SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Atomic Structures and Chemical States of
Dopants in Ga 20 3

https://hdl. handle. net/2324,/7329455

HARIER : FUMKRE, 2024, 1+ (I%) , FEEL
N— 30

HEFIBAMR

.

W KYUSHU UNIVERSITY




Atomic Structures and Chemical States
of Dopants in Ga;0;

TSAI YU-HUA

Kyushu University
2024.06.25



Vita

September 19%, 1994, born in Taichung, Taiwan

2013-2017 Bachelor course, Department of Material Science and Engineering, National

Chiao Tung University, Taiwan

2017-2019 Master course, Department of Material Science and Engineering, National

Chiao Tung University, Taiwan

2021-present Doctor course at Department of Applied Chemistry, Graduate School of

Engineering, Kyushu University

List of Publications

1.

Photoelectron Holographic Study for Atomic Site Occupancy for Si Dopants in Si-
Doped k-Ga203(001)

Yuhua Tsai, Yusuke Hashimoto, ZeXu Sun, Takuya Moriki, Takashi Tadamura,
Takahiro Nagata, Piero Mazzolini, Antonella Parisini, Matteo Bosi, Luca Seravalli,
Tomohiro Matsushita, and Yoshiyuki Yamashita, Nano Letters 24, 3978 (2024).
Atomic position and the chemical state of an active Sn dopant for Sn-doped B-
Gax03(001)

Yuhua Tsai, Masaaki Kobata, Tatsuo Fukuda, Hajime Tanida, Toru Kobayashi, and
Yoshiyuki Yamashita, Applied Physics Letters 124, 112105 (2024).

. X-ray Absorption Fine Structural Study of Atomic Structures and Chemical States of

Dopants in 4H-SiC(0001)
Yuhua Tsai, Jingmin Tang, and Yoshiyuki Yamashita, ACS Applied Electronic
Materials 5, 3843 (2023).



Table of Contents

VHEA ottt et h ettt et et a e h et h e e h oot eea e n e r e saeenn e ne e 1
List 0f PUDLCATIONS .........cocooiiiiiiiiiiiiiiiiteceteet ettt sttt st e 1
Table 0f COMEENES .........cccoooiiiiiiiiiiiiietee ettt sttt ettt sbe bt e esaesaesaeemnennens 11
Chapter 1 INtrodUCHION..........co.oiiiiiiiieie ettt st sttt e st eteenteenteeeeenee 1
1.1 General introduction for GazOs............cccocveviiiiiiiniiiiiiiiieeeeeeeeer e 1
1.2 Polymorphs of GazOi.........cc.ooiiiiiiiiiiiiiiicieeteeee ettt ettt ettt ettt sbeesaeenteens 3
1.3 DoPants fOr Gaz03 .....c..oouiiiiiiiiiieieeee ettt et ettt et 10
1.4 Current issues of dopants for Gas O3 ............cccoiiiiiiiiiiiiiiiieee e 13
1.5 The purpose of the present thesis ................coccoiiiiiiiiiiiiie e 14
1.6 CoNtENt SUIMIMATY ......c.oiiiiiiiiiiieiieitettertes ettt e site st e st testessteestesntessseentesnsesnsesnseenseensesnseenns 15
RETEIEIICES ..ottt ettt et et ettt sbt et b e s bt esne st sbeeeeennennes 16
Chapter 2 EXPerimental ...............ccccooiiiiiiiiiiiiieieeee ettt ettt et et esbeenaeens 21
2.1 Sample preparation for Sn-doped B-Ga;03 and Si-doped kK-Ga203 ........ccccocvveveienennnn. 21
2.2 Characterization Methods...............ccccooiiiiiiiiiniiniiiee et 23
2.2.1 Secondary Ion Mass Spectrometry (SIMS) ........cccooiiiiiiiiinieiieieeeeeceeee e 23
2.2.2 Hall effect MeASUIrEIMENLES ............cocueeiiiiiiieiieiieiieieeie et ettt et ete e teeteenteenteeseeseenseenseens 26
2.2.3 Photoelectron spectroScopy (PES) .......cccooiiiiiiiiiiiiiiiieeeeeeteeeeece st 31
2.2.4 Photoelectron holography (PEH).............cccooiiiiiiiiiiiiieeecteceeeeeieeee e 37
2.2.5 Xray aDSOIPHION ......oocviiiiiiiiiieiieieec ettt ettt ettt ettt e b te e teenteenaeen 40
2.2.5.1 X-ray absorption fine structure (XAFS) ........cccciriiiriiiiieieeeeeeeeeee e 44
2.2.5.2 X-ray absorption near edge structure (XANES).........cccooctiiiiiinniiniinienieeeeerieeiene 47
2.2.5.3 Extended X-ray absorption fine structure (EXAFS) ..........ccccoooiiiiiniiniiiniiieieieene 47
REFEIEIICES ...ttt ettt ettt ettt st ae st sb e enae e 49

Chapter 3 Atomic position and the chemical state of an active Sn dopant for Sn-doped p-

GA2O3(001) ..ttt ettt e b et b e bt b e ebe ettt bbb sbeeaeaes 53
B INErOAUCHION. .....couiiiiiiiiiiiieicecee ettt ettt ettt be et sbe e b e b e sbee b enaeenaeen 53
B2 EXPerimental.... ..ottt ettt e et eeaae s 53
BB RESUIES ..ottt ettt e b e bbb b b nneenaees 54
Bed DIESCUSSION ..ottt ettt ettt ettt e bt et e s bt e s bt e sbeenbeesbeenbeenbeenbeenaeen 71
BS COMCIUSION ...ttt ettt ettt sbe bbb e b e naeenaeen 72
REFEICICES ......coeoiiiiiiiiiiie ettt ettt ettt ettt et et et eneeneenreens 73



AT INEFOAUCTION ...ttt e e e et e e e e e e e et a e e e e e e eeessataeeeeeesesanees 76

4.2 EXPerimental.............ccoooiiiiiiiiiiiiiiiiieetee ettt ettt ettt et e nteeteen 77
A3 RESUILS ..ottt ettt st a e r e e be e nes 78
44 DIHSCUSSION .....coeiiiiiiiiiiiiiiicetet ettt ettt ettt et b et sb e e b e sbeeseesn e sesbeesnennennes 92
4.5 COMECIUSION ....c..ooviiniiiiiiieieicete ettt sttt ettt eb e eb e sbeebe e s e s e sbeennennennes 99
RETEIEIICES ..ottt ettt ettt b et ea et et snenneseeesnennens 100
Chapter 5 Conclusions and outlook ..o 103
5.1 Summary of the important conclusions ................cccccooiiiiiiinii 103
5.2 Outlook of the thesis ............ccoooiiiiiiiniiniiceee e 104
ACKNOWIEAZEIMENT ..ottt ettt et ettt ettt et eateeateeateenteenteenneenee 105

1l



Chapter 1 Introduction

1.1 General introduction for Ga203

Gallium oxide (Ga203) has attracted a significant amount of interest due to its
excellent properties, such as a large bandgap of 4.5-5.3 eV (depending on the crystal
polymorphs), high thermal stability, and high breakdown electric field.!"?* Ga,Os has six
crystal polymorphs, a, B, v, 8, €, and k319132326 Among these polymorphs, B-Ga,Os is
the most thermodynamically and chemically stable.?1%1323-26 The high-quality p-Ga,Os
film can be homoepitaxially grown on the B-Ga,Os substrate. 511318
B-Ga,0;3 exhibits a theoretical breakdown electric field (E..) of up to 8.73

MV/cm according to the following equation (1.1),1%-2227

Eo = a(Eg)n (1.1)

where the coefficient a is 1.73x10°, the index n is 2.5, and E, is the bandgap energy of
B-Ga20s. The high breakdown electric field may be applied to ultra-high-power devices
(>1 MW) such as electrical power transmission, hybrid propulsion systems, and military
applications. 512151622

The high Baliga's figure of merit (BFOM) for B-Ga>O3 indicates that a high
breakdown voltage can be achieved with a low on-resistance.!>#611:13:2228 The BFOM

formula is described as,!»>#-6:11,15:22.28

BFOM = ¢ u, - E,,* (1.2)

where €, 1, and E, are the dielectric constant, carrier mobility, and breakdown electric
field, respectively. Figure 1.1 shows the on-resistance as a function of breakdown
voltage for wide bandgap (WBG) and ultra-wide bandgap (UWBG) semiconductors.

As shown in Fig. 1.1, B-Ga>Os3 shows a significantly larger breakdown voltage
than 4H-SiC and GaN. A higher BFOM offers both higher speed (reducing switching
losses) and lower on-resistance (reducing conduction losses).>!>10222 Ag a result, B-

Gax0;-based devices are widely studied for the application of high-power devises.!-*"!!
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Figure 1.1. BFOM of general WBG and UWBG semiconductors.'®

The other polymorphs of GaOs (a, vy, 0, €, and x), on the other hand, are
thermodynamically metastable phases. Among the metastable polymorphs, a-Ga>O3 has
the widest bandgap of 5.3 eV,>*810.13.14 which is suitable for Schottky barrier diodes
with low on-resistance and high breakdown voltage.?**!?%3% For y-Ga>O3, Mn-doped y-
Gay03 exhibits ferromagnetism at room temperature, which is applied to spintronic
devices.’! In the case of 3-Ga,0s, there has been little investigation because of the
difficulty of preparing thin films.>?%** For the & phase Ga,Os polymorph, it is an
excellent candidate for devices with high-mobility two-dimensional electron gas
(2DEG) systems and non-volatile memory applications due to its spontaneous
polarization property.'>%%2° In the case of k-Gax0s, it was mistakenly regarded as

734 k-Gay0s3 is

orthorhombic &-Ga203."""1% This was due to their similar XRD patterns.
expected to show larger spontaneous polarization along the c-axis compared to &-
Ga,03.>" In addition, x-Ga;O3 shows ferroelectric property among the polymorphs of
Gay0;. Thus, k-Ga,03 is expected to be applied to the devices with 2DEG systems.>*

Gay03 has great potential in the field of high-power devices, as described
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above. For high-power device applications, Ga,Os-based devices are expected to be
better than SiC- and GaN-based devices.!*12151622 The electronic properties of Si,
4H-SiC, GaN, and B-Ga»Oj3 are summarized in Table 1.1.

Si 4H-5iC GaM B-Ga.,0,
Energy bandgap (eV) 1.1 3.3 3.4 4.8
Carrier mobility
(cm2N-s) 1400 1000 1200 200
Breakdown electric field
(MViem) 0.3 2.5 3.3 8.7
Normalized BFOM 1 340 870 2953
Dielectric constant 11.8 9.7 9.0 10.0
1-3,35

Table 1.1. Electronic properties of f-Ga>0O3 and the other semiconductors.

1.2 Polymorphs of Ga203

As described above, Ga>O3 has six crystal polymorphs; corundum structure (o-
Ga03), monoclinic structure (B-Ga203), cubic defect spinel structure (y-Ga203), cubic
bixbyite structure (5-Ga,03), hexagonal structure (e-Ga203), and orthorhombic structure
(x-Ga203). Among them, the most thermodynamically stable is B-Ga,O3.51%13:2326 A]]
other metastable phases can be converted to f-Ga>Os at high temperatures (500-700

°C),n11:17:23.26 a5 shown in Fig. 1.2.



g}ff H}J B Lk F
1 . ‘ 1' ﬁf}-. . .

TR, A O‘f%?'}l{* ¥ i}’
oSS 700°C - v 500°C o kPR 4

F S by FEYy &
a-Ga,0, B-Ga,0, k-Ga, 0y
(Corundum) (Monoclinic) (Orthorhombic)

500 °C

&
: ‘}x E'Gazﬂg

6-Ga.0 -
{ CUb?E:IS D e H‘ﬁ, (Hexagonal)
400°C €.
o e

Figure 1.2. Structures of six polymorphs and their phase transition relationships in

Ga03.9%%3¢ Green, and red balls represent Ga and O atoms.

For 0-Gax0s, the lattice parameters are a =4.98 A and ¢ = 13.43 A, a =y = 90°,
B = 120°, which is shown in Fig. 1.3.31926 The space group for 0-Ga>Os is R3¢, where
the Ga atoms occupy Wyckoff positions 12¢ (0, 0, z), while the oxygen atoms occupy
Wyckoff positions 18e (x, 0, 1/4).3” The unit cell of a-Ga,Os3 contains one inequivalent
octahedral Ga site.!%!*!1738 This structure is based on the O ions in the hexagonal closet
packing array, with Ga®>" cations occupying 2/3 of the octahedral sites.!**® Since the a-
phase Ga,Os3 has a similar structure and low lattice mismatch to sapphire, high-quality

0-Ga203 can be prepared on sapphire substrates by using heteroepitaxial methods.’!!-?6



B=120°

Figure 1.3. The unit cell of a-Ga,Os crystal structures. Green, and red balls represent Ga

and O atoms.

B-Ga>O3 exhibits a monoclinic crystal structure as shown in Fig. 1.4. The
lattice parameters are a = 12.23 A, b=3.04 A, c=5.80 A, and p = 103.8°.3!! The b-axis
is the two-fold rotational axis in the B-Ga>O3 unit cell. The unit cell of B-Ga>O3 shows
the C2/m space group. All of the atoms in B-Ga,Os are located at 41 (x, 0, z) Wyckoff
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positions.’”3? Half of the Ga atoms are in the tetrahedral site (Gal), and the other half
are in the octahedral site (Ga2).”!%?® The O anions occupy two distorted trigonal sites
(O1 and O3) and one distorted tetrahedral site (02).!%%¢ These structural characteristics
lead to low symmetry, resulting in significant anisotropy in physical, optical, and
electronic properties.!>7!%!! For instance, the (-201), (100), (010), and (100) planes

L1

exhibit different thermal conductivity. These properties were experimentally

observed.”!!
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Figure 1.4. The unit cell of monoclinic -Ga>O3 crystal structure. Green, and red balls

represent Ga and O atoms.

Figure 1.5 shows the unit cell of y-Ga>O3. Among the six polymorphs, y-Ga,0Os
has a cation-deficient structure (MgAl,O4 cubic spinel type).*’ The lattice parameters
area=b=c=8.24 A, a=p=7y=90°%"* The space group of y-Ga,Os is Fd3m, where
Ga atoms are distributed over four Wyckoft positions; the tetrahedral sites 8a (1/8, 1/8,
1/8), 48f (x, 1/8, 1/8) and the octahedral sites 16¢ (0, 0, 0), 16d (1/2, 1/2, 1/2). The
oxygen atoms occupy Wyckoff positions 32e (x, x, x).*** The y-phase Ga,O; is
composed of octahedral and tetrahedral coordinated Ga sites, and the ratio of octahedral
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to tetrahedral sites is 2:1.1%4!

Figure 1.5. The unit cell of y-Ga>Os crystal structures. Green, and red balls represent Ga
and O atoms.

Figure 1.6 shows the unit cell of 5-Ga>Os. The 3-Ga;0;3 phase is a metastable
phase with a body-centered cubic structure, and the space group is 1a3.5%%3¢ The Ga
atoms occupy Wyckoff positions 8b (1/4, 1/4, 1/4), 24d (x, 0, 1/4) whereas the oxygen
atoms occupy Wyckoff positions 48e (x, y, z).>** This crystal exhibits a similar
structure to some bixbyite crystals (e.g., InoO; and Mn,03).5%3¢ §-Ga,O; has two
inequivalent octahedral Ga sites and one tetrahedral O site.*>** The lattice parameters of
5-GaxOzarea=b=c=9.52 A, 0. =p =y =90°336



Figure 1.6. The unit cell of 8-Ga>O; crystal structures.>® Green, and red balls represent

Ga and O atoms.

For £-Gay0s, the lattice parameters area=b =291 Aandc =926 A, o=y =
90°, B = 120°,>!323 which is shown in Fig. 1.7. The space group of e-Ga,O; is P63mc;
two inequivalent Ga cations are located at Wyckoff positions (2b (2/3, 1/3, z+1/2)),
whereas two inequivalent O anions occupy Wyckoff positions ((2a (0, 0, z), 2b (1/3, 2/3,
2)).** In e-Ga»0s3, Ga atoms occupy two inequivalent sites; distorted octahedral and
distorted tetrahedral sites.***



B=120°

Figure 1.7. The unit cell of e-GaO3 crystal structures. Green, and red balls represent Ga

and O atoms.

Figure 1.8 shows the unit cell of k-Ga>O3. The lattice parameters of k-Ga,0O;
are a=505A b=2870A,c=928 A a=pB=y=90°%"xGaO; exhibits an
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orthorhombic crystal structure with a space group of Pna2;. All of the atoms in k-Ga;O3
are located at 4a (x, y, z) Wyckoff positions.>®*® The unit cell of k-Ga,Os contains three
inequivalent Ga sites and three inequivalent O sites. Half of the Ga cations are in
distorted octahedral sites (Gal and Ga2), and the other Ga cations are in distorted
pentahedral sites (Ga3) and distorted tetrahedral sites (Ga4).*”*® In-plane 120° rotational

directions on the ab-plane are in the orthorhombic domain.?*** Therefore, orthorhombic

k-Gay03 has a larger spontaneous polarization along the (001) direction due to the lack
34,49

of inversion symmetry with respect to the c-plane.

a
Figure 1.8. The unit cell of k-Ga>Os crystal structure. Green, and red balls represent Ga

and O atoms.

1.3 Dopants for Ga:03
Gax0; is an insulator because of the wide band gap of 4.5 to 5.3 eV.”!° For the
electrical conductivity, Si, Sn, Ge, Zn, Nb, Ta and F atoms have been reported as

dopants and act as n-type conductivity.”!'**3% The n-type conductivity can also be
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controlled by the compensation effect of Mg or Fe atoms doped into the Gax03.!%7-8

For n-type a-Ga>Os3, Si, Sn, Ge, and F dopants are usually used, and the carrier
concentration is around 10'8-10' ¢m™ 3154561 [n the case of Si-doped a-Ga,0s, the Si
atoms are uniformly incorporated into the a-Ga>O3 films.’! Furthermore, high quality of
single-crystalline Sn-doped a-Ga>Os3 films are grown by mist chemical vapor deposition
(mist-CVD) on c-plane sapphire at atmospheric pressure.’®%? The carrier concentration
of F-doped a-Ga,Os thin films exhibits up to 1.3x10' cm™. However, the highest
mobility of F-doped 0-Ga,Os is 4.6 cm?/V *s, which is much lower than that of Si-doped
0-Ga20;3 (31.5 cm?/V - s) and Sn-doped a-Ga203 (24 cm?/V - 5).51:60

In B-Gay03, Sn and Si are usually used as the n-type dopants due to their low
activation energy (7.4 to 60 meV for Sn, 16 to 50 meV for Si).!° Several melt growth
methods for the preparation of n-type B-GaxO3 crystal have been reported; the floating
zone (FZ) process, the Czochralski (CZ) process, and the edge-defined film-fed growth
(EFG) process.!>®%% For Si- and Sn-doped B-Ga>O; bulk crystal, the carrier
concentration is 10'® to 10" ¢m™ !

For epitaxial growth methods such as molecular beam epitaxy (MBE), metal
organic vapor phase epitaxy (MOVPE), and pulsed laser deposition (PLD),%>" the
range of carrier concentration is 10" to 10?° ¢m™ for Si- and Sn-doped B-Ga:0;
films.%!1:65-67 Field-effect transistors (FETs) can be fabricated by the n-type P-Ga,0;
channel layers.®> In the case of B-Ga,Os thin film prepared by the MOVPE method,
the ohmic contact can be achieved by implanting Si ions. '

In the case of y-Ga;Os, the Mn dopant acts as a stabilizing agent for the
formation of the y-phase Ga203.%%® For n-type conductivity, Si-doped y-Ga>Os films
can be epitaxially grown on MgAl>O4 substrates using the PLD method.*® The Si-doped

v-Ga;0; exhibits a carrier concentration of 1x10'° to 2x10 c¢m™

, and the dopant
concentration is ~9x10' ¢cm™. The Hall mobility is 1.6 cm*V -s.>° The activation
energy of the donor is ~7 meV, whose value is similar to the case of Sn-doped B-
Gay03.%"

For 6-GayOs, there are only a few reports on the synthesis of 6-phase Ga,0;
structures.”® Recently, Kato et al. reported that the §-Ga>O3 thin film was grown using
the mist-CVD method.?*® However, for the dopants, it is likely that there are still no
reports yet.

In £-Ga20s3, Si and Sn atoms are reported as n-type dopants in £-Ga>03.*’" The
Si-doped &-Ga,Os exhibits a carrier concentration up to 2.1x10'® ¢cm™.%° In the case of
Sn-doped e-Ga>Os, the Sn dopant acts as a stabilizer for the &€ phase. However, the

sufficient n-type electrical conductivity has not been realized yet.”
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In the case of k-Ga>O3, Sn and Si dopants are usually used. Sn-doped k-Ga>O3
films can be synthesized using mist-CVD,*’! halide vapor phase epitaxy (HVPE),”
MBE,” and PLD" on various substrates.*”-”!:"* The Sn dopant acts as a stabilizing agent
for the formation of the x-phase Ga,Os.*””! The carrier concentration is 2.7x10!7 to
3.8x10'7 cm™, and the dopant concentration is up to 10'* cm™.”> The Hall mobility is
2.3 cm?/V - s for Sn-doped k-Ga>03.”° For the Si-doped x-Ga>O; film, the most common
epitaxial method is MOVPE,**7> where SiH4 is usually used as the dopant source.!®**7
The Si dopant forms the shallow donor energy level for the Si-doped k-Ga>O3 thin film.
The carrier concentration is ~1x10'® to ~5x10'® cm™, and the dopant concentration is up
to ~5%10%° cm™. The Hall mobility is 10 cm?/V - s for Si-doped k-Ga>03.%*

Figure 1.9 shows the band dispersion of B-Ga>Os. In the figure, almost flat
band dispersion is observed near the valence band maximum (VBM) of B-Ga;Os. This
almost flat band dispersion is attributed to the lone pair electrons of the O 2p levels.>7
Because of the almost flat band dispersion, it is considered not to realize the formation
of p-type Ga 03 yet.

There are some density functional theory (DFT) calculations on studies of the
formation of p-type Ga203.%>7"78 In the DFT calculations, the formation of p-type
Ga03 was predicted when Zn or Cu atom is located at the Ga substitutional site.””’® In
the DFT calculation, the structure of Ga vacancy bonded with Sio (O replaced by Si)
also showed p-type performance.”> Kyrtsos et al. used DFT to investigate the possibility
of p-type conductivity using Li, Na, K, Be, Mg, Ca, Cu, Au, and Zn as dopants.”® In
their research, all of the dopants show the deep acceptor levels, and the ionization
energies are higher than 1 eV.”® Recently, Chikoidze et al. reported the formation of p-
type B-Ga20s using Zn atom as a dopant.”” However, in the Hall effect measurements,
the dopant energy level was found to be a deep acceptor level and the ionization energy
level was 0.77 eV above the VBM, indicating that it needs high temperatures (850 K) to
form the electrical conductivity (hole carrier formation).” Thus, the realization of p-

type conductivity in Ga20s is still a significant challenge.
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Figure 1.9. The band structure of B-Ga>03. Zero is the Fermi level.?

1.4 Current issues of dopants for Ga:03

For the Ga;Os-based devices, Sn and Si are mainly used as n-type dopants.
However, it has not been clarified how many chemical states exist in Ga;O3 and which
of the substitutional and/or the interstitial atomic sites is the active dopant one.>**8! In
addition, the atomic structures and the chemical states of the inactive dopant sites
should be clarified because the inactive dopant sites are the additional carrier scattering
sites.®%3 The additional carrier scattering sites decrease the carrier mobility.®
Determining the atomic structure and the chemical state of the active and inactive
dopant sites in GaO3 is a necessary step to control the properties of Ga,Os-based

devices. #7734
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In this thesis, the dopants in - and k-phase Ga,O3; were selected because they
are considered to be suitable for device application among the polymorphs.

For Sn-doped B-Gay0s3, there are two inequivalent Ga atomic sites in f-GaxOs3;
octahedral (Octa) and tetrahedral (Tetra) sites, and three inequivalent O sites.!!80:8
However, it has not been clarified how many chemical states exist in Sn-doped B-Ga>O3
and which is the active or the inactive dopant site.®>%¢ Once the atomic structures of the
active and inactive dopant sites are revealed, a strategy that increases the activated
dopant sites can be developed. As a result, the control of the carrier concentration is
possible.

In the case of Si-doped B-Ga,0s3, the active dopant site is the Tetra Sig, site (Ga
atom is replaced by Si atom).®> The Si dopant is fully activated, and the carrier
concentration is approximately up to 10?° cm % which is sufficiently applied to the
devices such as metal oxide field effect transistors (MOSFETs).!!

For Sn-doped k-Ga>Os3, the Sn dopant is the stabilizing agent for the formation
of the k-GaxO3. The carrier concentration is one order lower than that of the Si-doped «-
Gax0s. To achieve the high carrier concentration for k-Ga;Osz-based devices, Si dopant
is first considered.

In the case of Si-doped k-Ga>O3, the concentration of the carrier is significantly
lower than that of the dopants. The previous study showed that the carrier concentration
is about a few orders of magnitude less than the dopant concentration.’* The activation
efficiency of the Si dopant in k-Ga>,O3; may be affected by the occupation of different
reticular Ga sites.>* Therefore, a method is necessary to clarify the occupation ratio of

the different Si dopant sites for the Si-doped k-Ga,Os.

1.5 The purpose of the present thesis

The purpose of the present thesis is to clarify the atomic structures and
chemical states of the active and inactive dopant sites of Sn-doped B-Ga;O; and Si-
doped x-Ga20s. Once the atomic structure and the chemical states of the active dopant
can be revealed, a strategy can be developed to increase the active dopant sites. As a
result, it may be possible to control the carrier concentration. By controlling the carrier
concentration, Ga,O3 based MOSFETs with high performance could be fabricated. For
this purpose, photoelectron spectroscopy (PES), photoelectron holography (PEH), x-ray
absorption near-edge structure (XANES), and extended x-ray absorption fine structure

spectroscopy (EXAFS) were employed.
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1.6 Content Summary

This doctoral thesis is structured into five chapters as follows.

Chapter 1 introduces the general introduction of Ga>0O3, polymorphs of Ga>O3,
the dopants for Ga>Os3, the current issues for Ga>Os, and the research purpose of this
thesis.

Chapter 2 introduces the sample preparation and characterization methods used
in this thesis. The principle of the characterization methods used in this thesis is also
explained.

Chapter 3 presents the clarification of the chemical states and the atomic
structures of the active dopant sites for the Sn dopants in Sn-doped B-Ga,0O3 using PES,
XANES, and EXAFS.

Chapter 4 presents the clarification of the chemical states and the atomic
position occupancy for the Si dopants in Si-doped k-Ga»Os3 using PES, chemical state-
discriminated PEH, and EXAFS.

Chapter 5 describes the conclusions and the outlook of the thesis.
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Chapter 2 Experimental

2.1 Sample preparation for Sn-doped B-Ga:203 and Si-doped k-Ga203

The Sn-doped B-Ga;03(001) substrates were grown using the EFG process.
The substrates were purchased from Novel Crystal Technology, Inc.!? The sample
preparation for the EFG process is shown in Fig. 2.1.! The source material was 5N-
grade Ga>O3 powder. Tin dioxide (SnO2) powder was introduced into the Ga>O3 to grow
doped n-type crystals. The SnO, powder concentration is 0.08 mol%.! The powder was
placed in an iridium crucible combined with an iridium die. The growth pressure was 1
atm. The growth atmosphere contained 98% N> and 2% O. The powder was heated up
to the melting point of f-Ga>O3 (1800°C). The molten Ga,Os then ascended by capillary
action through a slit to the top of the die. At the top of the die, crystal growth then

occurred.’
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Figure 2.1. Schematic diagram of the EFG process.

The Si-doped k-Ga>03(001) epitaxial layers prepared by the MOVPE method
were used in the present study. Figure 2.2 shows the MOVPE reaction chamber.® The
Si-doped k-GaOs epitaxial layers were grown on a c-plane sapphire substrate.
Trimethylgallium and ultrapure H>O were used as the metal precursor and the oxidizing
gas. H at a flow rate of 2000 standard cubic centimeters per minute (sccm) was used as
the gas carrier. The reaction was carried out at an H» pressure of 60 mbar in the reaction
chamber. The substrate temperature was 610°C. A H»-diluted mixture of 0.05% SiH4
was used as the Si dopant source.** By controlling the flow of SiHa, it was possible to

obtain Si-doped x-Ga>O3 samples with different Si concentrations.
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Figure 2.2. A schematic of the MOVPE reaction chamber.?

2.2 Characterization Methods
2.2.1 Secondary Ion Mass Spectrometry (SIMS)

SIMS is a well-established analysis method, and it is widely used in various
scientific fields. SIMS provides detailed elemental information toward depth.®® Figure
2.3 shows the schematic of the SIMS experiment.” As a primary ion beam irradiates a
solid sample in a high vacuum environment, SIMS exhibits a sputtering phenomenon
that releases secondary ions from the sample surface. These secondary ions are detected
by a mass-separated ion detector, providing detailed information on the elemental and

molecular composition of the sample.
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Figure 2.3. The schematic of the SIMS experiment.’

For the mass separation of SIMS, three types of methods are usually used;
magnetic sector SIMS, quadrupole mass spectrometer (Q-Mass) SIMS, and time-of-
flight SIMS (ToF-SIMS). In this thesis, magnetic sector SIMS was employed.

Magnetic sector SIMS uses a double-focusing mass spectrometer based on the
coupling of the magnetic sector with an electrostatic sector for efficient mass
separation. Figure 2.4 shows the schematics of the double-focusing magnetic mass
spectrometers.'® A magnetic sector spectrometer is based on the separation of secondary
ions according to the mass-to-charge ratio.!! As the secondary ions pass through the
magnetic field, a force is applied to the particles at 90° angles to both the direction of
motion and the magnetic field. The following equations (2.1) to (2.4) show the
relationship between the magnetic field (B), the secondary ion acceleration voltage (V),
the mass-to-charge ratio (m/q), and the radius of curvature of the ion path (r) in the
magnetic field.

Since the potential energy E, of a charged particle is converted to kinetic

energy Ei, qV is described as the following equation,
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%mv2 =qV 2.1

where v is the secondary ion velocity. When the secondary ions pass through the
magnetic field, the Lorentz force is equal to the centrifugal force, which is described as

the following equations,

2

: = quB (2.2)
_ 4Br
v =12 (2.3)

Substituting the equations (2.1), (2.2), and (2.3), the mass-to-charge ratio is equal to,

m  B?r?
; == 2.4)

The mass-to-charge ratio of the secondary ions and the content of different components

can be estimated using the above formula.b

Electrostatic | Magnetic
Sector Sector
Field / | Field
/‘ Energy Slit \
Primary

Ions . i
—— | i nitrance Slit

Sample Exit St sm— e—

Deleclon st—

Figure 2.4. The double-focusing magnetic mass spectrometers used to separate ions by

mass.'?
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2.2.2 Hall effect measurements

In the present thesis, the Van der Pauw method was employed for the Hall
effect measurement of the carrier concentration.!>!® The Van der Pauw method is a
suitable method for measuring the carrier concentration in a homogeneous, flat,
uniform-thickness sample. For the Van der Pauw method, four probes are placed on the
sample’s corners. The apparatus for Hall effect measurements using the Van der Pauw
method is shown in Fig. 2.5.

Figure 2.5. Photo of apparatus of Hall effect measurements.

The sheet resistance (Rs) can be obtained from the Van der Pauw formula,!?
thus, the equation (2.5) is described as,

—TR 4 —-TRp

e Rs +e ks =1 (2.5)

where Ra and Rp are the characteristic resistances. R4 and Rp are described as the

following formulas,
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Va3

R, =l (2.6)
Iz

Ry =1t 2.7)
Iz3

Figure 2.6 shows the experimental setup for the measurements of Ra and Rp using the
Van der Pauw Hall method. From the Van der Pauw equation, Ra and Rg are described

as the follow,?

12 21
23 32

It is therefore possible to obtain a more accurate value for the resistances by performing
additional measurements of their reciprocal values. Thus, the Ryerticat and Rhorizontal can

be defined by the following formulas,

_ RatRj

Rvertical - 2 (2- 1 O)

__ Rp+Rgp

Rhorizontal - T (2-11)

Then, the Van der Pauw formula can be expressed as,

“TRyertical ~TRhorizontal

e R +e Rs =1 (2.12)

By alternately switching the polarities of both the current source and the voltage meter,
it is possible to improve the accuracy of the resistance values. All the setup for
measuring the resistances using the Van der Pauw Hall method is shown in Fig. 2.7.

Thus, the Ryertical and Rhorizontal are described as the following formulas,

Vaz V34 ,Vi2 V21

_I1z Ip1 43  I34
Rvertical - 4 (2-13)
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Via Va1 V23 V32
_ I3 I3z Iig Ig 214
Rhorizontal - 4 ( . )

. . TR
In the case of Ryertical = R = Rhorizontal, RS 18 described as e

®

Figure 2.6. Van der Pauw method for measurements of Ra and Rs.
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Figure 2.7. The experimental setup in Van der Pauw Hall method for the resistance

measurements.
The resistivity of semiconductor material is given by,!”

1

p= q(nun+pup)

(2.15)

where q is the elementary charge, n and p are the concentrations of electrons and holes,
respectively. p,, and p,, are the mobility of the electrons and holes, respectively. For the

N-type semiconductors, the resistivity is described as,

1
p=—r (2.16)

in the case of P-type semiconductors, the resistivity is described as,

1

_ 2.1
P = om (2.17)

Since the sheet resistance Rs is equal to the resistivity divided by the thickness t, Rs is
described as,
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Ry =% (2.18)

the Rs is also described as,

Ry = — (2.19)

qnsim

where ns is the sheet density, m is the majority carrier type.

The magnitude of the Hall voltage (V) is expressed as the follow,

_IB B
T oqx(nxt)  qeng

Vi (2.20)

where I is the electric current, B is the magnetic field. Thus, the carrier mobility is

described as,

fn, = 2 (2.21)

" RgIB

To obtain Vy by Van der Pauw Hall measurements, another configuration is additionally
needed. The setup for measuring the Hall voltage using the Van der Pauw method is
shown in Fig. 2.8. Two magnetic field is required for the measurements. One is positive
magnetic field, whereas the other is negative magnetic field.'>!> For the positive
magnetic field, V4, V5, V5, VE are employed. For the negative magnetic field,
VN VS,V VN are used.

Then, the differences in the voltages are defined as,

Vou =VEH =V, (2.22)
Viz = Vi = Vi (2.23)
Viz = V1F;, - V1A§ (2.24)
Ve =VE — VX (2.25)

The averaged V is described as the follow,
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_ VgtV +Vi3+V3q

Vy 5

(2.26)

If the Vy is positive, the polarity of the carriers is positive, that is, P-type. In the Vy is
negative, the polarity of the carriers is negative, meaning N-type.!?!> The carrier
concentration can be determined by substituting Vy into equation (2.20). The carrier

mobility can be determined by substituting Vy into equation (2.21).

Figure 2.8. Van der Pauw method for measurements of Hall voltage.

2.2.3 Photoelectron spectroscopy (PES)

PES is a powerful technique that is widely used to study the elemental
composition, chemical states, and electronic structures of atoms, molecules, and various
materials.'®?° Since PES is based on the photoelectric effect, electrons are ejected from
a material when a photon is irradiated. It was first observed by Heinrich Hertz in 1887.2!
In 1905, Albert Einstein provided a rigorous explanation of the photoelectric effect
using the quantum hypothesis of light. Later, in 1922, the Nobel Prize in Physics was
awarded to Albert Einstein.??

The working principle of PES is as follows. When the energy of an incident
photon is larger than the sum of the electron binding energy (Es) and the work function
of the material (@), the electron is excited to a higher energy state above the vacuum
energy level. This is called as the photoelectron. The photoelectron with kinetic energy

(Ex) is given by the following equation,?>**

Ek = hv — Eb —Q (227)

where hv represents the incident photon energy.?> The photoelectron spectrum is usually
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shown as binding energy, Ep.

PES can be used to determine the chemical states of materials at different
depths, according to the different kinetic energies of the photoelectrons. As the excited
photoelectron travels to the sample surface, inelastic scattering occurs, losing the energy
of the electron.?*?> This causes the inelastic background of the PES spectra, which is
typically observed in PES.?

The inelastic mean free path (IMFP) of the electron is typically the order of
nanometers. Therefore, PES is a relatively surface-sensitive method. Figure 2.9 shows
the IMFP as a function of electron energy for the elements. The minimum IMFP is a few
A at electron energies around 50-100 eV because plasmon loss occurs in this energy
range.'®2% In order to obtain accurate IMFP, the TPP-2M formula developed by Tanuma
et al. is usually used.?®

According to the Beer-Lambert law, the intensity decay of the photoelectrons

can be expressed as below,?’

I1(x) = I,e ™ (2.28)

where I(x) is the photoelectron intensity at depth x, lo is the intensity of the
photoelectron at the surface, x is the depth, and A is the IMFP. The information depth of
PES is defined as a = 3\, where 95% of all signals contribute.?8
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Figure 2.9. Inelastic mean free path (IMFP) as a function of electron kinetic energy.?’

The PES measurement was first developed by K. Siegbahn et al. in 1956.° For
PES, the chemical environment of the atom could be estimated from the binding energy
of core levels.”” Hence, Siegbahn named this technique as electron spectroscopy for
chemical analysis (ESCA). Since x-ray is used, it is also called as x-ray photoelectron
spectroscopy (XPS).? K. Siegbahn was awarded the Nobel Prize in Physics in 1981.%°
XPS provides the information on the valence band and the core-levels of elements for
materials qualitatively. XPS measurements require an ultra-high vacuum (UHV)
environment (< 10® mbar) to avoid the discharge of the electron analyzer.” Typical x-
ray sources are Al Ko and Mg Ko, whose energies are 1486.6 and 1253.6 eV,
respectively. The IMPF of XPS is several nm, thus it is a relatively surface-sensitive
method.”> The incident x-ray energy can be tuned using a synchrotron radiation

source.? Figure 2.10 shows the apparatus used in the present study.

33



Figure 2.10. Photo of apparatus for XPS. The inset shows the electron analyzer inside

the chamber.

XPS provides the binding energies of core levels, which depend on the
elements and the chemical environment. Thus, XPS can be used to determine the
elemental compositions as well as the nature of their local chemical environments. As
shown in Fig. 2.11(a), the survey spectrum for Sn-doped Ga,Os3 before the surface
cleaning treatment exhibits several core-level peaks, such as Ga 3p, Sn 3d, and O 1s
peaks, indicating that the elemental information of the materials can be obtained. Figure
2.11(b) shows the O 1s core-level spectrum for Sn-doped Ga,Os before the surface
cleaning treatment. The O 1s core-level spectrum can be decomposed into two oxygen
components. These components are attributed to different oxidation states. Since the
difference in binding energy is due to a different chemical environment, the energy
difference is called a chemical shift.?!
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Figure 2.11. (a) Survey XPS spectrum of Sn-doped GaO3 before the surface cleaning

treatment and (b) O 1s core level spectrum of Sn-doped Ga>Osz before the surface

cleaning treatment.
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Element quantification analysis by XPS can be performed by determining the
areal intensity of a photoelectron peak (Ix) and the sensitivity factor (Sx) of an element x,

which is described as,*?
Sy = Co A(EAT (Ey) (2.29)

where C is the constant, ox is the cross section of photoionization for element x, A(Ex) is
the IMFP of the electron kinetic energy Ek, A is the analysis sample area, and 7(Ek) is
the transmission function of the XPS analyzer for the electron kinetic energy Ex. Under
the assumption in which the photon flux is fixed and the sample is uniform, the atomic
percentage of elements (or species) can be calculated. The concentration of an element,

Ny, is described as,?*3?

Iy = Ny Sy (2.30)

where I is the photoelectron intensity.

Hard x-ray photoelectron spectroscopy (HAXPES) is a bulk-sensitive method
due to its large IMFP. Typical hard x-ray energy is from 2 to 10 keV.?>** For HAXPES,
a high-brilliance source based on third-generation synchrotron radiation (SR) is widely
used to measure the electronic states of bulks and interfaces of various materials.'
Figure 2.12 shows IMFPs as a function of kinetic energy (KE) for several materials. At
the KE of 6 keV, the IMFPs are 4 to 15 nm, which is almost five times larger than those
at 1 keV (typical XPS)." The large probing depth of HAXPES exhibits the electronic
states of the bulk without surface influence. Note that the laboratory HAXPES was
recently realized.* In the present study, Cr Ko source (5414.9 eV) was used as hard x-

ray source, and the source is equipped with the XPS apparatus shown in Fig. 2.10.
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Figure 2.12. IMFPs as a function of electron kinetic energy.'”

2.2.4 Photoelectron holography (PEH)

Photoelectron holography (PEH) is based on PES. Thus, PEH has the great
advantages as follows. Since PEHs are based on the PES, chemical-discriminated PEHs
can be performed. In addition, non-periodic atomic structures can be employed in the
PEHs. Because the IMFP is small (typically a few nm for solids), the local atomic
structure near the surface can be obtained.*’

The process of PEH formation is described in Fig. 2.13. The photoelectrons of
the target atoms (e.g., dopants) are excited as emitters under photoirradiation, and then
the photoelectron wave emitted by a target atom is scattered by the surrounding atoms.
Finally, interference patterns are formed in the photoelectron angular distribution.
Because it is a hologram, the three-dimensional (3D) atomic arrangement around the
photoelectron emitter atom can be reconstructed. Since the binding energies depend not
only on the atom but also on the surrounding atoms, PEHs can reveal the local atomic

structure around the target atom 3436383
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Figure 2.13. The principles of PEH process.
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To obtain the PEHs, a display-type analyzer was used in the present study. This
analyzer is a retarding field analyzer (RFA) with relatively high energy resolution and
wide acceptance angles.*>*® The schematic of the RFA is shown in Fig. 2.14(a). The
RFA contains three spherical grids that act as high-pass filters for the photoelectrons.
The highest energy resolution is approximately 0.5 eV.*® The display-type electron
energy analyzer provides a solid angle of +49° and an angular resolution of 0.5°. The
RFA was developed and installed at BL25SU in SPring-8 for PEH experiments.*’ Figure
2.14(b) shows the RFA at the BL25SU at SPring-8 used for the PEH experiments in this
study.

In order to reproduce the local atomic structures from the PEH, the simulated
PEHs are necessary. In the present thesis, the total analysis multiple scattering pattern
(TMSP) simulation code in the 3D-AIR-IMAGE software developed by Matsushita et al.
was used to reproduce the experimental holograms. The simulation is based on the
partial wave expansion for spherical waves and contains multiple scattering
effects.’**142 The simulated PEH reproduces the experimental PEH well using the 3D-
AIR-IMAGE software.*
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Figure 2.14. (a) Schematic of RFA.* (b) Photo of the RFA at BL25SU in SPring-8.

2.2.5 X-ray absorption
When an x-ray with an initial intensity (Io) penetrates material, the x-ray
intensity is decreased exponentially by the absorption coefficient, . The intensity, I(t),

the thickness, t, and the initial intensity, lo, are given by the Lambert-Beer law as
follows (Fig. 2.15(a)),**
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1(t) = Ije HE (2.31)

The p shows the probability of x-ray absorption in a material. The probability depends
on the electron density p, the atomic number Z, the atomic mass A, and the energy of

the incident x-ray E, which is described as the following equation,*®

u(E) ~ PZ (2.32)

AE3

When the incident photon is absorbed, the energy is used to excite an electron to an
unoccupied or continuum state from a core level.** When the incident photon energy is
equal to the energy difference between the core level and the unoccupied state, the
absorption coefficient is suddenly increased, which is called as the absorption edge.***

Figure 2.15(b) shows the absorption coefficient as a function of energy.

(a) (b)

Sample

H(E)

E

Figure 2.15. (a) X-ray intensity before and after absorption in the case of sample

thickness t, and (b) absorption coefficient as a function of energy, u(E).

For x-ray absorption measurements, a synchrotron radiation source is usually
used as the x-ray source.**¢ Figure 2.16 shows three main types of yield for x-ray
absorption measurements; transmission yield (Fig. 2.16(a)), fluorescence yield (Fig.
2.16(b)) and electron yield (Fig. 2.16(c)).*
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Figure 2.16. Experimental setup for the (a) transmission yield, (b) fluorescence yield,

and (c) electron yield in x-ray absorption measurement.

The transmission yield is used when the incident x-ray energy is high.** In this
yield, the intensity of the transmitted x-ray, I;, is measured by the drain current in the ion
chambers. The u(E) is determined by the equation (2.31). The transmission yield is ideal
for highly concentrated and uniform samples.***

Fluorescence yield is a powerful method for measuring low-concentration
elements, solutions, and ultrathin layers.*’” The detection concentration limit of
fluorescence yield (detection limit ~10* at%) is several orders of magnitude lower than
that of the transmission yield (detection limit ~5 at%).*® However, the fluorescence
method is not suitable for light elements due to its low fluorescence probability. 3448
The I in fluorescence yield is measured by a solid-state detector (typically Si and Ge).*

The relationship between the absorption coefficient and Ir can be expressed as follows,**
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w(E) ;—Z (2.33)

The electron yield is often used to probe the surface region because the
information depth of the electron yield is around 10 nm.*>** A relatively high vacuum is
usually needed when using soft x-rays as the incident photon.®! There are two common
methods of electron yields; partial electron yield (PEY) and total electron yield (TEY).
For the PEY, an electron detector is used to detect electrons in a specific energy range.
For TEY, the drain current of the sample is usually measured.’®>? Auger electron yield
(AEY) is a type of PEY. AEY is detected with the Auger electrons in a specific Auger
energy range.”” For the detection of AEY, an electron analyzer is usually used.> The
relationship between the absorption coefficient, the initial intensity Io, and the measured

Iey is given by,>*
U(E) o< =2 (2.34)
0

Under x-ray excitation, an electron from an inner core level is excited, forming
a core hole at the core level.>> There are two kinds of decay processes for the core hole;
radiative and non-radiative, namely fluorescence and Auger electron decay processes,
respectively.’®>” Fluorescence and Auger processes are competitive. The probability of
the fluorescence (Auger) decay process is increased (decreased) as the atomic number is
increased.®” The probability of fluorescence and Auger decay processes for K shell as a
function of atomic number is shown in Fig. 2.17. For lighter elements, the Auger
electron decay process is dominant, whereas the fluorescence decay process is dominant

in the case of heavier elements.>®
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Figure 2.17. The probability of fluorescence and Auger yields for K shell as a function

of atomic number.>®

2.2.5.1 X-ray absorption fine structure (XAFS)

X-ray absorption fine structure (XAFS) is a method for studying the local
geometric structure of a specific atom in a sample. XAFS experiments are typically
performed using synchrotron radiation facilities. Elements with extremely low
concentrations (< 1 at%) are possible to detect.*>> The XAFS is divided into two
regions depending on the absorption energy range; the x-ray absorption near edge
structure (XANES) and the extended x-ray absorption fine structure (EXAFS). For
XANES, the energy range is within 50 eV above the absorption edge.>**° For EXAFS,
the energy range is about 50 eV to 1000 eV above the absorption edge.**>%%° Figure
2.18 shows the typical energy range of XANES and EXAFS in the XAFS. (Sn K-edge
of Sn-doped B-Ga,0O3 as an example)

In the present study, XAFS measurements were performed at the BL22XU in
the SPring-8 and the BLON1 in the Aichi Synchrotron Radiation Center (Aichi SR).
Figure 2.19 shows the photos of apparatuses at BL22XU (SPring-8) and BL6N1 (Aichi
SR).
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Figure 2.18. Sn K-edge XANES and EXAFS energy regions for Sn-doped f-Ga>Os.
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Figure 2.19. Photos of the XAFS stations at (a) BL22XU at the SPring-8 and (b) BL6N1
at the Aichi SR.
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2.2.5.2 X-ray absorption near edge structure (XANES)

In XANES, the energy region is relatively close to the absorption edge.
XANES is able to provide information about the unoccupied electronic state of the
absorbing element, which can study the chemical state, such as the oxidation state.
Therefore, XANES is widely used to study oxide materials, dopants, catalysis, etc.*-*-
1 The XANES process is shown in Fig. 2.20(a). Figure 2.20(b) shows V K-edge
XANES, showing the different oxidation states of V compounds.®!

XANES simulations can be used to clarify local atomic structures.’>%> FEFF
was used in the present thesis for the XANES simulations.®***¢7 The software version
of FEFF employed in this thesis is FEFF9.%3:¢6
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Figure 2.20. (a) Electronic structure after x-ray absorption. (b) V K-edge XANES of V

compounds.®!

2.2.5.3 Extended X-ray absorption fine structure (EXAFS)

EXAFS provides bulk and nanoscale structures for solid, gas and liquid phases
of chemical and biological systems.®®%° The spectrum structure of EXAFS is formed by
electron scattering between the absorbing atom and the surrounding atoms. The
outgoing electron wave from the absorbing atom travels to the neighboring atom and is
backscattered by its incoming wave. EXAFS reveals chemical species, bond distances,
and coordination numbers around the neighboring atoms.*3:46:60:69

The oscillation of EXAFS, y(E), is typically shown as a function of the
wavenumber y(k), which is a summation of the individual contributions y;(k) of the

backscattered wave. It is described follow,*>>%%
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—“ZLsin[2kR;+6;(k)]

—2R
x(k) = S3 T NiF; (k)e =20k a0 SR80 (2.35)

where SZ is the overall amplitude reduction factor coming from many-body effects, N;
is the coordination number, F;(k) is the backscattering amplitude of the photoelectron,
o/ is the Debye-Waller factor, A(k) is the photoelectron mean free path, §;(k) is the
photoelectron phase shift,

k? is described as follow,*-%-%

_ Zme (E—Eo +AEO)

2
k h

(2.36)

where k is wavenumber, h is the Planck constant, m, represents the mass of electron,
and E, is the theoretical energy of the absorption edge, AE,is the energy difference of
photoelectron used to align the E, with the measured EXAFS spectrum.

R; is described as follow,
Ri = Roi + ARl (237)

where R; is the distance between the neighboring atoms,*® AR; is bond length
difference relative to the calculated bond length Ry, .

The EXAFS oscillation's magnitude is dependent on the N; and S§ parameters,
which are independent of the k value. The Debye-Waller factor is a dynamic effect of
thermal fluctuations. This factor is also affected by the structural disorder for the
difference phase. The sin[2kR; + 6;(k)] term is for the EXAFS oscillation. The 2kR;
term relates to the phase shift of the neighboring atoms at distance R;. The §;(k) term is
the phase shift caused by the absorbing atom nuclei interaction with the surrounding
atoms in scattering paths.®

For the EXAFS data processing, the normalization, the background removal,
and the Fourier transformation (FT) of the EXAFS oscillation were performed using
ATHENA software in the present thesis.”®"?

To obtain the chemical species, bond distances, and coordination numbers
around the neighboring atoms, the EXAFS data fitting was performed using the
ARTEMIS software in the present thesis.’”*"2,
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Chapter 3 Atomic position and the chemical state

of an active Sn dopant for Sn-doped B-Ga»03(001)

3.1 Introduction

Recently, Ga;O; gained an increase in attention as an ultra-wide bandgap
semiconductor because of its bandgap of about 5 eV, high thermal stability, and the
availability of large-scale Ga,Os single crystal wafers.!? B-GaO; is the most
thermodynamically and chemically stable among the Ga>Os polymorphs.® B-Ga2Os has
two inequivalent Ga atomic sites; octahedral (Octa) and tetrahedral (Tetra) sites.!?
However, it is still unclear how many chemical states exist and which site is the active
dopant site in Sn-doped B-Ga»Os. Determining the atomic structures and the chemical
states of the active Sn dopant in B-Ga,0s is a necessary step to obtain -Ga,Os-based
FETs with high performance.

In this chapter, the atomic positions and the chemical states of the active dopant
sites for Sn-doped B-Ga>O3 were investigated using HAXPES, XANES, and EXAFS.

3.2 Experimental

The Sn-doped B-Ga,03(001) single crystal was grown using the EFG method.
The crystal was annealed in N2> ambient at 1450 °C for 6 hours to reduce the residual
stress in the crystal and to achieve the full activation of the donors.?

Sn metal foil (Nilaco Corporation), SnO powder, and SnO, powder (Fujifilm
Wako Pure Chemical Corp.) were used as the reference samples to clarify the detailed
chemical states of the Sn dopant.

SIMS was employed to measure the Sn dopant concentration as a function of
depth. The CAMECA IMS-7f was used for the SIMS measurements. Cs” ions with 15
keV were employed as the ion source. The absolute concentration of the Sn dopant was
estimated by using the reference B-Ga,O3z sample. Charge compensation was employed
using an electron gun during the measurements.

HAXPES measurements for the reference samples (the Sn metal foil, the SnO
powder, and the SnO; powder) were carried out using PHI Quantes (ULVAC-PHI).
Monochromatic Cr Ka (5414.9 eV) was used as the incident x-ray source. The energy
resolution was set to 1.11 eV. The take-off angle was 45° (the surface normal is 90°).
Au film was used to estimate the Fermi level and to perform the energy calibration.

HAXPES, XANES, and EXAFS measurements were performed at BL22XU at
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SPring-8.%7 For the HAXPES measurements on Sn-doped B-Ga,O3(001), the incident
photon energy was 8 keV, and the energy resolution was set to 340 meV. The Scienta-
Omicron EW4000 with a large acceptance angle was used as an electron analyzer.® The
spot size at the sample position was ~30 um x ~30 pum (horizontal X vertical) using
Kirkpatrick-Baez focusing mirrors.® The take-off angle (TOA) was set to 89° (the
surface normal is 90°). Au film was used to estimate the Fermi level and perform the
energy calibration.

The Sn K-edge XANES and EXAFS measurements were carried out using the
fluorescence yield (for Sn-doped B-Ga>O3) and the transmission yield (for the reference
samples). A 19-element high-purity germanium detector (Mirion Technologies
(Canberra) KK) and ionization chambers were used to measure the fluorescence and the
transmission yields, respectively.® The spot size at the sample position was ~0.4 mm X
~0.5 mm (horizontal x vertical) for XANES and EXAFS measurements.” The energy
range for XANES measurements was 29,150 eV to 29,300 eV with energy steps of 1.0
eV. The energy range for the EXAFS measurements was 29,000 eV to 29,480 eV with
energy steps of 1.0 eV.

Note that the information depth for the HAXPES was estimated to be 7.24 nm
for the reference samples and 16.23 nm for Sn-doped B-Ga>Os, which was estimated
using the TPP-2M formula developed by Tanuma et al.,” whereas the information depth
for the XANES and EXAFS measurements was estimated to be 3.14 um using the
Lambert-Beer law.!”

The XANES simulations were performed using FEFF9.!"!? In the simulations,
the cluster size of ~350 atoms, full multiple scattering, a self-consistent field, and the
Hedin-Lundqvist (HL) exchange-correlation potential were used. The final-state effect
(Z+1 approximation) was taken into consideration.'*!* In the simulated XANES spectra,
the absorption edges were shifted by ~39 eV to correct the edge energy to the

experimental value.!>!’

3.3 Results

Figure 3.1 shows the SIMS for the Sn concentrations in Sn-doped B-Ga>Os. It
should be noted that in the region from the surface to the depth of around 30 nm, the
secondary ion yield is not stable (pre-equilibrium region).'® Thus, the concentration is
not accurate. In the depth of deeper than 30 nm, the concentration is constant (the
equilibrium region). The Sn dopant concentration was estimated in the constant
concentration region. Thus, the Sn dopant concentration was estimated to be 6.1 x 108

cm. Note that the Sn dopant concentration was also estimated by XPS; from the areal
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intensity ratio of the Sn 3p32 and Ga 3p XPS spectra, the Sn dopant concentration was
estimated to be 8.8 x 10'® cm™, whose value is close to the value of SIMS. The carrier
concentration of the Sn dopant was estimated to be 1.2 x 10 cm™ using the
electrochemical capacitance-voltage measurement.> Novel Crystal Technology, Inc.
measured the value when purchasing the wafer.
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Figure 3.1. (a) SIMS for Sn dopant in Sn-doped B-Ga>Os. (b) Magnified the depth range
(0 - 0.10 um) of SIMS for the Sn-doped B-Ga20s.
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Figure 3.2 shows the Ga 2p HAXPES spectrum for the Sn-doped B-Ga>O3(001).
The Voight function (convolution of Lorentzian and Gaussian functions) was used for
the peak fitting.!” For the background subtraction, the Shirley function was
employed.?*?! One symmetric peak is observed at 1119.5 eV for the Sn-doped P-
Ga203(001). The peak is attributed to the Ga atom bonded with O atoms.?>?

Ga 2p Sn-doped B-Ga,0,
7]
2| |
s |
e
E o
2
W
cr -
5
=
1124 1122 1120 1118 1116 1114

Binding Energy (eV)

Figure 3.2. Ga 2p core-level HAXPES spectrum for the Sn-doped p-Ga,O3(001)
measured at BL22XU at SPring-8. Black solid line is the experimental spectrum. Red
solid line is the fitting result. Blue solid line is the Shirley background. Brown solid line
is the Ga 2p fitting result.

Figures 3.3 (a)-(d) show the O 1ls HAXPES spectra for the Sn-doped [-
Ga03(001), the Sn metal foil, the SnO powder, and the SnO, powder. The Voight
function (convolution of Lorentzian and Gaussian functions) was used for the peak
fitting after removing the background of the Shirley function. One symmetric peak is
observed at 532.6 eV for the Sn-doped B-Ga>03(001) (Fig. 3.3(a)). This peak is
attibuted to an oxgen atom bonded with Ga atom in -Ga;O3(001) because Sn dopant
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concentration is vely low (6.1 x 10'® cm™).2* Thus, the component of O bonded with the
Sn atom hardly ever contributes to the O 1s spectrum. For the Sn metal (Fig. 3.3(b)), no
peak is observed in the O 1s HAXPES spectrum. For the SnO powder, a symmetric
peak is seen at 531.0 eV (Fig. 3.3(c)). The SnO> powder HAXPES spectrum (Fig. 3.3(d))
shows a symmetric peak observed at 530.4 eV.
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Figure 3.3. O 1s core-level HAXPES spectra for (a) Sn-doped B-Ga>03(001), (b) Sn
metal foil, (¢) SnO powder, and (d) SnO; powder. (a) measured at BL 22XU at SPring-8.
(b)-(d) measured at PHI Quantes. Black solid line is the experimental spectrum. Red
solid line is the fitting result. Blue solid line is the Shirley background. Green solid line
is the O 1s fitting result.
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Figure 3.4 shows the Sn 2p3» HAXPES spectra for the Sn-doped B-Ga>03(001),
the Sn metal foil, the SnO powder, and the SnO> powder. The Voight function
(convolution of Lorentzian and Gaussian functions) was used for the peak fitting after
removing the background of the Shirley function. Note that in the case of the Sn-doped
B-Ga>03(001), the background structure in the Sn 2p3,» region looks linear but not the
Shirley function (Fig. 3.4(a)). This is due to the high inelastic background intensity of
the core level electrons of other elements in the Sn-doped B-Ga,O03(001).

After the background removal in the Sn 2p3» HAXPES spectra, all peaks show
a symmetrical peak. One peak is observed at 3932.3 eV for the Sn-doped B-Ga>03(001)
(Fig. 3.4(a)). In the Sn metal (Fig. 3.4(b)), a peak is observed at 3928.8 eV. For the SnO
powder, a peak is seen at 3931.0 eV (Fig. 3.4(c)). The SnO> powder HAXPES spectrum
(Fig. 3.4(d)) shows a peak at 3930.5 eV.

Since the Sn dopant for the Sn-doped B-Ga>O3(001), SnO powder, and SnO»
powder exhibit a higher binding energy peak position than the Sn metal, the chemical
state is attributed to an oxidation state. Note that the Sn-doped p-Ga>O3(001) shows a
higher binding energy level than the others. Since Ga shows lower electronegatively
than Sn,?° the Sn-doped B-Ga>03(001) exhibits electron-poor state compared to the SnO
powder and the SnO> powder, shifting to a higher binding energy region. Thus, it is
concluded that the peak of the Sn-doped B-Ga>03(001) is attibuted to the oxdidation
states. It is also noted that the SnO powder shows a higher binding energy level than the
SnO> powder. When considering the electronegatively, the Sn atom of the SnO> powder
exhibits a poorer electron state than that of the SnO powder, shifting to a higher binding
energy level. However, the result is different. This might be due to the final state effect
of the photoelectron emission process, so that the peak position of SnO has a higher

binding energy than that of Sn0,.2%%’
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Figure 3.4. Sn 2p3/» core-level HAXPES spectra for (a) Sn-doped B-Ga,O3(001), (b) Sn

metal foil, (¢) SnO powder, and (d) SnO; powder. (a) measured at BL 22XU at SPring-8.

(b)-(d) measured at PHI Quantes. Black solid line is the experimental spectrum. Red

solid line is the fitting result. Blue solid line is the Shirley background. Orange solid

line is the Sn 2p»s3 fitting result.
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Figure 3.5 shows the Sn K-edge XANES spectra for the Sn metal foil, the SnO
powder, the SnO> powder, and the Sn-doped -Ga>03(001) before normalization.
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Figure 3.5. Sn K-edge XANES spectra before normalization of (a) Sn metal, (b) SnO, (¢)
Sn0O3, (d) Sn-doped B-Ga>03(001).
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To obtain the normalized Sn K-edge XANES spectra, ATHENA software was
used in the present study.?®3* Before the normalization, the absorption edge position
was aligned to the experimental spectrum. It is the accurate procedure to use the
maximum point in the first derivative of the XANES oscillation to determine the edge
position of absorption energy.?! The pre-edge energy range was selected to create a
linear function to fit the absorption coefficient before the absorption edge energy. (Blue
solid line in Fig. 3.5.) Then, the post-edge line was determined. It was then fitted to the
absorption coefficient after the absorption edge energy. (Green solid line in Fig. 3.5.)
Then the extrapolation of the pre-edge and post-edge lines was performed. Finally, the
normalized XANES spectra was able to be obtained.

Figure 3.6(a) shows the Sn K-edge XANES spectra for the Sn-doped -
Ga203(001), the Sn metal foil, the SnO powder, and the SnO> powder after
normalization. In the Sn K-edge XANES spectra, the absorption peak at ~29200 eV is
due to the Sn 1s— Sn 5p transition.*>** The structures observed at higher energy than
the absorption edge are attributed to the multiple scattering of several atomic shells.**
Note that the Sn K-edge spectra do not exhibit pre-edge features because the Sn 4d
electronic states are filled.*> Figure 3.6(b) shows the magnified absorption edge of the
Sn K-edge XANES spectra for the Sn metal, the SnO powder, the SnO> powder, and the
Sn-doped B-Ga203(001).

62



Sn K-edge - —— Sn foil
I

S e SR

s {E) f i

Sn-doped B-Ga,0,

Intensity (Arb. Units)
N,

29150 29200 29250 29300
Photon Energy (eV)

(b) —— sn foil
——38n0
—5n0,

Sn-doped B-Ga,0; /

Intensity (Arb. Units)

29175 29180 29185 29190 29195 29200 29205
Photon Energy (eV)

Figure 3.6. (a) Normalized Sn K-edge XANES spectra of Sn-doped B-Ga>O3(001), Sn
metal, SnO, and SnO,. (b) Magnified absorption edge of the Sn K-edge XANES spectra.
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Figures 3.7 (a)-(d) show the first derivative peaks of the Sn K-edge XANES
spectra for the Sn metal foil, the SnO powder, the SnO> powder, and the Sn-doped f-
Gax03(001). Note that in order to estimate the edge energies, the first derivative peak of
the leading edge was used.?! The edge positions for the Sn metal, the SnO powder, the
SnO; powder, and the Sn-doped B-Ga,03(001) were estimated to be 29191.0, 29194.9,
29198.5, and 29198.0 eV, respectively.
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Figure 3.7. First derivative peaks of the Sn K-edge XANES spectra for (a) the Sn metal
foil, (b) the SnO powder, (c) the SnO> powder, and (d) the Sn-doped B-Ga>O3(001).
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Figure 3.8 shows the oxidation state as a function of the energy of the
absorption edge for Sn K-edge. The liner red line was obtained from the previous
studies.*>*° The error bars were added. In the figure, the oxidation state is close to the
Sn*" state for the Sn-doped B-Ga203(001). Thus, the dopant Sn atom might be attributed
to the tetravalent state (Sn*"). Note that the Sn dopant for the Sn-doped B-Ga>03(001)
exhibits a little bit lower oxidation number than Sn*'. This is because the Sn atom in the
Sn-doped B-Ga203(001) bonds with six or four O atoms (the dopant structure)®’ exhibits
a more electron-rich state than that in the SnO, bonds with six O atoms (the SnO>
powder),*® lowering the oxidation number. Thus, the Sn dopant shows a little bit lower
oxidation number than Sn*'. It should be also noted that from these results, the Sn
dopant state in the HAXPES spectrum (Fig. 3.4(a)) is assigned to the Sn*" oxidation
state.
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Figure 3.8. Sn oxidation state as a function of the energy of the absorption edge for Sn
K-edge.
EXAFS measurements were employed to investigate the changes in the atomic
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bond length of the Sn dopant for Sn-doped B-Ga>O3(001). Figures 3.9 (a) and (b) show
the Sn K-edge XANES spectra for the Sn-doped B-Ga>O3(001) before (Fig.3.9(a)) and
after (Fig.3.9(b)) normalization. Figure 3.9(c) shows the EXAFS oscillation for the Sn-
doped B-Ga,03(001). The range in the k-space was chosen at 2.5-7 Al because this
range showed an adequate signal-to-noise (S/N) ratio. Figure 3.9(d) shows the Fourier
transforms of the k*-weighted EXAFS without phase shift correction. Note that since
the phase shift is attributed to the scattering between the photoelectron of the absorbing
atom and the neighboring atoms, shifting the amount of phase in the wave function.
Thus, the peak position does not represent the real Sn-O atom distance in the Sn-doped
B-Ga203(001). Figure 3.9(e) shows the Fourier transforms of the k*-weighted EXAFS
and the fitting result of the Octa Ga substitution (Snga) site. The fitting was performed
using ARTEMIS software.?®* In the fitting, the reliability factor (R-factor) was set to
0.026 under k* weights in the 2.5-7 A1k range. The R-factor is due to the percentage of
misfit. For an adequate fit, an R-factor is typically less than 0.03.%° The fitting range
was chosen at 1-2.2 A in the r-space. The amplitude reduction factor was set to 0.8.%
The Fourier transforms of the k?>-weighted EXAFS can be fitted well in the case of the
Octa Sng. site. On the other hand, it is unable to fit the Fourier transforms of the k-
weighted EXAFS well in the case of the Tetra Sng. site (Fig. 3.9(f)). The amplitude
reduction factor and R-factor values for Tetra Snga sites was set to 0.8, 0.051. From
above discussion, it is concluded that the Octa Snc. site is the active dopant site for Sn-
doped B-Gay0s. Figures 3.9 (g) and (h) show the atomic structures for Octa and Tetra

Snga in B-GaxOs3, respectively.
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Figure 3.9. Sn K-edge EXAFS spectrum (a) before and (b) after normalization for Sn-
doped B-Ga,03(001). (c) k*>-weighted Sn K-edge EXAFS for Sn-doped B-Ga,03(001).
(d) Fourier transforms of the k*>-weighted EXAFS without phase correction. Fourier
transforms of the k?-weighted EXAFS (black solid line) and the fitting results (red solid
line) for (e) Octa Snga, site and (f) Tetra Snca site. The insets in Figs 3.9. (e) and (f) show
local atomic structure of the Octa Snga and Tetra Snga sites, respectively. Atomic
structures for (g) Octa Snga and (h) Tetra Snga in Sn-doped B-Ga,Os. Light green, dark
green and red balls indicate Ga, Sn and O atoms, respectively.
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Figure 3.10 shows the experimental (Fig. 3.10(a)) and the simulated XANES
spectra using FEFF9 software!""!? for the Octa Snca (Fig. 3.10(b)) and the Tetra Snca
(Fig. 3.10(c)) sites. In the FEFF9 simulations, the many-body amplitude reduction
factor was set to 1.0. The cluster size of 9.5 A (~350 atoms) was used. The final state
effect (Z+1 approximation) was employed for the simulations. !>

In the experimental XANES spectrum (Fig. 3.10(a)), a main strong and sharp
peak is observed at 29204.1 eV. In addition, a weak shoulder at 29221.9 eV and a broad
component centered at 29252.7 eV are observed. (see arrows in Fig. 3.10(a)) For the
simulated XANES spectrum for the Octa Sng, site (Fig. 3.10(b)), a main strong sharp
peak and a weak shoulder are observed at 29202.3 and 29219.5 eV, respectively. In
addition, a broad component centered at 29262.1 eV is observed. (see arrows in Fig.
3.10(b)) The simulated XANES spectrum of the Tetra Snga site (Fig. 3.10(c)) has two
broad peaks at 29204.9 and 29223.2 eV and two weak components centered at 29267.9
and 29291.1 eV. (see arrows in Fig. 3.10(c))

From the comparison of the experimental and the simulated XANES spectra, it
is found that the simulated XANES spectrum of the Octa Snga has a similar spectrum
shape to the experimental XANES spectrum for Sn-doped B-Ga,03(001).
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Figure 3.10. (a) Normalized Sn K-edge XANES spectrum for Sn-doped -Ga>O3(001).
The simulated XANES spectra of (b) Octa Snga (red line) and (c) Tetra Snga (blue line)
sites.

Figures 3.11 shows the first derivative peaks of the Sn K-edge XANES spectra
for the Sn-doped B-Ga,03(001), the Octa and the Tetra Sng. sites. The first derivative
peak of the simulated Octa Snga XANES spectrum shows a good agreement with the

experimental spectrum. On the other hand, the first derivative peak of the simulated
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Tetra Snga XANES spectrum does not explain the experimental XANES spectrum
because the simulated Tetra Snga XANES spectrum has two distinct peaks indicated by
blue arrows in Fig. 3.11. Thus, it is concluded that the Octa Snca is attributed to the
atomic structure of the Sn dopant site for Sn-doped B-Ga,03(001).

Sn-doped p-Ga,0,4(001).
Octa Sng, site
Tetra Sng, site

15! derivative xu(E) (Arb. Units)

20150 29200 29250 29300
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Figure 3.11. First derivative peak of the Sn K-edge XANES spectra for the Sn-doped f-
Gay03(001), the Octa site and the Tetra Snga site.

3.4 Discussion

First of all, it 1s discussed why the carrier concentration exhibits higher than the
Sn dopant concentration; the carrier concentration is 1.2 x 10" cm™ whereas the Sn
dopant concentration is 6.1 x 10'® cm™. According to the previous studies, oxygen
vacancies, H; (hydrogen interstitial site), Ho (oxygen substitutional site), and Ga; (Ga
interstitial site) are formed in the bulk of B-Ga20s.>”*! In addition, according to the
previous study, oxygen vacancy, H; and Ho exhibit shallow donor energy levels.*!*?
When preparing the Sn-doped B-Ga>Os3 sample, the process environment is full of N»

gas.> Thus the introduction of hydrogen atoms may not be possible, excluding the
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possibility of H; and Ho formed in Sn-doped B-Ga>0Os. Therefore, oxygen vacancy acts
as unintentional donors.**' Since the Octa Snca site shows the active dopant site in B-
Gay03, the Octa Snga site may be fully activated (activation energy is 7.4 meV).3"#
Therefore, it is concluded that the difference between the carrier concentration and the
Sn dopant concentration is attributed to the presence of oxygen vacancies in the Sn-
doped B-Ga203(001). It should be noted that metal oxide materials usually contain
oxygen vacancies.***

Next, it is discussed why only the Octa Sng, site is occupied by the Sn dopant
atom in Sn-doped B-Ga>Os3. According to the previous DFT calculations, Octa Snga
exhibits lower formation energy than the Tetra Snga.***® In order to estimate the ratio of
the Octa and Tetra Snga, Maxwell-Boltzmann distribution was employed. By assuming
that the ratio is determined by the Maxwell-Boltzmann distribution, the occupancy
ratios for the Sn dopants can be determined. Maxwell-Boltzmann distribution equation

is described as follow,*”*

Eg-ET

No _ ,—¢( )
ol KT 3.1)

where No and Nt are the number of Octa and Tetra Snga, Eo and Et are the formation
energy of Octa and Tetra Snca. k is the Boltzmann constant, and T is the temperature.
According to the DFT calculation, the formation energy difference for Octa Sncga - Tetra
Snaa is -0.96 eV.*® The Boltzmann constant k is 8.62 x 10~ eV/atom'K, while T is 2073
K (the sample preparation temperature).” From the equation (3.1), the Octa and Tetra
Snca ratio is estimated to be e537

Sng, site in Sn-doped B-Gax0s.

= 214. Thus, the occupancy position is only Octa

3.5 Conclusion

HAXPES, XANES, and EXAFS were employed to clarify the chemical state
and the atomic position of the Sn dopants for Sn-doped B-Ga203(001). From HAXPES,
it was found that the Sn dopant shows only one chemical state. From the Sn K-edge
XANES spectrum, the Sn dopant exhibited a Sn*" oxidation state. From the XANES
simulations and EXAFS, the atomic position of the active Sn dopant site is attributed to

Octa Snga.
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Chapter 4 Photoelectron Holographic Study for
Atomic Site Occupancy for Si Dopants in Si-

Doped k-Ga>03(001)

4.1 Introduction

For GaO3, there are six crystal polymorphs: a-, B-, 8-, y-, -, and k-Ga203.!*
Among them, the most thermodynamically stable is B-Ga>Os, which has been widely
investigated.’® Recently, the orthorhombic k-Ga,Os3 polymorph has gained attention due
to its higher symmetry with respect to the monoclinic structure, its large spontaneous
polarization along the (001) direction, and its ferroelectricity.”!® According to previous
studies, this structure can be synthesized by several chemical- and physical-vapor phase
epitaxial techniques (e.g., MOVPE, HVPE, MBE, and PLD) on various substrates.'!
Among them, c-plane sapphire has been so far the most frequently used substrate for k-
Gay0; epitaxy. 1215

There are three inequivalent Ga atomic sites in k-GayOs; octahedral (Octa),
pentahedral (Penta), and tetrahedral (Tetra).®!® For k-Ga,Os, Si and Sn have been used
experimentally as extrinsic donors.*®!317:18  According to electron paramagnetic
resonance (EPR), Si may be attributed to an effective donor when it is positioned as a
substitutional Ga site (Siga) in the tetrahedral site.!> In this framework, the following
could all play an important role in the resulting Si dopant activation efficiency in k-
Gax03:* (i) the presence of a large concentration of extended defects (i.e., rotational
domain boundaries and plane defects); (ii) the possible occupation of different reticular
Ga sites; and (iii) the presence of a large amount of compensating defects (deep level
acceptors).

In particular for points (1) and (iii), the (001)-oriented heteroepitaxy of k-Ga>O3

' results in the

on various substrates [e.g., c-plane sapphire, (0001)-GaN, (111)-MgO]
formation of a large density of structural defects that are perfectly vertically oriented,
i.e., 3x120° rotated domains and anti-phase boundaries.*!>** According to the recent
work of Vyvenko et al., these vertically oriented structural defects could be electrically
charged.?® It is likely that the discrepancy between the detected level of incorporated Si
in the x-Ga;0O3 matrix and the net doping level is in line with a high level of
compensation that can be largely induced by such vertically oriented structural defects.

A similar picture of large charge carrier compensation related to charged structural
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defects has been reported and modeled in the case of defective B-Ga,O; layers by
Fiedler et al.?!

In this chapter, the atomic positions and the chemical states of the Si dopants
for Si-doped k-Ga>O; were investigated using PES, PEH, and EXAFS. Using these
methods, the atomic structures of the active and inactive Si dopants for the Si-doped «-
Ga203 could be clarified. In this thesis, the 0.54% and 1.02% Si dopant atomic
concentrations were selected because the 0.54% and 1.02% Si dopant atomic
concentrations show a significant difference of the domain size, affecting the atomic

structures of the active and inactive Si dopants.*

4.2 Experimental

Using the MOVPE method, k-Ga,0Os epitaxial layers were grown on a c-plane
sapphire substrate. A H»-diluted mixture of 0.05% SiH4 was employed as the Si dopant
source. Using a SiH4 flow of 5 and 15 sccm, the resulting Si concentration in the «-
GayO; layers was 0.54 and 1.02 atom %, respectively.* The Si dopant concentration was
measured by the atomic probe tomography method.* Before PES and PEH
measurements, the substrates were cleaned by the RCA method so that the surface
contamination was removed. Then the surface oxide layer and the particles were
removed by concentrated hydrochloric acid for 1 minute, followed by washing with
deionized water.

Hall effect measurements with the Van der Pauw method were performed to
measure the carrier concentration. The carrier concentrations were estimated to be 3.5 x
10" cm™ (0.54%) and 2.6 x 10'® cm™ (1.02%), respectively.* The electronic transport
was dominated by a hopping mechanism.*

XPS and HAXPES measurements were performed using PHI Quantes
(ULVAC-PHI). Monochromatic Al Ka (1486.6 ¢V) and Cr Ka (5414.9 eV) were used as
incident x-ray sources for the XPS and HAXPES. The energy resolutions for the XPS
and the HAXPES measurements were estimated to be 0.51 and 1.11 eV, respectively.
The take-off angle (TOA) was 45° (the surface normal is 90°). Au film was used to
estimate the Fermi level and perform the energy calibration.

PEH measurements were performed at BL25SU at SPring-8. The base pressure
of the main chamber was 2.8 x 107 Pa. RFA was used for the PEH measurements. The
RFA’s energy resolution was approximately 0.5 eV.??>* The RFA’s acceptance angle was
approximately £49°, and the angular resolution was 0.5°.%*

PEH simulations were performed using 3D-AIR-IMAGE software (version

1.1.09).2>2% For the simulations, an electron kinetic energy of 800 eV, a temperature of
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300 K, and an inelastic mean free path of 10 A were employed. Figure 4.1 shows the
PEH schematic for Si-doped k-Ga>0Os.

EXAFS measurements were carried out at BLON1 at Aichi SR. The base
pressure of the main chamber was 3.1 x 10”7 Pa. For the EXAFS measurements, the
total electron yield was employed. The spot size of the incident photon at the sample
position was 2.0 mm x 1.0 mm (horizontal x vertical).?’ The energy range and the
energy step for the EXAFS measurements was from 1800 to 2250 eV and 1.0 eV,

respectively.
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Figure 4.1. PEH schematic for Si-doped k-Ga>Os. Yellow, green, and gray balls

represent Si, Ga, and O atoms.*

4.3 Results
Figure 4.2 shows the XPS and HAXPES spectra for the Si-doped k-Ga>O3(001).
In the Ga 2p XPS spectrum for 0.54% Si-doped x-Ga,03(001) (Fig. 4.2(a)), one
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symmetric peak is observed at 1118.9 eV. This peak is attributed to the Ga atom bonded
to the O atoms.>!"* In the Si 1s HAXPES spectrum for 0.54% Si-doped x-Ga>03(001)
(Fig. 4.2(b)), a symmetric peak observed at 1842.8 eV is due to the Si bonded with four
O atoms (Si*").3*3% In the Ga 2p XPS spectrum for 1.02% Si-doped k-Ga203(001) (Fig.
4.2(c)), a symmetric peak is observed at 1119.0 eV. This peak is attributed to the Ga
atom bonded with O atoms.>'3* In the Si 1s HAXPES spectrum for 1.02% Si-doped «-
Ga,03(001) (Fig. 4.2(d)), one symmetric peak observed at 1842.8 eV is due to the Si

bonded with four O atoms (Si*").>4%

a)
Ga 2py;

54% Si-doped x-Ga,0: ] T 0.54% Si-doped x-Ga,0.

11189 &V (Ga-0] |

Intensity (Arb. Unils)
Intensity (Arb. Unita)

1124 11I22 120 1118 1116 1114 1848 1846 1844 1842 1540 1838
Binding Enargy (aV} Binding Energy (eV)

(<)

1.02% Si-dup-a‘d x-Ga,0, d) ) ' 1.02% Si-doped x-Ga,0,]
Ga 204
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Figure 4.2. (a) Ga 2p3»> XPS and (b) Si 1s HAXPES spectra for 0.54% Si-doped «-
Ga03(001). (¢) Ga 2ps3»2 XPS and (d) Si 1s HAXPES spectra for 1.02% Si-doped «-
Ga03(001). Photon energies were 1486.6 eV (XPS) and 5414.9 eV (HAXPES),

respectively. Black solid line is the experimental spectrum. Red solid line is the fitting

result. Blue and green solid lines represent the Ga 2p and Si 1s fitting results.

Figures 4.3 (a) shows the Ga 3p and Si 2p PES spectra for the 0.54% Si-doped
Kk-Ga203(001). For the peak fitting, spin-orbit splitting of 3.46 eV for Ga 3p and 0.60 eV
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for Si 2p were employed.’** For the areal intensity of the peak fitting, the areal
intensity ratio of ps. orbital to pi,» orbital was set to 2.0.* The corresponding PEHs for
Ga 3p and Si 2p are shown in Figs. 4.3 (b) and (c¢). The PEH hologram of Si 2p (Fig.
4.3(c)) is similar to that of Ga 3p (Fig. 4.3(b)). For examples, the Si 2p PEH hologram
has the strong photoelectron intensities indicated by the red ellipses. These strong
intensities in the red ellipses are also observed at the Ga 3p PEH hologram, indicating
that the atomic positions of the Si atoms and the Ga atoms is the same. Thus, the Si

atom should be located at the Ga atomic position in the unit cell of k-Ga,03(001).
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Figure 4.3. (a) Ga 3p and Si 2p PES spectra for 0.54% Si-doped x-Ga,03(001). Black
solid line is the experimental spectrum. Red solid line represents the fitting result.
Brown solid line is the Shirley background. Blue and green solid lines are the Ga 3p and
Si 2p fitting results. PEHs of (b) Ga 3p and (c) Si 2p for 0.54% Si-doped k-Ga>O3(001).
The photon energy was 911.0 eV.

Figures 4.4 (a) shows the Ga 3p and Si 2p PES spectra for the 1.02% Si-doped
Kk-Ga203(001). For the peak fitting parameters, spin-orbit splitting was set to be 3.46 eV
for Ga 3p and 0.60 eV for Si 2p.>%*° For the areal intensity of the peak fitting, the value
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of 2.0 was used for the areal intensity ratio of p3,» orbital to p1> orbital.** Figures 4.4 (b)
and (c) show the corresponding PEHs for Ga 3p and Si 2p. In Fig. 4.4(c), the PEH
hologram of Si 2p is similar to that of Ga 3p (Fig. 4.4(b)). For instance, the Si 2p PEH
hologram exhibits strong photoelectron intensities indicated by the red ellipses. These
are also observed in the Ga 3p PEH hologram, suggesting that the atomic structures of
Si and Ga atoms may be identical. Thus, the Si atom should be located at the Ga atomic

position in the unit cell of k-Ga>O3(001).
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Figure 4.4. (a) Ga 3p and Si 2p PES spectra for 1.02% Si-doped x-Ga03(001). Black
solid line is the experimental spectrum. Red solid line is the fitting result. Brown solid
line represents the Shirley background. Blue and green solid lines are the Ga 3p and Si
2p fitting results. PEHs of (b) Ga 3p and (c¢) Si 2p for 1.02% Si-doped x-Ga,O3(001).
The photon energy was 911.0 eV.

When the Si dopants are introduced into the x-Ga,O3(001), the bond length
around the Si dopant should be changed due to the relaxation effect of the atomic

structure of the Si dopant. Thus, to obtain the accurate bond length of the Si dopant
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structure after the dopant introduction, EXAFS measurements were performed.

Figures. 4.5 (a) and (b) show the Si K-edge EXAFS spectra before (Fig. 4.5(a))
and after (Fig. 4.5(b)) normalization for the 0.54% Si-doped k-Ga>O3(001). The
absorption peak at around 1850 eV is due to the Si ls— Si 3p transition in the Si K-
edge EXAFS spectra.*!"*> Figures. 4.5(c) shows the Si K-edge EXAFS oscillation for
the 0.54% Si-doped k-Ga>03(001). Figures 4.5(d) shows the radial distribution function
of the k?-weighted EXAFS without phase shift correction. Note that since the phase
shift is occurred by the scattering between the photoelectron of the absorbing atom and

4344

the neighboring atoms, shifting the amount of phase in the wave function. Thus, the

peak position in Fig. 4.5(d) does not represent the real Si-O atom distance in 0.54% Si-
doped k-Ga,03(001).

L(a) 0.54 % Si-doped k-Ga,0, (b) —— Si K-edge |
I8 —SiK-adge | %
——— Background =]
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FTixikys®)

kil (Rl
Figure 4.5. Si K-edge EXAFS spectrum (a) before and (b) after normalization for 0.54%
Si-doped x-Gax03(001). (c) k*>-weighted Si K-edge EXAFS for 0.54% Si-doped -
Gax03(001). (d) The radial distribution function of the k*>-weighted EXAFS without
phase shift correction.
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Figures 4.6 (a)-(c) show k>-weighted Si K-edge EXAFS and the fitting results
of the Octa, Penta, and Tetra Siga sites for 0.54% Si-doped k-Ga>O3(001). The fitting
range in the k-space was chosen at 2-7.0 A™! because this range showed an adequate
S/N ratio. Figures 4.6 (d)-(f) show the radial distribution function of the k*-weighted
EXAFS and the fitting results of the Octa, Penta, and Tetra Sica sites. For the radial
distribution function, the fitting range was 1-4 A. The amplitude reduction factor was
set to 1.% The fitting was performed using ARTEMIS software,*** and the reliable
factors (R-factors) for the Octa, Penta, and Tetra Siga sites were set to 0.027, 0.012, and
0.006, respectively. The R-factor is due to the percentage of misfit. For an adequate fit,
an R-factor is typically less than 0.03.*® From the fitting results, the nearest Si-O
distance was estimated to be 2.00 A, 2.01 A, and 1.83 A for the Octa, Penta, and Tetra

Sica sites, respectively.
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Figure 4.6. k*-weighted Si K-edge EXAFS (black solid line) and the fitting results (red
solid line) for (a) Octa Siga site, (b) Penta Sig, site, and (c) Tetra Siga site for the 0.54%
Si-doped k-Ga»03(001). The radial distribution function of the k*-weighted EXAFS
(black solid line) and the fitting results (red solid line) for (d) Octa Siga site, (¢) Penta

Siga site, and (f) Tetra Siga site.

Figures. 4.7 (a) and (b) show the Si K-edge EXAFS spectra for the 1.02% Si-
doped k-Ga>03(001) before (Fig.4.7(a)) and after (Fig.4.7(b)) normalization. In the Si
K-edge EXAFS spectra, the absorption peak at about 1850 eV is due to the Si 1s— Si
3p transition.*!*? Figures. 4.7(c) shows the Si K-edge EXAFS oscillation for the 1.02%
Si-doped x-Ga203(001). Figures 4.7(d) shows the radial distribution function of the k*-
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weighted EXAFS without phase shift correction. The peak position in Fig. 4.7(d) does
not represent the real Si-O atomic distance in 1.02% Si-doped k-Ga03(001), as
described above yet.

6.0 T - T : ; ¥
{EI:] 1.02% Si-doped k-Gay 04 {b] — 5i K-edge
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Figure 4.7. Si K-edge EXAFS spectrum (a) before and (b) after normalization for 1.02%
Si-doped x-Gax03(001). (c) k*-weighted Si K-edge EXAFS for 1.02% Si-doped -
Gax03(001). (d) The radial distribution function of the k*-weighted EXAFS without
phase shift correction.

Figures 4.8 (a)-(c) show k*-weighted Si K-edge EXAFS and the fitting results
of the Octa, Penta, and Tetra Siga sites for 1.02% Si-doped x-Ga203(001). The fitting
range in the k-space was chosen at 2-7.2 A™! because this range showed an adequate
S/N ratio. Figures 4.8 (d)-(f) show the radial distribution function of the k*-weighted
EXAFS and the fitting results of the Octa, Penta, and Tetra Sig. sites. For the radial
distribution function, the fitting range was 1-4 A. The amplitude reduction factor was
set to 1.* The fitting was performed using ARTEMIS software, and the R-factors for the
Octa, Penta, and Tetra Sic, sites were set to 0.015, 0.005, and 0.005, respectively.*®
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From the fitting results, the nearest Si-O distance was estimated to be 2.01 A, 2.02 A,
and 1.83 A for the Octa, Penta, and Tetra Sic, sites, respectively.
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Figure 4.8. k’-weighted Si K-edge EXAFS (black solid line) and the fitting results (red
solid line) for (a) Octa Siga site, (b) Penta Siga site, and (c) Tetra Siga site for the 1.02%
Si-doped k-Ga»03(001). The radial distribution function of the k*-weighted EXAFS
(black solid line) and the fitting results (red solid line) for (d) Octa Siga site, () Penta

Siga site, and (f) Tetra Siga site.

Figures 4.9 shows the simulated Si 2p PEHs for the Octa (Fig. 4.9(a)), Penta
(Fig. 4.9(b)), and Tetra (Fig. 4.9(c)) Siga sites for the 0.54% Si-doped k-Ga203(001).



The simulated PEHs were performed using the bond length obtained from EXAFS.
Figures 4.10 shows the experimental (left) and the simulated (right) Si 2p PEHs
for the Octa, Penta, and Tetra Sig, sites for the 0.54% Si-doped k-Ga>03(001).

Figure 4.9. The simulated PEHs of (a) Octa Siga site (b) Penta Siga site (¢) Tetra Sig, site
for the 0.54% Si-doped x-Ga>O3(001).
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Figure 4.10. Experimental (yellow) Si 2p and the simulated (blue) PEHs for the 0.54%
Si-doped k-Ga>03(001). The simulated PEHs of (a) Octa Siga site (b) Penta Sig, site (c)
Tetra Siga site, and (d) their sum are 13.8% (Octa Sig, site), 35.2% (Penta Sig, site), and
51.0% (Tetra Siga site).

Figures 4.11 shows the simulated Si 2p PEHs for the Octa (Fig. 4.11(a)), Penta
(Fig. 4.11(b)), and Tetra (Fig. 4.11(c)) Siga sites for the 1.02% Si-doped k-Ga>03(001).
The simulated PEHs were performed using the bond length of Si-O obtained from
EXAFS.

Figures 4.12 shows the experimental (left) and the simulated (right) Si 2p PEHs
for the Octa, Penta, and Tetra Siga sites for the 1.02% Si-doped k-Ga203(001).
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Figure 4.11. Simulated PEHs for the 1.02% Si-doped x-Ga>0O3(001). The simulated
PEHs of (a) Octa Siga site (b) Penta Siga site (c¢) Tetra Siga site.
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Figure 4.12. Experimental (yellow) Si 2p and the simulated (blue) PEHs for the 1.02%
Si-doped k-Ga>03(001). The simulated PEHs of (a) Octa Siga site (b) Penta Sig, site (c)
Tetra Siga site, and (d) their sum are 16.9% (Octa Sig, site), 28.1% (Penta Sig, site), and
55.0% (Tetra Siga site).

4.4 Discussion

First of all, it is discussed the possibility of the presence of different oxidation
states. When the different Si oxidation states (from 17 to 47) exist, the corresponding
peaks in the Si ls core level spectrum should be observed at lower binding energy
positions from 1 to 3 eV (depending on the oxidation states),*’*® forming an asymmetric
peak structure. However, the Si 1s HAXPES spectra show one symmetric peak structure
(Figs. 4.2(b) and 4.2(d)). Therefore, the possibility of the presence of the different Si

oxidation states can be excluded. Thus, the chemical state of the Si dopant shows one
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chemical state, that is, the Si atom bonded with four O atoms. This result also indicates
that the atomic structure of the dopant is not due to the interstitial site because the
interstitial site shows the lower oxidation state of the Si atom; Si atom bonded with two
O atoms.

Next, it is discussed why the 0.54% Si-doped k-Ga;03(001) shows a higher
peak intensity of Si 2p than the 1.02% Si-doped k-Ga>;03(001). The information depth
of the PEH measured by the photon energy of 911 eV is estimated to be 4.53 nm using
the TPP-2M formula.* In this depth, the 0.54 and 1.02 % Si-doped k-Ga,O3(001) show
1.55 and 1.03 % Si concentrations, respectively, by considering the areal intensity ratio
of the Si 2p and Ga 3p PES spectra, and the Si 2p and Ga 3p ionazation cross section of
the photon energy of 911.0 eV. The information depth for the HAXPES (the photon
energy of 5414.9 eV), on the other hand, is estimated to be 14.61 nm using the TPP-2M
formula.* In this depth, the 0.54 and 1.02 % Si-doped k-Ga>03(001) show nearly equal
Si concentrations; the Si concentrations were estimated to be 1.01% and 0.96% for the
0.54 and 1.02 % Si-doped k-Ga>03(001). For the atomic probe tomography used for the
Si concentration measurements in the present study, on the other hand, the Si
concentration was estimated from 0.0 to 110 nm depth, and the Si concentrations were
estimated to be 0.54 and 1.02 %.* Thus, it is found that as the depth is closer to the
surface, the 0.54% Si-doped k-Ga>03(001) shows a higher Si concentration than the
1.02% Si-doped k-Ga203(001).

According to the previous study used by transmission electron microscope
(TEM), the domains are predominantly formed near the surface.* For the domain size,
0.54% Si-doped x-Ga>03(001) shows much smaller domain sizes than 1.02% Si-doped
Kk-Ga203(001); 0.54% Si-doped k-Ga03(001) shows a domain radial size of ~50 nm,
whereas the domain radial size is ~300 nm in the case of 1.02% Si-doped x-
Gax03(001).* A small domain size increases the number of domain boundaries.*
According to the previous research, domain boundaries show the trap sites of dopants,
indicating that 0.54% Si-doped x-Ga203(001) shows a higher concentration of the trap
sites of Si dopants than 1.02% Si-doped k-Ga>O3(001) near the surface.’® Thus, near the
surface, 0.54% Si-doped k-Ga,03(001) shows a higher Si concentration than 1.02% Si-
doped x-Ga;03(001) because 0.54% Si-doped x-Ga03(001) has significant small
domains that trap the Si dopants.

Next, the occupation sites of Si dopants are discussed. For the PEHs, the
simulated PEHs for the Octa, Penta, and Tetra Sica sites cannot explain the experimental
Si 2p PEH shown in Figs. 4.10 and 4.12, indicating that the Si dopant sites may be

attributed to the mixture of the Octa, Penta, and Tetra Siga sites. To determine the ratio
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of these sites, the simulated Si 2p PEHs of the Tetra, Penta, and Octa Siga sites were
mixed. An error function was used to determine the accurate occupation ratios of the
Tetra, Penta, and Octa Sig, sites.?®

The following equation was used to estimate the ratios of each hologram.

Define the following error function,

E =3YYilxe(k) —as xs(k;) — b|? 4.1)

Here, x.(k;) represents the measured hologram, k; is the wave vector of the
photoelectrons, and i is the index for pixel of holograms. y(k;) represents the
hologram obtained through the simulations, where s =Octa, Penta, Tetra Sig, sites. b is
a constant, and ag is the coefficient for the hologram in the simulation. The coefficient

ag is determined by minimizing this error function.

OE )
o8 _ O’E_ 0 (4.2)

dag

The ratio for each site is obtained from the following formula,

R, = %5 (4.3)

s as

Thus, the ratio of Octa, Penta, and Tetra Siga sites can be estimated.

Figures 4.13 (0.54% Si-doped x-Ga>03(001)) and 4.14 (1.02% Si-doped «-
Ga203(001)) show the differential images between the experimental and the simulated
Si 2p PEHs for Octa, Penta, and Tetra Siga sites and the mixture of the Octa, Penta, and
Tetra Sica sites. The differential images were calculated using Image] software.’! The
intensity of the experimental and simulated Si 2p PEHs was normalized by the highest
intensity in the image. In Figs. 4.13 and 4.14, the highest and the lowest thresholds in
the pixels of the image were used to adjust the image contrast.

The white area in the images means differences between the experimental and
the simulated Si 2p PEHs, whereas the black area indicates good agreement between the
experimental and the simulated ones. As can be seen, Figures 4.13(a) and 4.14(a)

exhibit the least white area among the images shown in Figs. 4.13 and 4.14, respectively.
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Figure 4.13. Differential images between the experimental and the simulated Si 2p
PEHs for (a) the sum of Octa, Penta, and Tetra Siga sites where the respective ratio of
13.8%, 35.2%, and 51.0%, (b) Octa Siga site, (c¢) Penta Sig, site, (d) Tetra Siga site for
the 0.54% Si-doped k-Ga,O03(001).
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Figure 4.14. Differential images between the experimental and the simulated Si 2p
PEHs for (a) the sum of Octa, Penta, and Tetra Siga sites where the respective ratio of
16.9%, 28.1%, and 55.0%, (b) Octa Siga site, (c¢) Penta Siga site, (d) Tetra Siga site for
the 1.02% Si-doped k-Ga>O03(001).

For the experimental PEHs, the ratios for the Tetra, Penta, and Octa Siga sites
are estimated to be 51.0%, 35.2%, and 13.8% (0.54% Si dopant) and 55.0%, 28.1%, and
16.9% (1.02% Si dopant), respectively. The 0.54% and 1.02% Si-doped k-Ga>O3 show
similar occupation ratios of Siga sites. The mixture images of the PEHs are shown in
Figs. 4.10(d) and 4.12(d) for the 0.54% and 1.02% Si-doped k-Ga,O, respectively.

For the undoped «-Gay03, the ratios for the Tetra, Penta, and Octa sites in the
unit cell are 25%, 25%, and 50%, respectively.®!¢ Therefore, based on the present

results, Tetra Siga site may be strongly favored with respect to the Penta and Octa Siga
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sites. The difference in these Sica ratios might be due to the formation energy of three
Siga sites. In this framework, the Tetra site of the Siga defect shows the lowest formation
energy with respect to the Octa and Penta coordinations. This result is supported by the
density functional theory, where the Tetra Sica exhibits the lowest formation energy than
the Octa and Penta Siga.>> Hence, the Tetra Sica is the most stable site than the Octa and
Penta Sig. in Si-doped k-Ga>03(001).

Von Bardeleben et al. investigated the electrically active dopant sites in Si-
doped k-Ga,03 using EPR. They concluded that the electrically active and the signal-
responsible dopant site was due to the Tetra Sica site among the dopant sites.!® Thus, it
is concluded that the Tetra Siga site is the active dopant site for the Si-doped k-Ga,0O3 in
the present study. On the other hand, the other dopant sites, that is, the Octa and the
Penta Sica sites, are not the signal-responsible sites for the EPR measurements,
indicating that they are electrically inactive dopant sites. Thus, it is concluded that the
Penta and the Octa Siga sites are due to the inactive dopants for the Si-doped k-GaxOs.
Figure 4.15 shows the atomic structures for the Octa, Penta, and Tetra Siga sites in k-
Gax0s.
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Figure 4.15. Atomic structures for (a) Octa, (b) Penta, and (c) Tetra Siga site in k-GaxOs.
Light green, purple, and red balls indicate Ga, Si and O atoms, respectively.

Finally, the relationship between the Si dopant concentration and the
corresponding carrier concentrations is discussed. The Hall effect measurements
showed the carrier concentrations of 3.5 and 2.6 x 10'® cm™ for 0.54% and 1.02% Si-
doped k-GaO3 samples, indicating that 0.54% Si-doped k-Ga>O3 shows higher carrier
concentration in the present study. Considering that both 0.54% and 1.02% Si-doped «-
Ga;03 show similar occupation ratios of Sica sites and 0.54% Si-doped k-Ga;03
exhibits half of the dopant concentration of 1.02% Si-doped x-GaxOs, it is expected that
0.54% Si-doped x-Ga,03 should show half of the carrier concentration of 1.02% Si-
doped k-GaxOs. However, 1.02% Si-doped «-Ga>Os exhibits a lower -carrier
concentration than 0.54% Si-doped k-Ga;0O3, as described above. This discrepancy may
be explained as follows. In the Si-doped k-GaxOs, it is reported that disordered plane

defects are formed, and they increase the density with increasing domain size.* In the
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present study, the domain sizes for 0.54% and 1.02% Si-doped k-Ga;O; are ~50 and
~300 nm, respectively.* Thus, 1.02% Si-doped x-Ga,Os exhibits a larger domain size,
increasing the disordered plane defect density. The disordered plane defects could be
electrically charged and trap the carriers.?>?! Therefore, some carriers may be trapped
by these plane defects, decreasing the carrier concentration. As a result, 1.02% Si-doped

K-Ga,03 exhibits a lower carrier concentration than 0.54% Si-doped k-GaOs.

4.5 Conclusion

PES, PEH, and EXAFS were employed to clarify the chemical states and the
atomic positions of the Si dopants for Si-doped k-Ga>03(001). From XPS and HAXPES,
the Si dopant showed one chemical state, and the state was attributed to the Si bonded
with two oxygen atoms. Since the experimental Si 2p PEH showed clear hologram
patterns for the Si dopant, the Si dopant should be located at the cationic positions of k-
Ga>03(001). The simulated PEHs were performed to clarify the precise occupation sites
of the Si dopants in the orthorhombic lattice. It was found that the simulated PEH of
each inequivalent Siga. site (i.e., Tetra, Penta, and Octa) could not explain the
experimental Si 2p PEH. Thus, the Si dopant was found to occupy all the inequivalent
Sica sites. From the fitting results of PEHs, the ratios of the Tetra, Penta, and Octa Siga
sites were estimated to be 51.0% (55.0%), 35.2% (28.1%), and 13.8% (16.9%) for the
0.54% (1.02%) Si-doped k-Ga>O3(001), respectively. It is concluded that the active
dopant site in Si-doped x-Ga20s is the Tetra Sica site, whereas the Penta and Octa Siga

sites are due to the inactive dopant sites.
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Chapter 5 Conclusions and outlook

5.1 Summary of the important conclusions

In this doctoral thesis, the atomic structures and the chemical states of the
dopants in Ga>O3 were investigated. For the Sn-doped B-Ga>O3, HAXPES, XANES,
and EXAFS were used to clarify the atomic structure and the chemical state of the
active Sn dopant sites. From HAXPES and XANES, the Sn dopant exhibited one
chemical state, and it was attributed to the oxidation state. From the EXAFS and the
XANES simulations, the chemical sate was due to Sn*" state. The atomic structure of
the Sn*" oxidation state was attributed to the Octa Snga site. The Octa Snga site is
attributed to the active dopant site for the Sn-doped B-Ga,O3(001).

For the Si-doped k-Ga;0s3, the chemical states and the atomic structures for the
Si dopant were elucidated using PES, PEH, and EXAFS. From XPS and HAXPES, the
Si dopant showed Si atom bonded with two O atoms. Since the experimental Si 2p PEH
showed clear hologram patterns, the Si dopant should be located at the Ga atomic
positions of the unit cell of k-Ga;03(001). The simulated PEHs were performed to
clarify the occupation sites of Si dopants in the orthorhombic lattice. It was found that
the simulated PEH of each inequivalent Siga site could not explain the experimental Si
2p PEH. Thus, the Si dopant occupied all the inequivalent Sica sites. Comparing to the
previous studies, the active dopant site is attributed to the Si atom in the Tetra Sica site
in k-Ga>0s3, whereas the inactive dopant sites are attributed to the Si atoms in the Octa
and Penta Sig, sites in k-Gaz0s.

The results of the thesis might be useful for the improvement of Ga>Os-based
devices. For example, the formation of high carrier concentrations in the source and the
drain regions of Ga>Os3-based MOSFETs is crucial to reducing contact resistance with
metal electrodes. By using the results of the thesis, it may be possible to adjust the
appropriate concentration of the dopants in the source and drain regions of Ga,0Os-based
MOSFETs. This means that the low contact resistance between Ga20O3 and metal in the
source and the drain regions could be achieved. As a result, the performance of Ga>Os-
based devices could be improved.

The present approaches may be applicable to the clarification of the atomic
structure and the chemical states of the active and the inactive dopant sites of various
semiconductor systems and will be essential for evaluating the properties of

semiconductor dopants.
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5.2 Outlook of the thesis

In the present thesis, the atomic structures and the chemical states of the active
and inactive dopant states of Ga;0O3 were clarified. The results of the present thesis may
be applicable to the improvement of the properties of Ga;Os. For example, in the case of
Sn-doped B-Ga>O3, oxygen vacancies are known as the unintentional donors, increasing
the carrier concentration more than the Sn donor concentration. In this case, it may be
difficult to adjust the desirable carrier concentration in Ga;O3-based MOSFETs due to
the presence of oxygen vacancies. Therefore, when annealing the Sn-doped B-Ga>0;
crystal, the O2 gas pressure should be increased to reduce the oxygen vacancies. In the
case of Si-doped k-GaxOs3, the Si dopant can be incorporated into not only an active
dopant site but also inactive dopant sites. By optimizing depositing temperature, gas
flow rate, and reaction gas pressure for the preparation of Si-doped k-Ga>Os3 layers, the
number of inactive Si dopant sites may be reduced. As a result, k-Ga>O3-based devices

with high performance might be fabricated.
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