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Fig. 1. SnOy: (a) Crystalline structure; (b) XRD pattern?; (c) band structure®; (d)

band structure schematic!”.
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Fig. 3. The energy band schematic of semiconductors: (a) intrinsic (b) n type; (c) p type.
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Fig. 5. The overview of the sol-gel technologies/*.
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S} TSP SnO, H TCOs MM & FR H , =
FRIBA SnO, W — E M. 7E SnO,
B At 224 0, REAG R o I ) S k. AR
PEITCEBIENLS], )R TR AR S E M
FHE FILRESBA: Sn0,. MEILEAR (F). &
(C1), 78 (Br). filt (1) FI6L (At). Horp, At TR E
A O LA 2R T AR, R BRI
L ICE B e I 238 A s g, s G
il & IR . Agashe fll Major® 1 SnCl,-5H,0 Fl
NH,X (X= F, CL 1 Br) NJFRE, Fi| FHmE 55 #1457
ARl & T K ZITEBIN SnO, #E, IS F,
CL 1 Br X I5 A s AR S5 R R 04 52 g (9], A
M55 it R s R AN R

SnCly 4 2H,0 — SnO, + 4HCI 1,

NH4X — NH; T +HX 1,

SnO; + 4HX — SnX4 T +2H,0 1. (5)

eAh, & 1JRR T RR K 2R oo & 1Y s
X H #ff B Re R 112, B S22k B g n,
HF, HC1 il HBr & s AN 2, SECHBA K
MR ZRPEAR. R, F oo i TR RN
K F—Sn #ERERK, % SnO, MR A ZE fh P R i
AN, SR DL RS By B 4 SnO, Wi IR HY O, $2 1
LA ZARM T, A R T 2R 5 5 .

£ 1 ARKRICREMEGPE X H M X Sn i
S B REAN 7242 B1o0
Table 1.  The electronegativity, BDE of X—H and

X— Sn, atomic radius for halogen elements®5.

BDE of X-

Electroneg- BDE of X-  Atomic

Element ativity H/kJ-mol' radius/nm Sn/kJ-mol !
F 4.0 569.68 0.42 476
Cl 3.0 431.36 0.79 350
Br 2.8 366.16 1.2 337

BDE: Bond dissociation energy

Karthickl®! 2§ [l SnCl,-2H,0 #1 NH,F £ Jy
RTARAAT IR, WL 25 AR AR fil % F 2% SnO,
(FTO) Wi, 7EiR K 350 C T, FTO #fiE7E
AT DL PR i B ik 86%, HALPHRAIR A 2.988 x
102 Qtem ™!, ZIHFHRE R 2.62 x 102 cm?, &
IRIERE R K 7.96 cm?/(V-s). A1 FTO 7 JEAE
s IR, TR b R BRBE R, 345 T
4.02% WOGHL AL A, Tranb? 842 tH—Fh 4k A
WOkl £ FTO WL Tk, FHGEE R SoF, {08
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£ #H W HF 8% NH,F, 5 SnCl,-5H,0 RS 1EN
HTARAA, IR U 2l 4 FTO B, B 50 [H]
F B4 FEXT SnO, 15 114 45 44 R FL 2% PR R (1) 5%
Wi (1] 7). BE#EABA% SnF, We AN, Sk R F 2 i
W, (R SR A Rr 22 b 25 A R . Tk B
Bl 1524 SnF, W BERG N, Sehs R /0N, 1 HBH
KA R EAMINAEL. 7E SnFy N 6 mol%
I, ARAGFe AL 5 R %L (FOM), FTO i A B %
fRZE 7 x 101 Q-cm, B FHRERR 1.1 x 10?' cm 2,
RN 8.1 ecm? V- Ls 1, 7E 0] VLG %5 B B
ik 90%. LA, WFEE N G HE 2 on s e Aa ik
Li + FOIR P + FPU 482 SnO,, FIHICER Z [
P EIGsRVE, S —2 4T SnO, TR RE.
AN HE BT R FEAY (Sb). M
(Ta). £ (Nb). 8% (Pr) f48 (W) 4%, FIHENH
BN B FEUR Sn, AIP=ABUIMNYERIRF, $
JEE R L . Horpr, Sb #84% SnO, MR GE A
77 . An % 59 ) SnCl,-5H,0 F1 SbCl, b JFURL, iR
H Sn/Sb EE/RELN 10/1 HIRTIRIAE R, A BER:
114 Sb 482% SnO, (ATO) M, HF5E AR HER

(a) 0.55 45 (b
" )
0.50 —-o— FWHM / 140 g
—®— Grain size &
. 0.45 | <
e 135 Z ]
= 040 / s 2
= -\.><‘ 30 2 E
E 0.35 | o . g N
0.30 \. 125 O g
\. | é’
0.25 ¢ 120
0 2 4 6 8 10
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B 7 FEARF SnF, WIET  (a) FTO W (110) & I A7 5 B9 2 14 98
TR A2 A P

JEECATO W R 45 | L2 FOG AR e 45 Rk
B, 5 )2 ATO MR EA B KW EUR B H i 2evefe
ek, HRME 2.81 x 103 Q-cm, 3K Uk E
Fik 6.37x102! em®, IFFER K 0.347 cm2V s
TE AT ULV i BH BE R 61%. Elangovan 45 PO H
SnCl,-5H,0 F1 SbCly FL B Hf K AR 7 W, 1 Mt 25
P F ARG 2 ATO M, A5 ANF Sb B4R
X} SnO, v F P RE R 2 (8] 8). Bl Sb &
Feue BESE N, ATO A5 A 7 BH AT E BH R S8 08/ N s
B, 24 Sb #2445k 2 wt% I, ATO RS i
N TTBH AL BE . 24 Sb B A& /N T 2 wt%
BF, SRS R4y Snttil SHOHUC, R T
W2, FEOH T BT BE 2N Y Sh B4
T 2 wt% B, #8543 Shotf) Sh3 A S HZ
SN OV e e B A 0 o T i ] s o 1
JEE 7 BHL 0 R BH 32 388 K. B Sb 45 2% vk B 3
ATO R EE SRR RN, BT 5
e, XIHE T ATO MR T Jff A6k

S eRIEE, SRR GGA TS T HAh T R B4
X} SnO, W HL A RE 2. K] 9 IR T AEAR]

35 = T11 % 40
30 F o \ 110 2 435 7
° / 19 S 7 @
18 Q 430 n
25 1 >
\. 17 £ 1o >
—@— Resistivity 16 EER NE
20 —m— Carrier concentration 415 5 420 o
—%— Mobility 14 = 7 N
15 F 13 ;“ 115 =
o — % {2 S 4103}
. o\.\'/./—* :(1] ; 15 =
5L L L L L L % 1
0 2 4 6 8 10 o
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FLERL T A 46T (b) FTO $ A58 A9 Hy B3R | 28 37 7 vk B

Fig. 7. (a) Variation of full-width-at-half-maximum and grain size estimated along (1 1 0) diffraction and (b) electrical resistivity,

carrier concentration and Hall mobility of the FTO films as a function of SnF, concentration, 0-10 mol%[2.
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AN «/ 2
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z N v/ Z
= . /‘ k7
b 14 3
g 2r N/ £
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8 Al Sh BT

(b)

20 F T
- 30 g
\m 3]
i E
> ~
i 120 §
g =
< 10 =]
> 5
et Q
E =]
3 410 8
20 5
g
! @]

0 1 2 3 4
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(a) 77 BELAN AL BEL AR AR A AN (b) SERS 5 F AU 1R 2 11 75 1k, 150

Fig. 8. The variation of (a) Sheet resistance and resistivity and (b) Hall mobility and carrier concentration for ATO film with differ-

ent Sb concentrationsl.
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Fig. 9. The variation of electrical properties for SnO,-based TCOs films with different dopants concentrations: (a) Tal"; (b) NbPs);

(c) Pl (d) Wi,

B AL B TCO ¥ (Ta, Nb, Pr, W
B4 Sn0,) M H2EMEREAR (L P 0L B ATHLBH R Y
AR BOM R, 545 2k BRI, v B
PR SFHEBAOTR S I IMEAL, X2Hh T
MAERB A B BT s i Sntt g+, 48
HEE S 2R, (AT 2R YR EE RN, S B
HLBH SRR, MR R, I TBATR S
AWM, T A A BH B T AR A PH B 4
3 ARM A B B A% Y Sntr -, RECZ
FAHIE RIS o3 4P A%, 1S B R H BH
S

BR T SRR ZAN, S i & TCOs #
JEER—AN BB R, 8, W DGR EFEIZIAE 400—
800 nm  (AHXJ W O+ RE L o 1.6—3.1 eV).
TCOs T B575 5 6 1 %) J5 0 A BIR ol AL P i i
L DT 5 T35 S G AR e PR U 5 20
WA G, 2R PR R, ASDET 580
FHEAE R R, FEUFHUR M K. ML SR 4
J&, TCOs MR IR T EZANN 2, BRI
FRALFELT AKX, AT WGBS 7 3 29 A BT J& A,
TS 119 325 B M R0 5 LR SR AH P JE 9, 1 TCOs 38
JEE R A 85 e 1 S L8 A BRI A v 1 32

JE. P, TCOs I A o i) S IR T A
JEE 1) & B [ &R (figure of merit, FOM)P?: FOM =
T/ Ry, Horpr T FRIRPEAAE 550 nm AT HE2:
Bk A, Rg &7 W% T P BEL. ot e A R (R
TCOs VBT HAE. 3 2 912 T LR FIc RSB
%% SnO, WM A PERE DG AR RE. ik 2 AT LA
LU 4518 1) F iR BARSCR I T E k&0
FHETITR B 2) Bk HE Tt RBAA
W RAGE , 255 mRAL BN S, Lz £, 173K
FI 20 7, 2R L 2 R B 3) TR B A
AE FE— 20 4 e v L 0 H 2 R B TR 4)
TCOs #ifiE 1Y) BT it 77 2k FOM P

5 WA M 2R & R B A

2004 4F, Hosono %5 W R i ¥ InGaZnO (5
BRI N T TRT T2, Afbd Sk
YER T AR B AR A RS R T T 32 19 56
. BT, K SCERRE R A R il &
THAY TFT, HFEZ2AMIER. ;T Sn't
B5 I B B A M 251 (4d'9580),
il SnO, Ko AR A T 1528 TFT V.

XFF TET A, 1638 J2 i i 2800 7k
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F 2 AFITCRBA SnO, WM B ESH ST %

Table 2.

The electrical parameters and transmittance of SnO, thin films with different dopants.

Doping elements Conductivity/Q -cm ™' Carrier density /cm™ Hall Mobility /cm?V'-s! Transmittance/%

Technique  Ref.

F 0.33 x 10% 2.62 x 10% 7.96 86 spray pyrolysis [51]
F 1.43 x 10% 1.10 x 10* 8.1 90 dip-coating  [52]
Li, F 2.70 x 10% 5.62 x 10% 29.1 70 spray pyrolysis [53]
P, F 4.0 x 10° 8.30 x 10% 0.0032 86 spray pyrolysis [54]
Sb 0.36 x 103 6.37 x 10% 0.347 61 spin-coating  [55]
Sb 3.50 x 10% 1.68 x 10% 12.03 — spray pyrolysis [56]
Ta 0.50 x 10% 1.30 x 10% 29.26 80 spray pyrolysis [57]
Pr 0.26 x 10% 8.70 x 10Y 18.75 80 spray pyrolysis [59]
W% 0.17 x 103 7.60 x 10Y 14.2 90 dip-coating  [60]
Nb 0.23 x 10% 5.00 x 10¥ 25 70 spray pyrolysis [61]
%3 WML SnO, 2 TFTs AL EIERE
Table 3. Electrical properties of solution-processed SnO,-based TFTs.

Solute Dopant COI}:E:E fitlion Substrate thigl?r?;:jim tem[;rcf:?iirr;g I /j\i(;b\l/lﬁlltzil Ly/Ig  SS/V-dec!' Ref.
SnCl,-2H,0 0.02 Si0,/Si 3.8 500 112 68x10° 078  [63]
SnCL2H,0 0.167 HfO,/Mo 9.2 300 99.16 1.7 x 10 0114  [64]
SnCl,-2H,0 Gfg%” 0.12 Si0,/Si . 400 41 6.6 x 10° 077 [65]
SnCL2H,0 0.03 Si0,/Si . 500 12.18 5% 100 117 [66]
SnCL2H,0  — 0.1 710,/ITO 22 400 103 100100 03 [67)
O HyOSn  — 0.5 ALO,/ITO 15 350 96.4  22x10° 026  [68]

T Z/NF 10" em ® A RESEIIF R 102, SnO,
PR 2 Tk B e, (8175 SnO,TFT Y “ 6287 HL it
R, - EARMEDLSCHT, 25 E i &R, Bal, R
Z CHRRGE R B T2 ROt E BB ARE L
Il £ e BE SnO, i TET, HXFTIEWE T 2
(14 SCHR B AR /D . AR, R T -8 e 1k 1
%) SnO, F& TFTs # {4 K H d A PR RE I3 3 FirR.
Jang 55 3 LI SnCly-2H,0 1E A8 IR, T LRI
IR AV R, 38 A VR T A SnO, TR, 5T
AN TATAER K R RIS ) i R AR R 3 X 2 R PR R Y 52
M. 3R IR BE B T, AR 5 2 Sn?+ g 14
St FHEAE  JE N n S R 1T LY T
BB OH e H & 8, RA5 T i ot i . gk
PRV W E M 0.02 mol /L, 3B kIR K 500 °C i},
SnO, AR JEE B e /N FLARAS T e 2 fE, 45
AN 10(a) FTR. Avis % 6404 SnCl, T 215/
O IR A WEC MR B 0.167 mol /L A9 AT 3K
TRV, 18 3L HETRIE S48 SnO, WK, Z83d 300 C
BKAEH, SnO, HRE AR AL (B 10(b)). [F]
i, VR DA A o B0 S A A A, 466 25 )2 3
# SnO,TFT, 315 TE8AF s tEne, T8RS

ik 99.16 cm?/Vs, FFRLH 1.7 x 108, T {HIERE
fi$Z 0.114 V/decade. Liu fl Wang/6"! % (&3] SnO,
THERSE TS A TV B v, ARSI, P 42, 5
Ga(NO3)5-2H,0 1E N5 425, L1 SnCly-2H,0 1EH
BR, T L R R BRSO B2 A 0.12 mol /L
AIRTIRARIE IR . DA RE Ao I, 388 3 e 2k 2 )
#HHBI Sn0,(GTO) HiE, IR HADGZIEARKIE
A Z, Hl#H GTO TFT(IK 10(c)). %A
A RIFHAETERE, TBHRN 4.1 cm?/(Vss), T K
Fbh 6 x 106, W E{EARIEAL R 0.77 V/decade.

XA 3 R R AE AR B, R g
PESECURTIRAR RO BE | B AR ARl AR 25
PEPERESZ AR K. antfil 4546 SnO,TFT B, A gk {4
VAR M 2 AV, T TR o A VROR T B R AR . ot
AN, BRI JEE 1 T SO A A 2 5 BB R i P 22
ME LT B R g F . 6T LR Sk, gk A
T4

1) AR A, S8 i i R 5 S AW DL BB (R
MRk, 1 11(a) JE/R T BT 9k A4 i 0 3 A 46 21
By 110 Tty S SR A A ) T KA T R T S N R A 1Y
LTS R LI RE S TORE ™ A 5 B9 AR R TR 117 SR A A T B A
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Fig. 10. (a) The thickness and electrical properties of SnO, films with different concentration!?); (b) the XRD pattern of SnO, film

and the transfer characteristic curve of SnO, TFTI4; (c) the schematic cross-sectional diagram of Ga doped SnO, TFT and corres-

ponding transfer characteristic curvel®.
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Fig. 11. (a) Thermogravimetric analyses curves of various Sn precursorsl®; (b) standard electrode potential, bandgap, and elec-

tronegativity of In, Zn, Sn, and carrier suppressible atoms/™; (c) permittivity and band gap for different oxide dielectrics/!;

(d) Gibbs energy changes for moisture absorption reactions in high permittivity oxides under standard conditions!™!l.
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Table 4.  Electrical properties of solution-processed p type SnOy-based films.

Resistivity Carrier Hall Mobility .
Solute Dopant /Q-cm density fcm ® Jem?.V g 1 Bandgap/eV Technique Ref.
SnCly-2H,0 AIC 36x 102 6.7 x 10 25.90 411 Fpray [74]
pyrolysis
SnCly-2H,0 Ga(NO3)5-H,O 1.6 1.70 x 10'® 6.34 3.83 spin-coating [75]
SnCl,-2H,0 InCl;-4H,0 20.4 1.85 x 10'7 1.57 3.8 dip-coating [76]
SnCl,2H,0  InCly4H,0, GaCl,  0.17 9.5 x 1017 39.2 3.38 spray. [77]
pyrolysis
SnCl,-2H,0 FeCl;-6H,0O 660 1.4 x 10% 6.75 3.75 dip-coating [78]
SnCly-2H,0 MgCl,-6H,0 2.5 x 104 101 1.6 3.73 spin-coating [79]
SnCl,-2H,0 MnCl, 359.1 6.72 x 10" 6.14 3.85 dip-coating [80]
SnCl,-2H,0 CoCl,-6H,0 140 1.47 x 10 8.25 3.81 spin-coating [81]
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Fig. 12. The transmittance spectra of SnO,-based films with different dopant concentration: (a) Ga doped SnO,[™); (b) Co doped
Sn0,*Y; (c) Mn doped SnO,®; (d) the optical absorption spectra of Mg-doped SnO, thin films with different concentration!™.
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Fig. 13. The current-voltage characteristics curve of p-n heterojunction: (a) SnO,:Ga/ZnO:All; SnOy:Ga/Sn0,:Sil*2.
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Abstract

Transparent conductive oxide (TCO) films and transparent oxide semiconductor (TOS) films have been
widely adopted in solar cells, flat panel displays, smart windows, and transparent flexible electronic devices due
to their advantages of high transparency and good conductivity and so on. Most of TCO and TOS films are
mainly derived from indium oxide, zinc oxide and tin oxide. Among these materials, the In element is toxic, rare
and expensive for indium oxide film, which will cause environmental pollution; zinc oxide film is sensitive to
acid or alkali etchants, resulting in a poor formation of film patterning; tin oxide film is not only non-toxic, eco-
friendly, and cheap but also has good electrical properties and strong chemical stability. Thus, tin oxide has a
great potential for developing the TCO and TOS films. At present, the film is prepared mainly by the vacuum
deposition technique. The drawbacks of this technique are complex and expensive equipment system, high
energy consumption, complicated process and high-cost production. However, compared with the vacuum
deposition technique, the sol-gel method has attracted extensive attention because of its virtues such as simple
process and low cost. In this paper, we review the development status and trend of TCO and TOS films. First,
the structural characteristics, conductive mechanism, element doping theory and carrier scattering mechanism
of tin oxide thin films are introduced. Then the principle of sol-gel method and correlative film fabrication
techniques are illustrated. Subsequently, the application and development of tin oxide-based thin films prepared
by sol-gel method in n-type transparent conductive films, thin-film transistors and p-type semiconductor films

in recent years are described. Finally, current problems and future research directions are also pointed out.

Keywords: tin oxide, sol-gel method, transparent conductive oxide films, transparent semiconductor oxide

films, thin film transistor, p-type semiconductor films

PACS: 81.10.Dn, 81.20.Fw DOI: 10.7498/aps.69.20200653

* Project supported by the Major project of Basic and Applied Basic Research in Guangdong Province, China(Grant No.
2019B030302007), the National Natural Science Foundation of China (Grant Nos. 51771074, 61574061), Major Integration
Project of the National Natural Science Foundation of China (Grant No.U1601651), Guangzhou Science and Technology
Project, China (Grant No. 201904010344)
Universities, China (Grant No. 2019MS012), Special Fund for "Climbing Plan" of Science and Technology Innovation
Cultivation for Guangdong University Students in 2019 (Grant Nos. pdjh2019a0028, pdjh2019b0041), National Innovation
and Entrepreneurship Training Program for College Students (Grant Nos. 201910561005, 201910561007), and the South
China University of Technology BaiBu Ladder Climbing Program Research Project (Grant Nos. j2tw201902475,
j2tw201902203).

1 Corresponding author. E-mail: tao.h@scut.edu.cn

Special Funds for Basic Scientific Research Operating Expenses of Central

1 Corresponding author. E-mail: ninghl@scut.edu.cn

228102-16


http://doi.org/10.7498/aps.69.20200653
http://doi.org/10.7498/aps.69.20200653
mailto:tao.h@scut.edu.cn
mailto:tao.h@scut.edu.cn
mailto:ninghl@scut.edu.cn
mailto:ninghl@scut.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

