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T E. 250 CHKER T, A = WA w9 (= W R 400 AT AR AR R, O, 4 BB Ak, KR 2R T & AR
H & T Ti#hk % Ga,0,(TGO) # . Ga,0,4= TiO, # £ Kk ik & 4 %] % 0.037 nm/cycle #= 0.08 nm/cycle,
TGO # B EALT b+ H 8. XH LB T i X 2 R R AR P Tk E M Ga,0,/TiO, /5 2R 1
By m¥Em, O 1s.Ga2pAe Ti2p 955 B BRI LS B3 , X ABATIRTFRERART Ga RT3k
s E 7R T LB, AW TIAEFRAHEE Ga,0, 8P . TiO, F= Ga,0, 89 ¥ 48 Bk 3% 547 &
MEBRYAA T FGa BF., TGORBEH O IsGRALEY Ga-ORME TI-OR A ZH mm T
B, 2 TGO # B+ H & Ga,0,-TiO, L AM 4. A X H XA 4B P A 3 IAT 5%, KRR
Ga,0, 4 TGO M H RS, BT A ZMENEE F A @ -FERE, ¥ 7 R4 E A4 0.377 nm, X
HBATRTERRZEEAKRGHRSE ., TCGOHBLATIL AR LI B ZHeERE, 555Nk AR,
M A& Tids 4k B9 3 Am , TGO M B 6h 7 4 & oy TAL 3 TALM 1,753 mm 3] 1.99, % sh b K ¥ 5k & #0038 K
FlARFEERBRD,BRKAG BT B, EFHFRALIeVER DI 43eV, 2R LEERXHFLELE T
A R R R AT LR -,

KER  BACHE LR Tidh 4 Ga,0, 8 B AR T B AR 4 5 b5 W
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AL (Ga,0,) & —Fh S BR (4.8 eV) - AR &AL W), B AT =35 WL, b2 AR e R S I
I, Ga,O, M BE7E 4 J& A1 W) 3 34000 il PR OB ML BRI 8% ) 3 A RO R R AR AR R
T R SR RO AR AR SR I B o AT SR R R A S T A Bk e ORI oy
THRANGE R4 IR S 4 8 A AL 2 A DR E 2 DU (Atomic Layer Deposition, ALD) %, ALD H)
FHIEAR AR AHT SR B OG , DL— 2 — 2 1Y J7 U0, 52 S00RS 6 1 J58 B2 45 ), 78 0 BT P A R R R L 4
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AR R T Z PR (Thermal Atomic Layer Deposition, TALD) , J&i & 8 FR 45 8 TR 858 i 1 2 U0
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Ga, O, B4 B, 745 A4 RO i A M B0 59 ), 445 5 35 W B 25 N 5 4 vk 5 1) 328 ¥ 184 I, 417 B0 08 W 738 2, 2% /ORI R, T 0
Sy B MAR B T A K, T MR W SR G R DR R AR RE B . YUAN K A5 it
TALD il & i Nd 824 Ga,0, 40 K & 2 & J8 S Y1 SR R A5 TR 24 80Uk ), 76 1 067 nm Ab 1)
FEFERY 1Y B EFHORA 10.5 mW/em’ 6T R % B, LB R IR ESE" . TAO JETE
200 “CILIE T R A Ga,0,/ PEALD #1 ZnO ) TALD 45 & W77 5§l 245 T Zn 48 2% Ga,0, W IR, 25 5 3¢ B 3 i
PR 485 R T R, B3 A ARG 38 S R A BRI 5 Y CHU S Y 254 PEALD 46 7 Mg 24 19 Ga,O, W , iF
¥ S B TR O A A B RGN, R S Y 58 A1 o H R I 28 9 R K M 250 nm #E B 220 nm, K I R 42
w', SHEN Y 45 Fl PEALD ¥ Sn 48 7% £l Ga,O, W B v, 25 3 32 W IR 5 A 4 i B W B L B % Snot &
B3 o 2 L N A BRI AR . HARMANCI U %54/ 38 T —FdE T Tid8 4% Ga,0,/Sipn F R HE
LN I B8 AT 0.382 A/ W B 25 37 26 R 73 ms P b ] AR TR B 440 Ga,0,/Si R R4S,
LIU W M Zfi J PEALD il %5 Ti48 2% Ga,0,(TGO) Wil , 25 R R BB Tk B 035 0, Wolle i 2 20 % | A
4 B 1) B A K RS BN, SE T R SE I TR S AN R B X 4 B JT B B T Ga,O, 1 2 FIHL S
fig AT T A R

SR, PEALD 7E 120 “Ciil 2 TGO M BER , 75 2 = L 54 U % 3 TR 00 5 79 BE KRN HLO DY Ff i 3K
Ml H,0 18 R 8 A6 500 78 DT R AR T 150 “CH, /K 283 52 88 5 7 B AR K 10 ik 1 5[] 9 B &4 ol 2 3
(-OH)Z& i . 11 O, b HO H A7 515 1) S Akt Ao s i 4 & M B S35 A28 .y 7 sk e ffi ) HLO ARy i
UK AR T 7= A 0 T B, AR SC L = H 3E 85 (trimethylgallium, TMG) |, PU ( — B & % ) £k (tetrakis—dimethyl-amido
titanium, TDMAT) F1 O, /E A HR 44, >R TALD 145 Ti48 2% Ga,0,# %, BIF 58 A [6] Ti48 2% Wk B X 3 5 11
243 0 2 P B A 5

1 HmEH&

i F ALD % £ 78 p 8 Si(100) fib B A4 3 F U Ga,0, . TGO F1 TiO, M . 76 8 7 &5 rh AR I A TSR L 2
P 2 B T KO e Rk R R4 0E AR PR 2 B 3 T A 0K A HLER B L NG IR S R B R E = . R
TALD AR, LA TMG 28 Gamr 9k 44, O, 8 E4L 1 il % T Ga, 0,3 f , L TDMAT 1 O, ) W ¥ A=K T TiO,
B, H TMG  TDMAT F1 O,/ by A K A4 il £ TGO W I8 . 38 52 38 1 1 0 B R 0T 3 B o8 250 °C o S5 R
FH 5 40 B 1) N AR SR 8RN A AR, DA BR 25 22 4 118 A 50 0L i 4R 43 3R 1T B g 7= 10 - O, bl B 480 R A= 28
Ao BB Ga,0./ TIOMEI ORI T Ti 4k Ga,0. 3 . IR RINE 1, — M BIEHR I Tid 4k Ga,0,
WU B n IR Ga,O0, 08 ¥ J5 4T 1K TIO G 3 .
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Table 1 The parameters during the reaction process and the thickness of films

Sample Number of Ga,O, Number of Ti0, Thickness/nm Mean square error
Ga,0, 420 0 15.65 3.88
Ga,0,: TiO,=9: 1 378 42 13.63 1.51
Ga,0,: TiO,=6:1 360 60 14.20 1.34
Ga,0,: TiO,=3:1 315 105 14.74 1.43
TiO, 0 200 16.00 4.75

& Hl Keysight 5500 iU 77 i ## # ( Atomic Force Microscopy, AFM ) X JI5 () 3¢ i JE 50 gk A7 R AE . R
F HORIBA UVISEL Plus % # fii ¢ 1% { ( Spectroscopic Ellipsometry, SE) #£ 200~800 nm 3% K i Fl 14 , LA
70° A S I e R ) R RO 2R R B . F DS ADVANCE #4450 A S X 28 47 5t ( Grazing Incidence X-ray
Diffraction, GIXRD)7E 10°~90° 3t Fil N #E47 #) 48 43 7 , AL L % Cu Ko 48 51 I8 (A=0.154 nm) , H B 1 HL 3L 53
51 R 40 kV FT40 mA . SR L% Al Ka X 526 (1 486.68 eV) ESCALAB Xi+ 8 X f 28 )% H F fiE 3% 1
(X-ray Photoelectron Spectroscopy, XPS )l i i I Ak 2= A 25 FH B, SLi% v BT A 1 45 5 RE AR LA 284.8 eV 4k
1 C 1s iYWl A7 & #EAT A HE . JASCO V=570 #4152 4 ] L (Ultraviolet-visible, UV-vis) 43 %6 B 3 7E
200~800 num 715 [T P 00 T4 L 174 3 5 %%
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TGS TGO I8 0 A 2= o 3 4 B, FH XPS 22 T WU TE SiAd % | Ga,0, . TIiO, Ml TGO ¥R . M
&1 Ca) 4563 T F ) Ga,0, 1 TGO M A Ga 3s.Ga 3p.Ga 3d.Ga 2p,, Fl Ga 2p,. B0, LA K& O 1s i
58 (Ga LMM) 4 (O KLL) A B g . TiO, 1 TGO 3 i 618 th W2 ) Ti 2p A1 O 1s W, ik b i 31
T CIu AR5 W, vl fE Ok IR TR 5 2 T B B ik & 1 o X S 25 SR B T A i WA B AR = . B
Ga,0,/ TIOME I LLREAR, Ti 2p WY 58 177 Ga 2p WSS o Ud I v Ga ik B Bl Tk B2 14 Jmimi o /b o 43531
XA REER OB Ti 2p .Ga 2p F1 O Is W47 o0 B 44 . WEL 1(h) (o) B (d) AT LA Y, T = 09 345 -5
O 1s.Ga 2p Al Ti 2p By WAL & [ BAR Y25 G REFL 8 (A& Ga 2p M Ti 2p WAL E R B/ o X IH T Ti i
THUR T Galf T RSB 5, S5 T O 1s.Ga 2p Al Ti 2p IS5 A BEFRAK L 117 Ga 2p,. 1 Ga 2p,,, 22 8] () fig it 22
Bl A Tk B RGP FRAE 26.9 eV 2 A . LEA VL BT, 2 TALD $ AR i £ Ti ot R s 218 242 5|
Ga,O, H |

P = s 0ls ;
§s 2 2262 | L :
| o 3:1 Oy iE S S &8 8 31 :
— M —
=3 6:1 = :
S ] Sl 5
z 2 :
z % : I
=} =}
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(a) XPS full survey spectra of Ga,0, TGO and TiO, films (b) O 1s spectra of Ga,O, and TGO films
Ga2p,, Ti2p,, j

-——/N ol L

Intensity/(a.u.)
Intensity/(a.u.)

o - S
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Binding energy/eV Binding energy/eV
(¢) Ga 2p spectra of Ga,0, and TGO films (d) Ti 2p spectra of TiO, and TGO films

"1 Ga0,.TiO,fr TGO ¥ i #y XPS * i%
Fig.1 XPS spectra of Ga,0,, TiO, and TGO films

mE 2(a), TiO, M O Ls S REFOEIEBIUA th T WA, DL 530.0 eV Ay HiCs 1 DA X IO 11 i 4 48 2 7 1Y) S
TiO,, M {7 T 532.1 eV {9 g 5 W (A 13 T E A% 48 Oy, X 02 i R -OH 4 A B g 5 1 . W&l 3(b) i 7 (1
Ti2p BB IS, Ho 45 A B 464.5 eV F1458.8 eV, 43 BIXS BE Ti 2p, . Al Ti 2p,, W, WA~ 1 22 ] 1 E & 22
5.7eV. KR Ti" & FAHAET TIO, M,

Ga,0,1 Ga 3d e ZOGIE W5 3(a) , KEHEFRBLE 1 7 =18, 19.9 eV Fl 18.6 eV 4b i P /> I 73 i) Xf i
Ga’ (fk2it i Ga,0,) Fl Ga PR A2, Ga' X Ry & I P IR AL & . BBk T 22.8 eV b 25 SRR S
O 2s WA &, WE 3(b) i) Ga 2p thBEZOLTE , 76 1 117.9 eV 1 1 144.8 eV &b 19 25 & B8 43 B XTI Ga 2p,,
Il Ga 2p,, W, AW 22 (] A RE 18 25 0 26.9 eV T4 )8 Ga ™% Ga 2p,, fll Ga 2p,, W45 5 BE4T A 1 117.0 eV
11440 eV, 544 )8 Gati b , @A 0.8 eV I IEM B o X R EBE P GalE i T &9, DL Ga-O
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17} / 17}
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(@) O 1s core level spectrum of TiO, film (b) Ti 2p core level spectrum of TiO, film

B2 TiO,# & XPS ¥ & %ot
Fig.2 XPS core level spectra of TiO, film

Ga2p 11179 eV

Ga2p,, ! l

4

= 2| 1448ev i &
3 3| a2, 4
Z E &
Z Z o
o) o) b
= = / !
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(a) Ga 3d core level spectrum of Ga,O, film (b) Ga 2p core level spectrum of Ga,O, film

B3 GaO,# &1y XPS ¥ ik & it
Fig.3 XPS core level spectra of Ga,O, film

B fbeEst s A Ren R FEE R TAREFRABMNBEFMER oM. Mae)E 5% EERE, B
THoiFAER Gaf FHBAR O T, BB Ga HE FMO & TN ZM R 7454 &k T — 221k,
HL 4% OB 0 A L Ga, O, Ga & B BB M 25 A e L B A T4l 48 Garh &5 B Ref B IEm &,

H T WREE T 22 W B X Ga,O, A 2= M S R B 52 0, % O1s XPSIEHEAT T KB, WE 4,7 Ga,0,
7 F L ) A S [R] (4 R 0, 137 T 530.8 eV BT B 45 4 BE XTI A 2 Ga-O 7 532.1 eV AL A 45 & RE F R
Ak s A Oy, T R -OH S A B S 31 . X T TiB 2410 Ga,0, 3 I, 530.0 eV AT i Ti-O 8. B
& Ga,0,/ TIO NG LU FEAK , Ga,O, HERE b Ti & B3I, 5 Ti-O AH 3G i W Y 58 B2 14 i, I 17.1%6 34 m 2] 1
28.2% ., IR, Ga~O BERY LU B4 T T B, BN 68.0%0 T REH] 1 54.2% , Ti' 78 /\ T 44 0 Y T 44 T 0oz o i) 7 R
B 72£42(0.060 5n1m,0.042 nm) 55 Ga®" (0.062 nm,0.047 nm) HYIVCE ™, TiJHE 7 5 35 T Ga,0.4k &8 (1

Ols O 1s
Ga,0, F Sl Ga(9)Ti(1) N s308ev
SN Ga,0,
g £
& s
B B
E = 5321ev / \
dle Y &
A % 530.0 eV
/ '.'\‘ Tioz
_— = ] =5 = —
536 534 532 530 528 526 536 534 532 530 528 526

Binding energy/eV
(@) O 1s spectrum of Ga,O, film

Binding energy/eV
(b) O 1s spectrum of TGO film with Ga(9)Ti(1)
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Ols A Ols
Ga(6)Ti(1 # % 5308ev Ga(3)Ti(1) "\
B fat G.o f 530.8 eV
~ . YO P A ' Ga,0,
= 7 1 = 3 3
S b 4 S 3
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y/ y / i‘ 2
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(c) O 1s spectrum of TGO film with Ga(6)Ti(1) (d) O Is spectrum of TGO film with Ga(3)Ti(1)

B4 Ga,0,f TGO M O 1s ¥ i FOk i
Fig.4 O 1s core level spectra of Ga,0, and TGO films

— ¥ Ga i, o Ti5 S N E B B TiO,. X225 R TGO MR IE i T Ga,0,-TiO, B & ¥ K,
I B AT DL o Ti48 24 R 8 3% Ga,O, R Ay fh 2z it i
22 YHEFMERIH

K GIXRD R AE T UUFRAE SIATIE 8 Ga,0, 1 TGO B8, M 5 W 3% 45 2L 2 7T 43 3% 14 04, 58 BH TR
FA T T AR A Y o DR AR AR Ga, O, W B2 T8 T8 1Y, 45 & T B2 0 51 36 ek 35 A 22 0K, RIVAH A8 2o A 19 2ok
¥ B AR R R AR AR T ORE 1 BN, Ga i O i J0 ik R AT 0% 2 R e i AT B B Gl iy 467 L TR
AR A Ga,0, 458 . 86 /R T AFM WLEER] Y TGO I A4 2 181 8 551, ¥ 07 HROMLRE B 8 0.377 nm, 156 W 3
JRE Y R RO . X A5 4 TR TR DU 2 A48 1K, it 205 B 5 ol i P

~ \ Ga(3)Ti(1)
3
E
z \ Ga(9)Ti(1)
k=

\ Ga,0,

10 20 30 40 50 60 70 80 90
20/(°)

K5 Ga0,f TGO # JE 8§ GIXRD |4 %
Fig.5 GIXRD spectra of Ga,0, and TGO films

nm

4.0
35
3.0
25
2.0
1.5
1.0
0.5
0

H6 Ga(3)Ti(1)#y TGO # & AFM # 4
Fig.6 AFM morphology of TGO film with Ga(3)Ti(1)

23 EHEFMHREST
SE Ml T #8092 50w (5 05 ) FLA (AR ) 18 56385 4K ¢ 2, R Tauc-Lorentz £ 8 3547 L &, $2 HL
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L A JER R RT O 2 R B, BT S R () FITH O R B (k) o MR L FTR  SER LA I3 7 IR AR RIS
RO, AT REVE o 420 IRAE IR 1 Ga,O, B8 T 200 YR 4G R 19 T10, A5 (14 J5 B2 43 5]y 15.65 nm A1 16.00 nm,
Az KR 3 31124 0.037 nm/cycele F10.08 nm/cycle, TGO Y B FE Bl Ga,0,/ TiO, BIAE F L 14 75 £k 52 A AH T
FUFR R 1A 0 JEE B /N . O R T AE THO, AR K, T A 8 8 B AL, 530 Ga, O A SR A K,
& 7(a) T 7R B TGO MR HT 52, % T I A 3 B 7E 200~800 nm 38 Bl P4 , 37 568 %8 56 B 35 0k 1< 189 0 , 78 34 3] 45 K
)G FEAK . 7 632.8 nm AbFKAF 19 Ga, O, ¥ BT 5 R B J2 1.75, /N F 8 Ak B I IR T 5 (B (~1.93) 7" =&
R AR A, AT U GIXRD AR RHESS . Ga(9)Ti(1) .Ga(6)Ti(1) .Ga(3) Ti( 1) TGO B n {55
SR 1.77 1.85F11.99, B & Ga,0,/ TiO, BYAE IR LN M2 @i i . GTO B b o {8 /3 fn 2 ih 1k 27 A2 1k
FIE R . WA TIO, TG I 2.28, 5 T Ga,O, Wi AT 5 28 o P 5 F Bl T 45 2% vk B /9 1 I i 38 n, Ji 1
JE TGO B i TIOMEHF T R . X WAE T TGO M Ga,0,-TiO, & & B TE . B ik, 4
SPEAT LU 3 T4k BRI . B 7(b) B T TGO WA 6 R 8. A MY A8 75 7] WG 3 Bl N
Bl T, 302 T W6 0] D0 S W SO SRR, e i AR AR . X — Rk T R T B SR SR
(Transparent Semiconductor Oxides, TSO) Ul o 111 75 5 58 & #a ) 28 Hb DI, & 208035, 3R WA 5
6 F B9 RE B KT R BRAE BT AT B RE &L, 51 R L B Al Y 5 W, 3 2 R A0 A B K fE (Valence Band
Maximum, VBM) H [ O 2p 2 F 571 i /ME (Conduction Band Minimum, CBM) H ) Ga 4s 5 i B 7 BR AT
FHB . A TGO MR G W BE RN 5 Tid S — S

2.0
3.6F —— Ga,0, —— (a0,
—— Ga(9)Ti(1) _ 16k —— Ga(9)Ti(1)
.32} —— Ga(6)Ti(1) 8 —— Ga(6)Ti(1)
S —— Ga(3)Ti(1) 2 12 —— Ga(3)Ti(1)
£ —— TiO g —— TiO
v 28 2 3 2
g §038
£ 24} E
~ 2 04F
20} =
0F
1.6 . . : . . . : L . .
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength/nm Wavelength/nm

(a) Refractive index of Ti-doped Ga,O, films (b) Extinction coefficient of Ti-doped Ga,O, films

H7 WAREE L Tidh$ GaO, 9 I 69 37 5 £ A0l & R #
Fig.7 Refractive index and extinction coefficient of Ti-doped Ga,O, films deposited on silicon
Y VAR B i 3 W] B O O Al B L SR T UV —vis 436 06 BE TH7E 200~800 nm i Bl NI & T35 41
o 8RR T UBHEATE E TiO, Ga,0, M TGO MM E-£Z i 3 o WAL E 78 1] WLt (380~800 nm) i
L BTAT TGO IR 2 B 45w 1) 385 W88, T A 55 A1 6 3% 1X (200~380 nm) Hy B 1 TR 58 AW E s, 3%

100
80
S Quartz
§ —— Ga 0,
2 60 —— Ga(9)Ti(1)
§ —— Ga(6)Ti(1)
z 40 —— Ga(3)Ti(1)
& ——TiO,
20
0 1 L L 1 1
200 300 400 500 600 700 800
Wavelength/nm

H8 &HFEAE FWHE Ga,0,. TiO, ft TGO ¥ ity 3 3% 4f &

Fig.8 Optical transmittance of Ga,0,, TiO, and TGO thin films deposited on quartz
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HESMRI U B T B TH iR 106 R B8 K, AKX TGO I 2 i R 0

BHZ A RL AT T H B %
AN W G BT AT RS R B ik R pl R BR AR AR B R
HBRAE R (E,) 7T LA E 42 52 Wi b4 kLAY L 1 BEHY 25 F0 RN 38 1 O PR Rl R R AE 2 SR M B S 8. IR
W Z BRI F A sR B AR VT A B TGO Wi ) E,, Bir A DRI Y E, H1 Tauc ¢ &R HE
(ahv)'=C(hv—E,)
a=—1In(T)/t

o, h ok B S R, v S ARG IR o S IRICR B, C 2 5 R R DG Y R, ¢ ERE Y SRR B, T R

HEI 335 1 % . Ga,O, /& B2 B 2P 2K n=2, TiO, & Al 4Z 7 Bk K n=1/2, B T TiZHB RN, EHEKE

Ga,0,, TGO WK B/R T A Ga,0, 0 EAYM M, I n 2T 2, AREBIUE R TGO M Tauc RN 9,

Pz B B AL BB 53 A HE B aho=0%h F18 5 E,. 78 A % EITAR B Ga,0, F TiO, il B AE 43 51y 4.9 eV F
3.0eV. TGO My BAS L 5 Ti & A OC, Bl TidE TGO iR i I A BRI . 24 Ga,0,/TiO,
TEIR N 3T E, B E AR R 4.3 eV, R N AE,=0.6 eV, XZEF HIEAM Ga,0,H,0 2p # il XF #r 4
Aok, S 2l Gads EF . BAT TiE T)5.Ga0. /6823 7 TidiuE m 2tk m im0
B T (O s p B ) AN S a2 Bl 1 22 1R] 1 sp—d B2 4 AH BLVE T, S 3501 M s RS 1 OE 7R IE , DA

B IA) BEAZ 7 o TGO PR B0/ RE A D' L 1 2 1 A9 SRR X JR B B R A
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(b) Optical band gap of TiO, film

(a) Optical band gap of Ga,O, and TGO films
E9 Ga0,. TGO fr TiO, ¥ i thy o % % 12
Optical band gap of Ga,0,, TGO and TiO, films
S REH (A RE i SRR T IR Z

L He

Fig.9
XPS U B L RE & 101 28 63 H T R A W B0 4y B, i B A 55 T

) A 22 (B o A AR 5P 458 2% FF B 0 AT LA ‘5 R 0 T 00 i % 98 2 6 % il 4R R AT R MR LA AR B BR E o
El 10 & 78 T H XPS B9 O 1s s B8 20O6 15 U 2 B 1) E,, 15 2] Ga,0, i () E,=4.8 eV, 573 O B ik
(Spectrophotometric, SP) A4S —%, 8 11 4 SP HI XPS i & Ga,0, 1 TGO M A A7 B L8 . # Fh )7

TEAT BN AT BN ZE AR /N B0 AT B T 173 8 1 g s 20 1) A2 A e

I
o Ga,0, o 1 ©° o GaTi(l) &
o 1 0 S 1
o @]
q ! o g
.3 I o g 1
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g & I Q g g I
2 & 14 = f & I
- S |
t E=48ev 1018 !
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Binding energy/eV
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(b) £, of TGO film with Ga(9)Ti(1)

(a) Eg of Ga,O, film
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Optical Properties of Titanium—-doped Gallium Oxide Thin Films by
Thermal Atomic Layer Deposition

LI Cunyu'’, ZHU Xiangping"*, ZHAO Wei"’, LI Jichao'*, HU Jingpeng’
(1 State Key Laboratory of Transient Optics and Photonics, Xi'an Institute of Optics and Precision Mechanics
Chinese Academy of Sciences, Xi'an 710119, China)
(2 University of Chinese Academy of Sciences, Beijing 100049, China)
(3 Xi'an Zhongke Atomic Precision Manufacturing Technology Co., Ltd., Xi'an 710110, China)

Abstract: Gallium oxide (Ga,O;) is a wide bandgap (4.8 eV) semiconductor oxide with the advantages of
high transparency and excellent chemical and thermal stability. Therefore, Ga,O, thin film has a wide range
of applications in metal oxide field effect transistors, photodetectors and so on. However, the large
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bandgap of Ga,O, is unfavorable to the conductivity, which limits the application of Ga,O, film in
optoelectronic devices. The optical and electrical properties of Ga,O, can be significantly improved by
elemental doping, thereby enhancing device performance. The lattice deformation of Ti-doped Ga,O,
(TGO) is small due to the close matching of the Shannon ion radii (0.060 5 nm, 0.042 nm) of Ti'" in
octahedral and tetrahedral coordination with Ga*" (0.062 nm, 0.047 nm). The reported plasma-enhanced
atomic layer deposition at 120 °C for the preparation of TGO films requires four precursors: triethyl
gallium, oxygen plasma, titanium tetraisopropoxide (TTIP) and H,O. Using H20 as an oxidizer requires
long purging times after water vapor exposure and brings in hydroxyl (-OH) impurities at deposition
temperatures below 150 ‘C. Compared with H,O, O, has stronger oxidability and higher volatility and does
not introduce impurities. In order to avoid the problems caused by using H,O as precursor. Ti0,, Ga,O,
and TGO films are prepared by thermal atomic layer deposition using Trimethylgallium (TMG) and
Tetrakis—dimethyl-amido Titanium (TDMAT) as precursor sources and Oj as reaction gas at 250 ‘C. The
Ti-doped Ga,0O, concentration is adjusted by designing the Ga,O,/TiO, cycle ratio. TGO thin films form
sandwich structure through different cycles (9, 6 and 3) of Ga,O, and 1 cycle of TiO,. The growth rates of
Ga,0; and TiO, measured by spectroscopic ellipsometry are 0.037 nm/cycle and 0.08 nm/cycle,
respectively. The growth rate of TGO film is lower than the theoretical calculated value due to the delayed
growth of Ga,0, nucleation caused by the decrease of surface reactive site density after TiO, growth. The
results of X-ray photoelectron spectroscopy show that the concentration of Ti in the film increases with the
decrease of Ga,0,/TiO, cycle ratio, the binding energy of O 1s, Ga 2p and Ti 2p shifts to the lower,
which is attributed to the replacement of some sites of Ga by Ti atoms, indicating that Ti elements are
successfully doped into Ga,O, films. The core level spectra of TiO, and Ga,O, show the presence of Ti*"
and Ga®' ions in the films. In the O 1s core level spectra of TGO films, Ga-O bonding decreases with
increasing Ti-O bonding content, indicating the formation of Ga,0,-Ti0, composites in the TGO films.
The absence of diffraction peaks in the grazing incidence X-ray diffraction spectra indicates that the
deposited Ga,0, and TGO films are amorphous. The surface root mean square roughness of 0.377 nm is
observed by atomic force microscopy, indicating that the surface of the film is flat and smooth. This is
attributed to the layer—-by-layer growth of atomic layer deposition with the advantage of atomic-level
thickness control. The TGO films exhibit high transparency in the visible region and strongly absorb
ultraviolet light. With the increase of Ti doping concentration, the refractive index of TGO films increases
from 1.75 to 1.99 due to chemical changes, the transmittance decreases due to the increase of extinction
coefficient in the ultraviolet region, the absorption edge appears red-shifted and the optical bandgap
decreases from 4.9 eV to 4.3 eV. The reduced band gap of TGO films can extend the sensitive region of
optoelectronic devices to longer wavelengths. The optical band gap of thin films measured by
spectrophotometric and X-ray photoelectron spectroscopy shows consistent results. The comprehensive
analysis shows that Ti doping has a significant impact on the optical properties of Ga,O..

Key words: Gallium oxide thin film; Ti-doped Ga,O, thin films; Thermal atomic layer deposition;
Refractive index; Optical band gap
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