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CO gas sensing by ZnO nanoflake thin films

Student : Hsin-Hung Lin Advisor : Dr. Fu-Ming Pan

Department of Materials Science and Engineering

National Chiao Tung University

Abstract

Znic oxide nanostructures have attracted much attention in gas sensing
technology because of their high.sensitivity to the chemical environments. In
this research, we synthesized flake-like:ZnO. nanocrystals by chemical bath
deposition method using znic acetate as the precursor and methanol as the
solvent. The study on CO sensing by the ZnO nanoflake thin film were
conducted under vacuum and atmosphere conditions at relative low sensing
temperatures. The microstructure of ZnO nanoflake thin films was examined by
using X-ray diffraction (XRD), scanning electrion microscopy (SEM),
transmission electron microscope (TEM), and the surface chemical composition
was analyzed by electron spectroscopy for chemical analysis technique (ESCA).
The CO sensing study under vacuum shows that the electrical current increases
when ZnO nanoflake thin films which was deposited on the Si substrate in 0.15

M znic acetate solution and calcined 350°C. The ZnO thin film has the best CO
111



sensing performance at 100°C with a good reproducibility. At 200°C, the surface
of ZnO nanoflake is reduced to metallic Zn. Under the atmosphere condition, the
sensing response increase with the CO gas concentration. The best CO sensing
performance was found to be at 200°C with a detection limit of 2500 ppm.
After the CO sensing test in atmosphere, microstructure and chemical properties
of the ZnO nanoflake thin films are intact according to XRD and ESCA analyses
after the CO sensing test, and thus the sensing performance is highly

reproducible in atmosphere.

Keywords : ZnO, Nanoflakes, CO gas sensing, Chemical bath deposition.
v
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ol 2-4 2B 2-5 477 o d Bl 2-3F AR GF AT ApE e g A2 < Een

< B (Junctions) » 4B 2-4(d)#77 o S FHBET 0 F LHELE DT L RS

G

ARG ABEADER > FIZ 3 A HATEE AN T LRAER T A

=K

by

ZHRITFEHZ ALY PR FRENZE T FEHEF G A PPE
e R 2 oF ddR g Bhenioa [ (potential barrier) € 7 A ¥ e o @ %’5@

ARARARRAF R T AR aF A B 4o
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AVp @ = g fppd BFpE g 4 ¢ Pia iR
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=
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=H
\

el w
Kg : % & ¥ #(Boltzmann’s constant)
T :%H%HER
FREPBRESGIMHFMYF > FRIAFFAL T > REFRAR
F RS FREA DTS F & d E S (conduction band) - ] T 7 L
TOB R o P ER L MRS R R R iRk R o Y TR
¥ AV H 4o R G Rl B B3 BEEt ik R T 0 A kR 3 eni

- BEE T FIT I EFE

ED
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A 2011 & > Kim[38] = # e & % 7 1 (Quartz substrate) + £ 417 F it
# 2 5 # 4 (ZnO Nanorod-Bundle) s » f1* B 3 £ & fi - fi 1t » ki (7

F 5 BE Y 3 (HS)sh & Bl > 4ol 2-6 #777 o @ H T & PIB4cB] 2-7 #7

>

FALCIECFE S FCEI A BATIEIMAS T A A4 T et

B BROT IR EREFE PR OB Sem B4 0 gt 0 Bk & (response) T
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i
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r— S

E o PR 7;”: gurﬁg'g_é’- E”f”i“]@"'i"ﬁﬁ—_i L og ’}ﬁ“#\mt{\ .

B4 A %8 A2 7 L % (depletion region) > ¥ it 43 A A PR ER

AR

(carrier concentration)*# i - = 1 FOFLeNT LR 0 " MO R AT IR

&
o

W 2:8(B) - H il » AT E ARG A

—\

R R ER S e R R
P EABRRMEFH S R BV AT S
2H,S(g) +302™ (ag) <=> 2H,0(g) + 2S04 + 30 + €

d PR v gt rm g L EZN BRI L RRE
rETNEEG L 04 %{E’: FEGE T ¥E o dget o VI LA TR RAR S
et 4 g FR R o

& 2012 # Rai[39]##2 1@ s I % g SR pl- § M ALF R
31 % 7 Takata[40]% jt * 4k 3] AU RUEA #5 100°C p* - § 4+ fEUn
AR S Oy 0 % BRLE A 4> 100°C T 800°C p¥ > § 3t 2 O e ik 35
e g o FRPIERA300CHE 10" F 4 s téie -omsy

~FRAF P BA G AL PR T

ZCO(g) + 02-(ads) — ZCOZ(g) +e (1)
CO@g + Oass)y = COyq + € (2)
COt O%(aasy — COpq) + 26" 3)

E;._LJT\:.‘?/T'M::]? }f@{?\s{?@ E)/?Jﬂﬁ'&?_‘-ﬁﬁj’ 'ﬂég—-gf“ﬁ}'\ﬁ
I AL FrpE S, VR RKRIOT S O RETIEETE R E A
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Bl 2-1 5 "4 Skt 3 E Fie—d e E M % RI[36]

D> >2L (Grain boundary-control)

D22L (Neck-control)

D<2L - (Grain-control)

Bl 2-2 St 427 X BI[36]
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Bl 2-5 F i &R 200 R RIERDT £ Bl - [37]

!
L;JN;(:V Magn WD f—-—l——i 500 nm
5’0 kV 50000x 4.3 \ 9
‘u‘\ ) \

B 2-6 § 1483 f 5 42 s HE[36]
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Response
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7 8]\ =

Time (second)

Bl 2-7 5 142 847 8 R B39

Zn0O

Adsorbed oxygen species Os"l Removed oxygen species:

Ap Thickness of depletion layer & Electron

| Ay |

Bl 2-8 % i“4:7 42 B R1H841[38]
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222 F WERIERIZE

AEHA S F MR R L LA 0 F Ik E (Response » S) & & AT
(Sensitivity) o i&@ EALE R AT OTE 0 R FAMEE A EHEHPHLF
RER BlenF o= ] o+ &% 2 RPIGETR TE S STRIRy Ry 5 3 » f REpF

W OTILE o Ry ERIF ME R HTILE36] 0 A v fA[38]7 o H

MR BIFMEOT RS Ry BRI EET L PRE 1 F AR
Bl F R FAE OIS 0 F CAL n UL EMFRARIE - §F A
B RMEF M EFAEEET S SERe/Rg=lg/e * 4Bl 2-9 1T 0 g &

6.39x10° » Iy 5 1.16x10° » p pr e &7 5 5.51 -
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Current(A)
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/
Gas 1n

Z

| &
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&
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= 6.39x10°¢

Gas Off

T
60

]
360

| 2 | v ] v ] v ]
660 960 1260 1560 1860
Time(s)

W 29 F itk

21




23 § 1“&(ZnO)f WL

ARHRY EHFLHITLFHUERMKE - Fk? &3y &7 07
S GBS g A (wurtzite structure). g 11[42-43]0 4o ®] 2-100 2 FE Y
I 4+ (anions) ik 45 &b 88 ¢ ch2 o 3i ff (hexagonal close-packed, HCP) i+

B o IS (cations) k5= A 2 — fhw 5 88 = % (tetrahedral sites) © * B+

e i~ #c(coordination number) & 4 -

Bl 2-10 § 1 425 ask g 24 [42]
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24 § M &(ZnO)f 22 - F

F VLY AWM AR T A RS ekl mole HFE L 8149

%A L 56 grem® s e 1975 °Ce § 4 E AL E . B B RAH

o

£33 eV bk g s 5 60meV o kT FAELE Y 5 E R

=’

S o HAFRRRIA S 0 F Y4 B G 0T BELE 1 [42, 44-52]
1. #& % 7 FE {8 (stable resivity)

2. & ehg it 848 T M (high electrochemical stability)

3. mAd
4R AR FEEG

FAETL P SRR R LU Y F R R o

2.5 v &5 % 2 (Chemical bath deposition)

A - A E D S A A S kW a8
FAF L REN RERE R A A BRERR 0 T L B S

Eehs add B[53]- £ 25 L F LenkpiRiE AL F ez d

R
¥

/
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225 K Lekipinit S EF g2

B &K chg

ik

RS~ 7 4 208 M | S E AR & T gl [54-56]
s 4% | 2Kk H Rt Bfg &k g [57]
AR~ » 7 4 ERP & F8 R 5 35[58-60]
AR~ 5 7 4
N =R N FoAlFE v [61]
1# ¥k
AR~ - 7 4
EYEET e &k R E[62]
i i 4
AR 2 o AHDFR B F g
20K &

%~ 2 i (pH 5)

[63]

BB S BAC &

1IN S

F st~ & PR 2R R [64]

WL EF

B R

pPH & 8 28[65-66]

EN - SicEspill o8

FAS s pRak o TR S A

22 8 8 e (67

B it~ FRERAE A%

S P

BREER éér5[68 69]
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CEpfE AR S REF RHFREF (D) H iz
BfEL AR E I 5 (2)1 £ avRiR (S)FAR A AR o 1 Y Bk
fiz T ol s £l e KR s s 4% (layered basic znic oxide » LBZA)[70] > # 4&
v 12 Zn(OH)X, (X = CI, Br, I, NOz, CH3;COO) 758 5t > H K k3 5 it
# > NALE R E F 1 4% (layered basic zinc salts, LBZSs) [71-73] - & sten
LBZSs Wik &A1 &R rkipit > F4c i § & § Aip Ao g pF LBZSs o
* &P ¥ AR R P AISE A+ (homogeneous nucleation)[25] @ ¥ LBZSs
&% % ¢ 2= 4 (two-dimensional) (0 = 3¢ = £ s s 3 (particles) i d gk
(plate-like) 2¢ # j (sheet-like) 5 # 2 S [74-76] <.p # ot fE § 1t &p e a2
FERUTOSHEEAGN[I7-84 B H AT B ERRIEDL -

& Hosono[70] %l 4z # 1 34 iz 0,15 molldm® iy f 4573 &7 f5 ¥ > 2% »
HEHis B3 60°C 4P 4508 280 e 2t £ o d 150°C & 500°C s4e #4
WAzz A5 o B 2-11 5 LBZA 7 i P57 i XRD B3 > H R4 ehs
F 3% 5 [Zns(OH)g(Ho0)o)™ © T A 2o = chigdp F it d 5 B ~ & R =¥ ehi
F AB(OH groups) ¢ Bl o T Az - ch3F At 3 A T3 s g T o
BB F Aok s TR 5 B S 0 BTV ARJEIPF > LBZA ¢
A f2A, 2 F CERF N ol 2-12 #17 o § ¥ LBZA 274 pE > LBZA
g RS R e g g (wurtzite) B He0F 4> B 2-13-14 5 LBZA 7 SEM
B> B 2-15 % LBZA (i e #4 9 4250 SEM B o 34 % 04 675 o & £ e
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B L& g £ OF = % (heterogeneous nucleation) s Fii(energy barrier) & -] &
#F A e & e 4 5o (interfacial energy) & -] v T gl
BAFF > 2 Fath T e pE A La T HE LETE B DG
w[70] > % Ao FE - K EW LBZA & S EMI L §F 4 e
LBZA s 5 F > Tl 5 X P e oo & B X0 § LBZA = £ PF > f[hkO0]
% B G R e SRy g A Bk R B A R s - A
1 € X FUH] o A~ 0 LBZA (it 0 €503 (V4 H R Fldes

.\‘:

&

Zn(OH)>— ZnO +H;0[70]
¥ LBZA +c #1426 122°C g5y 7 ¢ 4 4 % -k (dehydration) ¥ fi» @ 4 % 150°C

% 350°C ¥ - FEph R B4k 0 LA o
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Bl 3-1 5 FskimAnl JI* P Bz I EF V2L REE LR

V
T

iR MR R ERLI Y g Y - § bR MR

BOHR PRI F CBEEFHAEA T
3.2 2 B i Age

g B * ptype (100)% < Si wafer » 5 & 5 525+ 25um - 7 L4t Si
wafer it {7 & & 7 RCA clean - ;-;—“,f e B EEEMNERER 2

¥

~

|

ok

B E Y *L - F it # (thermal oxide) > A& & ¥ 500-1000 nm o 7ix

NN
L
i)

|

A2 B4R 3-2 #ro o

A

AATHIA > BAHE AR - AR

950 °C 1.5 hr

0 : o b 0
|800 C 12 min |%§ t d%‘! 800 °C I
~
0 600 °C 12 min 4
¢ R!J%s FLBAEA
N/ BRSHMAAWMELL \»
@ °C 12 min $$ %. 400 °C
NS

5 4‘
N EARE L BBALA 2,
ig '~

E\E

time

B 3-2 = 3 & = £ A2
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il ﬁﬂ%(actone):* » AR5 ,ﬁ\%fﬁ&,ﬁ'—,}a 10 ~ 45 » 2 uﬁ;: §Fivp i m’ﬁ
3

W+ o L #RE P B 050e A3 33 -k (deionized water ) 0 A2 R R

5
ke
K

H
o
%
i
b
e
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i
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F_&

EEpe(98% )¢ o AT BT
e 10 M b > Pl iR B3 g kY o g R RT Wi 10 A48
o PR IR A kY (HOp) g i R Wi 10 & 4818 >
Bz R R b I ok o AR R R TWFE 10 A4 0 BB
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3§ &3 F R ERHG

LE AL E S F AN R ER RN E KR AR R
£ chg it 43 8 B E N BRee S i A4 ( Zine acetate ) 0 i * g A &
DR EMTCAR A G gz (CBD ) ¥

? A% ( Methanol ) - & % i+ 483 ¥

56?3’33?%1?"“ :
219.52 g )% » %5 100 ml 2 ¥ AR5 iR

ETINS

1. 7 £ %3209 appps(s + £

P T NEEEE I BFERP o pES 015 M xﬁ PR it o

2. #  Hlas §p R HAABLERY At A2 oF 33 &

206 LRETERB R Y 0 e R L e KR E - s 3T Parafilm )15

=

G g ¥ 60°C e dh ¢ A PR R 20 3 72 ) pF -
B AR K PR Y B B IR s T

— /] B e 350°C 4% %&( Calcination ) 2 7 % @ 22 5 FUREL R E B X B

ERWe 3 RAAT > APALED115°C - B pris > £ 28 3] 350°C

FE- B

4. Bois > BB > T L A LK Y EN

? %Iﬁ"%i{ir@ 3'4 ’ —? 154& %t_%_ rﬁ:]'&r'm 3 5 '55; é}gxgﬁ—é}% %\' 3'1 °
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LR | 2024-28-32-36-48-60~72 ] pF

~EER 60°C
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€ i TS >
«— - iy >
N
B &+ om
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3.29 g Zn(CH;COO0),2H,0
100 ml CH3OH

[ s

o § R MR

!

g g P (60°C)
20 % 72 | P&

!

+ T 350°C M4miE | | pE

Bl 3-4 & &z 5k B EW= &N AR R]
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3.4 Y SugEEIE

BRI IR LS o R Y Bl A s P iR A G o A
o MR R E X FeEREY XD R RETRF L K252 1 115°C
520448 RRE2ALGCHFEL R, RF 3 K 115483 350°C 3
20 A48 ®E 4> A 350°CHE 1] « F4ESF T X RHACR 3-6 1
oo FEd MRMERJLE > RPN EF CAERSF e T TR

> s A= . =2
ey b gz o0 B R o

B 3-6 % it 4%z F % Ewas'aT 3 B
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35 AN AR RRE

¥z Ay VB kS ERGEF AT 0 d Xk st ik ( x-ray diffraction
meter )& 3 B B B i 0 474w 34 &+ B AcsL( scanning electron microscope >
SEM )ELZ:E F ehdk o A5, » i & & 477 + i®( electron spectroscopy for
chemical analysis » ESCA )~ 47 # &5 it B2 4 » 3R FTENT 3 &
#&45.( high resolution transmission electron microscope » HRTEM )4 +7 4 #L pr

o

jas]
Yok

HESE YRR RERR A A F TR AR

o
-

Weng B F o
351 X & bt

% 1895 & > 4+ 12 & 5 5% (Rontgen) s 3R 7 X £ [85]) X k& 3 551 »

T T R AR 1 - R E R EH R o 61912 & 5 X L & R

4
S
g
i
o
&
—
=

i e TR duE 2 oo X kA A RE LY F AT

n MHAUE A D ERILF e HAA L ML G 0 F o S R Y R
%k

2d1gsind = nA

B diTg R0 5= A2 — chr sk lmdpstkmd 40 2 E o
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d SRR 2 20 OB TR AT @ IH Ed B L AT G BE £

X K RFHRE R A ESIEEL E ¢ (Joint Committee on Powder

Diffraction Standards, JCPDS) enF 4L & vt 44 » T+ 8 Fipldr e o 22
e

AF i 8 _Bruker D8 #87] » H (T 7 Bk T 40KV > Tink 5 40

V> A& 4 X kege 4t 5 4k ¥ (Cu, K,= 0.15406 nm) » 5 16 44 % 4 % (N filiter)

WA B K, ML el X @ iEwda 2 dFHT: 1R X

J 5 R B 20=10 % 80 R RF:&{THiplofI* XRD kA 7§ L4258 %

352 #F# T Bk

Fhin ks 12+ Ap2gpladape 1 ivhEyd
i

A R H T R RRBARE AN PR RS

A e o FRFAREFNIF EALF IS T BT F
TRFFHTF FREXEE AN FAL G FET IR L]

TERApR o TSR R R >V RA A 3 LR RT A ORI i
Bo PRl fifs LT BB BRIZA G ho ZRT I ¥ EaoH

- A B F F Hear A5 5 JOEL-JSM 6500F ¢ JOEL
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-JSM 6700 - JOEL-JSM 6500F » = # 3% 7] > @ +# 1 1T & & 1800 K =
» TR R B r“:*'f« B2 5= R ;*ﬁ?\ » ¥R PERY R iEfE e R
=i S —%—@ﬁi o Fp#Z_T 5 A H- A JOEL- JSM 6700 - G Gy

TR RE S &R & 5 flashing cads (T kAR A G AT F B F 8
353 &L TF R

CELSFR IR AR E L TR I Xk k RS F i £
BT IERE AT S BRRT I > DR REZRT IS
7o (binding energy) » ¥ * MFE R G T I 2 G a2 A E B F R

[86]- % B3+ 23| X kpits E X LN B A PE ZHBTF L2505 (E)

=
R

RFFHRMRS S DT IO SRR T E 0 X ki T

Fotrrx flz o Xk Sk S50 e XPS, X-ray photoelectron spectroscopy) -

EotmhV-E. oo (3.1)
B¢ hdrvaeu i FP5 ¥ 2 Xkaupd o 27 F 85 B

Fm o Pl R F g HE x4 S dig(work function, ) o 238 3112



TR T HEMEL Y B R R MR BRI NT S 0 A
L REFEHF S BRTA G > TR BE R+ E (2 A)o 7 5%
T BCEL Y T e w3 g X Eh&k Sk ik (Dispersive X-ray Spectroscopy,
EDS) 2 % + i £ 4 4 & 3 &K (Electron Energy Loss Spectroscopy, EELS) k

FERMBOEFor s LR RI AL PR TFFRSE T SRR
AT A - TN ENTF O RIS AT AT ENT T S D
FEEIES G o d AP RERF &AL T E i s B2 E NG

B FhAe T
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1, M4g4F 5 Y453 8 B Eaig B S E e 3T o
2. BFPEFIIFES Y 2 o RARFT 0 &R L P REHLY 0 4o R 3-8
HTSE o
3. Mp kIl A RTWY BT 1544 £ MR EFB N I F AR
VB IRE D4R > do ) 3-9 T o
4. A% 6 BOGIE MF e b R gar o RIF VR KR TR E b
+ oo e B 3-10 o o
— g e b BRI E 30 o L AR Sk R 3Y i R
4 (Cu mesh with lacey) » #* 4 e edF e 20 5 B BLP i L + /] 4R 0 UL
WS PE o T i E AL FRAT 0 TS F G B R B R
SRAELA § BRI ELEAy 0 WO EE L FenT 50T F BSR4

B 3-10 77 -
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ZnO-Nanoflake thin film

~Y

Ethanol

Cu mesh with Lacey

W38 HHF BEF P ET SN TS RS A LT

42



Cu mesh with Lacey

F13-0 Bl § 1483 ¥ WY 50T 3 BRS¢ 7 LW




EZRMERERS 2@ E TR DRI FERIT &
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3. +® Keithley 237 > ¥ BE %5 1 ki > K TR PIF 8 5 1860 ) > i
>— F vpenfidics 60 2 360 2960 & 1260 F) 0 @ i~ - F i BLPER
4 AL 1torr - F CEUER G 1% F Y ER & 99%hE 5 o

4. FERl=ts > B A Keithley237 > BEdf4c 08 > BE B4 2ok k SoBf A48 4

g~ ~F f§ ypqgp R4 23 760torr > TR - K2R o
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1 % CO +99% N,

Gas out

L

\ Mechanical Pump

B 3-11 F 7 [ &R T L

A F R EB RIS F A F RS FA R HFH T RERE
Keithley 237 ~ 7z # # & /i & #241 & (air mass flow controller, air MFC) ~ ¥
B2 o2 2% B (N, mass flow controller, N, MFC) ~ 4v &tk ~ 4e 4 % ~ TR &
AR B 4eB 312 ¢ 7 o ABRRBIR Y K FpE L
WS T RNy MR R AT F e E 5 200 scem o i

*ee § S 10%:- § i phsr 00%F F R & F L SERIEIE R e 4

@~ g lscem 3] 200scem F F o R N d4e T

45



1 sk B n wrRl Y > FOMIF S B A TR 15 0 Bk Keithley237 » 3 .8
RIPFRE 5 1860 45 - ZRlR B 2 1 R4 o

2. Birm F i 2R > FRAIR AN FREFRARAE AR TR T
SRR e

3.i ~— F MBI UREEY o i ~PEF 5 60 3 360 4 ~ 960 T 1260 ) °

4. 2RlF A o BH Keithley237 » B H- a3 4 470k s> B S 2% > M

L7 2= Y N 2 [ ~
Hizs 518 PR —- g o

10 % CO +90% Nj

Gas in
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Bokg o B R RBEA G A AR ITRR K o R 44 B 45 -
Bl 4-6 “7m 5 SUAEPERY 60 B 0 H A G end BB AT 0 Bea A2 ad
SRR ST 0 ¥ o] 4-7(C) 4 o BRSO B A iR 0 AR L] e
ROFUBERER T2 A TR GRETIEEONEF AL ERGZ KT o
G R P w020 - 48 o HOWESEF U PR O Ao A W e 0 B R
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PERF 203 72/ PEREY BB BT AL 427
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SEI 15.0kvV  X10,000 pm WD 9.8mm

SEI 150KV X50,000 100nhm WD 11.6mm
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SEI 150KV X50,000 100nm WD 11.9mm
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B 4-8 T4k PE ¥ 72 /] 51 SEM T & B (2)10000 2 (b)50000
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©) (d)

Bl 4-9 Ak PF A 20 % 32 pE -1 SEM # £ & §1(2)20(b)24(c)28(d)32 |- B

58
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SEI  15.0kV X50,000 100nm WD 9.9mm

(b)

Bl 4-11 07 PEAF 20 -] P 350°C 4% %515 0 SEM = & B (a)10000
(b)50000

60



it cial!
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(3)10000 £ (b)50000 &
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SEI  15.0kV  X10,000 WD 9.7mm

SEI  150kV X50,000 100nm WD 9.7mm

(b)

i PR 36 /) pF & 350°C 4 (s < SEM T & ]
(2)10000 # (b)50000 #
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15.0kV X50,000 100nm WD 9.8mm
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] 4-16 770 P5 ¥ 48 | B o 350°C 4& %1% ¢ SEM T 6 ]
(2)10000 7 (b)50000
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WD 9.9mm

100nm

] 4-17 cAh P ¥ 60 ) Bt 350°C 4 %1% ¢ SEM < 6 ]
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SEI  150kV  X5000 1uzm WD 132mm
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15.0kV  X10,000 Tum WD 125mm
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SEI 15.0kV X100,000 100nm v o 15.0kV X100,000 100nm WD 11.9mm
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3 1860 #) > M pFEHR— F RMA > 323 F FF 00 200 scom o~ o KSR
h— T PE R o

B 437 5% "3 PR F THOTHERBORBIERS TR
25°C > (a) & i@ » 500 ppm - % 1t g% > (b) = 1000 ppm - (c) & 2500 ppm - (d)
% 5000 ppm - (e) 5 10000 ppm - (f) = 25000 ppm > (g) = 50000 ppm - %
CRER o FE O HW - F VRO B > TRARIITAPE > EEFA
- F R FRERN S F RATH I T EAPEF K-

B14-38 5§ 42 8 ¥ WA §FTahT L RIBERIER & 50°C
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