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KW SAUTRRE R TE T & B BT N /O ¥t 806 AR K AE ik AT 44 I 1) SnO2 9K R TR 3 K
Y RSB PERE ISR, R FBY (SEM) E ST HUBE (TEM), X 4TS (XRD) KA REAX (EDS) X /=4
HECRAE, 45K ERH], SnO2 GIKEKAT LU BB S SR BE IR FH =i 38 K5 B8 Nao /O Vit & P AR 1386 K e 388 K5 A48
N, R AFIAR R B, 4 R FE 780 °C, No/Oo it & A 300 @ 3 I SnO2 YKL 51 AT S L K137 R ST 1/,
JFJE 324 1.03 V/pm, 58 nE] 1.68 V/um i, K4 B 5 1% 0.66 mA /em?®, 747 2300 cd/m”.
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SN N 4.4 V/um B, 3815 2.1 mA/cm? L
. Luo %5 P8R T — 4k SnOo 452K f FIE &S
SR KE 3 R R, R R K AT SnO,
BB 3% 8 H JER 19 3.17 V/pum FEE] 2.59 V/pm, ik
1138 SnO4 GHK AU 2 92 98/ A R T SnO4 )
BRI AR, il, Fang 25 19) SR AR 0GE R 16 5
R AR S S BRI B AR T B
11 5T B SnOg K LR 51, MR S5 F R I 1% 9N
KL 5) BAT KT LT3 R S A e 1 (B 2400
min). Deng %5 2% DARR AT 45 (AT AEASI IR, SR FH B 24
EJEEEE R T RV L 2% 7 =48 SnO2 4K
LEREF, AT T BARK TS (3.3 V/pm). K,
Li %5 BORGE 7 FTO B4 S AR IR A i i 4k
SO ZK 37 K SR IE, 25 R DLHIT ) 1 0
N ~1.19 V/pm. MIXEESCERIRERE, BAH A
I7 TS S0 225k S I R 2 73 AT ) SnOg 9K S5 44
TR RS B BORZE . 4, BRaK
SEHE B IIREN AL, R RO 3 S I A
SR, B 4k 41 4E A (carbon fiber) 55 7618 1 RE
A LI R I B A 1) R S s s B
A S AT R A oK i b B R - T
(vapor-liquid-solid) [l £ & M1 2 A Sn ki Ay Sn ¥,
w3 I Bk F 4E AT AR R G S ARGE T A
UL SE RN Ny /O T 58 b S A2 K 78 B 24 4 4 iR 1 1
SnOo YK BIESR B 37 R S PERE (I RE M. BF ST 45 2R
W, G BUR BN SnO, KA TE S 2%, 2R
&5 780 °C, No/Oo i EE N 300 @ 3B SnO 442K
2 AT TR ELRR AT AEAS I 2O IR FE S T30 K
SR R, P& B TEURPIR SnOo 49K 4 A
AACHI TR 58 ~1.03 'V /pum A& 1 37 1 9 1
~4670, HIE(E KOEFREIEF] 2300 cd/m?.

2.1 SnO, KL HHIE SHEEMRIE

S DUBK 2F 4E A7 8+, 7E 1] & SnOo 41K
L H, H SR R AT YEAT IR AE T 2 T AN
ali K 8 A P 810 min, BE G K & 4if) Sn
$i(99.999%) F1I% 5t A 3 nm Au B 1) 32 1 B £
YE A BT AL Os M B A, TR 5 4 R IR R 4
2 em HEAFBAESPARE SO HH RS,
TR 3 325, 2 B AR BE il R S8 2 Pa bAF
I 38 N AN 5] 9 £ i 40 19 N2.(99.999%), & = A

5 °C/min 8 FE T4 & 3 € S B i FE S5 G N 3
scem (1 scem = 1 mL/min) Oy, KMAE K 20 min,
K Og R, FrEAAH) 2 IR DU SR A 4E 4 IR K
LR HE oA F KO ), HBE S8
R1PIR.

K H A A BE g X (EDS) B4 4 F 8% (Hitachi-
S3000N) M 22 SnO, 94 K 28 B TE 31 It 50 41 72 90 1Y
b 5 1 5, A B XU 26 fiT 5 A (BRUKER D8-
advance, D/MAX-vA, Cu Ka radiation) F % 5
H5% (HRTEM, JEM2100) 43 Hr#f S i S A 25 4.

F 1 AFERHEN SnO2 YK LLITRSHL
Table 1. Deposition parameters of the SnO2 nanowires

by thermal evaporation.

e Ng/(scem) Ogz/(scem) RFHREE/CC JRBFFA] /min

1 100 3 780 20
2 100 3 800 20
3 100 3 830 20
4 200 3 780 20
5 300 3 780 20
6 500 3 780 20

2.2 SnO; HRLEIA LG IEREMIK

FER B RS R EBEEETSEL RN
~107% Pa. Z I T AT I, DK A B BH AR 18] 2 ]
SE N 500 pum. 3 K GHIR R S i 4 H S i R
IEATUBR IR AN 2 73R 5 s, B ARG FRATT ) 4 1) — 4
SnOo 94K 2k, At % B2 BH M) R i A A% e 5% 6 6 1
ITO B3, M TR LN, FIH 2R H T
JiFER (A5 34401A) XHAE S I L R S EAT -V
R 2R A0 F-N R i 22 0

3 BRE5T®
3.1 ARREXTNAK SnO, HH A

f B 1 (a) Fl(b) RIAI 780 °C(FE & 1) A BT
SnOq K £ 5 BE BN B 1) 1 37 A K AE B 2F
YRR b, KEAT3—5 um 2 1], TR R 25
nm 4. 800 °C & I (B b 2) 70 A1 B B 5
KIFFELE R T AR 44T KW 1 (c) A (d)
s, XFECIE 1 (a) BT (b) AT, BEA ORI E,
PIRIKAZ ELAR 3G K. 800 °C 461 T A K I SnO;
YKL T KA 12 pm Bh E, BHATE 30—50 nm
Z ).
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Bl1 ARNEETAKR SnO2 41KZ SEM B (a) Pl 1 RAS SEM K; (b) el (o) FEdh 2 K% SEM
Bl; (d) HmfElEl; (e) #rdh 3 IIRAE SEM K; (f) AmifE

Fig. 1. SEM images showing the SnOs nanowires synthesized under different temperatures with 3 sccm
oxygen gas after a growth of 20 min: (a) and (b) sample 1; (c) and (d) sample 2; (e) and (f) sample 3.
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Fig. 2. (a) TEM image of the SnO2 nanowires (sample 3); (b) HRTEM image and its SAED pattern is

shown in the inset; (c) XRD spectra acquired from the sample 3 revealing a rutile-type structure.
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8 R B — P3G N E 830 °C (K i 3) B 7=
YIRS E 1 (e) 1 (f) FT7x. SnOq 9K E HIKi B
17 2R IR TR S0 s A0 28 | A KR, PR K AR Tk
~1700, KBEHE 60 pm. B 1, 2803 5 BR
PRIFURLIIE 52 T AR KB 0 478 1 10 T (46 1 VLS
AR, FEXFAERALEL S, PR R4 ) R
AR (Aw) B9/ BT 1231 A il
(BFE h 3) B, T Au-Sn & 4 00 B0k R <
/)N LT THT R £ 2 A T A RO 2 K
70 i AL H B T ELAR A /N R TE S (W 1 (e) AN
(f) 7R, 53— 51, 7ESAEAE K SnO 9K,
Sn AR 5 IR UIAR G, T SnO9 9K 2R
{14 BRI A= K 5 Ao I IR B 25 AN T 4, AR IR R 1Y
SN AR S SR FE S BLAR A A B A% ) SnO 4K 2%
(FEf ) MG e s TEEEM. BEEEKRER
FhiE, NI (Sn Fl Oq) ¥ RG22 1) v JoaE
Fere s, WM I EOINE, S8 S0, IR K
AR — MBI © B DO 30 S s g B4 gl 404K
T, PEDAEAT L R ) HE 2 A8 S BB ) AR
B

P22 & IR E N 830 CC(RE i 3) T =¥ i
TEM 1 XRD El#. KA 8 TEM 0] DL H il %
[ SOy 49K L8 R TH eI LRIRANK, HEL N 35

nm; 5% 1 HRTEM &5 T4 8 SnOo 44K 48
i 28584 ELJGER G, B PR DX AEAE AT S B 6f 2 Y g
SnOy ZK L1 (200) A1 (101) HiHE— LS T 74
FR) AL R P FLAE R [101) J7 ). B XRD B ay L
FHZE Y EA R (110), (101), (200), (211)
FEOCIE, Forr (110) J7 1 (R 7 55 U 5 2 fe o, ] o
ARSI F] S B S ) FHABATAE ) S % I3 7T 3% AT 5T
W, UG ) SnOo AR 2R 45 L Al BE . 5 hn itk
fI9 R A (JCPDST7-0477) Xt LLAF BT A 1§47 5 45
HE R P 4 21 40 S5 M 11 SnOp — B, 1ESE T A =4
N Sn0s.

3.2 Ny/O it & b XF 44 2K SnO, ¥ 57
Al

TR FE A BUR 780 ©C A1 At 2 B 4% AN AR,
I AE 0 No /Oq i i L i — 25 B 5 =W M T S AL,
SEM [ Fr il 3 Az, 24 Ny S &4 100 scem i,
W A7 A e I T 2R AR B 11 1 B 2R A 4 oK 2k
Bl 3 (a) Frow; 24 Ny S N E] 200 scem B, 44
KK B B, TR RT3 S AR 22 ) 6
SRR K EIE 810 um W 3 (b) fT%; 24Ny
SUREIEINE] 300 scem B, 44K 28K FE 3 K A
i R SF AR BN 510 3 (c) FoR.

TR 7

F3 M No/Og et M R AN SEM B A (a) #i5 1; (b) FEdh 4; (c) Hfh5; (d) FEfh 6
Fig. 3. SEM images of the sample synthesized at 780 ° C under different N2/ O2 gas flow rates: (a) sample

1, (b) sample 4, (c) sample 5, and (d) sample 6.
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X — FE SR AL 1 SR IR AT BE A2 B 5 No/Og Yt i
e m, SR T RS Y HEE R, L2
TS B Bz () BE 85 0 5 Bk 4T 44 I | Sn 28V ST
7803 RN, AR R % 1 SnO, 4K 2R 7). TR N,
AR NSS4 ) SOy 9K 2R BE S SR 154
WRAT A I B R R B, DR B AR 1k
WA, 2 Ny S — B3 %) 500 scem B,
gkl BB BN, AT K, KB N, &
mJERFAK. No/Oo V& HLIAE] 500 @ 30, S8 T H
AR O S XS B i 20 TR, A D1
0% B 715 St B 7 R BN A =4 SnOy. A,
OB HGE N Ny St B, mTRE N, B3 T 78 2430
b, FB4r No ST 58 B4 NS4 TR R B
LRSI b, ATTHTEL T SnOo 1 A% AL B, (45
SnO f AL I EEALHL ) 2 A= 25 L.

251 1.00*gun-605
. 20 u
() Sn
~. 1.5 F
A 0
O 1.0 re
0.5
0 1 1 1 1 1 1 1
2 4 6 8 10 12 14
keV

Ka  (MTIRE) #fh 3 SEE EDS &g

Fig. 4. (color online) Typical EDS spectrum of sample 3.

FE b 3 ML AL EDS B an il 4 B, w3
MRS RAE S T EMO TEMCuERBEK
T IR LT 4E, W 780 °C, No/Oo i H A 300 : 3
I 25 K SnO9 gHK 2k 41 B 1R .

F2 P TR TR

Table 2. Atomic mass ratio of each element in the

samples.

FE i Sn/at% O/at% C/at% N/at%
1 2.18 23.75 74.07 —
4 8.61 49.85 41.54 —
5 18.29 58.91 22.80 —
6 4.38 27.32 57.91 10.39

T2 H T AE Ny S & F il & ¥ SnO4 44
KL B ITCER AR SIFE TR, BNy /Oq M E
(38 I, 7= SnOo AE il E W 1Y I, No/Oo i 5
ELAE 300 @ 3(FESh 5) B SnOs £ E IR %, #—
B8N No /Og it B L SnOo 77 B AN S % (£ i 6) H.

JCEAHHIL T NJGER (10.39%), L5 i W
I3 7 No S B BT R 2T 44 S W 5 — 3
UL E M Ny — @R JE LT T SnO, 9K
KB e 45 i B, R HEWT 5 3 () SEM
L/

3.3 ARG RER D

P 5 2 AN [A) A BRGHR BE 2% 11 1 7 W0 i 3 5 5
WA R AR SCE SRS HLR N 10 pA/em? B fi
TN R k. BB S AT RN, 7E B BE ]
PH v 500 wm BFAE 1, 2 813 19T JE 3% 58 4 5 N
1.58 V/um, 2.13 V/pum M 2.42 V/um. 4 ik
F11000 V AL B EPIZEEL N 2 V/um B, B 318
319 2.53 x 107* mA Jem? [R5 IR E B, FF 5% 2
315 4.46 x 1072 mA /em? FIR ST RE, FEA 1
1) R S FRLIAL 2 BT 0.572 mA Jem?.

0.6

—a— Sample 1 -!
05k —* Sample 2 =
' Sample 3 ,
0.4 r "
[ ]
% .
é 0.3 I
= [}
< "
Z o2f ,l
~ [ ]
n
0.1r 'l
0F R e "«’
L L L Il Il Il Il 1
—200 0 200 400 600 800 1000 1200 1400 1600

A%
5 (PITIR ) ASE G G 7 MR A - HLIA % L
(J-V) gk
Fig. 5. (color online) Field emission current density

versus applied voltage (J-V') plots of the SnOgsample

synthesized under different reaction temperatures.

780 °C & MEIFE ML 1 5 B R N A U
P 2 FURE it 340 L BAT B BAR BT R 2 s AN g
A S FELUR B B, T RE K IR BRI A R LA 1)
AR LG TR BT RREF S IR AE R A T 371232,
IR T T RS IR AR, 2) SEENLAERKK
AR LR (FF dh 2 FURE dh 3) A L 3 B S ELAE K
ZKLL (Bl 1) AT TR = 1P TR
I AP LS R (3 A B (K A S RS 1 3)
BRI T A BUIRE 2 R 3 AR KB K, B
KBRS BURR 3 BRORN; 4) KL EL#Z
EARAEVE Au TR LT 4S8 |, — 38 F i B U
(o HL T B, D R T S SR T AR AT

237901-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 23 (2015) 237901

N T ARAL = S — 2 4 v F 3 RO T e,
WATVE & & IR FE 780 °CANEE, LN, /0, Wi
LT 7= W0 T 35 R0 37 SR R s . 6 2 AN [
No/Oo L& L F = o 73 R R, Gt ST
BN, BE S A BE L5 RRE S 6 1T IR 37558 90 i 1.82
V/pm, 1.03 V/um 1 1.97 V/um. B R 51135
RSV R i, TR 3 SR T SCHR [36]) HRaE 1
ZnO ZKLEFEF SR [11] 19 Ce 524 1 SiC Ak £k
FSCHR [37) 1) CAS GHKER, 15 T SR [38] ki b 3
1) CNT. & R HILK SnOo IF 5 3558 B No /O Ui i
FCAE 3G R S kN J5 35 K, 24N, /Oo B 300 @ 3
IS) 7= HAT S R I R SRR . T 3 R S
FEZ R E SRR BE HESL KA
RS SV R e, ORI AR KB B BRI (1
HEBI RN /N 20 i 368 5 <R I o A8 1D 3 R 3
PEgE B FERRATIIHI & S A T RI N2 /05 H2h 300 -
3EFFE i 5 5 R 1A B EAA R T R SRR T
RE/ZUE THEM 5 HHSnO, PR 2, KB MK
LR, RSHAAE bR A iAot i _E 38 51 L R gk
248 T T Bk 2T 4 A IR ) AT IR AR KA SRR AR T 48
K28 18] # 37 B W8O8 (W B 3 FER 2 FIToR). b 4
B H A E R SR, HGIRE R (B AR
KB AR 5) (A 3 (b) FioR), B g0K L& d
R TR RS, 15— 58 HI% 6 P9 B 4K
AR 5T R, FEUCEAEBI R &0
MBI/, 2Ny /Oy LI INE] 500 : 3 & E T
SnOo KLk (K it 6) J i il 6 4% fe K K SR
TR R iR, B RS 510 RS REURR D BL R
JRSEFEE A o N AFT 5 2 1 38 KA 73 7= 00 1 285 ot P
B AIG, X e 3 AT Be SUAEAE i 6 BRI E I K
SHERE.

KoMy B 17 & & M N 1 Fowler-
Nordheim (F-N) ffi £&. M E & wT DLE H & 6l
VI F-N 2820 52 00 KR (1 2R M 4, 15 A b
RS R RS, Ho RIS R R R A2 m %
FEFHLE PO ARYE PN BE, AR T A 5
KA (J-EAR) ATRIRN

J = (AB*E? /) exp(~B¢™* /BE),
PRIL O 15 F-N A3
o(2)-n() ()
E? © B E)’
K, @ RS HRHE D R B, A=1.54 x 1076
AeV-V72 B = 6.83 x 10°(V-eV=3/2m™1), Bhy

Wi, SR B & 0 SRR 238 5
i FTE SRS EH UM L. B ELK SnO, T bR £
¢ =45 VI RRNK = —Be?/B, BitHkE
i Ly FF 4 FE &L 5 FITRE 5 6 3G SR R 1 8 23 il N
2083, 2310, 4670 A11630. A+ 5 5 5 {37 & 5 14 5
BRI B IH B T & 5 SnOo 90K 28 3 B A R 1 B
AR (T HBIEE) KRIKAR . BB S
B4R DL S B R B N oK 2 o0 A B R Rl £ A Aot i
HI LT3 55288 (8 = Bsno, X Briver). R IEHT
I SCRRARTE AN [F) TS 99K SnO4 3 & T 55
S8, W B IRATH 5 SnO, 91K 28 A BAR KT
Ja R A m R R R . N TR
VI 52 Br R PERE, FRATERAC T R E B
FRHIR. A B O RE L 1 R B 0 R TR £
840 VIS HL 7 R SHME I Fr, AT LUE R K SR L
RAOCBEEIY 5], KOG FE v ) VA8 5 B v B
2300 cd/m?.

0.8
o7k —a— Sample 1 (a)
. —e— Sample 4
0.6 —A— Sample 5
g o5k 7 Sample 6
3
~ 04
<
E 03
~
D02
0.1
0 -
—0.1 | | | | | | | |
—200 0 200 400 600 800 1000 1200 1400 1600
\7A%
0
_ol (b)
4t
6+
B s}
=
\g —10|
—12F —a— Sample 1
4l —e— Sample 4
—4— Sample 5
—16}+ —v— Sample 6
—18 L L L L
0.4 0.6 0.8 1.0 1.2
1/E

6 (MTEE) AF No/Og & A R =4 J-V
Mk (a) K F-N ik (b)

Fig. 6. (color online) (a) Field emission current
density-applied voltage (J-V') characteristics of the
SnO2 sample synthesized under different No/O2 gas
flow rates. (b) Corresponding Fowler-Nordheim (F-N)
plot.
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the literature.

K3 SCHRIRIERIIK SnO2 37 K SHEfiE

Table 3. A comparison of the turn-on field and field enhancement factor for various SnO2 field emitters in

SnO2 TR/ (V/pm) B9 T (8) SCHR
quasi-aligned nanowires 3.5 (J = 10 pA/cm?) 1225 [15]
nanograss 5.61 (J = 1.44 pA/cm?) 1477 [22]
nanobelt arrays 4.5 (J =1 pA/em?) 950 [27]

3D nanowire arrays 3.3 £ 0.2 (J =10 pA/cm?) 2375 + 3 [29]
nanocone Arrays 1.19 (J =1 pA/cm?) 3110 [30]
nanobelt 1.9 (J = 0.1 pA/cm?) 3178 [42]
nanoshuttle 0.6 (J =10 pA/cm?) 1.3 x 10° [43]
needle-shaped nanostructures 3.3 (J =10 pA/cm?) 2030 [44]
SnOz: Sb nanowire 4.9 (J =1 pA/em?) 3325 [45]
nanotube 5.4 (J = 0.75 pA/cm?) — [46]

FEm 5 1.03 (J = 10 pA/cm?) 4670 AL

4 % B

K F AL S AR TR A AN (3] 1) S8 2644 7T 1l
% T SnO. K G5 H, FERE L T Hp K S Re. B
TR I, A B AT N, /O Y 52 LU AN [F] 5 g ok
SnO9 LA A, BAK G Bl B A F T SnO, 44
KERAERRET A4 IS b B ) 2R K Bl B il
Thimr, GIARZARAR LG R, IR k51 e A8 g il L ER
K. EDS 2T B RK SnO, (7= & Ny /04
Ui B R T v S MG N S A e 3 R A D R
ARG E 780 °C, No/Oo it & 4 300 : 31 SnO.
oK 2 B A B3 R SRR, JT A 35805 1.03
V/um, K5I 0.66 mA /em?, 358K T 3
N 4670.
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Abstract

A large amount of tin oxide (SnO2) nanowire arrays were synthesized on the flexible conductive carbon fiber substrate
by thermal evaporation of tin powders in a tube furnace. The temperature, as well as the flow rate of the carrier N»
gas and the reaction Oz gas, plays an important role in defining the morphology of the SnO2 nanowires. Morphology
and structure of the as-grown SnO2 samples are characterized by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), energy dispersive spectroscopy (EDS), and X-ray diffraction (XRD). Results show that all
the samples possess a typical rutile structure, and no other impurity phases are observed. The morphology changes
from rod to wire with the increase of reaction temperature. Ratio of length to diameter of the nanowires increases
first and then decreases with the flow ratio of No/O2 gas. The optimum synthesis conditions of SnO2 nanowire are:
reaction temperature 780 °C, Ny and O2 flow rates being 300 sccm and 3 scem respectively. In our growth process,
the nanowire grows mainly due to the vapor-liquid-solid (VLS) growth process, but both the VLS process and surface
diffusion combined with a preferential growth mechanism play the important role in morphology evolution of the SnOa.

Field emission measurements for Samples 1- 6 are carried out in a vacuum chamber and a diode plate configuration
is used. Relationship between the growth orientation, aspect ratio, density and uniformity of the arrays and field emission
performances will be investigated first. Results reveal that the field emission performance of SnO2 nanostructures depends
on their morphologies and array density. The turn-on electric field (at the current density of 10 pA/ cm2) decreases and
the emission site density increases with tin oxide array density, and the turn-on electric field of Sample 5 (synthesized
at 780 °C, nitrogen and oxygen flow rates being 300 sccm and 3 sccm respectively) is about 1.03 V/um at a working
distance of 500 um. By comparison, for the turn-on electric fields of the not well-aligned SnO2 nanowire arrays we
have 1.58, 2.13, 2.42, 1.82, and 1.97 V/um at 500 pm. These behaviors indicate that such an ultralow turn-on field
emission and marked enhancement in 8 (~4670) can be attributed to the better orientation, the good electric contact
with the conducting fiber substrate where they grow, and the weaker field-screening effect. Our results demonstrate
that well-aligned nanowire arrays, with excellent field-emission performance, grown on fiber substrate can provide the

possibility of application in flexible vacuum electron sources.

Keywords: chemical vapor deposition, nanostructures of tin oxide, controllable morphology, field

emission
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