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Abstract The temperature dependence of conductance of SnO, thin film (doped with 10 nm H) gas sensors is obtained in the temixiraturc range
ÔOK to 7(X)K at different partial pressures of NH, and CO in nitrogen The measurements arc carried out using different heating and cooling rates The 

pn)posed model takes into account the dependence of film conductivity on both the partial pressure and environment-temperature The sensor- 
scnsitivitics were studied in (10  ̂ vacuum inbar), in air and in N, The sensitivities to NH,/N, and (X)/N, gases were studied in the tenipcruture range 313 
(0 673K with different ambient temperatures and pressures The best sensitivity, stability, and optimum work temperature were obtained with CO/N, 
ai a pressure ~ l(X) mbar and ambient temperature 433K.
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1. Introduction

Tin o x id e  based  film s arc w id e ly  used as gas sensors due to 
their h igh  sen sitiv ity  in the presence o f  sm all am ounts o f  som e  
gases, nam ely  carbon m o n o x id e . T in ox id e  is a w id e  band gap  
(3 ,6  e V ) n -type sem icon d u ctor, w h o se  con d u ctiv ity  is due to 

oxygen  v a ca n cies  [1], T he addition o f  sm all am ounts o f  noble  
m etals such  as Pd, Pt, A g  to SnO^ can prom ote gas sen sitiv ity  
and selectiv ity . To exp la in  w hy ad d itives lead to the increase o f  
selectiv ity , tw o  p o ss ib le  m ech an ism s w ere proposed  [2]. O ne is 
chem ical sen sitisa tion , the other is electron ic  sen sitisation . T he  
chem ical sen sitisa tion  is m ediated  by the direct exch an ge o f  

electrons b etw een  the sem icon d u ctor  and m etal additives [3]. 
The e lec tron ic  sen sitisa tion  is due to transfer from  one particle  

to the next across the gaps. T he dop ing  o f  SnO j w ith Pt reduces, 
in particular, the op tim um  operating tem perature for CO . O n the  
other hand, the d o p in g  o f  Sn02 w ith  trivalent add itives favours 

the d etection  o f  ox id a n t g a ses  [4 , 5].

T he aim  o f  th is w ork  is to  study the effec t o f  both pressure  

Corresponding Author

and am bient tem perature on the conductiv ity , sen sitiv ity  and 
stability  o f  S n 02/Pt thin film  gas sensors.

2. Experimental

S y n th e s is  o f  the m a ter ia l w a s p erfo rm ed  u s in g  a r p cess  
R heotaxial grow th Therm al O xidation  (R G T O ) [6,7 ]  m ethod at 
D aim ler Benz, R esearch Laboratory, M unich, G ennany as show n  
in Figure la . Tin is deposited  on a s ilicon  nitride m em brane kept

| g 8S sensitive film (RGTO-SnOj)

Icatalytic m e t ^

Figure 1(a). Schematic diagram of the sensor containing catalytic metal
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at 29(y*C, the m elting  point o f  the m etal w h ich  form s m icrosphercs  

w ith  diam eters o f  1 -6 p m . T h is is fo llo w ed  by a thermal oxidation  
step  at 7 9 3 k  for 18 h, to  transform  the tin m icro sp h eres in to  

S n 02 grains o f  in creased  s ize , w h ich  thereby p rov id es an e lectric  
co n ta ct via grain  b ou n d aries . T h e tin o x id e  layers h ave been  

acti vated  by p h y s ic a l vapor d ep o s it io n  o l 10  nm  o f  Pt at 7 7 3 K . 
T h ese  layers w ere a n n ea led  at 500^C  for 1 h in air. T h e sch em atic  

diagram  o f  the m easu rin g  set up is sh o w n  in F igure 1 b. 'The film s  
w ere p ro v id ed  w ith  tw o  p laner e lec tro d es  o f  g o ld . A n in su la ted

Figure 1(b). Schematic circuit of the device conductivity

Pt h eater  w a s  lo c a te d  b en ea th  the f i lm . T h e  se n s o r s  w ere  

m ounted  in sid e  a vacu u m  ch a m b er ev a cu a ted  to  -  10’  ̂m bar by  
u sin g  a rotary and a turbo p u m p  as sh o w n  in F igu re Ic . T he  
pressure w as recorded  by a com b itron  (C M  3 3 0 ). A  gas cy lin d er  

w as co n n ec ted  to the v acu u m  ch am b er by a p ip e  through w h ich  

the g as flo w  to the b e ll jar w a s co n tro lled  by a spiral spring

Figure 1(c). Schematic design of vacuum pump

pressure red u cin g  v a lv e  and a n e e d le  v a lv e . T h e b ell jar w a s  
co n n ec ted  e le c tr ic a lly  w ith  three c a b le s . T h e se  c a b le s  w ere  

co n n ected  to the sa m p le  h o ld er  (u sed  to carry the sa m p les)  and  
in su lated  heater (u sed  to  co n tro l the am b ien t tem perature). T h e  
in su la ted  h ea ter  cu rren t w a s  a d ju s ted  to  g iv e  th e  a m b ien t  
tem peratures at 3 0 3 , 3 7 3  and 4 3 3 K . A  load  resisto r  w a s  

co n n ected  in ser ie s  w ith  the d e v ic e  and d .c . v o lta g e  w a s a p p lied  
to  the c ircuit. T h e  v o lta g e  a p p lied  to  the h eater  w a s kep t b e lo w  

1 IV  to a v o id  th e b reak in g  o f  s ilic o n  d ia p h ra g m s d u e to  the  

tem p era tu re -in d u ced  s tr e ss . E le c tr ic a l m e a su r e m e n ts  w ere  
p erfo n n ed  as f o l l o w s :

(i) E lectr ica l h ea tin g  o f  the s ilico n  nitride m em brane,

(ii) O h m ic  m ea su rem en t o f  the se n s it iv e  layer,

(iii) E lec tr ic  c o n ta c t b e tw e e n  heater and film  to avoui 

e lec tr ic  breakthrough, w h ich  d estroys the membrane

T h e m ea su rem en ts w ere  p erform ed  to  study the e f f e u  ul 
pressure on the film  c o n d u c tiv ity  at am b ien t tem peratures 30', 
3 7 3  and 4 3 3  k in  N H /N ^  (1 0 0  p p m ) and C O /N ^ (1 0 0 0  ppm, 
a tm o sp h eres as a fu n ctio n  o f  op eratin g  tem perature. T he wSn(j / 
Pt film  w a s h eated  to 6 7 0 K  at first for 10 m in u tes to clean  die 
sa m p les  from  w ater vap or and h y d ro x y l sp e c ie s  adsorbed  on iis 
su rface.

3. Re.sults and discussion

Tin o x id e  is an n -typ e sem ico n d u cto r . A cco rd in g  to  Morrisnti 
[8, 9J, the c o n d u cta n ce  a  o f  a p e lle t  o f  an n -ty p e  m aterial at 

tem perature T m ay be d escr ib ed  by

CT =  (To ex p  /  KT \ , ( 1)

w h ere  eV  ̂ is  th e  su r fa c e  p o te n t ia l barrier en e r g y  betw een  

partic les and CT̂J is a factor that in c lu d e s  the hulk  inlergranul.n  

co n d u cta n ce . F igure 2 sh o w s  a rela tion  b e tw een  In cr as a

4 00-t --

2 00H

0 00 -

-2 00 ■]

-4  0 0 -

-6 00 J  

1.00 1 50
1  ' I

2 00 2.50

(1000/T) K-’)

3 00 3 50

Figure 2. Conductance of SnO,/Pt thin film as a junction of invcis< 
temperature in 10^ mbar, air and N,.

function  o f  in verse  o f  tem perature w ith  three d ifferen t condition*' 

(in  lO"^ m bar, air and N 2). W e n ote  from  the figure that the 
c o n d u c t a n c e  in c r e a s e s  w it h  in c r e a s in g  t e m p e r a t u u  

( s e m ic o n d u c t in g  b e h a v io u r ) .  A t lo w  te m p e r a tu r e s ,  the 
co n d u cta n ce  v a lu es  o f  10“̂  m bar cu rve  is  h ig h er  than those tn 

air and N^. H o w e v e r  at h ig h er  tem peratures, the conductance  

v a lu es  o f  air cu rv e  is  h ig h er  than that in 10"̂  m bar and  

FigurCsS 3 (a ,b ,c )  sh o w  the co n d u cta n ce  o f  S n 02/P t film  against 

reciprocal o f  the w orking tem perature in ( 1(X) ppm ) NH^/N^ under
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pressures l(H m b a r , 1 m harand  100 m bar respectively, at am bient 
tem peratures 3 0 3 ,3 7 3  and 4 3 3 K . F or the g a s sen sors stud ied , it 
m ay be a ssu m ed  that the co n d u cta n ce  o f  the sen sor c o n sists  o f
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Figure 3. Conductance of SnOyPt ihin film as a function oi inverse 
temperature in NH,/N, (100 ppm) at ambient temperatures (a) 303 K, (b) 
373 K and (c) 433 K

tw o  parts. T h e first part is d u e to bulk co n d u ctiv ity  and the 

seco n d  part is  d u e to  e lec tro n  transport m ech a n ism s b etw een  

the su rface  p a rtic les, w h ich  m ig h t be due to activa ted  charge  

carrier crea tion  and tu n n e lin g  [1 0 ] . F or e lec tr ica l co n d u ctio n  to  
occur, e lec tro n s h a v e  to  b e  transferred from  o n e partic le  to the 

n ex t a cro ss the g a p s, and it is  the m ech a n ism  o f  th is transfer  
th at w i l l  d e te r m in e  th e  r e s is ta n c e  o f  th e  f i lm . F o r  b u lk

con d u ctiv ity , it is k now n that co n d u ctiv ity  o f  tin o x id e  is due lo  
the ex is te n c e  o f  a re la tiv e ly  h igh  con cen tra tion  o i co n d u ciio n  
e lec tro n s resu ltin g  from  o x y g e n  v a ca n c ie s . W hen o x y g en  is 

p r e se n t  at a r e la t iv e ly  h ig h  p a r tia l p r e ssu r e  in a m b ie n t  
atm osphere, vacant s ite s  can  be o c cu p ied  by adsorbed o x y g en  
sp ec ie s  w ith  s im u ltan eou s trapping o f  con d u ction  e lectron s 110,
1 1 1. F igure 3a sh o w s the m easured co n d u ctan ce va lues o f S n O y  

Pt at d ifferent N H   ̂partial pressures 10 1 and KX) mbar in at
a tem perature 3 0 ‘’C. T he ob served  increase o f  con d u ctiv ity  with  

in creasin g  operating  tem perature m ight be due to a d ecrease in 
the c o n c e n tr a t io n  o f  a d so r b e d  o x y g e n  in  a ll c a s e s  T h e  

co n d u ctiv ity  at 1 m bar is lo w er  than (hat at 10 ** mbar in the 

w h o le  tested  tem perature range. T h is m ight be due to increase  

o f  adsorbed o x y g en  (F igure 3a) T he co n d u ctiv ity  at 1(K) mbar is 

higher than that at 1 mbar. fh is  m igh t be the result o f  Pt surface  

w h ich  seem s lo  be a lavou red  su rla ce  lor o x y g en  adsorption  
than that o f  the l ilm  surface. 1’h is lead s lo  the ob served  increa.se 

o f  the film  co n d u ctiv ity  at 100 m bar in the w h o le  tem perature 

range. T he co n d u ctiv ity  is saturated at a h igh tem perature as 

s h o w n  in F ig u r e  3 a . F ig u ic  3 b  s h o w s  th e  te m p e r a tu r e  

d e p e n d e n c e  of c o n d u c t iv ity  lo r  S n O ^ P t at the a m b ie n t  

tem perature 3 7 3  K. A lso , the co n d u c tiv ity  at a pressure ol 

I m bar is lo w er  than that at lO ** m bar in the tem perature range 

3(X>~4(X)K, w h ich  m ight be ab ove due to the su ggested  Icndcncy  

o l o x y g e n  a b s o r p t io n  on  Pt s u r f a c e .  A b o v e  4 0 0 K , the  

co n d u ctiv ity  at 100 m bar is lo w er  than that at lO ^  mbar, w hich  

m ay be d u e lo  the in c r e a s in g  th erm a lly  a c tiv a ted  o x y g e n  

absorption o l the film  w ith  in crea sin g  o p e ia t in g  tem perature. 
F ig u re  3 c  s h o w s  the c o n d u c t iv ity  o f  S n O ,/P l  at am b ien t  

tem perature 4 3 3  K. T he co n d u ctiv ity  at I m bar as p rev iou sly  

ob served  is low er  than that o f  l()‘  ̂ m bar due lo  increase ol

ad.sorbed o x y g e n  on sem ico n d u cto r  surface fh e  con d u ctiv ity  

at KX) m bar is h ighei than that at 10“̂  m bar in the tem perature  

range 3(K)-fi(X)K as m entioned before, due lo  the adsorbed oxygen  

on f̂ t surface. T he value of the barrier en erg y  as estim ated  from  

the ab ove  con d u ctan ce  cu rv es on  the b asis o f  eq . ( I ), is found  

to he in the range 0 . 12 - 0 . 19  c V.

T h e  te m p e r a tu r e  d e p e n d e n c e  o f  c o n d u c t iv i t y  in the  

tem perature range 3 0 0 - 7 0 0  and at d iffren t C O  partial pressures  

m nitrogen  o l SnO^/Pt g a s sen.sor has a lso  been  studied . F igure  

4a sh o w s  that the c o n d u c t iv ity  in c r e a s e s  w ith  in c r e a s in g  

operating tem perature at am b ien t tem perature 303  K. W hen the 

S 11O 7P 1 thin film  is e x p o se d  to a red u cin g  gas like C O  in a N., 

en v iro n m en t, the reaction  o f  C O  w ith  the adsorbed  o x y g e n  

gen era tes CO^, w h ile  the e lec tro n s return to the co n d u ctio n  

band o f  the tin o x id e  and lead s to the in crea sed  co n d u ctiv ity  

[ I2J. T he co n d u ctiv ity  at I m bar is lo w er  than that at lO""* m bar 

d u e  to  th e  in c r e a s e  o f  th e  a d s o r b e d  o x y g e n  o n  th e  

sem ico n d u cto r  su rface. A t 10 0  m bar, the co n d u ctiv ity  is h igher  

than that at iO"  ̂ m bar d u e to  very h igh  se n s itiv ity  o f  SnO^/Pt 

for C O  [3]. F igure 4 b  illu strates the co n d u ctiv ity  tus a function  o f  

reciprocal tem perature for S n O j/P i at en v iro n m en t tem perature  

3 7 3  K. T h e in crease o f  c o n d u ctiv ity  w ith  in creasin g  pressure in
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the tem perature ran ge 3 0 0 -5 3 0 K , m ay be due to the in creased  

e f fe c t  o f  e ith er  ca ta ly tic  e le m e n t P t or the ab sorb in g  g as C O  on  

adsorbed  o x y g e n , w h ich  d ecrea ses the surface barrier. ITiis effec t  

d isap p ears a b o v e  5 3 0 K . F ig u re  4 c  sh o w s  the co n d u cta n ce  o f
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Figure 4. Conductance of SnO/Pt thin film as a function of inverse 
temperature in NH/N̂  (100 ppm) at ambient temperature (a) 303 K. (b)
373 K and (c) 433 K.

the P t-d op ed  S n 02 f ilm  a g a in st rec ip ro ca l tem perature. T h e  

conductance at 10̂  m bar and 1 m bar increase w ith  the increasing  

tem perature w h ere  o x y g e n  is  a b so rb ed  on  th e su rface  o f  the  

sem iconductor. M oreover , as it is k n ow n  that the e lectron  surface  

state is  lo ca ted  m o re  d e e p ly  in O' than in  O  ̂* it is  e x p e c te d  that 

at lo w  tem perature, o x y g e n  is  ad sorb ed  in the O ’  ̂ form , and at 

h ig h e r  tem p era tu res , O 'j  io n s  c h a n g e  to  0 “ io n  [1 3 ] . T h e

co n d u ctiv ity  at a p ressu re o f  100 m bar is  h igh er  than that at 

10“̂  m bar and 1 m bar in the tem perature range 3 0 0  to around  

4 6 0 K . A t h igh  partial pressure, ad sorb ed  o x y g e n  sp e c ie s  exh ib it 

a h igh  con cen tra tion , resu ltin g  in h igh  carrier concentration  and 
co n seq u en tly , h ig h  bulk  co n d u cta n ce  [3 ]. F igure 5 sh o w s the

Figure 5. The relation between the sensitivity and the temperature ol 
SnO/Pt
(30‘’C).
SnO/Pt thin film in 10^ mbar, air and N, at ambient temperature ^03 K

tem perature d ep en d en ce  o f  S n 02/P t film  se n s it iv it ie s . In this 

fig u re , the se n s it iv ity  (S )  at the pressure 10 "* m bar is higher  

than that in air and in the m easu red  tem perature range. A lso , 
th e  s e n s it iv ity  in c r e a s e s  w ith  in c r e a s in g  tem p eratu re  until 

5 1 3  K and after th is, all c o n d it io n s  h a v e  a stab le  value. T he  

se n s it iv ity  reach es a m a x im u m  v a lu e  ( 100%) for a pressure oi 

10“"* m bar and in  air. T h e  s e n s it iv ity  to  g a s  (S )  is  d e fin ed  

a s [1 4 ]

5 = -
R , - R .

R.
A R

R, ’ (2)

w h ere  R^ is the sa m p le  re s ista n ce  in the p resen ce  o f  the test gas 

and R̂  is  the sa m p le  re s is ta n c e  in air. F or sta b iliza tio n , the 

e n e r g iz e d  se n so r s  w e r e  le f t  in air fo r  6 h at 8 7 3  K in  this 

m easurem ent.

F igures 6 (a, b, c )  sh ow , the sen sitiv ity  o f  S n02/P t film  against 

th e tem perature in N H 3/N 2 (100 p p m ) under pressures 10̂  mbar, 

1 m bar and  1(X) m bar re sp e c tiv e ly , at a m b ien t tem peratures 30, 

100  and 160°C . It is  fo u n d  that the se n s it iv ity  in crea ses w ith  the 

in crea sin g  tem perature for  a ll sa m p le  p ressu res. T h e pressure  

o f  1 0 ^  m bar h as a  m a x im u m  sta b le  v a lu e  o f  se n s it iv ity  (97 .7%  

fo r  am b ien t tem perature =  3 0 3  K , 98%  fo r  3 7 3  K and 98 .3%  for 

4 3 3  K  after w ork in g  tem perature 3 4 3  K . F igu res 7  (a, b, c )  show , 

the varia tion  o f  se n s it iv ity  o f  S n O j/P t film  w ith  the w ork ing
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tem perature in C O /N ^ ( 1000 p p m ) under pressures 10 mbar, 1 
m bar and 100 m bar and at am b ien t tem peratures 3 0 3 , 373 and  

4 3 3  K resp ectiv e ly . F rom  the figu re, w e  noted that the in itial 

value o f  the sen sitiv ity  (at 3 1 3  K  w ork ing  tem perature) increased  

w ith the in crea se  o f  the am b ien t tem peratures (3 0 3 , 373 and  

433  K). T he pressure o f  100  m bar has m axim um  stable va lues o f  

sen s itiv ity  (9 8 .3 %  for am b ien t tem perature =  303  K, 98.5%  for 

373 K and 98 .7%  for 4 3 3  K).

s%

100 c
( ) ] ( ) ' *  mbar 
A 1 mbar 
 ̂ 100 mbar

000 200 00 
TC

400 0

2 C 0 ( g )  + 02 - 2 CO2 4" e . (3)

T h is  reaction  red u ces the band b en d in g  o f  the intergranular 
d e p le t io n  la y e r s  and  s u b s e q u e n t ly  le a d s  to  an in crea se  o f  

sam ple's co n d u cta n ce .

4. Conclu.sions

SnO^ sen sors for C O  and NH^ h ave been  d ev e lo p ed  on nitride 
su b stra tes u s in g  Pt c a ta ly s ts . In ord er to ex p la in  w h y the

s%

s%

Figure 6. The relation between the sensitivity and the temperature of 
SnO^/l  ̂ thin film m (10(  ̂ppm) NH/N, in vacuum ~ 10 mbar, 1 mbiu- luid 
100 mbar. at ambient temperatures (a) 301 K (30'’c), (b) 373 K (lOO’c) 
and (c) 433 K (I60“c).

T h e in crea se  o f  c o n d u cta n ce  in the p resen ce  o f  C O  m ay be 

e x p la in e d  [ 1 5 ,1 6 ]  b y  th e  r e a c t io n  b e tw e e n  C O  a n d  th e  

ch em iso rb ed  o x y g e n  on  the su rface o f  SnO^,

1 c

Figure 7. I'hc relation between the sensitivity and the temperature ot 
SnOyPt thin film in (1000 ppm) CO/N, in vacuum - 10'' mbar, 1 mbar 
and UK) mbar ul ambient tempcratuies (a) 303K (lO ’C), (b) 373K (lOO’Ci 
and (c) 433K (160“C)

conductiv ity  at 10 ^ mbar is high at low  environm ent temperature, 
a scn iu em p ir ica l m od el has been  prop osed . A cco rd in g  to this 
m od el, film  co n d u cta n ce  is assu m ed  to co n sist o f  tw o  parts. 
O ne IS the co n v en tio n a l bulk co n d u cta n ce  due to the electron  

tran.sport across sem ico n d u ctin g  SnO^ grains and the seco n d  
is  the su rfa ce  c o n d u c ta n c e  d u e to the e le c tr o n ic  tu n n e lin g  
b etw een  m etal p artic les across surface poten tia l barriers. It has 

been  found that the co n d u ctiv ity  in crea ses w ith  increasing  both  

partial pressure and en v iro n m en t tem perature.

T h e resu lts ob ta in ed  sh o w  that S n 02/P t film  sen so rs are 

sen s it iv e  to N H 3/N 2 and C O /N ^, but their resp o n ses are s lig h tly  
different. T h e p ro cesse s  o f  d e tec tio n  o f  C O /N ^ arc fast; dopants 

lo w er  the m axim u m  resp o n se  tem perature and they raise the 
se n s itiv ity  at lo w  tem peratures (e sp e c ia lly  at 1(30 m bar). ITic  

se n s itiv ity  o f  the sen so rs  is  h ig h er  w ith  the C O /N 2 gas at 1(X)
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m bar pressure. T he stability  o f  the CO /N^ gas sensors increases 
w ith the increasing am bien t tem perature. A lso, the best stability 
for CO /N^ gas sensors w as ob tained at 1 (X) m bar pressure at an 
am bient tem perature o f 433 K.
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