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IR SR FH RGP T B Fi oA, X F A1 A1 3E48 2% ZnO (FAZO) BB VAT IFY, ARG HATIT T M6 5 /<R o 38 fis
ZEMy B, SRR . SR PTIT A R B F, AL B A IR AE ZnO A KOy 3, T A 0
BRI (002) BRAR A Bl A TS SR, FAZO 3 B8 i DT AR SR B IG, 45 &b T i Ak, FRIETE S R “s k>
AR Sy HRGTR Y 5 ORI I AE I TE S AR, R ERURE BE B . 4 0.5 Pa Bl 5 1Y FAZO wiREMERE S AL,
TFRS 2K 40.03 cm?/(V-s), 2R T W 3.92 x 102 cm 3, H LR FAM, 7 3.98 x 104 Q-cm, 380—1200 nm 1Y
IR 90%. FLHIMAE R F M AL IS A0 T F, ALSSB 220 E A, IR T U &Rt R B4
R E SR TR PE R TR TR, SCI T BRSO 35 T ¥R B S8/ T 48 AR T4 3038 8] A 51
X F RS . B AW F 2p EFHEEX O 2p X Zn 4s L FHLE AR, B EMS3 T, 24t FH
HLT; [RIEB A ALY 3s A1 3p BT B o ol TR AL T 5Tk, F A AL 648 2 5 3000 7 vk S 42 71 38 n

F, SHYERERY R,

KR F M AL IBSR ZnO R, fEmkst, SH—rk BT, K RHH b
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58 TCO MRS, M 20 HHE4D 80 4EAAHFSE A
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Bl AT R RO R A0l WL LT E IR & 2K
PHER LAY H B, /5808 ZnO-TCO I E 2 J0 1k
SEENTTESIM LR LLAMGIX 5 if i R A ZR B
I, 7EA ZnO-TCO 8 EAR AL FELR A BL it 327+
BATTE AN LL A X B3 5 3, i 5 i3 1 1,
XoF 8 T 3 1B A I L b ) B SR AT R ZinO-
TCO HE Y 1 PR EAA F AR5 5
AR, MR A B OGS R AE T PR e R 3L
B2 ZnO M L. AR B Al Ga, Al fil Ga,
Al flIn, F F1B, F #1 Al LIX F il Ga ZtH82% ZnO
AR =171, Zhang 55 1) SR S0 478 SR AR i) 2%
T B Ga B2 Zn0O (BGZO) #ilsE, #1598 T %t
JRRLEE X B MR RE R 52 e, 7E 200 °C IS T F
BH R 103 Q-cm. 7] WOt XV 2738 55 R 90%1Y
BGZO # . Tsay I PailV fE PET % [ il 4%
T ALFI Ga #H:482% ZnO (AGZO) W, 0757 1 #
Ty 2T G I B X PR BR A 52 ), 7E 135 °C
I T AR ABE R 0.37 Q-cm BRI T 3.0 x
108 cm 3 A% 5.5 cm?/(V-s), 400800 nm ¥4
B 84% 1) AGZO i, Kirby Al van Dover!!!
SR FH SO S A A I S B AR il 6 T 400—1000 nm
BT 80% HY AL FI In #:4824% ZnO (AIZO)
WL 2017 4 Li 55 12 SRR HOARTE R AT IS
S THIFHAR 1.64 x 10 3 Q-cm BT 7.99 x
10% em 3, FFEFE# 5.18 cm?/(V-s)., 300—2000 nm
FEIFH 80% I F . B 4844 ZnO (FBZO) . Mal-
lick 1 Basak[® 2R FH 5 551 42 06 53 AR il £ T H

P 1.18 x 10°% Q-cm, ZIFE S 8.58 x 10%° cm 3,

TR 6.14 cm?/(V-s)., 500—2000 nm i i3 R 4%
T 90% [ F A1 Al $E482% ZnO (FAZO) w#ifiE. Shi
P 3 wt. % Gay03, 2 wt.% ZnF, $84% ZnO Ky
BUAE, SR FHRETE DR R AR il 48 1 30 iR B 6.8 x
102 cm 3, iEFE K 13.4 cm?/(V-s), HLFL® 6.7 x
10 Q-cm, AT WOGIXGERL R > 90% 1Y F A1 Ga 3t
B4 ZnO (FGZO) M. i, @ikt il 2,
IHEBIAESEITER F M4JEITER Al Ga 7E ZnO fig
WL FEIB LI, A F 5 AL EF 5
Ga L4854 ZnO W E AT TR ABYHESE 1517 2

o TSR T B TIRIE 450 x 102 cm

FH# 39.33 cm?/(V-s) ., FABHZE 3.53 x 10* Q-cm,
400 —1200 nm DA HS ICFHEL RS T 80%
(1) FAZO R 91, 285 )5 3R K AL 382 I W
PEREE — AR T, B FIERE R AR VR L FiBE

M1 400—1200 nm PHEEEF A HIERF] 53.97 cm?/
(V-s), 5.18 x 10% cm 3, 2.23 x 10* Q-cm FlfH T
90%, FLAE Ay s KR I FH 85 Bk YR A B F it
T2 H ) TTO H1 FTO R Al ik 4 1161,

N T B FAZO HEMERE DGR PR,
ASCHG R GG S EXT FAZO #2544 |
TEB G RRRE S T RZ I TR, £ B3 T
FE 17 oA RIS () 25—k JE BRI 5 T X FAZO
B 2L BREA TR ST

2 SLIp 7k

TS LA HE B2 BT Ul 10 10 98 1 ALOj
Fl ZnF, 24554 ZnO i & 50 . 52560 3% B 4ef ik 32 H
Gy it B FIE DR L 25 B KA AR BE 15 min
i Corning XG BEIE AT, Lmai @ <o TAESR
A, S AR ESS 5 x 107 Pa, IS 180 W,
AR 30 mL/min, w5 ¥ [E] FE 4 50 mm,
IR B 320 °C, WS4 5128 0.3, 0.5, 0.8,
1.5 F1 3 Pa. A T FXF H, R8s R FH R 42 0 S5
AR5 Al#BZ% ZnO (AZO) R A4 G274 ik
177 AE.

FE b 25 A R 43 SR X SR ATT Y (Cu
Ka, A = 0.15405 nm) FIYGECL i (F-4600) it
A, F 2R R T 2 R 4o ol bl 22 R T R
4t (Ecopia HMS-3000) F1%8 4h-1] UL-3t 21 743
FEEETT (Cary 5000 #9) #EF 500 B AT SRR
g3 B 3 & S R B OB (FESEM, ZEISS
MERLIN Compact) i+ J1 @35 (AFM, NT-
MDT) #E47 FRAE. ¥ 850 & B B 5 B X (Dektek
XT #) #A7l, 297 800 nm.

3 EAMEEITHT %

N TET X F AL S4B 244} ZnO R
KW R M, A SC A B F B2 ZnO (FZO) M
AZO 347 T HISIE. B ZnO JEANALE
Ghke, 23 [BIREN P6s,,., XTRRME R CF,, BRI
AR AE ZnO sk, S 7S A R
FVERR 7S A B MERR S ) A T B, AR A& B2 0 =
0.325 nm, ¢ = 0.521 nm, o= =90°, v=120°,
Hrr c/a = 1.602, AR 7S %55 HE LSS 14 1)
1.633 FH/IN. TR M A MRS, fd HIRY FZO A
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AZO MR IEBIR R 2 x 2 x 248 M. FZO A
AZO i MR o ) i ] — A~ F IR AR —1
O JiFHl—A Al JEF R —A Zn 1B FRBL 1L
B4 6.25% 1 2 x 2 x 2 i 1919 FAZO #8 &
MEWEFE ZnO & S R — F R —
A O BT FI—A AL A —A> Zn 571 i
M2 x 2 x 2@MmiE. HESERET DFT 1Y
S—VEE 57 ) CASTEPRY A4 58 . e
MBI (generalized gradient approximation,
GGA) I EHHATIHE, TR 2 [a] 1 58 48 Gk
#RH GGA 1 Perdew-Bourke-Ernzerhof (PBE)
12 REAT A3 PR 50 5 M i R ] AR AR
FHBCR AR AR 07 ok b 1 22 2 5115314 Zn,
O, F, AIBM B H FUT, Zn: 3d° 452, O: 252
2pt, F: 252 2p°, Al: 3s? 3p'. ARfF ZnO, FZO, AZO
M FAZO W k SBHI N 4 x 4 x 2, PP E
RERLYON 340 V. WSS BEAN R AN 1171
eI A 1.0 x 10° eV, JxRKYEM 124 0.03 eV /nm,
R SIH 0.05 GPa, JEFHEANA 1.0 x 10 nm.
T PR R M B e M, AR SR A
GGA+ UM I AR Zn 3d HFF1 O 2p L1
FRAERL. H U0 U, o = 7.0 eV, Uy 7, =
10.5 eV23:24],

4 H#RE#®

1 AN RIS Ul FAZO R A TR
MR W LLE 1, BEE RS SR 0.3 Pa K F
3.0 Pa, A KHAREERAR, HEWIM 35.61 nm/min
AR F) 3.0 Pa WA 26.11 nm /min. 332 i T 240
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Fig. 1. The deposition rate of FAZO films deposited at dif-

ferent pressures.

SHRIERET, ARt FE A R 11z 2 B B i
o 5 2 ) SRR 145 & AR R AR R I, BE
PRI, BT AT E A IS e 1w Ak 2 1 E
PHCRE JIREAR, T LA A TR R R AIK 25261, 57
b, T W SR AR T B0 S s Rl AR R B Bl 1]
e 75 DG S A B 380 2k Ao IV 3R 1 2 OB R
IR —AN A

AN ) B U 45 89 FAZO RS XRD fif
SHEnE 2 iR, mIE 22) iTLLE B, BFA B
FAZO VI A 7S ALFRRT 458, 78 34.5°F1 72.6°
W AT A7 A — A AT A 5 T — R X 45 559 P AT S0
BATA BN R T ZnO #EAY (002) A1 (004) & Tl
i, 78 XRD i B R 2 8L F A AL K HoAk
A YIRRRIENE, AR AR F AT AL LB AR X
FEAET ZnO g S5 B H R, B A F Al
AR ZnO VA A% 2544 . Bl D S SR 3
K, FAZO HiERY (002) 75 15k B B i FAIG. X
T2 pl e S AR A SR W SRR 45 ] L A
X5 Ar 375 & AR ORI EE R AL rsl. 5

@ |02
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Fig. 2. XRD patterns of FAZO films deposited at different
pressures: (a) XRD patterns; (b) full width at half maxim-
um (FWHM) and grain size (D).
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Z ) FAZO R (002) 117 59 18 1Y 2 5 v
(FWHM) K kiRt (D) i 2(b) Fias. ol L&
H, BEE ST SR R, FWHM 2315 (002) £
SR AR I AR AL a %, B FWHM Ff 508 5 <E
B K, 78 0.3 Pa BH/)N, 4 0.228°; D &
B A B B AR ek B, 7E 0.3 Pa i3k B i KA
36.08 nm. MXZE R FH, MHE 0.3 Pa Bl &
() FAZO I 0 45 & 0 i e . 200 S U3 AIG
B W0 S DA B b 7 4 [ B A DX st aod R vp ‘3
Ar+AERE - B R R R R A D R IUR BN, K

UL BT T B RE R E?uméﬁﬁﬂiﬁﬂ%ﬁﬁ
A 1] LAZERT IR - BORiE £, Fﬁuﬁtﬁa‘—?ﬁﬂ%%
WIS | 45 fh s RS BT R, Yk AT R

FEn s W A R S ) X Ar“iﬁfﬁ?
(AR TR AR SR 22 | BRSPS, T LA TR B4 A
HEAWRER AR, AL AR A R w4
BRI R 12528 7 LA il 4 %) WERSE A | 485 it IO o
AL

I
500 nm

500 rm

B3 ARG SRS FAZO WIERETTESE  (a) 0.3 Pa;
(b) 0.8 Pa; (c) 3.0 Pa

Fig. 3. SEM images of FAZO films deposited at different
pressures: (a) 0.3 Pa; (b) 0.8 Pa; (c) 3.0 Pa.

AN [EIE S S H1 45 FAZO TIEAE SR TR
SN 3 . nl LAt DRSO SR Y A
B EELFE. ISR B A il £ 1% T A
SIS CHRBTAR AT S 2 A Bl A W S SRS K
TE SRR B TE S ZE A8 oA 38 43 <otk 1 8L Bl
TS 2P R, R ) <0k RST
— R, RETEHE I G 5 <okt -
FEMIE SRR, BE A TGO, WY 2 1H
S T AR A RURE R ) R T HLRE B (RMIS)
W09 0.3 Pa iFAY 5.11 nm Z#rHE K F] 0.8 Pa
A4 11.93 nm 1 3.0 Pa BFAY 16.63 nm. X FE 2
FH M S i AU AR AL S B TR T 25 3 55
F A BE AT R RS AN HIRE AN R ir 29,

AN TEIIR S TR 45 FAZO TS Y 2 P RE
4 fiR, H145 00 FAZO WY A n B AR, B
o RS S R K, RO R R A, 7R
0.3 Pa i il £ (1 W B 800 PR B e K, A 4.15 x
10% cm 3. X2 i TGS ORI K, FBOHERSS &
Jor AR 22, YRR T B A AN 22 X B R B )
a8 )V FH i 3 20, %%, IEAEAR () KB S
KGN L #, 7E 0.5 Pa B i 45 1) FAZO
T AL R i K, 4 5] 40.03 cm?/(V-s). AT,

BN
/ \\\\\\\\\\\\

: \\\\\\\

y

[
1 2A 2.5 3.0
Pressure/Pa

3.5

n/10%0 cm—3

3.

(=)

p/cm2V-l.s—1

p/107%Q-cm

'

K4 AEMS U % FAZO WER Y i 2% 5 1k
Fig. 4. Electrical properties of FAZO films deposited at dif-
ferent pressures.
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B 10 32 237 B AR B (peq) R SR
(ug) HYFZHE 130;
1 1 1
TR W
SEES AR R YU R B 0.3 Pa 3G F)
0.5 Pa i, n /N w; W), [RIIS RS, 5
MY (18] 2) py B, BT LA VR B B A 8
A B RN ISR — 21 R, BAR it
— 2B BRAR, g DD, AH R 4 i o R A T B,
B, B LA A . 28 BT, SIS SRR
(< 0.5 Pa) B} p 3 252 u; 52005 405 0 R 8m
(> 0.5 Pa) W&k & B i WAL 5 R 1Y, 1 K252
FAZO #iflEu FEHE. HHBHE (p) 5 n Mul
1
p= @7 (2)
AT, p BE W SRR 3G i 22 B S AR T
AR RS, 7E 0.5 Pa i} p ikl 3.98 x 104
Q-cm, XN A ERFHE N 3.92 x 102 cm 3, i
R K 40.03 cm?/(V-s), Jr LBk 5.18 Q/C.
il 25 1Y FAZO T8 B 9 F 24 R AL SR 38 1
AZO F1 FZO s (31331,
J T 0 F A Al B2 5 ZnO W E
PR RE el A 1y B R JF R TR X VB 2% ZnO
(VZO) 7 f5 B A 55 19 B ) 22 56 Y, SR 56 F
DFT 1Y% — % #53 51%F FZO, AZO 1 FAZO
WREHEAT T HELS AU IY . Ll UM St tb =
J& FAZO WA A% 8 48 ¢ = 0.5283 nm 5505
{8 (¢ = 0.5201 nm) JEH i, R ZE(LHN 1.55%,
RUIRATIESEA IS A T A3, HHES R
5. Wit 5AME ZnO BEHF S HEATXT AT LI
F BAZ S i BRI KR )y M 812 4 eV,
R ZnO 19 3.22 eV HI K Hy 3.63 eV (I 5(a));
AlBIRZ G, AZO K R AEA mAIRRE )y MR 3h T
4.2 eV, T iE— L RFIFAE K 3.78 eV (&l 5(b)) 4.
AR, F 5 Al B2 )G, PoRBBRIEAT
W, MORLRILH o B AR, HOG2E B T
JESE, (HJE, F 5 ALIBA Zn0 ZJ5, KRR 1) T
A IR T PR TR, 55 5.2 eV, TEZK
RESL (Ep) NA —ZARSL G F RESATAE, B F32
WIS TRES 25 DAt B 2 S v, 208 T i)
HLPE, RIS 4.37 eV (&1 5(¢)).
AL F 5 AL A2 S5 A A TR T ZnO 7R %

AN X3 L RE Y. X B 2 IS PR i
FE TR 2R TR TS A B-M &0
FF g (34351,

jio —

Ey

\O\
/

Energy/eV

Energy/eV

Energy/eV

5 FZO, AZO FIFAZO g 451 (a) FZO; (b) AZO;
(c) FAZO

Fig. 5. Band structure of FZO, AZO and FAZO: (a) FZO;
(b) AZO; (c) FAZO.

5 FRAFRICE B Zn0 AT L5 AT
N A R R LI 6. ML 6(a) ITLAE Y, 2oKEE
i FZO A7 A AT LLAT R P~ Xk, B/
~13—-10 eV B P FI-10— -3 eV I BT
A ER LA, FZO B LM ar £ 22 H
F 2s i1 O 2p L FHLEEIE K, M Ko W& Zn
3d, O 2p } F 2p HEFHLIE TTMK, Tk 5B Bk
JEF Zn 4s 10 2p HEFHE. HFBAMF 2p 2
THEE ST 25 eV IRES, XHERIFAET I
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) O 2p & Zn 4s EFHLE A HFR, e
T, B FHET. BT FIRFERINZ R 7 1H
T, B O 255 Zn 5568 In A— 1T HF A
B, BN A BT E RS S ) e
(A TN 25 T — 30, ERIE T BEIS R0 45 S A0 1 A
X AZO T H (K 6(b)), H LA £ H Al 3s,
3p Hi1 O 2p HLFHIETEBLW, 11 F M W& Zn
3d, O 2p J& Al 3s, 3p BT HLIE TTHR Y, A &85

- oL@ Epi{ FPDOS
|
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Abstract

Transparent conductive oxide (TCO) films, as transparent electrodes, are widely used in thin-film solar
cells. The performance of TCO film has a significant influence on the conversion efficiency of the film solar cell
fabricated byusing it. Although the conductivity can be improved by increasing the carrier concentration, the
transmittance in the long wave will be sacrificed. Therefore, the only feasible method is to increase the carrier
mobility within a certain carrier concentration range, rather than increase the mobility by reducing carrier
concentration. In this paper, the F and Al co-doped ZnO (FAZO) films are deposited on glass substrates
(Corning XG) by an RF magnetron sputtering technique with using a small amount of ZnF, (1 wt.%) and
ALO5 (1 wt.%) dopant. The influences of sputtering pressure on the structure, morphology and photoelectric
characteristics of the films are respectively investigated by X-ray diffraction analysis, scanning electron
microscope, Hall effect measurement, and ultraviolet—visible-near infrared spectrophotometry. All the thin films
show typical wurtzite structure with the c¢ axis preferentially oriented perpendicular to the substrate. With the
increase of sputtering pressure, the deposition rate of FAZO film decreases, the crystallization quality is
deteriorated, surface topography changes gradually from “crater-like” to co-existent “crater-like” and “granular-
like”, and the surface roughness increases. The FAZO film deposited at 0.5 Pa presents the optimal performance
with a mobility of 40.03 cm?/V-s, carrier concentration of 3.92 x 10% c¢m 3, resistivity of 3.98 x 10* Q-cm, and
about 90% average transmittance in a range of 380— 1200 nm. The theoretical result shows that the co-doping
of F and Al takes the advantages of single F and Al doped ZnO films, and overcomes the shortcoming of metal
elements doping, which donates the carriers just from doped metal elements. Furthermore, the co-doping of F
and Al not only increases the carriers but also reduces the scatterings caused by the inter-orbital interaction of
doped atoms. The doped F 2p electron orbitals repel the O 2p and Zn 4s electron orbitals, making them move
down and donate electrons. At the same time, the orbitals of Al 3s and Al 3p also make a contribution to the
conductivity. After co-doping of F and Al, both the carrier concentration and conductivity increase

significantly.

Keywords: F and Al co-doped ZnO film, magnetron sputtering, first principle calculations, solar cells
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