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Fig. 1. Schematic diagram of a custom-made plasma-enhanced horizontal tube furnace deposition system

FESR IR KRS 10 mm=<10 mm>0.25 mm 4@ /e K. 20 B 288 1K
PRI TG /K S PRI E 20 min Ja# 6@ BF T PN S N6 B il 2 10 Pa LAF,
#4020 min Z—E R (45104 300, 350, 400, 450 1500 C), BN —EHIESMEIN
B R0y 13, 11, 318 9: 1), JEITRSEE TV, @A DIRRBUR IR, JF
TREFEE R (515 0.3, 1.3 F123 A) FFEEH 20 min: SRS, RHASHTH

2



VI B, BRI R,
1. 2 #ARHRIE

it X HRATH (XRD) 1759, LL Cu Kao A S 263, 7EHLE 40 KV ALY 15 mA (1)
FAF TRIEE 45 M . 4t XRD W& 13 20 jade 5.0 4bFE, SRJ5H] origin & FES, B
H H XRD 1. @i SUPRA 55 $#i s (SEM) Fil JEM 2100 &5 st (TEM) SRRAE
FESL RO TESE; SEM AT TEM B CAEHLE 3702 5 1 200 kV. SRAIFECA 638 nm - k1%
Fe AR Xplora $72 (Raman) JEIE ORI 2 #F 5 1 Raman Yait%, WIERT, JoH # Rk
Bt MESH: DA LmwW, BB 30 s. SRAIAERE (EDS) (IS AF i L2

UL BT, TR 2 20 KV
2. ER57H8
2.1 BEME XRD E£H

LN 0.3A, SRR Ry 9:1 I, FEANE SR B2 T il £ R ) XRD
K, W&l 2 (a) fiios. ATELE Y, £E 300 C 1 il % HRE dhit B, A )& $£#(002), (100),
(101), (102), (103)AN(L10)FTHFUE; FilAE S MLIRLIEE AR THir, 0 il o <5 o B O AT AT 06 938 B8 S8
RS, TR B (AT S U B 2 BT 8 ;. 78 500 “C T il £ (R it o n] LAIE 28 17 SIS B
[fi(100), (002), (101), (102), (110), (103), (112)F1(004) 8 MATHTIE, HH1(100), (002)F0
(101)iX 3 MATHN IR Z LR, SHRMER ALK S A (JCDPS 65-3411)MHW) & o 7E S
Iy 450 1 500 “C I & AR i, e AT RTS8 50 1 45 (K S AL B 0 Kb LI 75 7 £ 4
W AR ARG .

M4 XRD % B AT LA Ak 2 &G EAIE AUEE S 8 SR R4, A5
FYHAE T (002) 77 [ () S T A1 B d g = 0.26 nm. %44 @=0.324 5 nm, ¢=0.519 8 nm,iX
Ehr Uk EAGEE N TT b R A% 4 a=0.324 9 nm,  ¢=0.502 7 nm A —FL,

YR 450 °C, HIFN 0.3 AR, EARFKES SRS AE T &R 5
11 XRD WK, ik 2 (b) Fizs. ATUVEH, HESETREL 2By 1:3 A 101 1,
R R Zn AT, HF(102), (103)HI(110)AT IR SRR HE /S AR



BN 31N, BRI AE HIEERIAT AT Ml S ARy 91, ST
LA BIRHR 7 AR AT 06 IR A5 RmT LAAS Y, A8 P 4 1 A ol AR ARV 46 S A
BRI AR p, R RN IR R B B B o BN A 7 A S AL
GOR AR, BEE T ISR, AR IOAT SR 0 1 o

L B Y 500 °C, A ARE Y 91 I, FEANIR] FLIA T ) & AR & ) XRD
WL, WK 2 (o) Fs. WA, EAREGR TAREA A ERAK A, mRrA AT
W AR AR, BT DR AEIN, AL AT ISR 2 BT Y. IXR WA
BT ORI A KGR O T AN RE R . BEE UL AN, ATRMRBLE 2 R R .

a) & 5 & 5 g #n (bl #Zn
2 e z 2 T %Znd - %2Zn0
300C ¥ ¥ l 3 Tio &
l 1 1 l" 2
R Ar0.=1:3
s55¢ 553
/0T T 2F ¢ = 2ze & 7 5
Zg¥ 7| 57 g s 2
= Ar0=1:1 & I.G
a0cC & z
E - T T T 552 a s &
cezzl = S|z 2 s : c22 2 =
450C F A FF R F F|F OF SaF ArO=31 ¥ ¥ 2 ? ¥ ¥
= _ - s Nc _ o P -
e & - & 5] - w 2 e 2o o O o o o 2 w2
= o © s 2 = « —2r o5 @ e 2 @ e
500°C - 2 E’ = = = = 3, o FFEL o ;l = I: ;; = 3
A ¥ F ¥z Flg Ar0.=91 5 AL b * )
20 30 40 50 B0 70 80 20 30 40 50 60 70 80
20/ %) 28/ (")
(c) Zn0

(]
w
>
(100)
t;— il %
e (102)
(110)
(103)
(112)

>{102)
(110)
(103)

|

(112)

13A

(103)

» (102)

d

(110
(112)

20 30 40 50 70

28/ ()

B2 AR SOSEil U U B R LI )8 AR Bt 4 XRD 1
Fig. 2. XRD patterns of samples prepared at different reaction temperatures, argon and oxygen flow ratios, and

currents, respectively.
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Fig. 3 SEM images of samples prepared at different reaction temperatures using plasma enhanced thermal

oxidation
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Fig. 4 SEM images of samples prepared at different reaction temperatures using thermal oxidation
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Fig.6 SEM images of samples prepared under different currents
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Fig.7 EDS of zinc oxide nanorods
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Fig. 8 High-resolution TEM image and electron diffraction pattern of a single ZnO
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Fig.9 Schematic illustration of the growth process for the zinc oxide nanorods produced under the plasma.

AR TR L AR R EE AT 3 NS HO A R AR R . P AR IR L T
i AR IR R K BT K . X5 IR AR —FF, IR T U E 420 C
if, MAET VS HLE, SiEEET 420 C, &NJET VS LE], R EERXFREX,
AT GORBRIITE R, B DU B A K oKl . XU b, SCh A i
Hoy 9:1 A RERS K AL BF KB . Ut R VAT BN, SAFAE— B0 S BA EE
111 ELAHS < R B R T AU, AN 5 2R R AL BN - S HLRTOR, 26 88 TR SR It I B ik
ARTA AR, ERERHR AR T, 9K AR AR,

3. & #w

I 5 B AR R IR B _EAE RGO . B HI AR A KR R
AR ATE AR, AT Rob s f] & AR R AOR R T SR oW 454 » R 1
WFHNIZEAET ) RN iE L 55 B AR S ILEAL , REVE LB T AR 9K o R ] SEM,

TEM. EDS &52 Fif T BOG & B B A S8 AL BEAORBREAT T 3RAE, TR T — A AL R A
11



BT A B A SR 45 R

SE R :

[1] REN S, BAI Y F, CHEN J, et al. Catalyst-free synthesis of ZnO nanowire arrays on zinc
substrate by low temperature thermal oxidation [J]. Mater Lett, 2007, 61: 666-670.

[2] ZHANG Y S, YU K, JIANG D S, et al. Zinc oxide nanorod and nanowire for humidity sensor
[J]- Appl Surf Sci, 2005, 242: 212-217.

[3] CHOOPUN S, TUBTIMTAE A, SANTHAVEESUK T, et al. Zinc oxide nanostructures for
applications as ethanol sensors and dye-sensitized solar cells [J]. Appl Surf Sci, 2009, 256:
998-1002.

[4] DALY, ZHANG Y, BAI Y Q, et al. Bicrystalline zinc oxide nanowires [J]. Chem Phys Lett,
2003, 375: 96-101.

[5] HO S T, WANG C Y, LIU H L, et al. Catalyst-free selective-area growth of vertically aligned
zinc oxide nanowires [J]. Chem Phys Lett, 2008, 463: 141-144.

[6] SEKAR A, KIM S H, UMAR A, et al. Catalyst-free synthesis of ZnO nanowires on Si by
oxidation of Zn powders [J]. J Cryst Growth, 2005, 277: 471-478.

[7] SHEN G Z, BANDO Y, LIU B D, et al. Characterization and field-emission properties of
vertically aligned ZnO nanonails and nanopencils fabricated by a modified thermal-evaporation
process [J]. Adv Funct Mater, 2006, 16: 410-416.

[8] GHOSHAL T, BISWAS S, KAR S, et al. Direct synthesis of ZnO nanowire arrays on Zn foil
by a simple thermal evaporation process [J]. NanoTech, 2008, 19: 065606.

[9] DING Y, WANG Z L. Electron energy-loss spectroscopy study of ZnO nanobelts [J]. J

Electron Microsc, 2005, 54: 287-291.

[10] HSUEH T J, HSUB C L. Fabrication of gas sensing devices with ZnO nanostructure by the
low-temperature oxidation of zinc particles [J]. Sens Actuators B, 2008, 131: 572-576.
[11] KODAMBAKA S, TERSOFF J, REUTER M C, et al. Germanium nanowire growth below
the eutectic temperature [J]. Sci, 2007, 316: 729-732.
[12] YANG R S, WANG Z L. Interpenetrative and transverse growth process of self-catalyzed
Zn0O nanorods [J]. Solid State Commun, 2005, 134: 741-745.
[13] LIANG H Q, PAN L Z, LIU Z J. Synthesis and photoluminescence properties of ZnO
nanowires and nanorods by thermal oxidation of Zn precursors [J]. Mater Lett, 2008, 62:
1797-1800.
[14] JEONG M C, OH B Y, LEE W, et al. Comparative study on the growth characteristics of ZnO
nanowires andthin films by metalorganic chemical vapor deposition (MOCVD) [J]. J Cryst
Growth, 2004, 268: 149-154.
[15] CHA S N, SONG B G, JANG J E, et al. Controlled growth of vertically aligned ZnO
nanowires with different crystal orientation of the ZnO seed layer [J]. NanoTech, 2008, 19:
235601.
[16] KIM S, JEONG M C, OH B Y, et al. Fabrication of Zn/ZnO nanocables through thermal
oxidation of Zn nanowires grown by RF magnetron sputtering [J]. J Cryst Growth, 2006, 290:
485-489.

12



[17] FENG L B, LIU A H, LIU M, et al. Synthesis, characterization and optical properties of
flower-like ZnO nanorods by non-catalytic thermal evaporation [J]. J Alloys Compd, 2010, 492:
427-432.

[18] ELHAG S, IBUPOTO Z H, KHRANOVSKYY V, et al. Habit-modifying additives and their
morphological consequences on photoluminescence and glucose sensing properties of ZnO
nanostructures, grown via aqueous chemical synthesis [J]. Vac, 2015, 116: 21-26.

[19] KONGJAI K, CHOOPUM S, HONGSITH N, et al. Zinc oxide whiskers by thermal oxidation
method [J]. Chiang Mai J Sci, 2011, 38: 39-46.

[20] LEE S H, LEE S W, OH T, et al. Direct observation of plasmon-induced interfacial charge
separation in metal/semiconductor hybrid nanostructures by measuring surface potentials [J].
Nano Lett, 2018, 18: 109-116.

[21] BAO Y, WANG C, MA J Z. A two-step hydrothermal route for synthesis hollow urchin-like
ZnO microspheres [J]. Ceram Int, 2016, 42: 10289-10296.

[22] ZHONG M, GUO W M, LI C L, et al. Morphology-controllable growth of vertical ZnO
nanorod arrays by a polymer soft template method: Growth mechanism and optical properties [J].
J Alloys compd, 2017, 725: 1018-1026.

[23] MAO C Y, XIANG Y M, LIU X M, et al. Photo-inspired antibacterial activity and wound
healing acceleration by hydrogel embedded with Ag/Ag@AgCIl/ZnO nanostructures [J]. ACS
Nano, 2017, 11: 9010-9021.

[24] ZHANG Y, JIA H B, LUO X H, et al. Synthesis, Microstructure, and Growth Mechanism of
Dendrite ZnO Nanowires [J]. J Phys Chem B, 2003, 107: 8289-8293.

[25] CHENG Q J, OSTRIKOV K. Temperature-dependent growth mechanisms of
low-dimensional ZnO nanostructures [J]. CrystEngComm, 2011, 13: 3455.

[26] OSTRIKOV K, LEVCHENKO I, CVELBAR U, et al. From nucleation to nanowires: a
single-step process in reactive plasmas [J]. Nanoscale, 2010, 2: 2012-2027.

[27] CHEN W Z, WANG B B, QU Y Z, et al. Catalyst-free growth and tailoring morphology of
zinc oxide nanostructures by plasma-enhanced deposition at low temperature [J]. J Nanopart Res,
2017, 19: 95 (11pp).

[28] MOZETIC M, CVELBAR U, SUNKARA M K, et al. A method for the rapid synthesis of
large quantities of metal oxide nanowires at low temperatures [J]. Adv Mater, 17: 2138-2142.

13



Synthesis and Growth Mechanism of Zinc Oxide Nanorods

by Plasma-Enhanced Thermal Oxidation

GUO Bin?, FU Junchi!?, QU Yazhou!, CHEN Qijint2~*
(1. College of Energy, Xiamen University, Xiamen 361005, China; 2. Shenzhen Research Institute
of Xiamen University, Shenzhen 518000, China)

Abstract: A new method of plasma thermal oxidation (i.e., custom-made plasma-enhanced
horizontal tube furnace deposition system) was used to fabricate zinc oxide nanorods under the
discharge of oxygen and argon gases. The morphology and microstructure of the synthesized
single-crystal zinc oxide nanorods could be controlled by changing the reaction temperature, the
flow rate ratio of argon and oxygen gases, as well as the discharge current. It was found that with
the reaction temperature rised, until to 500 °C, the zinc oxide nanorods grew longer and more
uniform; Under the different Ar and O, flow ratio, with the constant increase of the partial
pressure of argon, until the argon and oxygen ratio is 45:5, as you can see, uniform zinc oxide
nanorods were formatted; In the case of different discharge currents, the synthesized zinc oxide
nanorods grew longer with the increase of the discharge current. In addition, a plausible growth
mechanism for the synthesis of zinc oxide nanorods under the plasma condition has been proposed.

Key words: znic oxide; plasma; nanorods; growth mechanism; thermal oxidation
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