown in Figure 5.2, the
increase in both the electron concentration andilitols unlikely due to the reduced effect of
grain boundary scattering but possibly due to tkeerehse in concentration of Zn-vacancy
defects, which is consistent with the increasedier@aconcentration upon annealing. It must be

reiterated that the concentration of compensatefgats in our GZO layers grown under
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Figure 5.2 Hall mobilities vs. (a) electron concentrations and (b) grain sizeof annealed GZO layers with
different thicknesses grown under oxygen-rich condions (squares), annealed GZO layers with different
thicknesses grown under near stoichiometric conditins (circles), and as-grown GZO layers with differet
thicknesses grown under metal-rich conditions (triagles). [Symbols in hollow from STEM/TEM for

comparisons; an annealed GZO grown under metal-rich condition (highest p) was also added to seeTR
treatment effect].

oxygen-rich conditions should be much higher tHaat in GZO layers grown under metal-rich
conditions, resulting in a serious compensatioEO grown under oxygen-rich conditiotS.

As discussed earlier, grain boundary scatteringeged by quantum-mechanical tunneling is
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virtually temperature-independent, which is the sams that of ionized impurity scattering in the
degenerate material. Therefore, the large variatiagiectron concentrations from 3¥26m* to
9x10*° cmi*and/or in growth conditions could mask the realrimeenon and lead to a wrong
conclusion.
5.2.1.2 Electron transport in GZO grown under oxygen-rich and metal-rich conditions

The electron transport was studied in greater ldetsing TDH measurements in the van
der Pauw configuration for 4 selected GZO layeebld 5.1 summarizes the growth details and

sample characteristics.

Table 5.1 Basic information for 4 selected GZO taygsed for TDH measurements

No Thickness Po> ZnO buffer | Annealed? FWHM of RTu n
(nm) (10° | Thickness (0002) ZnO || (cnfiV-s) | (107%m®)
Torr) (nm) (degree)
Gz0-1 290 4.5 ~100 Yes 0.34 42.4 9.2
GZ0-2 523 4.5 ~10 No 0.39 325 8.35
GZ0-3 745 15 ~10 Yes 0.88 18.2 3.37]
GZ0-4 745 15 ~10 No 1.15 7.5 0.2

Figure 5.3 clearly shows that the carrier conceioimais temperature independent for all
four samples, indicating their degeneracy. It igttvanothing that the layers with higher carrier
concentrations also have higher mobilities in thére temperature range investigated (the order
is GZO-1, GZ0-2, GZO-3, and GZ0O-4). GZ0O-4 has thwdst carrier concentration of around
2x10” cm® and the lowest mobility of 5-7 v s for temperatures ranging from 15 to 330 K.
Upon annealing in nitrogen, this layer (denotedc@$D-3 in Table 5.1) exhibits much higher

carrier concentration and mobility of ~3.4%¥4@m™ and 18-to-21 cAiV-s, respectively, but
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these figures are still well below those for the@ayers grown under metal-rich conditions
(GZO-1 and 2). GZO-1 has a slightly higher cardgencentration and mobility possibly because
of the thicker undoped ZnO buffer layer grown a®%Dand/or possibly the lower concentration
of defect-related compensating acceptors as comparésZ0O-2. Note that the thicker ZnO
buffer layer grown at 60C enhances the structural perfection giving risa &ightly narrower
FWHM of XRD (0002) peak. From the temperature dejean resistivities (not shown here),
GZ0O-1 and GZO-2 showed the metallic behavior. Toeekt resistivity achieved at low
temperatures is ~1.3xf@hm-cm. GZO-3 exhibited a similar temperature ddpane as GZO-
1 and GZO-2 but its resistivity is much higher @€10* Ohm-cm), while GZO-4 showed a
semiconductor-like behavior (negative temperatoedficient of resistivity).

| have fitted the measured temperature dependehbtlitres for samples GZO 1-4 as shown
in Figure 5.3 (b). The un-annealed GZO layer gravmder oxygen-rich conditions (GZO-4
sample with the lowest carrier concentration of @2m* among the samples considered in
this Section) exhibits a~T°?* temperature dependence [Figure 5.3 (b)]. Temperatctivated
mobility of GZO-4 can be considered as a charastierof grain boundary scattering based on
thermionic effect”* representing a higher barrier at grain boundanigse material with lower

electron concentration.

Samples GZ0O-1, GZ0O-2, and GZ0O-3 show the temperatependences of mobility which
drastically different from that for the GZO 4 layérheir mobilities initially increase when
temperature decreases down to ~150 K. At lower &aipres (LT), mobility in these samples
becomes virtually invariant. The temperature depahdobilities measured in GZO-1, GZO-2,
and GZO-3 were theoretically fitted based on Maghken’s rule as (1/= Lijuri+1/upop, Whereus

is a constant representing temperature-indepensigattering events, which include ionized
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impurity scatterings; and grain boundary scatteripg, governed by the tunnel effect, amg, is
the temperature dependent POP scattering (seeeFigd (b)). The results of fitting are

summarized in Table 5.2.
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Figure 5.3 Temperature dependence of a) carrier caentration and b) mobility for GZO-1, GZ0O-2, GZO-3

and GZO-4 (From top to bottom in both). Note: solidlines in (b) are fittings. For GZO 1-3, the fittings used a
constant for mobility limited by temperature-independent scatterings, and polar optical phonon scatténg

for temperature-dependent scattering while for GZO4, it was fitted with power dependence(c) effects of
different scattering mechanisms in GZO-1 indicatiig ionized impurity scattering and POP scattering ighe

first and the second dominant mechanisms limitingtte RT mobility
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Table 5.2 Results of fitting to the temperatureatefent mobility for GZO 1-3 based on Matthiesseunls
/p = Lhugi+1ipop,

No u (cnf/V-s) uTi (cné/V-s) Umax(cmf/V-s) RT tpop (CNT/V-s)
GZO-1 ~40.6 51 56.7 198
GZ0-2 ~32.5 38.5 61.5 210
GzO-3 ~18.7 20.3 87.5 250

Using the values equal to ~Or89 0.37%n,, and 0.38y measured by Rusket al.®? for
electron effective mass in ZnO-based TCO with eardoncentrations similar to those in the
GZO 1, GZO 2, and GZO 3 layers, based on EquatiboaBculated room temperature (Ridphp
to be ~198, 210, and 250 &¥-s in GZOs 1 to 3, respective{ilote: e*/e=0.62,M=2.135x1F
g, Va =2.38x10?® cnt in Equation 8 for POP scattering) The calculatedues for POP
scattering-limited mobility at RT are comparable the reported mobility limited by lattice
scattering (~200 cfivV-s°% and consequently demonstrate that other phonaitesings which
are temperature-dependent are negligible compaithdR@P scattering in ZnO due to its highly
polar nature as discussed earlier. Note that thbilityolimited by other phonon scatterings
including both acoustic phonon scattering and dafijg@iezoelectric scattering must be one
order of magnitude higher than that by POP scatie®therwise, the fittings as shown in Figure
5.3 cannot be done. Since other mechanisms useddeirsimulations are to a first extent
temperature-independent in these very highly dgaedples, POP scattering is suggested to be
the mechanism responsible for the temperature-aigmee, which further reduces the mobility

for GZO 1-3 at T>150 K.

Based on the Brooks-Herring formula for degeneraierials, theun.x (Equation 5)

representing the maximum mobility limited by iondzenpurity scattering with no compensation
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(mobility at 0 K) were calculated to be 56.7, 61abhd 87.5 cfiV-s for GZO 1-to-3 layers,
respectively. Note that the dielectric constagtand ionization charg& are 8.12 and L
However, the simulated mobilities limited by termgtere-independent scattering events are 51,
39, and 20 cAiV-s for GZO 1-to-3, respectively. Based on Matki&n’s rule, the mobilities
limited by both compensation if present and graiarzary scattering based on tunnelling can be
calculated as 507.3, 106.6, and 27.6/strs for GZO 1-to-3, respectively. We should mentio
here that it is extremely difficult to separate tut contribution from grain-boundary scattering
governed by tunnelling and compensation.

If Equation 14 is used to calculate the mobilityjited by grain boundary scattering, the
mobility is 585 cri/V:s for C=2.5 and 366 chiV-s for C=4, which are close to the value of
507.3 cni/V-s and could indicate that there is almost no pemsation and other temperature-
independent scattering in GZO-1. The mobility of7®cnf/V-s limited by grain boundary
scattering and compensation if compensation presei@Z0O-1 is ~9 times higher than the
mobility limited by ionized impurity scattering ithe whole investigated temperature range and
consequently the grain boundary scattering and eosgtion have a relatively minor effect and
thus both can be neglected. In this case, ionimguliity scattering and POP scattering is the
first and the second dominant mechanisms limitimg RT mobility, respectively. As seen in
Figure 5.3 (c) other scatterings have very minéeat$ limiting the mobilities for GZO-1 and
can be neglected. For GZO-2, the calculated misilivased on Equation 14 are 109G/shrs
for C=2.5 and 681 cAfV-s forC=4, which are much higher than the value of 10608'¢-s and
could indicate that compensation has a strongecethan grain boundary scattering in limiting
the mobility. Note that the uncertainty of tievalue could lead to a wrong conclusion too

although the possibility is small. However, it &ally not necessary to separate them because the
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mobility set by grain boundary scattering basedusmelling and compensation if present (106.6
cn’/V-s) is larger by a factor of ~1.73 times higheart the mobility limited by ionized impurity
scattering (61.5 cfivV-s) in the whole temperature range investigaléte stronger effect of
grain boundary scattering and compensation in GZ@-2onsistent with its slightly larger
rocking-curve width (0.3%vs. 0.34) and slightly lower electron concentration of ~8L8%° cm
3 indicating a somewhat smaller grain size andugildy, a higher compensation ratio as well.
By comparing GZO-2 with GZO-1, the probability okiggence of compensation caused by
defects such as Zn-vacancy acceptors is greatere issume no compensation in GZO-2, the
grain boundary scattering would have a larger effiean POP scattering at RT (106.6 vs. 210
cm?/V-s) although the assumption could be not rigitalse it is not consistent with the results
from Equation 14. However, no matter which onettiergyer, ionized impurity scattering is still
the first dominant mechanisms limiting the mobilitythe entire temperature range of 15-330 K,
which effect is stronger than that from all otheatserings.The grain boundary scattering may
compete with POP scattering in the practically imgat temperature range around RT
depending on the GZO film quality (the higher ttraictural quality, the smaller the contribution
of grain boundaries).

For GZO-3, the mobility limited by the grain boumgacattering and compensation (27.6
cn/V-s) is much lower than that limited by ionizedpianity scattering (87.5 cffV-s), which is

consistent with the predicted higher compensatip®émchenkeet al.*®

and smaller grain size
revealed by STEM and XRD characterization in theOGlayers grown under oxygen-rich
conditions. However, it is difficult to delineatench quantify the contributions from grain
boundary scattering and compensation in GZO-3. iBig obvious that, when the grain size

becomes smaller and electron concentration redubesgffect of grain boundary scattering
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becomes stronger, while the contribution of PORtegag weakens. To make the situation
worse, the donor compensation provides a “positeelback” to the grain boundary scattering.
For a given Ga concentration and a given averagi@ gize, the higher the compensation is the
lower the Fermi energy is.e. the higher the barriers are and consequentlyttbager the grain
boundary scattering is. Note that the smaller gsares for GZO grown under oxygen-rich
conditions are definitely caused by excess oxygamgd growth compared with that for GZO
grown under metal-rich conditions. In other worthg smaller the grain sizes are, the larger the
volume ratio of grain boundaries is and conseqyemibre defects could be trapped in the
boundary regions. As the measured electron corat@niris much lower in GZO grown under
oxygen-rich conditions, compensation caused byirtbeeased defects is more likely. Wosly
al.** reported that excess oxygen will lead to compeosatihile more excess oxygen will lead
to structural changes which increase the grain 8axynscattering. This reasoning is consistent
with our observations and analysis. In short, metal conditions instead of oxygen-rich
conditions are the must to achieve high mobilityd dngh electron concentration in GZO.
However, as suggested by data presented in FigRrénSorder to push the mobility to the value
limited by scattering only on ionized impuritiesdapolar optical phonons, large grain size is
required even for the material grown under metgi-gonditions.

5.2.2 Effect of Ga flux via changing Ga cell tempeature (Tca)

Table 5.3 lists the growth conditions and majouciural and electric properties of GZO
layers discussed in this Section. These sample® weown under metal-rich conditions
(Poz=4.5x10° Torr) with varying Ga cell temperatures. As seafrthe table, when & was
increased from 425 to 60C, the carrier concentration increases from ~8%t@®to 9x1G°
cm®. RT mobility first increases from ~34 to 40 ¥W-s, when Ea was increased from 425 to

450°C and then the RT mobility remains virtually uncbad, when &, was further increased to
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600°C. The detailed information can be found in Chapter

Table 5.3 Basic information for 3 selected GZO faygsed for TDH measurements
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Figure 5.4 Temperature dependence of a) carrier concentratidrb) mobility for GZO-1, GZO-5, and GZO-6.
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The results of TDH measurements for 3 selected G&A@rs listed in Table 5.3 are
shown in Figure 5.4, which are also given in FigBr20. Figure 5.4 clearly shows that, as the
electron concentration reduces, the signature @fgtiain-boundary scattering governed by the
thermionic effect (mobility increases with tempera) emerges in the temperature dependence
of mobility. As the grain boundary scattering gowsd by the quantum tunnelling (temperature-
independent) contributes more for GZO with highkrcegon concentration, the temperature
dependence for GZO-5 is much weaker than that f@0®. GZO-6 exhibits gu~T*%?
temperature dependence. While in GZO-1, only goanndary scattering governed by quantum
tunnelling contributes and therefore it is tempamtindependent. Note that we have previously
demonstrated that grain boundary scattering isigibtg in GZO-1. It must be pointed out that
dislocation scattering has a similar temperatuggeddence as that for grain boundary scattering
governed by the thermionic effect but the mobilitpited by dislocation scattering is much
higher (at least one order of magnitude higherh e experimental data based on Equation 3.
Dislocation scattering is thereby not considereckh8ince GZO-1, GZO-5, and GZ0O-6 have
comparable FWHMs of (002) XRD rocking curves andstikomparable grain sizes, the change
in the behavior of temperature-dependent mobilgg be mainly attributed to different barrier
heights in the layers with different electron camcations. The barrier heights for GZO-5 and
GZ0-6 were estimated using Equation 10 based o8¢ha’ model extended by Werrté?to be
0.3 meV and 8 meV (see Figure 5.5), respectivelyhcigh the values of barrier heights,
especially the one for GZO-5, may not be very aatgyrit offers a viable explanation for the
observed evolution of temperature dependences ofilityowith electron concentration. Note
that for fittings, a constant barrier height waswmsed for simplicity, which caused some

unsatisfied results for GZO-6 when T is below 75TKis is because the value of KT becomes
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smaller at lower temperature which is comparableh® change in the barrier height and

consequently the change in barrier height cannoiggéected for T below 75 K.
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Figure 5.5Fittings to the temperature dependent mobility forGZO 5 and 6 with grain barrier scattering with
the assumption of a constant barrier.

One interesting observation is that the GZO-5 lagaving a slightly higher carrier
concentration than that in GZO-4 shows similar terafure dependence of mobility to that of
GZO-4 [compare Figure 5.4 (b) and Figure 5.3 (k)] with a much higher mobility value within
the entire temperature range studied. The narroaeking curve, by a factor of ~3.5, and the
expected lower compensation ratio in GZO-5 growdeaummetal-rich conditions are consistent
with this observation and the above discussionicatihg that the mobility limited by grain
boundary scattering and compensation in GZO-5 grameher metal-rich conditions should be

higher than that in GZO-4 grown under oxygen-riohditions.

5.3 Conclusions

In conclusions, for heavily doped GZO with carr@mcentrations above ¥0cm?®, the
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temperature dependence of mobility measured imahge of 15-330K is well described by the
Matthiessen’s rule with mobility being limited bylar optical phonon (POP) scattering, and a
temperature-independent mobility limited by ioniziegpurity scattering, compensation of Ga
donors with acceptor defects, and electron scagdsy low-angle grain boundaries limited by
guantum-mechanical tunnelling. The data indicatest ionized impurity scattering is the
dominant mechanism limiting the mobility in the genof 15-330 K for GZO layers with high
structural quality grown under metal-rich condispmhich have porous features as well as low-
angle grain boundaries parallel to hvaxis and relatively large average grain size eR230hm,
determined by XRD (30-50 nm by TEM). For these GEyers grown under metal-rich
conditions, POP scattering is the mechanism redplentor the temperature-dependence for
T>150 K and thereby POP scattering cannot be neglezspecially at RT. For the sample with
n=~9x13° cm® and LT mobility of ~51 cfiV-s at low temperatures, both grain boundary
scattering and compensation if present are neggigibe to their very minor effects. In contrast,
for heavily doped GZO layers grown under oxygem-monditions, which have inclined grain
boundaries and relatively small grain sizes of 00agh determined by X-ray diffraction (10-30
nm by TEM), the compensation and grain boundaritextag became dominant. The high donor
compensation in these layers is caused presuma{G&,-Vz,) complexes having the lowest
formation energy in degenerate GZO grown under erygch conditions. The evolution of
temperature dependences of mobility when the eleatoncentration reduces from?i@m- to
10" cm® indicates that not only the contribution of gréioundary scattering becomes stronger
but also that the electron transport across bousglacthanges from quantum-mechanical
tunnelling to thermionic emission. In short, altgbuthe significance order of scattering

mechanisms can differ for GZO layers with differegrbwth conditions, metal-rich growth
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conditions, which can produce films with minimaleterious effects by compensation and grain

boundaries, are imperative for attaining high mabg and high electron concentrations.
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Chapter 6 Doped ZnO for p-Type Conductivity
This chapter discusses ZnO doped with a large+sizeratched element of antimony (SZO)

and ZnO codoped with nitrogen and tellurium (ZnG:¢]).
6.1 ZnO doped with a large-size-mismatched elemeat antimony

Here the electrical properties of SZO layers wilrier concentrations varying from upper
10" to upper 18 cm® achieved under different growth conditions by plasenhanced
molecular beam epitaxy (PE-MBE) on a-plane sappsittestrates were studied. The effects of
Sb flux on the electrical properties and the strtadt properties of epitaxial SZO layers were
described in details. The effects of substrate tatpre T, and oxygen pressurgfas well as
the effects of post-growth heat treatments were gigestigated to gain insight into the effects

of other growth parameters and annealing on theradal properties of epitaxial SZO layers.

All the SZO layers used in this study have a thedehof ~200 nm. To provide a better
nucleation, a ~5-nm-thick low-temperature ZnO lay&xs inserted between a-plane sapphire

substrate and the subsequent SZO film.

6.1.1 Antimony flux effects

To investigate the effect of Sb content on thetalsd properties of SZO layers, a series of
samples were grown with varying the Sb flux viargiag the Sb cell temperatureg,l'in a
wide range, from 37%C to 570°C. While Zn cell temperature andgwere kept at 35¢C and
400 °C, respectively. & during growth was set at ~1x1@orr which corresponds to near-

stoichiometric growth conditions (reactive oxygenrnatetal flux ratio of ~1).
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The Hall effect measurements at room temperatweatedn-type conductivity in all the

SZO layers grown in a wide range Sb fluxes and thua wide range of Sb concentrations.
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Figure 6.1 (a) Electron concentration and (b) mobity in SZO vs. Sb cell temperature T,.

Figure 6.1 (a) shows the dependence of the eleatomtentration in SZO on Sb cell

temperature]s,. As seen from the figure, the electron concerdnafirst rises linearly witig, ,

then tends to saturate at about 7.6%1n> (region 1 in Figure 6.1), and finally drops down to

1x10" cm® asTy, further increases from 480 to $80(region 2 in Figure 6.1). Further increase

in Ty, up to 576C (not shown) produces insulating SZO films.

The increase in electron concentration in regias dbviously due to the increase in Sb flux

and, therefore, the Sb concentration in SZO filFw. two selected samples growg, = 430°C
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(region 1) and Tg, = 520°C (region 2), the Sb content was estimated fromtela dispersive
spectroscopy (EDS) performed on cross-section szsmipl TEM. The Sb concentration was
found to be below EDS detection limit (~0.1 at.%} the first sample, and 0.9 at.% for the
second sample. The initial increase in electrorcentration indicates that Sb incorporates on Zn
sites and act as a donor. The decrease in electnocentration with further increasifg, in
region 2 may be explained by formation of accepgpe compensating defects (Sb on oxygen
sites and/or point-defect complexes involving $bjhe samples with high Sb content. Note that
the O and Zn concentrations in the film with 0.9@tof Sb were found to be 53.52-56.26% and

45.58-42.76 at.%, indicating a near-stoichiomegrimwth condition but slightly oxygen rich.

Figure 6.1 (b) shows the Hall mobility as a funnotiof Tsp. In region 1, the Hall mobility
first rises from 43 cm to ~70 &V-s as Ty increases from 37@ to 430C (which corresponds
to the exponential increase in carrier concentnaitioFigure 6.1 (a) and Arrhenius plot produced
a thermal activation energy of ~0.9 eV), and theops down to 5 cAfV-s with the further

increase of §,

To explain the mobility behaviour, let us considactors determining carrier mobility in
heavily doped ZnO (carrier concentrations in thegeaof 108° cmi®). It is generally believed
that two major mechanisms limiting electron mobilre operative in this material: scattering on

grain boundaries and scattering on ionized impmsiti

Temperature-dependent Hall measurements were pextbrfor selective layers to get

insight into the origin of the mobility behaviour.
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Figure 6.2 Temperature dependent Hall measuremenfsr as-grown SZO layers grown at (a) T,=430°C and
(b) Ts=460°C.

Temperature dependences of the Hall mobility aedtedn concentration for the as-grown
SZ0O samples grown 3k, = 430°C (the sample showing the highest mobility) digl= 460°C
(the sample showing the second highest electronertration) are shown in Figure 6.2 (a) and
(b), respectively. While Figure 6.3 (a) and (blislirate the results of the same measurements for
annealed SZO samples grownTat = 430°C andTg, = 460°C, respectively. As seen here, the
carrier concentration in all the samples is temjpeeaindependent indicating the degenerate

nature of the material. For all the samples, theperature-dependent mobility curves were fitted
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Figure 6.3 Temperature dependent Hall measuremenfsr annealed SZO layers grown at (a) J,=430°C and
(b) Ts=460°C.

using the same method as used for heavily doped G2©Chapter 5). For all the samples, the
mobility is independent of temperature in the terapge range below ~150 K. Fittings
suggested that ionized impurity scattering with pemsation is the dominant mechanism
limiting the low-temperature mobility. The reductian mobility at temperatures above ~150 K
is attributable to polar-phonon scattering. This, initial increase in mobility (corresponding to
the increase in carrier concentration) may be éx@thby screening of ionized impurities by free

electrons. Note that the increase in mobility viltle increase in Sb content could also exclude
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that neutral impurity scattering is important ims$le films. The decrease in mobility with further
increase in Sb content may be attributed to then&tion of more compensating defects in the
layers grown at d;, > 430°C (the range where electron concentration tendstorate and then
drops as §, further rises in Figure 6.1 (a)) as well as torddgtion of structural quality of SZO
with increasing Sb content, as evident from RHEERD and TEM data discussed below. Note
that, upon annealing for sample grown at ¥ 430C, electron concentration even increases
slightly and the electron mobility is significantipproved (Figure 6.3 (a)): the annealed sample
shows respectful room-temperature value of 11&\¢m and low temperature value as high as
145 cnf/V-s which is close to the maximum mobility valuelb5 cni/V-s) calculated based on
the degenerate form of Brooks-Herring formula fonized impurity scattering. For the other
annealed sample (Figure 6.3 (b)), the electron hpl$ also significantly improved but the
electron concentration slightly decreased. Thiddtme because of either the non-uniformity of
electron distribution or over-annealing since tiptiroum annealing temperature slightly varies

from sample to sample.

The RHEED characterization indicated that the ghowtode changed from weekly 3-
dimentional (3D) growth mode to 3D growth mode wigpincreased from 370 to 48D. The

RHEED patterns became blurry wheg, Turther increased to 55C [see Figure 6.4].

Figure 6.5 illustrates the XRDOz» scans for SZO grown atsf430FC (solid line) and
550°C (dash line), respectively. As seen, the (0002kpaf ZnO for the SZO with a blurry
RHEED pattern shifted to a much lower angle whepWas increased from 430 to 550C,
indicating a much larger out-of-placdattice constant. Thelattice constants for all the samples

in Figure 6.1 were calculated based on the XRD oreasents.
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Figure 6.4 RHEED pattern recorded along [1-100] amuth for SZO grown at (a) Tg,=370C, (b) Tg,=430C,
and (c) Tg,=550C
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Figure 6.5 XRD P-w scan of SZO grown at E=43FC (solid line) and 556C (dash line), respectively.

Figure 6.6 shows the out-of-plandattice parameter derived fron®-z» HRXRD scans as a
function of Tg,. At Tg, up to 506C (the whole region 1 and a portion of region 2ha carrier
concentration vsTg, plot in Figure 6.1 (a)) the parameter of SZO layers remains virtually
unchanged, close of bulk ZnO value of 5.206 A, tieh abruptly increases to ~5.296 A for the
layer grown at § = 520C. WhenTg, increases from 52Q to 550C, thec lattice parameter
further rises. The observed behavior of ¢Hattice parameter can be explained as followsdf
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assume that in the SZO layers with lower Sb comagah Sb occupies predominately Zn lattice
sites, thee lattice will not change too much since the iordius of SB" (0.78 A) is close to that
of Zn** (0.74 A) andtherefore Sb incorporation has no profound effatttle ZnO lattice
parameter. Moreover, Sb ions on the Zn positiorisaacdonors, which is consistent with the
observed increase in electron concentration withesingTs, (Figure 6.1 (a), regionl). While
in the layers with higher Sb content more Sb cdaddorced to substitute oxygen which could
considerably increase the lattice distortion altffothe amount of Sb in oxygen position could
be still very small compared with the total Sb aemtcation. Note that the ionic radius of*Sb
(2.44 R) far exceeds that of’Q(1.38 A), therefore even a small amount of inceagion of Sb
on the O sites should lead to an increase incthattice parameter of SZO as well as to
compensation of the $bdonors. It must be pointed out that the other deribke acceptor
defects are not excluded, which could somehow &leth the lattice parameter and the electron

concentration.
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Figure 6.6 out-of-planec lattice parameter derived from 20-o HRXRD scans as a function ofl g,.
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Actually, the same phenomenon of the increaselaitice constant with the increase in Sb
content was also reported by several groups raceYiing et a* claimed that not all the Sb
took the Zn positions. Instead, some of them forrsdO clusters which can significantly
increase the lattice constant. However, this kind of clustersswot observed for our samples

}3¢ and Samanta. et #just

from TEM measurements, which data will be showarlafZhu et a
simply attributed that to the substitution of ZntlwSb since the radius of 8his slightly larger
than that of Zfi" (0.92 A vs. 0.74 A in reference 136 and 0.78 AG:g4 A in referenc®0). If
this explanation is correct, the reduction in beldctron concentration and mobility for samples
in region 2 caused by compensation has to be emquailue to mainly the $b2Vz, complexes
since no Sb substitutes O. However, this explanatiothe increase in lattice constant due to
the substitution of Zn with Sb cannot exclude thegibility of more Sb starting to substitute O
for SZO films with high Sb content, although themher of Sl is much less than that of Sb
At this stage, it is difficult to determine whetHg will substitute O. But remember that Wahl et
al.”® concluded that Sb can substitute O, with the pessiaction on O sites being at maximum

5%-6%. So maybe both the Sacceptors and the 52V, complex-like acceptors exist, which

really need further studies.

Figure 6.7 shows the FWHM of (0002) SZO XRErocking curves as a function o, As
seen from the figure, the FWHM values remain vilfuanchanged (FWHM ~0.53 for the
antimony-cell temperatures corresponding to rediam Figure 6.1 (a) and rapidly increase with
Ty at Ty > 480°C (region 2). The broad XR-rocking curves point to inferior crystal

perfection of ZnO with high Sb concentration.
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Figure 6.7 FWHM of (002) SZO XRD w-rocking curves as a function of Sb sell temperatw, Ts,

STEM measurements were performed for two sele@¥® samples with ~0.1 at.% and
~0.9 at.% Sb contents, corresponding Tig =430°C and 526C, respectively. Pores and
dislocations are clearly seen in both samples. féheation of pores is not preparation artifact
and has been observed also in GZO as discusseéer.eAdcording to STEM data, the densities
of dislocations in both samples are comparablectwhie ~4+1x1¥ dislocations/crh Although
the comparable dislocation densities in samplek diiferent Sb concentration are unexpected,
the XRD data showing much broader rocking curvetlierformer sample could still indicate the
former sample has more dislocations. Figure 6.8vshihe cross-sectional STEM image of the
SZ0O sample with 0.9 at.% Sb contefig,(= 520°C) from which grain boundaries are hardly
seen and consequently grain boundary scatteringlégtb@ not important. Based on Equation 3
for dislocation scattering the mobility limited lyslocating scattering is at least one order of
magnitude higher than the measured Hall mobility0(enf/V-s) for the sample with 0.9 at.%
Sb contentTg, = 520°C). Therefore, compensation caused by the ext@bdh the film should

be responsible for the low mobility of ~10 #ivt-s, which is also consistent with the reduced
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electron concentration of ~7x¥0cm*at higher Sb content since compensation not omlyae

the mobility but also reduce the electron conceiotna

Figure 6.8 Cross-sectional TEM image of the SZO sagste with 0.9 at.% Sb content Ty, = 520°C).

The increase in dislocation density along with tleerease in electron concentration with
increasing Sb content in SZO has also been repbstadiuo et al. °® who reported p-type SZO
with 1 at.% Sb content. However, the;SBVz, complexes were proposed to be responsible for
both the deterioration in crystal quality and teduction in electron concentration. At this stage,
it is still challengeable to use TEM/STEM to detarenwhether Sb substitutes O or substitutes
Zn for our samples and further studies could bedegeln short, the deterioration in crystal
quality at higher Sb content, no matter how thipgemed, could indicate that the large-size-
mismatched element of Sb could not be a good catelido achieve promising p-type

conductivity.

6.1.2 Substrate temperature effects
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Effect of substrate temperature on electrical attarastics of SZO layers were studied for
two selected Sb fluxes, namely;¥ 400°C (region 1) and 55% (region 2). Note that oxygen
pressure during growth is still ~1x¥Torr and film thickness was controlled to be ~26 n

Table 6.1 compares the electrical properties & 87O layers grown at substrate
temperatures of 400 and 680. As seen from the table, the increase in sulasteahperature
results in the less conductive SZO films for thehbbs, regions. As seen from the table, the
higher resistivity of the films grown at 60T is due to the reduction in both electron
concentration and mobility. The detail study of genesis of the observed effects is underway.
Generally speaking, the reduced electron concemtrand mobility observed at higher substrate
temperatures could be caused by the lower incotiparafficiency of Sb on the Zn sites and the
formation of acceptor-type defects compensatingpdoas well as the reduction in native donor
defects. Comparison between the undoped ZnO gadwnbstrate temperatures of 400 and 600
°C, respectively, confirmed that the electron comregion originated from the native defects was
slightly reduced by ~5x18 cm®, indicating that higher substrate temperaturedda better to

achieve p-type conductivity if which can be implertesl since compensation will be reduced.

Table 6.1 Comparisons of substrate temperaturetsftm electrical properties of SZO.

Ty ,°C| T,,,°C| ncm?3 em?/V-s| p Ohm-cm
= 400 400 1.68X101? 58.73 0.0063

Eﬁ 400 600 1.39X10%° 39.27 0.0117

< 550 400 10X101 5.03 12.5

Eﬂ 550 600 6.7X101 2.17 42.6

6.1.3 Oxyqgen effects
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Figure 6.9 shows the effect of oxygen pressurenduNMBE growth, Po;, on electron
mobility and electron concentration in the SZO Iayeith low Sb concentrations (region 1 in
Figure 6.1). One can see that for the layers gromder metal-rich conditiondg, = 0.45x10°
Torr) both parameters are considerably lower thase for the samples grown at higher oxygen
pressures. We may assume that the oxygen-rich @msequently, Zn-deficient) conditions
favor the incorporation of Sb on the Zn sites aminfation of Sk, donors. One the other hand,
the formation of Sk acceptors compensating ldonors is suppressed under high oxygen

pressure. Both factors results in higher electamcentration and mobility.

Note that the Sh-2Vz, complexes were typically thought to be responsitde the
compensation in SZO films. However, this type ofegtors should not exist in the SZO films
with low Sb content grown under either metal-riclogygen-rich conditions as shown in Figure
6.9. This is because of the followings. The conegitn of Sb,-2Vz, complexes should
increase with the oxygen pressure, since the pililyabf Zn vacancy formation is higher at
high oxygen pressure. And then the measured efecwacentration should be reduced for a
given Sb cell temperature due to compensationohirast, the reduced electron concentration
with the increase in oxygen pressure is not obskerS8e the only possible reason is that for SZO
films with low Sb content, no $2Vz, complexes are available due to the low Sb corftehtl
at.%). While for SZO films grown under metal-ricbnditions, a small amount of Shcceptors
exist but it is less than that of Zbdonors, which makes the films still weak n-typehé&i
oxygen pressure during growth was increased, thadtion of S acceptors was suppressed.
Instead, more Sb substituted Zn, resulting in Huther electron concentration and mobility.
Note that this hypothesis only applies to SZO Waetlv Sb content. Note that both theoretical and

experimental results suggested that oxygen-ricliitions be used to achieve p-type doping for
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ZnO doped with a large-size-mismatch element ofoASb since it will severely suppress the
formations of As and Sk but favor the formations of $b2Vz, complexes. The conclusion

given here supports the analysis of the dakgare 6.9.
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Figure 6.9 Effect of oxygen pressure during growthPs,, on electron concentration (a) and mobility (b) fothe
SZO layers grown with low Sb flux (region 1).Po,=0.45%10° Torr (square,) Po,=1x10° Torr (circle), and
Po,=1.5x10° Torr (triangle).

As can be seen from Figure 6.9 (a), the electrarteatration tends to saturate wheg, T
increases for all the oxygen pressures used. Tgtis\hor suggests that the incorporation of Sb
ions on the Zn sites approaches the effective difubmit as Ty, approaches 48T, i.e., the

boundary between region 1 where electron concemratcreases with increasing Sb flux and
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region 2 in which the electron concentration drogith further increasing dp. Further increase

in Sb flux leads to the incorporation of Sb on the/gen sites, formation of dislocations and
probably point-defect complexes involving Sb £9BVz, complexes) also acting as acceptors
compensating Sh donors. This picture is consistent with the ddtatuctural analysis showing

a rapid degradation of SZO crystallinity with inasengTg, in region 2 as illustrated by Figure
6.4 to Figure 6.7. The Sb solubility in ZnO basediwe results here should be lower than 1 at.%
since EDS revealed the Sb content in the SZO lgs@wn at E,=520°C is ~0.9 at.%, which is

much lower than the reported result of 3 &,9vhich need further studies.

The results obtained above show that high Sb coare high substrate temperature during
growth are the factors decreasing electron conagaoitr in Sb-doped ZnO. Therefore, in attempt
to achievep-type ZnO, we grew SZO layers at a higher substeatgerature (60%C) and high
Sb flux (Ts=550°C, corresponding to region 2) at different oxygeasgures, §=0.45x10,
1x10° and 1.5x18 Torr. In all cases, the SZO were found to bend§pe. In the first and
second cases, the electron concentrations are enmtid-13° cm® range, while electron
mobilities are ~2-3.7 cfiV-s, resulting in a resistivity around 27-42 Ohm-d~or the sample
grown at R,=1.5x10° Torr, the resistivity varied around 400 Ohm-cm the measured carrier
concentration and mobility depend on the measuremenditions (applied magnetic field=5-
7KG and current=5-20nA) and consequently are nichie. The unreliability could be caused
by strong localization of free carriers caused ghtdefect concentration in the sample. Note
that for R,=1.0x10° Torr, the O and Zn concentrations in the film wi® at.% of Sb were
found to be 53.52-56.26% and 45.58-42.76 at.%,catdig a near-stoichiometric growth

condition but slightly oxygen rich. Consequently;»#1.5x10° Torr corresponds to a strong

- 118 -



oxygen-rich condition. However, no reliable p-tyg@mO was achieved under oxygen-rich

condition along with a higher Sb fux and a highdrstrate temperature.

6.1.4 Summary for Sh-doped ZnO

To confirm that the high n-type conductivity in SZfown on a-sapphire substrates is not
due to the Al out-diffusion from the substratesgdoped ZnO and Sb-doped ZnO were grown on
330 pm thick bulk ZnO substrates (CrysTec GmbH)domparisons. Comparisons indicated
that the high n-type conductivity is due to the @&iping effect while not due to the Al out-
diffusion from the sapphire substrate. Meanwhitemparisons between Sh-doped and undoped
ZnO on glass substrates grown under either vacuumxygen environment by pulsed laser
depositior®® also support the above conclusion, where the @serén electron concentration of

ZnO once doped with Sb is in the range of 1.6-5108%cm®,

In summary, the investigation of Sb flux effeciTindicated that Sb acts as a donor in a
wide electron concentration range (uppet°16 upper 16’ cm®) and optimum growth condition
along with post-growth annealing in nitrogen enmireent even produced high mobility of 145.2
cn/V-s at 15K or 110 cAV-s at 300K along with the electron concentratibd.53x16° cm.
The donor behavior of Sb indicated that the majd@ib ions reside on Zn sites instead of O sites
and the thermal activation energy of the donor rd@teed by the Arrhenius plot is ~0.9 eV.
While the reduction in both electron concentratma mobility with increasing Sb flux is caused
by the deterioration of crystal quality and thetitat distortion revealed by increasedattice
constant and FWHM, which are indicative of the fations of extended defects such as
dislocation, various grain and domain boundariesntpdefects, and point-defect complexes
related to the extra Sb. The deterioration in @lyguality at higher Sb content, no matter how

this happened, could indicate that the large-simyratched element of Sb could not be a good
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candidate to achieve promising p-type conductiviiybstrate temperature effects showed higher
substrate temperature can produce SZO with lowestrein concentration and lower mobility
probably due to the lower incorporation efficierafySb, the reduction in native defects in ZnO,
and the possible formation of some type of accepteith Sb involved at higher substrate
temperature. Oxygen effects indicate that the goibbaof the substitution of O with Sb (gp
being an acceptor exists especially in SZO layeosvg under lower oxygen pressures but the
overwhelming electrons provided by the donors ofrSbBn sites always make the SZO layers n-
type. The electron concentration tends to satusditen Tgp increases up to 48C for all the
oxygen pressures used, which indicates the incatioor of Sb ions on the Zn sites approaches

the effective solubility limit.

6.2 ZnO co-doped with nitrogen and tellurium

6.2.1 Experiments

The same plasma power supply as used before for @Z&¥O growth was used to ignite
both the oxygen and nitrogen simultaneously in otdeupply the reactive oxygen and nitrogen.
The flux of oxygen and that of nitrogen into theagha power supply were controlled by two
MFCs and the total pressure in the growth chamizer eontrolled by a pressure gauge installed
in the main chamber.

Figure 6.10 shows an example of optical spectrainétl for the plasma power supply when
only oxygen was supplied (dots). The main oxygelssion peak is located at ~778 nm. When
both oxygen and nitrogen were supplied, the opspalctra (line) show considerable changes in
some wavelength ranges, indicating one plasma pewpply could be successfully used to

ignite both oxygen and nitrogen. The detailed exglimn of nitrogen-related emission peaks can
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be found elsewhet?, where the optical spectra were obtained fromséme plasma power

supply as used here. In general, the changes invélvelength range of 280-400 nm (second
positive molecular series) and in the wavelengtigeaof 550-650 nm (first positive molecular
series) are caused by moleculat he main atomic nitrogen related emission ped&adated at

~750 nm as seen in Figure 6.10. Note that the sphete were collected by an optical fiber and

therefore the resolution is relatively low.

O
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Figure 6.10 Optical spectra from the plasma powerupply with only oxygen (dots) and with both oxygerand

nitrogen (line). Note that the main peaks for oxyge emission (~778 nm) for the two cases have a comglle
intensity

The doping level of N in the ZnO films was expectede controlled by changing the ratio
of N to O. One effusion cell with 5N Te was usedhaesdoping source of Te. First, the effects of
substrate temperatures on the electrical and stalgbroperties of N-doped and N and Te co-
doped ZnO were investigated for a selective Te #8nd a fixed ratio of N to O. Next, Te flux

effect and the effect of N-to-O ratio were inveatgd. RTA annealing was employed for
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selective layers to study the annealing effectdilars. For all films, a ~10 nm LT ZnO buffer

layer was employed to provide better nucleation.

6.2.2 Substrate temperature effects

Te cell temperature F) of 375°C and N-to-O ratio of 0.3 (3x10Torr vs. 10x18 Torr)
were chosen to study the substrate temperaturecteffen the properties of ZnO:N or
ZnO:[N+Te], which are 400, 500, and 680D, respectively. Meanwhile, Te doping effects can
also be studied once Te dopants were introducedhet films.

©)

T,,,=600°C
ZnO:(N+Te)

Te=375°C

(d)
Tsub

ZnO:(N+Te)
Te=375°C

=400°C

Figure 6.11 RHEED images of (a) ZnO:N grown at J,,=500°C, (b) ZnO:N grown at T,=300°C, (c)
ZnO:[N+Te] grown at T,,=500°C, and (d) ZnO:[N+Te] grown at T4,=300°C. Note: T, = 375°C and N-to-
O ratio = 0.3 (3x10° Torr vs. 10x10° Torr).

Figure 6.11 shows the RHEED patterns recorded foD:RK and ZnO:[N+Te] grown at
different substrate temperatures. From Figure @) &and (b), we can see that the growth mode
for ZnO:N films changed from 2D to 3D when subsr@mperature was reduced from 6300

400°C. Note that the growth mode for the ZnO:N growrs@bstrate temperature of 500 is
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also 2D. This could be because of that higher drdestnperature is favorable to obtain a smooth
surface due to the longer migration length of adistb® However, once Te was introduced into
the ZnO:N films grown at the same conditions as¢him Figure 6.11 (a) and (b), the RHEED
pattern indicated much worse surfaces of those [Bi#T:e] films [see Figure 6.11 (c) and (d)].

The ZnO: [N+Te] films with a RHEED pattern as showrfFigure 6.11 (d) are not acceptable in

terms of the crystal quality.

] ® ZnO-N i = ZnO:N
15- ® 7ZnO:(N+Te) | = ® 7ZnO:(N+Te)
|
|
Q " 10"
NZ].O' [ ° .
: T y
| . 3
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(Ia) . 1 . 1 A 1 , 1 17 (b)
400 450 500 550 soo 10 400 450 500 550 600
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Figure 6.12 (a) mobilities and (b) electron concerdtions of ZnO:N and ZnO:[N+Te] grown at different
substrate temperatures. Note: N/O ratio=0.3, §=10° Torr, and T+.=375C.

Figure 6.12 (a) and (b) show the mobilities anatteten concentrations of above-mentioned
ZnO:N and ZnO:[N+Te] layers grown under differenbstrate temperatures, respectively. As
seen, higher substrate temperature produced ldeeir@ concentration and lower mobility for
both ZnO:N and ZnO:[N+Te] layers. For ZnO:N samplesen grown at higher substrate
temperature of 600C, no signs of N being a p-dopant can be seen fiioen electrical
measurements. In general, the electron concentrafidN-doped ZnO layers is slightly higher

than that for undoped ZnO grown at the same substeanperature, while the corresponding
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mobility is lower. Park et af also observed the n type conductivity of N-dopetDZvith an
electron concentration of 2.5x1@m?butonce Te was also introduciedo the ZnO film p-type
ZnO was achieved. It is noteworthy that bulk ZnMdtate instead of sapphire substrate was
used in the work just mentioned, which could berdason why p-type ZnO was achieved by co-
doping technique once Te was also introduced. Rigceheoretical results from Lyons et af.
and experimental results from Tarun et“8lproduced a conclusion that nitrogen is a deep
acceptor in ZnO and consequently it cannot progiyge ZnO. More studies are needed since
the above-mentioned results are not consistent thighpredication of N being O position as a
shallow acceptor as well as the reported resulistgpe ZnO doped with N. Anyway, both the
electron concentration and mobility were considgrabduced once Te was introduced as seen
in Figure 6.12, indicating Te can suppress the &iion of donors, which was explained as Te

can help increase the incorporation &f.N

6.2.3 RTA annealing effects and Te effects

For reported p-type ZnO, they are more often addelly means of post-annealing in
oxygen environment. Therefore, annealing in oxygewironment was carried out to investigate
whether p-ZnO can be achieved through the co-dopird and Te technique. It is obvious that
the ZnO:[N+Te] grown at substrate temperature dd 8D is the best sample to be used for
annealing since its mobility and electron conceittraare the lowest (~3.8 év-s and ~ 2.4

x10' cmi®).

Figure 6.13 shows the RTA annealing temperatuectdf After annealing, the ZnO:[N+Te]
samples grown at the substrate temperature ofGQfe still n type. For the sample annealed at
temperature of 808C, the resistivity is considerably increased (~Athecm) compared with the

as-grown sample (~6.8 ohm-cm). For the sample &edieat temperature of 808C, the
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measured mobility and carrier concentration soatkdrased on the applied current and magnetic

field, which sometimes exhibited a p-type but itnst reliable. However, the considerable

increase in resistivity is consistent with whattEpet al®* observed, indicating Te coutéduce

the Madelung energy as prop&ed
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Figure 6.13 RTA annealing temperature effects on Jaesistivity, (b) mobility, and (c) carrier concertration of
ZnO:[N+Te].
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Figure 6.14 Comparisons of mobilities before and &r RTA annealing at the same temperature of 806C in
oxygen environment for reference samples of ZnO, ZB:N, ZnO:Te, and ZnO:[N+Te]. Note that the numbers
of 0, 1, 2, 3, and 4 are assigned for the best Zn&hieved, ZnO possibly affected by Te from the san®
holder, n-doped ZnO, Te-doped ZnO, and co-doped Zn@espectively.

To confirm the effect of Te helping increase theistvity of ZnO:[N+Te], 4 reference
samples of ZnO, ZnO:N, ZnO:Te are annealed at émepérature of 800 °C in oxygen

environment. Note that therdE375°C for the growth of Te-doped ZnO sample. The numloér

-125 -



0, 1, 2, 3, and 4 are assigned for the best Zn@weeth ZnO possibly affected by Te from the
sample holder, n-doped ZnO, Te-doped ZnO, and gedl@nO respectively. It is obvious to see
from Figure 6.14 that all reference sample showeery high mobility above 60 citV-s and
only the ZnO:[N+Te] exhibited a mobility much lowttran 30 crfV-s after they were annealed
at the temperature of 80C in oxygen environment. Also, it is obvious to $eem Figure 6.15
that after annealing all the reference samplesithief) the undoped ZnO, N-doped ZnO, and Te-
doped ZnO, their electron concentrations are *¥ @8i°. In contrast, the electron concentration
of the ZnO:[N+Te] annealed at the temperature &f ®Din oxygen environment is lower than
10" cm®, which is one order of magnitude lower and somesirxhibit p-type results from Hall
measurement although it is not reliable at allgémeral, the reference samples become more
conductive and their resistivities are about 0.Inatm while that of the ZnO:[N+Te] after
annealing is about 40 ohm-cm. The comparisons asiomed above support that Te really helps
increasing the resistivity of ZnO:[N+Te], which st® the potential to help achieve the p-type

ZnO doped with N if N is really a shallow acceptor.
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Figure 6.15 Comparisons of carrier concentrations &fore and after RTA annealing at the same temperate
of 800°C in oxygen environment for reference samples of ZD, ZnO:N, ZnO:Te, and ZnO:[N+Te]. Note that
the numbers of 0, 1, 2, 3, and 4 are assigned fdret best ZnO achieved, ZnO possibly affected by Teoin the
sample holder, n-doped ZnO, Te-doped ZnO, and co-ged ZnO respectively.
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Annealing in oxygen environment could be a necgstarhnique to achieve p-type ZnO
because it can significantly improve the crystahldy and consequently possibly increase the
incorporation of N. The annealing process could akslp get rid of the excess Te from the ZnO
film since the red color from Te disappeared aftenealing. The XRD 2w scan and XRDw
scan as shown in Figure 6.16 proved that the amge@rocess considerably improved the
crystalline quality of the ZnO:[N+Te]. The FWHM ¢fie annealed ZnO:[N+Te] is about (33
which is comparable to the best un-doped ZnO asudsed earlier in sections for GZO. AFM
(5um by 5um scan) revealed that the RMS surfacghmess for the annealed sample is about
2.6 nm. However, no reliable p-type ZnO has bedriezed even if annealing was used. To

achieve p-type ZnO, more optimized condition cdagcheeded.
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Figure 6.16 (a) XRD ®-w scan and (b) XRDe scan for ZnO:[N+Te] before and after annealing at
temperature of 800°C in oxygen environment.

6.2.4 Effects of N/O ratio and Te flux

Te cell temperature ) was varied from 358C to 425°C to investigate the Te flux effect.

Note that the N-to-O ratio is ~0.27 (4X4Torr vs. 15x10 Torr) and substrate temperature was
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fixed to be 600C. As seen from Figure 6.17, the growth mode fbsainples is 3D. The sample

grown at higher Te flux could have slightly worsgstalline.

(a) Te=350°C (b) Te=375°C ,

(c) Te=400°C (d) Te=425°C

Figure 6.17 RHEED patterns of ZnO:[N+Te] grown unde different Te cell temperatures (note:
N/O=0.27 and Tsub=608€C).

For all samples, Hall measurement revealed n-typelactivity. In general, the resistivity
for the as-grown samples increased from ~0.5 ohnteci?2 ohm-cm when E was increased
from 350°C to 425°C. All the samples were annealed in oxygen envimminat the temperature
of 800 °C. For the annealed sample grown at=#25 °C, it became semi-insulating and
therefore is not measurable by the Hall systemur€igs.18 shows the average resistivity
measured under different applied current in Halasugement for the other samples. Compared
with the corresponding as-grown samples, the retiss become larger due to annealing.
Meanwhile, the resistivity seems to increase witle increase in {£. Sometimes, p-type
conduction was achieved for less conductive samplesvever, the measurement p-type was

thought unreliable
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Figure 6.18 Average resistivity of ZnO:[N+Te] grownunder different Te cell temperatures (note:
N/O=0.27 and Tsub=608C). For the one grown at T,.=425°C, it is semi-insulating after annealing.

Te cell temperature and substrate temperature Vired to be 375°C and 600°C,
respectively. The ratio of N to O was varied toastigate the N/O ratio effect. The ratios are
~0.235 (4x10 Torr/17x10° Torr), ~0.471 (8x18 Torr/17x10° Torr), ~0.533 (8x18

Torr/15x10° Torr), and ~1 (11xIBTorr/11x10° Torr).

Figure 6.19 shows RHEED patterns of ZnO:[N+Te] gnownder different N/O ratios as
mentioned earlier. It is interesting to see that ImO:[N+Te] grown at higher N/O ratio of 1
showed 2D growth mode while all others showed 3@mgn mode, which could indicate that a
suitable amount of N and Te help to achieve smeatface [see Figure 6.19 (d)]. The growth
rates of the ZnO:[N+Te] samples exhibiting 3D growtode are comparable, which are about
66-68 nm/h. In contrast, the growth rate of the ZN®Te] with 2D growth mode is about 55
nm/h. The lower growth rate is due to two reasdfisst, the oxygen pressure used for this
sample is 11x1B Torr, which is lower than others. Second, simétarsly supplying of both

nitrogen and oxygen can suppress the emissionsityenf oxygen as shown in Figure 6.10. So
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there is no doubt that the growth rate is loweralbee more nitrogen is supplied together with

the much less oxygen.

(a) NfO=0.235 (b) NFO=0.471

(c) NfO=0.533 (d) NfO=1

Figure 6.19 RHEED patterns of ZnO:[N+Te] grown unde different N/O ratios (note: T+.=375°C and
Tsub=60CC).

All the four ZnO:[N+Te] samples showed n-type babavTheir electron concentrations are
about 16° cmi® and mobilities are below 7 éiW-s. As shown in Figure 6.20 (a), the resistiwitie
of the as-grown ZnO:[N+Te] samples are about 0.8kIh-cm, which do not have a big
difference. These ZnO:[N+Te] samples were anneatettmperatures of ~80 in oxygen
environment. Figure 6.20 (b) shows that the resgigs of those annealed ZnO:[N+Te] samples
increase with the increase in the ratio of N-toB@low the dash line in Figure 6.20 (b), stable n-
type can be achieved while above that sometimetslollesp-type can be achieved. The achieved
p-type is not reliable for the samples with highesistivities because the default value set in the

Hall system for an open circuit is p-type.
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Figure 6.20 Resistivities of ZnO:[N+Te] grown underifferent N/O ratio. (a) before and (b) after annaling at

temperature of 800°C in oxygen environment.

6.2.5 Summary for ZnO co-doped with N and Te

Higher substrate temperature of 6 produced less conductive ZnO:N and ZnO:[N+Te]
samples. N doped ZnO exhibited n-type conductiwtyich could be inconsistent with the
reports of p-type ZnO:N in literature and consedlyemeed more studies. Te was found to help
suppress the formation of donors in N and Te ceedopnO samples. ZnO:[N+Te] samples
annealed at the temperature of 8% in oxygen environment became less conductive as
compared with the corresponding as-grown samplaghacould be due to the improvement in
crystalline quality as revealed by XRD measuremeahtseby resulting in more incorporation of
N . The effect of Te helping suppress the formatbdonors were further proved by annealing
the reference samples such as un-doped ZnO, N-dop@dand Te-doped ZnO. After annealing,
the reference samples became more conductive liearotresponding as-grown samples as well
as the annealed ZnO:[N+Te] samples. The anneal@[KnTe] samples can have resistivities
higher than 30 ohm-cm, which sometimes producegpp-tbehavior but it was believed
unreliable due to the Hall system limit. The invgations of either Te flux effect or N-to-O

ratio effect indicate that either higher Te flux ligher N-to-O ratio can produce much less
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conductive ZnO:[N+Te] films. In short, more expeents could be needed to investigate the

possibility of p-ZnO co-doped with N and Te by het optimizing the Te flux and N/O ratio.
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Chapter 7 Conclusions

(1) Effects of MBE growth parameters including ogpgpressure, Ga flux, and substrate
temperature on the GZO properties have been inelgsinvestigated due to the lack of the
detailed studies in literature. The ratio of mgtah+2Zn) to oxygen was found to be a critical
parameter to achieve highly conductive and trarespgagZ0O layers, which has strong effects on
GZO structural, optical, and electrical propert@ssrevealed by XRD, TEM, PL, transmittance,
and Hall measurements. To achieve higher condtxctannd higher transmittance, metal-rich
conditions (reactive oxygen to incorporated Zn ol instead of oxygen-rich conditions
(reactive oxygen to incorporated Zn ratio>1) arquieed. The as-grown GZO layers grown
under metal-rich conditions exhibited a resistivipelow 3x10*f ohm-cm and optical
transparency exceeding 90% in the visible specaraje, due to the strong Burstein-Moss shift
of the Fermi level deep into the conduction bartte Thicknesses were found to have very minor
effects on the resistivities of as-grown GZO laygmewn under metal-rich conditions. The GZO
layers grown under metal-rich conditions are thélyrsiable in their resistivities up to 560 in
air, which is better than the previously reportetDZbased TCOs (up to 400). RTA annealing
at the temperature of ~60C for 3 mins in nitrogen environment almost does realuce the
resistivities of GZO layers grown under metal-radnditions while it considerably reduces those
for GZO layers grown under near-stoichiometry oygen-rich conditions. The worse structural,
optical, and electrical properties of GZO grown @indxygen-rich conditions were presumed
due to the acceptor-like complexes of £65¥2,). The optimum Ga flux for the lowest resistivity
of GZO could be achieved at a Ga cell temperat6®® {C in this work) resulting in a Ga
concentration just below its solubility in ZnO. thiis case, all G4 ions will substitute Zfi" ions

and will not degrade the crystal quality. Insteta crystal quality could be improved because
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the lattice distortion in ZnO caused by the latticesmatch along the [1-100] direction of either
ZnO or sapphire can be reduced due to the smaliius of G&" ion than that of Zn (0.62 A vs.
0.74 A). Substrate temperature was found to havig anmoderate effect on the electrical
properties of GZO layers but greatly affects tiseirface morphology, which is important in real
applications. Higher substrate temperature tengsdduce rougher GZO surface. The optimum
trade-off between surface roughness and resisingty achieved at substrate temperature of 350-

400°C.

(2) Highly conductive and transparent GZO layerssigtivity<2.5x10" ohm-cm and
transmittance>90% in the visible spectral rangeyehheen successfully applied as p-side
transparent electrodes in GaN-based LEDs. GZO grepitaxially on GaN with GZO
[0001])//GaN [0001] and GZO [10-11]// GaN [10-11]hd calculated lattice parameters of GZO
grown on p-GaN are very close to those of bulk ZmQicating very low lattice distortion even
in ZnO films with very high Ga concentrations. Teesugh surfaces of GZO layers grown on
LED structures with 200-Torr p-GaN on the top dreught to be helpful in photon extractions
from LED active regions since they could scatterrenphotons out of the LEDs. The low
resistivity of GZO is the basis for current spreadin LED applications which can be improved
by RTA annealing. However, the optimum annealinggeratures for GZO and n-side contacts
are different. A trade-off between the resistangep- and n-side contacts should be made to
achieve the best performance of the LEDs, unles® @lfhs are deposited after the n-contact
anneal. The LEDs with GZO electrodes (GZO-LEDs)iexéd many advantages over the LEDs
with the traditional thin semi-transparent Ni/Aeetrodes (Ni/Au-LEDs). The EQE of the GZO-
LED is 1.7-2 times higher than that of Ni/Au-LED lgh current densities due to what we

believe GZO'’s relatively higher transparency anagtosurface. GZO-LEDs can withstand much
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higher current densities (4700 A/€nthan that of Ni/Au LEDs (3500 A/cthunder pulsed mode.
The filamentation phenomenon observed for Ni/Au-IsEDas not seen for GZO-LEDs. The
highly conductive and transparent GZOs are promisinreplace ITO for practical applications
in GaN-based devices. The surface morphologiesatd @ere demonstrated to be important in
affecting the structural and electrical propertedsGZO layers. For applications in LEDs,
rougher GZO surface is desired and consequentlyradbhgher GaN template is needed. In
contrast, for applications in other GaN-based de/ivhich need smooth surface, smooth GaN

surface is needed to grow highly conductive anaspparent GZO layers with a smooth surface.

(3) Scattering mechanisms governing electron tramsmp GZO layers with electron
concentrations of ¥ cm>-107* cm™ achieved under different growth conditions haverbe
studied by the means of numerical fittings of temperature-dependent Hall mobility curves.
For heavily doped GZO with carrier concentrationsva 16° cmi®, the temperature dependence
of mobility measured in the range of 15-330K is Iveldscribed by the Matthiessen’s rule with
mobility being limited by polar optical phonon (PD$tattering, and a temperature-independent
mobility limited by ionized impurity scattering, sgpensation of Ga donors with acceptor
defects, and electron scattering by low-angle ghbaminndaries limited by quantum-mechanical
tunnelling. The data indicates that ionized impuriicattering is the dominant mechanism
limiting the mobility in the range of 15-330 K f@ZO layers with high structural quality grown
under metal-rich conditions. For these GZO layerswg under metal-rich conditions, POP
scattering is the main mechanism responsible fertémperature-dependence for T>150 K and
thereby POP scattering cannot be neglected eslyealRT. As seen from Figure 5.3 (c),
piezoelectric scattering has a much stronger effeat acoustic phonon scattering but both of

them can be neglected. It must be pointed outdieabelectric scattering has a very minor effect
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in the temperature range of ~150K-175K, which imparable to POP scattering in that range.
However, both the effects of POP scattering andqgakectric scattering in that range are weaker
and therefore the mobility slightly reduced witle tincrease in temperature. For the sample with
n=~9x1G° cm* and LT mobility of ~51 cfiV:s at low temperatures, grain boundary scattering
and compensation if present are negligible dubeo very minor effects. In contrast, for heavily
doped GZO layers grown under oxygen-rich conditiomsich have inclined grain boundaries
and relatively small grain sizes of 10-20 nm detesd by X-ray diffraction (10-30 nm by
TEM), the compensation and grain boundary scatiebecame dominant. The high donor
compensation in these layers is caused presuma{G&,-Vz,) complexes having the lowest
formation energy in degenerate GZO grown under erygch conditions. The evolution of
temperature dependences of mobility when the eleatoncentration reduces from?i@m- to
10" cm® indicates that not only the contribution of gréioundary scattering becomes stronger
but also that the electron transport across boisglacthanges from quantum-mechanical
tunnelling to thermionic emission. In short, altgbuthe significance order of scattering
mechanisms can differ for GZO layers with differegrbwth conditions, metal-rich growth
conditions, which can produce films with minimaleterious effects by compensation and grain
boundaries, are imperative for attaining high miobg and high electron concentrations. The
intrinsic limitations in RT mobility of GZO, are mzed impurity scattering and POP scattering.
(4) Interestingly, Sb was demonstrated to act as ardiona wide electron concentration
range (upper 16 to upper 1& cm® and optimum growth condition along with post-gtbw
annealing in nitrogen environment even producet higbility of 145.2 crffV-s at 15K or 110
cm?/V-s at 300K along with the electron concentratdd.53x16° cm>. The donor behavior of

Sb indicated that the majority Sb ions reside ons#as instead of O sites and the thermal
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activation energy of the donor determined by then@nius plot is ~0.9 eV. While the reduction
in both electron concentration and mobility witleieasing Sb flux is caused by the deterioration
of crystal quality and the lattice distortion rekeshby increased lattice constant and FWHM,
which are indicative of the formations of extendaefects, point defects, and point-defect
complexes related to the extra Sb. The deterioratiocrystal quality at higher Sb content, no
matter how this happened, could indicate that dngel-size-mismatched element of Sb could not
be a good candidate to achieve promising p-typedwctivity. Substrate temperature effects
showed higher substrate temperature can produce V@#Olower electron concentration and
lower mobility probably due to the lower incorpooat efficiency of Sb, the reduction in native
defects in ZnO, and the possible formation of stype of acceptors with Sb involved at higher
substrate temperature. Oxygen effects indicatettteaprobability of the substitution of O with
Sb (Slp) being an acceptor exists especially in SZO lageosvn under lower oxygen pressures
but the overwhelming electrons provided by the dsrad Sb in Zn sites always make the SZO
layers n-type. The electron concentration tendsatarate when & increases up to 48Q for alll

the oxygen pressures used, which indicates therpocation of Sb ions on the Zn sites

approaches the effective solubility limit.

(5) Higher substrate temperature of 660 produced less conductive ZnO:N and
ZnO:[N+Te] samples. N doped ZnO exhibited n-typadcctivity, which could be inconsistent
with the reports of p-type ZnO:N in literature asmhsequently need more studies. Te was found
to help suppress the formation of donors in N ardcd-doped ZnO samples. ZnO:[N+Te]
samples annealed at the temperature of°80@ oxygen environment became less conductive as
compared with the corresponding as-grown samplaghacould be due to the improvement in

crystalline quality as revealed by XRD measuremeahtseby resulting in more incorporation of
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N . The effect of Te helping suppress the formatbdonors were further proved by annealing
the reference samples such as un-doped ZnO, N-dap@dand Te-doped ZnO. After annealing,
the reference samples became more conductive lleatotresponding as-grown samples as well
as the annealed ZnO:[N+Te] samples. The anneal@[KnTe] samples can have resistivities
higher than 30 ohm-cm, which sometimes producegpp-tbehavior but it was believed
unreliable due to the Hall system limit. The invgations of either Te flux effect or N-to-O
ratio effect indicate that either higher Te flux migher N-to-O ratio can produce much less
conductive ZnO:[N+Te] films. More experiments colidd needed to investigate the possibility

of p-ZnO co-doped with N and Te by further optimigithe Te flux and N/O ratio.

To further carry on the experiments, several thingsd to be improved or changed. Firstly,
different plasma power supplies and MFC control&reuld be used for oxygen and nitrogen,
respectively. The main problem during the previguswth is the unstable pressure during
growth. It is no way to determine whether the v@iain oxygen flux or nitrogen flux caused
the change in pressure during growth based onuherdt MBE system. Secondly, NO or O
instead of N as N source should be used. As reported in litegaZnO doped with Nusually
results in n-type film, whereas doping with N@ NO sources can lead to p-type films that over
time revert to n-typé* Since all the ZnO:N layers in this work exhibitedype conductivity, it
is necessary to change the gas source in the dagdtgchniques, which could shed more light
on the co-doping techniques. Finally, the a-sagphirbstrate should be replaced by bulk ZnO,
which will probably allow ZnO growth with less exiged defects due to no strain and increase

the incorporations of N as acceptors.

(6) Although it is still difficult to produce a rable and reproducible p-type ZnO, ZnO

remains a promising material which draws much &ttendue to its application to LEDs,
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varistors, scintillators, solar cells, and transpaelectronics® There is no doubt that one of the
most difficult tasks in ZnO research is p-type ZwBich requires continuously efforts as well as
probably a new perception. Janotti et“dlbelieved that the often-observed n-type condugtivit
in ZnO cannot be explained by native point defactd to achieve p-type ZnO the impurity such
as oxygen introduced during growth and annealingtnioe well controlled. If reliable and
reproducible p-type ZnO materials can be achiewtedjll definitely boost the applications of

ZnO based on p-n ZnO homojunctions.

Emerging applications of ZnO are UV sensitive pdaides and transparent field effect
transistor$**!** Regarding the ZnO transparent thin film transistor transparent field effect
transistors (TTFTs or TFETS), the extensively stddmaterial for the channel is amorphous
In/Ga/Zn/O (a-1GZO) because a-IGZO TFTs can haveilties of an order of magnitude
higher than the typical hydrogenated amorphousasili(a-Si:H) TFT*. Regarding the origin
of higher mobility of the amorphous material thém tiypical crystalline material can be found
elsewher¥’. Most of the a-IGZO TFTs reported by companies ilsitéd good device
characteristics such as a large mobility > 16/ehs, a small S value ~0.1 V/decade, and a large
On/Off ratio >16° which satisfy the requirements for practical higholution AM_OLED and
large-size AMLCD**® Although there are still some problems such &cdity in forming a
good electrical contact between an a-IGZO channelsaurce/drain electrodé%'*° instability
over environment chan{g, and instability under light illuminatidrf, there is probably no room
for universities to involve in this research. It shibbe pointed out that TFTs with GZO thin films
as channel have also been reported by few gtotiysbut the results are not so good as a-1GZO

TFTs.
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The above-mentioned TTFTs or TFETs, which are ketyva devices to substitute a-Si
TFTs in active-matrix displays due to their trangp@y and superior electronic properties,
typically have a metal-insulator-semiconductor (MISructure (MISFET). However, such
MISFETSs usually suffer from high operating voltagkes to the voltage drop across the insulator
and limited switching speed due to carrier scattgrat the interface between insulator and
semiconductor resulting in low gairf ZnO-based metal-semiconductor FETs (MESFETS) were
recently proposed to be a promising alternativeheoMISFETs because MESFETs can exhibit
much lower operating voltages and higher channelbilities that ideally equals the
semiconductor's Hall-effect mobility. The main cobutions in this research are from
University of Leipzig in Germarly®**° | which is worth investigating due to the boomtfoé

transparent electronics.

For the above-mentioned MESFETs, Mg-doped ZnO sallasere used as the channel
materials. The field of ZnO-based alloys and hedeugtures was just in the initial stage of its
development. The purpose of making ZnO alloys idaitor the band gap of ZnO, which is
called band-gap engineering. Recently,\gyBe,Zn;.,.,-,O alloys have attracted much attention
because their optical devices operate in the UV\asiblle region:*> Mg and Be can be used to
increase the band gap of ZnO while Cd is used toedse the band gap of ZnO. Be is a poison
material and therefore it is rarely studied. Hoerwnlike MgO BeO and ZnO share the same
hexagonal symmetry and consequently there is negphagregation problem in BeZnO alloys.
Reviews of the status of Qdgy(Bez)Zn.«.y»O alloys, their heterostructures and applications
can be found elsewhéré**>*3 which are not repeated here. Due to the promiapygications
of CdMgy(Bez)Zn.,.,-nO alloys in fabricating quantum wells, superlatic@D electron gas

(2DEG) heterostructures, and the devices basedh@mliove-mentioned structures, it is worth
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investigating this region. Meanwhile, Al or Ga ddpBe(Mg)ZnO could be also important as

transparent electrode with extended band gap.

In addition to the applications of ZnO doped withok Ga as transparent electrodes, they
were suggested to be new plasmonic metamateri@staluhe low loss in NIR regiofi®*3

which is another topic worth investigating.
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