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Abstract

Resistive-type nitrogen oxide sensors using metal-oxide semiconductors have been
studied.

A thin film Zn,SnO, sensor was fabricated using a multi-target sputtering system for an
application of high-temperature exhaust gas. The detecting characteristics of NO, and the
high temperature durability were measured, consequently the fabricated sensor showed good
sensitivity for several tens and hundreds ppm of NO, and heat-resistance of 600°C in
reducing gases was obtained. Thin film TiO, sensors with pentavalent additives were also
fabricated by containing constituent metals such as Nb, Ta and an annealing. It is obtained
that the sensor has excellent heat-resistance up to 800°C. In addition the NO, detecting
characteristics seem to be determined by the electronic properties by analytical measurements
and a numerical calculation.

A new gas-sensing material of Zn-Sn-Sb-O was found for domestic use of ppm-level NO,
detection. The fabrication processes being useful for practical manufacturing are studied,
consequently multi-target sputtering method and screen printing method are developed.
vResistance of the sensor and sensitivity of NO, are varied by the composition of the materials,
and potentialities for detecting NO, emitted by a kerosene heater are also observed.

Advanced NO, detecting approaches using SnO, sensor are also studied. A new method
of detection for NO, concentration using transient resistance response on temperature change
of fhe sensor was studied. Therefore it has been obtained that NO, concentrations can be
determined by the transient resistance change. In addition, it has been found that NO,

selectivity is much improved using the SnO, sensor with a calorimetric hydro-carbon sensor.
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Table 1.1 Properties of nitrogen oxides.

N,O Nitrous Oxide No color, Toxic
NO Nitric Oxide No color, To be oxidized at room temperature.
NO, Nitrogen Dioxide No color, very toxic
2NO, ¢ N,O, (NO, rich at high temperature)
2NO, — 2NO + O, (> 500°C)
N,O, Nitrogen trioxide Red, NO,+NO at room temperature
N,O, Nitrogen Tetroxide 2NO, @ N,O, gNaost exist in exhaust
N,Og Solid phase at room temperauture




Table 1.2 History of exhaust gas regulation.

1980 1965 1970 1975 1980 19!85 1990 1995 2000 2005
|
1 l
O @) (@] @ © © © ©
Air pollution Cleanair Muskie Clean air 84act  Newclean LEV LEVI
control act  act act act air act Tierl Tier2
usS CAFE Gas guzzler tax
OBD1I OBDI
Q © Q Q
EU uss4 STEP1 STEP3 STEP4
STEP2
Japan First exhaust S5lact’ Sh3jact S60act  Revised exhaust pogt S53 act
gas act gas act |

TAVHZRT A% — 15 B ARIZEIT DI85 53 FHH O%Y . BB OB R
(BN 772D . Z D% HET AR Tk Sz, 7 AV TIZE B EOBHDEL<, K
RIGYNGRAN 2 )7 =T N % a2, Table 1.3" BI O Fig. 11¥IZRT X9
LEV(Low Emission Vehicle) &FFTI DB FERIZ2 P AR 23 E i S TS, Eo, HAR
IZBWTY Table 1.4™ IR TXHIZ, BEFD 53 FYREHIE R —BOE L ELH & 722> T

Do




Table 1.3 Automotive exhaust gas regulation in California State. (g/mile)™’

Year NMOG Co NO,
Current 0.25 3.4 0.4
TLEV 1994 0.125 34 0.4
LEV 1996 0.075 3.4 0.2
ULEV 1998 0.040 17 0.2
ZEV 2003 0 0 0

TLEV: Transitional Low Emission Vehicle
LEV: Low Emission Vehicle
ULEV: Ultra Low Emission Vehicle
ZEV: Zero Emission Vehicle
NMOG: Non Methane Organic Gases

TLEV (Transitional Low Emission Vehicle)

LEV (LowEmission Vehicle)
ULEV (Ultra Low Emission Vehicle)
ZEV (Zero Emission Vehicle)

NO, (gimile)
0.7 Before 1992
I(_1IS;/7) 1992 model year
e 04l ./ - ey
i 02 / 1 (1994)
L ZEw ' ULEV
i I~ “T | (1997) !
1 M ] ] ! [ 1
8 6 4 2 0 01 02 03 04
CO (g/mile) Hydro-Carbon (g/mile)

Fig. 1.1 Exhaust gas regulation in California State.
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Table 1.4 Automotive exhaust gas regulation in Japan. (g/km)

Regulation (Year) Hydro-carbon Cco NO,
1978 (Showa 53) 0.25 2.1 0.25
2000 0.08 0.7 0.08
Combustion Al cleaner
chamber L2 4 .
Air flow
Input signal

computer [[‘
LE

Injector Exhaust

O, sensor gas

Three-way catalyst

Fig. 1.2 Exhaust gas conversion system with three-way catalyst. "’
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Fig. 1.3 Typical characteristics of three-way catalyst. ™!
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Fig. 1.4 Typical characteristics of O, sensor. !
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combustion

Stoichiometric
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1 I}
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15 20 25

NO, concentration, torque flactuation,

Fuel comsumption

Air-fuel ratio

Fig. 1.5 Characteristics of lean-burn engine system. '
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([Z72b DT D, Fio, ZOMBEREOEACITIZ, HEARFE [~ T AW R0 S 5
DEHERF BRI G L B R, AR 3 L OB DR Fo T,

REETIL, B SR DR L AL TOEERE OB SV Tk
AR FIUTHEESNZ NOy B EL CTOMFZERR $HZ DWW Talk 5,

22 BILYHBROEEEE

JEL DO HTHOLILTND Si R Ge LWV 8 IRTIE, 3 flid B X° Al 2L T
p BIE(RIC F72 5 fliod P, Sb, As ZUINL n BPEERET 5, UL, HAEHELT
VDR B8R TIXE S N R D, ZhUT, — ISR LY ClIe R4 Lk
AF v DR B AL ST TRY | ZORERAET D 7 RIEHARF—T7 7
TREBRDPETHD, W<ODDEBEE DO/ Ry 7RO EN EEL Table 2.1 TR
1, Zn0, Sn0,. TiO, 2 1ZFRFEA AN LR TEIBAA L AR n BASERTHY,
—J5. Cu,0, NiO 2L 13 & BmAA U DA R LT p BREEKTHS,

Bl %1 ZnO TIIHEMIZ Zn A4 (Frenkel B [a) N AZURF—L725, F7- NiO Tl
Ni OZEHELECT 78T RIRDEVITERFBIVTND, £, ZHHO KGR E X%
LD O, 53 EICE S TRESEILL , AU MBEE LG RESLE DD, Fl 21X, ZnO = NiO

-15-



F2E BEMFBEHREZAVNEAR Y OBERIE

DA, K@ D~Q N T IR EFmREZHND, U

Zn0 © 7Zny +te + %Oz(g) o = const+Py, " 2.1)
/n0 & 7Zny* + 2 + %Oz(g) o = const*P, "/ (2.2)
NiO & Nig, » h"+h'+ %Oz(g) o =const-P,, " (2.3)
NiO & N%2+%W—%@@) o =const-Py, " (2.4)

ZZT. e lHMsEE A hIFTIEAL, OIS (DIF2E 2w, S Pl LT
ERRERE(o NTHEMNTRLTEENT O, 3 EPNKAFT 5,

WAL AR A~ D ST R I LDBER OB DV TR D, Si R Ge DIFHL
FIERIZ, JR D B2 e R W T AL IVMEERE I TEHZ LB TEY,
JE PRI SRR Z AL TUND, B2 1T, ZnO 1T ALO, =0 Li,O Z RN 5L, ALO, DA 13
AN T IDNCEFIRENELRAERRE RN, —F ., LL,0 OHE1TR(2.6)IC
AT IDNTEFIRE MRS Ao TRERPMEL 2D,

ALO, & 2Al, + 2o + gq@ (2.5)

Li,O+ 2 & 2Liy,, + %OZ(g) (2.6)

ZZC Aly, BE Lyl E Zn F 7 AUICEHLTZ Al B E O Li 27T ZOEINCL TR
FERDORERE KT HENTED, Fe,0,12 TiO, WML 6 ZDOINEEHIC
(EEERDPHNINT 223, 0.1 mol%d TiO, DIINIEVIRF N 10 5B T 52 LM mbi

*’C‘l{ \50 [2]
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Table 2.1 Properties of metal oxide semiconductor.

Material Band gap (eV) | Mobility (cn? V-1 s1)
Electron Hole
Si 11 1600 400
Ge 0.68~0.72 3800 1800
n SnoO, 3.5~3.7 160
TiO, 3.05~3.8 0.2
ZnO 3.2 200
Fe, O, 3.1 0.1
CdO 2.1
SITIO, | 2.2 6
p CoO 4 0.1
Fe;O, 0.1
Cu,0 2.1

FR DN IZEERNEBICOWNTOLD THHH, F-EARE B 181 HENL . KT K
fa. WA R FIZE R TR EENEFEOR 2 DIENINFIEL, TNHNRRF—0T7 7187 4
L LU CREARNE EE T ORZ521T), AT, P8 RN O 7 /LI HERL LD

(LEICT 77 ZHERLE L CEKRIMEN 3 D556 . F-ERNEDOE
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L. TRAF =T Fig. 2. 1ITRT I E~BHIL b0 &5, — T REEN AR T —&
LTSS, T2,

AR L72 ZnO OB E I n AR THY | K ~T AN BRI AE T 55 B 13 E TR
DD U ARERIME T 352812725,

K

EV&C
e
X
w Surface state
vacant E% Ec
_______ e e e
occupied E’/ =
VS_]_.._._...,¥ -EV

Fig. 2.1 Energy band of semiconductor surface. ™

W: Work function, » : Electron affinity

23 BIEMFBER~ADHRARBELLEEEL

MNAEIRRIE T A1 DIRAE T DR FEARETT A5 (DD WTFFREL 127 )&
MIZE T ORZBEIDD, HOHVNIZIUIEBEERE T OBEE bR WA TH,
BRF T LW G Sy 1 L OB DR 2% E LD, MBS T OB B E8 Rk ott
FEI IO RETIERAE D TIXEE D LE T 22 AL A4 (R BRI AE) L7220,
—T7 B G T DAT ACRT 2 VD3R OB T BTN KO/ NS T A oy I
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B2 FERIC G THAA (BB E) 78D, 16> T W& T OEF B, A
ACRT v RO RIS BRI ENDOUIBERZ A DL
HERITEDD, B A TIEH070 7 —ZI3HbN TR LT, ERIITEE R H5H)
AHEE T DT LERD, MK, Oy IFABEMUE L., H,. CO, RALKRITIEBM WA T HZ
EMHDILTND, 7o, EFEO T AR A X EFITABMZH O2WEAELS 2D, B
ZAT O, [TV THIERER A R IR S S DHIVTIERRBEN S () FIRB B b B D LS T
W5, NO, DA W TIE, AEMENE W EICKRE T TOEERIRRRIZHD NO, Akt L
2250, NOL LB T2 B MEA D TR, O, LABRICAR BRI E T b0 Ebhs,

W5 DIEREITW O DFEFENH DM, B Z21E O, DA 13 Fig. 2.2 (23 K91 side—on
AL end—on BIAENISHILTISY, SnO,. ZnO, TiO, ETIHIZEAL side—on I TH5, 1 fijL

LT ZnO OE, Oy DERMICHERE 113 Zn oIS,

O, + 7Zn° — 0O, + Zn* 2.7)
L s,
0
OTO ?//
TN T T
side-on end-on

Fig. 2.2 Adsorbing properties of metal oxide semiconductor. !

(M: Metal, O: Oxygen)

L ATEBOB A FT T, HRIEE DL AT B2, FROH AR 5
WRDIAN AT RIS X R BN L END, —HIC, WAL F OB 8 T
R AR ST S5 R R I T > TH IR ROE A R A5, Z0L578
£12i3, Fig. 2.3 BEU Fig. 2.4 (ORI, FEER R OBEMEH DT K 7 BEEL
REEICBI HIEEEOE ARSI,
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-
>
-
o o)
0
o
J ! 3 Depletion layer
Adsorbed oxygen” | | ‘
i } Current Conductive electron
|

Potential barrier

JNevs
e o000 0 ® o0
+ 4 +f+++++4%—+++
Donor‘—J

% |

|
I
1
| |
< ! : :
= T i With combustible E,_ﬁl Er'_‘m:
3 1 F
8 \ ! 988 Ey Ey
(a) Potential barrier of crystal interface (b) Energy band diagram of “neck”

Fig. 2.4 Energy band diagram of crystal interface. 1!
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2.4 NO, Y DAEIEE

LU B DR C ) AR DR G & T AR A (T HE D& NOy B e L CoRFJEHES
(ZDOWTLL FIZak %,

BT, b EARBZREREEL T, NO, O EZLICH T 25T A1, T72b bk
FENBREIND, BIEEGDHT-OIIEL, WAE LT ANE L PBEN 57200 —ER&DE
FIRENMLETHD, ZOBEFREIIRTELEE AL TET, BIEmTELLET
DRBENEFIRE DO RKERE LT > THNRWDIZ EIUELA Ao, 1E-
T ETFRERVESDRFNETHLIZENLETHD, Flo, TAORET L EZFHL T
WDHIZDIZ, BTET TR ATZENTRIR DRy 7 DL 7AREE I FLL TODE S B R b
ROTREBLEL, —IRANTEBNINENE T 52 LR ANRy 2V TR L 72b DI
FEREARLIR D TNDZEM LA, AR I E CUL L TR T T 2 bbb 352 L
PHIBILTND, 62T, BRI ER TR A T AUZZ OISR BRSSO LB DL
Bbohs,

IR IR RE N BRSNS, R DU O PN A\ E S 500
(X, A —F DISEEB LB THD, WAL DT A2 TlE, B PR E~D T A
DY - B2 AW CTODT2DIs, B PO T AR ENEL LI, BT
DIPHNZETDZENRDHND, —MKIZ, MR DL £ TORERF N LR D7
D, AR E @R TEHESEIIZ RV, LU, @RISR DE T AD W - [T 23
B ~FE B LR E DMK 72D, 6o T IR LR E R IZ N — R A7 L2257 12, g
XS TENFT DL BN DD, 2T RENEH G0 Ll ) i i B G\ VR DS L B ek
AR TSR T, o, A G MEIRE THLPICE T L IEE BERENR
WREREREEH o CIHMRIR CEfES 52812725,

BN THADBIRMETHLM, e A D NO ZHEIT DAL, PRBEIEE )G [F]HF
ICHEHEILD CO ROBRALKFEL N STHE TN AD YR FE AL DR B A TE DR Z T 2200
ZEMEELW, 2T, B b g8k E ORI bR e o DG E | BT A TH
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% NOL LB ITLMEH A THSH CO BRURAUAKTE TITR AN 20 iNEE T &L
TdD, Fig. 2.5 [T EIIT, NO,IE n BUDERA LY -8R L+ D LR EIALFERAE L
BT OBEPTAU~ELID, Ll CO RRALKFE DL EITT TIZHEIZRAL TWD
O, LIS LI b Z U D, ZDfERE A0S O, O b8 KA ~FF OB EI T 522
LD, T7bH NOGEBIRIJITHRASEDITIE, CO RRALKFE DL RIS EHEEZDIZ
STIUXRWZ LD, ZDOT2DITITRETEE RS TIUX R W &2 | B Rk
PED E\ N Pt B2 T ARED _EEBIZITTE R e AR D NIRRT 52850, il
TEPEDIRVY Au EEMRZ WD TTIENE 2 DND, HL B O/ERIOEER Tl o BULEL
AT AL Au Ol F(1064C)LL FICE O DM EN DD,

Surface Bulk

Fig. 2.5 Differences of resistance change mechanism for NO,, CO and

Hydro-carbon (HC).
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B \TTHEE DRI AL TR 5, H A I WAER L O S IE, 2<DHDT
1% 1000°CUL L&, B MBEICR 5221370, LinL, o P EDHERUE B
EHTHEC T, FHKDNEITCIEIZRDLZEDRHY  ZDOFEDTHEWE DRI ARA L Re7e
%o BRALH DB LEN0T SRR B =X — P DAMDIENTE, Bz iE
CuO I FE LS F<, MgO R ALO, 138D TR ILZAUI, Lol LItk OMEHIZ
NODORKNITFLEN TN RNIENEL | Fz, BRITR TSN THRAZELL TL
FOTEDDDT | FERINZFEDN O DB DD, £T-BB LR~ TH, HAE O
R &R e 5 P KU S BT DM BV E A R LR LT DI LS 125720,

25 F&OH

REFE T B Z N T A2 T OEEREREL | ZUZEED5< NO B OB
FHEEHZ DN TR, SnO, & AVWVZ AT A2 i, 40 FFRRE DL 2B | JR<
DO H TSI TOAZEDLEIMERAE I 72D DAL TOD A, —J7 NOy OFRFINZEIL
TITEEMFFEDRE AN 2> TETZBFE T L MR R m A3 8< . o P HE AT
OfE FATREMESC, MRV . BIERREICBIL CII STy, IRODH 3 5, 5 4 &
T D UPE A ICEEEE T A A B LB HCBAL T 5 5 B CIIRAIRER
TR EE o HICBIL T, E£725 6 BT B o mERkic oV Tk~ 5,

26 SEXAER

(1] {HIHE R b5y ) @kt A=>7 107127 (1983) 13.
[2] TRt T8RO ) A (1974) 84.

[3] ARREXAM 0T BERE (1997) 66.

[4] mLEFHREES I3y Elk (1980) 17.

(6] RETRRML NO b Az ikl (1978) 21.
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EFIE RERIL Zn,Sn0, EEHEH A FH NO, U

3.1 [EL&HIC

HENHOPET A D NOy IR EARINT D20 T, kD O, Br I EFRERIZ, TDEE
ZRNWTZU VAR LTI A= R T HIIZATIR0 7280 | E D' PITHET R 8 1T B
FHINDHZEDNBESND, EOFE, HETADIREEITIEE 400~500C THLH, mAMIKFIC
IX T00CHIZICET 22ENH D, Tz, ZOFRFKG IR AR T2 Tl REHB R O
FHR. TROLETCHEFRHROLGELHD, 2 TRV AT 280 B L T, SR
[ZBWTLZERLDNERSND,

ZHETNO, B A EHZIE, SnO, W& 1TO B YBCO " wo, W% F vt
DHIHIVTODA, ZIHDOMEHT — IR ER TR EM D2, @R Co DBt R R
T MBI EREEL CLIEHZEBNHESND,

— 7 IMEWER IS NDM B CHD Tio, B9 Zn,Sn0, "2 W= Bilb b T
D3, ZIHDTHEED @A EHT — BT E<, 2O FEE VM BIEL THND &,
TV OEBID TR, /A RDEELEZ T T DAL B2 RS EE DMK T
LTLEIZEN DD, FTo. ZNODOMEHIBAR D EETIXE TR DMK NOy 235K
ETHIECI B M EINOE T 2B E G520 Tk, ERRERMKE
ETEHBTRY, EBHIT, ZRLOMEE Wz 30 EERIZRMEPE O KGR
FERF D NO MEIEEIC OV TIIZE AL EIH TR,

Z ZTAETIE, B IMBHIIT A YL E L TALAIBIL TS SnO, & ZnO 12
BRI NOy B E R HIFES I, DB R B EE DB HI RSO AY RV TH D
Zn,Sn0, (275 H LTz, 7238 ARV i Dbl B R NMELS, O FEETIT 'Y
PIELEL THWDZERNEETHD, 22T, EFIREZ®mOLIZODR—/3he LT Sb

D EINZ T EREE WD EE LTz, 22T Sh 2 HWZEEHIL, 5 il THY, Sn EANED
TEFEMET2ZERHIRFESNLZEITNA, JRF808 1.45 AL Sn o 1.41 A¥E
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% 1.51 AlSiEL, BIETAHZENMREESNDT-OTHD, 708, ZOERIL, MLALDH| O
LT EDRNPDHL TCANNZY TR EOERIU T, 2 TIIERL 72t Y 0 B 72
NO BRENRFEICINA T AT AL DR BOME AL DB OV TR D, SHIT
TV HEH AHTO NOy BN AT REMECTHEWE IZ DWW THRE T,

32 =B
321 Y

Sb /L BIRIMUIZHIE Zn,Sn0, 1, Zn, Sn, Sb D&JBZ—7 v "B rd & A A/
BV THEB TR L7, 239 ZY 2 27130.7 Pa DEZEF T, 0,& Ar DIRAH (O, : Ar
= 1:3, mol )T THTZ2\ N, ZD1% | JEOZZEDT=DIT, RKAH 1000°CIZT 1 FRFHEEL
SVERL 72,

Wiz, VERLL7-7# %% EPMA(Electron Probe Micro Analyzer)iZ CoHdrL7=#% %, Zn/Sn
X 2.42 THY., £7=, Sb,0, 1L, 0.55 molb TH 7=, /=, X REFTIZED O LI-FER%
Fig. 3.1 1R 28, ZODFE DD SnO, 202G et 0D | 1FIE Zn,SnO, BAHE /2> Ty

6*3%%75)ﬁ éﬂﬁ_o

o N1 °. @®:7n2Sn04
& ¥:5n0z2
3 ® &:Al03
o by o e
1 ] ] ] ] 1 ] 1 1 ] 1 ] | 1 | 1 uk"f'h.'
35 40 45 50
260 (CoKa)

Fig. 3.1 X-ray diffraction pattern of deposited film after annealing at 12000°C.
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322 wUHHEE

RINER LT B YOG % Fig. 3.2 1R T, B0 EMRITIT ALO, Z Ve, DK
X%, 3.3 mm X 16 mm THY, FEZL 0.6 mm THDH, OO — S OmIZIE, JBES
1 pum @ Pt ORI EME , £-59 — HFOEICIZES 2 um O Pt Ov—2 &R LT, Zhb
D Pt OEEIL Pt #—7 v b DC Ay ZV 7 iEZ W TRIEL , 27 L 2B R O
~ AV E HWTENDD /R — B LT,

72 B B A TH 5 Sh ZWMUTZ Zn,SnO, 1%, BIR L7z A/ Z 751230 Pt O
MR 12 0.5 pum L 7=,

Pt electrode

Gas-sensing film /
\ Gas-sensing film

m_: (0.5 pm)

Pt electrode
(1 pm)

(@) Top view ]
Al,O5substrate
Pt heater
E— Pt heater
= (2 pm)
(b) Bottom view (c) Cross sectional view

Fig. 3.2 Structure of the sensor.
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3.23 ARBHMFHEDRIE

ERILT= 2o VO A AR EFFEORIE L, Fig. 3.3 IR T A AFRIE R THT 75T, BV
Y313, 5000 cm’/min. DY TV AP RFES | EHT AROES UL, DC 1V 2t
Y OB 2R OB Z | D B aT 2 AW THIEL, FHRICE> TR,

B REFOREIL, B EEICEAALZ Pt b—XOEGUEZRIEL | Pt KO
PR RRBO GBI 23K | SRS 2 VT 600°CLIE—E il L 7=,

YT NI AORBNE, EEEOPET ADMBEE KL T2 DE LT, & DMK OFEM A
Table 3.1 1279, NO, IR EE I35 H O R Z2 ]I E T DB, DB AR
AP —ENZHEILR S NO, IBEETNEDLHINT LT, £o, DT AD R B %5
BB, AR G LR D T APREE T T INEE DD INTE T AD L B4 HIH LT,

Sensor
N2 I
Oz — .
N|\(|)(2) | Mass flow
co — controllers pico ammeter
i-C4Hy ™
HUOTIRR Computer

Fig. 3.3 Diagram of gas-sensing characteristics measurement.
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Table 3.1 Condition of gas sensing characteristics measurement.

o, 5%
NO, 50 ppm
NO 0 ppm
Gas PP
concentration Co, 10%
CO 0 ppm
i-C,H, 50 ppm
H,O 1~2%
Total flow rate 5000 cm®/min.
Sensor temperature 600 °C
Temperature
Gas temperature 400 °C

33 BRELUEE
3.3.1 NO,REN4FHE

ERIL7= D NO, A E% Fig. 3.4 1§, ¥ 113, 50~300 ppm & NO,
DO FE ALK U TP I 2282 R~ Uiz, £72, NO, #E% 20 ppm & 300 ppm &
DTV ARNZEID R Z T/ R B RGUTER LN Z b T 28 b iz, 2
NHDFERID A3t ppm 0D NOL TR LTV VR EE L7 i B 2 F - C
WHZENDM 0T, 7235 Fig. 3AICHIE T Ry ML KZ RT3, Wik ce
LD AT I DA AR~ ZE D hoTz,
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8 8
10 10 T 20
°
~—~ — o o)
g/ 9, £ G 15 o®
© @ S \2./ ® ¢
8 7 g 7 2 @
& 107 g 101 <« 8 o 101 e
Z 2 300 ppm 400 £ §
3 8 s B
@ 2 - 200 € 8 °
6 6120PP 20 ppm o x
10 i i N 10 0 o OT—T—T T 71
0 100 200 300 400 0 200 400 600 > 0 100 200 300 400
NO, concentration (ppm) Time (s) NO, concentration (ppm)
(a) Static characteristics (b) Transient response (c) Linear plot of static characteristics

Fig. 3.4 Sensing characteristics for NO..

RIZHAFH ADFEIZ DN TR RD, B HE, NO, LIS OPET AHZ I AF T2 H AD
REBACOEBEEZ T IRNZENRLEEL, £ZT, 0,, CO,, CO, i-C,H,,BLUNO DO
BN DW=, Fig. 3.5 12, 50 ppm NO, FIZHB W T EFRO AT AD PR A % T-FF
Ov P ERE LA RE R T, 2O/ KNG, 2~10% O,, 0~20% CO, BILW
0~500 ppm CO IZXL TUHIZEAEZDIRELALDEELZT RN LN DD D, —J7. 0
~300 ppm i-C,H,, 3L T 0~300 ppm NO [Z-OUNTId, i B Gl TR K&,

TINHDOFERND JEH AP A BRI E L TD NO, &, CO, 55T CO LT, Kt
FEZ LI, —H, i-C Hy EIEDVRO RS E R L TWAZENELZIND, 22T CO, I,
BINCHETHHTZDIT, NO, LTS LIRN D IR TSN LI IR I B 52
b, — 5 CO Li-C,H,, THERE N EI DT, KIS, CO TiX 284 kJ/mol THHDIZ
%L T i-C,H,, TI& 2859 kJ/mol L5/ HZENERR D — > ThiHEEDLNS,

Fio, O, REDOEENIZEAETNIEH X, O, 1TEATARE mIZ— EEWRAEL TNDHE
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DERDONDD ZOWAE FIT 2920 FORIREFE CRaML TRY, Tl EORRE T
IR B2 D52 2 T TRV VRRBIZ 72 > TV DB D EB RS ND,

B IZ NO JREDFEIZEAL Tid, NO OEFHIZREM 2N TR O ITE L2 Wik
TRV, NO & NO, DAL A 3R BN TR <AKAF T 272012, ZDTENRR D —2IZ72
STWVHHDE DS,

8 8
10 10 108
S S ¢
@ L @
2 7 2 7 <
1. . 0 ——0—@—@- . - < ) o—0—0—o0 - 4 . - A
5 10 g 108 £ 10 ‘sooovosesee
(%]
g & g
6
10 . 10° — 10 o
0 4 8 12 0 10 20 30 0 200 400 600
O, concentration (%) CO, concentration (%) CO concentration (ppm)
(@) Influence of O, (b) Influence of CO, () Influence of CO
o 1
S c
{53 (5]
< e
] ]
(72} (72}
Z 2
1 14
106 T T T T T 10 T T T
0 200 400 600 0 100 200 300 400
i-C4H;, concentration (ppm) NO concentration (ppm)
(d) Influence of i-C,Hy, (&) Influence of NO

Fig. 3.5 Influence for NO, sensing characteristics with interfering gas.

The concentration of NO, was kept at 50 ppm.
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Fo, —WICHET ADIREITIRBESR N E DL EEAT D, 2T, BV E RO T ARE
R BIROIREDR, BRI REICOWTIRAT, TARE TR
RO B IR S Tce—2 2 W TE ST, — ., B BIEROREIL, B E
D Pt b—& &2 ORI 2 VT (bS 7,

ZORERIE Fig. 3.6l 82, B 9% 600CTEMESEIEE . TAIREZ 200
~400°C DM TZEALSHETEH 50 ppm D NO, Ik T H B HRFUTIZIEALEEDL T, £D
BT NS ol — 05, B BERORENE Do A Tt O$UL, Fig. 3.6(0)
(R IDNT, T D B REZIT T,

ZOBEIL, B RENE DD LET AEA~DORE BN ETHI LTI B
PLOWRERAFIEDR D DT B PRI A BN LT b 0Elbingd, —F . Er¥o
JAPHD AT AR E N DT a1 E, B R E ORI A LR Em O —Z LD OERHT
BNSL EBIT R EOHIEND BRI Ch AT FO T AR E XA
ROIRFEIZUTL , HARERIFEDIZEALE D0 EDEE X DD,

o T, AU P EEBITH AT HHA1E, B HEERRI 7 LW E
B ¥ 2 TR IS B R 2l UL B W83 00D,

108 10°

Resistance ()
H
o
\l

Resistance ()
(BN
o\l

106 T T T 106 T T T
100 200 300 400 500 580 600 620
Gas temperature (°C) Sensor temperature (°C)
(a) Influence of gas temperature (b) Influence of sensor temperature

Fig. 3.6 Influence for NO, sensing characteristics with gas or sensor temperature. The

concentration of NO, was kept at 50 ppm.
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332 IVUUHARRIIHEITH5FMN

N T, RIELIZ e PO DU A BT DR & T~ T,

ZORBRIAE AL DuE, —RERES] 4 KEOLOTh D, P ADZEL BRI
(NI ATERBE= 2 OB OFMTHD 1.5 IZ—ERIEHIL . ZDOHIZE Fhd NOy D
HEEZ 2 ppm ADHEE ppm FTCALEETZ, 22 TAKEG. DTRHESINDM,

A= (ZERLL) / (BREmZEiiit)  (3.1)

Z D NOyIRENEALTHH T, B RO B b2 E 53T, FROILFRkE

% AN AT FIV T NOG IR A E LT,

RER R 7% Fig. 3.7T1TR T, ZORERMNG, B HRHTE NO R LITTIEFERIZELL
THY, ZO' AT DU HET AR O NO, R EZ RN TED AIREMENH D LD DD,

7k, W P AR D NOL L, NO ENO, R ESIIEH D THD, B HEHUX
Fig. 3.5(e)lRd E21Z, —ED NO,IRED T NO IRENZE LI AT, 2RV E4
LT DA S S TODA, ARRERTHMETD NOy IR EEE @V VEBDM GO B X
VO UVHEH ADIRBE DS ENZDIT, B THSONIE LI OB 2 HID,

€

. 600
T g
| — ! 25
~ 5>
S 101 - 400 S5 &
[<B) k n ©
Q ] S o
S - £ 2
2 o 5 3
g 103 T 200 = 2
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. o =
3 o ©
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Fig. 3.7 Output characteristics of sensor in engine exhaust.
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3.3.3 MEAE
ML, B A OBEBEARMEREEDOOEDTHY, FHIPET AL TIIRE R E L
DTIhD, L DIBALYHEERIT, EIR T OB TR LSBT HICZE T
20, 22T, AEERIELIC B Y 2 EROE SO A RBES T £ OMEWEZ TR~
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Fig. 3.8 Apparatus for heat-resistance test.
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Resistance ()

108_ in air 108
6] S
4 in reducing gas s
10 (1 =0.86) {‘ § 10* in reducing gas
1l 14 (A =0.86)
10 102 ” ” ; "
0 2 4 6 0 0.4 0.8
Time (h) Time (h)
(@) Measured at 600°C (b) Measured at 700°C

Fig. 3.9 In-situ measurement of sensor resistance upon switching-on and -off

reductive gas flow.

o
i

(a) Before the heat-resistance test. (b) After the heat-resistance

test at 850°C for 1 h.

Fig. 3.10 Scanning electron microscopic view of gas-sensing film.
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Fig. 4.1 X-ray diffraction profile of the fabricated film.
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\ / Tio,
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—
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(a) Top view PaLP—————
Al,O5substrate
Pt heater
E— Pt heater
—= (2 pm)
(b) Bottom view (c) Cross sectional view

Fig. 4.2 Structure of the sensor.
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C
Pt heater of sensor

1 ’ Comparator

To temperature control

A D
—
To temperature setting
/ 2 mA)

Fig. 4.3 Circuit of the sensor temperature setting and control.
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Fig. 4.4 Control response of the sensor temperature.
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Table 4.1 Gas composition.

o, 5%

CO, 10%
C,4H;, 50 ppm
NGO, 0~300 ppm
H,O 1.3%

N, Balance

Sensor temp.  600°C

Nb amount (at%} ' ]

T

—~~ o
S g
& 5
g B
ko =
k g
] 3

5 A N B 0 O

100 500 1000 1500 =

Time (s)

Fig. 4.5 NO, sensing characteristics of Nb-doped film.
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10 — T T T T
Amount of Nb (at%)

Resistance (Q2)

100 200 300 400
Concentration of NO, (ppm)

Fig. 4.6 Resistance of Nb-doped film.
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Fig. 4.7 NO, sensing characteristics of the film doped with

additives of Ta, Nb and V.
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6 . . . 6120 ppm 20 ppm
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(a) Static characteristics (b) Transient response
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(c) Reproducibility (d) Characteristics for high

concentration region

Fig. 4.8 NO, sensing characteristics of Nb-TiO, sensor.
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(e) Influence of NO

Fig. 4.9 Influence for NO; sensing

interfering gas.

400

characteristics of Nb-TiO, sensor with

The concentration of NO, was kept at 50ppm.
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8
10° ' ' ' 10
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(72 (72
[} [}
@ @
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Gas temperature (°C) Sensor temperature (°C)
(@) Influence of gas temperature (b) Influence of sensor temperature

Fig. 4.10 Influence for NO; sensing characteristics of Nb-TiO, sensor with gas or

sensor temperature under the constant NO, concentration of 50 ppm.
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1000/T > 1.5 IZBWT, TORMPUEN I BRI L . BRI 250 B hhs, 74
BV ZEIUZEBHT Ta <2 Nb Z2IRINL7I-b O LT B 5 EEME ChH L Ebns, 5
AR THDDS, A0 Ti LR DZENEH DO — D> THDA[REMEDR D,

800 600 400°C 800 600 400°C
E 0 N | / —_ 0 N\ /
e 10 — T T y 10 I —
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Fig. 4.11 Arrhenius plots for conductivity of sensor devices themselves in the air.
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Fig. 4.12 Properties of doped Nb in TiO, thin film.
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B, p, B, (XFEERICE BB E THYY
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p=n=10"cm™ (4.5)
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Fig. 4.13 Carrier concentration Fig. 4.14 Carrier concentration

with Nb amount. with NO, concentration.
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Fig. 4.15 Results of the calculation.
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Fig. 4.16 Temperature programmed desorption measurement.
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WAHTZDIZ, 0, & NO, D TN AETHZENTIRD, —J7, O, 5 FaniE eE R AIC
NO, ZEHLIZH AT WA AMIZENTWDHT=0I2, Fig. 4.17(OIRT X NO, D Ix
AT HZ LT D,
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BIEDFER, O, BIAFT HIHRIAK T NO, TR THPIZ LK ZV 10 at%Nb-TiO, D
HBHT. O, BINEFDOHHIZEL L& NO, BHINBFOHCHTZEAV EE S 10 £20L & RELF A~ T
VW (Fig. 4.18(a), ZAUIE, Nb ORI IOWAE A RBEEIL TEY, O, DA TIZZDT
NTHHEST | O, IAF T TNO, ZWAE T O ARDD72VIRFL THDEDEEbis,

— 77, O, IAFF HIRPAS T NO, W6 L THREUA L 23/ NS0 2 at%Nb-TiO, Dalkl Ti,
O, IINEF DIHTELELE NO, BN OIPIZEAL L DNEL A ERC THY(Fig. 4.18(0)), Z
DAL T TIZ O ICEVEFARNZEAEHESTLEI =0T O, A7 FT NO, ITxF
TOMENIZEAE AN DL DD,

N
0] N, 2
2 N, o, C,Hyo C4Hyo
N2
O O NO, NO,
L L | o T A
TiO, GO
(a) Oxidative atmosphere (b) Reductive atmosphere

Fig. 4.17 Properties of NO, or O, added in 100ppm i-C4H10/No.

4 1 1 v 1 1
5 3t NOZ | é\
© 0, o
8 2 8
g 1 >
& 3
= 0 =
2 o
3 14 | I NUR R | -1 T R T T
0 400 800 0 400 800
Concentration (ppm) Concentration (ppm)
(a) 10 at%Nb-TiO, (b) 2 at%Nb-TiO,

Fig. 4.18 Ratio of the resistance change on exposure to O, or NO; in

reductive atmosphere.
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45 TitEE
B GBI O EWEZ T 57212, i-CH,, L28RABRBES BT HED 2% 3 B4 A
BRUF R A~EAL, B, EICEDOMFRPHE T, 10 athNb ZIRINL7Z3EI O ILE

R@

HIE LT, ZOFEERTIT, B bHIRHROS A IR0 RIR(L)E 2 = 1.6 | Fi

rl_E.P
FJH

BIMERHKOLAILL =0.86 LL7z,

ZOREHR, Fig. 4.19 1T 8L91Z, 800°CTiE, MZRHKILITIEIIOZ LITIZEA L RS
NIRIoThy —F7 900°C TILER LMESR AU TH T OGNS bz, Ll 56 3
B TIR ATz Zn,Sn0, & W= B D XTI IR ST ELIRE H O PSRRI L R
ZALT DI EI A ONIR D o7, ZOZEND | ARREOMEBR S 1 800°CLL ETHD
bOLEDLND, 72k, AREHI, 2 = 1 ORif: TR KRIEICZ(LT 575, FEERIZ NO,
AT H4AET Table 4.1 | RTZERIBRIORMZIAELTEBY, 4 < 1 OFMFE,
D IE B LT D THD,

10 ©
5
gL a I
<5} 4 Py 7]
o 10 r 3
s 3| 3 _
g Y,
10° o -
1 L L 1 L L
10 0 1 2 3 4 5 6 10 o 1 2 3 4 5 6
Time (h) Time (h)
(a) 800°C (b) 900°C

Fig. 4.19 Results of heat-resistance test.
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46 F&OH
KT E OINEVED R Z B HIE LT, TiO, ZN—R& LT Y I B4 DTS R
IZONWTIR T, A Z ) T EE FAWT, RS —7 v MNNb A & iEE L | B
FHRPARTIERL 72 Nb E7213 Ta ZUSHILIZ I TiO, 1%, 0~300 ppm DOHiFHD NO, |12
XU TR LA R L, E512 800°CLL_ EDMNEWEE A 452 L2 MR LT,
ot OEMIEEIE AT D720 I 4 DEEIT o7, IZLDICT L =0 A7 vy e
IE LT, USINLTZ Nb X% Ta 23 TiO, WIZ R HEN 2 TERRL | FE TR EE S i< 7ao
TWAHIENELESNT, KIZ, Nb DTRINCNO, E DI L HEENCBIL T, FXU TR E
ERBENEAUE L RICID B PR A HEE L7 R Nb DIRINCEY TiO, BN O
REENEEL0, — 7 NOIREDWEIMEILIZZ DEFIRENBA L, IV TIRED AT
RINEDDTZDIT, NO, I B DI NN AEHERIRP I NN LT EN B LRSI, o
LT YA BHZ DOW TR BLBER 2 T NO, D BBERE 427~ 755 R Nb DR
MDA B L HZFIT AN o7, ZORERNDE, EEL TEF YRR ERK TRy
YREDNIRELZENBLRINT, e W TRICHEFRFK I O, FX NO, ZHMLT- 354
DI CZ AT RE R Nb ZIRIIL 722V EEHT O, 721 T IR 22 Z b3 D8k 73
RONT=25, Nb ZUINUTZ30EHT O, 72 TlI By N ZEZ AL L2V eIz, O, 23377
FTHIRPAR T NOL IR L TRIEN BN D ZENHEES LT,
ZETIIHETRAEIEE T DRI OWTIR R TETZN, — F TREEDOHEEF D 5o
5. KEFA~HEH SN2 NO, 2 NTIE SN2 M Th D, T TIROH 5 FTIEKR
REREEH ORI NO, Z R E 350 POV Tik 5,

4.1 BEXR
[1] K. Satake, et. al., Sensors and Actuators B, 20 (1994) 111.
[2] J. Huusko, et. al., Sensors and Actuators B, 15-16 (1993) 245.

[3] M. Ipponmatsu, et. al., Denki Kagaku 56-6 (1988) 451.
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¥ 5F Zn-Sn-Sb-0 RARIRER NO, > H

51 [XL®HIZ

55 3 MBI 4 B O, PEV ABITEEEES § 5 NOy BT oW Tk~ T, — 5,
P 2B KRR A~ ST NOy &2 NMRIZIE DI 7N ZEb L EETH D, TDHIEL T,
HEHFIZBW TR, BBHEANSOH T AREZE=FL =T —ar T 4at—0OHH
KOUEZ & BBIPNATRI VAT RO B ICHEHEILTND, 2O X572 iR
XL TEAICERSNDMERRIT. PV AEITIEGE T2 FIZER SN Db D LT R,
ppm L L O EVEE SRR N BRSNS, EoAR IR TIE, B OBIEREARILE
BT THLHEOIZ, F 3 EBLOE 4 BT~ D L5112 600 CEW -7 & im THj
TESEDMEIT/R N,

ZHETIC, WO, 2 W= F 2 H0IT WO D KREBREE T NO, o B3 752
S TCND, TOHTITH & BOBLE WIS 2003 o THREUE ., B
PBROERMEAHE T DB, H—@ R OB CIIER T e 22 TRTORELZD
HHEICIERYD S,

ZZTAETIHEEISHAEZHE TE5L T RO BERILITAE H LT, 3=
T, Zn=Sn-0 ZOMEHT Sb ZWINT 52 OIMPINKE T RLZEEZ R H L2281
BIE# L, Zn-Sn-Sb-O AD B V%L e A XV I XVERIL | ppm L LD NO, [Z%F
TORAEEZ RIS RIS OV TGRS,

Flo, AN BV IR ERIET E L TR SN TWE R, BN S ThHZ L
2Nz, B RN @I NEVIH R DD, F~Ft pm ORFEE Ay XY TR0
CVD(Chemical Vapor Deposition) %D EZZAEE ZAF 72 FiiEE L T, A7V — U HIRIER
SN NAEFEOW RO T ERD D, " I TREOR AT, M EROER
w A7) —HIRNEIZ IV ERG 5 2 25 7 D,
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52 RI\WRYUTEKIZKDBEL Y
52.1 EE&

il 2 OFARKD Zn-Sn—-Sb-0 5% | AL O, b EIZZ e ARy H ) 7YEIC IO IR L7,
ARy BT B —2F NI, @B Zn, Sn, Sb T, 0.7 Pa OEZEHEIZHB VT,
20%0,/Ar TSRSy ZY I X0 a2 B L | £ D% Z250F 1000°C T 1 IKR#fi]
EVLELL 7=,

ZDINTU TR EZ | EPMA & XBREHTIC RN 04T L7z EPMAIZE D3 Hr DG R
Zn/Sn 1X 0 M5 4.2, F= Sb/(ZntSn+Sh)iX 0 25 0.7 THHZ LML o7, T, RFEW
72REHZ DWW T O X FREHTIZE D0 TG Rz Fig. 5.1 I T 23, ZORE RS ZnSb,0, O
B —r RS,

Intensity

" A A s A A A
S d bl bel ]
20 30 40 S50 60 70
26 (CoKa)

Fig. 5.1 X-ray diffraction profile of Zn-Sn-Sb-O thin film (Zn/Sn=2.3,

Sb/(Zn+Sn+Sh)=0.4) @ : ZnSh,0¢, A : Al,O3 (Substrate).
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WIZ Fig. 5.2 IT/E L=tV OfEE 7R T, ALO, FRORKEZIE, EESH 0.6 mm, 17
233.3mm T, £Z7316 mm TohD, ZOFERDEKEIZIL 0.5 um DJEED Pt ) HRLD I
T, F-EEITIT 1.5 um OESD Pt DD —Z & LT, 2S00 Pt EEIT,
DC AR BV TIZEORR L, RF — =0 TNFAT L A O~ 272 e, 2L T, %
OFE O EmRD FI1Z, FiRL7Z 1.0 pm OREED Zn-Sn—Sb-0 NS ARDIEA AR5 L
L 7=,

Zn-Sn-Sh-O Pt electrode

gas-sensing film
\ / Zn-Sn-Sh-O

(@) Top view e s
Al,O4substrate
Pt heater
E—- Pt heater
I — (15 um)
(b) Bottom view (c) Cross sectional view

Fig. 5.2 Structure of the sensor.
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VERLLU 7= Y ORetEIE, AR REZ O THELZ, B 2R 3400 cm® DT~
n ORI ALL, 5000 cm’/min. DPEETH A% LT, DO AL, BHE DKL
LT AL THY, —EDOREAHERF LI EE T, NO,JREE 0 275 5 ppm FTE(LE
o, ZNHD A% Table 5.1 12”7,

BV OB, HIEOBMENC DC 1V ZEIIILIZIRRET, 2ot DE a1
EL, ZOENLEREICE > T2 R D72, BB HREIR, AR P EHEITE
RRL7Z Pt e — 2 EHIE RIS 2 DT EIREISHIEIL . ZDOIREX 400°CEiX
600°CEL7Z,

Table 5.1 Condition of the measurement.

Gas Concentration (ppm)
NO, 0~5 ppm

0, 20%

H,0 1.3% (50%R.H.)
N, Balance

CO 50 ppm

FC,4H, 50 ppm

Flow rate 5000 cm3/min.
Sensor Temp. 400 or 600°C
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522 HBRBIUVESR

0 FBL 5 ppm D NO, I CHIEL 7= EHTE Sb/(Zn+Sn+ShITKL Ty MLz X%
Fig. 5.3 38X W Fig. 5.4 1277, B HEHUIE, Sb/(Zn+Sn+Sh)D AN LS TRIGIZ I
L. ZDOfEN 0.3 25 0.6 DT, RWEHUEE, @ NOJRE N ELILTWD, 2O H
IX. Sb DRINZARNEAT AEH OB FIRENEED , AU ESTNO, 2 b7 a5 3 51F
AN EE-T-b DL EbND, Fig. 5.3 & Fig. 5.4 & NO, & THELL7-#5 #.% Fig. 5.5 IC
IRT, ZZCL ()BT, 0 ppmNO, (2% 957 HEHT RO ppmNO,)&E. 5 ppmNO, (5%t
T 5 HEHT RG ppmNOYZHWT, G DIZKVEHEINIZH D THS,

S =R (5 ppm NO,) / R (0 ppm NO,) (5.1)
ZOFERING, BV NO, R E NS5 Sh/(Zn+Sn+Sh) DL, B VIEEEAY 400°C D
A1 600°COLEBIFIZRBETHDLZENDND,

W2 AERIL 72 B D OB T AT DR E 2 57201, i-C,H, BL WY CO 7
AT, B HE LT, 72364 RA WM T 272012, FAREIX NO, DGHE D
10 5 Cd 5 50 ppm EL7-, ZDOFER%E Fig. 5.6 BL O Fig. 5.7 IZR7, ZNHDORER, W
VDT ANZHKT L THIZEAERLE 1E70< NO, (12X T D m\ BN H D L3005, Fiz,
Sb/(Zn+Sn+Sh)Z 22 2 ThE DREFIEFRIER TH DL DD D,

T, Zn/Sn BEZ 860 NO,, i-C,H,, BLWY CO [Tk D% % Fig. 5.8 5
Fig. 5.10 1T~ F, ZIHDFERNG NO, JEEEIT Zn/Sn N EDHENRVZE{LL | Zn/Sn=2.3
A% Che KBS 72508, — 77 i-C,H,, £721% CO IZHRILTIE, Zn/Sn 73 0 76 4 £ TE D -
THIEEAE—ETHLZ LD D) oT,

TRBDTENL, NO, IZH L TREZRD THDHDIE, FEEL TR AENOE - RET
B FIUTEHT APEDF RN FRAKTFL WD ENBERIND, —F, i-C,H, = CO |
XU TCITA DN B2 o T TH I E DT E A E 7R W BRI 1, 2D O3 el A& AT A
(A L CWDIRSE LD UGS EEZDIZW, b BAETE MR 2D Th Db D LM
DD, BRITHE T AT DR E A F LD =K% Fig. 5.11 1T 7,
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Resistance (Q)

Resistance (QQ)

0 ppm NO,

0 0.4 0.8

Sb/(Zn+Sn+Sb)
Fig. 5.3 Sensor resistance vs. Sb/(Zn+Sn+Sh) at Zn/Sn=2.3,

sensor temperature 400°C.

0 ppm NO,

0 0.4 0.8
Sb/(Zn+Sn+Sh)

Fig. 5.4 Sensor resistance vs. Sb/(Zn+Sn+Sb) at Zn/Sn=2.3,

sensor temperature 600°C.
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Sensitivity

Fig. 5.5 Sensitivity for 5 ppm NO; vs. Sb/(Zn+Sn+Sb) at Zn/Sn=2.3.

Fig. 5.6 Sensitivity for 50 ppm i-C4H10 vs. Sb/(Zn+Sn+Shb) at Zn/Sn=2.3.

Sensitivity

100

[N
o

Sensor Temperature

Q... 400°C
e

0.4
Sb/(Zn+Sn+Sb)

0.8

10

o

Sensor Temperature

0.4
Sb/(Zn+Sn+Sbh)
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10 E
~ Sensor Temperature
> | 400°C
2 1000, OO
% — 600°C
N [
01 | : :
0 0.4 0.8
Sh/(Zn+Sn+Sh)

Fig. 5.7 Sensitivity for 50 ppm CO vs. Sb/(Zn+Sn+Sb) at Zn/Sn=2.3.

100

Sensitivity
(SN
o

Zn/Sn

Fig. 5.8 Sensitivity for 5 ppm NO, vs. Zn/Sn at Sb/(Zn+Sn+Sh)=0.4,

sensor temperature 400°C.
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10 §
2
> 1 E &6o—0—0—90
S ~
GC.) L
w -

01 ] I |

1 2 3 4 5
Zn/Sn

Fig. 5.9 Sensitivity for 50 ppm i-C4H1o vs. at Zn/Sn, Sb/(Zn+Sn+Sh)=0.4,

sensor temperature 400°C.

10 =
2
S 1t eg—®—0—©
g2 F
(7p] —

01 -

1 1 1
1 2 3 4 5
Zn/Sn

Fig. 5.10 Sensitivity for 50 ppm CO vs. Zn/Sn at Sb/(Zn+Sn+Sb)=0.4,

sensor temperature 400°C.
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100

E Sppm ! E

R, 5

: 5ppm ]

10 s =
- :
3 , S M
- 50 ppm 50 ppm 1

L i-C,H,, i-C,H,,

1
0.1
400°C 600°C

Sensor temperature

Fig. 5.11 Sensitivity for NO,, CO and i-C4H;p at Zn/Sn=2.3,

Sb/(Zn+Sn+Sb)=0.4, sensor temperature 400 and 600°C.
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53 RVV—2HIRIEIZKDEEE Y
53.1 E&

WIZ, ARy 2V T N TEICE AT, A2 ) — U HIlEZ Oz iEE
PFIZHONTIBERD,

A7V = FIRINE TIEATRNC WD S — A B LT FITE ORLAL O By AR A Wi 32 4
ENd 5, ZZ T Zn-Sn—Sb-0 RO ELDJFEELEL T, /iR ZnO, SnO,, Sb,0,% IV 7z,
B AROFBIZIL 5.2 Hi Tl AL Z DI Sb BICHRKIFTDIED D, Zn/Sn =
2.25 LEEL, Sb/Zn /T A—=HEL ZDfE%A 0.5, 1.0, 2.0 LL7=,

FREOMREMEBURAG LIZRIL, ZORISZ D0 T HIEITMNZ . BULEELFHO%
PR DS NHTHT2612, 800, 1000, 1200°CD 3 BEFEDEULER AT 72, BVLHLZ &
RIZRIT R=ANHDAAFLRE L, —fRAVRAZY) —HIRIEIZ J0 B Bl
L. 1000°CE72iZ 1100°CTHeXAHT 72, Zhbd TFE% Fig. 5.12 1287,

ZOIZLTHELAL A EPMA & XRD (2T, EDRAZFRIELTZ, EPMA (245
SFTCIE, B =883 0.1 mm &L 1 EIOSHT Y70 5 mOEEEE R L, EOEE 8T
fEELT=,

B OREH AL I ER EICESK 10 um FIRIL7-, EMRIX Pt B THY,
Fig. 5. 13 1R 8912 ALO, FEA_EIZHER LT, 7k @ bEI% 0.2 mm EL7-, F7o, Ak
OEENTIT, B ARSI E L7200 De—2Z B LT, ZhbD Pt Efilb—213L DC X
NyBVTIZFORIEL " E == 3@ B~ A7 Ve, e BENLDEO RS
ZIZEA 0.5 um, 1.5 um L7z,
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Pre-sintering

Zn0O, SnO,, Sh,0,

Dehydrated at 150°C
for 8 hours then mixed

800°C for 2 hours, in air
}  Grinding

1000°C for 2 hours, in air
i Grinding

1200°C for 2 hours, in air
i Grinding

Sintered powder

1

Preparing paste

Mixing powders with binder
(Polyethyleneglycolalkyl-
phenylether)

Film fabrication

Conventional screen printing
and annealing

1000 or 1100°C for 1 hour, in
air

Fig. 5.12 Fabrication process flow of the gas-sensing film.
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Gas-sensing film

Pt electrode
Gas-sensing film (10 pm)

——
e Pt electrode (0.5 pm)
(@ Topview L/ __
Al,Osubstrate
Pt heater
/ Pt heater (1.5 pm)

==

(b) Bottom view

(c) Cross sectional view

Fig. 5.13 Structure of the fabricated sensor.

The size of the sensor element is 3.3 x 16 X 0.6 mm.

TIARGAVERE T, AP R E W CHIE LT, H AKX, Table 5.2 ITRTIIIZ, &
P22 A AR E L EDOHIINO, Z NI 27155 e, FERIL7- B4, 3400 cm® D
T ORI, 2~ FiifE 5000 cm®/min. (O H A% @i STz, e 0 AHK
X, vA7e—ar b —J¢ar Ea—2Z AW CHIEIL 7, v P EPLORE TIiL, B
BIZ DC 1 VAL IZRHZ DB SIEGTE T M LTz, Zeds, B HREX, 23
Hi D Pt b—& LH A OEF [ T 400°CITHIEL 7=,

T ARFNRFEDOTE Tl B YD NO, Ik DI LIS B R 2 i 52 ETNA &
T AN T DEARMEZ AR D 72012, i-C,H, & CO \Zxtd DA R ELLLE LT, F
7o, A RZERH T NO, IR Tl b D o e iBHZ DWW TR, — IR BB EN
(HFEAY 20 mOWZFEW T T RIER D — 2 LR — 2% on/off S, T IHANE L —
ZIBHEHEND NO, DI AT REMEZ T LT=,
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Table 5.2 Gas composition at the measurement.

Gas Concentration

O, 20%

NO, 0~5 ppm

i-C,Hy 0~500 ppm

CcO 0~500 ppm

H,O 1.3%

N, Balance
Total flow rate 5000 cm3/min.
Sensor temperature 400°C

532 WERBLUEBH

BA B LT K% EPMA IZROAARRE 3BT LT/ 5% Table 5.3 12, £72 X #REIHT
(X 0fE & R E LT RE % Table 5.4 & Fig. 5.14 |Z7”77, Table 5.4 OfEED, IRE LT
Wi AR% 800°CTHERLTZBLBECTlx, W MO BIZ B W TH B & 2, ZFEOEE(LY)
DIRERIZIe>TNDBZENR DD, —J7, 1000°CEET 1200°CEEIRIZI T HELERZ
FT0 8 KRR MBEAL COKBE TR AL, 7ok, BVLERRI% D& R R O i,
Table 5.3 (2R T IOIZ, WT OO EBITIE—EL TWDHZLa MR LT,

VERR LT IED F7254E b1, Fig. 5.14 (287 KH1Z, Sb/Zn DIEITHKAFEL, (1) Sb/Zn = 2.0
D¥A1E ZnSb,04. (2) Sb/Zn = 1.0 DAL ZnSb,0, & SnO, DIRAE K, £72.

(3) Sb/Zn = 0.5 DA 1. SnO, & unknown A DIREETHHEE DD,
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Table 5.3 Composition of gas-sensing materials characterized by EPMA.

- Preparation by Fabricated film
molar ratio powders (mol%) (mol%)
Zn:Sn:Sh Zn :Sn : Sb Zn :Sn : Sb
2.25:1:1.12 515:22.9:25.6 51.2:22.7 : 26.2
2.25:1:2.25 40.9:18.2 :40.9 40.2:16.8 : 43.0
225:1:45 29.0:12.9:58.1 29.3:12.3:584

Table 5.4 Comprising materials of the gas-sensing powder characterized by

X-ray diffraction analysis.

Pre-sintered Zn :Sn: Sb (molar ratio)

condition

225:1:1.12 225:1:2.25 2.25:1:45
800°C for 2 hr | Z">P20% ZnSb,0q ZnSh,0,
ZnO ZnO SnO
Sno, Sno, Zn782b o
Zn,Sh,0,, Zn,Sh,0,, i
800°C for 2 hr |  ZnSh,0, ZnSh,04 ZnSh,0
3 Sno, SnO, Sno,
1000°C for2 br | 7p, S0, Zn,Sb,0y,
800°C for 2 h
| re sno ZnSh, 0O
1000°C for 2 hr “k 2 A Sno, ZnSh,0
| unknown unknown A

1200°C for 2 hr
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[ |
@ A ® 7nSb,0,
— A SnO,
g A B Unknown A
= A
172; o . A
g |m |
c A
LTV

CuKa 26 (deg)

o .
’5 )
2
g .. l. [} [ ] y A. -
= ® ) e JULmge ee emealalm ot o7
20 4lO 6I0 80
CuKa 26 (deg)
© o o .
<
"é [
o
| : AT e [N A J\ f’\ X

20 40 60 80
CuKo 26 (deg)

Fig. 5.14 X-ray diffraction profile of the sample powder of gas-sensing material.
The sample powder was pre-sintered at 800, 1000 and 1200°C for 2 hours,
respectively, and annealed at 1000 °C for 1 hour.

Zn:Sn:Sh=(@)225:1:1.12,(b)225:1:2.25,(c)2.25:1:45
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RIZ, BT O NO, BEFHEIZ DWW TR RS, GaZER IR 5T RELE, NO,
IZxF 9D E % Fig. 5.15 (2T, ZORERNS, NO, JEEEIL, Sb/Zn = 0.5 DGAITHR KL
720, —J7.Sb/Zn = 2.0 DYGEITR/NEIRDIERDND, ZDT L, Rl LI 7255 5 R
P35, ZnSh,Og IX HLHERHHEHTAMEY EIZNO,EEEHIRS, — 77, SnO, 1%, #EHTE NO, LA

WITENZ LD, 257 NO, FRAIFFEIZZ2 > TWDb DL Bbing, 7035, NO, IS
Sb/Zn \ZHRAFF 205, A [BIOFRER OFPHTIE, 5 ppm D NO, (2% 32 G2 L EIX
7~30 BfFHIL TS,

F72. 5 ppm D NO T § DI ERFHED R E R Rz Fig. 5.16 (-7, AUV DIRE R
FEIINEH EAD T 100 FOFEEE . N2 H R80T 300 FORRE L3 <IE7AR A8, 5 ppm O NO, (56t
LT 10 5L B ke, WIS 95 BAF 2 BHE R FH N TWHIED D)
Do

REVNT LB TUME A R T DI 2~ TG R A Fig. 5.17 1R T, ZOREEND,
5 ppm @ NO, IZH LTI 10 f5LL EOEED®HDHD3, i-C,H,, £721% CO IZxL Tix
500 ppm DIEE TIH> THEEITFLA L7 A I TREFZ2 NO, BPPEEZ AL
TNWALZEDDDD,

%I EEEN TIREE e — 2 LE KA — 2% on/off L, ZOFEO &P HHID
Az difoe i E LIois fa Fig. 5.18 (7, B HEREIOZEDIRIZ/ NS WA, LT IR
BEe—& D on (IZEDE P L OSEIENSHEINL, W02 off (12X 2383 D8k 1
MRLND, —F BRAE—ZDGE1X, £D on/off IZEWEIRIIZET2HDD, B
TFRIUIE DLV T AT, ZTRHDORE RS B HRITOZEbiE, LTk bE
Ke—ZNOPEHESNDIRIRE D NO, IO DEE R BND, 72F5, Fig. 5.18 OERO AL
% Tl NOZK T B HRFLOZE LA REL  1FE AL RPN L2 MR LT,
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108

10° -

104 -

10° -

102 I~

10 -

Annealed at

J1100°C
@®1000°C

1000
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Fig. 5.15 (a) Sensor resistance and (b) NO, sensitivity, presented in the synthetic air.

Sensor temperature was kept at 400 °C.

* NO; sensitivity = (Resistance in 5 ppm NO,) / (Resistance in 0 ppm NO,)

Sensor resistance R (Q2)

Fig. 5.16 Response of the sensor resistance for 5 ppm NO,.
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Fig. 5.17 Comparison of sensitivity between NO,, i-C4H;0 and CO.
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Fig. 5.18 Experimental result in a house room using a kerosene and an

electrical heaters.
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54 F&®

TV FEDRBEREZR DO D NO, OFEHZ B S TIEE BRI T IR EETH LT
DIZ, RKEF SN2 NO, ZTELRY NI DT RN D DB LB THD, £
DB T, THEAWERISE LS TeLA ppm L ~L O AR FE BT D VO VEREE 30 2
TdhDH, RETIL, MK E LS DL I TR EC B HEPIA I C& 5 A TE IR
OMEHZAE B L XLDIZE e Ay ZY 7152 T Zn-Sn-Sb-0 RO #EEA v -t
Y EAERL 400°CHR LTV 600°CITIBWT, ZDORHEETR T, EORER, B AL 3L
LT ZnSbh,0, 757251 D THY, Sb/(Zn+Sn+Sb) = 0.3~0.6, F£7= Zn/Sn = 2.3 [ZBW T,
NO, JEEE N e KERDZEN Do T, WV TRIRMEIZOW TR/ R, 50 ppm D
i-C,H,; & 50 ppm @ CO IZXLTIEL, WTNDOFKD B Il A L ITHES BIEL
7o I NO K L TEWVEIREZ A T 52803007,

WIARZ AN e BEE S IEICE B L, A2V TR KA T2 T, A7 —
YEIEIZ LD Zn-Sn—Sb-0 JEEE o Y 2R RL 7, £ DGR, O RKIZ &> TR AR
BED 70kt RN L . B RIS NO, MR ED S22 52 &nv oo Tz, IrksidfE
L7 ' 313, 5 ppm D NO,IZXFLT 7 f5LL L& @y NO, BEE RGO -2 8122, NO,
DYREEACITHI LT BAF e BIEREE R LT, SHIZi-CH,  BEDY CO IZIHERE DKL,
BAf72 NO, BIRMEAH§ D2 envbholz, 2, EEENITB O T ke —4 L8
K[t —2% AW TRBRAAT 7o R L AT RSN — 20 BRSNS IRIR £ D NO, %
BRI TEDATREMEN SO,

ARFTIL, Zn-Sn-Sb-0 ZRDH LK EHE V=253, ppm L~ULdD NO, [ &V
EEFT5Zeu U, EloRB T, BN TOSE R PRI A F 30280300
ST, BT, B OIERIGIES ARy ZY o PVETET Tl BB b RE R e D22
U= FIRNES FRE CThHHILa R LT,

VL EDOINTH 3 FnbE 5 ETIXEEL TRy M EHZ B DI 5E#E RIS DUV Tl
TETM, BIRMEOUES | 2P B0 TRIZT TIERARHD, ZZTHROF 6 T
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¥ 6E Sn0, ALz NO, ZoHDEHHEEL

6.1 LI

B3 ENDE 5 BETIE, EITNO,ZRET 52 TR ERCZ DO ZEENZ OV CTHFZE L=
RIZOWTIHR AT, WA OPERRIEEE CTh D, B JBIRWE, B L ONHEWEE 4 5D
HIDIT, B Y BHZOW T LR TAHZETIEETHLN, —FH ., TNET TIERALD
Do T TARETIL, B HURITHEREZTINL | A7 2B mRgREL T2 71522V T
D,

— IR T Ao Y 2T 5806, B d—EORE TEfESE, ko4
BHUEDO T AR ELHEE T2 ERANLN TS, E2AT, 2O HIMEELTH
WTWBEA Y B AR DNRE IR AT E R > T DI BTNz LSRR AE B S AR AL T
5128 BIWEIREE N2 L0 AR T DI ENRFE N 72 5720 T L 2 OIREED ReH &
N ZBAC U TR IR R ) 22 558 A 7R T RTREME DS DY . Z DB ZF FH LTl AR EE &
TEH A REMEL 5D,

ZHNET, WO RALKE B PIZOWTL, —EDOSRE TR ERE AR L
N BACS BT RED P TED DT AR E 2 R D DI FEN /2SI TELNT | NO, AR
DNT, ZOFZNTFNHIV TR, £ TARFETIE, SnO, Z Wi £ NO, &
PIZRLCL B R E AR IERIC B LS5 6 D28 DD NO, IR EE A R E 35 7LD
ATREMEIC OV TiR B,

FIMOBH AHEEL T, RO P EEFLELHAGE, TARRMEZFH DD
I T I CODDY, DL LILIR—RELD B DT OM B DD EH D
VEAAEDEDFIETHD, TOB, B PR R EEIZ LA T A5 51K
FEDOEWEF AL TWDA, [F— R ESSFEREO B OB SR THHT2DIT, 1]
AR S TR,

ARETIL, NO, BB AT D Z LKL TR LM ALIE T A AFEL TS
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FHSTHFEHE AR ITCHED AD B E RN TE DRI ALK F 25 H
L7z, ZL T, ZORCYDLDE SEAIIA (R oo EaE F BT 52L128-
CEITIET AR E DRBEZIRVERE BT A THD NO, IREDLE T 55 L
FEIZHOWTIR RS,

62 LY DOBERERFEZA-EHEEL
6.21 Ak

ERIL 7ot Y OfiEZ Fig. 6.1 (ORT, RFEBRICHW = HIAZ) — U HIRIEEIZ X
DYERIL 7= SnO, DR B Th D, D SnO, i, ALO, Ft D T Pt EfRETER L T
B, 2O EmICK 10 pm BIEL 72, 723 Pt BB ORIR <, B 0.2 mm,
BRI 2 mm EL7c, F2, ALO, EARD FHEITIL B EMENT 272D 0 Pt b—Z %)
L7z,

ZN6H0 PtEME PLe—ZOIESIT, ZAEH1 0.5 pym & 2 pm THY, DC A/ Sy ZYL S
IZEVTBRR LT, o3, " —=2 7\ ZideEm~ A7 2 T, il PE, 1000°CT
30 yMZERPIC BV TEVLERL 72,

Pt electrode
Gas-sensing film

Gas-sensing film Pt electrode
(10 pm) (0.5 pm)

“‘mnm.m_
Al,O,substrate
Pt heater
Pt heater
—To—— (2 pm)
(b) Bottom view (c) Cross sectional view

Fig. 6.1 Structure of the sensor.

-78-



E6E Sn0,ZALV=-NO, U HDE#ERE

T ORFERIE L, RERERBHEEL ., 20%0,/N, OHAHIZE ppm D NO, ZHSHNL TH
LT, W L7 AR Table 6.1 1R T, 7238, KW ADRE L~ AT7m—a
2 —ZZ XS THIFEIL . NO, RN L D> TH RN A EIT— IR DIDNTHIFL 72,

F7o. BV OIRET Fig. 6.2 1IRT 30T, B EED Pt b— L8 I IO
L7z, 22 TRV OIREOKENL, Pt E—XOEBIZHIEL ., EOMPUIREREE A
TREICHE LT, Fig. 6.2 1O B S IZRERIM D70 OELERES - THY, ZOH
HEANTI—=RE ORItz F v 2L, B HHE O Seui OB 5372 0Ptz
BETDIEMTEDLINT 2> TND, 728, B ORE T E(LS T4, K 3 TR E
IR BIE T DI EE E B AR E LT,

ZOEEE FANT, B HREE 100~400°CE T 100°CAT v/ TELSE T, 72, &
IE T2 Sl —EDIREZHMER LTz, £z, D72 0DI25 5 F Tk ~7z ZnSh,04 % ]
WoB AR ERL  FERICIIE LTz, By oREUL, oy EEOEMBICDC 1V 4%
FIINL . ZOREOEG A HHEPUICHE LT,

Table 6.1 Condition of the measurement.

Gas Concentration
NO, 0-5ppm

N, Balance

o, 20%

H,O 1.3%

Total flow rate 5000 cm3/min.
Gas temperature Room temperature
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Pt thin film \ Comparator
heater of the _D
sensor
To temperature control
A |
.—
To temperature setting
(2 mA)
(@) Control circuit
- 300°C
A g 200°C
/ =| 100°C

== i
B C 2 min.

Pt heater

R

(b) Bottom view of sensor element Time

(c) Control sequence of sensor
temperature

Fig. 6.2 Electronic circuit of the sensor with a temperature control.

T ARRARELD NO, WA - BBERFMEZ TR 27012, 55 4 BEFRRRIC T AVRIERIC
T TPD MIEZAT o7z, BEHIITEN AEDAEEUT N 2b D LR —E & DM AR DO
BHe A58 I A, ZNEBEKIFNICEY LT, IXUDIZERIZE T 1000 ppmNO,/N,
1210 ZpERFESE, TD% . NO, T AZY > TN, DHREL TS, 7 s T MR ETE #%
AT 800°CET 10C/min. OL—MCHIRS W72, BBEL7. NOy JREIL, (LR KIED
NO, 2t &tZ& W Tl E LT, 72388, NO, IZEiR Tix NO (AN SEf 3B 57-012, Ml

ESNTZ NO, JEFEIL, NO & NO, DFITHD,
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622 HEREIUVER

SnO, & Wzt Yo IR 2 VIR RPUSE % Fig. 6.3 38X U Fig. 6.4 IR~ 7,
o EHUT. IEE ORISR L, NO, OHAFIC LV EEINT 5, Fig. 6.3 IZASND K
N, B =2 ZFE OB RFEN 200°CE 300°C ORI TRLIL, Fio, £V — I %2R &L
BOIRUBFBL CWAZENDND, £2, 2O —2%2FFOI8%0E Fig. 6.4@1IR4 X912,
1 ppm & 5 ppm @ NO, FIZIEWTIERAOLNDAY, —J7, 0 ppm D NO, DIGEITITRHNR
Wy ZNHDFERING ZOY =7 &R IR& L, SnO, B NO, ORI TR ZAMH A AE
ATHHIENELEIND,

PRI H OB LU T 5 5 B TIR72 ZnSb,04 & AWzt I ORERE R %
Fig. 6.4, B REUL IREOHEIMNEILITIHA L, F2, NO, DIEAFIZLO ML
TWD, ZOZEHENX, SnO, MW otr HOZEEEFER THLHN, RERGI I —I%
FroIn& L, <AL,

INHDE — 7 &R O B A B9 572012, SnO, & ZnSb,0, T T oW T, BEE RS
HELTOEFTAER)EZRG.DICEVERLFE LIz, 2ORE K% Fig. 6.5 1T 7,

R =log R,) — log (R) 6.1)

TIT. Ry & Ry 13, FNEh, B HRENEbST-RORMEZ t = 0 EEFRLIZFFD,
t =40 BIZBITH B HEGL t = 10RICB T HEITTH D, ZRBRHR Loz, &
HEHUTHIEENE B OB E IS LOIRE ZL OB EEEZTHD 3 FLANICZEAMR
LTWAH .t = 10 BIZB W T, I Tl —EDIREIZ/R>TD,

Z OGS, Fig. 6.5~ E91Z, SnO, & Wzt HTld, 200°CE 300°CDHT NO,
IREEE R DI TEWHEREZ R LT, LinL, TS ORE T RO en o7z,
F O ZnSh,0, % AW =B 3Tk, Fig. 6.5 3 8912, & TOIRE CTHEN
Roniginotz, 7835, Fig. 6.6 |2 E D FEBHE ROWIELAEHER 722773723, ZORER
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235 SnO, Z W= Tlid, 200°CE 300°C LD T, NO, AL R EDORICEOND
FEIXAETHDLZ LN DDD,

o T T T 17 T T T T 1 11

oS
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Fig. 6.3 Transient resistance characteristics of SnO,

sensor in NOs.
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Sensor temp. (°C)

(@)

10 NO, conc. (ppm)
5

Sensor resistance (Q2)

Time (min.)

NO, conc. (ppm)

=
o
T

Sensor resistance (Q)
T
JZ - [m
|

=

o
[e2]
I

[
o
SN

o

2 4 6 8
Time (min.)

Fig. 6.4 NO, concentration dependency of transient

resistance characteristics of (a) SnO, (b) ZnSh,0Og sensor.
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Temperature change
@100—200 °C
W200—300 °C
A300—400°C

0.5 T
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NO, concentration (ppm)

0.5 ———rrrm
*[o)
04r ]

03[ N
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Fig. 6.5 Summary of resistance responses of (a) SnO,, (b) ZnSh,0¢

Sensor.
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OS5 T T 7T T T 7T T 71" OS5 T T T " T 7T T T 1
(@) (b)
0.4 - 041 -
03 — 03F _
o 02 - o 02fF -
01F - 01 -
. e B K
P | 4 | T | I | 4 P | I T | T l o
- -0.1
01 A B C D E F G H I A B C D E F G H I
0 ppm 1 ppm 5ppm NO,
Average
100 — 200 °C A B C
200 = 300 OC D E F Standard deviation
300 — 400 C G H I

Fig.6.6 Average and standard deviation of R; for (a) SnO, and (b) ZnSh,0O¢ sensor.

ZIT, BEEZEDDIDITR R EE bR O R R T 2 ERA AR LD,
NETOREDRER, LR E R RIS LONO, R E D 3 DOERT L > Thy fLik
FERREDENE 2 HID, FI R R TEIL— E OREE 4 T3 52 LoDk Al
&k TRIFT 2bDE BT ZENTED, £ CTHRENRAT v 7B EH-3 2RO
TR BE AL R O HRHT ROV,

RO=R, — R, — R) — R,®) (6.2)
EN

R(t) = a f(T)Cypprexp(-t/ t) (6.3)
ERFIENTED,

ZIC Ry (B YR EZACRTO B YR, R, IS ISR L D YR, gy
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YRR EHLREL. £ (TILIR LRI TR EDEIEL. Cuop 1 X NO, IR, o IX(L2 I
THETOREE THD,

F72 TPD IEICKDHIE DOFE R, Fig. 6.7 (2R T E91Z, SnO, MOHEEL 72 NOy X, 2 2D
E— & RO DBLIIS I, F2, ZOREEIL ZnSb,04 IZEDHDITEEA | KRIEIZ &>
7oo LAL72D3G, TPD O —7 70 DR E L, ik L7z R BE<RAIREY — 7|37
STND, ZOEWVOEHIIHAL TRV B HO—>E L T IREZ{LEAY TPD {£T
1% 10°C/min.&/NEWAS, — 5, R I& 2000°C/min. (33°C/s) LD TRENWZ EDMERISHL
%o —EOWEDNMLETHLM, SnO, ZH Wt N — I 2R DI 24 B I,
DAY IED NO, BERF ST D BN HLH D LB bins,

c
200
S IS
S
]
d< 100}
Z
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8 0 1 1 " "
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Temperature (°C)
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20
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g (————————————
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Fig. 6.7 NO, desorption characteristics by temperature-programmed desorption

measurement related to (a) SnO; (b) ZnSb,0s.
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UL EfE RIS & IR S 2R IR AR PR 2 RO DB IO\ TE
9D,

ey R o0, K(6.3) TEEDO=INT, B VAR, IEEFPH, NO,DHAEN
INTA—=Z2To5, WA A X, 5 2 BT AL, B R EA~D T AD
Wk 75 - BED R T S<b DO THY , H I — EEOWE LMBEN AT CWDdIc, A
DI L TR RO ZEA LR — E OIS ERF TR IS, —MRAIIC, T APREED
1 TR DIRFIZNEZ DA 23 A ARG~ —T7 77 A FE DMEL T2 D IRF LT 1A 3 W AR~
BEIT5H0EE 255,

EZATARFETIRARIZEROINT, —EOHTARE F TR ELTNZELLIZSGE
b W - BB D EHERR BN DD ENRES LD, Fig. 6.7 ITRLT2EIIT, RIEBRTH
W B I RBHETRE 23 S <Te D LIEENN <720 | BB RIEITHAEL TS NO, IRED
BT HIENBEZOND, LU, AR LWIRE BT WA AL L7201, W
BB ZIERIRFRIC R Z D2 81270 D,

T TG LB O E RN B2 Dl | Fig. 6.8 (TR IO E DR T
T, B REICHEAT LTS NO, IR BRIV IR > T ZERHEES D, T
ROb B HRENELR DG G IEAT AO B BE S B 22> TGS ST D7V R EE,
— R HREDMEL A2 D35 G 1 TIE, T ADWAE NEE T e TRLUEEA B & o720 Ik AE
THLLDEEDOND, B P EHCIRE RS- T, Fr BRI AR WG a0 85
DIE, L I B O G « BB A/ NSNS B PR E NI LT 14 o 2 o
LTWahoLEbins,

mE, B BIRBIOMIER O RERH) X COAER) DR ERICRL TX, B BIED
R1Z 10'~10° Q. CIZDOWTILELFE B R DHIME TR 100 LEm< D> TH 10 °F T
BHY, FEHEFO R 1T 100 QLLF, C i 30 pF LA FTHHZEND, Ik K THREEL->TH
107 BORRRE L/ NS REBR TSIV R BT ~ DR B I Thanh o Lfb i
2o
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NO,

NO,
adsorbi}A NO.- /:jesorbing
2

| Surface of gas-sensing
| material

Sn Sn

(a) Adsorbing and desorbing on the gas-sensing material

N
>

Sensor temp
Sensor temp

N
>

_\r

Lack of gas adsorption Lack of gas desorption

gas-sensing material
Concentration of
gas-sensing material

Concentration of

N

time time

(b) Increasing sensor temperature (c) Decreasing sensor temperature

Fig. 6.8 adsorption-desorption of the surface of the gas sensing material

depending on temperature change.
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6.3 EMMER Y LDOMERICLDEHEL

WITHEE DBV Z AV T NO, B OEIR M2 580 5 T IEIZ DN TR D,
6.3.1 A&

NO, ZRET DA R T, THIROBE (T aHi TGS 823)%& Hv iz,
Ok YT SnO, DEEEIRE Wb DO THD, B OEbUT, BEANZ B Lo
i 0D B A E LRI KR O 72, 7ok, B oe—2I2i X DC 5 V ZFIL, B4
I3 300°CHII#% &7 > TV D,

— 7 AR D RAL KR B IR D BB Clra AT 2AEE 3202 vz,
DI, A HEEESE T Pt SRGRDEOTHY | WA OEELZ L
LTHW, ZhBOREAZ, Fig. 6.9 177, ZOH T, HANIR A A YiT
NO, DIREEICEE T HIFMICINZ T, i-C,H,, FOEITTIET ADIREIZEA T DIEHRAE Eh
TV, —J7, TN R TEEABREERL OB H1E, i-C H,, DR AL T, &
D O, ERBES D7D DIREEFMZ Z TN, NO L TIMILMET A TH D20
(2RO O, LITFUGE T NO, DIREEIZE T HFHITE £, 22T, Hiloz
HAOPE RO M D ERETHZEICEY, i-CH,, FiE LT ADOIREIZEE 3 51
WAL, NO, DR IZEE T DI MO 2 B0 3 LN HEL 72D,

TARRFNREME L, T AWE R Z AW THIELTZ, 2 HO' &2 AN Aas O NEFEIX
3400 cm’ THY, A& 5000 cm’/min. THAZ IR LIz, WEIZHWZ T A% | Table

2127”7, NO, & i-CH,, DIREIX, BtEE —EILIZEE, 4400225 300 ppm, 0
735 500 ppm £ TSR T2, RBAREICB W TRILKZEDORELLTI-CH,, &2&A
R EIE, A EOS MR <L BIRMEO L F ZE R0\ e F2= R TH
DREEDFRMETITZIRTHY | i EHIENE L ThHDHIZDTHD,

KA VAT NTBITHIE SRBRIL, BB D RALKZE B O )% FIV T,
B NO, B IO N ZMHET D5 1EE iz, DED, SR £ Tt
IKEDRA SRR LR o P ORI RO FE RO 127025, —T7,
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AR BET £ Y TRALKE DRSNS EI2E, TO IS C TR R
YOI EAHET D, DDA TR KRR T HE ST 2 L, K&

PR B VX NO, ERALKFZEDOW HDOE FE2HNT5H, TZTHEDEE LR,

NO, DHDIE B EFELNLEVD B TH S,

ZOEARM G BAFE D70 —% Fig. 6.10 (TR, £F, TR ot O i
A/D =2 I EEA LS, RIZ, 0 ppm i-C H,, DRFII$ SRR £
DHENMRAE(AV)ZFHET 5, T LT, 2D AV Z AW TR A Y O /2 1ES
Do ZDINTUT, FefB72 I, i-CHyy DIE KT T, NO, JEEICDOARITIEIFL

b DOFHND,

Information including NO, and i-C,H, , concentrations

4k
Semiconducting resistive-type NO, sensor

Gas-detecting element

A

Sample gas \A

» A4

Calorimetric hydrocarbon sensor

v, P

Gas-detecting
element

£

Exhaust

Information including only i-C,H,, V,

o

concentration

Fig. 6.9 The gas-detection system.
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Table 6.2 Gas composition.

Gas Concentration
0O, 20%
H,O 1.3%
N, Balance
NO, 0-300 ppm
i-C4Hy 0 — 500 ppm
Resisiveype NO; || e
sensor
Y v
ERl
AV

Compensation [€

v

Output

Fig. 6.10 Signal flow of the detection system.
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6.3.2 #ER

FUDICAR B AT MW B HURDORREIC DWW TR <5, A LA &
D NO, & i-C,H o \ZxH T DR E Fig. 6.11 127187, NO, (L TiE, B HHEHIN K
SEIINT 28 % . 72 i-C,H o (IS L TR 28627 m L TD, IRIZ, —ED NO,
REICBWT, i-CH,, Z 73, TORELZZEX 56 DR % Fig. 6.12 1R 7T,
i-C,H,, BEENEL 2D E B RPN RIFIZIA L, NO, ¥ E DF Rk 08 KgAK T
THIENDND, 725 NO,JEEEA 0 ppm DAL 100 ppm DIFE T, i-CH,, DEEEREE |
TR T THLERF R OHND,

,
10'3
_10°® ~
s S
= 10
8 . | 8 1P NO, conc.
g A Gom)
S 105 £ 3
2 104 22
LTS ’ ' -
0 200 400 600 10 " 100 ~ 200 300

Concentration (ppm) ) )
i-C,H;, concentration (ppm)

Fig. 6.11 Characteristics of the resistive-type Fig. 6.12 Characteristics of the resistive-type
sensor for NO; and i-C4H1 gases. Sensor. Sensor resistance vs. i-C4Hyg
concentration, which is changed while NO,

concentration remained constant.
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AT, IR BER Y O R EE Fig. 6.13 129, i-CH,, IBE OB LT, &

ST ERRAITEE T 25, — 5 NO, IR LTI EIRE R 2, 2O i3k
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Fig. 6.13 Characteristics of the calorimetric sensor for i-C4H;0 and

NO, gases.
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Fig. 6.14 Compensated output of the resistive-type sensor. i-C4Hjo

concentration changed while NO, concentration remained constant.
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Fig. 6.15 NO; detecting characteristics of sensor resistance vs. co-existent

i-C4H1o concentration, (a) without compensation (b) with compensation.
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Fig. 7.1 Further advancement of gas sensor.
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