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Theoretical Insights into Oxygen Vacancies in Reduced Bulk TiO2: A Mini Review
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Abstract: Titanium dioxide (TiOz2) holds significant scientific and technological relevance as a key photocatalyst and resistive
random-access memory, demonstrating unique physicochemical properties and serving as an n-type semiconductor.
Understanding the density and arrangement of oxygen vacancies (Vos) is crucial for tailoring TiO2’s properties to diverse
technological needs, driving increased interest in exploring oxygen vacancy complexes and superstructures. In this mini review,
we summarize the recent understandings of the fundamental properties of oxygen vacancies in bulk rutile (R-TiO2) and anatase
(A-TiO2) based on DFT and beyond method. We specifically focus on the excess electrons and their spatial arrangement of
disordered single Vo in bulk R and A-TiOz, aligned with the experimental findings. We also highlight the theoretical works on
investigating the geometries and stabilities of ordered Vos complexes in bulk TiO2. This comprehensive review provides insights
into the fundamental properties of excess electrons in reduced TiO2, offering valuable perspectives for future research and
technological advancements in TiO2-based devices.
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Fig. 1. Morphology and structural characteristics of TiO2-: (a) structural model of R-TiOz, (b) HAADF-STEM image of TiO2-x, (c,d) close-
up of the marked areas (yellow dashed lines) in (b), and (¢) HAADF-STEM image of TiO2.x under different experimental conditions (reprinted

with permission from [3]).
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Fig. 2. (Top) Bulk TiO2 polymorphs (R-TiOz and A-TiO») structures and TiOs structural unit of bulk TiO2, (Middle) oxygen vacancies (Vos)
structures in R-TiO2 depending on the dimensionality, and (Bottom) reduced Ti.Oy phases due to thermodynamic driving forces at R-TiO2 with

high concentrations of Vos (reprinted with permission from [20]).
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Fig. 3. (a) Schematic diagram of the electronic structure of R-TiO:
and (b) defect levels with two electrons due to formation of 1Vo and
electron localization at Ti atomic positions, forming Ti** states.

Localization

Fig. 4. Possible scenarios when two excess electrons introduced by
Vo in the lattice structure of R-TiO (for detailed explanation, refer to
the main text).
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Ha7F 57017 & 2t YAl 2R Ti Ao Bl H A e}
(delocalized)s] = ko] 9lckiL 1 1e|9ick [9]. ¥, &
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Ti RS0 A B vtiACcr HAjete = 52
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Solg o et Aoz sttt [12]. shAIRF 2013
4 hybrid functional AJAto]] 2™, Vo™ 2] w27t
5¢1 2719] Ti RIS A7} triplet A1 o] 2% A o
A= FER2 WAyske = Zlo] 7]E0] BuH AR oz
vl At R E T} 0.15 eV QM stohal B s it (Z™
5)[8]. 2012140 Deak Soll o} 23E AFo|H % GA}

Al Vo YRIof] 1739E Ti AAtoIA AA7E HAjekE 4
I= 7oz SRIE It [10].

Aoz A ¥4 olUAlE 7Ivtez of
charge transition level A4S E3} Z2
level) & o &gt} [11,15]. o] A4S &5l

o ol

b4

goia}

U of® charge JHIE 7HXl= Vool eHJsH 4 9l
of tisiAl= ALt Yol et 234 8 = B9
Zt}t. 20109 hybrid functional A4t 218tH, R-TiO,
oAl Vo= +2 A3} AJEigh 78 4 ok &elstgi ot
[9], o] 30| 4 AA7-5o] oJstel, oF 0.1, 0.6 eV ]
A] charge transition levelS HO|HA], Vo7t +2, +1, &
X Hsk HEIE BE 7P 4 Qe 2o Rudt (2
g 6) [13]. o] A% &9 o5 w2 ESR ¥ EELS A< 4
1H(~0.8 eV)e} th-¢ g5k, ol2fst A Ak R-TiO;
Vo7} shallow donor2 &3st 51H A n-type A=A o] 7]
42 FYsiact(11]

Fig. 5. Interaction between polarons and Vo in R-TiOz: spin density
of (a) a single polaron and (b) two polarons located at Ti site
(reprinted with permission from [8]).

J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 37, No. 3, pp. 231-240, May 2024: Choi et al.

Electron paramagnetic resonance 241 0j 2]} ¥t&]
Al bto] 2@, R-TiO= AAF & oA fA Z2t&
= @ote Aor A A [14]. Tio, U E2h& ¥
’doll 71 sh= A} donor+= Ti interstitial = Vo 2%
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TiO2 Vo A9] oA o] 24 of|F 3t X HAF 22 A
&9 o2 e % 2T s=(Al4toll AHEH supercell
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AT} [15].
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o} [30]. o] B 11+= R-TiO,7} Aol @l TiOs AA} &
of ZetE2 YUY & Atk Bt OgiRE = ol
=& A-TiO0A TiOeoll Z2t& P74 7Hsdoll tishiA =
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Fig. 6. Vo formation energy in R-TiO2 under (a) oxygen-rich and (b)
oxygen-poor conditions (reprinted with permission from [13]).
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Fig. 7. Electronic properties of 1Vo in A-TiOz: (a) neutral 1Vo spin
density [the yellow (large) and red (small) spheres represent Ti and O
atoms, respectively], (b) electronic band structure, and (c) optical
(solid, black) and thermodynamic (dashed, red) charge transition
levels (reprinted with permission from [15]).
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ol A= Zloltt. o] AM =Tt =2 Vos +EA= 54
‘gol A Vosoll vl =00, o]2{ gt o] 72 Ao A+Lo] 4
L AletAoltt [20]. Rt Vos2 Qlal =&H oo e

237

A= Qo] AAF AW 2% 5246 & AtEot oHy
’d o F0] o]}, E3t resistive switches 3-8 w00 &
= RTIO] ABE] 0201, IAE 32 Vosol 12 o
2 A+ &2 R-TIO; Aol A5 = o] 9t} [4,7,18-20].

AME7F =2 Vos BlE FEIQ 4= vlu B7HE
5171 sl = a7 /ol 71stsh B e the] Vos 4+
Alofl &ish DFT Alhks sa8sfiof st} [20]. & +~33¢
ALt AatSof T2 H, R-TiO,9] & T A9 TiOs2] F
A 24 olx Y9 2Vor A H Vos o] Fd=H
TY A IVoktt oyx|A ez obgst 2oz =holw|Ql
o}, BFH, 543t TiOs WOl A 71 7P7k2 o2 O LAH ¢
Ao = Vos 2 2 Aoz ¥uEQlt) [7,18-
20].

R-TiO; Vos 5271 AL Z7ol mapy [110] &
[001] W&oz 7GR ¥ha4d)E 7HRl= Al Aol
EAE 2 g0l ol2A ez WA [1™ 8(a)] [20].
ERF (110) BH ofl thEFo] Vos v EE 0] = T FEY
o] Aot eHgahd 4 &0l FHQIE QT [7,20,21]. ¢
ATE oA ol A E= W FEY Vos A AZA7E
resistive switches Atz €2 Zlolatal A|QtE] it
[20.21]. E3t AXN =5 7HX| = Vose] A% 527t 474
& ooz S HH FA5HA o]f-2 Q5o TisOs,
TisO7 22 Magnéli ife 2 Ho|7F dojd 4~ 9l o] &2l
AT [21]. A A=t Axk o] A-TiOzof tisiA =
FAiR o g A7t ojy|sty, 48 B ud o] F Ao ot
29, [010] £=[100] &Fo 2 274 (et vrEAd)S 7t

Al A Aol EAE 4 Tk Agte ek (13 8(b))
[20,22].

20519, A- % R-TiO, oA & A £ S 71A]: Vos
+ 359 736001 AE A2 4Gt YA, £ Y

\(/) WA 28 YR oz st A
2 AR R Hastl, 22 giRlol Bt Vos
IJ\ o uH o u o]~7<-] o]‘O] g}O]Ho—]E]. [20_22] —,‘3_1]_)( 7‘”\1&

2 Vos9 =r Z715HA Al ofu&] EE2FS A-
T1OZEE1L R-TiOz0| A R Act= 7;]0] grolg]gic} [

8 (c)] [20].

S

olo|A] o1t Lx7E Ast & oMK A o|Ee 70 K

VA OIRI] T 2ol £5o ot A= A3tE BE
e mol= As 12 A ot Ao] OFE AN B 4 Q)
t}. 71288 ol E 20 7|8t godst nela)] Ao whaw,
Lo} Bkt nhebA] AN LT} e Vos BUAL
A9l 2 BAFE Vs Ao|(transition)d 4 91-&o] &9l
H9lon, o] o] LE2 Mol L&(Tu)2 Hostuct

[20].



238 J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 37, No. 3, pp. 231-240, May 2024: Choi et al.
Y . L
@) VelL) fon L G| | 3VolE+A) o | | 3V, (C+A) v’ Ao
- o o~ o 4 3
SR R SR Lo ol “.‘”.5”"\.”,‘
¢ : i : o P ' L g o . o
'u/.w'oﬁ. it & ..N: .,—"' 5 o -g*.,, .,, o
ro e it oy o & w'o« - L 8 o’ - [ Y
&t ‘ S ; o o :
AVo(L+A) # o~ || 6Vo(L+L) # o || 6Vy(P) * o~ =
y L [ 4 [ - o L 4 Lo L o8 o
L = | S =Sy ¥ | K S S i
A, A | A « o (o0 e gt gy
7 T T p O T p T o o T e e
L '?’www.' -‘.ﬂw‘.‘,‘.‘_v‘,‘d & & .”4"8 Y
(b) WVGE+A) o  of| aVoErA) O ° If avyn) o © BVo(L+A) %6 ' %o °l| 8ve(P) 126 O %)
o o & A O, ° . ° ° - ° H ‘
ave's nda 8000000 "u't,.’\‘. e St
6 0240 ..‘: o, 026 *-0% L .q ,,O\.H‘ o ' he y o. ’« ° ’ .\,’, 0. » °
2 _, > ! ' e ¢ \ ¥ {
5 % /‘\ ° .. ,Q‘ ce c“ i‘, '. ' ° . ..I-. 0.1'.:-. o“.. °
e o % e ; L e ° ! ' :
° “'./’ .. .o .0 .‘ .\? '.J“ %o 4 9 .e /‘0 ..° .‘. ,"‘ .e ‘l ..e
° :0- s 2 0% *s Q0 A e ‘e g ‘e hd Y M- .\‘/.' L. d
(C) T T T T T T b>—'
a [
ATlO, oV,
a AJV
1 1 i I 1 1 1
T T T T T
e R-TiO, v
5 T~
1 1 1 1 1
0.3 0.2 0.1 0.0 —0.1 —O 2 —0 3 —0 4 -05 -06 -0.7 -0.8
AES™(eV)
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