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Abstract

Study of oxygen sensor and module using Sr(Ti;-Fe,)O0s¢
perovskite materials

By Jin Guang-Hu
Advisor : Prof. Jin-Seoung Park, Ph.D
Department of Materials Engineering,

Graduate School of Chosun University

Planar sensor of SrTi;-«FeO35-5, x= 0.4 and 0.6, with perovskite structure
was fabricated on alumina substrate using thick film technology. Electrical
resistance was measured as a function of thermal treatment conditions,
atmosphere, time and temperature. Sensing property was also measured as a
function of temperature and the gases of O, CHy, CO, CO5, NO and NOs. The
resistance of SrTi;-FeiOs-s is lower than those of SrTiO; or SrFeOs.
TCR(temperature coefficient of resistance) of zero over 550°C was measured
for the composition of SrTi;-Fe O5-5 after thermal treatment at 1100°C in air
only. The perovskite SrTi;-\FeiO3-s didn't show any response to CHy, CO,
CO9, NO and NO,, but an excellent response and recovery characteristics

with oxygen concentration

Keywords: SrTi;-.Fe Os-g, perovskite structure, resistive sensor, gas sensor.
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Oepletion region

adsorbed
OXygen

Conduct ion band elect ron

Potential

barrier Inair Barrier

Potential barrier

In reducing gas
k. /\

13 0, + 2e = 20 or 0F @ Resistance increased

) RHy(reducing gas) + 20- -3 RO + H,0 + Ze- ! Resistance decreased

Fig.2-1. A model of a potential barrier to electric conduction at a grain

boundary.
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Table.2-2 Temperatures of physical changes in porous SnO,!"”

T/C Physical change

150 Desorption of Oy

160 Oz — O transformation

221 Dry slope change

280 Water loss begins, minimum in
air resistivity ; low temperature
limit of peak in apparent gas
response

350 - 400 Maximum in apparent gas
response

400 Desorption of water from OH™

450 High—temperature limit in
apparent
gas response ; water loss
complete ; maximum in air
resistivity

590 Desorption of O™ or 0%




E
(Energy of system)

(a)

. ——

Fig.2—-2. Lennard—-Jones Model of physisorption and chemisorption ; (a)
physisorption of a molecule, (b) chemisorption, where at d=oo,

enough energy has been introduced to dissociate the molecule.
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2.2.3 The Lennard-Jones Model?* %!
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2.4 Band Model(Depletion layer #23)E0-34]

AA BES 2t=E n-type BFEAHICl EHO AA BXDF EFGED MAQ =
CH e 24Ol M & (potential barrier)0| Aot EH 2K 2| BT
LHRUAM= ¥2=2 Bt™E donor ions2z 2ol 32t &

P & X =2 =(deplection layer)0let 1]
ot0f OIEH M2l & =9 M2 (potential)Xt0|Z Clolf MI|&O0] A5t BHE

BH &l (band bending)0l LO{HHCH OISl BHE(band)*XE Fig.2—-4 Off LIEFLY

)
<
@
=}
ogr
X
n
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ogr
X
ull
0R

2F N
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Ol
nio

o]l

Z22tXBIES0H AL Helol 2 &2 (potential)2l H3IE 2 M, Poisson 2H& Al
ol 2lof,

d’o _dN, (6)
dx* &g,

Vix) = 2, —2(x)

2 : the potential in the depletion layer

N;: the density of ions in the depletion layer

e : the dielectric constant

€, . permittivity of free space

2y, : the potential in the bulk of the semiconductor
0l ©10 Al(B)E HME0dt], X = X, 0/% Bt M= uncharged AEHDE 22
X=XoOlA dV/dx=0 BHZHS FHOF St FHIt X dASES

(Deplection layer)MIAI 2l M X2 =2 Nix.(per unit area)et ot Nix, =

pzd

s (7)

16



Ns = the density of charged surface states

O &1, st X=0 & M2 potential g2l Schottky barrier Vo=

N x>
\Y :q'—o _________________ (8)
2g¢,
O ECt. HEHO HUX=ERZ Olsot=0l 228 X & (Energy barrier)

Jb =L Al(10)2 Maxwell-Boltzmann approximationsS O0l26 EHUH A2
& XY & (Electron density)S ol 29,
a°N?

[-(m—=-)]
ns=N_,e 2eKTN; (10)

ol =Lt
ns : the density of electrons at the surface
Er: Fermi energy
k : Boltzmann constant

T : absolute temperature
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B
........................................................... EF qu
(a) (b)

Fig.2—4. Sketch showing the variation of EF—Ep,— with qVs (a) qVs =0(flat band

case, [0, ]1=0) (b) equilibrium adsorption.
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JISGHCH Tabel.2-30l= Ti*0l XI& Jisst =2 022 LIEHHALE.
Hix=st 220122 Fe*0l0 Fe* It SITiO0l DESHH= 0~1HX {e

A Jissil 1 stsrAle2 SiTiLFe,Oss2 ESsHH®, &0l ngg

%Fezo3 (-Ti0,) = Fe, +§o; +%vo" ————————————————— (11)

2 HEDH ANVZEAE Sr(Fer )(Tir*)1+0s5(Vo-+) o2 HSE = ULH 5,
cubic perovskiteRXE SXIGtE ABOA Fe* It T X822 Q150
MAZSE(Vo)Idt MAZ Wmetd 2Xe 3IJE  BotH &t 2R

29 AAEZZ(Vo) IM=It BItEHE 2Lol2l S0l22 SEUYEA
HI£0l mAEHAM 20122 It Aoz ZLOotXAH =0 olg olsh]
20l AOIS] HEO0| KMt D0 ZA2 3210 AXAH &L 22 SAH=Z2
JCPDS card2 cubic perovskiteZ&2| SrTigsFeqsOs0l M 3-x2 gt0l 2=
2.877, 2.85, 2.759 &R, = peak?l 1102 263t0| 22 32.528, 32.492,
32.3620111, AXta+E= 3.889A, 3. 893A L 3.909A2=2 AHIXIH He HS
Hz = = ULt
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Fig.2—5. Perovskite Structure

21



Table.2-3 Ionic Radius of transition metals

Ion Charge Coordination Ionic Radius (A)
Sc +3 VI 0.745

Ti +4 VI 0.605

\Y +4 VI 0.580

Cr +5 VI 0.490

Mn +2 VI 0.670

Fe +2 V1 0.610', 0.780%
Fe +3 V1 0.550",0.645*
Co +2 VI 0.650', 0.745%
Ni +2 VI 0.690

Zn +2 VI 0.740

Zr +4 VI 0.720

Nb +4 VI 0.680

In +3 VI 0.800

Sn +4 VI 0.690

Ce +4 VI 0.870

Tb +4 V1 0.760

Tm +3 VI 0.880

Tl +3 VI 0.98

' Low spin, ¢ High spin
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3.2 SrTii-xFex03-s2 A7 =7
SITIOzS B IR E N sSMA9 AL n-typebtE M, D sEAAO]
B2 p-typePtEHZ €2l 2HdM UL 1D 0IRds M =&

0;=10.(@)+2e+vo" 9 BBO0I F2 MBEID, MaAH WIOF F H2I012

=T Ma9 AL ;OZ(g)+{\/5"r+V(;'}:VS",+O§+2h° o @=0l =2 90

Z(hole)0l =2 HelHZ HZ5I] MRO0ICH. SrTij«FeOz2 &3

Fes.OI2 20HEY &t JHQl &taZ

10
on K

0K

O] dd&0 0l +=B&= H2IHOl
=8 SrTi0s8 BLEZC0 AL 012 8EEE Otcdiel =422 HIY =
ULt

1 Eg

o =2q(u, NN )2 2T oo (12)
- J

~~
Oy

u, - Electron mobility

u,+ Hole mobility

N.,N,: effective densities of states in the conduction and valence band
E,: Band gap energy of SrTii_xFexOs-s

SITiOsLt SrTii«FeOs-s= DMASIEEIEM Sd= UEHWHH O & NN

c''Vp
= 2T Mot ST, D2IANM % o« TH o ZAHE IJIECH HA O

Z= T (Electron mobility)Lt &2 0l=%=(hole mobility)= 20 W2t 2A5 0

(]

JU

12t gy e T, g e TT6409 Of RS DM g, 0 S O] ZAO ¥

0o

= A M o,= 20t SIHE0 et 240 SITIosHZ2EO Hf e
2 0ld Xl(band gap energy)= 3.26ev0l1) SrFeO; SHE A BHE 24 0f L4 X
(band gap energy)= 1.83evO0l0d, SrTiiFe 0562 AR 19 BHE 24 0L X

(Band gap energy)= Fell &DJtetztol M2t 1.83ev2FH 3.26evItXl &0
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2tAl FeE2zZ2(dopant)? &iteoz 2T HL(TCR, Temperature

Coefficient of Resistance)2l 2t AA, &H, E2 022 ZZ0| Jisot( Bt
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A 24 Ay

DASTEEOZ Fig.3-1 HIM2F 201 SrTii«FeOssZAI=E S MZIotD Ol
£ S0l (screen printing)gd & LR[0|LE J[E20 2AMSH
ot S2HZ2 =THOIUCE SrTii«Fe03-52 Z22Z 99% 0la =&Q1 SrCOsg,
TiO,, Fe,03 5 ALESHULH. A2 SrTigsFeosO3 2t SrTigsFeosOs 2 282F Al
Sgotl otast =, RIISEW EE6IH IME HOIAEE K
HOIAEE Q450 1100°C 2 1200°C I A&
OtALCH. JIE 2EZ SITiO; 2F SrFeO3 & FAGHA HIEGHH AFESHRCH MD|

X Sg NES 98t ISR WIS ASIHULL

= d&ot

K

ANEO 2%0 [HE M& 425 350°C 0lAM 850°C NHAl 245t} D, g
EHE 0,-Ny, Air-N, 2| E&IIAE MFC(mass flow control)2 X&EGH At
STt 0.9%0 A 20%0Kl &5 otfdLd, & R&2 300scem 22 /= AlotH
ZZoIUL. MFC 2 XZ&E JtAsE, =29 AE0 D0 JAs FE20 =SAl
7 HP34401 ZEIOIHZ N&g2 =FotUb. Jlx 24 242 <o ot

o
{1l
HI
Jx

(Calcinations) & AZ(sintering)otd &4&s 220 ol X-&
(XRD, Rigaku D-Max IlIA, CuK=1.5405 A)9=2 A MAHE ZEGIHD,
SEM(FE-SEM, Hitachi, S-4800)2& OIM?XE 2tE05IX L.
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SI"COg : T102 : F6203

Ball milling(280rpm/24h)

Dry(120TC/24h)

Grinding

Calcination(1100C/6h)

Ball milling(280rpm/12h)

Dry(1207C/24h)

Grinding (325 mesh)

Paste/printing on Al,O3 (1 x 1.5 x 0.24 cm)

Sintering (1100, 1200 C/1, 3h)

Pt printing & wiring (1050 “C/10min in air)

Fig.3—1. Schematic diagram for specimen preparation.
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Fig.3—2. XRD patterns of SrTiOs, SrTigpeF0.403-5, SrTigaFeqe03-5 and SrFeOs
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Fig.3—4. XRD patterns as a function of sintering temperatures after calcination
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Fig.3-5. SEM images of SrTig4Fep03-5 films with sintering temperature and
times.
a) 1100°C/1hrin air b) 1100°C/3hr in air

c) 1200°C/1hr in air d) 1100°C/3hr in air
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Fig.4-1. Schematic diagram for sol-gel method.
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Calcination at 1100°C/6hr
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2 Theta (degree)

Fig.4-4. XRD patterns as a function of calcination temperatures and

atmosphere for SrTiyFe1-xO3-s.
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Fig.4—-4. XRD patterns as a function of varying calcination temperatures

and atmosphere for SrTiyFe—4Os-s.
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Table.5-1. The value of constant and oxygen sensor parameters.

StefenBolzmanat =
0 =5.67032x10°W /m?K*

Boltzman At2: R =8.314J /mol - K

se: T, =25+ 273.15K

waol yHe: p=106x10"Q/m

HH22 0
=

TCR: a =3924ppm/K

&
oy
Hon

ato] TCR: a =3500ppm/K

g
oy
i)

smEs: K, =69.0W/m-K

JE
o

9

=Atg: ¢=0.075
Niol HIME: p; =0.64x107Q/m

Niel

ne
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i
in

. Ky =60.7W /m-K

0p

=g

r

2 4

"H,, =40w/m? -k

Al2O3 ZEEZ(800TC): Kypps =6.3V/m-K

Al,Os = AMB(427~1093C):
¢=0.78~0.45

w3910/0] MA: D=50x10"°m

w329 0/0l 2520 1=1.13x10"°m
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Alumina substrate

Pt wire

Ni support

Packaging

Fig.5-1. Schematic of substrate and packaging for SrTii—xFexOas-s

oXygen sensor.
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Fig.5-2. Compare of power consumption of real sensor and

simulation sensor.
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Table.5-2 Substrate temperature variation of heater input voltage.

AZHAKV) | T1(C) T2(C) | 2°-A89W) | A=W) | BAHW) | dFW)
1.0 21.2 71.1 0.059 0.024 0.005 0.030
1.5 22.3 118.8 0.116 0.048 0.011 0.059
2.0 23.4 170.8 0.181 0.072 0.021 0.090
2.5 24.7 223.8 0.25 0.096 0.036 0.121
3.0 25.9 276.2 0.328 0.120 0.056 0.152
3.9 27.1 327.1 0.408 0.144 0.081 0.183
4.0 28.2 376.2 0.492 0.168 0.113 0.212
4.5 29.3 423.2 0.580 0.188 0.151 0.240
5.0 30.3 468.1 0.672 0.212 0.195 0.266
5.5 31.3 510.9 0.768 0.232 0.246 0.292
6.0 32.3 551.8 0.868 0.248 0.302 0.316
6.5 33.3 590.9 0.972 0.268 0.364 0.339
7.0 34.0 628.3 1.080 0.284 0.433 0.362
7.5 34.9 664.1 1.191 0.304 0.506 0.383
8.0 35.7 698.5 1.307 0.320 0.585 0.403
8.5 36.4 731.5 1.427 0.333 0.670 0.423
9.0 37.2 763.3 1.550 0.347 0.759 0.442
9.5 37.9 793.9 1.677 0.364 0.853 0.460
10 38.5 823.5 1.807 0.376 0.952 0.478
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Power Consomption (W)

O 1 " 1 " 1 " 1 " 1
2x1 2X%3 3x5 5x5 5x7

Substrate size(HXW) (mm)

Fig.5-3. Power consumption as a function of alumina substrate size.
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Fig.6—-1. SrTi;—4Fe,O3-5 based oxygen sensor equivalent circuit

Fig.6—2. Oxygen sensor TIM block diagram
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Fig.6—3. Block diagram of typical SMPS.
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R3 «D [0
MCU Cll—( ClT R2
7] 2= =] oF
ATMegag8 144 GND Gnd
DAC Advanced Feedback Circuit Buck type SMPS circuit
ADC ADC

Fig.6—4. Block diagram of power driving circuit for oxygen sensor heater.
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Fig.6—5. oxygen and temperature sensors signal detection circuit.
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Fig.6—6. Voltage output circuit and RS485 circuit.
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RS485 DATA Package format

SIX I LEN (HK ©MD DATA ETX

1 1 1 1 2 1-10 2
Interface protacol
Function Command
Get Voltage GH {1000
Set Voltage SH 010,600
Get Temp GT 55150
et Reststance Gl Jit- 08
Gt Concenteation G (-0 0
Get e G 27 LPG
Gel AREF A4 -5 140
Sel AREF SA -5 00
Gel Seciion G& 101076
Sef Sechon S8 101175
Get Slop Gk -] 0
TEDS
Set Slag SK -1 0600
Get D Gl 233
ek Iy Sl I-25%

Fig.6—8. Interface data format and protocol.
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Fig.6—9. Oxygen sensor applications.
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