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Abstract

In this research work, we decorated bridged zinc oxide (ZnO) nanowires
with Au nanoparticles. These nanowires were fabricated by dielectrophoretic
deposition techniques. Subsequently, we analyzed Au nanoparticles formed
under different annealing times and discussed the electrical response of these
devices to humidity changes. First of all, we deposited Si02 as an insulating
layer on a silicon substrate. Then, standard photolithography was used to
define the electrode positions, and an electron-gun evaporator was applied to
deposit Ti metal, followed by a lift-off process to fabricate the electrodes. By
utilizing dielectrophoretic methods, we precisely positioned nanowires onto
specified electrodes to form a bridged structure. Finally, gold nanoparticles
were deposited using an electron-gun evaporator and annealed to fabricate
the Au-decorated ZnO nanowire sensor.

Through this process, we made statistics of the impact of annealing time
on the size of gold nanoparticles. We also performed electrical measurements
under different humidity conditions on both pure ZnO nanowire devices and
those modified with gold nanoparticles. It was found that samples with gold
nanoparticles exhibited higher current at the same humidity levels.

Furthermore, for these two type samples, we measured the current response
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and response time by varying the relative humidity of the environment. The
measurement results also demonstrated the advantages of the gold

nanoparticle-modified samples in terms of response.

Keywords: Air-bridged, humidity sensor, ZnO, nanowire, nanoparticle,

dielectrophoresis
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M ER A It e T UF BET-E AR ANV E L

=

AP 2

%+ {1412 % 73 % #% (Ottaviano-Fabrizio Mossotti ) fo#(, K 4~ 12 4
¥

FHEL L F B LA ERP AT TR HT S

GoF R A IR odret 2 Bl hos TR RN
% i W=k R & 4258 (Lorentz-Lorenz equation ) o f& it 4 ip 3
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FAANAA TR IVHORSE ERAE > Ft s T ORGSR AR
AR AT MRS FRB SRS 2 o 8 HE KRS T
¥RE-EERFF O APUNQ2)ET o

K((D) — e nw(w)—€"m (w) (22 )

e nw(w)+2e* m (w)

B ooefyzwlw)F & 2 8 8nh T ke’ () f & 4 Fai 7 ik

B F O~ 2.7 4 1 Re[K(0)]37 4 5 54(2.3)

2 _ 2 _ 2
Re[K(w)] — 0 (EmENW—Em ) +(OmONW—0m*) (23)

Em2w2+0om?

PP E BN APT T RO ARSI BRI S

AT P TR Bl R AR A F kA E S P2 b
A (0)ABIT>T 0 pF > BIA A d 4 #d A foz A RNET F 2 ¥ o
WEEY 2 P TEEeqE LR S > AT e

Re[K(w)]#hit f i jEa iR iidd 24 7R s ERE M
ETHBRRE ORBPRE AR T AL (positive) & §
(negative) 4 & A # o

M. P.dos Santos fv2 7= 7 B 5 i€ * 44 (Ni) 2 £ &= 7 A7 i
(DMF) ¥ 5 fi & A ® it 4o H[39] o 32 & ¢ ch DMF 14 3 i
feBT H A B L 3676 02.5 x 10740 T m™L > Ni £ F AR T & 5
14x107Q T m™1 » 32 B 2 % 4o ] 22 4 0 T 0L IR A4 5 AL

100kHz {& 2 7{4\5{/\' 3| e i oA A é‘g"‘l é’#ﬂgi‘f‘/)é‘ ¥ I‘LL@FE“” %
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s heB] 2-3 foBl 2-4 #r
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=

1547 b LIER %

=
e
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O
L Ll L
[=! e
Ll =
3 3=
: ¥ :
s IR -
L = M s
=] e "
- L =
: E
= |
3 F—
- 3
2 =, 5. =
e o
, dwa
Lo urN] ey - s

Frequency [Hz]

L 11[39]

e

2

7 AR 2 M

.
=

Bl 2-2 epur - Re[K(w)]

Geometry 3

Geometry 2

Geometry 1

Electrode

Electrode

L]
o
g
=
7]
o
(T}

Electrode

Electrode

B 2-37% F 7 &B
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Geometry 2

b)

a) Geometry1

Si03/n* - Si {

si0;/ n*-Si

NiNW Gekilndi-
Pt alectrode \ Pt electrode Ptelectrode

_f/ \

3 Vee o ‘—7;1 2 pum 3 Ve

100 kHz ‘ 100 kHz

5i0;/ n*-Si

Pt electrode

[ |

E . £ {
3V — 2 pum IV, / 2 um 3 Vp

600 kHz L [ e N 600KHZ . 600 kHz

Geometry 3

Sio /S 1 pm |
—

Bl 2-4 7 o T 1B % &7 /& 3V4E & 100kHz 2 600kHz -+ SEM [][39]

1195 B 2-3 % % > Geometry3 17 3% & # Geometryl & ¢ > iE

3 1 R RN f S Aol 24 40T o

=

2-2 FF o VPR - sk R AT AE S (Fore) 7 - i Lizk

ek KA R RS R EREMF R TEMS
S AR RE T RS Ry S SEAE 5 VA

g ¥ LA B 35k 4o B, M. Freer % B [ %

SARDMZESFEFRT BELNEN R 20 FH T ET

7 98.5%[40] © H FEHERl4oB 2-5 #TT
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1-L constant pressure vessel

Inlet reservoir

A

-h -------------

Flow meter
h, Flow cell
h,
'i' CIOSc0pRe To waste
>
T i o ®
3-way valve
Outlet reservoir F'U""P

Bl 2-5E. M. Freer B f5 /i & & & 7F $£ B1[40]

25 L EZ K RBRERRE

Figg R kp Y BRI R E SRS g
B G T 0L S A PR Y B e S 1k R 41] ¢ & 2020
E Pl SHE M F 10T MR R R AR 2 R ([42] 0 § R
A+ ety 4B (dipolemoment) EAX B 0 S K844 Ko F R PR *é'hr* A%
o Flt o PRFHMIEN{ Rk FHEPFPEFHEE TS
R AR A adk e 0§ Mok 2 Fé"”?ugfi’t 4% FARRE ORI
Ao TAMENQARSR6) FFCELE-BEAFPARERT €

AAF I EST F R
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Oz (gasy + € ~mosy —> 02 (ads) (T1 <150°C) (2.4)
122 Oxgasy + € ~ mosy —> O (ads) (150°C <T2<400C) (2.5)
12 Oagasy + 2€ ~ (mosy —  O% (aas) (400°C <T3) (2.6)
Oygas) 5 § » F g R e mos) 5 £HF *HMOS)? 17+ >
O (ads)* O (adsyTr O (adsy & ¥ -+ 7 Fe e st fi o & T1 SR R FIPN
BB L ER AR E o F ARSI T2 T3 ehfE R F o
R O OF L X A BT e G B Rl s 2
FRO-FIME CEALBRGFTY €78 ARFETHERBETEARRD
4o 1.4 & ¢ Hrif o
Aawm2 P AHmTRERE R Y AZEBRE TEE ) FB T %gﬁ ;-
(2A4)FP ~ § ¢ ehF & F 8 {7 37 37 (Tonosorption ) ¥ A & cFv ¥ fiy
5 Oy aasy [43]) T X RFMP VP EFNTEF I §F EHE A REHAF
T RRE FHEEN AL HOREF LEDOTINTE A F A
G fof b aRehf RS RISk F R g R R

Lzmd (OH) 20§ (44 52[44-46] » »* F B+ 1% F 53 (2.7)(2.8)%

2Hy0 + 4Znyqe + 037 g < 4(ZnOH) + €™ (2.7)
H,0 + 2704 + Ogapy © 2(ZnOH) + V,** + 2e~ (2.8)

FokF o B A B RLTT F oA AT S My
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ZAMRREZTLIHFEREBIRE S TERT L o TH 26 7R

K F B 1 bR o

Depletion region

H;

Chemical adsorption

B 2-6 i F e i E FI[44]
FRRSARF IS GREANT CHLG LA kA
F R A S R e e i R Y kA S A

B BEAN AT AES BEDRET KA Tt R

PR F B P e AT AR A T B RIS P ik s S
P RYE AR T hE Y o R[4T] 5 fRYLE T S g g

FPEBkAFREAS LT HHO F Ao (9) -
2H,0 < H;0* + OH~ (2.9)
IR Wk QRN N AR E A S o A HE O O R
gk A 3 20 B H 2 & R B (H hopping)[48, 49] » & J&+4-(2.10) -
H,0 + H;0*< H;0% + H,0 (2.10)
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Flob o BAREHR R A E TR 5 R R A G RS R 2 a0 it
AAPHIRAERR B TA L T KD A £ RFEr 4] (Grotthuss
mechanism) 3ldzche FAAHBRFFRFI A2 Lo w252 K+
e ik P > Brok ¥ Ik kA S BR - B i 4§
- @],fn @ e f Ry R A AR TR 2 IR ar R A 3 T LY
7 & B [50] 0 4o 2-7 HFr v iEm R ER AT (XL PE R

B felmE A -

H
H H | :
N o S O—H =« Second physisorbed layer
H H H H
\,0 / \,0 & ) First physisorbed layer
Ho T H H " H
0] 0 0 0 * Chemisorbed layer
Zn 2;1 Zn zﬁ

Bl 2-7 AF 8k KA+ gy &% e & RI[S50]
23 R A RBHEZ R PIEDRA IR
it gBEmEZ R R ERDPTE A - A R i
i > 135 Majhi 5% 5 > £ 2 K3 £ 3 BiCF §F 43 Rfarck
[51]> £ B &7 QA~QRO)7 iFwhy &4 e 7 L 73 it

A4 Ea BRFCBNTLIFHA P RIFART AT @3]
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BRI R B P RF S AT S EHD R
EERM s RERBIR I H - BRI R PIE o

B H g T hr Sli(5.1eV) S 3T F i 4 ehr Si#i(4.65eV) 0 F A
GBI BOERG AL BEARM R FF M EL6 7L R B

B~ o hoB 2-8(a)H o

K o &

e Deptetmni-ayer - HZS ~—— e T |
i — = b -

u] 01' Oz- 'Dz' 51' f)z' ) Uz' 02' 0}_' 02'
YYD
OZ 02 01

2H,S),) + 30, 4 —> 2H, 0, + 250, + 3e
X )
s e
070, 50,0, 0; S2 0,0, KD Oy st D 0, _ 0, 0 0;
— —
o 0 0y 0,0 [s)
\f/ ﬁt‘/ \)r’ O, O; 0, o,
Q; 0, 0,

B 2-8(@)Zn0 2 Mz L w2 LB E HEHSF B2 7 R E
(b) Au/ZnO %z # 87 £ %27 LBl 2 4 HS F 2 7 & BI[52]
¥ ¢h & Shuguo Yu 687 3 ¥ it i3t X 87 XPS k¥l 454 7 1L

w P ik R F R TR[53] 0 4ol 2-9 (a) AToT e
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1Zn2p

Audnd

| T |
1022 mEg |ﬂ?ﬁ 1043 1050

Binding Energy (eV)

a -
| Au 4 Au 4t’+ b
Ifr."
II |II
] |I '-I i et
; .'I \ .in p E’,
B \ z
@ \ B
5 | Il". E
= f | =
= | Audfy, LY £
< ."lh.“-..\_.,-'/ S ap——
T > T x | T
80 &5 90 95
Binding Energy (eV)
€ Tors awzno| d |ois

Intensity (a.u.)

Intensity (a.u.)

Zn()

— - —
528 530 532 534

Binding Energy (eV)

B 2-9 Au/ZnO 7 XPS =& 3¥#

336

5

T
28

5300 532 534 536

Binding Energy (eV)

: (@) Au4f+ (b)Zn2p fe ()O 1s+ &

ZnO 1 XPS %3§ : (d) O 1 s[53]

JEXPS ek 7 1 I Audf ihte @ VIR 5 79.0 eV - 843

eV » ARETH £ Au e

5

4

84.0eV fr 87.6 eV it » & T F jE_

MENEF RS SRS DEF > B8

R A o TR 29 (f(d)? O

},\'EJ'I—; ) é? g’iffrziik y =

Y
f

LR

24

I

5

3

~0
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|

HERARFIEF CHE

2 fe O3 4 Bl R & fp 2 ¢
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31%:2 % 5 37% ~ 35% 1 28% 0 3 Z 44+t blende 2 & ¥ A R A F

AL $E LAk F R R E S G gl o
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¥3i?$@ﬁﬁﬁ“
R EE
A5

e

TP ATt eng it 43 f AT "PlasmaChem GmbH"#7pE ¥
SER S T PR LB S A 50~80nm 0 £ B K L S5~6um °
3.2 it gl A2 2

3.2.1 & % & i f# (Deposition)
,l

A fpme ¥ A

* 7 (100) 1% 5 ~ % &4 o

AN iRE Y
77+ (Acetone) ~ £ 3 8 (Isopropanol) =2 #t+ -k (DI Water) 4~

2
EFRAE RARE LY 5 3 A4 M fﬁg*gz\mmqlﬂ_h 24t
WP R &P D% § F A G I RAE 25 sk o
FAPEET TR AR F gy Apacst (PECVD) $ojis > #4300 %
- F v (SIO2) A 1

Fy
Ak o BB BLE 317 B o
SlOz

Si substrate
W 3-1 Ak G AT R
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3.2.2 % kicH 2 & % &= % (Lithography)

ZF vt AP E Y ¥ (spin coater) L g I KR

Sk

T A
LORSB » #4518 17 % — St » 2 15 L %8 I %12 AZS214E ¥
SEEFH D I BREFRAFREL Y PR TMAH 278 - ot
B SN @ BER R IR enTTE 5 7 ABEPF > KR 437, 5 — B under

cut gt RAPALEFT 2 BHPF LR TREGLTF > AP

At {7 DEP e ¥ { 4 enT B > 4ol 32 417 o

AES214E
LOR5B

S10,

S1 substrate

Bl 3-2 F kiR flAeT 2B
3.2.3 ] i T &£ ¥c3E(E-gun evaporation & Lift off)

EAFTP o AR T3 R 4518 (E-gun evaporation)iE {7 4 I
# #p T ## (physical vapor deposition PVD) o & + & Z& 4% 8 — fa T qf & %
gt ORI I e THRFEHFRAT I F R TH{oRS

27

doi:10.6342/NTU202402880



KipdlE s Renig > s BT LB BF Al P DR H e
o FEPE RS F AR § RS HEF 06 R R E

R S A G AR N SRR REE R REL VR F

-~

FETPIREFOE SRR ER NPT R o A

KA S50nm 4k £ B(Ti) > £ 1% 4 £ 3 80°CeNMP &7 &

Bwdr 2 & BT ARE T dof) 33 4 -

Si0,

S1 substrate

B 332217 LHBI(=B 5 RARLE > + B 5 FARE)
3.2.4 /i 7 A (DEP)
AL AR AEE i ok ApE s AP % gl A 4 B (Function
generator) & # & tF(Vpp) 5 7V ~ 4 5 5 2MHz ent 32 A 350 > I 3% 3 4+
2t % Yu(Probe system)#-pt 2 ELE 2 TR o AL T E T F R EF K
m}gﬂﬂ[54] 7F?m%}£§]i°hﬁ i+ 3x% 4oB 3-4 #ror 0 ¥ ooh i
WA ERZFREF R 3-5 feB 3-6 fror o
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Geometryl Geometry2

Geometry3

Bl 3-4 % 7 1&Bl% TR TV, 4 ¥ 10kHz 2 2MHz 5 SEM §][54]

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Deposition Efficiency

= Geometry1
Geometry2
e Geometry3

10k 50k 100k200k 600k 1M 2M 3M 5M

Fregeancy (Hz)

B 3-5 7 F R &Bl% a® B TV 5 10kHz~5SMHz 2. € i= = 7 5 4t

+ HI[54]
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1.0 Geometry1
I Geometry2
Geometry3
08
‘.CB b
S 06p
Jo)
U) p
A=
v 04p
0.2
0.0
o o 0 . 0 . 0 . 04 . 0 . 0 . Q4 . /| .

10k 50k 100k200k 600k 1M 2M 3M 5M --
Freqgeancy (Hz)

Bl 3-6 % b 7 1Bl % 27 B TVt & 10kHz~5MHz 2. T3 # ¢
H A3 2 58 sy & vt Bl[54]

1358 3-4 %77 o o 2MHz S99 F T B e R REL

AR F R GEL 0 BT A AR TR E S AT AR E R

BHE o 4oW] 3-5 4 r§ t4 e 10kHz s in S hed ok EkdpH

3-6 #7177 > . 10kHz #7 5 T E 2 2 f Rep T 5 frd 403584 3 10kHz

Y

~. T pd \_L‘ ~ -
WicE =Pt e

0

S5 e kAR OESS] TR A SR T

R

Tl RO SR e B S R i R ]

F &3 50kHz 20§18 23~ bR X > F)pt TR ELE Y LA
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S50kHz z_ t5 0 Ap 44 B 4odd 5 AP S+ B 47 » R 452 ) 3-5 ¢ 2MHz &
WHBE L FAPEE S > &7 355 B 3-6 #77 2MHz Béw 25
TR RF AER RS F R EE Mz o TR e iE

B 327 R FCERGFL RS HRR R ER T HREE R

Bl 3-7 BRRTVy T 3 RS 2 R inokk

SHRGFZ TR BT R EFE DT RAPF O CEFR IR AR
Foooh BB 2 T o b I0KHz Tt S92 K AT T F S
G PEE- A HFRFIS R ERE Lo pl A RN S
TH RGNz FRBAF S > B 2MHz PP # I ERE K M
WAk o 0 AT E G2 NS F s 0

A qATiE AR 5§ 1Y &3 of Sk * & ¢ fig(Ethanol) iR £ R
(6mg/100ml) » 3 i& * Az 5 e ds s ke fio 393 24t ¢ fif
ZHRREOTEF S AF PR T PHEZ A RAIT AT Z T

ehe ped oo ALY LR 42 - o Bk ST ey R
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4o IPA » ¥AR* K F (FE KB Ren A F o TimpF > Ay gl
# (micropipette)P~ SuL R & % F iS4 o 0 B F Y 2-3 A 4R
ERATH 15 M P EL 0 X (Hot Plate) ff ot 80 2 A4 T B R &
Pt R 2 K MR F T AR &S A G RS T e { BlAcB] 3-8

T e

Probe Probe
Zn0 NW

S10,

S1 substrate

B 3-8 /1 AT LB
3.2.5 £ %} 43 13 4 (Au Nanoparticle Decoration)

BLHBEIT R R FE BE B %o g
8% F Sl R 1S 04A/S Fag Inm 0B R > B &2 F RS o de

Bl 3-9 #7 o
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P el .
,_‘,1_&; e o %f:
\‘5‘"‘9 2B i?@(‘—

B 394547 LR
3.2.6 #.i¥ X (Annealing)

F1* g MR 400°C R R T & (THcB | N3N A 2
FMETEE GBI AR T 2ETRARRF » dF & ARALD

it F A T foldal o 4o 3-10 fF o
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4

S

FRF e EFaRPFFOLEE BRI 2R B REER
oML FEF M FAPRIET 5 B R SRR ORI
Fithdld X PR ER R BB A B L 25811 e

14 ] B > 4e@) 3-11 5 7 o

B 3-11 45 &% #4825 2§ 4% % SEM

d SEMEl? 7 @i b RPERRE R T L2 KT RES =
SEER S 0 S AP AT RS RS A o] 3-12 %8 0 ¥

Shdod 31 APIE N LAUEFAL 2 AT L] hTE
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Anneal for 8H

Anneal for 2H Anneal for 5SH

E /% (nm) 12.99 19.04 21.34 24.74 26.33
% 3-1 A RIVERFdE 2 LT 2 THE
d it E G RE ARG F s R R AT
FHL o e AR RET € AMPHE 0 PR % & Jiansong Miao FF §
® o OB IR[S6] > Ar ] 3-13 #fom o PRt vt B 3-13 4 G £

BBt R § RS W
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(b) H Annealing time (C)
—3h — ————®
0.2 2 igh E
———24h <0l
> S V= g
2 ah 2 Adi. R = 0.906
] : g ¥ = AEXDENR,) + Y,
T o k= ¥, =10.03 2 0.06
o i A=48202
w g 5 ,=81=207
)
=
0.0 T v . ' . .
0 10 20 30 0 20 40 60 80
Diameter (nm) Annealing time (h)
Aﬁnaling time (f)
——3h e
——12h £
——24h =
——100h = 20 o
2 ./
E Ad. R?= 0993
= y=a%®
§ a=60+03
b=032=001
10
= [}
20 40 60 20 40 60 80 100
Diameter (nm) Annealing time (hr)

B 3-13(a) 400°Ci¥ L 24 ] pFi{s Aufpie & ZnO LB & %+ eh SEM
T Bl H¢ LB4pfl* Langmuir-Blodgett(LB) assembly technique #
L2 Zn0 - (b) foHE FiT 4R 1 T 158 T () A ZnO LB %
FAudER R G HaE® o (d) 2 400°C 2L 24 RIS Au i
ZnO S &t ¢ SEM L & BIH ¢ S4p{l* Sputter 2 & 2 ZnO # % -
() fr'EFIAVPFRF R anT358 T (f) & ZnO_S & F Au 3 *

<+ A i i o [56]
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AN A RRE BB Y % Keithley2636B T S T 2 BB &R E
( Source-Measure Unit > SMU) k&7 3 128 B > I f|* Keithley F

= 1 Kickstart $#t48:8 (7 Fedpdofh o 40 2.2 #rif A Pl T g o 0

&
fF

i3

e
=
)

=

+
k:

S|
>\_.
».

> v ;h;raggwﬁﬁ;u,! ﬁ@if%;ﬁﬁ

K
Vel HE S T B5 30 24 0 BHEA S 27000 2 24 o B
MARSHRA A VY Ao % BEL-WiFi-21CFR-TH 88 E 3+ (¥ R

Lascar 2> @ ®i$ ) W BT RPN p ¥R AR o pt 1 2RE G Y

fp $HB R AL 0% 3] 100%5 % § et AR o Hch S 6 5

3y

10 frigfi— So4r g » FohApg* 1 £ R FE 99.999% h§ 7 1
FoADER P SRR R o B BYERZ A PR - EF e R
el B EAEd RS BNC £ e #6503 RE S
iz BB NI TR R Rtk L R FT L

E /FIJ o
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Gas switch l:|=|:l

lGas inlet
Thermo-

Thermo-
Hygrometer Hygrometer

BNC connection

//“\ device Keithley2636B
N\

( \ -~
Ho0

device trail
\ //
l Gas outlet
ﬂ l 2nd box l H

1st box

Bl 4-1 iR R £ R 7 1 & BI[54]
4.2 ¥R E R P | $¥ch B

EARHY Y AP T AR R R - B A S

BRI g plae 4 R R B (Response) ~ AR ¥R R D I B /d B

| 14 e 58 g P A (Transition time of RH low-high/high-low) °

AR AR AR RAERR T AR B BT RE S

oo Ame P TR Yy B A RBRERF AR RARS P

Toms EEZHES 0 F AT RIRAEPFE S LS g TR o T

PRERRE R e T SRR PR AN
IRH—IRH,low
Response = ———— (1)
IRH, low

WP RAPEHBR R ORI 0 Tjujow » 7 2 R HAREHRR

IS

N
=

S

T
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ERET N M Y B TR 15%1F 5 MAPEHRR o

ERR D MR PRFET RS CGRBR VP D] B RR
@@%’?ﬁ%ﬂﬁm%&%M1@1%@£ﬁ%uzz;wﬁys
ERAR Y B ISR RE S R SR R R s 3 T OB R R
P IR 10%8 90%2 B2 PERF AR g1 220 10T L

2o o 3% o

T —-T
ransition 1 l”leRH low—high constant = —90%2.2 10% (2)
Transition 1 l”leRH high—low constant = —10%2.2 0% (3)

H P Togo i o it EiEF] 90%2. PFRFBE > Tioo 5 7 ont % 1

-\

B iE 3
10%PF P EE > 5 W3t ¥ Len PR m Y 2 3 2L H S 28T s B
B2 Fengit v BRFF - m £ @ Y e d M2 PP § #KiF s
BRER » Fwomh F g &7 - ] FEP o
43 BRR BT ERIA AT

BANPALE - PR EErRAKETS B PHEZ IR~
ERBREDLV A RE R IR p ¥R R A Y 5 50% ~ 60% -
70% ~ 80% ~ 90% > B Bl % 4rB] 4-24c@ 43 517 > ¥ URE DT H
FRF AL FRREAEFRINS g2 AP EAPEG 22 &

g o
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3.00E-09

2 50E-09 70%

| — 0,
2.00E-09 20

Zn0 Device

1.50E-09

Current (A)

1.00E-09

5.00E-10

0.00E+00
0

Voltage (V)

Bl 4-27n0 z A M~ 7 BRRT 9[-V HE

3.00E-09

2.00E-09

Current (A)

1.00E-09

0.00E+00
0

Au/Zn0 Device

Voltage (V)

Bl 4-3Au/Zn0 z K\~ 472 FRET 9[-V F
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BFAPHE FIVERF G AWZnO~Zn0 3 5 &~ i L u
WA REER > A% P BRIFEF TR BRIV MRREHEFY
Al aip R R 15% B RERMHP & EEY 65%75%~85%~90%
FARSHRE KRR 3 E B E BEF 2 Bk o 4o B 4-4 7
Bl 4-8> AW 534 25 8 11 4c 14 | FrenT - B 4 9%k

SR B B Acd 41 Bl A 45 60 R o
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—e— Au/ZnO - 2H

1E-9 [ r

__1E-10

i |

Current (A

1E-11

i |

1E-12 |

1E_13 ] ] ] ] ] ] ] ] ] ]
0 200 400 600 800 1000 1200 1400 1600 1800

Time (s)

Bl 4-4 Au/ZnO 3L 2 Pz 2 M~ a3 R RE T2 It B

RH high 65% 75% 85%  90%

Au/Zn0 — 2H Tryiow-nign(s) 256 438 628  8.02

Au/Zn0 — 2H Trynigh-ow(s) 177 084 052  0.64

Au/ZnO - Response 20.2 70.6  211.8 13529
Zn0 — 2H Ty 1ow—nign(8) 4.75 5.60 g 2.97
Zn0 — 2H Tgy nigh-10w(S) 0.80 0.84 1.43 1.55

ZnO - Response 17.2 533 122.1  161.1

% 4-1A0W/ZnO v ZnO i3 X 2 P2 3 ¥ R~ 247 F RAE 5 BPF

AR

%
=

42

doi:10.6342/NTU202402880



—e— Au/Zno - 5H
= | r— !
__1E-10
< [
=
&)
51E—11|- L
O
[ ]
ST~ I -
1E_13 | ] | 1 | ] |1 |1 | 1 | ] | 1 | ]
0 200 400 600

800 1000 1200 1400 1600 1800
Time (s)

Bl 4-5A0/ZnO: 3L 5 |z 2 M~ FRE T2 It H

RH_high

65% 75%  85%  90%
Au/Zn0 — 5H Tryiow-nign(s) 470 286 340  8.02
Au/Zn0 — 5H Trynign-tow(s) 045 062 041 035

Au/ZnO — 5SH Response 198.6 531.3 1312.5 2958.8

Zn0 — 5H TRH lOW—high(S) 3.13

Zn0 — 5H Ty nigh—tow(S) 077 082 049 1.74

Zn0O — 5H Response 162.55 461.95 601.1 668.2

% 4-2 Au/ZnO 4v ZnO i X 5 ] pF 2.

ZEMARHET FIREDE RBRF
AR

%
=

43

doi:10.6342/NTU202402880



—e— Au/ZnO - 8H
1E-9f
—~1E-10 |
<
: +
o
a 1E-11F ‘ .
1E-12 |
1E_13 L ] '] L ] L '] ']
0 200 400 600 800 1000 1200 1400
Time (s)

Bl 4-6 Au/ZnO: 3L 8 |z 2 M~ 4% kR T2 It @

RH_high 65% 75% 85%  90%
Au/ZnO — 8H TRH low—high(s)

2.30 4.79 3.26

2.53

Au/Zn0 — 8H Try nigh-1ow(S) 1.18 0.91 2.37 0.53

Au/ZnO — 8H Response 904  220.1 6344 12833
Zn0 — 8H Ty 1ow—nign(8) 3.66 221 ? 5.95
Zn0 — 8H Tgy nigh-10w(S) 1.61 0.84 0.41 0.49
Zn0O — 8H Response 89.1 138.0 372.1 481.7

% 4-3 Au/ZnO 4 ZnO i X 8 ] pF 2

ZEMARHET FIREDE RBRF
72 5
44

doi:10.6342/NTU202402880



—e— Au/ZnO - 11H
1E-9 |-
F
_1E-10} o /
< * |
€ $ \ .
o ® . ¢
3ENL o
y K
1E-12 | ; |
® ®
®
1E_13 |1 1 |1 | 1 | ] |1 | | |1
-200 0 200 400 600 800

1000 1200 1400
Time (s)

B 4-7Auw/ZnO ¥ L 11 2 2 M2 A7 BIRAETZ It B

RH_high 65% 75% 85%  90%
Au/Zn0 — 11H Ty low—high(s)

2.67 2.27 3.66 5.10
Au/Zn0 — 11H Try nigh-1ow(s)  1.17 0.62 0.81 0.54
Au/ZnO — 11H Response 33.5 772  200.7 554.7
Zn0 — 11H Ty jow—hign(8) 5.28 5.04 g 4.76
Zn0 — 11H Ty nigh-10w(8) 0.65 0.68 1.28 0.87
Zn0O — 11H Response 284 53.0 61.1 94.6

% 4-4AWZnO o ZnO T4 11 [ fE2 2 F M~ 243 FiRA F

P B
45

doi:10.6342/NTU202402880



—e— Au/Zno - 14H

1E-9 I

__1E-10

i |

—
+

1E-11

Current (A

1E-12 |

1E_13 ] ] ] ] ] ] ] ] ]
0 200 400 600 800 1000 1200 1400 1600 1800

Time (s)

B 4-8 Au/ZnO ¥V 14 | FF2 2 M~ har FRET2Z I-tH
RH_high 65% 75% 85%  90%

Au/Zn0 — 14H Ty jow-nign(s)  2.15 344 394 19.24

Au/Zn0 — 14H Ty pigh-1ow(s)  2.58 158 111 0.51

Au/ZnO — 14H Response 20.9 55.1 112.1  251.6

Zn0 — 14H Ty 1ow—hign(8) 6.74 292 1028  7.67
Zn0 — 14H Ty nigh-10w(8) 1.44 1.09 0.44 0.66
Zn0O — 14H Response 7.4 15.8 45.6 72.1

% 4-5A0WZnO - ZnO 3 X 14 ] FF2z 2 A M~ 27 B RR G5 &

R L

46

doi:10.6342/NTU202402880



VIS T AEVE SIS BN Lk

W

By T
y

te
A
|

&

34

P

e

-~

WA BB 42 foBl 43 A% Apk 0 £ 0 4T 4
AR PIEZFBRATFVAESEZ B S B AT ud £ 42 FRE
TINS5 PPy FEZFRERIFET BF DTEE > APHIE
B & 7] 90%PF B & #-:1 3000 -

2282 %2 > AR5 P ESHERF LA FTFT LT F &
B S R RRS 0 A 4L INEER 2 ) Rl R

Bl > G 44 B B T5%85% B AR T A B RE R o F A

A

RO R L LT e E

(75

L)
P ik 5 e 65%~TS%RERE o) % B 2 K ISR 0§ A ik 4
AL R S I o BT AA 42 VR S B AYE 75%

RN EEER T U TS I F LR o

F_&

65%~T5%i B 4 A 2 % = PSSty o T b B3 L 8 fe 11 ) pE sk &

Retta - R ¥ - PHBRAFSBAE L FR -

3

AN 14 PR E RS2 LR R S g
TG PEAEESBRE DR FREFRFR ML 2
BoRE - Btk 9 ¢ 2 85%~90%F 4o 2 o e AR TR
FHELOREY L FRBEA N F - IStk IR o

WM K F AL RSP H T A S B ROUR R R )
47

doi:10.6342/NTU202402880



R TR IR 22 6 R AE A RT § A B AS

ZHOBAGL TRTFIEZARIDNRA 2T MU T RR

AN
ey

{
EPRFEFA R p sk ERAZRER VN E T RS
ERTTFEREFEFEZIRLE - (A 04 005 FPEPYBRER
L PIZ] o 1 F AR BT L e R PR T2 AR 2 90% 2 10%:7

T EERPEA S > FI AN A RO R BT B

SR SRR PRPRN 0 NARA P LN LR R

o]

$HRR L3 R T PP RET L R
BT IR KRR HI SRR PREE G EE A 3
BRI KRR BB 0 T i R AL RRA 2B RA

PR RN AL R NRBREAE ) P OFREFERIEL

gl

A R

=

£ R TR ERF BEERE A F S0 §RA
ISR AEE B T RS AR D RiE T
- WEAR R FE R RE-B 4-9 1B 4-13 5 7 B VYEFRF 2 ZnO-~

AWZnO ;B A PRt B -

48

doi:10.6342/NTU202402880



10

m  2H-Response ratio

Response ratio

65 I 70 I 75 80 I 85 I 90
RH (%)

B 4-9 ¥ X 2 ]z ZnO ~ Au/ZnO ~ i B & B 4 B

H

10

m  5H-Response ratio

Response ratio

65 I 70 I 75 80 I 85 I 90
RH (%)

Bl 4-10 i34 5 ] pF2 ZnO ~ Aw/ZnO ~ i8R F4 B

H

49

doi:10.6342/NTU202402880



10

m  8H-Response ratio

Response ratio

65 70 75 80 85 90
RH (%)

Bl 4-11 3% 8 ] pF2 ZnO ~ Aw/ZnO = i* BB LR B

10

®  11H-Response ratio

Response ratio

65 70 75 80 85 90
RH (%)

B 4-12 i1 11 ] P2 ZnO ~ Au/ZnO ~ i R & DR B

50

doi:10.6342/NTU202402880



10

®  14H-Response ratio

Response ratio

65 70 75 80 85 90
RH (%)

B 4-13 i3 14} pF2 ZnO ~ AW/ZnO =~ 8B SR B

58 49 7R 4-13AFF LFERER LG 3 FRADAE
ARALEEIN S P R FETIN S i i

BRI ZE &5 0 RHE > F IV 2 EFERl 1] Es

VAR SRRk EH RS ) 0 B R
Eyvaraghi &%= 3 £ [ € B g bt B[5T7] 0 Hae

- HBEIF A PH K T TN 5 RS B Rk

B PR j‘%%ﬂ%’ B g .l v e A

51

| g RN

doi:10.6342/NTU202402880



Ep

n
[y
e
4k

A fm g7 (100)3h 4 + 1% PECVD = £ Si02 5 ¥ 4% & LR
ATEB Lt T3 A FEBE LR AT A K
B2 s I ARTRERES A AR ARG 23K

WY - R EZ RS TAFIVEF AL R4 & 7 K o

LITLEAEY o APFERAVETHE S AT 2 o R A
HEPP o EFOUER oL £ 5 AR e o AL 0 5 Y

BR M B EE M T I B RS AR T Bt &
%

BRRRPID R O APHRTHELEE TSRS 00 A2 RIEAET R
RIS IR A [ E B0 A Zn0O ¥ Au/ZnO ¥t ¥R B R RIPE

gﬁgéi%ﬁg@’“uwmﬁlﬁ%$%%wm$ﬂﬁﬁ§&ﬂ

52

doi:10.6342/NTU202402880



52A %3 w

A ? o APIHPEAREE AR A BELF P HE A
MK RARR BRIV R REET R OT £ B KGR
Pt & BAc i BBR BTk R TR T U SEE ¢ 0 N2 g

PR EEE RS Uk EE TR Rk o

53

doi:10.6342/NTU202402880



42 e

[1] Y. Yu, W. Zeng, M. Xu, and X. Peng, "Hydrothermal synthesis of
WO3- H20 with different nanostructures from 0D to 3D and their gas
sensing properties," Physica E: Low-dimensional Systems and
Nanostructures, vol. 79, pp. 127-132, 2016.

[2] Verma, Arpit, et al. "Detection of acetone via exhaling human breath
for regular monitoring of diabetes by low-cost sensing device based
on perovskite BaSnO3 nanorods." Sensors and Actuators B:
Chemical 361 (2022): 131708.

[3] A.Mirzaei, S. Leonardi, and G. Neri, "Detection of hazardous volatile
organic compounds (VOCs) by metal oxide nanostructures-based gas
sensors: A review," Ceramics international, vol. 42, no. 14, pp.
15119-15141, 2016.

[4] S. Han, S. Yang and K. Sheng, "High-Voltage and
High- ION/IOFF Vertical GaN-on-GaN Schottky Barrier Diode With
Nitridation-Based Termination," in /EEE Electron Device Letters, vol.
39, no. 4, pp. 572-575, April 2018

[5] X.Wangand]J. A. Cooper, "High-Voltage n-Channel IGBTs on Free-
Standing 4H-SiC Epilayers," in I[EEE Transactions on Electron
Devices, vol. 57, no. 2, pp. 511-515, Feb. 2010

[6] D.JinandJ. A. del Alamo, "Mechanisms responsible for dynamic ON-
resistance in GaN high-voltage HEMTs,"” 2012 24th International
Symposium on Power Semiconductor Devices and ICs, Bruges,
Belgium, 2012

[7] U. Ozgiir et al., "A comprehensive review of ZnO materials and
devices," Journal of applied physics, vol. 98, no. 4, 2005.

[8] R. Triboulet and J. Perriere, "Epitaxial growth of ZnO films,"
Progress in Crystal Growth and Characterization of Materials, vol.
47, no. 2-3, pp. 65-138, 2003.

[9] R. Janisch, P. Gopal, and N. A. Spaldin, "Transition metal-doped
TiO2 and ZnO—present status of the field," Journal of Physics:
Condensed Matter, vol. 17, no. 27, p. R657, 2005.

[10] J. Y. Lao, J. G. Wen, and Z. F. Ren, "Hierarchical ZnO
nanostructures," Nano letters, vol. 2, no. 11, pp. 1287-1291, 2002.

[11] Z. L. Wang et al, "Semiconducting and piezoelectric oxide

nanostructures induced by polar surfaces," Advanced Functional
Materials, vol. 14, no. 10, pp. 943-956, 2004.

54

doi:10.6342/NTU202402880



[12] X. Y. Kong and Z. L. Wang, "Spontaneous polarization-induced
nanohelixes, nanosprings, and nanorings of piezoelectric nanobelts,"
Nano letters, vol. 3, no. 12, pp. 1625-1631, 2003.

[13] B.Yao, Y. Chan, and N. Wang, "Formation of ZnO nanostructures by
a simple way of thermal evaporation," Applied physics letters, vol. 81,
no. 4, pp. 757-759, 2002.

[14] H.-q. Yan, R.-r. He, J. Pham, and P. Yang, "Morphogenesis of One-
Dimensional ZnO Nano-and Microcrystals," Advanced Materials, vol.
15, no. 5, pp. 402-405, 2003.

[15] M. H. Huang et al., "Room-temperature ultraviolet nanowire
nanolasers," science, vol. 292, no. 5523, pp. 1897-1899, 2001.

[16] M. H. Huang, Y. Wu, H. Feick, N. Tran, E. Weber, and P. Yang,
"Catalytic growth of zinc oxide nanowires by vapor transport,"
Advanced materials, vol. 13, no. 2, pp. 113-116, 2001.

[17] Y. Xing et al., "Nanotubular structures of zinc oxide," Solid state
communications, vol. 129, no. 10, pp. 671-675, 2004.

[18] M. Vaseem, A. Umar, and Y.-B. Hahn, "ZnO nanoparticles: growth,
properties, and applications," Metal oxide nanostructures and their
applications, vol. 5, no. 1, pp. 10-20, 2010.

[19] Dhall, Shivani, et al. "A review on environmental gas sensors:
Materials and technologies." Sensors International 2 (2021): 100116.

[20] J. Mouly. Gas and Particle Sensors - Technology and Market Trends
2021 [Online] Available: https://s3.i-
micronews.com/uploads/2021/07/YINTR21178-Gas-and-Particle-
Sensors-Technology-and-Market-Trends-2021-Flyer-Yole.pdf

[21] Zhu, Ling, and Wen Zeng. "Room-temperature gas sensing of ZnO-
based gas sensor: A review." Sensors and Actuators A: Physical 267
(2017): 242-261.

[22] L. Yu et al., "Both oxygen vacancies defects and porosity facilitated
NO2 gas sensing response in 2D ZnO nanowalls at room
temperature," Journal of Alloys and Compounds, vol. 682, pp. 352-
356, 2016

[23] R.K. Sonker, S. Sabhajeet, S. Singh, and B. Yadav, "Synthesis of ZnO
nanopetals and its application as NO2 gas sensor," Materials Letters,
vol. 152, pp. 189-191, 2015

[24] C. Liu et al., "Acetone gas sensor based on NiO/ZnO hollow spheres:
Fast response and recovery, and low (ppb) detection limit," Journal of
colloid and interface science, vol. 495, pp. 207-215, 2017.

55

doi:10.6342/NTU202402880



[25] Z.Jing and J. Zhan, "Fabrication and gas-sensing properties of porous
ZnO nanoplates," Advanced Materials, vol. 20, no. 23, pp. 4547-4551,
2008.

[26] Gong, H., et al. "Nano-crystalline Cu-doped ZnO thin film gas sensor
for CO." Sensors and Actuators B: Chemical 115.1 (2006): 247-251.

[27] Bie, Li-Jian, et al. "Nanopillar ZnO gas sensor for hydrogen and
ethanol." Sensors and Actuators B: Chemical 126.2 (2007): 604-608.

[28] Navaneethan, M., et al. "Sensitivity enhancement of ammonia gas
sensor based on Ag/ZnO flower and nanoellipsoids at low
temperature." Sensors and Actuators B: Chemical 255 (2018): 672-
683.

[29] Kanaparthi, Srinivasulu, and Shiv Govind Singh. "Chemiresistive
sensor based on zinc oxide nanoflakes for CO2 detection." ACS
Applied Nano Materials 2.2 (2019): 700-706.

[30] Abdelkarem, Khaled, et al. "Design of high-sensitivity La-doped ZnO
sensors for CO2 gas detection at room temperature." Scientific
Reports 13.1 (2023): 18398.

[31] Kim, Jae-Hun, et al. "Low-voltage-driven sensors based on ZnO
nanowires for room-temperature detection of NO2 and CO gases."
ACS applied materials & interfaces 11.27 (2019): 24172-24183.

[32] E. Wongrat, N. Hongsith, D. Wongratanaphisan, A. Gardchareon, and
S. Choopun, "Control of depletion layer width via amount of AuNPs
for sensor response enhancement in ZnO nanostructure sensor,"
Sensors and Actuators B: Chemical, vol. 171, pp. 230-237, 2012.

[33] X.-Y. Xue, Z.-H. Chen, L.-L. Xing, C.-H. Ma, Y.-J. Chen, and T.-H.
Wang, "Enhanced optical and sensing properties of one-step
synthesized Pt— ZnO nanoflowers," The Journal of Physical
Chemistry C, vol. 114, no. 43, pp. 18607-18611, 2010.

[34] T.-J. Hsueh, S.-J. Chang, C.-L. Hsu, Y.-R. Lin, and I. Chen, "Highly
sensitive ZnO nanowire ethanol sensor with Pd adsorption," Applied
Physics Letters, vol. 91, no. 5, 2007.

[35] Dixit, Shobhna, et al. "Effect of toxic gases on humidity sensing
property of nanocrystalline ZnO film." Journal of Applied Physics
102.11 (2007).

[36] Ma, Ruilong, et al. "Study of the ZnO/MoS2 heterostructures-based
gas sensor for humidity-independent response." Materials Research
Bulletin 175 (2024): 112775.

[37] Franco, Mariane A., et al. "A review on chemiresistive ZnO gas

56

doi:10.6342/NTU202402880



sensors." Sensors and Actuators Reports 4 (2022): 100100.

[38] A. Maijenburg et al., "Dielectrophoretic alignment of metal and metal
oxide nanowires and nanotubes: A universal set of parameters for
bridging prepatterned microelectrodes," Journal of colloid and
interface science, vol. 355, no. 2, pp. 486-493, 2011.

[39] M. V. P. dos Santos, F. Béron, K. R. Pirota, J. A. Diniz, and S.
Moshkalev, "Electrical manipulation of a single nanowire by
dielectrophoresis," in Nanowires-new insights: InTech Rijeka, 2017,
pp. 41-58.

[40] E. M. Freer, O. Grachev, X. Duan, S. Martin, and D. P. Stumbo,
"High-yield  self-limiting  single-nanowire  assembly  with
dielectrophoresis," Nature nanotechnology, vol. 5, no. 7, pp. 525-530,
2010

[41] F. Kayaci, S. Vempati, I. Donmez, N. Biyikli, and T. Uyar, "Role of
zinc interstitials and oxygen vacancies of ZnO in photocatalysis: a
bottom-up approach to control defect density," Nanoscale, vol. 6, no.
17, pp. 10224-10234, 2014.

[42] P. G. Choi, T. Fuchigami, K.-i. Kakimoto, and Y. Masuda, "Effect of
crystal defect on gas sensing properties of Co304 nanoparticles," ACS
sensors, vol. 5, no. 6, pp. 1665-1673, 2020.

[43] Q. Wan et al., "Fabrication and ethanol sensing characteristics of ZnO
nanowire gas sensors," Applied physics letters, vol. 84, no. 18, pp.
3654-3656, 2004.

[44] C.-L. Hsu, L.-L. Su, and T.-J. Hsueh, "Tunable Schottky contact
humidity sensor based on S-doped ZnO nanowires on flexible PET
substrate with piezotronic effect," Journal of Alloys and Compounds,
vol. 705, pp. 722-733, 2017.

[45] P. K. Kannan, R. Saraswathi, and J. B. B. Rayappan, "A highly
sensitive humidity sensor based on DC reactive magnetron sputtered
zinc oxide thin film," Sensors and Actuators A: Physical, vol. 164, no.
1-2, pp. 8-14, 2010.

[46] V. Platonov, M. Rumyantseva, N. Khmelevsky, and A. Gaskov,
"Electrospun ZnO/Pd nanofibers: CO sensing and humidity effect,"
Sensors, vol. 20, no. 24, p. 7333, 2020.

[47] R. B. H. Tahar, T. Ban, Y. Ohya, and Y. Takahashi, "Humidity-
sensing characteristics of divalent-metal-doped indium oxide thin
films," Journal of the American Ceramic Society, vol. 81, no. 2, pp.
321-327, 1998.

57

doi:10.6342/NTU202402880



[48] J. Fripiat, A. Jelli, G. Poncelet, and J. Andre, "Thermodynamic
properties of adsorbed water molecules and electrical conduction in
montmorillonites and silicas," The Journal of Physical Chemistry, vol.
69, no. 7, pp. 2185-2197, 1965.

[49] B. Yadav, R. Srivastava, C. Dwivedi, and P. Pramanik, "Moisture
sensor based on ZnO nanomaterial synthesized through oxalate route,"
Sensors and Actuators B: Chemical, vol. 131, no. 1, pp. 216-222,2008.

[50] N. Sun et al., "High sensitivity capacitive humidity sensors based on
Zn 1— x Ni x O nanostructures and plausible sensing mechanism,"
Journal of Materials Science: Materials in Electronics, vol. 30, pp.
1724-1738, 2019.

[51] Majhi, Sanjit Manohar, Prabhakar Rai, and Yeon-Tae Yu. "Facile
approach to synthesize Au@ ZnO core—shell nanoparticles and their
application for highly sensitive and selective gas sensors." ACS
applied materials & interfaces 7.18 (2015): 9462-9468.

[52] Ramgir, Niranjan S., et al. "Room temperature H2S sensor based on
Au modified ZnO nanowires." Sensors and Actuators B: Chemical
186 (2013): 718-726.

[53] Yu, Shuguo, et al. "Investigation of humidity sensor based on Au
modified ZnO nanosheets via hydrothermal method and first
principle." Sensors and actuators B: chemical 287 (2019): 526-534.

[54] § &, "UATAB R D 22 A RS BALF A MR

RPEEY A48~ Fmdams, 2023,

[55] M. V. P. dos Santos, F. Béron, K. R. Pirota, J. A. Diniz, and S.
Moshkalev, "Electrical manipulation of a single nanowire by
dielectrophoresis," in Nanowires-new insights: InTech Rijeka, 2017,
pp. 41-58.

[56] Miao, Jiansong, and Jerry YS Lin. "Nanometer-thick films of aligned
ZnO nanowires sensitized with Au nanoparticles for few-ppb-level
acetylene detection." ACS Applied Nano Materials 3.9 (2020): 9174-
0184.

[57] Eyvaraghi, A. Mahdlou, et al. "Experimental and density functional
theory computational studies on highly sensitive ethanol gas sensor
based on Au-decorated ZnO nanoparticles." Thin Solid Films 741
(2022): 139014.

58

doi:10.6342/NTU202402880



