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Sample toefrfgsgqg re(°C) Ra Ry Sensitivity
280 162,031.31 2,143.11 76
300 159,547.95 1,797.95 89
1 320 130,749.67 1,331.11 98
340 83,322.38 1,030.14 81
360 47,895.66 870.25 55
280 1,245,164.57 8,909.21 140
300 1,176,328.91 7,092.18 166
2 320 963,279.41 6,525.71 148
340 625,953.57 5,800.19 108
360 395,737.02 6,525.71 61
280 7,377,389.57 37,542.49 196
300 5,360,956.43 31,209.48 172
3 320 3,931,028.42 23,332.36 168
340 2,605,920.73 19,721.02 132
360 1,407,032.61 17,244.76 82
280 159,826.19 2,378.69 67
300 156,651.18 1,735.98 90
4 320 129,121.44 1,304.64 99
340 8,9232.70 1,027.48 87
360 59,133.49 882.76 67
280 701,660.53 2,419.86 290
300 414,980.60 1,981.77 209
5 320 290,970.78 1,706.78 170
340 160,871.28 1,455.6 110
360 75,681.01 1,582.58 48
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Sample gﬁ]egs:g;g re(°C) Ra Ry Sensitivity
280 667,542.82 2,377.16 281
300 480,609.78 2,130.8 226
6 320 300,348.51 1,755.55 171
340 164,227.17 1,555.15 106
360 84,549.47 1,483.08 57
280 165,115.22 2,542.99 65
300 147,446.91 1,769.41 83
7 320 125,526.47 1,315.67 95
340 85,417.19 1,030.14 83
360 47,107.54 831.75 57
280 685,315.04 2,432.7 282
300 513,740.52 2,094.37 245
8 320 310,752.29 1,752.36 177
340 171,574.45 1,506.96 114
360 90,456.36 1,497.19 60
280 224,620.63 3,886.21 58
300 223,514.38 2,638.88 85
9 320 179,752.29 1,782.2 101
340 152,200.01 1,385.64 110
360 105,085.57 1,085.17 97
280 250,839.73 2,378.69 105
300 239,657.78 1,735.98 138
10 320 220,173.31 1,805.09 122
340 172,435.21 1,543.34 112
360 90,444.33 1,384.11 65
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Sample tem?)gﬁgzjirr;%t) Response time (s) | Recovery time (S)
280 1.49 1,572.98
300 1.42 1,466.73
1(G1) 320 1.4 1,211.31
340 1.5 816.8
360 1.26 556.49
280 1.9 297.93
300 1.29 325.01
2(G2) 320 1.39 356.28
340 1.89 362.22
360 0.76 216.26
280 3.03 360.4
300 2.45 405.15
3(G2) 320 1.96 412.31
340 1.79 431.13
360 1.69 269.26
280 1.81 A lld
300 1.66 1,478.46
4 (G1) 320 1.63 1,215.55
340 1.79 872.38
360 1.46 608.06
280 1.2 1,215.81
300 4.4 333.69
5(G3) 320 0.19 582.09
340 4.42 409.97
360 0.58 221.35
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Sample tem?)gﬁgsjirr;%t) Response time (s) | Recovery time (S)
280 0.14 984.98
300 2.1 702.12

6 (G3) 320 243 589.62
340 4.28 409.16
360 4.19 243.63
280 0.9 wia il
300 0.96 1,070.88

7 (G1) 320 1.02 1,035.08
340 1.49 908.90
360 3.97 513.14
280 1.98 977.12
300 2.01 774.73

8 (G3) 320 1.98 598.23
340 1.15 421.04
360 1.11 264.51
280 1.8 a1 lld
300 1.73 948.52

9 (G1) 320 431 687.26
340 0.74 572.85
360 1.51 495.43
280 1.91 a1 lld
300 1.98 waldla

10 (G2) 320 1.97 260.47
340 1.85 409.41
360 4.22 261.05




126

A o 1 A @ = o 1 Y o ~
Lll’f)lﬂﬂ1L’J'£T]ﬂ1§G]’E)‘Uﬁu’f)\1Llazﬂa1ﬂ15ﬂ1!ﬂ']iJ']L‘UﬂuﬂiTVﬂﬂﬂﬂ%LuﬂﬂWNﬂqufﬂgllﬂﬂﬂ?jl]‘ﬂ U8

Response time (s)

Response time (s)

Response time (s)

5 2000
—s—sanple | —s—smple]
—o— sanple4 —eo—sanple4
4 sanple 7 1600-] . sanple 7
S — > T —v— s
3 3
£ 10
] o 7
2 Y 7% v 5 | \ \
[0}
- i N ~ »
1 \v\\:
m.
0 T T T T T T
220 o» 360 0 ' Y o “
Cperating tenperature (O) ) CQperatingterrperature (O
’ —a—sanple2 N sanple2
—o—sanple3 —— sanple3
4 snpel0 o anple 0
/ )
3 . l Z ) '
\ % o/ R
o S 394 .
2 >y A g /
\' 2 3001 |/.
N 3
1 2
m-
O T T T T T ZD .
20 o 30 360 o ' NN ' '
Cpenaitgtegpertuee (O @) Qpeating tenpieture (O)
1400
—a—sanple 5 —1—sanple 5
—e—sanple6 12001 —e—sanple6
44 sanple 8 sanple8
@ 100
3 g
R=R
2
2 05) 0
/ :
14 ¢ S
204 i
0 | T T T T T T
20 30 3 340 30
Opetaungtenpaatme (° (0] Operating tenperature ('O)
(M)

d' =y =\ = (% v o 1 1
gﬂﬂ U8 nJismmsmna1mm’emauaquammﬂummmmmimmazﬂqu

(M) Wadangui 1

(¥) Hadanguin 2

(M) ¥ ianqui 3



127

as.t‘ o 1 A LY d‘d 9 d‘ 9 d‘ v W
mﬂuummnmmm@m{umuamammiﬂumwmmﬂuwuawqmaw33@11;
1 1 S d’ = = 3 v o 1 = = v
Lmagﬂtjllilnsllﬂuﬂi?V‘lLW’t‘JL‘]JﬁEJUW]EJU?TTH’JﬂﬂZ]‘JJGlﬂiJL’JﬁTﬂ"IiWOUﬁu@ﬂlla&ﬂaTﬂTﬁﬂuﬁ’)

9 A A o J A A A A o 3‘ @
Hagnga LWE]V]Tﬂﬁﬁ'u:ﬂﬂWﬁﬂW\l1131/]m1113ﬁlI‘VIQ’ﬂ‘l]’f)\i!,\i’t’)uvl"llﬂ'ﬁ!i]@ﬂﬂﬂﬂ'l 5% Tagtimin

a

~ 0 ) Y v A = <3 1
IWINYAUNNN 700 C LIAINTTIN 24 2139 i]gulﬂﬂ\iﬂiﬁf‘lzﬂ“ﬂ V9 HIVSIHUUIUININITADUTUDY

QU

v o A VoA = WL A A A A A =\ ~ [
VDIWIIAN 7 YDINYUN 1 UATUDINTANTOUNITADUAUDIANG A werdSsumeunual

¥ VA A 1A Y A @ 4‘ A 9
ADUAUDIVDINIIANGUD U poniaNulnamesnuuIn Lu@\ii]"lﬂlilﬂiﬂﬁﬁi’)llﬁuﬂ\ﬁ/lhlﬂi’)fl

u

TunieI i Faanaafiuiies 1 3u19 0o IlANUHANA 1A UMD AIUNAINITAUA)
v o A oA S 19 A A A A v Aaa 4' = = [ v v v
Yoa1i213aN 2 veangui 2 Uardeenganielinsaudinanga enlSemieunuiiianguy
A = Y Y A [ v o A 1
oun Veensoasllaiuua Tiuves namsasuauss taznaINMIAUAv0 I IAN 2 nqu

= ' a A
N 2 USUANUHNSTUNTA

—*— Sanple 7 Goup 1 (n) (su —#— Sanple 9 Growp 1
—e— Sanrple 2 Group 2 1200- A —o— Sanple 2 Group 2
44— Sanrple 8 Group 3 " Sanyple 5 Group 3

8

Response time (s)
Recovery time (s)
g

2 \ 600- N
\ //‘ l\.

o ° < \ ~
14 |—’—l———l/ 400+ . /o———:\

. E—

200 ©
O T T T T T T T T T T T T T T T T
280 300 320 340 360 280 300 320 340 360

Operating teperature (* Operating temperature (')

q' = = A v v o Aq ¥
31]7] w9 LTJ5EJ‘]JL‘VIEJ‘]JL’J@Wﬂ”Iﬁ@@ﬂﬁu@ﬁllaznanlﬂﬂliﬂu@]’lm@ﬂﬂ??ﬂﬂiﬁnﬁWﬂWﬁ

ApDEUBILAzIAIMIAUAITesiga luIRaz gy



128

MARUIN A

mauazrmanyluniveou

A

< @ [ I a [ 4
i}ﬂﬂi%ﬁ\iﬂﬂl@\‘lﬂﬁ’JﬂlliJ’JT‘I]%L‘lJ‘HﬂTi‘V]ﬂ’ﬁ’E)\1‘1/1Nﬂﬁﬂﬂiiuﬁgﬂﬂﬁ’lmﬁﬂ‘ﬂﬂﬁﬂﬂ o

MIUAPIAUANHULHIOANTTOULFIAUAVVDINTZUIUMITNIMeNW aAnudn TaTudoyan

U

Y

v o A o o 1 b a o ) ) %
Tamnnmsialianudinyas Iasemsnanuamsizisinsazinnuanlail ldsegna s
A Y o d
winld lasamsdseauanudusa

Ya [ 1 d =l ~ A o 1 %

51 laneumsiaunszuirumsalssumeuis vuaa1vedlsnianen v
a A 1 1 Y a o U d‘cu 9 [ 1 [ U

HAZANURANAIAAD HAA19UDIAINSInUAINIa Tdueaduils uanisiaarduls T

1 3 (=1 9 d' Y a v (% 09/’ 9
NTzUIUNITAN 9 s ldinedanniessvesdans aviugldmsdszunmniy
a A g Py o A 1 Aa A Y A 1 dyd 1 [
Aanataniuld1d lumsTameniaianuranalanuiase a1dszuaiiiseniianu 'l
uyueu (Uncertainty) voesiia 1@

A Ao o A 9 o YA Y] [ [ a A v A 4
fNTIfTTﬂiI{J,VIL'i"I@]ﬂQi]”IulfJﬂB nn 9 ﬂTﬁ?ﬂ”lN?TﬂS?ﬂTﬂEJ’JﬂTJﬂiﬂﬁ'ﬂuﬂTJ‘VlEﬂﬁTﬁ@Iﬁ

'
Y = [

a a té’ a dy 1) ) = = AAA
ﬁ]mmuﬂ’nwﬂ‘wmmﬂﬂmuuazmmmwmﬂmmgmaaﬂ"lﬂ “lumﬂmmmz”lmmmmﬂu f

Y Yo P A Y oa v z
G]’JLL‘]JSLLEI%UIQi‘]JﬂWILL‘I/H]iQGIJE’N@’JLL‘]Jiuu

[ ] a 1 1 A Y A @ v 1Y A o & 1 A
ﬂ?T?J]lﬂJLLHH?JHHEﬂ?J’J"IL‘]Jl!GIfTNTIGlﬂﬁLﬂENﬂUﬂ”IEU@Q@]’JLL‘]JTVIﬂﬂ’Jﬂ“]NLiTﬂTﬂ’ﬂﬂTﬂ

9 Aa Y 09.: 1 dy )
Lmi]iwmmuﬂiumgagmm

a 4 ] [} <3| A A A A a a A Y
ﬂ’li')lﬂﬁ13Wﬂ31u1ﬂl£uu@ulﬂulﬂi@ﬂﬂ't’]'f]'f]ﬂLlUUWNﬂigﬁﬂﬁﬂ'IWWQﬂ‘lG]fgluﬂ'li

=

a A [ 1 @ ) [ Y Y a d
ﬂizmuﬁmi UAZIZUUNITIANUANA NN U 'ﬁ’n’ii'ﬂﬂ’lii'lENTL!GUﬂgﬁﬂ’li?ﬂﬂ’lﬁﬂlﬂﬁ’]gﬂﬂﬁ'lﬂ

] ] | A A o o AqU 1 o Y]
VliJLLqu]ULﬂulﬂﬁ'f]\3ll'E]ﬁ’lﬂiU‘VlGl“]fflgW'J'Nﬂ'ﬁW@Ju']LLWuﬂ’liﬂﬂﬁ'ﬁ]ﬂ Glum%uaummsa% ol

5

S

A hiniueuvesmsiantseeniludesdau daunsnaennu lumiveunnuguuazaiu

~ A 1 1
ﬂ@ﬁ\‘lﬂ@ﬂ’ﬂmhlwlluu’é)uigﬂﬂ

a \ ) v U
mmwﬂwmmm‘quaazmm"lwmu@mmuqu

A < A o o 1 o a a 9 I

lﬂJﬂﬂlﬂﬂ@']ilﬂch']ﬂﬁlﬁ'J@ llﬁa\‘]ﬂ'”,u@ell@\jﬂj'lllWﬂWﬁ’]ﬂfﬂggﬂﬁjﬂJﬁUTVlﬂ!ﬂu
1 [ s J o [ 1 Y [V o 3‘ 91:3' o A ~
ﬁjuﬂigﬂ@ﬂsllfi]\iWaaWﬁﬂ!ﬂUﬂ31Nﬂ§1Uﬂ1 ﬂ1ﬂ13'Jﬂﬂ’]“])"]ﬂ’]f]clﬁl\iﬂullsuﬂﬁliﬂ'N']ln/]ﬂ\ﬂ/]

[ A Yy A A ~ ~ ] ] o U
waaWﬁ‘n"lﬂzummJaaumJawmmsmmmu‘lugﬂgmuﬂmmuau HUUUIIANITUIN

[

9

1 a ~ o 3 A T @ @ J o
ﬁ’mﬂizﬂauﬁummmwﬂwmﬂ‘ng]ﬂi’ammhlﬂmlumsmmm 2 ilguliJllﬂ’JTllﬁﬁJ‘WH‘ﬁﬂU



129

9 [ 9 E4
duilszneuvesnnuianannisn anuAanaainavuludnyaziizonianuranaln
MUY

9

o [ [ 1 o 1 4 [ 1 [ a [ I~
ﬂ"l?iﬁﬂﬂ"lﬁﬂ@ﬁﬂi%“ﬂ"lﬁ@!ﬁﬂ\‘] Glumimu,sslasﬂNﬁmmmwmmmuqmﬂu

=

alsznouniand 1 luwams Taus luidulszneulantanuduius sunawsowily

Y
v 1

o [ q’j 1 Y 9 Bld' [ A @
Anewamsiansae q TlldTasmslsanugimernuanudanaialumsianinon o
a a [ I~ [ [ [ { a a P [
ANuAANAIA TN NTUAMNIANATTZHANANURS SIS MRS Ngn Iauaz
" Ao 2 A 1 Y1 A Y a = ] F a 4 9 a
aniala ludos ldmeianunegasivelimeianuianaia Aus13aNuAana A 192
Y 9 A 9 9 o A [ d’ﬂl Y] = A A W 1 a
aunsoud lvdoyalagnaesIa iufomgrananiidessuiisuniosiieia n1se1ulsuia
a I~ [ (] { ] [
Tupszuaums anuranaraduar linswa vag iawnsansuarla
1 o ] I~ 1 4
aneardsueuansongauiu +5.6°C 2.5Pa 40kg/hwieniou q lu
[ dy 1Y [ =1 Q‘ dlal 1 A 9 A [l
anvazinendimsdiuiiey dsiidesnisae llaemsidszmmniugndesnioanu
] a a a 1 Y] [ I~ Y] [ 1 [
HUUOUVDINITE19BIANNAANAIR ANuAanaialuansdlTumeududl linsuan ua
[ [l I A o w A Aa 9 [ A o 1
Ay livdueulumslszanaulasnauToue UUAYBIANURANAINA 18T UANNFD UM
=&
1119
- :JI ) 1 = a d! 1
gauany luudueuAo N5z 1BV UIVAVBIANVRANAIAF T IAIAIIAIY
Aa 1 [l 3 9 A d‘o Sld! I ] = ]
Aanaiavzeglusiaiu meldgaveuiou luidvualdzaiudiunilsvesnszuaumsia
[ [l [ ] a 1 3 ] ] =1 [~
aulvsuusulildatiurdanwaramiiy anuldudusueratdeuriu

1 A [ Y @ a
+2°C *1.5Pa +2kg/h wieaou q luanvuzifernu madieunamsingungiilu

)}

] 1 a < 1
T +0.5°C lildfimsudlumgangi T Igndeudundmsdszanavouuavesgumngil

1 1 o’/’ d! 1 1 d‘ 1A 1 1 dyy d‘ o'/ [ d!
39U 9 A1 T MUY HINANANUNITIVOI T ﬁ]%’f)fﬁlﬂ'lEJGlL!“D"J\‘Il!ﬂ?flﬂ’)ﬁJW’f)iJl!iZﬂ‘UWu\i

ANUAANAIALDUGNEI50HT TADINMISHINLIIVBIANUAANE IR FIaNHUZNT

A o 1" a9

LN LINAWT oMLl nd WnAedulseneuauAawatatUguiiduiudau

ﬁnﬂﬂﬁlﬁlﬂLL"lN"f?QFJ‘E‘]JWEJg]}’JEJE‘TEJﬂﬁ

F(z) = %e‘u ........... o)

z=2 ; B (7.2)
Z(Xi - ,u)z

o = limit| *—nw—| .. (n.3)



130

o - Aundsvowlszang
X = vedlsemnnsunazad
o = dmdsauunasguveszang
F(z)= anudduingiia z
e=  AUOIADNMSNNTITUA
z= AT

N =  9uuilsesng

1 9
MoN o BTUIWNTNIZINIVBIAT X VIUTLWINTTOUAURDY y7s 1aZUIATUTINI

o, HAURY 4 1A ¢ (130 o) uanaegili 2.23

=68%UBINUT

=95%upaHuN

L o
jd——— TR0 T i
__50'X forr 30)(_
I |
-3 = =% 0 1 2 3
S SRR @&

=09.7%v04WuN

3UM a1 waaamsnseneuuuilng

v - i F4 v v ' ' - < F4 v
vingld a1 uaadldimiuniunldldeanednelusig u + o, Andlu 68% vosiui
Qa: 1 a IS dy A :JI a < dy ~
NINUATI 1+ 20, Aailu 95% veaNunnvua uag u+ 30, Amilu 99.7% voaiud
& & g vy o ; Sa o ' 2 o & o
nariua Aunla Taszmnueediuvelsemnstiimedsznivouwadeimua Tasiun
4
Y v

:JI 1 < [~ [ o [ o
Glum'immmum‘ﬂ"lummmmu%’aga"lﬂmwm HALNUDURNWIZNRUAIDYINITUIU
9 1 &’f d! o 9 1 d‘ a T 9 1 [ 1 =
n YoYUy «muﬂﬂ%mmummmummgmimaumgmaway‘amﬂﬂ’qumﬂsﬂmmi

panuaauuulng tagarudisunuinasguvesngualosam ldvninauns

] (X-—Y)z 1/2
A A

o n-1



131

o Sy = dbeuuuNIn§INUYeINqUAIBE N
Xi = AVDIAIDYAIN i
X = AUNAIVOINQUAI0EN

n = NUIUAIDYN

d'dyw 1 a 4 ] 1 9 1 dl 1 d‘
Tunudaunain mi71Lﬂiwwmm“lmmuauhmum&Nmumﬁ‘igmuazmmaamm

W03 AVDINGUAIDEN

Y o

aums a.3 eFUrenInszisemdoyaiuIun (N — o) soUAINAsNLNDT

U

Y 1

voatlszanns aumsfi a4 efuemsnsziievesdoyaveangudledissoununde X Taui
1 ldugamsTianzian limiveues Waumsii a.4 ieanndeyavesdszans lidesii 1y

waves X .S, uas nuaasdagii a2 Fududalaunsuvesdiesadoyavinalia)
11NN 30 19819) TuMsUauaa Taunsy ANNZIURINTINUAAZUNIVLUNUTIUIUVDIYA

U

v Ay v ! 2 v v : A — -
mauaﬂ"lﬂﬂlmmamm FINUAIANAIVBININT I LU uATse X + Sxin

Y v
A A

fiufitszinm 68% vosdrededoya Feadiedvvestszansudld X uas S unu

oz o, Auiifmnefvesnnuiferi 68% d1e) Tuiueudorfugng X = 28, fidoya
95% nazaa9 X + 38, fifoyn 99.7% iedeyavesnduiiediadesndt 31 &1 dnlsznou
1S,, 28,.38 wzdeouldiilomadn t w5 Student’s t medat IFUszmaziaIm

A o 1 A A ay o 9
IFDUUUDNAURAYINDUUDUATUIUUDY

Y

25 P, Aaulls X

*

X
]
;,EB | 1
=
e
_'(Z‘
’%F — L _——68%
@ P
5 q
c | £ 0
5 | B3| <l 95 %
s // —
AT T 9.7 %
/
//
r‘r/_i_ A —,:H
T T
0 IS,

A.2 UaAsad launsuuuULINLRYna

=h.

31



132

4 1 < % { {
elideyatioondi 31 doyalS,,2S .35, aiudnngui lugndesiiogIaau
A o s 4 o w A Y [ 9y vy
ol ulszum 68, 95 naz 99.7 Weswudaiwdiny e linisnau luniveuldgndes

1Analda te, S_iilomadd t, w1 ldnnmaidlamsn C3 uaz s mldnnaums

sANEl D) O NN (7.5)
N
”ﬂﬂzumm"lzjmiu@mmudum“lﬁ’ﬂmfmmi
U SR 7 N\ e 22\ \\ (7.6)
130 LA SN\ ‘& \\. (A.7)

A = ] ] 1
1o u, Ao AN v umUUgN
Tagna ldmsviany bivdueunvuguuesdoya lundeyavzisuauninnal 31
1 <} A A 1 a 1w 4
wiodoon 31 nawez lFaunsh a.7 Tunsdiismaumanudanaauuugueuiionn

AUMAA1T 9 NS0 liniueuLIUgNIINANNS

u, = \/ef +el+..+e2 L (n.8)

110 €1, e, ...e, ADANUAANA AUV VY

anuAanaaszuusazaNdluniveuszu
- ANNAANAIATTVY
a & a d? = c'; a ] 1 a
ANUAANAIFUNATY lasiianuadtavevazlsenanuay lunsianveslsuna

9
= v o v

1 v k4 v
RAYINUET ] NU “dl);\‘l’fﬂmﬂﬂﬁ]"lﬂﬁx‘]!,wﬂéj’f)ﬂ U gy mmcdvu mmé’f’uﬁmﬁ’au AUAU

'
(3 =

@ [ I 9 (] [ o A A o A
ﬂ'ﬂ]ﬂ]’]ﬂ!ﬁUﬂ?uﬂﬂuu’]ﬂullﬁﬁﬂuulw{n'] WA ez aInanonN1sNINUYo AT 0N IR HID1N

L)

] ]

o A A @ v A o A A o Aa <3| '
AUATOINDIALDN LBU ﬂ'J"I?JPJﬂGIJQ\‘Iﬂavl,ﬂfﬂﬁ‘ﬂﬁ"luﬂl@ﬂlﬂi@ﬂﬂﬂ?ﬂTlﬁJﬂahl,‘]JL‘]Juﬁ’Ju‘ﬂﬁgﬂﬂ‘]J
a A o 4 ¢ o o 4 vAa
Uszaniammsiinuvesginsalaisnedniianauiiosninnisldau nieauaniia
o v g a [ Y 1 1 Aa
ﬂizmmgﬂué’fu ?nnJWﬂWﬁWﬂiuaﬂr]%lmgﬂ\iﬂﬁTJLi"lﬁEJﬂ’ﬂﬂ'ﬂllNﬂ‘Wﬁ”lﬂi%‘]J‘]J
a 1 dyd 9 VoA Y a 19 1 Aa
ﬂ'JT?JNﬂ‘Wﬁ"lﬂLﬁﬁTl!ENLL?J?]%TI':T"I‘ULL‘HaQ‘VIﬂ’t’)[lﬁ!,ﬂﬂ@g‘ﬂ%i R L RS TR T PR FY
a 1 1 13 A A = 9 a z =
NANAIALUUD U mmmazLmanﬂmmwmmm DIUUAATIUAITMUAANAIANITUANANITY
| YA o 1 a J 1 (R a [l
L‘]Juvl,ﬂhlﬂ“l/]llﬂ'lﬁll'llﬁllﬂ LLG]ﬂ'J'llIWﬂ‘Wﬁ'lﬂFl]']ﬂ!,l&”’]a$L!Wﬁ\ﬁ]gllnﬁﬂﬂﬁﬂﬁ'lﬂlﬂ@wa'lﬂ'ﬂﬂ'lﬂ

AN UTND



133

a 3 J v o o ] 1 @
ANUAANAIATEUUTUAIAIAIT NI UL IIUDINITNAADI Lm%ﬁﬂﬁ@]@ﬂﬂ € NIIAVDN
o 9 a d' [ % ] [ a 9 [ Y 1
ausaredsuamminu Lﬁ"luminﬁﬂmmﬁmmmwmmzuﬂumagamim"1@ 139
o w ud'llyd 3191119;9/ Yo o < A ,,119).9;.,
FIMTUIZUUNITIAN LANNITAILUT LA HINWSTHUDNAMUANUNANATIATSUU 9711331 NINTT

1 g J al { 1 § [
VlﬂaENfﬂglhllﬁulﬂ'WiﬂJ'lfJ‘lJ@\iﬂ’lﬁ‘ﬂﬂﬁﬂ\‘]ll@]ﬂ'NNﬂ'J’]Lﬁ’]ﬁNVJﬁglj@Qﬂ'ﬁﬁ@ AUNDIVDINT IR

flx) fnfurase
/ﬂ‘rmﬁmwmmmu

AUHANAALU U
u

A\

L

d‘ o AA A L A Y a
5‘]]‘1] .3 HEPAINITIANUAURAYDYVT NIINATINLUNDIT

UG

- o limiveuszuy
1 1 1 | v A 1 4 A o A
uenInAIANY lunuounuugy fadlnwiiiiesninwansianlsing lussnuwna
~ A 9 [ 1 a A U 1 9 U dy
nmsaeuisuiaeudou llfunasguurana vionasgiuszninssma awdimaril
4 1
Yuegnunszuumsda nazmsazauansntennu hindueuszuy
1 1 = 1 Ao A ' o A A v £ A ]
A limiveuszuy Ao anuutueudinaisznIms Iaiilounuyaniian 1y
v oy A o A & o y A 4
aunsoanadlagnsiadudaundsnamsianienlasuntadlumeiinneldiedonly

laeu 'l wu
1 ] ] = Y a A d‘ A ~ 9
1. aanylimiveulusamsaouieuveanasgusoamsomIo o n 1y

1 9y a A

2. s lumivewiesninmsnldsuaninliaimnaive s gius190mse

A A Aq Y

INTDINDN LY

=

3. manw liuduewilosninmsunsnanlszuaszrinegan lasumsaewiiou
Yy a A A A Aquy
YDININIFIUD NDINTBIAT 0N 1%
1 [} 1 d’ d‘ 1 9 ~ 1 d‘d‘ X
4. sy lunduewiiesnnanud luseldaeuieuuanaisninanuai ldsulu

~ Yy a A A A Aquyu
ﬂ1§ﬁﬂﬂlﬂﬂﬂmﬂﬂﬂ’]ﬁiﬁ’]uﬂ1\1@\11(?5@&?]3'[’)\11]@1/]165



134

1 ] ] A 1 A Aaa A [] A 9
5. fﬂﬂ??l]lli]LL'L!‘L!’f)u!,L!’E']\1%Tﬂﬂ?TJJLmﬂﬂN‘ll’fNNﬂuUl‘llVlil’f)“l/l‘ﬁWﬁﬁluslf’NVIGlG]fﬁ’O‘]J

= [ ] A X ~ 9 a
Lﬂﬂﬂﬂﬂiu%ﬁﬁﬂqﬂﬁﬂﬂ'l'iﬁ’f)‘]JWlfJ‘U?ﬂﬂﬁﬂWUﬂNﬂﬁ

o Il 1 @ 3 { {
Tagna q ldanubivdveuvesszuuazlianuazmssanusududvdsuyunin

(Rectangular probability distribution) #4351

— I —>

4 .
|¢ AT
_ o

P

ANDVaIAINE W

]
-

1 I, [
O d#uals  +O a1y X

A ] < a =
TIJTI .4 memim]ﬂummmmﬁmﬂmmuﬁmaﬂmgijmﬂ

Y

1 { Y a 1 Q ] :/l 9 1 1 1
mﬁgmﬂiwzagmﬂiuﬂ?ww () NIa9IY19UDIAINAN AD PYTTHIN X — & a4

X + 5 aumsmsuanuaauudiviasuyunineg lugll

1 &
f(X)=—— wo a(x(b
()= (X
Tunsdiaunagognnanag
_a+b
A 2
anuntlsdsaum ldnnauns
b 2
| 2 b-a
2
o2 (b-a)
12



135

A VA Y a £ 1
e & = mMnunasamelunsers
o = dudeunuNAIgIuYeItoya

Y k4
v o !

I a 1 o o [ [ 1 ] [l
auiua o vzudaszastiuaunsiveanisia assduiuanu ldudueunuuguy
] ] Y 1 [ 1 A 1 d' 9 a d'
anw himiveuszuuezlszanadien o guiva k (k e M laninmsuanussindiie n
Y 1 o R Y}
hgetiugd ¥ lannais)
09.:’ 1 1 [ I~] d‘ d‘
VNATINITNTE8V09A1Y Miiueuszuvay Tudlu lawmsuanuaanuudmvasy
] ds’ [ ~ [ < =~ {
YN NIl uaIUDeUVUNIATTIUIT A TagmstennnTal U A asuyNRIN
M 0,,0,,..0, a0 drudeununIasguesnu liuiueuszuy seogluvae

1 [ 1 [} ]
Zﬂllﬂﬂﬂl@ﬁﬂ’]ﬁ!ﬁ]ﬂ!mq ANuUIiy ﬂ’]ﬂ')’]ulhllluu@‘lﬁgﬂﬂfﬂzﬂ’]]lg]}fﬂ']ﬂﬁuﬂ'ﬁ

u, :k\/af+a§+/\+an2 .......... (1.10)

lunsaiiuiueufio A1 U, ILVINNIWATINAVABIAVDIAIATIFIVDIUAAZAT G11)

1 H 1 Y A
Ansarlanlianyugiau e aunigeluswiunua azdeue1A1iuesnuITINAUAT

u. azléiiu

S

u =3, +u, (n.11)

< 1 % [ { o 1 T % ' o A ' '
Tag &, WuMATIENNNaNYAULIAUNRTONINNIIAINTIFTINAIDUNINIAZ U, ADA

u, 1 157uan59599 5,

anulimiveunsvug

A o 1 [l [ [ [ ] 9 A A 9

Wetmsdszmnaainnu ldudueunvuduuazaiu liuiveuszuunds deides
a 1 A o [} 1 d‘ 9 Y 1 ] oazl [}
Wnsaee 1 Ae u tag vy wihnswnued s e i ldanu luuuueunsvualumsia
als mymanu luniueuauIATI U 2 LUy Av

~ I~ [] ] 05;' [
uuud 1 dumsmanu liudueunvuauuusmunuIaeass (Uapp)

9
mm"lmmuauﬁwummmwﬁuTﬂﬂmqm"lﬁ}mﬂﬁums
U,pp=u,+u, L (n.12)

d‘ A ] ] z
19 Uapp AD ﬂ’J"Ii”JJLLl.!U@UVN‘VHJﬂLL‘]J‘]J‘]J'Jﬂ



136

AWIATFIU U, 1Az U §NUszUAITEAUANITENY 95% 1147 Uapp 92 1%
1 A 1 Y] v o 1 Qy 9 dy
Anlszmmnsounqu 99% e liawnsodaauduiusszning u, uaz usNeld Uapp H019
~ 1 I Y dy Y A o v o 1
5011 Ugg 114 wona1nil Uapp vz IA1)szmansounqu 95% iodannuduiusszning

Y Y
w1z u N9 1 Mmynenumatugamevesmsinszeglugil

IN

(Y_UADD)S;U (Y+UADD)
X+

=
(PLG) UADD

Y [ IS
ﬂ’]ﬂ’ljﬂﬁgu’]mﬂjﬂﬂﬂqn 99% ﬂ’lﬁi’]ﬂ\ﬂuwaﬂ’lj’gﬂﬂglﬂu

A [ ] ] :JI A o w
HUUN 2 !flJl.lfnﬁ1’71151’3111lliJ!,!1!u@uﬂﬂﬁﬂmlﬂﬂ‘ﬂﬂﬂﬁﬂﬁl@ﬁNai’)ﬂJﬂWa\‘iffffJ\‘l, RSS
(Root — Sum - Square)
k4
mﬁﬁm’Jm”lmmu@uﬁamemu RSS Llfﬂ?JIﬂElﬁllﬂﬁ

Uges =U-+u> (n.13)

k4
M3senuRatugaeeInsinszeglugll

TagNszAUAMNFOIUV U, 1Az U, BYTUTZAY PY% N

nszIumsdmumsmama limiveu e disefunuitesiy 95%
1. seyuazsrwsmaniimannanm liniveussuy
2. ﬁmu@mmﬁw%:Lﬂuiumiﬂizmammdn@fuu,azﬁmamﬁ'amﬁmmummgm
AUTUMINTZTNIBUAAZULIY
3. Muaua u, A2ea1 k 10T RaIana
4. Tudmarhinivenuuugy imstannimes i hinswammae o A%1 (4-10
A%0) nazAnnamAnae

5. MUUANTIAVULIATIIV LAz S,



137

6. AU U, Tagiiinmslaa t., 311NA15N
4
7. frnammanu dudueunavun

v o 1 _ { o { o
8. waansgaeazegluglves X + UNszauanudoiu 95%

Y Y
Tunmswianu udueulunmsiamvuianazaiuenseil 1anin1sialae 1y
d! Yo Aa 1 1 ] 1 d’a d? 09/' = 1 1 ]
Tisunsu Image J g ianananny hiniveuinaduiniimmzannu lduiueunyy

v v
1 1w v o 1 v 1
qUIMUU muummmwaam&qaﬁ'w%agiugﬂmm

2SS\ & \. (A.14)

r



1.

138

MANHIN 3

NATUMIBING

navewanulugduuusseelumslseguszauuiuema “Proceedings of the 2™
IEEE International Conference on Nano/Micro Engineered and Molecular
Systems”  52%7199U0 16 — 19 ¥n51AY 2550 njunnunIuns Uszmalne Tasll

= % dy
71gasioynANU



Proceedings of the 2nd IEEE International
Conference on Nano/Micro Engineered and Molecular Systems
January 16 - 19, 2007, Bangkok, Thailand
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Abstract— Ethanol sensing characteristics of ethanol sensor
based on Au-doped ZnO nanostructures were studied. Au-doped
ZnO nanostructures with 5% gold by weight were prepared by
thermal oxidation technique. The sintering time was varied for 6
hours and 24 hours. The wire-like or belt-like nanostructures
with the sharp ends outward from microparticles were observed.
The diameter and length of ZnO nanostructures are in the range
of 250-750 nm and 1.7-7.0 pm, respectively, with the average
diameter of S00 nm. EDS spectrum shows Au signal confirming
incorporation of Au into ZnO nanostructures. For 24 hours
sintering time, the diameter and length of ZnO nanostructures
are 170-500 nm and 2.0-7.0 pm, respectively, with the average
diameter of 330 nm. The average diameter for 24 hours sintering
time is smaller than that of 6 hours sintering time. The response
and recovery characteristics of Au-doped ZnO nanostructures
upon exposure to ethanol concentration of 1000 ppm at different
operating temperatures suggest that the sensitivity depend on
operating temperatures. It is found that the highest sensitivity is
88 at 280 °C for 6 hours sintering time and about 170 at 300-320
°C for 24 hours sintering time. The longer sintering times the
higher the sensitivity. The enhancement of sensitivity for longer
sintering time may be explained in terms of the smaller size of
nanostructures due to the increase of effective surface for
absorption of ethanol on the surface.

Keywords- ZnO, zinc oxide, nanostructures, ethanol sensor

L.

ZnO possesses various interesting properties including wide
band gap semiconducting, piezoelectric, chemical, and optical
properties. Also, ZnO is one of the promising semiconducting
metal oxides for gas sensor applications. It has a wurtzite
hexagonal structure with a band gap of 3.3 eV and a large
exiton binding energy of 60 meV. Recently, nanostructures of
ZnO have caught great attention due to ease of preparation
which could be prepared in variety shapes such as nanowires,
nanobelts, nanorods, nanosheets, nanoneedles by using various
techniques [1-2]. Thermal oxidation is one of the techniques
that are commonly used to prepare ZnO nanostructures [3-5]
because it is a simple and cheap technique. The main principle
of this technique is based on oxidation reaction at high
temperature by the following reaction

2Zn(s)+ 0,(g) = 2Zn0(s)

INTRODUCTION

(1.

In addition, ZnO nanostructures have got great interest due
to a very large surface-to-volume ratio. Since the gas sensing
properties strongly depend on a surface of the materials, the gas
sensors based on ZnO nanostructures would be expected to
exhibit better gas sensing performance including high
sensitivity, fast response time. Moreover, for gas sensor

This project was funded by the Commission of Higher Education (CHE)
and Thailand Research Fund (TRF) and Nanoscience and Nanotechnology
Center, Faculty of Science, Chiang Mai University.

*Contact author: for fabrication aspects of this project please contact
supab@science.cmu.ac.th.
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applications, metal doping is a typical method used to improve
sensing properties. The metals such as Au, Pt, and Pd act as
catalyst to modify surface reactions of semiconducting metal
oxides toward sensing gases. Several works have been reported
on the enhancement of sensitivity and stability of sensors that
were doped with metal catalyst [6-7]. For example, Wang and
coworkers [6] have been studied Pd-doped ZnO nanotetrapods
as an ammonia sensor and found that the sensitivity, response
time and stability of Pd-doped ZnO sensor has been improved.

In this work, we present the ethanol sensing characteristics
of ethanol sensor based on Au-doped ZnO nanostructures
prepared by thermal oxidation technique. Also, the effect of
sintering time on ethanol sensing characteristics has also been
investigated.

II.

Gold—doped zinc oxide nanostructures were prepared by
thermal oxidation technique. Mixture of zinc powder and gold
powder of 5% by weight were screened as a thick film onto
alumina substrate and sintered at 700 °C under oxygen
atmosphere with flow rate of 500 ml/min. The sintering time
was varied for 6 hours and 24 hours.

EXPERIMENTAL

The ZnO nanostructures were characterized using the field
emission scanning electron microscopy (FE-SEM) for
morphology and energy dispersive spectroscopy (EDS) for
chemical composition. These ZnO nanostructures were used to
fabricate ethanol sensors by contacting silver interdigital
electrodes on the top of surface and putting nickel-chromium
coil heater underneath the alumina substrate. The ethanol
sensing properties were studied by measuring resistance
change in air and in ethanol ambient with ethanol concentration
of 1000 ppm and at operating temperature of 220-360 °C. The
operating temperature was measured via thermocouple place d
near the gas sensor. The operating temperature, response and
recovery characteristics were monitored and recorded by
interfaced personal computer.

III. RESULTS AND DISCUSSION

A.  Characterization of Au-doped ZnO Nanostructures

Fig. 1 (a) and (b) show FE-SEM images of Au-doped ZnO
nanostructures on alumina substrate sintered for 6 hours with
magnification of 3,000 and 5,000, respectively. The wire-like
or belt-like nanostructures with the sharp ends are observed
outward from microparticles. The diameter and length of ZnO
nanostructures are in the range of 250-750 nm and 1.7-7.0 pm,
respectively, with the average diameter of 500 nm. It is worth



to note that diameter is usually measured at the middle of
nanostructures. Typically, the diameter at the tip of
nanostructures is in the order of 10 nm. The energy dispersive
spectroscopy spectrum obtained by focusing electron beam in a
middle of a nanostructure is shown in Fig. 2. The peaks in the
spectrum agree to Zn, Au, and O signals. Especially, the Au
signal at around 2.1 keV which corresponds to A7 energy

level is clearly observed. The Au signal in EDS spectrum
confirms that Au is incorporated into ZnO nanostructures. The
reason and mechanism for Au incorporation into ZnO by using
thermal oxidation technique is under intense investigation.

B.  Ethanol sensing properties

Fig. 3 shows response and recovery characteristics of Au-
doped ZnO nanostructures sintered for 6 hours upon exposure
to ethanol concentration of 1000 ppm at different operating
temperatures. The decrease of resistance in ethanol atmosphere
is clearly observed and it depends on the operating
temperature. The sensitivity which is defined as the ratio of the
electrical resistance of sensor in air (R,) and in ethanol-air
mixed gas (R,) can be deduced from response and recovery
curves.

FE-SEM images of Au-doped ZnO nanostructures on alumina
substrate with magnification of (a) 3,000, and (b) 5,000.

Figure 1.
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Figure 2. EDS spectrum of Au-doped ZnO nanostructures sintered for 6
hours.

The sensitivity as a function of operating temperatures is
summarized in Table I. Besides, the response time is in the
order of seconds and the recovery time is in the order of
hundreds of second.

=
=
<«—— ethanol ——
@ —=—220°C
8 10k —e—240°C
S
i —4—260°C
B o
- 280°C
QOZ) na
——300°C
——320°C
1k
T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

Time (s)

Figure 3. Response and recovery characteristics of Au-doped ZnO
nanostructures sintered for 6 hours upon exposure to ethanol concentration of
1000ppm at different operating temperatures.

C. Effect of sintering time on morphology and ethanol
sensing properties

The thick film of Au-doped ZnO was also sintered for 24
hours. The morphology of Au-doped ZnO nanostructures for
sintering time of 24 hours is shown in Fig. 4. The morphology
for sintering time of 24 hours is similar to that of sintering time
of 6 hours that exhibits the wire-like or belt-like nanostructures
outward from microparticles. The diameter and length for 24
hours sintering time of ZnO nanostructures are 170-500 nm
and 2.0-7.0 um, respectively, with the average diameter of 330
nm. It can be seen that the average diameter for 24 hours
sintering time is smaller than that of 6 hours sintering time.

The response and recovery characteristics of Au-doped
ZnO nanostructures sintered for 24 hours upon exposure to
ethanol concentration of 1000 ppm at different operating
temperatures are shown in Fig. 5. The similar response and



recovery curves are obtained. However, it turns out that the
obtained sensitivity is higher than that of 6 hours sintering time
as seen in Table I. Also, plot of sensitivity as a function of
operating temperature is shown in Fig. 6. It is found that the
highest sensitivity is 88 at 280 °C for 6 hours sintering time and
about 170 at 300-320 °C for 24 hours sintering time. For
comparison, the sensitivity of ZnO nanowires with MEMS
sensor was reported to be 47 with 300 ppm ethanol at operating
temperature of 300 °C [8] and the sensitivity of ZnO nanobelts
gas sensor was reported to be 23 with 1000 ppm at 220 °C [9-
10].

The optimum operating temperature which is the
temperature that exhibits the highest sensitivity also depends
on sintering time. Moreover, it is found that the longer
sintering times the higher the sensitivity. The enhancement of
sensitivity for longer sintering time is observed and may be
explained in terms of the smaller size of nanostructures. For 24
hours sintering time, the average diameter is smaller than that
of for 6 hours sintering time as mentioned above and this may
result in the increase of effective surface for absorption of
ethanol on the surface.

Figure 4. FE-SEM images of Au-doped ZnO nanostructures sintered 24
hours on alumina substrate with magnification of 5,000.
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Figure 5. Response and recovery characteristics of Au-doped ZnO
nanostructures sintered for 24 hours upon exposure to ethanol concentration of
1000ppm at different operating temperatures.

209

TABLE 1. SENSITIVITY AS A FUNCTION OF OPERATING TEMPERATURES.
Operating Sensitivity (Ro/R,)
temperature (°C) 6 hours 24 hours
220 26 -
240 38 -
260 62 75
280 88 122
300 77 169
320 71 168
340 - 132
360 - 91
180
160 ]
140 -
120 -
2
2 100
g J
3 80
60 -
1 —@— 6 hours
40__ —A— 24 hours
20

T T T T T T T T T T T T T T T
220 240 260 280 300 320 340 360
Operating temperature ("C)

Figure 6. Plot of sensitivity as a function of operating temperatures.

Furthermore, the gas sensing mechanism of most oxide
semiconductor gas sensors were reported that it was based on
the absorption of gas on the surface [8]. Thus, it is reasonable
that the same mechanism takes place in our Au-doped ZnO
ethanol sensor.

IV. CONCLUSIONS

Au-doped ZnO nanostructures with 5% gold by weight
were prepared by thermal oxidation technique. The sintering
time was varied for 6 hours and 24 hours. The wire-like or belt-
like nanostructures with the sharp ends outward from
microparticles were observed. The diameter and length of ZnO
nanostructures are in the range of 250-750 nm and 1.7-7.0 um,
respectively, with the average diameter of 500 nm. EDS
spectrum shows Au signal confirming incorporation of Au into
ZnO nanostructures. For 24 hours sintering time, the diameter
and length of ZnO nanostructures are 170—500 nm and 2.0-7.0
pum, respectively, with the average diameter of 330 nm. The
average diameter for 24 hours sintering time is smaller than
that of 6 hours sintering time. The response and recovery
characteristics of Au-doped ZnO nanostructures upon exposure
to ethanol concentration of 1000 ppm at different operating
temperatures suggest that the sensitivity depend on operating
temperatures. It is found that the highest sensitivity is 88 at 280
°C for 6 hours sintering time and about 170 at 300-320 °C for



24 hours sintering time. The longer sintering times the higher
the sensitivity. The enhancement of sensitivity for longer
sintering time may be explained in terms of the smaller size of
nanostructures due to the increase of effective surface for
absorption of ethanol on the surface.

ACKNOWLEDGMENT

S. Choopun thanks National Nanotechnology Center for
supporting on registration fee of the 2™ IEEE-NEMS
conference, 16-19 Jan. 2007, Bangkok, Thailand.

REFERENCES

[1] S. Choopun, H. Tabata, and T. Kawai, “Self-assembly ZnO nanorods by
pulsed laser deposition under argon atmosphere”, J. Cryst. Growth vol.

274, pp. 167-172, 2005.

S. Choopun, N. Hongsith, S. Tanunchai, T. Chairuangsri, C. Krua-in, S.
Singkarat, T. Vilaithong, P. Mangkorntong, and N. Mangkorntong,
“Single-crystalline ZnO nanobelts by RF sputtering”, J. Cryst. Growth
vol. 282, pp. 365-369, 2005.

A. Sekar, S. H. Kim, A. Umar, and Y. B. Hahn, “Catalyst-free synthesis
of ZnO nanowires on Si by oxidation of Zn powder”, J. Cryst. Growth,
vol. 277, pp.471-478, 2005.

210

[10]

J. Zhang., Y. Yang, B. Xu, F. Jiang, and J. Li, “Shape-controlled
synthesis of ZnO nano-and micro-structures”, J. Cryst. Growth, vol. 280,
pp. 509-515, 2005.

C. Viriyaworasakul, S. Kittikunodom, S. Choopun, T. Chairuangsri, P.
Mangkorntong, and N. Mangkorn tong, “Zinc oxide nanowires by
oxidation of zinc powder for ethanol gas sensor application”, CMU. J.
vol. 4, pp. 11-14, 2005.

X. Wang, J. Zhang, Z. Zhu, and J. Zhu, “ Effect of Pd** doping on ZnO
nanotetrapods ammonia sensor”, Colloids Surf. A, vol. 276, pp. 59-64,
2006.

N. S. Ramgir, Y. K. Hwang, S. H. Jhung, H.-K. Kim, J.-S. Hwang, 1. S.
Mulla, and J.-S. Chang, “CO sensor derived from mesostructured Au-
doped SnO2 thin film”, Appl. Surface Sci., vol. 252, pp. 4298-4305,
2006.

Q. Wan, Q. H. Li, Y. J. Chen, T. H. Wang, X. L. He, J. P. Li, and C. L.
Lin, “Fabrication and ethanol sensing characteristics of ZnO nanowire
gas sensors”, Appl. Phys. Lett. vol. 84, pp. 3654-3656, 2004.

N. Hongsith, S. Choopun, P. Mangkorntong, and N. Mangkorntong,
Ethanol sensing properties of zinc oxide nanobelts prepared by rf
sputtering, CMU. J. vol. 4, pp. 15-20, 2005.

S. Choopun, N. Hongsith, P. Mangkorntong, and N. Mangkorntong,
“Ethanol sensing characteristic of sensor based on zinc oxide nanobelts”,
Physica E, submitted for publication.



143

2. dwavenanulugluuvussaelumsidszguimmsszaulszma “SIAM  PHYSICS
@ ara 1 @ t4 a @ 1 [ !

CONGRESS 2007~ ﬂﬂTﬂﬂﬁN”lﬂiJWﬁﬂ?ﬂ“l/l‘c’J'iTlJJﬂ”UﬂWﬁQﬂﬁﬂ!iJﬂﬂ‘Vlﬂ”lﬁﬂ FEHIIUN

= J Y a o -4 =

22 —24 Huaw 2550 & Tsausulsd M3y 5103 loa aruaunsiv 2. uasigy Tagl

= 2 dy
T1YASIYAANU



144

BAKING TIMES EFFECT ON ETHANOL SENSOR BASED ON
ZnO:Au NANOSTRUCTURES

A. Tubtimtae, A. Gardchareon, P. Mangkorntong, N. Mangkorntong, and S. Choopun*

APRL, Department of Physics, Faculty of Science, Chiang Mai University, 50200, Thailand

Abstract

ZnO:Au nanostructures with 5% gold by weight were prepared by thermal oxidation technique and used to
fabricate ethanol sensor. The observed wire-like and belt-like nanostructures grew outward from microparticles
and had sharp tips with the tip diameter of about 10 nm. The ethanol sensing properties of ZnO:Au sensors were
studied as a function of baking times at ethanol concentration of 1000 ppm and at various operating
temperatures. It was found that the sensitivity of ZnO:Au sensors depended on the baking times.

Keywords : ZnO, nanostructures, ethanol sensor

1 INTRODUCTION

ZnO is a wurtzite hexagonal  structure
semiconductor with a wide direct band gap of 3.37 eV
and a large exiton binding energy of 60 meV at room
temperature [1]. ZnO nanostructures can be prepared
by many techniques including hydrothermal hot-press
method, evaporation of pure Zn in the gas flow, sol-
gel, spray pyrolysis, vapour phase oxidation and wet
oxidation [2-6]. ZnO is one of the promising
semiconducting metal oxides for gas sensor
applications. In recently years, many researchers have
devoted themselves to improve the performance of
ZnO sensor such as lowering its operating temperature
and enhancing the performance [7] by addition of
several metal such as palladium (Pd) [8], silver (Ag)
[9], platinum (Pt) [10]. These metals are the most
common materials that are used to improve the gas
sensing properties of the semiconductor gas sensors.

Normally, semiconductor sensor requires baking
process before use in order to make the sensor more
stable. Thus, baking time is one of the parameter to
affect on the performance of the semiconductor
sensor. In this work, the effect of baking times on the
gas sensing properties of ZnO:Au nanostructures was
systematically investigated.

2 EXPERIMENTAL

Gold—doped =zinc oxide nanostructures were
prepared by thermal oxidation technique. Zinc powder
and gold powder of 5% by weight were mixed and
grinded. Then, polyvinyl alcohol was added into the
mixture to form the paste. The paste was screened as a
thick film onto alumina substrate, sintered at 700 °C
under oxygen atmosphere with flow rate of 500
ml/min. The sintering time was 6 hours. Then, ZnO
nanostructures were used to fabricate ethanol sensors

by contacting silver interdigital electrodes on the top
of surface. The heater for the gas sensor were made
from nickel-chromium coil with resistance of 25 — 30
Q and put underneath the alumina substrate which
could be controlled the operating temperature in the
range of 220 — 400°C. The operating temperature was
measured by thermocouple placed in the middle of the
gas sensor which interfaced to data acquisition.

The baking process of ZnO gas sensors with silver
interdigital electrodes was performed by passing the
current from DC power supply to nickel chromium
coil heater for baking times of 0.125, 15, 30, 50 and
80 days. The ethanol sensing properties were studied
by measuring resistance change in air and in ethanol
ambient with ethanol concentration of 1000 ppm and
at different operating temperature in each case. The
sensitivity is defined as the ratio of the electrical
resistance of sensor in air (R,) and in ethanol-air
mixed gas (R,) can be deduced from response and
TeCOVery Curves.

3 RESULT AND DISCUSSION

3.1 Baking times effect on ZnO:Au
Morphology

Fig. 1 (a), (b) and (c) show FE-SEM images of
ZnO: Au nanostructures on alumina substrate sintered
for 6 hours before baking, after baking for 30 days and
after baking for 80 days with magnification of 5,000,
respectively. The wire-like or belt-like morphology
with the sharp ends are observed outward from
microparticles. Before baking, the diameter and length
of ZnO:Au nanostructures are in the range of 250-750
nm and 1.7-7.0 pum, respectively, with the average
diameter of 500 nm. For baking times of 30 days,

" Corresponding author. Tel: +66 53 943375; Fax: +66 53357511; E-mail: supab@science.cmu.ac.th



the morphologies were similar to that of before baking
and having the diameter and length in the close value.
However, for baking times of 80 days, the diameter
and length of nanostructures decrease as shown in
Table 1. The diameter and length of ZnO:Au
nanostructures for baking time of 80 days are in the
range of 71-484 nm and 0.1-5.0 pm, respectively, with
the average diameter of 244 nm.

of ZnO:Au
substrate  with

Figure 1:
nanostructures  on
magnification of 5,000

(a) before baking (b) after baking for 30 days and
(c) after baking for 80 days.

FE-SEM  images
alumina
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Table 1: Diameter and length of ZnO:Au
nanostructures with different baking times.
Sample & | Diameter| Length Average
Condition (nm) (um) | diameter (nm)
5%700°C 146 .82 ) 4
before baking 6-820 0.2-7 83
5%700°C
baked 30 days 137- 877 0.6-10 507
5%700°C
baked 80 days 71-484 0.1-5 244

3.2 Baking times effect on ethanol sensing
properties

3.2.1 Baking times effect on sensitivity

Figure.2 show the plot of response and recovery
curves characteristics of ZnO:Au nanostructures
sintered for 6 hours after baking for (a) 0.125, (b) 15,
(c) 30, (d) 50, and (e¢) 80 days upon exposure to
ethanol concentration of 1000 ppm at different
operating temperatures. The operating temperatures
are varied from 220-400 °C. The ethanol flowing time
is kept constant for all experiment at 200 sec. The
decrease of resistance in ethanol atmosphere which is
related to sensitivity is clearly observed and it depends
on the operating temperature. The sensitivity as a
function of operating temperature with different
baking times is summarized in Table 2 and plotted in
Figure 3.

In each baking times, the maximum value of
sensitivity is observed at optimum operating
temperature. Also, the maximum sensitivity depends
on the baking times. The highest sensitivity of 179 is
observed at baking times of 50 days and operating
temperature of 300 °C. The reason for the dependence
of sensitivity on baking times is still unclear and it is
under investigation.

For comparison, the sensitivity of ZnO nanosolid
was reported to be 20 with 3000 ppm ethanol at
operating temperature of 370 °C [2]. The sensitivity of
ZnO nanorods at 1000 ppm ethanol gas was 293 at
450 °C [11] and ZnO nanobelts was 23 at 220 °C [12].
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Figure 2 : Response and recovery characteristics of

ZnO:Au nanostructures sintered for 6 hours and baked
for (a) 0.125 days (b) 15 days (c) 30 days (d) 50 days

(e) 80 days upon exposure to ethanol concentration of
1000 ppm at different operating temperatures.
Table 2 : Sensitivity as a function of operating
temperature with different baking times.
Operating Sensitivity (Ra/Rg)
Temperature(°C) [0125] 15 | 30 | 50 | 80
days | days | days | days | days
220 16 | - - - |
240 24 | 24 | - - 1
260 36 36 - 93 -
280 57 55 83 137 -
300 58 75 126 | 179 66
320 58 84 134 | 168 88
340 - - 99 130 | 101
360 - - 109 94 133
380 - - 95 66 119
400 - - 67 46 -
1&)_‘_'—1131(8(10.125@}15 ',.\
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Figure 3 : Plot of sensitivity as a function of operating
temperatures.
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3.2.2 Baking times effect on recovery
times

The response time of the ZnO:Au sensors after
baking in each condition are typically in range of
second. Meanwhile, the recovery time of the ZnO:Au
sensors is shown in Table. 3 and plotted in Figure 4 by
selecting at optimum operating temperature. Clearly,
the recovery time shows minimum value at baking
time of 30 days. The sensitivity at optimum operating
temperature is also plotted as a function of baking
time in Figure 4 for comparison. The higher the
sensitivity is the better but the lowest the recovery
time is the better. By considering both sensing
parameters, this experiment suggests that the optimum
baking time should be 30 days.

Table 3 : Recovery time as a function of baking time.

Operating Recovery time (s)
temperature | ().125
°C) PhYe 15 days | 30 days | 50 days | 80 days
280 > L - = -
300 1476 - - 1411 -
320 1154 1268 1175 1206 2403
340 - - 777 826 2325
360 - - 705 539 1553
380 - - 608 320 1148
400 - - 466 201 -
1600 T T T T T T T T T 350
o
o 360°C 4300
15004 300C |
- [ ]
Z 300°C 4250
L [ ] 4
g e 08
2 1300- 320°C \ 1150 2.
8 ° ® ° <
2 ]
1200 | —eo— Sensitivity ~ |'®
/ ¢ g 1 J
. 10°C *— Recovery time| |
1100 T T T T T T T r T
0 20 40 60 80
Baking time (days)

Figure 4 : Plot of recovery time and sensitivities at
optimum operating temperature as a function of
baking time.

4 CONCLUSION

ZnO:Au nanostructures with 5% gold by weight
were used to fabricate ethanol sensor. The ethanol
sensing properties of ZnO:Au sensors were studied as
a function of baking times at ethanol concentration of
1000 ppm and at various operating temperatures. It
was found that the sensitivity of ZnO:Au sensors
depended on the baking times. The highest sensitivity
of 179 was observed at baking times of 50 days and
operating temperature of 300 °C. Also, the recovery
time of ZnO:Au sensors depended on the baking times
and showed minimum value at baking time of 30 days.
By considering both sensing parameters, this
experiment suggests that the optimum baking time is
30 days.
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ZnO nanostructures with 0, 5, and 10 % gold by weight were prepared by thermal oxidation
technique and used to fabricate conductometric sensor. The response and recovery characteristics of
the sensors were tested in ethanol atmosphere at ethanol concentrations from 50-1000 ppm and at
operating temperatures from 300-380 °C. It was found that sensors based on ZnO:Au nanostructures
with 10 % gold showed the highest sensitivity. Moreover, the sensitivity of the sensor as a function
of ethanol concentration was also investigated and the obtained results suggested that the adsorbed
oxygen species at the surface of sensor is O%.

1 Introduction

Zinc oxide is one of the promising metal oxide semiconductors for gas sensor
applications. ZnO ceramics, thin films and nanostructures have been widely investigated
for gas sensing properties [1-8]. Especially, gas sensors based on ZnO nanostructures
have gained attention due to their huge surface-to-volume ratios which are expected to
exhibit better sensing properties than gas sensors based on bulk or thin films.

In recently years, many researchers have attempted to improve the performance of
ZnO sensor. One typical method that used to improve performance of ZnO sensor is by
adding metal such as palladium (Pd) [9], silver (Ag) [10], platinum (Pt) [11]. The metals
act as catalyst to modify surface reactions of metal oxide semiconductor toward sensing
gases. Several works have been reported on the enhancement of sensitivity and stability
of sensors that were added with metal catalyst [12-13]. For instance, Wang and
coworkers [14] have investigated Pd-doped ZnO nanotetrapods as an ammonia sensor
and found the improvement of the sensitivity, response time and stability of Pd-doped
ZnO sensor. Also, our recent work on ZnO sensor with 5 wt% gold has suggested the
enhancement of sensitivity toward ethanol vapor [15].

In this work, we report on ethanol sensing properties of ZnO nanostructures with
0%, 5% and 10% gold by weight. The sensing properties were investigated at various
operating temperatures and ethanol concentrations.

* This work is supported by the Commission of Higher Education (CHE) and Thailand
Research Fund (TRF).
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2 Experimental

Zinc oxide nanostructures with 0, 5, and 10% gold by weight were prepared by thermal
oxidation technique. Zinc powder and gold powder of 0, 5 and 10% by weight were
mixed and grinded. Then, polyvinyl alcohol was added into the mixture to form the
paste. The paste was screened as a thick film onto alumina substrate, sintered at 700 °C
for 24 hours under oxygen atmosphere with flow rate of 500 ml/min. The surface
morphology of ZnO nanostructures were characterized using the field emission scanning
electron microscopy (FE-SEM). Then, ZnO nanostructures were used to fabricate ethanol
sensors by contacting silver interdigital electrodes on the top of surface. The heater for
the gas sensor were made from nickel-chromium coil with resistance of 30 Q and put
underneath the alumina substrate which could be controlled the operating temperature in
the range of 300-380 °C. The operating temperature was measured by a thermocouple
placed in the middle of the gas sensor which interfaced to data acquisition. The schematic
circuit diagram used in the sensor characterization experiments is as shown in Figure 1.

o | Lt

Computer

Ve=

Thermocoupl

Sensor B S

Alcoh 1 Simulator
Vi

Figure 1. The schematic circuit diagram for sensing characterization experiments.

Electrical measurements were performed using a volt-amperometric technique. A
constant bias voltage, Vc, of 5 V was applied to the sensor as shown in Figure 1. The
voltage Vy was applied to the heater coil that was used for heating the sensor and
maintaining the desired temperature. The thermocouple was employed to monitor the
operating temperature. The current I, voltage V. and thermocouple signals were
monitored and recorded through a PC computer. From these signals, the sensor’s
resistance was then determined with the ethanol concentrations of 50, 100, 200, 500, and
1000 ppm, at the operating temperature of 300-380 °C. The ethanol vapor at various
concentrations was generated from ethanol solutions using alcohol simulator. The
sensitivity is defined as the ratio of the electrical resistance of sensor in air (R,) and in
ethanol-air mixed gas (R,).
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3 Result and discussion

3.1 Surface Morphology

Figure 2 show FE-SEM images of (a), and (b) ZnO with 0 wt% Au, (¢) ZnO with 5 wt%
Au and (d) ZnO with 10 wt% Au. The wire-like or belt-like nanostructures with sharp
end are observed for all cases. However, the diameter of nanostructure is different. For
ZnO with 0 wt% Au, the diameter is largest (220-1000 nm) and has the largest number of
nanostructures as clearly seen in Figure 2 (b) at lower magnification of x3000. The
diameter of ZnO with 5 wt% Au is close to the diameter of ZnO with 10 wt% Au. It is
worth to note that the diameter is usually measured at the middle of nanostructures and
the typical tip diameter is in the order of 10 nm.

Figure 2. FE-SEM images of (a), and (b) ZnO with 0 wt% Au, (c) ZnO with 5 wt% Au and (d) ZnO with 10
wt% Au.

3.2 Gas sensing properties

The response and recovery characteristics of the ZnO:Au sensors at various gold content
exposed to ethanol concentration of 1,000 ppm at operating temperatures of 340 °C are
shown in Figure 3 (a). The sensitivity as high as 102 is observed for 10% ZnO:Au
sensors. The sensitivity depends on gold content. The higher the gold content the higher
the sensitivity. For comparison, the sensitivity of flowerlike ZnO nanostructures was
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reported to be 14.6 for 100 ppm ethanol at operating temperature of 300 °C [16]. The
sensitivity of ZnO nanorods at 1000 ppm and 100 ppm ethanol gas was 293 and 45.8,
respectively at 450 °C [17]. ZnO nanosolid was reported the sensitivity to be 20 for 3000
ppm ethanol at 370 °C [18]. The sensitivity of ZnO nanowires was reported to be 47 for
300 ppm ethanol at operating temperature of 300 °C [19] and the sensitivity of ZnO
nanobelts gas sensor was reported to be 23 for 1000 ppm at 220 °C [20-21]. In addition,
it is worth to note that 10% ZnO:Au sensor has the highest resistance in air.

Figure 3(b) shows plot of the sensitivity as a function of operating temperatures for
0%, 5%, and 10% ZnO:Au sensors. The sensitivity of 10% ZnO:Au sensor is highest at
most of the operating temperatures except at 360-380 °C.
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Figure 3. (a) response and recovery characteristics of the ZnO:Au sensors at various gold content exposed to
ethanol concentration of 1,000 ppm at operating temperatures of 340 °C (b) plot of the sensitivity as a function
of operating temperatures for 0%, 5%, and 10% ZnO:Au sensors.

Figure 4 show plot of the sensitivity as a function of operating temperatures for (a)
0%, (b) 5%, and (c) 10% ZnO:Au sensors at various ethanol concentration from 50-1000
ppm. The higher sensitivity is observed at higher ethanol concentration indicating ethanol
sensing properties. Moreover, the sensor sensitivity also depends on the operating
temperature used at each ethanol concentration. The optimum operating temperature of
0% and 5% ZnO:Au sensors are at 340 °C but the optimum operating temperature of
10% ZnO:Au sensor has tendency to be lower than 300 °C.

Usually, the sensitivity of the semiconducting oxide gas sensor which is based on

gas adsorption on the sensor surface [19, 22-24] can be empirically represented [25-26]
as:

S=1+aC" (1)

where C represents ethanol concentration. The sensitivity S is characterized by the
constants a and b. The value of the constant a depends on the sensor material, the type of
gas the sensor which is exposed to and the operating temperature. The value of the
constant b is normally around either 0.5 or 1, depending on the charge state of the surface
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species. It was reported that for b of 0.5 the adsorbed surface oxygen species is O and
for b of 1, the adsorbed surface oxygen species is O". From Eq. (1), we can rewrite the
relation as

log(S—1)=1loga+blogC )
16 1000 ppm (a) 914 1000 ppm b
145V*500 ppm —V¥—50 ppm ( )
~A-200 ppm v 781-A 200 ppm
24 ~@0-100 ppm \V 6. ~@—100 ppm
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= 10] 2 2 v \/
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Figure 4. Plot of sensitivity of the ZnO:Au sensor when exposed to ethanol concentration of 50 — 1000 ppm at
various operating temperatures.

The plot in Figure 5 shows the relationship between the sensitivity of the ZnO:Au
sensor when exposed to ethanol concentration of 50-1000 ppm at the optimum operating
temperatures. It can be seen that the logarithm of the sensor sensitivity shows linear
relation to the logarithm of ethanol concentration. From the linear relation, the value of b
can be determined and found to be 0.42, 0.62, and 0.53 for 0%, 5%, and 10% ZnO:Au
sensor. The b value is nearly 0.5 for all cases suggesting the adsorbed oxygen species at
the surface of the ZnO:Au sensor is O>. The slightly different of the b value in each gold
content may be explained by the saturation of ethanol concentration reacted with oxygen
ion on the surface of ZnO:Au nanostructures.
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Figure 5. Plot of sensitivity of the ZnO:Au sensor when exposed to ethanol concentration of 50—-1000ppm at the
optimum operating temperatures.

4 Conclusion

We have successfully prepared ZnO nanostructures with 0, 5, and 10 % gold by
weight by thermal oxidation technique and used to fabricate conductometric sensor. The
response and recovery characteristics of the sensors were tested in ethanol atmosphere at
ethanol concentrations from 50-1000 ppm and at operating temperatures from 300-380
°C. It was found that 10% ZnO:Au sensors showed the highest sensitivity of 102.
Moreover, the relationship between the sensitivity of the ZnO:Au sensor when exposed
to ethanol concentration of 50-1000 ppm at the optimum operating temperatures was
also studied and the obtained results suggested that the adsorbed oxygen species at the
surface of ZnO:Au sensor for all cases is O™
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