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1  I N T R O D U C T I O N 

B e c a us e of t h e i n d ustr y e v ol uti o n a n d t h e i n cr e asi n g h u m a n i m p a ct o n n at ur e, air p oll uti o n is 

o n e  of  t h e m ai n   c h all e n g es  of  t o d a y's  w orl d.  H e n c e  d u e  t o  l ar g er  p e o pl e's  a w ar e n ess,  air 

p oll uti o n  c o ntr ol  h as  b e c o m e  a n  i m p ort a nt  t o pi c  i n  p u bli c  d e b at es  r es ulti n g  i n  t h e  l ar g e 

a v ail a bilit y of i nf or m ati o n o n air q u alit y t o t h e citi z e ns. G as d et e cti o n d e vi c es ar e n o w c o m m o n 

i n  all  br a n c h es  of  i n d ustr y  s u c h  as  t h e  a ut o m oti v e  (l a m b d a  pr o b e,  S C R  s yst e m),  a vi ati o n, 

e n er g y,  m e di ci n e  ( di a g n osis  of  dis e as es).  C urr e nt  g as  s e ns ors  c a n  d et e ct,  a m o n g  ot h ers,  t h e 

a m o u nt of 𝐶 𝑂 , 𝐶 𝑂 # , 𝑁 𝑂 , 𝑁 𝑂 # , 𝑁 𝐻 & , 𝑆 𝑂 #  (s e e  T a bl e 1); t h es e g as es b ei n g w ell- k n o w n t o h a v e 

a n e g ati v e i m p a ct o n h u m a n h e alt h.  

T a bl e 1. E x a m pl es of g as s e ns or a p pli c ati o n i n v ari o us i n d ustri es a c c or di n g t o [ 1]. 

M a r k et / a p pli c ati o n  E x a m pl es of d et e ct e d c h e mi c al c o m p o u n ds a n d cl ass es  

A ut o m oti v e  O 2 , H2 , C O, N Ox , H Cs, 

I A Q C O, C H 4 , h u mi dit y, C O2 , V O Cs, 

F o o d  B a ct eri a, c h e mi c als, t o xi ns, p H, C O,  

A gri c ult ur e  N H 3 , A mi n es, h u mi dit y, C O2 , p esti ci d es,  

W at er tr e at m e nt  p H, Cl 2 , N Ox , H C, N H3 , H2 S,  

E n vir o n m e nt al  p H, h e a v y m et al i o ns , SO x , C O2 , N Ox , N H3 , H2 S 

I n d ustri al s af et y I n d o or air q u alit y, t o xi c g as es, 
c o m b usti bl e g as es, O 2,  Utiliti es [ g as, el e ctri c]  O 2 , C O, H C6 , S Ox , C O2 ,

P etr o c h e mi c al  H C x , c o n v e nti o n al p oll ut a nts, 

St e el  O 2 , H2 , C O, c o n v e nti o n al p oll ut a nts 

A er os p a c e  H 2 , O2 , C O2 , h u mi dit y 

T o r es p o n d t o p u bli c c o n c er ns a n d usi n g a pr e c a uti o n ar y a p pr o a c h, E ur o p e a n U ni o n l a w m a k ers 

i ntr o d u c e d r estri cti o ns o n t h e m a xi m u m a m o u nt of h ar mf ul g as es e mitt e d fr o m t h e c o m b usti o n 

pr o c ess of c ar e n gi n es . T h es e n e w E ur o p e a n st a n d ar ds h a v e f or c e d c ar m a n uf a ct ur ers t o d e v el o p 

m or e effi ci e nt, l ess p oll uti n g e n gi n es. F or i nst a n c e, i n di es el e n gi n es, t his h as b e e n a c hi e v e d b y 

i ntr o d u ci n g a S el e cti v e C at al yti c R e d u cti o n ( S C R) s yst e m (s e e  Fi g ur e 1) i n w hi c h a N O x  s e ns or, 

dir e ctl y m o u nt e d i n t h e e x h a ust g as s yst e m of t h e c ar, is a k e y c o m p o n e nt. T his s e ns or d et e cts 

t h e  c o nt e nt  of  h ar mf ul N O 2   i n  t h e  e x h a ust  g as;  t h e  i nf or m ati o n  is  t h e n  tr a ns mitt e d  t o  t h e 

c o ntr olli n g  s yst e m  a n d  d e p e n di n g  o n  t h e  N O 2   c o nt e nt,  a  c ert ai n  a m o u nt  of  ur e a  s ol uti o n is 
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i nj e ct e d i nt o t h e e x h a ust g as es. Ur e a c a us es t h e d e c o m p ositi o n of N O x  i nt o N2  a n d H2 O. T h e 

s yst e m m ust q ui c kl y, r eli a bl y a n d a c c ur at el y d et er mi n e t h e e x h a ust g as c o m p ositi o n, s o t h at t h e 

ri g ht a m o u nt of ur e a is i nj e ct e d. 

Fi g ur e 1. S C R s yst e m i n di es el e n gi n es  d e v el o p e d t o r e d u c e N O x e missi o ns  [ 2]. 

A n ot h er e x a m pl e f or g as oli n e e n gi n e is t h e l a m b d a pr o b e ( s e e  Fi g ur e 2), w hi c h is r es p o nsi bl e 

f or dis p e nsi n g air i n t h e f u el- air mi xt ur e. I n or d er t o o bt ai n o pti m al c o m b usti o n p ar a m et ers, t h e 

l a m b d a pr o b es t est t h e o x y g e n c o nt e nt b ef or e a n d aft er t h e c at al yst a n d, b as e d o n t h e m e as ur e d 

c o m p ositi o n, t h e f u el- air mi xt ur e is s et. T h e m or e a c c ur at e a n d t h e q ui c k er t h e m e as ur e m e nt, 

t h e b ett er is t h e r e d u cti o n of p oll uti o n e missi o ns i nt o t h e at m os p h er e. 

Fi g ur e 2 . G as s e ns or i n t h e m o d er n c ar e x h a ust s yst e m  [ 3]. 

T h e e n er g y i n d ustr y is a n ot h er i m p ort a nt us er of g as s e ns or. I n or d er t o r e d u c e e missi o ns, p o w er 

pl a nt effi ci e n c y m ust b e i n cr e as e d. T o a c hi e v e t his, it is n e c ess ar y t o i n cr e as e t h e t e m p er at ur e 

a n d  pr ess ur e  of  t h e  st e a m  s u p pli e d  t o  t h e  t ur bi n es.  T h er ef or e,  s e ns ors  m ust  b e  r esili e nt  t o 

e xtr e m e c o n diti o ns of us e. F or a ut o m oti v e a p pli c ati o ns, t h e i d e al g as s e ns or s h o ul d b e a bl e t o 

w or k at hi g h t e m p er at ur es, i n a n e n vir o n m e nt of m a n y g as es, a n d still b e a c c ur at e, s e nsiti v e a n d 
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f ast r es p o n di n g o v er ti m e. C urr e ntl y , t hi c k-fil m s e ns ors d o mi n at e t h e m ar k et a n d ar e m ai nl y  

m a n uf a ct ur e d i n G er m a n y, S wit z erl a n d, J a p a n a n d U nit e d Ki n g d o m . I n cr e asi n g r e q uir e m e nts 

r e g ar di n g  s e nsiti vit y  a n d  r e a cti o n  ti m e  h a v e  f or c e d  m a n uf a ct ur ers  a n d  s ci e ntists  t o  l o o k  f or 

alt er n at i v es  t o s yst e ms c urr e ntl y a v ail a bl e . I n  r e c e nt  y e ars,  t hi n-fil m g as  s e ns or  t e c h n ol o g y, 

wit h  n a n o m etri c  gr ai n  si z e, h as  b e c o m e  e xtr e m el y  p o p ul ar  a n d  pr o misi n g  wit h  a  si g nifi c a nt 

i n cr e as e i n s e nsiti vit y, r e d u c e d r es p o ns e ti m e a n d g as d et e cti o n t hr es h ol d as c o m p ar e d t o t hi c k 

fil m s e ns ors. H o w e v er,  t hi n-fil m s e ns ors, b as e d o n m at eri als us e d f or t hi c k-fil m t e c h n ol o g y, 

h a v e s h o w n a  w e a k  sta bilit y, pr o m pti n g  s ci e ntists t o l o o k f or alt er n ati v e m at eri als. A p r o misi n g 

cl ass of m at eri als is p er o vs kit es, w hi c h ar e w ell -k n o w n f or t h eir g o o d el e ctri c al pr o p erti es a n d 

hi g h t h er m al st a bilit y, u p t o 1 0 0 0  K.  
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2  B A C K G R O U N D  

2. 1  G A S S E N S I N G T E C H N O L O GI E S  

G as s e ns or is a d e vi c e t h at d et e cts a n d q u a ntif y t h e pr es e n c e, s o m eti m es t h e c o n c e ntr ati o n, of 

g as es i n a s p e cifi c v ol u m e. I n g as s e ns or t e c h n ol o gi es, t h e i nf or m ati o n a b o ut g as es is c o n v ert e d 

i nt o a us ef ul si g n al ( el e ctri c, t h er mi c, et c.). G as  s e ns ors ar e m ai nl y us e d t o d et e ct h ar mf ul g as 

s u c h C O [ 4], N O x  [ 5, 6], H2  [ 7], N H 3  [ 8] a n d S O 2  [ 9]. 

Diff er e nt t e c h n ol o gi es ar e a v ail a bl e o n t h e m ar k et a n d t h e p h ysi c al p h e n o m e n o n ori gi n ati n g i n 

t h e g as d et e cti o n d et er mi n es t h e t y p e of t h e s e ns or. Ess e nti all y, S e ns ors c a n b e di vi d e d i nt o fi v e 

t y p es: 

– el e ctr o c h e mi c al g as s e ns or ( E G S),

– r esist a n c e s e ns or ( R S),

– o pti c al s e ns or,

– s urf a c e a c o usti c w a v e s e ns or,

– c al ori m etri c s e ns or.

T h e g as s e ns ors h a v e t h e s a m e crit eri a r e g ar dl ess of t h e m e c h a nis m of o p er ati o n, t h e b asi c o n es 

b ei n g a hi g h s e nsiti vit y a n d s el e cti vit y r e g ar di n g t h e g as of i nt er est, a s h ort r es p o ns e ti m e a n d 

r e g e n er ati o n ti m e, t h e a bilit y t o w or k i n a wi d e r a n g e of t e m p er at ur es a n d a g o o d st a bilit y o v er 

ti m e [ 1 0]. E G S a n d R S g as s e ns or us u all y c o nt ai n t h e f oll o wi n g el e m e nts: 

– a g as s e nsi n g el e ctr o d e ( S E),

– a s u p p ort li k e Si, Y S Z, Al 2 O 3 ,

– a h e ati n g s yst e m,

– a n  el e ctr o d e.

T h e s e nsi n g l a y er or s e nsi n g el e ctr o d e ( S E) is o n e of t h e k e y el e m e nts i n g as s e nsi n g d e vi c es 

si n c e it is t h e a cti v e el e m e nt t h at i nt er a ct wit h t h e g as. ; this i nt er a cti o n l e a ds t o t h e pr o d u cti o n 

of  a n  el e ctri c al  si g n al,  w hi c h  is  m o difi e d  a n d  a m plifi e d  t o  g et  a  us ef ul  si g n al.  H e n c e,  t h e 

s el e cti o n of t h e m at eri al f or s e nsi n g l a y er is cr u ci al. M at eri als f or s e nsi n g l a y er c a n b e di vi d e d 

i nt o t hr e e c at e g ori es: 

– m at eri als wit h i o ni c c o n d u cti vit y i n t h e f or m of i n or g a ni c o xi d es: S n O 2  [ 1 1, 1 2], Ti O 2

[ 1 3], Z n O [ 1 4] , W O3  [ 1 5], Zr O2  [ 1 6],

– m at eri als  wit h  mi x e d  c o n d u cti vit y:  Sr Ti O 3   [ 1 7],  L a M n O3   [ 1 8],  L a C o O3   [ 4],  L a F e O3

[ 1 9],
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– c o n d u cti v e p ol y m ers, n a n ostr u ct ur es a n d n a n o c o m p osit es.

T his  distri b uti o n is g e n eri c  b e c a us e  t h e  m at eri als  f or  s e nsi n g  l a y er  c h a n g e  of  c o n d u cti o n 

m e c h a nis m d e p e n di n g o n t e m p er at ur e, g as pr ess ur e or t h e pr es e n c e of d o p a nts. 

O n e i nt er esti n g cl ass of m at eri als, b e c a us e it s h o ws a mi x e d c o n d u cti vit y, is p er o vs kit es w h os e 

g e n er al c h e mi c al f or m ul a is A B X 3 , w h er e A a n d B ar e c ati o ns ( A l ar g er i n si z e t h a n B) a n d X 

is t h e a ni o n us u all y o xi d es or h al o g e ns. I n t h e c as e of A B O3  t y p e c o m p o u n ds, it is us u al t o 

o bs er v e a d e vi ati o n fr o m st oi c hi o m etr y i n o x y g e n m ai nl y d u e t o a n u n us u al or a mi xt ur e of 

d e gr e e of o xi d ati o n of t h e c ati o n B. T h is n o n-st oi c hi o m etr y r es ults i n t h e o c c urr e n c e of o x y g e n 

v a c a n ci es t h at pl a y a criti c al r ol e i n t h e el e ctri c al c o n d u cti vit y of t h e m at eri al es p e ci all y at hi g h 

t e m p er at ur e.  It  is  i m p ort a nt  k e e p  i n  mi n d  t h at  i n  t h e  c as e  of  p er o vs kit e  c o m p o u n ds  b ot h 

el e ctr o ns  a n d  h ol es  c o ntri b ut e  t o  t h e  g e n er al  c o n d u cti vit y  alt h o u g h  o n e  m e c h a nis m  of 

c o n d u cti o n  is  us u all y  f a v or e d  d e p e n di n g  o n  c h e mi c al  c o m p ositi o n  of  p er o vs kit es.  B esi d es, 

p er o vs kit e  c o m p o u n d s ar e  r e c o g ni z e d  f or  t h eir  e x c ell e nt  t h er m al  a n d  c h e mi c al  r esist a n c e, 

m a ki n g t h e m v er y g o o d c a n di d at es as s e nsi n g m at eri al i n h ostil e e n vir o n m e nts. B e c a us e of all 

t h es e  c h ar a ct eristi cs,  p er o vs kit e  c o m p o u n ds  w er e  c h os e n as   s e nsi n g  l a y er  f or  t his  r es e ar c h 

w or k. 

Fi n all y,  b e c a us e  of  t h eir  pr o p erti es,  p er o vs kit es  h a v e  a  g o o d  p ot e nti al  as  s e nsi n g  l a y er  f or 

el e ctr o c h e mi c al a n d r esist a n c e g as s e ns ors ; t h e pri n ci pl e of t h es e t w o t y p es of s e ns ors will t h e n 

b e pr es e nt e d h er e aft er. 

2. 1. 1  O v e r vi e w of el e ct r o c h e mi c al g as s e ns o rs 

F u n d a m e nt all y, el e ctr o c h e mi c al s e ns ors ar e c o nstit ut e d of a s e nsi n g el e ctr o d e, S E, e x p os e d t o 

t h e  g as  a n d  t h at  is  a n  el e ctr o n  c o n d u ct or  a n d  a  r ef er e n c e  el e ctr o d e,  R E,  us u all y  m a d e  of 

pl ati n u m ( Pt) s e p ar at e d b y a t hi n el e ctr ol yt e (s oli d or li q ui d) a cti n g as a n i o n c o n d u ct or. A n 

e x a m pl e of a n el e ctr o c h e mi c al g as s e ns or is gi v e n i n Fi g ur e 3. 
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Fi g ur e 3. Ill ustr ati o n of a) t h e t y pi c al c o nstr u cti o n of a mi x e d-p ot e nti al t y p e Y S Z -b as e d s e ns or, i n cl u di n g b) t h e 
el e ctr o c h e mi c al  r e a cti o ns  t h at  o c c ur  at  t h e  S E/ Y S Z  i nt erf a c e  a n d  c)  t h e  e q uili bri u m  R E  r e a cti o n  of  O 2 at  t h e 
i nt erf a c e of R E/ Y S Z, as w ell as d) t h e S E l a y er [ 2 0]. 

T h e s el e cti o n of t h e r ef er e n c e el e ctr o d e ( R E) m at eri al is v er y i m p ort a nt. T h es e el e ctr o d es ar e 

us e d  t o  tr a nsf er  t h e  m e as uri n g  si g n al  b y  m e a ns  of  el e ctri c al  wir es  t o  t h e  c o ntr oll er.  T h e 

el e ctr o d e m at eri al m ust h a v e hi g h c h e mi c al st a bilit y, n ot r e a ct wit h S E as w ell as wit h s u bstr at e. 

Us u all y, R E is m a d e fr o m n o bl e m et als s u c h as A u  [ 2 1], Pt  [ 2 1, 2 2] or P d [ 2 3]. H o w e v er, s e v er al 

st u di es c o m p ari n g v ari o us R E m at eri als s u c h as A u, Pt, a n d P d [ 2 1] – [ 2 4] h a v e s h o w n t h at t h e 

R E  h as  a  li mit e d  i nfl u e n c e  of  o n  s e ns or  s e nsiti vit y.  T h es e  st u di es  als o  r e v e al e d  t h at  A u 

el e ctr o d es h a v e a l o w er st a bilit y t h a n Pt el e ctr o d es. 

T h e el e ctr ol yt e m at eri al is r es p o nsi bl e f or i o n tr a nsf er b et w e e n S E a n d R E. O n e of t h e gr e at 

a d v a nt a g es  of  el e ctr o c h e mi c al  g as  s e ns ors  is  t h e  p ossi bilit y  of  mi ni at uri z ati o n,  b e c a us e 

s e nsiti vit y is si z e i n d e p e n d e nt [ 2 5]. T h e el e ctr o m oti v e f or c e ( E M F) i n t his s yst e m is g e n er at e d 

as a r es ult of t h e c h ar g es e x c h a n g e b et w e e n t h e t w o el e ctr o d es. T his E M F is  t h e n pr o p orti o n al 

t o c o n c e ntr ati o n of g as pr es e nt i n t h e e n vir o n m e nt. El e ctr o c h e mi c al s e ns ors ar e a v ail a bl e a n d 

w ell - k n o w n a n d p o p ul ar at t h e m ar k et. 
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B e c a us e of t h eir pr a cti c alit y, s oli d el e ctr ol yt e s e ns ors r e pl a c e d m ost of t h e li q ui d el e ctr ol yt e. 

As s oli d el e ctr ol yt e, o n e c a n cit e Zr O 2 [ 2 5], Y S Z [ 2 6][ 2 7][ 2 8] -  [ 2 9], Al2 O 3 [ 2 5], S O2 [ 3 0], A g 

[ 3 1], N A SI C O N [ 3 2]. 

A p o p ul ar el e ctr ol yt e is Yttri u m St a bili z e d Zir c o ni a, or Y S Z , i n w hi c h t h e i o ni c c o n d u cti o n 

o c c urs  vi a  t h e  o x y g e n  a ni o ns.  N ot  o nl y,  t his  m at eri al  is  c h ar a ct eri z e d  b y  a  hi g h  i o ni c 

c o n d u cti vit y, b ut als o b y a hi g h c h e mi c al st a bilit y o v er a wi d e r a n g e of t e m per at ur e. 

S oli d el e ctr ol yt e all o ws a m or e pr a cti c al us e of t h e el e ctr o c h e mi c al s e ns ors i n p arti c ul ar si n c e 

s oli d el e ctr ol yt e- b as e d s e ns or ar e a bl e t o w or k at hi g h er t e m p er at ur e. T his t y p e of s e ns or c a n 

w or k  as  p ot e nti o m etri c  s e ns or  [ 1].  M e as ur e m e nts  of  t h e  e q uili bri u m  p ot e nti al  of  t h e  s oli d 

el e ctr ol yt e- el e ctr o d e  c ells  s yst e m  e n a bl e  o x y g e n  d et e cti o n  vi a  t h e  N er nst’s  e q u ati o n  [ 3 3]. 

S e ns ors of t his ki n d ar e c all e d p ot e nti o m etri c s e ns ors. T a bl e 2 s u m m ari z es t h e i o n c o n d u cti vit y 

of  diff er e nt  s oli d  el e ctr ol yt es.  Y S Z  h as  a  hi g h  c o n d u cti vit y  a n d  is  als o  st a bl e  i n  e xtr e m e 

e n vir o n m e nts m a ki n g it o n e of t h e b est c h oi c es as s oli d el e ctr ol yt e [ 3 4]. Hi g h i o n c o n d u cti vit y 

of el e ctr ol yt e is hi g hl y d esir a bl e t h at’s w h y a ut h or c h os e Y S Z [ 2 7]. 

T a bl e 2. El e ctri c al c o n d u cti vit y v al u es of s oli d el e ctr ol yt es at 6 0 0 ° C [ 8] [ 9][ 1 0]– [ 1 1] 

O x y g e n i o n c o n d u cti n g  
s oli d el e ct r ol yt es  

C o n d u cti vit y  
( S. c m- 1) 

Bi 2 O 3  3. 1 0 -3

G d 2 O 3  d o p e d C e O 2  4. 1 0 - 3

Bi 2 C u 0. 1 V 0. 9 O 5. 3 5  1. 1 0 - 1

Y S Z ( 8 m ol % Y 2 O 3 ) 5. 1 0 - 2

S oli d el e ctr ol yt e m ust m e et s e v er al r e q uir e m e nts. First, t h e s oli d el e ctr ol yt e m ust p oss ess a hi g h 

c h e mi c al st a bilit y f or a st a bl e f u n cti o ni n g o v er ti m e. I n d e e d, t h e el e ctr ol yt e s h o ul d b e a bl e t o 

w or k at hi g h t e m p er at ur e a n d pr ess ur e w hil e e x p os e d t o r e a cti v e g as es ( N O 2 , C O2 , N H3 , et c .). 

O n  t h e  ot h er  h a n d,  t h e  s oli d  el e ctr ol yt e  m ust  p oss ess  a  hi g h  s e nsiti vit y,  w hi c h  i m pli es  t h e 

s el e ct e d m at eri als s h o ul d r e a cti v e wit h hi g h i o ni c c o n d u cti vit y i n a wi d e r a n g e of t e m p er at ur es 

a n d  pr ess ur es.  Fi n all y,  t h e  s oli d  el e ctr ol yt e  s h o ul d  h a v e  a  si mil ar  t h er m al  e x p a nsi o n  a s 

c o m p ar e d  wit h  t h e  ot h er  s e ns or  c o m p o n e nts.  I n d e e d,  d uri n g  t h e  t e m p er at ur e  i n cr e as e, 

diff er e n c e i n t h er m al e x p a nsi o n r at es b et w e e n t h e S E a n d t h e el e ctr ol yt e m a y tri g g er cr a c ks 

wit hi n t h e s e ns or c o m p o n e nts c a usi n g f urt h er o p er ati o n i m p ossi bl e.  
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C urr e ntl y , S n O2  is t h e m ost p o p ul ar m at eri al as s e nsi n g el e ctr o d e [ 4, 1 1, 1 2]. H o w e v er, S n O2 -

b as e d g as s e ns ors h a v e t w o iss u es f or i n d ustri al d e m a n ds . First, t h es e s e ns ors pr es e nt a p o or 

S el e cti vit y ( or cr oss -s e nsiti vit y) t o w ar ds t h e t ar g et g as or cr oss -s e nsiti vit y t o w ar ds ot h er g as es 

m a ki n g m e as ur e m e nts i n a c c ur at e. S e c o n d pr o bl e m is t h at t h es e s e ns ors d o n ot s atisf yi n g t h e 

i n d ustri al r e q uir e m e nt c o n c er ni n g s e nsiti vit y. B e c a us e of t h at, s ci e ntists h a v e b e e n l o o ki n g f or  

n e w m at eri als . 

T h e  a b o v e -m e nti o n e d s e ns or c h ar a ct eristi cs — s e nsiti vit y a n d s el e cti vit y —  m ai nl y d e p e n d o n 

t h e S E m at eri al a n d its m or p h ol o g y. A l ar g e n u m b er of m at eri als h as b e e n st u di e d a s s e nsi n g 

el e ctr o d e. F or i nst a n c e, o n e c o ul d m e nti o n Li u et al . [ 2 8] w h o us e d t hi c k l a y er of I n2 O 3  o n Y S Z 

( 8 % m ol Y 2 O 3 ) as S E . T h e l a y er w as si nt er e d at t hr e e t e m p er at ur es T =  8 0 0, 1 0 0 0, 1 2 0 0 ° C. 

T his w or k c o n cl u d es o n a hi g h s e nsiti vit y of t h e s e ns or i n pr es e n c e of N O 2  f or a S E si nt er e d at 

T  =  1 0 0 0 ° C a n d  a  3 0 -d a ys st a bilit y at a n o p er ati n g  t e m p er at ur e of 7 0 0° C. B ut c ert ai nl y, t h e 

m ostl y alt er n ati v e S E cl ass of m at eri als st u di e d is p er o vs kit es c o m p o u n ds.  

As m e nti o n e d e arli er, p er o vs kit es  ar e c h ar a ct eri z e d b y a hi g h st a bilit y at el e v at e d t e m p er at ur es 

wit h a mi x e d  c o n d u cti vit y. Usi n g  a  s cr e e n -pri nti n g  t e c h ni c, C v eji n et  al.  [ 2 9] pr o d u c e d  a 

N d C o O 3  l a y er d o p e d wit h Sr o n t h e Y S Z . T h e y s h o w e d hi g h s e nsiti vit y of t h e g e n er at e d s e ns or 

i n pr es e n c e of N O x  g as es. T h e us e of t h e N d 0 .9 Sr 0. 1 C o O 3  el e ctr o d e c a us e d t h e d e c o m p ositi o n of 

N O 2  i nt o N2  o n its s urf a c e a n d t h e a ds or pti o n of t h e o x y g e n pr o d u c e d t o o x y g e n p er m e ati o n 

i nsi d e  t h e p er o vs kit e. 

B a x Sr 1 -x F e O 3  (x  = 0. 0 1, 0. 5, 0. 9, 1) p er o vs kit es i n t h e f or m of fil ms o n t h e Y S Z s u bstr at e w er e 

e x a mi n e d  b y  Ii o et al . [ 3 5]. S e nsiti vit y of t h e s e ns or f or N H3 , N O2 , N O, C3 H 6 , C H4 , H2 , C3 H 8  

g as es w as t est e d  a n d a v e r y g o o d s e nsiti vit y w as o bt ai n e d i n t h e t e m p er at ur e r a n g e 4 5 0-6 0 0 ° C. 

H e n c e, t his m at eri al c a n b e us e d as  a  l a m b d a (𝐶 ) pr o b e. I n a d diti o n, t h e a ut h ors i n v esti g at e d t h e 

s e ns or st a bilit y as a f u n cti o n of ti m e i n t h e C O at m os p h er e. It w as s h o w n t h at t h e el e ctri c al 

p ot e nti al diff er e n c e  of s e ns or w as c o nst a nt f or 1 4 d a ys of c o nti n u o us o p er ati o n. F or its p art, 

T h o et  al . [ 2 6] w as  t h e  first  t o us e  L a M O 3  ( M  =  M n,  C o,  F e,  Ni)  p er o vs kit es o n  t h e  Y S Z 

s u bstr at e  ( 8 % of Y 2 O 3 ) as  S E f or  t h e  d et e cti o n  of  N O,  N O2 ,  C3 H 8 ,  C H4  g as es.  Fil ms  w er e 

o bt ai n e d  b y s cr e e n pri nti n g f oll o w e d b y  a  si nt eri n g at t e m p er at ur es  r a n gi n g fr o m 7 0 0  t o 1 3 0 0 ° C. 

T h e fil ms o bt ai n e d b y t his m et h o d w er e  of  f e w mi cr o m et ers t hi c k . T h es e fil ms s h o w e d  hi g h 

s e nsiti vit y a n d s el e cti vit y t o N O 2  fr o m 4 5 0ºC t o 6 5 0 ºC .  T hi n fil m s si nt er e d at 1 3 0 0 ºC s h o w e d 

hi g h r es p o ns e ( Δ V = 6 0 m V)  u n d er 6 0 p p m of N O 2 . L at er, st u di es s h o w e d t h at h i g h s e nsiti vit y 
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t o N O2  c o ul d b e o bt ai n e d als o f or L a F e O3  a n d L a C o O3  [ 3 6][ 3 7] – [ 3 8]. T h es e fil ms pr o d u c e d 

b y s cr e e n pri nti n g h a v e a t hi c k n ess i n t h e mi cr o m et er r a n g e. 

U e d a et  al .  [ 3 9]  w as  t h e  first  t o  i n v esti g at e  t h e  i nfl u e n c e  of  t h e  S E  t hi c k n ess  o n e  s e ns or 

s e nsiti vit y. T h e a ut h ors s h o w e d als o  t h at hi g h s e nsiti vit y c a n b e o bt ai n e d wit h a Ni O s e nsi n g 

el e ctr o d e wit h di m e nsi o ns as s m all as 2 5 0 n m. T hi n fil ms o bt ai n e d b y m a g n etr o n s p utt eri n g 

wit h  t hi c k n ess  of  2 5 0  n m  a n d  5 0 0  n m  w er e  t est e d  a n d  t h e  s a m pl e  wit h s m all est   t hi c k n ess 

s h o w e d al m ost t w o ti m es hi g h er s e nsiti vit y i n N O 2  at 6 0 p p m. Fr o m t his w or k, o n e c a n e x p e ct 

t o i n cr e as e s e nsiti vit y of s e ns ors si m pl y b y s wit c hi n g fr o m mi cr o m et er-si z e fil ms t o n a n o m eter -

si z e   fil ms.  T h er e is  n o  pr e vi o us  st u d y  i n  lit er at ur e  r ef erri n g  t o  n a n o m etri c  fil ms  b as e d  o n 

L a C o O 3   a n d  L a F e O3  as s e nsi n g  el e ctr o d es  o n  s u bstr at es  Y S Z,  w hi c h  j ustifi es  t h e  n o v el 

c h ar a ct er of t h is r es e ar c h.  

El e ctr o c h e mi c al g as s e ns or ( E G S) ar e w or ki n g b as e d o n r e a cti o n o c c urri n g b et w e e n s urf a c e of 

s e nsi n g el e ctr o d e ( S E) a n d t h e t ar g et g as. As  a r es ult of t his r e a cti o n, el e ctr o m oti v e f or c e ( E M F) 

b et w e e n S E a n d R E is cr e at e d [ 2 0]. El e ctr o m oti v e f or c e is c o n v ert e d i nt o a us ef ul si g n al. 

B e c a us e of w or k pri n ci pl e, el e ctr o c h e mi c al g as s e ns or c a n b e di vi d e d i n f o ur gr o u ps: 

– a m p er o m etri c,

– p ot e nti o m etri c,

– c o n d u ct o m etri c,

– c a p a citi v e.

I n p ot e nti o m etri c g as s e ns or, el e ctri c al p ot e nti al is m e as ur e d b et w e e n t h e t w o el e ctr o d es S E 

a n d R E. I n t h at c o nfi g ur ati o n, t h e S E  wit h Pt el e ctr o d e is i n c o nt a ct wit h t h e t ar g et g as w hil e 

t h e R E is o nl y i n c o nt a ct wit h o x y g e n. T h e g e n er at e d p ot e nti al is dir e ctl y pr o p orti o n al t o t h e 

l o g arit h m of t h e g as c o n c e ntr ati o n as d es cri b e d t h e N er nst’s l a w. T h e m ai n a d v a nt a g e of t his 

t y p e of s e ns ors is its a bilit y t o d et e ct a wi d e r a n g e of g as c o n c e ntr ati o ns, its st a bilit y o v er ti m e. 

M or e o v er, all r e a cti o ns aff e cti n g s e nsiti vit y ar e at e q uili bri u m. 

T h e pri n ci pl e of o p er ati o n will b e dis c uss e d b as e d o n t h e r e a cti o n b et w e e n S E wit h N O x . A 

r ef er e n c e  el e ctr o d e  e x p os e d  t o  air  o nl y  a cts  as  a n  o x y g e n  el e ctr o d e  a n d  its  p ot e nti al  is 

d et er mi n e d at a c o nst a nt o x y g e n c o n c e ntr ati o n. O n t h e ot h er h a n d, o n S E, o x y g e n a n d N O x  c a n 

r e a ct o n t hr e e p h as e b o u n d ar y (T P B ) w hi c h is c o nt a ct of g as e o us p h as e, el e ctr o n c o n d u ct or ( Pt 

or S E) a n d i o ni c c o n d u ct or ( S E or s u bstr at e). I n t h e g as c o nt ai ni n g N O, t h e f oll o wi n g c at h o d e 

a n d a n o d e r e a cti o ns wit h pr es e n c e of o xi d e i o ns c a n b e t a k e n: 
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 𝐶 # + 4 𝑂 , → 2 𝐶 # ,  ( a n o di c )  (1 ) 

 2 𝑂 𝑁 + 2 𝑂 # , → 2 𝑁 𝑂 # + 4 𝑁 ,  ( c at h o di c) (2 ) 

 

It is c a us e d b y t h e o xi d ati o n of N O t o t h e N O2  e q uili bri u m c o n c e ntr ati o n. O n S E, N O 2  w o ul d 

t e n d t o diss o ci at e u p t o e q uili bri u m c o n c e ntr ati o n. T his w o ul d l e a d t o t h e f oll o wi n g r e a cti o ns 

o n t h e S E:  

 2 𝐻 # , → 𝑆 # + 4 𝑂 ,  (3 ) 

 2 𝑁 𝑂 # + 4 𝑒 , → 2 𝑁 𝑂 + 2 𝑂 # ,  (4 ) 

 

 

Fi g ur e 4 . S c h e m ati c of c urr e nt fl o w i n a bi as e d s e nsi n g el e m e nt. O 2 −  r e pr es e nts a n o x y g e n i o n i n t h e Y S Z s u bstr at e 
[ 3]. 

Fi g ur e 4  s c h e m ati c all y s u m m ari z es t h e dir e cti o n s of  e a c h s p e ci es f or b ot h n e g ati v e  a n d f or w ar d 

bi as.  Wit h a n e g ati v e v olt a g e, t h e f oll o wi n g o xi d ati o n r e a cti o ns m ust o c c ur o n t h e Pt el e ctr o d e 

t o e ns ur e t h e c urr e nt fl o w: 

 𝑁 𝑂 + 𝑂 # , → 𝑁 𝑂 # + 2 𝑒 ,  (5 ) 

or  

 𝑂 # , →
1

2
𝑂 # + 2 𝑒 ,  (6 ) 
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𝐶 𝑂 + 2 𝐶 , →
1

2
𝑂 # + 𝑁 # ,  ( 7) 

or  

𝑂 𝑁 # + 2 𝑂 , → 𝑁 𝐻 + 𝑆 # ,  ( 8) 

or  

1

2
𝑂 # + 2 𝑁 , → 𝑂 # ,  

( 9) 

I n r e a cti o ns ( 5) –( 9), all i o ns ar e i n a g as e o us st at e. O2- ar e o x y g e n i o ns i n t h e el e ctr ol yt e ( Y S Z). 

N O 2  a n d N O t e n d t o p arti all y r e d u c e or o xi di z e t o f or m a n e q uili bri u m mi xt ur e of N O2  a n d N O. 

Q u a ntit ati v e a n al ysis c a n b e p erf or m e d b y m e as uri n g t h e p ol ari z ati o n c ur v es of t h e s e ns or i n 

{ air  +  N O }  or  { air  +  N O 2 }.  As  t h e  N O  or  N O 2   c o n c e ntr ati o ns  i n  t h e  air  i n cr e as es,  t h e 

p ol ari z ati o n c ur v es c o ns e q u e ntl y s hift u p or d o w n.  

O n t h e s urf a c e of S E wit h hi g h c at al yti c a cti vit y, t h e c at h o di c N O 2  r e a cti o n c a n l e a d t o N O2  

d e c o m p ositi o n: 

𝑒 𝑁 # → 𝑂 𝑂 +
1

2
𝑁 #  

( 1 0) 

T his will r e d u c e t h e s e nsiti vit y of t h e s e ns or. T o pr e v e nt t h e d e c o m p ositi o n of N O 2  o n S E at 

hi g h t e m p er at ur e, o n e s h o ul d us e m at eri al wit h t h e hi g h est p ossi bl e p or osit y a n d l ar g e gr ai ns, 

w h e n T P B is sit u at e d at t h e s u bstr at e-l a y er i nt erf a c e. [ 4 0]. L o w c at al yti c a cti vit y t o w ar ds t o t h e 

g as (r e a cti o n ( 1 0)) l e a ds t o hi g h s e nsiti vit y f or N O 2 . 

Fi g ur e 5. I nfl u e n c e of p or e si z e a n d gr ai n si z e o n c at al yti c a cti vit y a n d N O 2  d e c o m p ositi o n o n t h e S E s urf a c e  [ 4 0] 

T h e i nfl u e n c e of S E gr ai n si z e a n d p or osit y o n N O 2  d e c o m p ositi o n r e a cti o ns is s h o w n i n Fi g ur e 

5.  As a r es ult of t h e pr es e n c e of l ar g e p or es, N O 2  g as diff us es t hr o u g h t h e S E t o w ar ds T P B



1 8  

(i nt erf a c e of Ni O a n d Y S Z), as a r es ult of w hi c h t h er e is l ess c o nt a ct of t h e t est e d g as p arti cl es 

wit h  t h e  S E  s urf a c e.  T h er ef or e,  N O 2   c a n  r e a c h  T P B  wit h o ut  d e c o m p osi n g  i nt o  N O.  Wit h  a 

p or o us  S E  str u ct ur e,  N O x   m a y  b e  f ar  fr o m  e q uili bri a  w h e n  it  r e a c h es  T P B  aft er  diff usi o n 

t hr o u g h t h e S E l a y er. T his p h e n o m e n o n is n o a p pli c a bl e t o m at eri als wit h mi x e d c o n d u cti o n, 

i n ot h er m at eri als p or o us str u ct ur e c a n h a v e p ositi v e i nfl u e n c e o n s e nsiti vit y b ut it c a n h a v e 

n e g ati v e i nfl u e n c e o n r es p o ns e ti m e [ 2 5, 4 1]. 

T h e d et e cti o n m e c h a nis m is c o m pl e x, t h e s e ns or s e nsiti vit y d e p e n ds o n m a n y f a ct ors, t h e t w o 

m ost  i m p ort a nt  of  t h e m  b ei n g  t h e  a ds or pti o n- d es or pti o n  m e c h a nis m  a n d  c at al yti c  a cti vit y 

l e a di n g t o N O2  d e c o m p ositi o n. 

R e g ar di n g  t h e  a ds or pti o n- d es or pti o n  m e c h a nis m, N O 2   b e h a vi or  o n  t h e  S E  s urf a c e,  if  N O2  

a ds or pti o n o n t h e S E s urf a c e is str o n g t his c a n l e a d t o hi g h c at al yti c a cti vit y f or t h e c at h o di c 

r e a cti o n: 

𝐶 𝑂 # + 2 𝐶 , → 𝑂 𝑁 + 𝑂 # ,  ( 8) 

A ds or pti o n – d es or pti o n of o x y g e n o n t h e s urf a c e of S E. Str o n g o x y g e n a bs or pti o n is n ot al w a ys 

ass o ci at e d wit h l o w c at al yti c a cti vit y f or t h e a n o d e r e a cti o n: 

𝑁 # , →
1

2
𝑂 # + 2 𝑁 ,  ( 6) 

H o w e v er, l o w S E a cti vit y t o w ar ds O 2  is t h e b asis f or o bt ai ni n g a r es p o ns e t o N O a n d N O2  [ 4 2]. 

As f or t h e S E c at al yti c a cti vit y t o w ar ds n o n- el e ctr o c h e mi c al g as p h as e d e c o m p ositi o n r e a cti o n 

of N O 2   

𝐻 𝑆 # → 𝑂 𝑁 + 	
1

2
𝑂 #  ( 1 1) 

Z h ui y k o v a n d Mi ur a [ 4 3] d e m o nstr at e d t h at t h e l o w er t h e c at al yti c a cti vit y t o w ar ds N O 2  at t h e 

S E s urf a c e, t h e hi g h er t h e s e nsiti vit y t o N O 2  at hi g h t e m p er at ur es. T h e s e nsiti vit y a n d s el e cti vit y 

of  el e ctr o c h e mi c al  s e ns or  d e p e n ds  o n  t h e  s e nsi n g  el e ctr o d es  of  t h eir  str u ct ur e  a n d  c h e mi c al 

c o m p ositi o n. P et er M arti n et al . [ 4 4] s h o w e d t h at t h e m or p h ol o g y (str u ct ur e a n d t hi c k n ess) of 
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Cr 2 O 3 s e nsi n g el e ctr o d es pr o d u c e d b y c oll oi d al s pr a y o n Y S Z h as a n eff e ct o n t h e pr o p erti es of 

t h e g as s e ns or a n d t h e r e a cti o n b et w e e n N Ox  a n d O2 . T a bl e 3 g at h ers t h e s e nsiti vit y r es ults of 

s e ns ors wit h diff er e nt t hi c k n ess. As P et er M arti n et. al . [ 4 4] pr o v e d t h at n ot o nl y t h e si nt eri n g 

t e m p er at ur e aff e ct s e nsiti vit y (s e e Fi g ur e 6) b ut als o S E  t hi c k n ess (s e e T a bl e 3). As w e c a n 

o bs er v e s a m pl e si nt er e d at 1 0 0 0 º C wit h t hi c k n ess 2. 8 μ m s h o w e d hi g h er s e nsiti vit y t h a n s a m pl e 

wit h 3. 6 μ m t hi c k n ess.  

T a bl e 3. El e ctr o d e t hi c k n ess a n d N O s e nsiti vit y f or t h e s e ns ors  a c c or di n g t o  [ 4 4]. 

I a I b II a II b III a III b Pt ( ai r r ef.)  

Si nt eri n g t e m p er at ur e (º C)  1 0 0 0  1 0 0 0  1 1 0 0  1 1 0 0  1 2 0 0  1 2 0 0  1 0 0 0  

T hi c k n ess ( µ m)  2. 8  3. 6  2. 7  3. 5  2. 3  3. 5  1 – 2 

5 0 0 p p m N O, 5 0 0 º C ( m V)  – 4 5  – 2 0  – 4 5  – 4 9  – 4 5  – 4 5 – 2 0

5 0 0 p p m N O, 5 5 0 º C ( m V)  – 4 5  – 2 0  – 4 5  – 4 9  – 4 5  – 4 5 – 2 0

5 0 0 p p m N O, 6 0 0 º C ( m V)  – 7 – 2 – 8 – 1 4  – 1 7  – 1 9 – 1

Fi g ur e 6. R es p o ns e vs. ti m e f or s e ns ors I a, II a, a n d III a e x p os e d t o 5 0 0 p p m N O i n 1 0 % O 2  at 5 5 0 °C. T h e s e nsi n g 
el e ctr o d es  h a d  i niti all y  t h e  s a m e  t hi c k n ess  b ut  diff er e nt  si nt eri n g  t e m p er at ur es  of  1 0 0 0,  1 1 0 0  a n d  1 2 0 0 ° C, 
r es p e cti v el y. T h e i niti al b as eli n e at ∼ 0 m V r e pr es e nts t h e e q uili bri u m r es p o ns e pri or t o i ntr o d u cti o n of t h e N O i nt o 
t h e g as str e a m [ 4 4]. 

Mi cr ostr u ct ur e h a v e a si g nifi c a nt eff e ct o n t h e s e ns or r es p o ns e. T h e r es ults pr es e nt e d b y P et er 

M arti n et.  al .  (s e e   T a bl e  3)  [ 4 4]  s h o w  a  d e p e n d e n c e  o n  el e ctr o d e  t hi c k n ess  w hi c h  i n di c at es 

m ulti pl e, c o m p eti n g m e c h a nis ms d et er mi n e t h e N O s e ns or r es p o ns e. 
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2. 1. 2  O v e r vi e w  of r esist a n c e g as s e ns o r s 

C urr e ntl y, t h er e ar e m a n y diff er e nt c o nfi g ur ati o ns of r esist a n c e s e ns ors, b ut t h e y h a v e t h e s a m e b asi c 

el e m e nts  as d es cri b e d  i n Fi g ur e 7 : 

–  a s e nsi n g  el e ctr o d e  ( S E)  s urf a c e  of  t h e  m at eri al  t h at  h a v e  c o nt a ct  wit h  g as  a n d  is  m ai nl y 

r es p o nsi bl e f or t h e s e ns or's s e nsiti vit y [ 4 5], 

–  th e su bstr at e w h os e r ol e is t o s u p p ort t h e S E , 

–  a n d t h e el e ctr o d es, us u all y pl ati n u m.  

I n  m a n y  c as es,  t h e  s e ns or  als o c o nt ai ns  a h e at er  t o  r e a c h  t h e  c orr e ct  o p er ati n g  t e m p er at ur e  a n d 

m e m br a n es . 

 

Fi g ur e 7 . R esist a n c e g as s e ns or e q ui p p e d wit h m e m br a n e a n d h e at er  [ 4 6]. 

T h e k e y el e m e nt of a r esisti v e s e ns or, R S , is t h e S E w h os e s urf a c e is t h e pl a c e of a n u m b er of 

k e y  r e a cti o ns  i n cl u di n g  p h ysi c al  a ds or pti o n,  c h e mi c al a ds or pti o n  a n d  s urf a c e  a n d  v ol u m e 

d ef e cts r a n g e c a n d  d in Fi g ur e 9 . 

P h ysi c al a ds or pti o n ori gi n at es i n t h e  V a n d er W a als i nt er a c ti o ns b et w e e n o x y g e n at o ms a n d t h e 

S E s urf a c e. T h e e n er g y of t h es e b o n ds is l o w a n d d o es n ot aff e ct S E c o n d u cti vit y, b e c a us e it 

d o es n ot m o dif y t h e e n er g y str u ct ur e of t h e s urf a c e [ 4 6] r a n g e a in  Fi g ur e 8 . O n t h e ot h er h a n d, 

c h e mi c al a ds or pti o n o c c urs as a r es ult of i nt er a cti o n of el e ctr o ns of m ol e c ul es a ds or b e d wit h 

t h e s urf a c e of S E, it l e a ds t o t h e f or m ati o n of a cti v e  s urf a c e st at es. S urf a c e st at es t a k e o v er 

el e ctr o ns fr o m t h e S E c o n d u cti vit y b a n d, t his pr o c ess is c all e d i o n os or pti o n a n d t his is a k e y 

m e c h a nis m f or t h e s e ns or's o p er ati o n [ 4 7] r a n g e b i n Fi g ur e 8 . T h e n et w or k g a ps i n t h e S E 

s urf a c e a n d i n t h e v ol u m e of S E ar e fill e d b y o x y g e n at o ms. T h e i nt er a cti o n of o x y g e n wit h t h e 

S E l a y er is d e p e n d e nt o n t e m p er at ur e a n d o x y g e n p arti al pr ess ur e . 
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Fi g ur e 8 .  O x y g e n  p arti al  pr ess ur e  as  a  f u n cti o n  of  t e m p er at ur e  ill ustr ati n g  t h e  d es or pti o n  of  o x y g e n  fr o m  a 
s e mi c o n d u ct or ( Z n O) a) p h ysi c al a ds or pti o n, b) c h e mis or pti o n, c) s urf a c e d ef e cts, d) v ol u m e d ef e cts  [ 2 5] 

  

 

Fi g ur e 9 . C o nfi g ur ati o n of a r esisti v e g as s e ns or : ( a) t o p vi e w, ( b) cr oss s e cti o n vi e w . 

S e nsi n g el e ctr o d e c a n c o m e i n m a n y f or ms: fil ms, p o w d er or cr yst al. E x a m pl es of m at eri als f or 

S E  w as  pr es e nt e d  i n p ar a gr a p h 2. 1. 1 . S e nsiti vit y  of  t h e  s e ns or d e p e n ds  o n  t h e  pr o c ess  of 

pr o d u ci n g S E a n d  t h e a d d e d d o p a nts. D o p a nts, c at al ysts a n d st a bili z ers ar e i ntr o d u c e d t o m o dif y 

t h e m at eri al pr o p erti es. T his m o difi es t h e s urf a c e, c h e mi c al c o m p ositi o n a n d str u ct ur e of t h e 

S E. D o p a nts m a y i n cr e as e n u m b er of t h e a cti v e c e nt ers i n S E a n d t h us i n cr e as e t h e s e nsiti vit y 

of t h e s e ns or.  

All g as s e ns or s c o m p o n e nts ar e l o c at e d o n t h e su bstr at e. G as s e ns or c a n b e pr o d u c e d as pl a n ar 

s e ns ors,  t u b es  or  r o ds.  S u bstr at e  m at eri al  s h o ul d  s h o w  a  hi g h  st a bilit y  i n  wi d e r a n g e  of 
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t e m per at ur e s, c h e mi c all y i n ert a n d s h o ul d  als o  b e a g o o d i ns ul at or wit h hi g h c h e mi c al st a bilit y . 

T h e m ost c o m m o nl y m at eri als  ar e  Al 2 O 3  (l o w pr o d u cti o n c osts), Si O2 , Si, M g O, B e O. 

T h e  r ol e of t h e el e ctr o d es is t o c oll e ct tr a nsf er t h e si g n al b y m e a ns of el e ctri c al wir es t o t h e 

m e as uri n g d e vi c e. Hi g h c h e mi c al st a bilit y, n o nr e a cti v e t o w ar ds ot h er c o m p o n e nts of g as s e ns or 

a n d s urr o u n di n g g as es  ar e m ost i m p ort a nt r e q uir e m e nts f or el e ctr o d es.  

C o m m er ci al r esist a n c e g as se ns ors u s e t hi c k -fil m; h o w e v er, re c e ntl y, t hi n -fil m s e ns ors h a v e 

attr a ct e d a c a d e mi c a n d i n d ustr y i nt er ests  d u e t o t h e hi g h er s e nsiti vit y  t hi n fil ms as c o m p ar e d t o  

t hi c k  fil ms.  T h e  infl u e n c e  of  gr ai n s si z e  o n  s e nsiti vit y h a v e  b e e n  i nt e ns el y  st u di e d  b y  

Pis ar ki e wi c z  [ 2 5]. His r es e ar c h pr o v e d t h at n a n o -si z e gr ai ns m at eri al s e x hi bit a  hi g h s e nsiti vit y 

a n d a s h ort r es p o ns e ti m e.  

 

Fi g ur e 1 0 . S e nsiti vit y of p er o vs kit es i n 6 0 p p m of N O 2  [ 2 6]. 

S e nsiti vit y of diff er e nt m at eri al as S E ar e s h o w n i n Fi g ur e 1 0 . U n d er 6 0 p p m of N O 2 , L a F e O 3  

a n d  L a C o O 3  h a v e  t h e  b est  s e nsiti vit y  i n  c o m p aris o n  t o  L a Ni O 3  a n d  L a M n O 3 .  I n  t his  w or k, 

p er o vs kit es  L a C o O 3  a n d  L a F e O 3 w er e    us e d  as  s e nsi n g  el e ctr o d es  d u e  t o  t h eir v er y  g o o d 

c h e mi c al a n d p h ysi c al pr o p erti es as w ell as hi g h c o n d u cti vit y  [ 3 9], [ 4 8][ 4 9] –  [ 5 0] i n r esist a n c e 

s e ns ors.  

T h e r esist a n c e s e ns or g e n er at es a n el e ctri c al si g n al d u e t o t h e i nt er a cti o n of t h e g as wit h t h e 

g as -s e nsiti v e l a y er.  I n f a ct, t h e gas r e a ct s wit h t h e s e nsi n g l a y er g e n er ati n g a  c h a n g e i n t h e S E 

c o n d u cti vit y , t h us i n S E r esist a n c e. T h es e  v ari ati o ns of r esist a n c e ar e  t h e n m e as ur e d; t his is t h e 

us ef ul si g n al . I nt er a cti o n of g as p arti cl es wit h a ds or b e d o x y g e n p arti cl es is n e c ess ar y t o c h a n g e 
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t h e  l a y er  r esist a n c e.  R esist a n c e  g as  s e nsor  c a n  b e  di vi d e d  i n  t w o  gr o u ps  r e g ar di n g  p h ysi c al 

p h e n o m e n a r es p o nsi bl e f or si g n al cr e ati o n. B ul k c o n d u cti o n -b as e d s e ns ors a n d s urf a c e l a y er -

c o ntr oll e d g as s e ns ors. It t his w or k g as s e ns or wit h us e of l a y er will b e d es cri b e d. W or ki n g 

t e m p er at ur e of s urf a ce l a y er s e ns ors is l o w er t h a n b ul k c o n d u cti o n -b as e d g as s e ns ors, t y pi c all y 

3 0 0 –  8 0 0 ° C. T e m p er at ur e is str o n gl y i nfl u e n ci n g s e nsiti vit y of t h e s e ns or. T h e t e m p er at ur e 

s h o ul d b e l o w e n o u g h t o all o w s uffi ci e nt s urf a c e a ds or pti o n a n d sl o w d o w n t h e b ul k d ef e ct  

e q uili br ati o n pr o c ess es, b ut  hi g h e n o u g h f or c at al ysis r e a cti o ns a n d c h ar g e tr a nsf er b et w e e n t h e 

s urf a c e l a y er a n d t h e b ul k.  

D e p e n di n g  o n  t h e  t y p e  of  g as,  diff er e nt c h e mi c al r e a cti o ns c a n o c c ur  o n  t h e  S E  s urf a c e 

d e p e n di n g o n t h e r e d u ci n g or o xi di zi n g  n at u r e of g as  of i nt er est . 

I n t h e c as e a  r e d u ci n g g as li k e 𝐶 𝑂 , t h e r e a cti o ns ar e as f oll o ws:  

 𝐶 𝑂 ( : ; < ) + 𝑁 ( ; = < )
, → 𝑂 𝑁 # ( : ; < )

+ 𝑂 ,  (1 2 ) 

 𝑁 𝐻 ( : ; < ) + 𝑆 ( ; = < )
, → 𝑂 𝑁 #

,
( ; = < )

→ 𝑂 𝑒 # ( : ; < ) + 𝑁 ,  (1 3 ) 

 

W hil e f or  a n o xi di zi n g g as  li k e 𝑂 𝑂 > , t h e r e a cti o ns ar e:  

 𝑁 𝑂 # + 𝑂 # ( ? @ A )

, + 2 𝑁 , → 𝑂 𝑒 #
, + 2 𝑂 ,  (1 4 ) 

 𝑂 𝑒 ( : ; < ) → 𝑁 𝑂 ( ; = < ) → 𝑁 𝑂 ( ; = < )
B + 𝑒 ,  (1 5 ) 

 𝑁 𝑂 ( ; = < )
B + 𝑂 # ( ? @ A )

, + 2 𝑒 , → 𝑁 𝑂 ( ; = < )
, + 𝑂 ,  (1 6 ) 

 
I n  r e a cti o ns (1 2 ) t o (1 6 ), t h e o x y g e n  fr o m at m os p h er e  is  v er y  m u c h  i n v ol v e d  a n d  pl a y  a n 

i m p ort a nt r ol e i n t his pr o c ess. D ue t o t h e el e ctr o n tr a nsf er b et w e e n t h e g as a n d S E, t h e m at eri al 

r esist a n c e  c h a n g es.  O x y g e n  is  f o u n d  n ot  o nl y  i n  g as,  b ut  als o  i n  g as-s e nsiti v e  m at eri al  f or 

e x a m pl e ( Ni O  [ 5 1] – [ 5 2][ 5 3][ 5 4] [ 5 5], C u O [ 5 0], [ 5 6][ 5 7]–  [ 5 8], Z n O  [ 5 9], S n O 2  [ 1 1], W O3  

[ 6 0]) a n d v er y p o p ul ar p er o vs kit es. 

T h e y h a v e c h ar a ct er of a c c e pt or c e nt ers, t h er ef or e t h e el e ctr o ns fr o m t h e S E c o n d u cti vit y b a n d 

p ass t o t h e m b y c h ar gi n g t h e m n e g ati v el y, w hil e t h e S E s urf a c es is c h ar g e d p ositi v el y.  

T h e  c h e mis or pti o n of o x y g e n  o n t h e s urf a c e of S E  is pr es e nt e d i n r e a cti o ns: 
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 𝐶 # ( : ; < ) + 𝑂 D ( E F )
# , + 1 𝐶 → 𝑂 #

,  

o r 									𝑁 # ( : ; < ) + 𝑂 D ( E F )
# , + 2 𝑁 → 2 𝑂 ,  

(1 7 ) 

 
A s a r es ult of t his pr o c ess, a d o u bl e l a y er of c h ar g es w as cr e at e d, w hi c h c a us es a n i n cr e as e i n 

t h e c o n d u cti vit y b a n ds u p w ar ds (t o w ar ds hi g h er e n er gi es), a p ot e nti al b arri er Vs is cr e at e d  a n d 

t h e tr a nsf er of el e ctr o ns t o t h e a c c e pt or c e nt ers is n o l o n g er p ossi bl e. D e pl eti o n l a y er is cr e at e d 

o n t h e S E s urf a c e . T h e h ei g ht of t h e cr e at e d b arri er d e p e n ds o n t h e c o n c e ntr ati o n of c h e m o-

a bs or b e d  o x y g e n.  T h er ef or e,  b y  i ntr o d u ci n g  a  r e d u ci n g  at m os p h er e,  S E  i n cr e as es  its 

c o n d u cti vit y d u e t o a d e cr e as e i n t h e p ot e nti al b et w e e n t h e cr yst alli n e b arri er (i n t h e c as e of 

gr a n ul ar m at eri als), w hil e t h e c o nt a ct of S E wit h o xi di zi n g g as will i n cr e as e t h e r esist a n c e of 

t h e l a y er. 

T h e d e pl eti o n l a y er t hi c k n ess is c h ar a ct eri z e d b y D e b y e l e n gt h 𝑁 I . As t h e 𝐻 I  si z e i n cr e as es, 

t h e  c o n c e ntr ati o n  of  el e ctri c  c h ar g e  c arri ers  d e cr e as es, w hi c h  is  w h y  t his  v al u e  is  als o 

i nf or m ati o n  a b o ut  t h e  s e nsiti vit y  a n d  d et e cti o n  t hr es h ol d  of  t h e  s e ns or. L D  i n cr e as es wit h 

i ncr e as e of t e m p er at ur e ( T) a n d d e cr e as e s wit h i n cr e as e of  el e ctr o n d e nsit y ( n 0 ). 

D e b y e l e n gt h is c al c ul at e d fr o m f or m ul a:  

 𝑆 I = K
𝑂 𝑁 M 𝑂 𝑒

𝑁 # 𝑂 M

 E q u ati o n 1  

W h er e 𝑂 M  is  t h e  p er mitti vit y  of  fr e e  s p a c e, 𝑁  is  t h e  di el e ctri c  c o nst a nt, K  is  t h e  B olt z m a n n 

c o nst a nt a n d  𝑂  is t h e el e m e nt ar y c h ar g e.  

T o u n d erst a n d i nfl u e n c e of m or p h ol o g y, l a y er t hi c k n ess or gr ai n si z e o n g as s e ns or p erf or m a n c e 

it is n e c ess ar y t o u n d erst a n d all p h e n o m e n o n o c c urri n g i n m at eri al d uri n g c o nt a ct wit h g as. A n 

el e ctri c al  c or e -s h ell  l a y er  is  f or m e d  o n  t h e  s urf a c e  d u e  t o  o x y g e n  a bs or pti o n.  I n  t h e  n -t y p e 

c o n d u ct or, as a r es ult of o x y g e n a ds or pti o n o n t h e s urf a c e of t h e m at eri al, el e ctr o ni c c or e -s h ell 

c o nfi g ur ati o n is cr e at e d ( s e e Fi g ur e 1 1 a). S e mi c o n d u cti n g z o n e a n d E D L ( el e ctr o n d e pl eti o n 

l a y er) o n p arti cl e c o ati n gs ar e f or m e d. O x y g e n a ds or pti o n o n t h e s urf a c e of t h e m at eri al i n t h e 

p -t y p e c o n d u ct or cr e at es H A L ( h ol e a c c u m ul atio n l a y er) n e ar t h e s urf a c e of t h e m at eri al d u e t o 

el e ctr ost ati c i nt er a cti o n b et w e e n o p p osit el y c h ar g e d p arti cl es ( s e e  Fi g ur e 1 1 b), w hi c h c a us es 

t h e f or m ati o n of c or e-s h ell c o nfi g ur ati o n, r esisti v e r e gi o n i n p arti cl e c or es a n d s e mi c o n d u ct or 

fil ms H A L n e ar t h e p arti cl e s urf a c e. I n n-t y p e s e mi c o n d u ct ors, t h e c h a n g e i n s e ns or r esist a n c e 

u n d er t h e i nfl u e n c e of t h e g as d e p e n ds o n t h e r esisti v e s h ell t o s h ell c o nt a ct b et w e e n S E  p arti cl es 
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of  c o nt a ct  of  t h e  el e ctr o d e  wit h  S E.  I n  t his  c o nfi g ur ati o n,  t h e  el e ctr o ns  i ntr o d u c e d  i nt o  t h e 

m at eri al as a  r es ult of t h e o xi d ati o n r e a cti o n b et w e e n t h e r e d u ci n g g as a n d o x y g e n a ni o ns fr o m 

t h e  S E  s urf a c e,  w hi c h  r e d u c es  t h e  n u m b er  of  el e ctr o n  h ol es  i n  t h e  s h ell  l a y er,  r es ulti n g  i n 

i n cr e as e d r esist a n c e of t h e m at eri al (s e e  Fi g ur e 1 3 b -c).  

 

Fi g ur e 1 3 . S e nsi n g l a y er of p -t y p e s e mi c o n d u ct or [ 6 2]. 

S o m e m at eri als ar e c h ar a ct eri z e d b y t h e p ossi bilit y of c h a n gi n g t h e t y p e of r es p o ns e al o n g wit h 

a c h a n g e i n t e m p er at ur e or g as pr ess ur e. As s h o w n b y Mi n h a n d T a k a h as hi  [ 6 3], t h e p arti al 

o x y g e n  pr ess ur e  i n cr e as es  c a n  l e a d  t o  a c h a n g e  i n  c o n d u cti vit y  t y p e  (s e e  Fi g ur e 1 4 ). 
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C o n d u cti vit y of s u c h m at eri als  c a n b e di vi d e d i nt o 3 z o n es: a n n -t y p e z o n e, a mi x e d z o n e a n d 

a p -t y p e z o n e. 

 

Fi g ur e 1 4 . C h a n g es i n el e ctri c al c o n d u cti vit y as a f u n cti o n of o x y g e n p arti al pr ess ur e f or M o 2 -B 2 O 3  [ 6 3]. 

Mi x e d z o n es h a v e l o w er el e ctri c al c o n d u cti vit y t h a n n a n d p z o n es  (s e e Fi g ur e 1 4 ). As o x y g e n 

pr ess ur e i n cr e as es, t h e c o n d u cti vit y d e cr e as es, t h e n t h e mi x e d ar e a b e gi ns, w h er e b ot h t y p es of 

c o n d u cti vit y o c c ur at t h e s a m e ti m e. T his r e gi o n h as t h e l o w est el e ctri c al c o n d u cti vit y. T his is 

d u e t o o v erl a p a n d c o m p etiti v e c o n d u cti vit y p h e n o m e n a. A f urt h er i n cr e as e i n pr ess ur e c a us es 

c h a n g e t h e t y p e of c o n d u cti vit y t o p -t y p e. I n t his r a n g e, t h e c o n d u cti vit y i n cr e as es wit h o x y g e n 

pr ess ur e. T his i n di c at e t h at r esist a n c e g as s e ns or h as n ot o nl y pr ef er e nti al w or ki n g t e m p er at ur e 

b ut als o g as pr ess ur e.  
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2. 2  C H A R A C T E RI S TI C S  O F M A T E RI A L S  F O R G A S S E N S O R S  

2. 2. 1  P e r o vs kit es  as s e nsi n g el e ct r o d es  

D u e t o t h e hi g h m at eri al pr o p erti es d e m a n ds o n S E, s ci e ntists ar e  p a yi n g s p e ci al att e nti o n t o 

p er o vs kit es. It is a f a mil y c o nsisti n g of a cr yst all o gr a p hi c str u ct ur e ass o ci at e d wit h t h e C a Ti O 3  

mi n er al. T h e i d e al p er o vs kit e str u ct ur e is c u bi c str u ct ur e. P er o vs kit es h a v e t h e g e n er al f or m ul a 

A B X 3 . T h e i d e al c u bi c str u ct ur e is n ot oft e n f o u n d, m ost of t h e p er o vs kit es ar e d ef or m e d. T h es e 

m at eri als  attr a ct e d t h e gr e at att e nti o n of s ci e ntists f or m a n y y e ars, t h e first r es e ar c h c o n d u ct e d 

b y  G ol ds c h mi dt  et  al.  i n  1 9 2 0.  As  a  r es ult  of  d ef or m ati o n,  t h e  p e r o vs kit es  h a v e  r e d u c e d 

s y m m etr y, w hi c h h as a h u g e i m p a ct o n t h eir m a g n eti c a n d el e ctri c al pr o p erti es. D u e t o mi x e d 

c o n d u cti vit y (i o ni c a n d el e ctr o ni c) t h e y ar e c urr e ntl y us e d i n t h e el e ctri c al i n d ustr y  [ 6 4], g as 

s e ns ors  [ 2 9], [ 3 6], i n t h e a ut o m oti v e i n d ustr y [ 4 3], S O F C [ 6 5] a n d m a n y ot h er i n d ustri es.  

 

Fi g ur e 1 5 . E x a m pl e of c u bi c p er o vs kit e str u ct ur e . 

C ell of p er o vs kit e i s pr es e nt e d  i n Fi g ur e 1 5 . C ati o n B i n t h e mi d dl e  of c u b e ( gr a y) h as i n its 

n ei g h b or h o o d 6 i o ns of o x y g e n ( y ell o w) a n d t h e y cr e at e a B O 6  o ct a h e dr a . L ar g er  i o ns (r e d) ar e  

i n t h e c ell c or n ers. T h e str u ct ur e p r es e nt e d i n Fi g ur e 1 5  is i d e al str u ct ur e, i n r e alit y t his c ell is 

d ef or m e d  d u e t o mis m at c h of i o n r a di us. It l e a ds t o i o ns s hift fr o m ori gi n al p ositi o n. El e m e nt 

A is m ai nl y a m et al c ati o n fr o m t h e gr o u p of l a nt h a ni d e s, al k ali n e , e. g. L a, Li, B e, C a. A at o ms 

ar e  c h ar a ct eri z e d  b y  a  l ar g e  r a di us  a n d  at o mi c  n u m b er  of  1 2.  T h e  el e m e nt  B  is  m ai nl y 

s u bstit ut e d wit h c ati o ns wit h at o mi c n u m b er 6 a n d s m all er r a di us s u c h as: Ti, N b, T a M n, F e, 

C o. B at o ms ar e s urr o u n d e d b y 6 O  at o ms w hi c h ar e n o n -m et alli c el e m e nts m ai nl y o x y g e n or 

fl u ori n e. P er o vs kit es wit h tr a nsiti o n m et al i o ns ( T MI) as el em e nt B h a v e i nt er esti n g el e ctri c al 

a n d m a g n eti c pr o p erti es, t h es e pr o p erti es ar e ass o ci at e d wit h u nfill e d 3 d el e ctr o n s h ells.   I n t his 

w or k t w o p er o vs kit es w er e us e d as S E m at eri al: L a F e O 3  a n d  L a C o O 3 . 
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2. 2. 2  C rist al st r u ct u r e of L a F e O 3  

L a F e O 3  is  p art  of  t h e  p er o vs kit e  f a mil y  a n d  h as  v er y  g o o d  a nti-f err o m a g n eti c  ( A F M), 

f err o m a g n eti c ( F M), f err o-el asti c ( F E L) a n d c at al yti c pr o p erti es a n d hi g h i o ni c c o n d u cti vit y O 2  

[ 6 6][ 6 7][ 6 8] –  [ 6 9]. T h e L a F e O 3  cr yst all o gr a p hi c str u ct ur e is a n ort h or h o m bi c d ef or m ati o n of 

t h e a b o v e pr es e nt e d c u bi c c ell, li n k e d t o tilti n g of F e O6  o ct a h e dr a al o n g t h e a x es of t h e c u bi c 

c ell ( Fi g. 1 6). T h e e nl ar g e d u nit ort h or h o m bi c c ell p ar a m et ers ar e t h e n r el at e d t o t h e c u bi c o n e 

b y  a O = a C + b C , b O = -a C + b C , cO = 2 c C , i n t h e P b n m ( n °6 2 ) c h oi c e. T h e r el ati o ns b et w e e n Mill er 

i n di c es i n t h e ort h or h o m bi c P b n m a n d i n t h e c u bi c s etti n gs ar e t h e n:  

Q

ℎ S = ( ℎ D − 𝐶 D ) 2⁄

𝑂 S = ( ℎ D + 𝐶 D ) 2⁄

𝑂X = 𝑁D 2⁄
 

A n ot h er s etti n g P n m a will als o b e us e d i n t his w or k, wit h b O  b ei n g t h e l o n g a xis . T h e r el ati o ns 

b et w e e n Mill er i n di c es i n t h e ort h or h o m bi c P n m a a n d  i n t h e c u bi c s etti n gs ar e t h e n: 

Q

ℎ S = ( ℎ D − 𝑂D ) 2⁄

𝑁 X = 𝑂 D 2⁄

𝑁S = ( ℎ D + 𝐻D ) 2⁄
 

 

Fi g ur e 1 6 . L a F e O 3  str u ct ur e, s h o wi n g t h e tilti n g of t h e o ct a h e dr a , i n t h e P n m a s etti n g. 

T h e c ell p ar a m et ers a n d m ai n pr o p erti es of L a F e O 3  ar e pr es e nt e d i n T a bl e 4 . 

L a F e O 3  is us e d i n v ari o us f or ms: p o w d ers [ 6 6], t hi n fil ms [ 6 7] f or t h e S E i n g as s e ns ors. At 

w or k L e e  [ 6 8] h as b e e n s h o w n t h at F e -O b o n ds ar e m or e a cti v e t o w ar d t h e g as as a r es ult of 

f ast er  o x y g e n  r e d u cti o n  o n  t h e  F e-O  s urf a c e  wit h  ( 0 1 0)  ori e nt ati o n  t h a n  o n  L a -O  b o n ds  i n 

L a F e O 3  fil ms [ 6 9]. 
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T a bl e 4 . Cr yst al str u ct ur e a n d p r o p erti es of L a F e O 3 . 

St r u ct u r e/ p r o p e rt y  D at a  R ef.  

C ell p ar a m et ers  

a = 5. 5 5 2  Å  
b = 5. 5 6 3  Å  
c = 7. 8 4 3  Å  

a = b = g = 9 0 °  CI F fil e: 
# 1 5 2 6 4 5 0  C ell V ol u m e  0. 2 4 2 2  n m 3  

S p a c e Gr o u p  P b n m  [ 6 2] 

D e nsit y  6. 4 8 g. c m -3  

N e el T e m p er at ur e  7 5 0 K  [ 7 0] 

 

L a F e O 3  is us u all y d o p e d wit h el e m e nts o n s e c o n d o xi d ati o n st at e: Sr, C o, C a, B a, C u, Li, M n, 

Z n b y r e pl a ci n g L a 3 + . Us e of d o p a nt aff e ct o xi d ati o n s at e of ir o n fr o m F e 3 +  t o F e 4 + . It l e a ds t o 

cr e ati o n  o x y g e n  v a c a n ci es w hi c h  h as  str o n g  i nfl u e n c e  o n  el e ctri c al  c o n d u cti vit y  of 

s e mi c o n d u ct or.  

2. 2. 3  C rist al st r u ct u r e of L a C o O 3  

I n p er o vs kit es w e c a n o bs er v e hi g h t e m p er at ur e s u p er c o n d u cti vit y, b a n d f err o m a g n etis m a n d 

ot h er. W e c a n o bs er v e als o diff er e nt p h ysi c al pr o p erti es i n o n e cr yst al. T h es e p h e n o m e n a c a n 

b e o bs er v e d i n p e r o vs kit es wit h M n, C o, R u. L a C o O3  is a c o m p o u n d wit h e x c ell e nt el e ctri c al, 

c at al yti c a n d m a g n eti c pr o p erti es. Mi x e d c o n d u cti vit y is u n us u al, hi g h i o ni c c o n d u cti vit y a n d 

el e ctri c c o n d u cti vit y all o w t o us e d L a C o O 3  as c at h o d e m at eri al f or f u el c ells ( S O F Cs), o x y g e n 

m e m br a n es a n d as a C O c at al yst  [ 7 1]. L a C o O 3  cr yst alli z es i n a r h o m b o h e dr al str u ct ur e, d u e t o 

r ot ati o n a n d c o m pr essi o n of t h e B O6  o ct a h e dr a al o n g t h e [ 1 1 1] a xis of t h e c u bi c u n it c ell. It 

r e m ai ns i n t his f or m u p t o m elti n g p oi nt 1 7 4 0 ° C (T a bl e 5 ). T h e r h o m b o h e dr al dist orti o n of 

L a C o O 3  d e cr e as es wit h i n cr e asi n g t e m p er at ur e a n d A sit e c ati o n c o n c e ntr ati o n  [ 7 2]. L a C o O 3  

c ell is pr es e nt e d in Fi g ur e 1 7 . I n t his fi g ur e, p ositi o n B ( bl u e at o ms) is o c c u pi e d b y L a at o ms, 

w hil e  t h e  C o O6  o ct a h e dr a  ar e  r e pr es e nt e d  i n  y ell o w  c ol or. T h e  r el ati o ns  b et w e e n  t h e 

r h o m b o h e dr al a n d c u bi c c ell p ar a m et ers ar e a R = a C + c C , b R = b C + a C , cR = b C  + c C. O n e c a n n oti c e 

t h at t h e r h o m b o h edr al dist orti o n is w e a k, wit h a n a n gl e a  = 6 0. 9 9 ° i nst e a d of 6 0 ° i n t h e i d e al 

c u bi c str u ct ur e ( T a bl e 5 ). A n ot h er w a y t o d es cri b e t h e str u ct ur e is t o us e t h e h e x a g o n al s etti n gs, 

w h er e t h e c a x e is al o n g t h e [ 1 1 1] a xis of t h e u nit c u bi c c ell. T h e r el ati o ns b e t w e e n t h e a x es of 

t h e h e x a g o n al a n d t h e c u bi c u nit c ells ar e a H  = a C -b C , b H = -b C -c C , cH = 2( a C + b C  + c C ) 

T h e r el ati o ns b et w e e n t h e Mill er i n di c es of t h e pl a n es i n t h e h e x a g o n al a n d c u bi c s etti n gs ar e:  
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Fi g ur e 1 7 . L a C o O3  r h o m b o h e dr al c ell, s h o wi n g t h e r ot ati o n of o ct a h e dr a. 

T a bl e 5 . Str u ct ur e a n d pr o p erti es of L a C o O3  

St r u ct u r e/ P r o p ri et y  D at a  R ef.  

C ell p ar a m et ers  

H e x a g o n al s etti n gs  

a = 5, 4 3 5 0 Å  
b = 5, 4 3 5 0 Å  
c = 1 3, 0 7 Å  

α ( °) = 9 0 β( °) = 9 0 γ( °) = 1 2 0  CI F fil e 
# 1 5 3 0 8 7 4  R h o m b o h e dr al s etti n gs  

a = 5, 3 4 1 7 Å  

α ( °) = 6 0. 9 9  

C ell v ol u m e  1 1 0, 1 8 Å  

S p a c e Gr o u p  R 3̀ c [ 1 6 7]  

D e nsit y  7, 2 5 g. c m -3   
M elti n g t e m p er at ur e  1 7 4 0 ° C  [ 7 3] 

 

T h e pr es e n c e of a mi x e d st at e of C o 3 +  a n d C o 4 +  aff e cts t h e el e ctri c al pr o p erti es. T h e s pi n st at e 

of  i o ns  is  m o difi e d  n ot  o nl y  b y  t e m p er at ur e,  b ut  als o  b y  t h e  c h a n g e  i n  g as  pr ess ur e  [ 7 4]. 

P ossi bilit y t o c h a n g e i o n s pi n st at e of C o is u n us u al a n d it d o es n’t a p p e ar i n ot h er m a g n eti c 

o xi d e m at eri als  [ 7 5]. 

T hr e e s pi n st at es of c o b alt i o ns ar e p ossi bl e:  
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l o c ali z e d  st at es  at  hi g h-s pi n  c o b alt  sit es  i ntr o d u c es  m o bil e  s m all -p ol ar o n  h ol es  a n d  tr a p p e d 

el e ctr o ns at st ati o n ar y C o 2 +  i o ns [ 7 3]. I n cr e as e of t e m p er at ur e a b o v e 6 5 0 K  l e a ds t o st a bili z ati o n 

m et alli c  p h as e  w hi c h c o nt ai ns hi g h s pi n c o b alt i o n  C o 3 + , m e di u m s pi n  C o(III), wit h p arti all y 

fill e d el e ctr o n s h ell r es p o nsi bl e f or p-t y p e c o n d u cti vit y [ 7 2], [ 7 3], [ 7 8]. O x y g e n i o ns i n L a C o O 3  

diff us e d u e t o t h e pr es e n c e of v a c a n ci es  [ 7 9]. L a C o O 3  is a pr o misi n g m at eri al f or d et e cti o n of 

C O at l o w t e m p er at ur es  [ 8 0][ 8 1] –  [ 8 2].  

L a C o O 3  attr a ct e d t h e att e nti o n of s ci e ntists d u e t o c h a n g es t a ki n g pl a c e i n t his m at eri al. L a C o O 3  

i n its b asi c st at e is a n o n-m a g n eti c i ns ul at or wit h o ut a l o n g-r a n g e m a g n eti c or d er. T h e b asi c 

s pi n st at e is ass o ci at e d wit h t h e C o 3 +  i o n i n t h e l o w s pi n st at e ( L S) d u e t o t h e s e p ar ati o n of a 

cr yst al  fi el d s plitti n g  l ar g er  t h a n  H u n d’s - r ul e  c o u pli n g. P er o vs kit e  c o nsists  s h ar i n g c or n er 

o ct a h e dr a. O ct a h e dr a  c o nsist of o x y g e n i o ns i n t h e c or n er s a n d T M i o ns i n t h e mi d dl e. L a i o ns 

o c c u p y  e m pt y  s p a c es  b et w e e n o ct a h e dr a .  I n  a d diti o n  t o  a  f e w  s p e ci al  c as es  wit h  a  c u bi c 

str u ct ur e  [ 8 3], [ 8 4]. L o w -s pi n C o 3 +  c o nfi g ur ati o n m a k es L a C o O 3 , a di a m a g n eti c i ns ul at or at t h e 

l o w est  t e m p er at ur es. It  b e c o m es  m or e  m et alli c  at  t h e  hi g h est  t e m p er at ur e  w h er e  a n 

i nt er m e di at e-s pi n st at e is st a bili z e d at t h e C o 3 +  i o ns [ 8 5]. L a C o O 3  i n r a n g e fr o m  2 5 t o 1 2 5 ° C 

is  s e mi c o n d u ct or [ 7 4], [ 8 3].  I n cr e as e  of  t e m p er at ur e  a b o v e  1 2 5 ° C  c a us es  r a pi d  i n cr e as e  of 

c o n d u cti vit y. I n r a n g e 1 2 5 –  6 5 0 ° C c o n d u cti vit y i n cr e as e b y m a g nit u d e of t w o or d ers. I n r a n g e 

fr o m 6 5 0 t o 9 3 7 ° C i n cr e as e of c o n d u cti vit y l ess r a pi d a n d r e a c h fl at m a xi m u m. A b o v e 9 3 7 ° C 

c o n d u cti vit y d e cr e as e wit h i n cr e as e of t e m p er at ur e [ 8 3].  



 3 4  

 

2. 2. 4  C rist al st r u ct u r e of Y S Z m at e ri als  

Y S Z  is  zir c o ni u m  o xi d e  ( Zr O 2 )  d o p e d b y  yttri u m,  w hi c h  is  a  t h er m al  i ns ul at or  wit h  hi g h 

c h e mi c al st a bilit y.  

T his m at eri al o c c urs ( d e p e n di n g o n t h e a m o u nt of d o p a nt ) i n t h e f or m: 

- c u bi c ( m ost c o m m o n str u ct ur e ), 

- tetr a g o n al , 

- m o n o cli ni c . 

 
M art e nsiti c tr a nsf or m ati o n i n Zr O 2  e x cl u d es t his m at eri al fr o m m a n y a p pli c ati o ns d u e t o t h e 

c h a n g e i n v ol u m e d uri n g tr a nsf or m ati o n. T h er ef or e, it is p ossi bl e w a ys st a bili z e Zr O 2 . T his c a n 

b e  a c hi e v e d,  b y  i ntr o d u ci n g  t h e  a d diti o n  of  yttri u m,  w hi c h  st a bili z es  t h e  Zr O 2  str u ct ur e. 

S u bstit uti n g  Zr 4 +  i o ns b y Y3 + , i n cr e as e n u m b er of o x y g e n v a c a n ci es. T his l e a ds t o i n cr e as es of 

i o ni c  c o n d u cti vit y  of  t h e  m at eri al,  w hi c h  is  p arti c ul arl y  d esir a bl e  i n  g as  s e ns ors.  T h e  i o n 

c o n d u cti vit y of 8 Y S Z c o m p ar e d t o ot h er m at eri als is s h o w n o n Fi g 2 1. T h e cr yst al str u ct ur e 

d e p e n ds o n t h e c o nt e nt of Y 2 O 3  a d mi xt ur e, t h e m ost p o p ul ar v ari et y is t h e c u bi c str u ct ur e wit h 

9. 5 m ol % Y 2 O 3 . 

W e c a n disti n g uis h s e v er al cr yst all o gr a p hi c str u ct ur es:  

a)  C -Y S Z  ( C u bi c  Yttri u m  St a bili z e d  Zir c o ni a) - s oli d  s ol uti o n  Zr O 2  wit h  a n d o p a nt  of 

Y 2 O 3  i n  t h e  r a n g e  of  6 - 1 0  m ol %.  C u bi c  m at eri al  wit h  hi g h  i o ni c  c o n d u cti vit y  at 

t e m p er at ur es a b o v e 9 0 0° C  [ 7 5]. 

b)  P S Z - Zr O 2  s oli d s ol uti o n wit h Y 2 O 3  d o p a nt i n t h e r a n g e of 4 t o 5 m ol %. It is a mi xt ur e 

of c u bi c a n d t etr a g o n al p h as e, h as hi g h m e c h a ni c al str e n gt h  [ 8 6]. 

c)  T Z P - is t h e t hir d v ari a nt of t h e Zr O2  s ol uti o n wit h Y 2 O 3  d o p e i n t h e r a n g e of 1 – 3 m ol % 

Y 2 O 3 . It is a p ol y cryst alli n e m at eri al wit h a t etr a g o n al str u ct ur e, t h a n ks t o w hi c h it is 

c h ar a ct eri z e d b y e x c ell e nt m e c h a ni c al str e n gt h a n d r esist a n c e t o br e a ki n g, w hi c h is w h y 

it is oft e n c all e d c er a mi c st e el [ 8 7][ 8 8] –  [ 8 9]. 

I n all t y p es of Y S Z, i o ni c c o n d u cti vit y is a c c o m plis h e d b y o x y g e n v a c a n ci es. 



! S e !
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2. 3  P L D  M E T H O D  F O R T HI N FI L M S  D E P O SI TI O N  

T h er e  ar e  m a n y  m et h o ds  f or  pr o d u ci n g S E  f or  g as  s e ns or  a p pli c ati o n.  T h e  m ost  p o p ul ar 

m et h o ds ar e:  

–  sol g el  [ 2 1], 

–  scr e e n pri nti n g  [ 3 9], 

–  C V D  ( C h e mi c al V a p o ur D e p ositi o n) [ 9 2], 

–  P V D  (P h ysi c al v a p or d e p ositi o n ) [ 3 6]. 

 
I n t his w or k, t h e S E w er e pr o d u c e d usi n g t h e P L D m et h o d, w hi c h is o n e of t h e P V D m et h o d.  

T h e P L D m et h o d is o n e of t h e v a c u u m t e c h ni q u es. It d e p osits  a t hi n fil m d u e t o t h e a bl ati o n of 

t h e  t ar g et  b y  l as er.  I n  t his  m et h o d,  t h e  e n er g y  s o ur c e  (l as er)  is  l o c at e d  o utsi d e  t h e  w or ki n g 

c h a m b er, t h a n ks t o w hi c h it is p ossi bl e t o c arr y o ut t h e pr o c ess i n a hi g h v a c u u m or i n a g as 

at m os p h er e  [ 9 3]. T h e  P L D  m et h o d  o w es  its  p o p ul arit y  t o  t h e  a bilit y  t o  tr a nsf er  t h e 

st oi c hi o m etr y  of  t h e  t ar g et  m at eri al  t o  t h e  s u bstr at e,  hi g h  a p pli c ati o n  s p e e d  ( a p pr o x. 

0. 0 5  n m/ μs) a n d t h e a bilit y t o a p pl y a n y t y p e of m at eri al  (s e mi c o n d u ct ors, o xi d es, c ar bi d es, 

m et als,  a n d  e v e n  p ol y m ers).  D uri n g  t h e  pr o c ess,  t h e  m at eri al  c a n  b e  d e p osit e d  fr o m  s e v er al 

t ar g ets, w hi c h all o ws o bt ai ni n g fil ms of c o m pl e x c h e mi c al c o m p ositi o n. As a r es ult of c h a n gi n g 

pr o c ess p ar a m et ers, t h e pr o p erti es  of t h e m at eri al o bt ai n e d c a n b e si g nifi c a ntl y m o difi e d, f or 

e x a m pl e  r e g ar di n g str ess , t e xt ur e, r efl e cti vit y, m a g n eti c pr o p erti es , gr ai n si z e , a n d m or p h ol o g y . 

P ar a m et ers of P L D pr o c ess c a n b e di vi d e d i nt o s e v er al gr o u ps:  

–  l as er  p ar a m et ers ( w a v el e n gt h,  p uls e  l e n gt h,  fr e q u e n c y,  n u m b er  of  s h ots,  e n er g y 

d e nsit y ), 

–  t ar g et (t ar g et r o u g h n ess, dist a n c e b et w e e n t h e t ar g et a n d s u bstr at e , t ar g et r ot ati o n s p e e d, 

t h er m al c o n d u cti vit y, m elti n g p oi nt), r ast er, 

–  pr o c ess  p ar a m et ers:  t e m p er at ur e, g as pr ess ur e i n c h a m b er.  

P L D a p ert ur e  c o nsists of t h e f oll o wi n g el e m e nts  (s e e  Fi g ur e 2 0 ): 

1. L as er —  r e g ar dl ess of t h e t y p e of l as er, w e c a n disti n g uis h t h e b asi c el e m e nts as : 

–  a n a cti v e m e di u m is a st or e h o us e of at o ms, i o ns or p arti cl es t h at g e n er at e r a di ati o n as a 

r es ult of e x cit ati o n, 

–  a  p u m pi n g s yst e m w h os e t as k is t o e x cit e t h e a cti v e m e di u m , 

–  th e o pti c al r es o n at or str e n gt h e ns t h e r a di ati o n g e n er at e d a n d f or ms a b e a m , 

–  c o oli n g s yst e m , 
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–  e l e ctri c al s u p pl y s yst e m. 

 

2.  S u p p orti n g str u ct ur e c o v eri n g:  

–  p r o c ess c h a m b er,  

–  rot ati n g s u bstr at e t a bl e , 

–  rot ati n g t a bl e f or t ar g ets, 

–  h e at er , 

–  q u art z wi n d o w . 

 

Fi g ur e 2 0 . P L D A p ert ur e  [ 9 4]. 

I n P L D  m et h o d  m ost  c o m m o n  ar e  N d -Y A G  a n d  e x ci m er.  T y p e  of  l as er  d et er mi n e  n ot  o nl y 

w or ki n g  pri n ci pl e  b ut  als o  effi ci e n c y  a n d  m ost  i m p ort a ntl y  w a v el e n gt h  o p er ati o n,  diff er e nt 

l as er s p e cifi c ati o n ar e pr es e nt e d i n T a bl e 6 . 

T a bl e 6 . L as er s p e cifi c ati o n [ 9 5]. 
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I n N d -Y A G  L a ser –  a cti v e  m e di u m  is  r o d  s h a p e d s oli d  cr yst al N d 3 + :Y 3 Al 5 O 1 2 .  L as er h a v e 

c e ntr al w a v el e n gt h of 1 0 6 4  n m , b ut wit h us e of diff er e nt h ar m o ni c it c a n b e c h a n g e d i n r a n g e 

fr o m 26 6  t o 1 0 6 4 n m . It is o n e of t h e m ost p o p ul ar hi g h-p o w er l as er  [ 9 5] .Li g ht b e a m c a n b e 

d eli v er e d  b y fl e xi bl e o pti c al fi b er s w hi c h is gr e at a d v a nt a g e  o v er C O 2  l as er. S c h e m e  of N d -

Y A G  l as er is pr es e nt e d in Fi g ur e 2 1 .  

 

Fi g ur e 2 1 . S c h e m e of a N d: Y A G l as er  [ 9 5]. 

It c a n wor k i n t w o m o d es: p uls e  a n d  c o nti n u o us . I n p uls e m o d e e q ui p p e d wit h q -s wit c h d ur ati o n 

of p uls e c a n b e  s e v er al ns. I n c o nti n u o us m o d e p uls e d ur ati o n c a n r e a c h 1 5 0  ns.  Us e X e n o n 

fl as h l a m ps c a n l e a d t o l o w b e a m q u alit y. T h er m al h e ati n g of o pti c al el e m e nts c a us es t h er m al 

l e nsi n g a n d bir efri n g e n c e eff e cts w hi c h h a v e n e g ati v e i m p a ct o n b e a m q u alit y [ 9 6] [ 9 7] –  [ 9 8]. 

T h os e dis a d v a n t a g es ar e r e d u c e d b y d e v el o p m e nts of di o d e-p u m p e d s yst e ms  [ 9 9]. P o w er i n 

p uls e m o d e c a n r e a c h 2 0 k W a n d e n er g y t o 1 2 0 J . A v ail a bilit y m a d e N d -Y A G v er y p o p ul ar i n 

m a n y  a p pli c ati o ns  li k e:  p ar a m etri c  st u d y  [ 9 9][ 1 0 0] –  [ 1 0 1],  o pti mi zi n g  m a n uf a ct uri n g 

p ar a m et ers  [ 1 0 2], [ 1 0 3]. 

E x ci m e r l as e r  –  b el o n gs t o i o ni c l as ers gr o u p.  T h e a cti v e m e di u m of t h es e l as ers ar e g as es e. g.  

X e Cl, Kr F . E x cit e d di m er is g as mi xt ur e of n o bl e g as es ( Ar, Kr, X e) wit h h al o g e n a n d b uff er 

g as ( N e, H e). W a v el e n gt h  d e p e n ds o n us e d g as mi xt ur e ( T a bl e 7 ). Ar F, Kr F, a n d X e Cl l as ers 

ar e t h e m ost p o p ul ar e x ci m er l as ers i n i n d ustr y [ 1 0 4]. 
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T a bl e 7 . E x ci m er l as er c h ar a ct eristi c . 

L as e r m e di u m  W a v el e n gt h  
( n m) 

O ut p ut e n e r g y p e r 
p uls e ( J)  

A v e r a g e o ut p ut p o w e r ( W)  

A r F  1 9 3  0. 2 –  0. 3  1 0  

K r Cl  2 2 2  0. 0 3  1  

K r F  2 4 8  0. 3 –  0. 4  1 8  

X e Cl  3 0 8  0. 0 8 –  0. 2  8  

X e F  3 5 1  0. 0 8 –  0. 1 5  7  

 

E x ci m er l as er c o nsists  i n a p u m p s o ur c e, a g ai n m e di u m a n d a n o pti c al r es o n at or . T h e g ai n 

m e di u m is p u m p e d b y el e ctri c al c urr e nt.  

 

Fi g ur e 2 2 . S c h e m e  of e x ci m er l as er  [ 9 5]. 

E x ci m er l as er c a n w or k o nl y  i n p uls e m o d e, wit h p uls e d  d ur ati o n of 1 0 –  3 0 0  ns a n d e n er g y u p 

t o 2  J wit h a fr e q u e n c y of u p t o 1 k H z  i n r a n g e of U V li g ht. O n e of t h e bi g a d v a nt a g es  of t his 

l as er t y p e is hi g h effi ci e n c y ( 0.3 %)  a n d p ossi bilit y of r e a c hi n g  hi g h e n er g y i n U V r a n g e  w hi c h 

is gr e at i m p ort a n c e b e c a us e m ost of t h e m at eri als i n t his h a v e hi g h a bs or pti vit y i n t his r a n g e  

[ 1 0 5]. O n e of dr a w b a c k  of t his l as er  is o n e p ossi bl e w or ki n g fr e q u e n c y d e p e n d e d of us e d g as. 

B e c a us e  i n l as ers us e d i n P L D pr o c ess  is r e q uir e d hi g h  e n er g y d e nsit y ( M W/ c m 2 ), cr e ati o n of 

hi g h  d e nsit y  of pl a nti n g  is  r e q uir e d.  Pr o c ess is hi g hl y  u nst a bl e  a n d  dis c h ar g e  l ast  c o u pl e 

n a n os e c o n ds .  It is r e ali z e d b y  hi g h v olt a g e  s wit c h, u nf ort u n at el y  t his  is  m ai n  c a us e  of  l as er 

br e a k d o w n  w hi c h  m a k es  t h e m  diffi c ult  t o  m ai nt ai n .  I n e x ci m er  l as er  li g ht  c o h er e n c e ( b e a m 

q u alit y)  is  l o w er  t h a n  i n  N d-Y A G  l as er. G as es  us e d  i n e x ci m er  l as ers  ar e  hi g hl y  c orr osi v e, 

d a n g er o us, e x p e nsi v e a n d t h e y c a n w or k f or s h ort a m o u nt of ti m e  a n d t h e y h a v e hi g h r u n ni n g 

c ost  [ 1 0 6].  
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c.)  fi n al st a g e is pl as m a s hift b y a v el o cit y v e ct or p er p e n di c ul ar t o t h e s urf a c e of t h e t ar g et  

(s e e Fi g ur e 2 3 ). 

As r es ult of a bl ati o n pr o c ess o n s urf a c e, t hi n fil m is d e p osit e d w hi c h str u ct ur e d e p e n ds a m o n g 

ot h ers  o n  t ar g et  m elti n g  t e m p er at ur e,  g as  pr ess ur e  a n d  pr o c ess  t e m p er at ur e .  L a y er  str u ct ur e 

m o d el d e p osit e d i n v a c u u m wit h pr es e n c e of pl as m a w as d es cri b e d b y T h ort o n  (s e e Fi g ur e 2 4 ). 

 

Fi g ur e 2 4 . Str u ct ur e -z o n e di a gr a m f or t hi n fil ms b y T h or n t o n [ 1 0 7]. 

C h ar a ct eristi c  z o n e f or P L D m et h o d is a tr a nsiti o n z o n e wit h a c ol u m n ar str u ct ur e i n t h e r a n g e 

0 1 t o 0 3 T/ T m .  

 

Fi g ur e 2 5 . S c h e m ati c t hr e e -z o n e m o d el f or t h e t e m p er at ur e d e p e n d e n c e of t h e gr o wt h t hi n fil ms. Ts ⁄  T m r e pr es e nts 
t h e r ati o of t h e s u bstr at e t e m p er at ur e t o t h e m elti n g p oi nt [ 1 0 8]. 
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L o w pr o c ess t e m p er at ur e c a n c a us e d e p ositi o n of a m or p hi c  t hi n fil ms. As J ur usi k et. a l. pr o v e d 

la y ers of  C d 2 A s 2  d e p osit e d  at  t e m p er at ur e  T s/ Tm < 0, 4 w er e  a m or p h o us  (s e e Fi g ur e 2 5 ), 

c o nsisti n g  s p h eri c al  or el o n g at e d  fi br o us  gr ai ns  or  wit h  l ar g e  n u m b er  of  p or es,  c a viti es. 

A m or p hi c str u ct ur e i n I z o n e w as als o r e p ort e d i n s e mi c o n d u ct or f or e x a m pl e g er m a ni u m fil ms. 

Tr a nsiti o n t e m p er at ur e is i nfl u e n c e d b y b as e  pr ess ur e i n v a c u u m c h a m b er  [ 1 0 9], [ 1 0 8]. 

 

 

Fi g ur e 2 6 . I m p a ct of pr o c ess p ar a m et ers o n t hi n fil ms str u ct ur e [ 6 5]. 

T hi n fil ms d e p osit e d i n l o w pr ess ur e a n d l o w t e m p er at ur e c h ar a ct eri z e b y d e ns e p ol y cr yst al 

str u ct ur e d u e t o hi g h S urf a c e diff usi o n ( Z o n e A in Fi g ur e 2 6 ). I n cr e as e of t h e t e m p er at ur e ( Z o n e 

B in Fi g ur e 2 6 ) c a us e cr e ati o n of str o n gl y or d er e d c ol u m ns wit h d e ns e str u ct ur e.  T hi n fil ms 

d e p osit e d i n hi g h pr ess ur e a n d hi g h t e m p er at ur e h a v e c ol u m n ar gr ai ns at t h e e ntir e cr oss s e cti o n 

of fil m. S urf a c e diff usi o n is l o w er t h a n i n r e gi o n a n d s h a d o wi n g eff e ct is pr es e nt ( Z o n e C  in 

Fi g ur e 2 6 ). R e gio n D is t y pi c al f or c ol u m n ar gr o wt h c o nt ai n l o os el y p a c k e d cl ust er of at o ms 

wit h p or es. T h e i nfl u e n c e of t h e b e a m e n er g y o n t h e ki n eti c e n er g y of t h e d e p osit e d p arti cl es is 

s m all,  h o w e v er,  t h e  us e  of  g as  i n  t h e  w or ki n g  c h a m b er  h as  a  m u c h  str o n g er  eff e ct  o n  t h eir 

e n er g y a n d t h us o n t h e str u ct ur e of t h e fil ms. D uri n g t h e gr o wt h of o xi d e fil ms, t h e pr es e n c e of 

o x y g e n i n t h e c h a m b er is n e c ess ar y t o cr e at e a l a y er wit h s uffi ci e nt o x y g e n. A 0. 3  m b ar o x y g e n 

pr ess ur e is r e q uir e d t o pr o d u c e t h e p er o vs kit e str u ct ur e at hi g h t e m p er at ur e. D u e t o t h e pr es e n c e 

of g as, t h e e n er g y of t h e p arti cl es c a n b e r e d u c e d e v e n t o 1  e V d u e t o c ollisi o ns of t h e dis k 

p arti cl es  ( pl as m a  cl o u d)  wit h  g as  at o ms.  T h e  pr o b a bilit y  of  c ollisi o n  of  hi g h -e n er g y  i o ns  is 

hi g h er, w hi c h m a y r es ult i n t h e ej e cti o n of t h e i o n fr o m t h e pl as m a cl o u d, w hil e i o ns wit h l o w er 

G as Pr ess ur e  

Te
m
pe

ra
t
ur

e
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e n er gi es m or e oft e n r e a c h t h e s urf a c e of t h e s u bstr at e wit h o ut c ollisi o n wit h g as at o ms  [ 9 3].  As 

a r es ult of t h e i n cr e as e i n t h e w or ki n g g as pr ess ur e, t h e pl as m a gr o wt h a n d r e a cti o n wit h t h e 

w or ki n g  g as  is  i n hi bit e d,  w hi c h  i n  t ur n  r e d u c es  t h e  e n er g y  of  p arti cl es  i n  t h e  pl as m a  cl o u d. 

C h a n g es i n t h e e n er g y of t h e p arti cl es aff e ct t h e str u ct ur e a n d t e xt ur e of t h e l a y er. T h er ef or e, 

t h e  l as er  b e a m  en er g y  a n d  w or ki n g  g as  pr ess ur e  m a y  all o w  c o ntr olli n g  t h e  str u ct ur e  of  t h e 

o bt ai n e d fil ms. All of t h e a b o v e p ar a m et ers aff e ct l a y er gr o wt h pr o c ess es.  
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2. 4  O B J E C TI V E A N D T H E SI S O F W O R K  

B e ari n g i n mi n d t h e l at est r e p orts i n t h e lit er at ur e, i n t his w or k t h e m ai n  p ur p os e w as t o a n al y z e 

t h e str u ct ur e a n d pr o p erti es of t hi n fil ms L a C o O3  a n d L a F e O 3  d e p osit e d b y P L D m et h o d as 

s e nsi n g el e ctr o d e f or el e ctr o c h e mi c al a n d r esist a n c e s e ns ors. L a C o O 3  a n d L a F e O 3  w er e c h os e n 

as  t h e  s e nsi n g  el e ctr o d e  m at eri al  d u e  t o  t h eir  p ot e n ti al  us e  i n  i n d ustr y,  c h e mi c al  st a bilit y  at 

el e v at e d t e m p er at ur es, l o n g lif e, a n d s e nsiti vit y  t o w ar d p oll uti n g g as es. T h e t hi n fil ms will b e 

us e d as t h e s e nsi n g el e ctr o d e i n r esist a n c e a n d p ot e nti o m etri c s e ns ors. I n r esist a n c e s e ns ors, 

s urf a c e  d e v el o p m e nt h as  str o n g  i m p a ct  o n  t h e  s e nsi n g  pr o p erti es  of  g as  s e ns or,  si n c e  all 

a ds or pti o n  a n d  d es or pti o n  p h e n o m e n a  o c c ur  o n  t h e  s urf a c e  o nl y  at  a  d e pt h  of  7  n m.  I n 

p ot e nti o m etri c s e ns ors, n ot o nl y t h e s e nsi n g el e ctr o d e m at eri al b ut als o t h e el e ctr ol yt e m at eri al 

pl a y s a n i m p ort a nt r ol e. B e c a us e  th e g as r e a cti o n ( c h ar g e e x c h a n g e) o c c urs o n T P B (t hr e e p h as e 

b o u n d ar y). Si ( 1 0 0), Y S Z 9 5 ( 1 0 0) a n d Y S Z -3 5 s u bstr at es w er e us e d i n t his w or k. I n b ot h c as e 

s u bstr at e a n d S E m at eri al h as bi g i nfl u e n c e o n pr o p erti es . T h e Si s u bstr at e w as us e d as r ef er e n c e 

s u bstr at e.  Y S Z -9 5  s u bstr at e  wit h  c u bi c  str u ct ur e  a n d  ori e nt ati o n  ( 1 0 0)  is  oft e n  us e d  i n 

el e ctr o c h e mi c al p ot e nti o m etri c s e ns ors, w hil e t h e Y S Z -3 5 h as a t etr a g o n al t y p e str u ct ur e a n d 

v er y  g o o d  m e c h a ni c al  pr o p erti es,  it  is  oft e n  c all e d  c er a mi c  st e el.  T h e  c o n c e pt  of  t h e  w or k 

ass u m e d  t h e  p ossi bilit y  of  r e pl a ci n g  t h e  Y S Z -9 5  m o n o cr yst alli n e  s u bstr at e  wit h  t h e 

p ol y cr yst alli n e Y S Z -3 5 s u bstr at e, w hi c h is m or e r esist a nt t o d a m a g e. T h e m ai n p ot e nti o m etri c 

s e ns ors ar e b as e d o n t hi c k c o ati n gs i n t h e mi cr o m et er r a n g e, b ut r es e ar c h c o n d u ct e d b y U e d a 

et al. [ 3 7] s h o w e d t h at als o t hi n fil ms ( 2 5 0 n m) c a n b e us e d as s e nsi n g el e ctr o d e. T h er ef or e, 

a ut h or  m a d e  att e m pt  t o  pr o d u c e  t hi n  n a n o m etri c  l a y er  f or  a p pli c ati o n  as  r esist a n c e  a n d 

el e ctr o c h e mi c al s e ns ors.  

T a ki n g it i n t o c o nsi d er ati o n  i n t his t h esis a ut h or d e ci d e d t o pr o d u c e t hi n fil ms wit h n a n o m etri c 

gr ai ns b y P L D m et h o d usi n g diff er e nt s u bstr at es ( Si, Y S Z) a n d t w o s e nsi n g m at eri als L a F e O 3  

a n d L a C o O 3 . T h e s e ns ors w er e t est e d t o s e nsiti v e t o w ar ds N O2 . 

R e ali z ati o n of t h e ass u m e d g o al r e q uir e d:  

–  s el e cti o n of d e p ositi o n p ar a m et ers ( P L D m et h o d),  

–  s el e cti o n of s u bstr at e (s oli d el e ctr ol yt e i n el e ctr o c h e mi c al g as  s e ns ors),  

–  str u ct ur e a n al ysis b y m e a ns of: X R D, S E M, A F M, T E M, X P S,  

–  m e as ur e m e nts of s e nsiti vit y a n d r es p o ns e ti m e i n N O 2  pr es e n c e,  
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B a s e d o n t h e s et g o als, t h es es w er e f or m ul at e d:  

1.)  It  is  p ossi bl e  t o  pr o d u c e  t hi n  fil ms  wit h  n a n o m etri c  gr ai ns  b y  P L D  m et h o d  s e nsiti v e 

t o w ar ds N O2 . 

2.)  C -Y S Z as a s oli d el e ctr ol yt e c a n b e r e pl a c e d b y T Z P.  

 
T h e  fil ms  as  el e ctr o d es  will  b e  d e p osit e d  o n  t w o  t y p es  of s u bstr at e,  w hi c h  is  a n  a d diti o n al 

c o g niti v e c h ar a ct er b e c a us e t h e y pr o vi d e k n o wl e d g e n ot o nl y r e g ar di n g t h e i nfl u e n c e of t h e 

m or p h ol o g y of m e as uri n g el e ctr o d es b ut als o t h e i nfl u e n c e of t h e Y 2 O 3  d o p a nt o n t h e pr o p erti es 

of t h e s e ns or. T h e o bt ai n e d r es ults will c o ntri b ut e t o t h e br o a d e ni n g of k n o wl e d g e i n t h e fi el d 

of el e ctr o c h e mi c al s e ns ors, w hi c h will all o w t o i m pr o v e c urr e ntl y us e d s e ns ors of o n e of t h e 

m or e t o xi c N O x  g as es.  
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3  M E T H O D O L O G Y  A N D R E S E A R C H T E C H N I Q U E S . 

I n  t his  s e cti o n,  t h e  el a b or ati o n  of  t hi n  fil ms  b y  P L D  is  d es cri b e d,  as  w ell  as  t h e  diff er e nt 

c h ar a ct eri z ati o n t e c h ni q u es us e d i n t his w or k.  

3. 1  T HI N FI L M D E P O SI TI O N  

3. 1. 1  T a r g et p r e p a r ati o n 

L a C o O 3   t ar g ets  w er e  m a d e  b y  p o w d er  m et all ur g y,  L a F e O3   t ar g et  w as  p ur c h as e d  i n  K urt  J. 

L es k er C o m p a n y. 

T ar g et L a C o O 3  w as m a d e b y m e c h a ni c al all o yi n g i n a b all mill fr o m p o w d ers L a2 O 3  a n d C o3 O 4  

wit h  r ati o 1: 3. Pr o c ess p ar a m et ers ar e pr es e nt e d i n T a bl e 8.  

T a bl e 8 P ar a m et ers of m e c h a ni c al all o yi n g pr o c ess . 

M at e ri al  
M illi n g ti m e 

( h) 
I nt e r v al  
(mi n ) 

R ot ati o n s p e e d  
(r p m ) 

L a C o O 3  3 0  2 0  6 5 0  

Pr e p ar ati o n st a g es of t ar g et L a C o O 3 : 

-  B all milli n g pr o c ess es,

- h e ati n g pr o c ess at 7 0 0 ° C f or 4 h o urs,

- p ell et o bt ai n e d u n d er pr ess ur e,

- si nt eri n g pr o c ess c arri e d o ut at a t e m p er at ur e of 1 3 5 0 ° C f or a p eri o d of 1 0 h o urs,

- c o oli n g i n f ur n a c e.

3. 1. 2  T hi n fil ms p r e p a r ati o n 

I n t his w or k w er e us e d 3 t y p es of s u bstr at es: 

– Si ori e nt ati o n ( 1 0 0),

– C- Y S Z 9. 5 ori e nt ati o n ( 1 0 0) – C u bi c str u ct ur e,

– T- Y S Z 3. 5 – T etr a g o n al str u ct ur e.

T h e di m e nsi o n of s u bstr at es a n d pr e p ar ati o n pr o c ess b ef or e P L D d e p ositi o n ar e s u m m ari z e d i n 

T a bl e 9. 

T a bl e 9 S a m pl e pr e p ar ati o n f or P L D pr o c ess. 

M at e ri a l Di m e nsi o ns  
Cl e a ni n g i n a c et o n e i n 

ult r as o ni c cl e a n e r  
D r yi n g  

Si  1 0  m m x 1 0  m m  x 1 m m  X X 

Y S Z 9, 5  1 0  m m x 1 0  m m  x 1 m m  X X 

Y S Z 3, 5  1 0 0  m m x 1 0 0  m m  x 0, 1 m m  X X 
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B ef or e t h e d e p ositi o n pr o c ess, t h e s u bstr at e w as w as h e d i n a c et o n e i n a n ultr as o ni c cl e a n er  f or 

1 5 mi n, t h e n air dri e d. T h e n s u bstr at es w er e i nst all e d i n t h e P L D c h a m b er. D u e t o si z e, Y S Z 

3 ,5  w as  pr e v i o usl y  c ut  t o  1 0  b y 1 0  m m pi e c es usi n g  a  di a m o n d  s a w.  I n T a bl e 1 0 , P L D 

p ar a m et ers ar e s h o w n.  

T a bl e 1 0 . P L D p ar a m et ers . 

P a r a m et e r  V al u e  

E n er g y  9 0 mJ  

T ar g et –  s u bstr at e dist a n c e  7 0 m m  
S h ots i n pr e -a bl ati o n  
(t ar g et s urf a c e cl e a ni n g) pr o c ess 

1 0 0 0 0  

S h ot fr e q u e n c y  1 0 H z  

V a c u u m pr ess ur e  5 * 1 0 -6  P a  

N u m b er of s h ots  9 0 0 0 0  

T e m p er at ur e  7 5 0 ° C, 8 5 0 ° C, 1 0 0 0 ° C  
G as pr ess ur e ( O 2 ) 4 0 m T orr  

 

As m at eri al f or s e nsi n g el e ctr o d es ( S E) w er e c h os e n L a C o O 3  a n d L a F e O 3  p er o vs kit es . I n t his 

w or k t h e f oll o wi n g s a m pl e n a m es w er e pr o p os e d: m at eri al -t e m p er at ur e-s u bstr at e f or e x a m pl e 

L a C o O 3 -7 5 0 -Si as S E w as us e d t hi n fil m of L a C o O 3  d e p osit e d at 7 5 0 ° C o n Si ( 1 0 0).  T a bl e 1 1  

a n d T a bl e 1 2  s u m m ari z e t h e list of s a m pl es t h at will b e e x a mi n e i n t his r es e ar c h w or k.  

T a bl e 1 1 . S a m pl e list of L a F e O 3  

S u bst r at e  
D e p ositi o n T e m p e r at u r e  °° C  

7 5 0  8 5 0  1 0 0 0  
Si  X  X  X  

Y S Z -9 5  X  X  X  

Y S Z -3 5  X  X  —  

 

T a bl e 1 2 . S a m pl e list of L a C o O 3 . 

S u bst r at e  
D e p ositi o n T e m p e r at u r e  °° C  

7 5 0  8 5 0  1 0 0 0  
Si  X  X  X  

Y S Z -9 5  X  X  X  

Y S Z -3 5  X  X  —  
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3. 2  R E S E A R C H T E C H NI Q U E S  

T o  a c hi e v e  t h e  ass u m e d  g o als  s e v er al  r es e ar c h  t e c h ni q u es  w er e  us e d.  T o  a n al y z e  p h as e 

c o m p ositi o n  a n d  t o  o bt ai n  i nf or m ati o n  o n  c ell  p ar a m et ers,  X R D  i n  gr a zi n g  i n ci d e n c e  w as 

p erf or m e d o n t hi n fil ms. S urf a c e m or p h ol o g y w as e x a ni m at e d b y m e a ns of A F M a n d S E M. 

I nf or m ati o n a b o ut t h e s h a p e of t h e gr ai ns, t h e e x p os e d cr yst all o gr a p hi c pl a n es, as w ell as t h e 

c h e mi c al  c o m p ositi o n  w er e  c oll e ct e d  o n  cr oss -s e cti o n  s a m pl es  b y  m e a ns  of  X P S,  T E M  a n d 

H R E M. T h e r e a cti vit y of t hi n fil ms t o w ar ds N O 2  w as st u di e d t hr o u g h r esist a n c e m e as ur e m e nts 

a n d el e ctr o c h e mi c al t ests.  

3. 2. 1  X -R a y Diff r a cti o n  

T h e X -r a y diffr a ct o m et er P A N a n al yti c al E M P Y R E A N D Y 1 0 6 1, e q ui p p e d wit h C u K α l a m p, 

w as us e d. T h e r a di ati o n of t h e c o p p er l a m p w as λ K α 1  = 1. 5 4 0 6 0 Å a n d λ K α 2  = 1. 5 4 4 4 3  Å . 

X -r a y a n al ysis w as c arri e d o ut wit h t h e f oll o wi n g p ar a m et ers: 

–  fi x e d i n ci d e n c e a n gl e α = 0. 7; 1; 3 º, 

–  a n g ul ar r a n g e: 2 θ = 2 0 –  8 0  º, 

–  m e as ur e m e nt st e p: ∆ 𝐶  = 0. 0 3 ° , 

–  ste p ti m e: t = 2 0 s . 

Hi g hs c or e  s oft w ar e  w as  us e d  f or p h as e  a n al ysis.  Cr yst allit e  si z e  a n d  c ell  p ar a m et ers  w er e 

o bt ai n e d usi n g t h e M A U D r efi n e m e nt pr o gr a m.  

3. 2. 2  S c a n ni n g El e ct r o n Mi c r os c o p y  

F or S c a n ni n g El e ctr o n Mi cr os c o p y,  th e Z eiss S u pr a 4 0 mi cr os c o p e  w as us e d. T h e f oll o wi n g 

p ar a m et ers w er e us e d f or i m a gi n g: I n L e ns d et e ct or, a c c el er ati n g v olt a g e i n t h e r a n g e of 5  k V 

t o 1 5 k V . 

3. 2. 3  At o mi c F o r c e Mi c r os c o p y  

F or  s urf a c e  a n al ysis,  t h e  V e e c o  Di m e nsi o n  I c o n  T M  S P M  mi cr os c o p e  w as  us e d.  R es ults 

a n al ysis w as c arri e d o ut usi n g t h e N a n os c o p e V s oft w ar e. T h e t ests w er e c o n d u ct e d i n t h e s c a n 

assist m o d e, t h e si z e of t h e t est s urf a c e  v ari e d  fr o m 1 0 0 n m t o 2 µ m  wit h a sc a n ni n g fr e q u e n c y 

1 H z  a n d  n u m b er of li n es fr o m 1 2 8 t o 2 0 4 8.  

3. 2. 4  T r a ns missi o n E l e ct r o n M i c r os c o p y 

T w o  tr a ns missi o n  mi cr os c o p es  w er e  us e d  i n  t his  r es e ar c h  w or k.  T h e  T E M  T e c n ai  2 0 0  k V, 

l o c ate d at t h e U ni v ersit y of T o ul o n, wit h a p oi nt t o p oi nt r es ol uti o n of 0. 2 5 n m, e q ui p p e d wit h 

a 4 K ultr a -f ast O n e vi e w c a m er a all o wi n g c o n v e nti o n al i m a gi n g of t hi n fil ms. At A G H, t h e 
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Tit a n C u b e d 2 6 0 -3 0 0 ( F EI) i n t h e S T E M -H A A D F s c a n ni n g a n d tr a ns missi o n m o d e all o w e d 

at o mi c r es ol v e d  c h e mi c al c o m p ositi o n a n al ysis of t hi n fil ms. 

Cr oss -s e cti o ns  f or T E M w er e m a d e usi n g 3 m et h o ds:  c o n v e nti o n al, tri p o d a n d FI B  

3. 2. 4. 1   C o n v e nti o n al m et h o d  

S a m pl e  pr e p ar ati o n  s c h e m e  usi n g  t h e  c o n v e nti o n al  m et h o d, i. e.  M e c h a ni c al  t hi n ni n g 

f oll o w e d b y di m pli n g a n d i o n milli n g, is s h o w n in Fi g ur e 2 7 . T h e s a m pl es w er e c ut wit h a 

di a m o n d s a w i nt o 2 m m wi d e stri ps, t h e n t h e sli c es w er e p ut f a c e t o f a c e i nt o a br ass pi p e 

fill e d wit h G at a n gl u e. I n or d er t o c ur e t h e gl u e, t h e pi p e w as h e at e d t o 1 0 0° C a n d h ol d f or 

1  h o ur. Aft er t h e gl u e dri e d, t h e t u b e w as c ut i nt o sli c es wit h a t hi c k n ess of a b o ut 5 0 0 µ m 

wit h a di a m o n d s a w. T h e dis cs o bt ai n e d i n t his w a y w er e gl u e d t o Dis c Gri n d er pl ot a n d 

p olis h e d  wit h  a br asi v e  p a p ers  fr o m  8 0 0  t o  4 0 0 0  gr a d ati o ns.  Aft er  t h e  i niti al  p olis hi n g 

pr o c ess w as c o m pl et e d, pl asti c p olis hi n g dis cs wit h di a m o n d p arti cl es gr a di n g fr o m 3 µ m 

t o 0. 1 µ m w er e us e d. T h e s a m pl e pr e p ar e d i n t his w a y w as pl a c e d i n t h e Di m pl er. As a 

r es ult of t h e w h e el r ot ati o n, a c a vit y w as f or m e d i n t h e s a m pl e. Aft er r e a c hi n g a m at eri al 

t hi c k n ess of a b o ut 2 0 µ m, t h e s a m pl e w as pl a c e d i n a G at a n PI P S, p ar a m et ers ar e pr es e nt e d 

i n Fi g ur e 2 7 Bł ą d! Ni e m o ż n a o d n al e ź ć ź r ó dł a o d w oł a ni a. . 
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3. 2. 6  R esist a n c e m e as u r e m e nts  

T h e st u d y of el e ctri c al pr o p erti es w as c arri e d o ut at t h e U ni v ersit y of T o ul o n i n t h e I M 2 N P 

l a b or at or y. T h e el e ctri c al r esist a n c e m e as ur e m e nts  w er e p erf or m e d usi n g a n el e ctr o ni c i nt erf a c e 

r el at e d t o t h e c o m p ut er. T h e w h ol e e x p eri m e nt w as c o ntr oll e d a n d m o nit or e d b y a c o m p ut er 

all o wi n g t o s a v e d at a. L a F e O 3  a n d L a C o O 3  s a m pl es w er e st u di e d  u n d er t h e f oll o wi n g g as es: 

N O 2 ,  C O,  N H3 .  T h e  t ests  w er e  c arri e d  o ut  i n  t h e  te m p er at ur e  r a n g e  fr o m  2 5 t o  4 5 0° C.  A 

s c h e m ati c  of t h e r esist a n c e t est ap p a ra t us is s h o w n i n Fi g ur e 2 9 . 

 

Fi g ur e 2 9 . S c h e m ati c of t h e r e sist a n c e g as e x p eri m e nt  [ 1 1 2]. 

R esist a n c e t ests w er e c arri e d o ut i n a c h a m b er wit h a v ol u m e  of  n e arl y 1 lit er.  G as fl o w w as 

2 0 0  ml/ mi n . A K et hl e y  6 5 1 7  el e ctr o m et er  a n d L a b vi e w s oft w ar e  all o w e d  t o  m o nit or  t h e 

r esist a n c e c h a n g es of t h e S E i n pr es e n c e of g as es. Diff er e nt g as c o m p ositi o n w as o bt ai n e d b y 

mi xi n g N O 2  wit h artifi ci al air usi n g M K S fl o w c o ntr oll ers.   

S a m pl es b ef or e w er e t est e d i n g as pr es e n c e wit h us e t w o diff er e nt c o nt a ct m et h o d : 

P h ysi c al  c o nt a ct m et h o d  —  T h e m e as ur e m e nts w er e c arri e d o ut b y pr essi n g 2 n e e dl es t o t h e 

s a m pl e s urf a c e. T his m et h o d is c h ar a ct eri z e d b y hi g h s e nsiti vit y t o vi br ati o ns, w hi c h m a y c a us e 

t h e n e e dl e t o m o v e a n d t h us c h a n g e t h e p ositi o n of t h e b as eli n e. I n or d er t o eli mi n at e t h es e 

pr o bl e ms,  t h e a ut h or d e v el o p e d ot h er el e ctri c al c o nt a cts.  
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Fi g ur e 3 1 . Pr e p ar e d  sa m pl e f or r esist a n c e m e as ur e m e nts  a) T o p vi e w b ) cr oss-s e cti o n  

 

3. 2. 7  El e ct r o c h e mi c al m e as u r e m e nts  

T h e t ests w er e c arri e d o ut at A G H i n t h e M at eri al S ci e n c e a n d C er a mi cs D e p art m e nt. D u e t o 

t h e diff er e nt c o nfi g ur ati o n of t h e el e ctr o c h e mi c al s e ns or fr o m t h e r esist a n c e s e ns or , t h e s a m pl e 

pr e p ar ati o n pr o c ess w as diff er e nt. A pl ati n u m p ast e w as a p pli e d t o t h e s a m pl e i n t h e c e nt er  of 

S E a n d i n t h e c a nt er  of t h e s u bstr at e ( s e e  Fi g ur e 3 2 ), a pl ati n u m wir e w as a d diti o n all y att a c h e d 

t o t h e el e ctr o d e o n S E, e n a bli n g c o n n e cti o n t o t h e m e as uri n g a p p ar at us. T o fir e t h e el e ctr o d es, 

t h e s a m pl e w as pl a c e d i n a f ur n a c e at 8 5 0 ° C. T h e s a m pl e pr e p ar e d i n t his w a y w as gl u e d b y 

C er a m a b o n d 5 5 2 gl u e t o t h e Al 2 O 3  t u b e.  

 

Fi g ur e 3 2 . F ull y e q ui p p e d  el e ctr o c h e mi c al g as s e ns or  
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4  S T R U C T U R A L  C H A R A C T E R I Z A T I O N  

4. 1  S T R U C T U R A L C H A R A C T E RI Z A TI O N O F L A C O O 3  T HI N FI L M S . 

4. 1. 1  L a C o O 3  t hi n fil ms o n Si ( 1 0 0) s u bst r at e 

T h e X- R a y diffr a cti o n of L a C o O 3 - T- Si fil ms w as c arri e d o ut i n gr a zi n g g e o m etr y at a c o nst a nt 

a n gl e of i n ci d e n c e α = 1 °. T h e d e pt h of p e n etr ati o n c al c ul at e d wit h t h e GI X A s oft w ar e w as z = 

7 8  n m.  T h e  i d e ntifi c ati o n  of  p h as e  w as  b as e d  o n  I C P D S  b as e  c ar d  n u m b er  0 4- 0 0 7- 6 3 1 

r h o m b o h e dr al p h as e of L a C o O3 . T h e X-r a ys diffr a cti o n p att er ns of L a C o O3  t hi n fil ms o n Si ar e 

s h o w n i n Fi g ur e 3 4. All t hr e e diffr a cti o ns p att er ns c orr es p o n d t o t h e e x p e ct e d r h o m b o h e dr al 

p h as e. Als o, t h er e ar e n o p e a ks c orr es p o n di n g t o ot h er p h as es s u c h as L a 2 O 3 . 

D u e  t o  m e as ur e m e nts  wit h  a  c o nst a nt  i n ci d e nt  a n gl e,  w e  c a n n ot  e x a mi n e  f or  s p e cifi c 

cr yst all o gr a p hi c  ori e nt ati o n,  b ut  w e  c a n  s a y  t h at  wit h  i n cr e as e  of  pr o c ess  t e m p er at ur e 

cr yst all o gr a p hi c ori e nt ati o n is c h a n g e d, t a ki n g i nt o a c c o u nt p e a ks i n r a n g e fr o m 2 0 °  t o 4 0° . T h e 

m ost i nt e ns e p e a k i n L a C o O 3 - 7 5 0- Si is ( 0 1 2), as f or t hi n fil m d e p osit e d i n 8 5 0 ° C a n d 1 0 0 0 ° C 

t h e m ost i nt e ns e p e a k is ( 1 1 0). O bs er v ati o n of t h e i nt e nsit y of t h es e t w o p e a ks all o w t o c o n cl u d e 

t h at i n t h e hi g h er pr o c ess t e m p er at ur es ( 8 5 0 ° C a n d 1 0 0 0 ° C) w e h a v e diff er e nt cr yst all o gr a p hi c 

ori e nt ati o n t h a n i n t h e s a m pl e d e p osit e d i n 7 5 0 ° C.  

F or r efi n e m e nts of c ell p ar a m et ers, w e us e d M A U D s oft w ar e wit h t h e st a n d ar d cif fil e 1 5 3 0 8 7 4. 

T h e r es ults ar e pr es e nt e d i n Fi g ur e 1 5. D u e t o t h e i n cr e as e i n t e m p er at ur e, t h e si z e of t h e u nit 

c ell a n d t h e a n gl e a  d e cr e as e. C o m p ut e d v al u es ar e l ar g er t h a n t h e r ef er e n c e v al u es, w hi c h m a y 

b e  d u e  t o  t h e  pr es e n c e  of  c o b alt  v a c a n ci es.  V a c a n ci es  ar e  i nfl u e n ci n g  t h e  i o n  st at e  of  C o. 

C h a n g e of o xi d ati o n st at e fr o m C o 3 +  ( 0. 7 5 Å) t o C o4 +  ( 0. 6 7 Å) i nfl u e n c es t h e c ell v ol u m e b y 

c h a n g e of C o i o ns r a di us. T h e r efi n e m e nts r es ults s h o w t h at t h er e is n o si g ni fi c a nt c h a n g es i n 

t h e l atti c e p ar a m et ers f or d e p ositi o n t e m p er at ur e of 8 5 0 ° C a n d 1 0 0 0 ° C, b ut t hi n fil ms d e p osit e d 

at  7 5 0 ° C  e x hi bit  s o m e w h at  hi g h er  c ell  p ar a m et ers.  At  a n gl e  2 θ = 5 6 °   i n  L a C o O3 - 8 5 0- Si  a n d 

L a C o O 3 - 1 0 0 0- Si  s a m pl es,  o n e  c a n  s e e  a  bl ur  diffr a cti o n  p e a k  c orr es p o n di n g  t o  ( 3 1 1)  Si, 

alt h o u g h t h e s u bstr at e is ( 1 0 0) ori e nt e d. T his is d u e t o t h e gr a zi n g i n ci d e n c e of X r a ys. T h e 

a n gl e b et w e e n ( 3 1 1) a n d ( 1 0 0) pl a n es i n Si is 2 5. 2 ° a n d is n e ar of Br a g g a n gl e t h et a f or ( 3 1 1) 

θ = 2 8. 2 8 °  (l c u ), w hi c h gi v es i n t h e X R D p att er n a p e a k at a n a n gl e 2 θ = 5 6. 5 6° . 
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T a bl e 1 5 . R efi n e m e nt p ar a m et ers o bt ai n e d i n M A U D s oft w ar e . 

S a m pl e n a m e  𝐶  ( Å) aa  (°° ) V ol ( Å 3 ) R e x p / R w p  
C r yst al 

si z e 
L a C o O 3 -7 5 0 -Si  5 .4 1 9 9  6 0 .7 2  1 1 4 .4 1  4 .3 2/ 6 .7 9  4 9 n m  

L a C o O 3 -8 5 0 -Si  5 .3 9 7 1  6 0 .6 9  1 1 2 .9 0  6 .9 0/ 1 0 .5 6  5 1 n m  

L a C o O 3 -1 0 0 0 -Si  5 .3 9 8 0  6 0 .6 7  1 1 2 .9 0  6 .2 5/ 9 .1 6  x  
 
T h e m e a n cr yst allit e si z e w as als o e xtr a ct e d fr o m t h e diffr a cti o n p att er n (s e e T a bl e 1 5 ). A g ai n, 

d u e  t o  gr a zi n g  i n ci d e n c e,  t h e  m e a n  si z e  c orr es p o n ds  t o  t h e  cr yst allit e  si z e  p ar all el  t o  t h e 

s u bstr at e. T h e d e p ositi o n t e m p er at ur e d o es n ot i nfl u e n c e t h e cr yst allit e si z e.  D u e t o pr es e n c e of 

a d diti o n al p h as es a n al ysis of cr yst al si z e i n L a C o O 3 -1 0 0 0 -Si w as n ot d o n e.  

S urf a c e  st u di es  of  L a C o O 3 -T -Si  usi n g  S E M  all o w e d  t o  o bt ai n  i nf or m ati o n  o n  cr a c ks, 

o c c urr e n c e of dr o pl ets a n d mi cr ostr u ct ur e of t h e s urf a c e.  

T h e S E s urf a c e is o n e of t h e k e y f a ct ors aff e cti n g t h e s e nsiti vit y of t h e s e ns or d u e t o t h e diff er e nt 

a cti vit y of cr yst all o gr a p hi c pl a n es e x p os e d t o g as. T h e L a C o O 3 -7 5 0 -Si s urf a c e is c o v er e d wit h 

a l ar g e n u m b er of n a n o cl ust ers or dr o pl ets ( s e e Fi g ur e 3 5 a) a n d cr a c ks ( s e e Fi g ur e 3 5 b). Cr a c ks 

ar e p arti c ul arl y u n d esir a bl e i n g as s e ns ors a p pli c ati o n d u e t o t h e u n w a nt e d diff usi o n of t h e g as 

t o w ar ds t h e s u bstr at e. T h e gr ai ns of L a C o O3 ar e s m all ( 2 0 -3 0 n m) a n d d o n ot a p p e ar f a c ett e d . 

As  a  r es ult  of  t h e  i n cr e as e  i n  d e p ositi o n  t e m p er at ur e  t o  8 5 0 ° C,  t h e  n u m b er  of  n a n o cl ust ers 

d e cr e as es  ( s e e Fi g ur e 3 5 c).  T h er a  ar e  n o  lit er at ur e  a b o ut  n e g ati v e  i nfl u e n c e  o n  g as  s e nsi n g 

pr o p erti es  of  n a n o cl ust ers.  N a n o cl ust ers  ar e  pr es e nt  b ut  t h e y  ar e  s m all er  a n d  l ess  fr e q u e nt. 

T h er e  ar e  n o  m or e  cr a c ks.  M or p h ol o g y  a n d  gr ai ns  si z e  ar e  c h a n gi n g  wit h  d e p ositi o n 

t e m p er at ur e a n d gr ai ns si z e is i n cr e asi n g wit h t h e i n cr e as e of t e m p er at ur e. F or L a C o O 3 -8 5 0 -Si,  

t h e gr ai ns ar e f a c ett e d wit h tri a n g ul ar s e cti o n s h a p e,  wit h si z e ar o u n d 1 0 0 n m. T h e tri a n g ul ar 

gr ai ns h a v e fl at t er mi n ati o n. S o m e gr ai ns a p p e ar r e ct a n g ul ar wit h a 4 -f a c ets ti p t er mi n ati o n. 

T his tri a n g ul ar s h a p e is l ost f or t h e L a C o O 3 -1 0 0 0 -Si t hi n fil m ( s e e Fi g ur e 3 5 f & g). I n t his s a m pl e, 

w e dis c o v er e d gr ai ns wit h irr e g ul ar s h a p e a n d gr ai n si z e i n t h e r a n g e 5 0 –  1 5 0  n m. I n  or d er  t o 

v erif y t h e c h e mi c al c o m p ositi o n of fil ms a n d dr o pl ets, E D S a n al ysis w as p erf or m e d, usi n g t h e 

t ar g et as a st a n d ar d (s e e T a bl e 1 6 ). T h e c h e mi c al c o m p ositi o n of t h e n a n o cl ust ers is c o nsist e nt 

wit h  t h e  c h e mi c al  c o m p ositi o n  of  t h e l a y er  a n d s h o ws  a  c o b alt  d efi ci e n c y.  T his  r es ult  is  i n 

a c c or d a n c e  wit h  t h e  c ell p ar a m et ers  o bt ai n e d  b y  X R D  r efi n e m e nts.  P h as e  c o m p ositi o n  is 

i nfl u e n c e d b y o x y g e n pr ess ur e d uri n g d e p ositi o n pr o c ess [ 1 0 8]. I n o ur c as e t o o l o w o x y g e n 

pr ess ur e i n c h a m b er l e a d t o a c o b alt d efi ci e n c y i n L a C o O3  l a y er. 
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Fi g ur e 3 5 . S E M mi cr o gr a p h s of a)  L a C o O 3 -7 5 0 -Si - 1 0 x b)  L a C o O 3 -7 5 0 -Si - 5 0 x , c)  L a C o O 3 -8 5 0 -Si - 1 0 x, d)  
L a C o O 3 -8 5 0 -Si - 5 0 x, e)  L a C o O 3 -1 0 0 0 -Si - 1 0 x f) L a C o O 3 -1 0 0 0 -Si - 5 0 x.  

T h e t o p o gr a p h y of t hi n fil ms s urf a c e w as a n al y z e d usi n g A F M t e c h ni q u e. A F M a n al ysis w as 

c arri e d o ut i n ar e a: 1 µ m x 1 µ m, 5 0 0 n m x 5 0 0 n m, 2 0 0 n m x 2 0 0 n m a n d 1 0 0 n m x 1 0 0 n m. 

S el e ct e d r es ults  ar e pr es e nt e d i n Fi g ur e 3 6 a -c.  

T a bl e 1 6 . E D S r es ults of L a C o O 3 -8 5 0 -Si  

El e m e nt  N a n o cl ust e r R e gi o n  
(At o mi c % ) 

T hi n fil m  
( At o mi c %) 

L a L  5 6  5 5  

C o K  4 4  4 5  
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A g ai n, t h e t er mi n ati o n of t h e gr ai ns is ti p li k e or fl at, a n d t h e ( 0 1 2) H  =( 1 0 0) C pl a n es ar e t h os e 

e x p os e d t o g as f or gr ai n wit h fl at t er mi n ati o ns.  

 

Fi g ur e 3 9 . T E M i m a g es of  L a C o O 3  1 0 0 0 C -Si  a) gr ai n t er mi n ati o n, b) t hi n fil ms di visi o n c) hi g h m a g nifi c ati o n  d) 
F F T  

T a bl e 2 0 . F F T  L a C o O 3 -1 0 0 0 -Si  fr o m Fi g ur e 3 9 d . 

N u m b e r  Dist a n c e ( n m)  Pl a n e  
1  1. 2  ( 0 0 2) L a2 Si O 7  

 
F or L a C o O 3 -7 5 0 -Si a n d L a C o O 3 -8 5 0 -Si, a c ol u m n ar gr ai n gr o wt h is o bs er v e d. T h e l a y ers h a v e a n 

a v er a g e t hi c k n ess of 1 7 0 n m ( s e e Fi g ur e 3 7  & Fi g ur e 3 8 ). T h e r o u g h n ess of t h e L a C o O3 -7 5 0 -Si 

t hi n fil m s e e ms r at h er l o w o n T E M i m a g es, a n d a hi g h er r ou g h n ess is o bs er v e d f or L a C o O 3 -8 5 0 -

Si ( s e e Fi g ur e 3 8 ), w hi c h is i n a c c or d a n c e wit h t h e A F M r es ults. I n L a C o O3 -8 5 0 -Si w e c a n o bs er v e 

c ol u m n wit h r e g ul ar tri a n g ul ar ti ps a n d a s m all fl at t er mi n ati o n. T h e l at er al gr ai n si z e v ari es fr o m 
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7 5 n m t o 1 0 0  n m. O n t h e c o ntr ar y, L a C o O 3 -1 0 0 0 -Si e x hi bits a c o m pl et el y diff er e n c e m or p h ol o g y 

o n  cr oss -s e cti o n  o bs er v ati o n (s e e Fi g ur e 3 9 ).  T h e  l a y er  c o nsists  of  t w o  disti n ct  p h as es.  O n e 

i d e ntifi e d as L a2 Si O 7 b y hi g h r es ol uti o n el e ctr o n mi cr os c o p y wit h dist a n c e 𝐶 m no = 1 2 Å ( s e e T a bl e 

2 0 ), n e ar t h e s u bstr at e (s e e Fi g ur e 3 9 c), a n d s e c o n d l a y er of L a C o O 3  o n t o p. T h e pr es e n c e of a 

L a 2 Si O 7 l a y er,  wit h  t hi c k n ess  of  7 5-8 5  n m,  i n di c at es  t h at  at  1 0 0 0° C,  Si  c a n  diff us e  t hr o u g h  t h e 

n ati v e  Si O 2  b arri er  a n d  b uilt  a  l a nt h a n u m  sili c at e.  Sili c at es  w er e  alr e a d y  o bs er v e d  i n  t hi n  fil ms 

d e p osit e d b y P L D wit h d e p ositi o n t e m p er at ur e of 1 1 0 0° C [ 1 1 3]. L a 2 Si O 7  p h as e w as n ot o bs er v e d 

i n X R D r es ults b e c a us e of n ot s uffi ci e nt p e n etr ati o n d e pt h ( 7 8 n m). 

4. 1. 2  L a C o O 3  t hi n fil ms o n C-Y S Z ( 1 0 0) s u bst r at e  

T h e X -r a ys diffr a cti o n p att er ns of L a C o O3  t hi n fil ms d e p osit e d o n Y S Z 9.5, ar e s h o w n  i n Fi g ur e 

4 0 .  T h e  t hr e e  diffr a cti o ns  p att er ns  c orr es p o n d  t o  t h e  e x p e ct e d  r h o m b o h e dr al  p h as e  ( cif  fil e 

1 5 3 0 8 7 4), b ut i n s a m pl e L a C o O 3 -1 0 0 0 -Y S Z 9 5 w e o bs er v e a d diti o n al p e a k c orr es p o n di n g t o 

L a 2 O 3  p h as e.  

I n  ra n g e  2t h et a  =  2 0 -4 0 °  t h e  m ost  i nt e ns e  p e a ks  of  L a C o O3 -1 0 0 0 -Y S Z 9 5  p h as e  is  ( 1 1 0). 

A n al ysis of p e a k i nt e nsit y all o w t o c o n cl u d e t h at t e m p er at ur e h as i nfl u e n c e o n cr yst all o gr a p hi c 

ori e nt ati o n of d e p osit e d l a y ers. Pr es e n c e of a d diti o n al p h as e of L a 2 O 3  i s i n di cati o n t h at pr o c ess 

t e m p er at ur e w as t o o hi g h. A c c or di n g t o L a C o O3  p h as e di a gr a m Kl e v el a n d et al  [ 1 1 4]. w h e n 

r ati o NC o / NC o  + N L a  i s e q u al t o 0, 5 o nl y L a C o O3  is pr es e nt, b ut i n c as e of c o b alt d efi ci e n c y, f or 

r ati o r a n g e fr o m 0 t o 0. 5, u p t o 1 5 0 0 K, a s e c o n d p h as e ( L a 2 O 3 ) is pr es e nt T his p h as e is m ostl y 

pr es e nt i n m at eri als pr o d u c e d i n t e m p er at ur e hi g h er t h a n 9 7 3  K. T h e r es ults of X R D p att er n 

r efi n e m e nts ar e pres e nt e d i n  T a bl e 2 1 . T hi n fil ms d e p osit e d o n Si a n d o n C-Y S Z at a gi v e n 

t e m p er at ur e  h a v e  n e arl y  t h e  s a m e  c ell  v ol u m e.  O n e o bs er v es  t h e  s a m e  c all  p ar a m et ers  f or 

T = 8 5 0 ° C a n d 1 0 0 0 ° C. B ut f or o n e gi v e n t e m p er at ur e, cr yst allit e si z e w as si g nifi c a ntl y s m all er 

o n C -Y S Z s u bstr at e t h a n o n e Si o n e.  
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D u e t o hi g h d e p ositi o n t e m p er at ur e of 1 0 0 0 ° C, u n d esir a bl e L a 2 O 3  p h as e w as cr e at e d ( s e e Fi g ur e 

4 0 c). T his p h as e r e pr es e nts 1 2 % w ei g ht of t h e l a y er.  

S urf a c e a n al ysis w as c o n d u ct e d b y S E M wit h m a g. fr o m 1 0  k x t o 5 0 k x, c h os e n r es ult s ar e 

pr es e nt e d i n Fi g ur e 4 1 .  

L a C o O 3  s urf a c e  o n  Y S Z 9 5  at  7 5 0 ° C  l o o ks  li k e  t h e  l a y ers  o bt ai n e d  o n  Si  at  t h e  s a m e 

t e m p er at ur e, t h e y h a v e a l ar g e n u m b er of n a n o cl ust ers o n t h e s urf a c e, b ut t h e cr a c ks ar e n ot 

visi bl e. S urf a c e  m or p h ol o g y  L a C o O 3 -7 5 0 -Y S Z 9 5  is  si mil ar  t o  t h os e  of  L a C o O 3 -7 5 0 -Si,  t h e 

gr ai ns h a v e a – n o n f a c ett e d  s h a p e. As t h e d e p ositi o n t e m p er at ur e i n cr e as es t o 8 5 0 ° C, t h er e is 

a sli g ht c h a n g e i n t h e  s h a p e of t h e gr ai ns , b ut cl e arl y t h e m or p h ol o g y of gr ai ns of L a C o O 3 -8 5 0 -

Y S Z 9 5 is  diff er e nt  fr o m  t h e  o n e  of I n  L a C o O3 -8 5 0 -Si.  T his  is  d u e  t o  t h e  l o w  t h er m al 

c o n d u ct i vit y  of  Y S Z,  l e a di n g  t o  l o w er  t e m p er at ur e  t h a n  t h e  n o mi n al  d uri n g  t h e  d e p ositi o n 

pr o c ess. T h e cr a c ks ar e n ot visi bl e, t h e gr ai n si z e is n ot aff e ct e d b y pr o c ess t e m p er at ur e a n d w e 

d o n’t o bs er v e gr ai ns e x p a nsi o n ( s e e Fi g ur e 4 1 b -d). T h e n u m b er of n a n o cl ust ers d e cr e as e d. I n 

t hi n fil ms d e p osit e d at 7 5 0 ° C n a n o cl ust ers w er e s m all b ut d e ns el y s p a c e d. I n L a C o O 3 -8 5 0 -

Y S Z 9 5 n a n o cl ust ers ar e l ess d e ns el y s p a c e b ut t h e y ar e bi g g er. T h e s urf a c e of t h e L a C o O 3 -

1 0 0 0 -Y S Z 9 5  t hi n  fil m  pr es e nts  a  c o m pl et el y  diff er e nt  m or p h ol o g y  fr o m  pr e vi o us  s a m pl es. 

S m all si n gl e n a n o cl ust ers ar e visi bl e, t h e gr ai ns h a v e t h e s h a p e of l o n g wr a p p e d w or ms. T h e 

l a y er a p p e ars m elt e d. B as e d o n t h e o bt ai n e d mi cr o gr a p hs, it c a n b e ass u m e d t h at t h e pr o c ess 

t e m p er at ur e of 1 0 0 0 ° C w as t o o hi g h. W e c a n c o n cl u d e t h at t hi n fil ms L a C o O3 -1 0 0 0 -Y S Z 9 5 

h a v e t h e str u ct ur e i n a d e q u at e t o b e us e d as S E i n g as s e ns or.  B e c a us e i n s a m pl es L a C o O 3 -7 5 0 -

Y S Z 9 5 a n d L a C o O 3 -8 5 0 -Y S Z 9 5 w e d o n’t o bs er v e d cr a c ks, t h e y ar e c o nsi d er e d  as pr o misi n g 

t hi n fil ms f or f urt h er g as m e as ur e m e nts.  
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!
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: A M FJ<C A :! F ?! 6<! = ? :! O P a< O! q 6 /5! s< Q! QB =< ?J! =B A! o<J< aD A!TJ A A! W< Q PB A! f j aXV! K Y< O Y! =B A! O F o AB A :! a 9!

FB! =B A! a P<DC! K<C Y! J G =DD! QB =< ?JV! # e z f b! ? G!< ?! J< ; A5! 4 ACB = Q F ? =D! J P aJCB =C A!<J! =! M FD 9 OB 9JC =D! K<C Y! =!
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J P aJCB =C A5! 8<C Y! a< Q Q AB! G = Q ?<E< O =C< F ?!<C!<J! OD A =B!C Y =C!D =B Q AB! q 6 /! QB =< ?J! =B A! O F o AB A :! K<C Y! J G =DD!

R = . F 0 S ! QB =< ?J5! .B = O HJ! =B A! ? FC! o<J< aD AV! QB =< ?! a F P ? : =B< AJ! a AC K A A ?! 41 q 6 /! QB =< ?J! =B A! JCB F ? QD 9!

o<J< aD A5! 6 G =DD! ? = ? F OD PJC ABJ! =B A! MB AJ A ?C! TJ A A! W< Q PB A! f j =X! a PC!D AJJ! EB A v P A ?C!C Y = ?! F ?! R = . F 0 S 1 6<!
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q 6 / c e5! 6 PBE = O A! G FB M Y FD F Q 9!<J! ? FC! =EE A OC A :! a 9!C A G M AB =C PB A!TJ A A! W< Q PB A! f j a1 :X5!
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!
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O F G M =B A!B F P Q Y ? AJJ! FE! R = . F 0 S 1 j e b1 q 6 / S e! K<C Y! R = . F 0S 1 41 q 6 / c e! = ? :! R = . F 0 S1 41 6<! : P A!C F!
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< ? OB A =J A! FE! : A M FJ<C< F ?!C A G M AB =C PB A!TJ A A! 4 = aD A! # fX5!!
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Fi g ur e 4 9 . T E M i m a g e of L a C o O 3 -8 5 0 -Y S Z 3 5  

T hi n fil m t hi c k n ess is 8 0  n m. T o p o gr a p h y of s u bstr at e is t ot all y diff er e nt fr o m t h os e o bs er v e d 

i n  Si  a n d  Y S Z 9 5.  T h e  l att er  ar e  m o n o cr yst als  a n d  fl at.  T etr a g o n al  Y S Z  is p ol y cr yst al,  a n d 

b u m p y.  Gr ai ns  of  Y S Z  ar e  cr e ati n g  wi d e  hills  ( u p  t o  7 0 0  n m  wi dt h).  Hills  ar e  c o m pl et el y 

c o v er e d wit h c o m p a ct t hi n fil ms of L a C o O 3 . as it is s h o w n i n Fi g ur e 4 9 . 
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4. 2  S T R U C T U R E C H A R A C T E RI Z A TI O N O F  L A F E O 3  T HI N FI L M S . 

4. 2. 1  L a F e O 3  t hi n fil ms o n Si ( 1 0 0) s u bstr at e  

 

T h e X -r a ys diffr a cti o n p att er ns of L a F e O3  t hi n fil ms d e p osit e d o n Si, ar e s h o w n i n Fi g ur e 5 4. 

A n al ysis w as m a d e i n gr a zi n g i n ci d e n c e a n gl e of α = 1 ° a n d t h e st e p ti m e of 2 0  s a n d a n gl e st e p 

of 0. 0 3 °. T h e X R D p att er ns c orr es p o n d t o t h e e x p e ct e d ort h or h o m bi c L a F e O 3  p h as e (J C P D S 

0 1 -0 7 4 -2 2 0).  T h e p e a ks w er e i n d e x e d i n t h e P n m a s p a c e gr o u p, w h er e b  is t h e l o n g a xis. T h e 

eff e cti v e p e n etr ati o n d e pt h of X -r a ys is z =  8 9. 5  n m. T h e t hi n fil ms h a v e a cr yst alli n e str u ct ur e.  

I n t hi n fil ms o bt ai n e d o n Si u n d esir a bl e p h as es li k e L a2 O 3 , or ir o n o xi d es, w er e n ot n oti c e a bl e 

i n t h e X R D p att er ns. F or L a F e O3 -7 5 0 -Si, t h e m ost i nt e ns e p e a k is l o c at e d at 2 q = 3 2 ° , w hi c h 

c orr es p o n ds t o t h e ( 1 2 1) Br a g g r efl e cti o n of L a F e O 3  (s e e Fi g ur e 5 0 a). Ti n fil m d e p osit e d at 

8 5 0 ° C s h o ws t h e s a m e m ost i nt e ns e p e a k. T hi n fil m d e p osit e d at 1 0 0 0 ° C h as diff er e nt p e a k 

i nt e nsit y fr o m t h e ot h er s a m pl es. A d diti o n al p e a ks of L a F e O3  ar e visi bl e s u c h as t h e r efl e cti o ns 

( 2 1 0), ( 1 1 2), ( 2 1 2), ( 1 4 1) a n d ( 1 1 3). This r es ult s h o ws t h at t h e o bt ai n e d m at eri al h as a hi g h 

d e gr e e  of  cr yst alli nit y.  Wit h  i n cr e as e  of  d e p ositi o n  t e m p er at ur e,  t h e  i nt e nsit y  of  ( 1 2 1)  p e a k 

d e cr e as e a n d i nt e nsit y of ( 1 0 1) p e a k i n cr e as es. T his r es ult is s h o wi n g c h a n g e i n t e xt ur e wit h 

i n cr e as e  of  de p ositi o n  t e m p er at ur e.  T e xt ur e  a n al ysis  is  n ot  p ossi bl e  d u e  t o  c h a n g es  i n  t h e 

r efl e cti o n v e ct or q i n gr a zi n g g e o m etr y c o m p ar e d t o Br a g g Br e nt a n o G e o m etr y, b ut w e c a n 

a n al y z e  i nt e nsit y  of  t w o  p e a ks  ( 1 0 1)  a n d  ( 1 2 1).  X R D  p att er ns  w er e  a n al y z e d  i n  M A U D 

s oft w ar e.  T h e  c ell  p ar a m et ers  f or  all  t hr e e  s a m pl es  w er e  r efi n e d  a n d  ar e  gi v e n  i n T a bl e 2 5 . 

V ol u m e  of  u nit  c ell  d e cr e as e  wit h  i n cr e as e  of  t e m p er at ur e.  T his  c a n  b e e x pl ai n e d  b y  t h e 

pr es e n c e of F e 4 +  i o ns. W h e n t h e o xi d ati o n st at e of ir o n i n cr e as e d, F e i o n r a di us c h a n g es —  i n 

o ur c as e g oi n g fr o m 0. 6 4 5  Å f or F e 3 +  t o 0. 5 8 5 Å f or F e 4 + . T h e d e cr e as e of c ell p ar a m et ers wit h 

t e m p er at ur e i n cr e as e s u g g ests a c h a n g e of F e o xi d ati o n st at e or o xi d ati o n c a p a bilit y [ 1 1 8]. 
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T a bl e 2 6 . R o u g h n ess p ar a m et ers of L a F e O 3 -Si t hi n fil ms  

S a m pl e  R a  (n m ) R m a x  (n m ) R q  (n m ) 

L a F e O 3 -7 5 0 -Si  1 .1  9  1 .3 6  

L a F e O 3 -8 5 0 -Si  1 .1 3  9 .1  1 .4 5  

L a F e O 3 -1 0 0 0 -Si  3 .7 9  4 2 .2  5 .0 0  

 

W e di d n ot o bs er v e a n y c h a n g e of r o u g h n ess p ar a m et ers f or t h e s a m pl es d e p osit e d at T  =  7 5 0 ° C  

a n d 8 5 0 ° C. T hi n fil m d e p osit e d at 1 0 0 0 ° C h as al m ost t w o ti m es l ar g er  r o u g h n ess ( Ra = 3. 7 9 n m) 

t h a n  s a m pl e  L a F e O3 -8 5 0 -Si  ( R a = 1. 1 3)  (s e e  T a bl e 2 6 ).  I n  hi g h er  t e m p er at ur e, gr ai ns  h a v e 

diff er e nt  f or m  l e a di n g  t o a n i n cr e as e  of  Rm a x  p ar a m et er  fr o m  9  n m  i n  7 5 0 ° C  t o  4 2 .2  n m  i n 

1 0 0 0 ° C. T h e i n cr e as e of R a  p ar a m et ers is t h e c o ns e q u e n c e of t h e c h a n g e i n m or p h ol o g y a n d 

gr ai n si z e i n cr e as e.  

Pr e cis e  str u ct ur e  a n al y z e s w er e  d o n e  b y  T E M.  O bt ai n e d  t hi n  fil ms  h a v e  c ol u m n ar  str u ct ur e 

wit h n a n o m etri c wi dt h. I n r ef er e n c e t o T h or nt o n m o d el t hi n fil ms o bt ai n e d at 7 5 0 ° C a n d 8 5 0 ° C 

ar e t y pi c al f or z o n e T wit h l o n g fi br o us el o n g at e d c ol u m ns. T E M r es ults o n L a F e O 3 -T -Si  ar e 

s u m m ari z e d i n Fi g ur e 5 6 , Fi g ur e 5 7  a n d Fi g ur e 5 8.  
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T a bl e 2 8 . F F T of L a F e O 3 -1 0 0 0 -Si  

Dist a n c e (n m ) Pl a n e  N u m b e r  Fi g u r e  

0 .2 8  L a F e O 3  1  Fi g ur e 5 6 b  

0 .1 2  L a 2 Si O 7  2  Fi g ur e 5 6 a  
 

4. 2. 2  L a F e O 3  t hi n fil ms o n C -Y S Z  ( 1 0 0) s u bst r at e 

T h e X -r a ys diffr a cti o n p att er ns of L a F e O 3  t hi n fil ms d e p osit e d  o n Y S Z 9 5, ar e s h o w n  i n Fi g ur e 

5 7 . R e c or di n g  w as m a d e wit h a gr a zi n g i n ci d e n c e a n gl e of α = 0 .7 ° , 1 ° a n d 3 ° . T o i d e ntif y p h as e 

c o m p ositi o n , d at a b as e J C P D S w as us e d wit h c ar d n u m b er L a F e O 3  ( 0 1-0 7 4 -2 2 0). T h e eff e cti v e 

p e n etr ati o n d e pt h is z  =  8 9 .5  n m  f or α = 1 ° .  

T h e  c o m p aris o n of o bt ai n e d X R D p att er ns s h o ws t h at t h e X D R p att er n of t hi n fil ms d e p osit e d 

at 1 0 0 0 ° C is diff er e nt fr o m t h e t w o ot h ers . I n L a F e O3 -7 5 0 -Y S Z 9 5 a n d t h e L a F e O 3 -8 5 0 -Y S Z 9 5 

t h e m ost i nt e ns e p e a k at 2 θ  =  3 2 °  is c o nsist e nt wit h a ( 1 2 1) p e a k i n t h e L a F e O 3  str u ct ur e  (s e e 

Fi g ur e 5 7 a -b ). F or a d e p ositi o n t e m p er at ur e  of 1 0 0 0 ° C , t h e i nt e nsit y of ( 10 1) p e a k i n cr e as e s 

gr e atl y i n c o m p aris o n t o i nt e nsit y of (1 2 1 ) p e a k, i n di c ati n g a p ossi bl e m o difi c ati o n of t e xt ur e. 

I n t hi n fil m d e p osit e d at 1 0 0 0 ° C a d diti o n al L a 2 O 3  p e a ks ar e pr es e nt , t h us t his fil m is cl e arl y 

n ot a si n gl e p h as e . T h e L a F e O 3 -Y S Z 9 5 X R D p att er ns  w er e a n al y z e d wit h  M A U D s oft w ar e. 

C ell v ol u m es  w er e c al c ul at e d t h a n k t o M A U D a n d ar e gi v e n i n T a bl e 3 0 . C ell v ol u m e d e cr e as es  

sli g htl y fr o m t o 2 4 8 .3 2 Å 3  t o 2 4 2. 5 9 2 6 Å 3 f or s a m pl es d e p osit e d at 8 5 0 ° C a n d 1 0 0 0 ° C. F or 

s a m pl e L a F e O 3 -7 5 0 -Y S Z 9 5 t h e c ell v ol u m e is s o m e w h at s m all er t h a n f or L a F e O3 -8 5 0 -Y S Z 9 5. 

T h e  hi g h  c o m p ut ati o n  err or  f or L a F e O 3 -7 5 0 -Y S Z 9 5  c a n  b e  c a us e d  b y  l o w  i n ci d e nt  a n gl e 

α  =  0. 7 °  a n d l o w er p e n etr ati o n d e pt h. T h e c ell p ar a m et ers a n d c ell v ol u m e f or L a F e O 3 -8 5 0 -

Y S Z 9 5  a n d L a F e O 3 -7 5 0 -Y S Z 9 5  ar e  si g nifi c a ntl y  hi g h er  t h a n  t h os e  gi v e n  i n  lit er at ur e  f or 

st oi c hi o m etri c L a F e O 3; t his c o ul d b e d u e t o ir o n v a c a n ci es.  
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T a bl e 3 0 . R o u g h n ess  p ar a m et ers of L a F e O 3 -Y S Z 9 5  

S a m pl e  R a  (n m ) R m a x  (n m ) R q  (n m ) 

L a F e O 3 -7 5 0 -Y S Z 9 5  1 .1 9  1 6 .7  1 .7 4  

L a F e O 3 -8 5 0 -Y S Z 9 5  1 .3 4  1 0 .2  1 .6 7  

L a F e O 3 -1 0 0 0 -Y S Z 9 5  1 .0 8  9 .7 9  1 .3 8  

 

I n or d er t o d et er mi n e t h e o xi d ati o n st at e of L a, F e, a n d O X-r a y P h ot o el e ctr o n S p e ctr os c o p y 

( X P S) w as us e d. First a n al ysis w as c arri e d o ut dir e ctl y  o n t h e t hi n fil m s urf a c e. Aft er t his first 

a n al ysis , s a m pl es w er e s p utt er e d usi n g t h e Ar  i o ns; X P S a n al ysis w as t h e n i m m e di at el y c arri e d 

o ut. T h is p r o c ess was  r e p e at e d u ntil t h e s u bstr at e w as r e a c h e d.  E a c h c y cl e of s p utt eri n g w as 

c arri e d o ut wit h  t h e s a m e p ar a m et ers: a n  Ar e n er g y  of  2. 5  k e V, a n i o n c urr e nt of 1. 1 4  m A a n d 

a  s p utt er e d ar e a 1 × 1 m m 2 . At o mi c c o n c en trati o n as f u n cti o n of  d e pt h is pr es e nt e d i n Fi g ur e 6 0 . 

T h e s p e e d of m at eri al r e m o v al is c o nst a nt w h at e v er t h e s a m pl e . H e n c e, w e c a n g ai n i nf or m ati o n 

a b o ut  t hi n  fil ms  t hi c k n ess  a n d  t hi n  fil m  c o m p ositi o n wit h  d e pt h.  L a F e O 3 -7 5 0 -Y S Z 9 5  is  t h e 

t hi n n est  fr o m  all  3  s a m pl es (s e e Fi g ur e 6 0 ).  Aft er  p assi n g  5  mi n ut es  of  s p utt eri n g  w e  c a n 

o bs er v e si g n al fr o m s u bstr at e. F or  s a m pl e d e p osit e d at 8 5 0 ° C , s u bstr at e w as r e a c h e d aft er 1 0 

mi n ut es  of  s p utt eri n g.  T h e  t hi c k est  fil m  w as  L a F e O 3 -1 0 0 0 -Y S Z 9 5  ( 1 5 mi n ut es  t o  r e a c h  t h e 

s u bstr at e  b y  s p utt eri n g) .  C o nt e nt  of  L a  a n d  F e  i n  t h e  t hi n  fil m  ar e  h o m o g e n e o us u n d er  t h e 

s urf a c e. O n t h e s urf a c e , w e oft e n d et e ct p oll u ti o n ( c ar b o n). A t o mi c c o n c ert ati o n of L a a n d F e 

i n i d e al L a F e O 3  s h o ul d b e e q u al t o ( 5 0/ 5 0). X P S r es ults s h o w e d t h at d e p osit e d t hi n fil ms ar e 

n o n -st oi c hi o m etri c wit h l o w er  F e c o nt e nt.   
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T hi n  fil m  d e p osit e d  at  8 5 0 ° C  o n  Y S Z 9 5  h as  t hi c k n ess  of  1 1 0  n m  i n  r e gi o n  fr e e  fr o m 

n a n o cl ust ers. H ei g ht of n a n o cl ust er is a b o ut 2 0 n m. Wi dt h of c ol u m ns is 4 0 n m. T h e t er mi n ati o n 

of c ol u m ns is fl at or p oi nt e d. A c c or di n g t o t h e F F T a n al ysis , t h e onl y p h as e pr es e nt is L a F e O 3 . 

T h e  F F T  s h o w n  i n Fi g ur e 6 5  i n di c at es  t h at  ( 1 0 1)O  =  ( 0 0 1) C  pl a n es  ar e  p ar all el  t o  t h e  fl at 

t er mi n ati o n of t h e gr ai n, a n d als o b uilt t h e si d e of t h e ti p p e d gr ai n, as f or fil ms gr o w n o n Si.  

T a bl e 3 1 . F F T of L a F e O 3 -8 5 0 -Y S Z 9 5  

Dist a n c e (n m ) Pl a n e  N u m b e r  Fi g . 
0. 3 9  ( 1 0 1) 1  

8 1 c  0. 2 9  ( 2 0 0) 2  
0. 3 9  ( 1 0-1)  3  
0. 2 8  ( 2 0 0) 4  

8 1 f  0. 3 9  ( 1 0 1) 5  
0. 3 9  ( 1 0-1)  6  

 

As o bs er v e d i n X P S , t hi n fil m d e p osit e d at 1 0 0 0° C h as t h e t hi c k est L a F e O 3  l a y er of  all s a m pl es 

d e p osit e d o n Y S Z 9 5. T hi n fil m d e p osit e d at 1 0 0 0 ° C h a v e t hi c k n ess es  u p t o 2 1 0 n m i n r o u g h 

z o n e  a n d  i n fl at z o n es t h e t hi c k n ess is ar o u n d 1 8 5 n m ( s e e Fi g ur e 6 6 a).  H o m o g e n o us c ol u m ns 

ar e gr o wi n g dir e ctl y fr o m s u bstr at e u p t o t h e s urf a c e, n o di visi o n of t hi n fil m is visi bl e li k e i n 

s a m pl e  o n  Si. H e n c e,  n o  r e a cti o n  b et w e e n  Y S Z  a n d  L a F e O 3  l a y er  o c c urs,  e v e n  at  1 0 0 0 ° C 

d e p ositi o n t e m p er at ur e. C ol u m ns h a v e wi dt h u p t o  7 5  n m ( s e e Fi g ur e 6 6 b). S h a p e of c ol u m ns 

t er mi n ati o n  c a n  b e  o bs er v e d i n Fi g ur e 6 6 b.  All  dist a n c es  c al c ul at e d  fr o m  F F T  c a m e  fr o m 

L a F e O 3  (s e e T a bl e 3 2 ). T h e i n d e x ati o n of t h e F F T i n di c at e a gr o wt h dir e cti o n of [ 2 0 0] a n d  ( 1 0 1) 

or ( 1 0 -1) pl a n es e x p os e d t o g as (s e e Fi g ur e 6 6 c). A g ai n, t h e e x p os e d pl a n es ar e t h e o n es of t h e 

{ 1 0 1 } f a mil y, t h at is t o s a y t h e { 1 0 0 } of t h e c u bi c p er o vs kit e c ell.  
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Fi g ur e 6 9 . Hi g h m a g nifi c a ti o n S E M mi cr o gr a p h of L a F e O 3 -8 5 0 -Y S Z 3 5  

E a c h gr ai n of Y S Z 3 5 is c o m pl et el y c o v er e d b y  n a n o m etri c gr ai ns of L a F e O 3  (s e e Fi g ur e 6 9 ), 

d es pit e t h e b u m p y s urf a c e of t h e s u bstr at e . Gr ai n b o u n d ari es of Y S Z ar e cl e arl y  visi bl e.  

T o a n al y z e r o u g h n ess p ar a m et ers , A F M t e c h ni q u e w as us e d  (s e e Fi g ur e 7 0 ). 
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 1 0 3  

. C o n c er ni n g t h e ori e nt ati o n of  L a F e O 3  gr ai n, as f or ot h er s u bstr at es, o n e o bs er v es o nl y ( 1 0 1) 

a n d ( 2 0 0) pl a n es; h o w e v er, t o est a blis h t h e gr o wt h dir e cti o n a n d pl a n es e x p os e d t o g as f urt h er 

i n v esti g ati o ns ar e n e e d e d.  Mi cr o gr a p hs o bt ai n e d i n T E M all o ws t o m e as ur e t hi n fil m t hi c k n ess 

w hi c h  is 1 0 5  n m.  As  w e  c a n  o bs er v e  o n Fi g ur e 7 1 a surf a c e  of  Y S Z 3 5  c o nt ai ns gr ai ns.  

R o u g h n ess of t his s u bstr at e is m u c h hi g h er t h a n Si or Y S Z 9 5. Gr ai n  ar e c o v er e d b y t hi n fil m of 

L a F e O 3  wit h c ol u m n ar str u ct ur e . C ol u m ns i n t his s a m pl es h a v e f l at t er mi n ati o n. F F T a n al ysis 

s h o w t h at t hi n fil m c o nt ai ns  o nl y L a F e O 3  p h as e  (s e e T a bl e 3 4 ).   

T a bl e 3 4 . F F T of L a F e O 3 -8 5 0 -Y S Z 3 5   

Dist a n c e (n m ) Pl a n e  N u m b e r  

0 .3 9  ( 1 0-1)  1  

0 .2 9  ( 1 2 0) 2  

0 .3 9  ( 1 0 1) 3  

0 .3 9  ( 1 0-1)  4  

0 .2 9  ( 1 2 0) 5  

0 .3 9  ( 1 0 1) 6  

 

 



1 0 4  

5  G A S  M E A S U R E M E N T S  

Fr o m o bt ai n e d r es ults w e c a n c o n cl u d e t h at t hi n fil ms wit h m o n o cr yst alli n e str u ct ur e a n d hi g hl y 

d e v el o p e d s urf a c e ar e d e p osit e d at  8 5 0 ° C a n d t o a l ess e xt e nt at 7 5 0 ° C. Aft er t a ki n g u n d er 

c o nsi d er ati o n a p pli c ati o n of S E m e as ur e m e nts w er e c o n d u ct e d o nl y o n t hi n fil ms d e p osit e d at 

t h es e t e m p er at ur es o n Y S Z 9 5 a n d Y S Z 3 5. First p art d et er mi n es d es cri b e d p ossi bilit y of t hi n 

fil ms  a p pli c ati o n  as  S E  i n  r esist a n c e  g as  s e ns or.  S e c o n d  p art  of  t his  c h a pt er  is  d efi ni n g 

us ef ul n ess of pr o p os e d m at eri al as S E i n el e ctr o c h e mi c al g as s e ns ors. I n b ot h c as es s e nsiti vit y 

t o w ar ds N O2  w as t est e d.  

4. 3  R E SI S T A N C E M E A S U R E M E N T S

4. 3. 1  L a C o O 3  

D e p osit e d  L a C o O 3 - Y S Z 9 5  t hi n  fil ms  w er e  t est e d  i n  t h e  pr es e n c e  of  N O2   at  a  c o n c e ntr ati o n 

fr o m 2. 5 p p m t o 1 0 0 p p m i n a t e m p er at ur e r a n g e: 2 5 – 5 5 0° C. T h e s a m pl es w er e pl a c e d i n a c ell. 

B ef or e  t h e  first  m e as ur e m e nts  t h e  s a m pl e  w as  h e at e d  t o  a  t e m p er at ur e  of  3 0 0 ° C  wit h  a 

c o nti n u o us air fl o w f or a p eri o d of 3 h o urs.  T h e ai m of t his tr e at m e nt w as t o cl e a n  t h e s a m pl e 

s urf a c e a n d t h e c ell  fr o m c o nt a mi n ati o n. I n or d er t o st a bili z e t h e m e as uri n g si g n al aft er r e a c hi n g 

t h e ass u m e d t e m p er at ur e, s a m pl e w as h el d u n d er v olt a g e wit h air fl o w f or t h e ti m e n e e d e d t o 

o bt ai n a st a bl e b as e li n e si g n al ( R air ). 
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T a bl e 3 9 . S e ns or r es p o ns e i n 5 5 0 °C u n d er diff er e nt g as c o n c ert ati o n.  

T e m p e r at u r e (°° C ) R es p o ns e Ti m e (s) S e nsiti vit y  (% ) N O 2 C o n c e nt r ati o n  

5 5 0  1 0 0  4  2, 5 p p m  

5 5 0  7 0  6  5 p p m  

5 5 0  5 0  8  1 0 p p m  

5 5 0  5 0  1 0  2 0 p p m  

5 5 0  8 5  1 4 .5  5 0 p p m  

5 5 0  9 5  1 5  1 0 0 p p m  
 
T h e L a C o O 3 -8 5 0 -Y S Z 9 5 t hi n fil m h as  n ot o nl y  a  hi g h er s e nsiti vit y t o w ar ds N O 2  (s e e T a bl e 3 9 ) 

t h a n  L a C o O3 -7 5 0 -Y S Z 9 5  b ut  als o  is  r e a cti n g  wit h  s m all er  N O 2  c o n c ert ati o n  ( 2 .5  p p m).  I n 

s a m pl e d e p osit e d at 8 5 0 ° C , n ois e w as s m all er a n d r e c o v er y ti m e w as l o w er. D u e t o hi g h drift 

of b as e l a n e  a n d hi g h n ois e si g n al r ati o m e as ur e m e nts w as m u c h m or e diffi c ult i n L a C o O 3 -7 5 0 -

Y S Z 9 5 . 
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T a bl e 4 0 . S e nsiti vit y of L a C o O 3 -8 5 0 -Y S Z 3 5 . 

T e m p e r at u r e  
(°° C ) 

R es p o ns e Ti m e  
(s) 

S e nsiti vit y  
(% ) 

N O 2 C o n c e nt r ati o n  
( p p m) 

5 0  1 2  2 6  1 0 0  

5 0  2 0  4 5  1 5 0  

1 0 0  4  1 6  5 0  

1 0 0  4  2 0  1 0 0  

1 0 0  4  2 2  1 5 0  

1 5 0  2  2 6  1 5 0  

2 0 0  2 0  4  5 0  

2 0 0  2 0  5  1 0 0  

2 0 0  1 4  7  1 5 0  

2 5 0  3  4  5 0  

2 5 0  4  6  1 0 0  

2 5 0  8  8  1 5 0  

3 0 0  4  5  5 0  

3 0 0  9  8  1 0 0  

3 5 0  6  5  5 0  

3 5 0  1 0  7  1 0 0  

3 5 0  1 6  1 0  1 5 0  

 

 

Fi g ur e 7 8 .L a C o O 3 -8 5 0 -Y S Z 3 5  resist a n c e  i n diff er e nt t e m p er at ur es.  

L a C o O 3 -8 5 0 -Y S Z 3 5 is s e nsiti v e t o w ar ds N O 2  i n wi d e r a n g e of t e m p er at ur es ( 5 0 t o 4 0 0° C)  (s e e 

Fi g ur e 7 7 ). R es p o ns e  ti m e is pr o p orti o n al t o N O2  c o n c ert ati o n a b o v e 1 5 0 ° C . L o w est r es p o ns e 

ti m e  w as  o bt ai n e d  at  1 5 0ºC  a n d  1 5 0  p p m  of  N O 2 . N - t y p e  r es p o ns e  w as  o bs er v e d  f or  all 

t e m p er at ur es  e x c e pt  1 5 0º C w h er e  w e  c a n  o bs er v e  p -t y p e  r es p o ns e.  Hi g h est  s e nsiti vit y  w as 

o bt ai n e d at 5 0º C ( 4 5 % f or 1 5 0 p p m)  (s e e T a bl e 4 0 ). L a C o O 3-8 5 0 -Y S Z 3 5 ar e c h ar a ct eri z e d b y 

0, 0 0 E + 0 0

2, 0 0 E + 0 5

4, 0 0 E + 0 5

6, 0 0 E + 0 5

8, 0 0 E + 0 5

1, 0 0 E + 0 6

1, 2 0 E + 0 6

0 1 0 0 0 2 0 0 0 3 0 0 0 4 0 0 0 5 0 0 0 6 0 0 0 7 0 0 0 8 0 0 0

Re
si

st
an

ce
 [

W
]

Ti m e [s]

1 0 0 ° C  

1 5 0 ° C  

2 0 0 ° C  

2 5 0 ° C  

3 0 0 ° C  
3 5 0 °C  

4 0 0 °C  

1 5 0 °C  

3 5 0 ° C  

3 0 0 ° C  

1 0 0 ° C  5 0 °C  5 0 °C  
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f ast r es p o ns e ti m e. Fi g ur e 7 8  pr es e nt s t h e  r esist a n c e at diff er ent t e m p er at ur es. S a m pl e w as h ol d 

u n d er  c o nti n u o us  fl u x  of  air.  T e m p er at ur e  w as  c h a n g e d  wit h  5 0º C  st e p.  W e  c a n  o bs er v e 

n o nli n e ar b e h a vi or of m at eri al.  

4. 3. 2  L a F e O 3  

T hi n fil ms L a F e O 3 -T -Y S Z 9 5 w er e t est e d i n t h e pr es e n c e of g as es at a c o n c e ntr ati o n r a n g e fr o m 

2 .5 p p m t o 1 0 0 p p m ( N O 2 , N H3 , C O) i n t h e t e m p er at ur e r a n g e fr o m 2 5° C  t o 5 5 0° C. T h e s a m pl es 

w er e pl a c e d i n a c ell . B ef or e first m e as ur e m e nts s a m pl e w as h e at e d t o a t e m p er at ur e of 3 0 0 ° C 

wit h a c o nti n u o us air fl o w f or a p eri o d of 3 h o urs. Ai m if t his tr e at m e nt w as t o cl e a ni n g s a m pl e 

s urf a c e a n d c ell  fr o m c o nt a mi n ati o n. I n or d er t o st a bili z e t h e si g n als aft er r e a c hi n g t h e ass u m e d 

t e m p er at ur e, s a m pl e w as h el d u n d er v olt a g e wit h air fl o w f or t h e ti m e n e e d e d t o o bt ai n a st a bl e 

b as eli n e ( R air ). Fi g ur e 7 9  s h o ws t h e r es ults f or L a F e O 3 -7 5 0 -Y S Z 9 5 s a m pl e  i n t h e pr es e n c e of 

5 0  p p m N O 2  at v ari o us t e m p er at ur es.  

  L a F e O 3 -7 5 0 -Y S Z 9 5  s a m pl e  w as  r e a cti v e  t o w ar ds  N O 2  fr o m  2 0 0° C.  I n  l o w er  t e m p er at ur es 

s a m pl e di d n ot s h o w r e a cti vit y i n g as pr es e n c e. I n 2 0 0 ° C t hi n fil m is gi v es n -t y p e r es p o ns e 

u n d er g as ( s e e Fi g ur e 7 9 a). Aft er h e ati n g t o 2 5 0 ° C n at ur e of r es p o ns e is c h a n g e d t o p -t y p e.  

S e nsiti vit y d e cr e as e d si g nifi c a ntl y i n r a n g e fr o m 2 0 0 ° C t o 2 5 0 ° C ( s e e T a bl e 4 1 ). At  3 0 0 ° C t hi n 

fil ms s h o ws hi g h er r e a cti vit y t o w ar ds N O2  t h a n i n ot h er t e m p er at ur es. R esist a n c e c ur v e r u ns 

r a pi dl y  t o  mi ni m u m  a n d  r e a c h  mi ni m u m.  T h er ef or e,  aft er  r etr a cti n g  N O 2  r esist a n c e  is  n ot 

r e a c hi n g b as e lin e ( R air ). F urt h er t e m p er at ur e i n cr e as e d o es n ot l e a d t o s e nsiti vit y i m pr o v e m e nt. 

S h ort est r es p o ns e ti m e is o bt ai n e d i n 2 0 0 ° C ( s e e T a bl e 4 1 ).  
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c o n c e ntr ati o n u p t o 2 0 p p m ( s e e T a bl e 4 2 ).  T h e r es p o ns e ti m e d e cr e as e wit h i n cr e as e of N O2  

c o n c ert ati o n a n d t h e s h ort est ti m e is i n 5 0 p p m of N O 2 .  

T a bl e 4 2 . S e nsiti vit y a n d r e s p o ns e ti m e of L a F e O 3 -7 5 0 -Y S Z 9 5 i n 2 0 0 ° C  

S e nsiti vit y  
(% ) 

N O 2 C o n c e nt r ati o n  
( p p m) 

R es p o ns e ti m e  
(s) 

1 9  2 .5  3 7 0  

2 0  5  1 2 0  

4 0  1 0  9 5  

5 0  2 0  9 5  

4 9  5 0  4 0  

4 9  1 0 0  7 5  
 
T hi n fil m s h o ws r e a cti vit y t o w ar ds l o w N O 2  c o n c ert ati o n ( 2 .5 p p m). S a m pl e r e a c h s at ur ati o n 

i n 2 0 p p m of N O2 , f urt h er i n cr e as e d o es  n ot  i nfl u e n c e s e nsiti vit y  (s e e T a bl e 4 2 ). 

T h e  eff e ct  of  c h a n g e  of  c o n d u cti o n  t y p e  is  o bs er v e d  als o  i n  t hi n  fil ms  L a F e O 3 -8 5 0 -Y S Z 9 5.  

L a F e O 3 -8 5 0 -Y S Z 9 5  s a m pl e  w as  i n v esti g at e d  t o w ar ds  r e a cti vit y  t o  N O 2  i n  wi d e  r a n g e  of 

t e m p er at ur es ( 2 5° C –  4 5 0 ° C) a n d c o n c e ntr ati o ns ( 2 .5 p p m – 1 0 0 p p m) r es ults ar e pr es e nt e d i n 

Fi g ur e 8 1  a n d i n T a bl e 4 3 . U p  t o  3 0 0 ° C  s a m pl e  pr es e nt  n  t y p e  r es p o ns e.  I n  3 5 0 ° C  b ot h 

c o m p etiti v e  c o n d u cti o n  t y p e s ar e  o c c urri n g  i n  o n e  ti m e.  Fr o m  4 0 0 ° C  s a m pl e  h a v e  p -t y p e 

r es p o ns e. Ti m e of n - t y p e r es p o ns e d e cr e as e wit h i n cr e as e of t e m p er at ur e. S h ort est r e p os e ti m e 

is o bs er v e d aft er s wit c h of r e p os e ti m e ( 4 5 0° C).  
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T h e L a F e O 3 -8 5 0 -Y S Z 9 5 t hi n fil m d et e ct pr es e n c e of N O 2  i n a wi d e t e m p er at ur e r a n g e (fr o m 

2 5 ° C t o 4 5 0 ° C). I nt er esti n g b e h a vi or of t h e m at eri al c a n b e o bs er v e d  at 3 5 0 °  C, w h er e t h e n at ur e 

of r es p o ns e c h a n g es. At t e m p er at ur es fr o m 2 5° C t o 3 0 0 ° C, aft er i ntr o d u ci n g N O 2  i nt o t h e c ell , 

thi n  fil m  r esist a n c e  i n cr e as es. W hil e  at  t e m p er at ur es  a b o v e  3 5 0 ° C  i n pr es e n c e  of N O 2 , 

r esist a n c e d e cr e as es. At l o w t e m p er at ur es, t h e s e ns or is c h ar a ct eri z e d b y a n n -t y p e r es p o ns e, i n 

hi g h er  o n es  b y  a  p -t y p e.  L a F e O3 -8 5 0 -Y S Z 9 5  s e nsiti vit y  r e a c h  5 8 0 0 %  (s e e T a bl e 4 3 ). 

C o m p ar e d t o t h e r es ults o bt ai n e d f or ot h er s a m pl es , t his s a m pl e is s h o wi n g gr e at s e nsiti vit y .  

T a bl e 4 3 . L a F e O 3 -8 5 0 -Y S Z 9 5 R es p o ns e  u n d er N O 2  

T e m p e r at u r e  
(°° C ) 

S e nsiti vit y  
(% ) 

2 5  1 0 0  

5 0  1 2 5  

1 0 0  1 5 0 0  

1 5 0  4 0 0 0  

2 0 0  5 8 0 0  

2 5 0  2 8 0  

3 0 0  1 7 0  

3 5 0  2 8 5  

4 0 0  -1 0 0  

4 5 0  -9 5  

 

Fi g ur e 8 3  is a gr a p h of s e nsiti vit y as a f u n cti o n of t e m p er at ur e, t h e l a y er w as e x p os e d t o 5 0 p p m 

N O 2  at  t e m p er at ur es  fr o m  2 5 ° C  t o  4 5 0 ° C  t o  d et er mi n e  t h e  o pti m u m  s e ns or  o p er ati n g 

t e m p er at ur e. S e nsiti vit y i n t h e n r a n g e is m u c h hi g h er t h a n i n t h e p r a n g e, t h e r es p o ns e ti m e a n d 

t h e c o urs e of t h e r esist a n c e c h a n g e si g nifi c a ntl y i n t h e n a n d p r a n g es. 
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Fi g ur e 8 2 . R es p o ns e ti m e i n t e m p er at ur e L a F e O 3 -8 5 0 -Y S Z 9 5  

T h e r es p o ns e ti m e i n t h e p -t y p e r a n g e is m u c h s h ort er t h a n i n t h e n-t y p e r a n g e (s e e Fi g ur e 8 2 ). 

T his is d u e t o a diff er e nt s h a p e of t h e r esist a n c e c ur v e. N - t y p e r es p o ns e is c h ar a ct eri z e d b y 

sl o w a p pr o a c hi n g t h e m a xi m u m. At hi g h er t e m p er at ur es, t h e r es p o ns e is i n t h e f or m of a v erti c al 

c ur v e  of  r esist a n c e  (s e e Fi g ur e 8 1 j).  T o  d et er mi n e p ossi bl e  c o n c ert ati o n  r a n g e  of N O 2 ,  t h e 

s e ns or  r es p o ns e  w as  t est e d  at  t e m p er at ur e 2 0 0 ° C i n  c o n c ert ati o n  r a n g e fr o m 2 .5  p p m t o 

1 0 0  p p m  (s e e Fi g ur e 8 3 ).  

 

Fi g ur e 8 3 . S e nsiti vit y  of L a F e O 3 -8 5 0 -Y S Z i n 2 0 0 ° C i n N O2   

L a F e O 3 -8 5 0 -Y S Z 9 5 is r e a cti v e t o w ar ds wi d e r a n g e of N O2  c o n c ert ati o n. I n o ur d e vi c e 2 .5 p p m 

is t h e l o w est p ossi bl e N O2  c o n c ert ati o n. Hi g h s e nsiti vit y  t o w ar ds 2.5 p p m of N O 2  (s e e Fi g ur e 

8 4 a) all o ws  t o  ass u m e  t h at  l o w er  c o n c ert ati o n  w o ul d  b e  d et e ct e d  t o o.  Aft er  t a ki n g  u n d er 

c o nsi d er ati o n all o bt ai n e d r es ults f or f urt h er t est s a m pl e wit h t h e b est p erf or m a n c e w as c h os e n 

( L a F e O3 -8 5 0 -Y S Z 9 5). N ot o nl y s e nsiti vit y  a n d r es p o ns e ti m e is k e y p ar a m et er o f g as s e ns or. 

S el e cti vit y is als o o n e of t h e m ost i m p ort a nt a biliti es of s e ns or. T o d et er mi n e t his p ar a m et er 

0, 0 0 %

1 0 0 0, 0 0 %

2 0 0 0, 0 0 %

3 0 0 0, 0 0 %

4 0 0 0, 0 0 %

5 0 0 0, 0 0 %

0, 0 0 2 0, 0 0 4 0, 0 0 6 0, 0 0 8 0, 0 0 1 0 0, 0 0

Se
ns

a
bi
li

ty
 [

%]

N O 2 c o n c et r ati o n [ p p m]
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L a F e O 3 -8 5 0 -Y S Z 9 5  w as  e x p os e d  o n  N H 3  a n d  C O 2  g as es.  O bt ai n e d  r es ults  all o ws  t o  d efi n e 

s el e cti vit y of t hi n fil m d e p osit e d at 8 5 0 ° C.  

 

Fi g ur e 8 4 . L a F e O 3 -8 5 0 -Y S Z 9 5 R es p o ns e  u n d er 5 0 p p m of C O . 

R es p o ns e  of t hi n fil m w as t est e d u n d er pr es e n c e of C O i n v ari o us  t e m p er at ur es. L a F e O 3-8 5 0 -

Y S Z 9 5  s h o w e d  r e a cti vit y  t o w ar ds  C O  fr o m  1 5 0 ° C. S e nsiti vit y  i n  t his  t e m p er at ur e  w as  4 %. 

R esist a n c e of t hi n fil m i n C O pr es e n c e i n cr e as e d aft er f urt h er i n cr e as e of t e m p er at ur e t o 2 0 0 ° C 

n at ur e of r es p o ns e c h a n g e d. Aft er c h a n g e of r es p o ns e (r esist a n c e d e cr e as e) s e nsiti vit y  r e a c h 

8 %. M a xi m u m r es p o ns e of t h e s e ns or c a n b e o bs er v e d i n 3 5 0 ° C ( 3 2 %) ( s e e T a bl e 4 4 ). O bt ai n e d 

r es ults all o ws us t o c o n cl u d e t h at t hi n fil m of L a F e O3  d e p osit e d o n Y S Z 9 5 is n ot s el e cti v e. 

R e a cti vit y t o w ar ds C O a n d N O 2  w as d et e ct e d. H o w e v er,  s e nsiti vit y  t o w ar ds C O is m u c h l o w er 

t h a n f or N O2 .  

T a bl e 4 4 . L a F e O 3 -8 5 0 -Y S Z 9 5 R es p o ns e u n d er 5 0 p p m of C O . 

S a m pl e  G as  
T e m p e r at u r e  

( ° C) 
S e nsiti vit y  

(% ) 

L a F e O 3 -8 5 0 -Y S Z 9 5  C O  

1 5 0  4  

2 0 0  -8  

2 5 0  -9  

3 0 0  -2 5  

3 5 0  -3 2  

 

- 4 0, 0 0

- 3 5, 0 0

- 3 0, 0 0

- 2 5, 0 0

- 2 0, 0 0

- 1 5, 0 0

- 1 0, 0 0

- 5, 0 0

0, 0 0

5, 0 0

1 0, 0 0

1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0
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[

%]

T e m e pr at ur e [s]

s e n siti vit y L a F e 8 5 0 Y S Z 9. 5  C O 5 0 p p m
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Fi g ur e 8 5 . L a F e O 3 -8 5 0 -Y S Z 9 5 R es p o ns e u n d er 5 0 p p m of N H 3 . 

F urt h er t est w as c arri e d o ut i n pr es e n c e of N H 3 . As w as t h e c as e wit h C O w or ki n g t e m p er at ur e 

st arts  at  1 5 0 ° C.  I n  r a n g e  fr o m  1 5 0 ° C  t o  2 5 0 ° C  r es p o ns e  ti m e  is  v er y  l o n g  ( s e e T a bl e 4 5 ). 

Hi g h est s e nsiti vit y  s a m pl e r e a c h at 2 5 0 ° C as it w as o bs er v e d  f or N O2 . I n r a n g e fr o m 1 5 0° C t o 

3 0 0 ° C aft er N H 3  i nj e cti o n r esist a n c e i n cr e as e, i n 3 5 0° C i n g as pr es e n c e t hi n fil m r esist a n c e 

d e cr e as e. A b o v e 2 5 0 ° C r es p o ns e ti m e is m u c h s h ort er ( 4 5 s).  

T a bl e 4 5 . L a F e O 3 -8 5 0 -Y S Z 9 5 R es p o ns e u n d er 5 0 p p m of N H 3 . 

S a m pl e  G as  
T e m p e r at u r e  

( ° C) 
R es p o ns e  ti m e 

(s) 
S e nsiti vit y  

( %) 

L a F e O 3 -8 5 0 -Y S Z 9 5  N H 3  

1 5 0  1 0 0 0  1 5  

2 0 0  2 0 0 0  1 0 0  

2 5 0  1 0 0 0  1 2 0  

3 0 0  4 5  1 4  

3 5 0  1 5 0  -1 0  

  

- 2 0 %

0 %

2 0 %

4 0 %

6 0 %

8 0 %

1 0 0 %

1 2 0 %

1 4 0 %

1 5 0 2 0 0 2 5 0 3 0 0 3 5 0

S e n siti vit y L a F e 8 5 0 Y S Z 9. 5  N H 3 5 0 p p m
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4. 4  E L E C T R O C H E MI C A L M E A S U R E M E N T S  

T hi n fil ms w er e t est e d i n t h e pr es e n c e of N O2  at a c o n c e ntr ati o n fr o m 1 7 p p m t o 2 5 0 p p m i n a 

t e m p er at ur e r a n g e: 5 0 0– 7 0 0 ° C. R ef er e n c e el e ctr o d e w as e x p os e d o n c o nst a nt air pr ess ur e. S E 

w as e x p os e d at mi xt ur e of Air a n d N O 2 . Cr e at e d E M F w as m e as ur e d. T o c al c ul at e Δ  E M F 

pr es e nt e d f or m ul a w as us e d: Δ  E M F = E M F ( e x p eri m e nt al) –  E M F ( O2 ). E M F( O2 ) is c al c ul at e d v al u e 

cr e at e d d u e t o c h a n g e i n p arti al pr ess ur e of o x y g e n d u e t o c h a n g e i n N O 2  c o n c e ntr ati o n.  
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Fi g ur e 8 6 . L a C o O 3 -7 5 0 -Y S Z 3 5 r es p o ns e u n d er N O 2  i n a) 5 0 0° C c) 6 0 0 ° C  

I n Fi g ur e 8 6 b -d , w e c a n o bs er v e c h a n g e i n Δ E M F u n d er N O 2 . R es p o ns e of t h e s e ns or is r a n g e 

of m e as ur e m e nt err or t his m e a ns t h at L a C o O 3 -7 5 0 -Y S Z 3 5 t hi n fil m is n ot s e nsiti v e t o w ar ds 

N O 2 at 5 0 0 ° C a n d at 6 0 0 ° C.  Drift of t h e si g n al is d e cr e asi n g wit h t e m p er at ur e. At 5 0 0 ° C drift 

of t h e si g n al is str o n g ( -1 1 m V i n 3 8 0 0 mi n ut es). At 6 0 0 ° C drift is n o l o n g er pr es e nt.  

D u e t o hi g h t e m p er at ur e ( 6 0 0 ° C) eff e ct of N O 2  r e d u cti o n t o N O a n d O2  is visi bl e. Δ E M F h a v e 

o p p osit e v al u es c o m p ari n g t o E M F O 2 . T his m e a ns g as b e h a v es as r e d u cti v e.  
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Fi g ur e 8 7 . L a C o O 3 -8 5 0 -Y S Z 3 5 at 5 0 0º C . 

I n Fi g ur e 8 7  a  r es p o ns e  of  L a C o O 3 -8 5 0 -Y S Z 3 5  u n d er  diff er e nt  N O 2  c o n c e ntr ati o ns  is 

pr es e nt e d. Si g n al drift is str o n g ( – 4, 2 m V –  1 0 0 0 mi n). S e ns or is n ot s e nsiti v e t o w ar ds N O 2 . 

Δ E M F is cr e at e d d u e t o c h a n g e of p arti al pr ess ur e of o x y g e n. O n m e as uri n g si d e N O 2  is dil ut e d 

wit h air. I n cr e as e of N O 2  c o n c e ntr ati o n l e a ds t o d e cr e as e of o x y g e n c o n c ert ati o n. O n r ef er e n c e 

el e ctr o d e o x y g e n pr ess ur e is c o nst a nt t h at’s w h y c h a n g e i n o x y g e n c o n c ert ati o n i n m e as uri n g 

si d e cr e at es E M F. T o e xtr a ct si g n al cr e at e d b y N O 2  w e n e e d t o c al c ul at e E M F g e n er at e d b y 

c h a n g e i n o x y g e n pr ess ur e. W h e n s e ns or is n ot s e nsiti v e t o w ar ds N O 2  t h e n Δ E M F will h a v e 

o p p osit e v al u es t o E M F O 2 . 
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Fi g ur e 8 8 . L a C o O 3 -8 5 0 -Y S Z 9 5 at 5 0 0 ° C . 

R es p o ns e of s a m pl e L a C o O 3 -8 5 0 -Y S Z 9 5 at 5 0 0 ° C is pr es e nt e d i n Fi g ur e 8 8 a -b. T h e or eti c al 

E M F f or o x y g e n a n d e x p eri m e nt al E M F f or N O 2 is pr es e nt e d at Fi g 9 1 a. D u e t o t h e si g n al 

drift ( 2 .7 m V aft er 3 8 0 0). As w e c a n o bs er v e in Fi g ur e 8 8 b c h a n g e i n E M F u n d er diff er e nt N O 2  

c o n c ert ati o n is l o w. Δ E M F o bt ai n e d f or 2 5 0 p p m of N O 2  is 4.3 m V. S a m pl e L a C o O 3 -8 5 0 -

Y S Z 9 5 is n ot s e nsiti v e to w ar d N O 2  c o n c ert ati o n.   
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Fi g ur e 8 9 . L a F e O 3 -7 5 0 -Y S Z 3 5 u n d er N O 2  at a) 5 0 0 ° C b) 6 0 0 °C  

R es p o ns e of s a m pl e L a F e O 3 -7 5 0 -Y S Z 3 5 at 5 0 0 ° C is pr es e nt e d i n Fi g ur e 8 9  a -b. T h e or eti c al 

E M F f or o x y g e n a n d e x p eri m e nt al E M F f or N O 2  is pr es e nt e d i n Fi g ur e 8 9 a. Si g n al drift is l o w 

(– 1 m V aft er 1 0 0 0 mi n). Δ E M F u n d er diff er e nt N O 2  c o n c ert ati o n is l o w. M a xi m u m  Δ E M F is 

o bs er v e d f or 2 5 0 p p m of N O 2  (– 5, 3 m V). S a m pl e L a F e O 3 -8 5 0 -Y S Z 3 5 s h o w l o w s e nsiti vit y 

to w ar d N O 2 .  L a F e O 3 -7 5 0 -Y S Z 3 5 at 6 0 0º C is n ot s e nsiti v e t o w ar ds N O 2 , si g n al drift is s m all 

( 1.5 m V aft er 1 0 0 0 mi n) t his c a n b e aff e ct e d b y pr es e n c e of N O w hi c h is r e d u cti v e g as. E M F 

cr e at e d b y N O a n d N O 2  h a v e o p p osit e  si g n als t h at  is w h y w e ar e n ot o bs er vi n g t h e r es p o ns e.  
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Fi g ur e 9 0 . L a F e O 3 -8 5 0 -Y S Z 3 5 at 5 0 0º C . 
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Fi g ur e 9 1 . L a F e O 3 -8 5 0 -Y S Z 9 5 u n d er N O 2  at 5 0 0 ° C . 

S a m pl e w as e x p os e d t o N O 2  c o n c ert ati o n: 1 7 p p m, 4 2 p p m, 8 3 p p m, 1 2 5 p p m, 1 6 6 p p m, 2 0 8 

p p m, 2 5 0 p p m, 2 0 8 p p m, 1 6 6 p p m, 1 2 5 p p m, 8 3 p p m, 4 2 p p m, 1 7 p p m. Aft er e a c h c h a n g e 

s a m pl e w as h ol d. First a n d l ast m e as ur e m e nt w as c arri e d o ut i n Air pr es e n c e. C h a n g e i n E M F 

b et w e e n first a n d l as t m e as ur e m e nt c a n b e e x pl ai n e d b y drift of t h e s a m pl e. T his p h e n o m e n o n 

c a n b e o bs er v e d i n Fi g ur e 9 1 a. Drift of t h e si g n al aft er 3 1 0 0 is 4 .7 m V.  Δ  E M F f or 2 5 0 p p m 

of N O 2  is 1 1.9 3 m V. I o ni c c o n d u cti vit y of Y S Z 9 5 at 5 0 0 ° C is l o w t his c a n e x pl ai n l o n g r es p o ns e 

ti m e.  L o w  i o ni c  c o n d u cti vit y  of  t h e  s u bstr at e  m a k es  m or e  diffi c ult  t o  est a blis h  l o c al 
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e q uili bri u m. R es p o ns e ti m e of L a F e O 3- 8 5 0- Y S Z 9 5 is l o n g er i n c o m p aris o n t o L a F e O 3- 8 5 0-

Y S Z 3 5. P ol y cr yst alli n e m at eri al s h o ws hi g h er i o ni c c o n d u cti vit y i n l o w er t e m p er at ur es d u e t o 

gr ai n b o u n d ari es. 

Fi g ur e 9 2 . L a F e O 3 -8 5 0 -Y S Z 9 5 u n d er N O 2  at 6 0 0 ° C. 

Aft er i n cr e asi n g of t e m p er at ur e u p t o 6 0 0 ° C drift is n o l o n g er pr es e nt. Drift of b as e li n e is i n 

r a n g e of m e as ur e m e nts err or (s e e Fi g ur e 9 2).  Δ E M F u n d er 2 5 0 p p m is – 2, 4 m V. I n cr e as e d of 

t e m p er at ur e  aff e ct  s e nsiti vit y  of  t h e  s e ns or.  I n  5 0 0  º C  s e ns or  u n d er  2 5 0  p p m  s e ns or  gi v es 

r es p o ns e  of  – 1 1, 9 3  m V.    S a m pl e  L a F e O3 - 8 5 0- Y S Z 9 5  s h o w  l o w  s e nsiti vit y  t o w ar ds  N O2  at 

6 0 0 ° C. I n cr e as e of t e m p er at ur e aff e ct r es p o ns e ti m e. I n t his t e m p er at ur e i o n c o n d u cti vit y r e a c h 

s uffi ci e nt l e v el t o all o w r e a c h e q uili bri u m u n d er N O 2 . 
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6  E X T E N D E D S U M M A R Y  A N D P E R S P E C T I V E S  

As p art of t his d o ct or al t h esis, t h e mi cr ostr u ct ur e a n d s e nsi n g pr o p erti es t o w ar ds N O 2  of t hi n 

l a y ers  of  L a C o O3   a n d  L a F e O3   w er e  i n v esti g at e d.  T h e  t hi n  fil ms  w er e  d e p osit e d  o n  t hr e e 

diff er e nt s u bstr at es ( Si, Y S Z 9, 5, Y S Z 3, 5) usi n g t h e P L D t e c h ni q u e. T h e ai m of t h is r es e ar c h 

w as  t o  pr o d u c e  n a n o cr yst alli n e  t hi n  fil ms  s e nsiti v e  t o w ar ds  N O 2 .  T h e  r ol e  of  d e p ositi o n 

p ar a m et ers a n d s u bstr at e o n t h e mi cr ostr u ct ur e a n d c h e mi c al c o m p ositi o n of t h e t hi n fil ms w as 

st u di e d b y X R D, S E M wit h E D S, T E M, X P S a n d A F M. T h e t hi n fil ms w er e us e d as s e nsi n g 

el e ctr o d e  i n  r esist a n c e  a n d  p ot e nti o m etri c  s e ns ors,  a n d  s e nsiti vit y,  d et e cti o n  ti m es  a n d 

el e ctr o m oti v e f or c e w er e m e as ur e d at diff er e nt t e m p er at ur es a n d f or diff er e nt g as c o n c e ntr ati o n 

(i n t h e p p m r a n g e). 

T hi n  fil ms  of  L a C o O 3   a n d  L a F e O3   w er e  d e p osit e d  usi n g  t h e  P L D  t e c h ni q u e  at  diff er e nt 

t e m p er at ur es  T  =  7 5 0,  8 5 0,  1 0 0 0° C.  Ot h er  pr o c ess  p ar a m et ers  s u c h  as  g as  pr ess ur e  i n  t h e 

c h a m b er, e n er g y d e nsit y o n t h e s urf a c e of t h e t ar g et, n u m b er of p uls es w er e n ot v ari e d i n t his 

st u d y a n d s el e ct e d b as e d o n lit er at ur e a n d pr eli mi n ar y r es e ar c h. D e p ositi o n t e m p er at ur es w er e 

c h os e n  s o  t h at  t h e  d e p osit e d  l a y ers  h a d  a  cr yst alli n e  str u ct ur e  wit h  n a n o m etri c  gr ai ns.  T h e 

str u ct ur e a n d mi cr ostr u ct ur e of all s a m pl es w er e c h ar a ct eri z e d usi n g X R D, S E M, E D S, T E M, 

A F M. M e as ur e m e nts i n N O 2  w er e c arri e d o ut o n t hi n fil ms d e p osit e d o n Y S Z s u bstr at e. 

Fr o m  t h e  t hr e e  d e p ositi o n  t e m p er at ur es,  8 5 0 ° C  is  t h e  o n e  w h o  l e d  t o  si n gl e  p h as e d 

n a n o cr yst alli n e t hi n fil ms, wit h a l o w n u m b er of dr o pl ets o n t h e s urf a c e, a n d wit h o ut cr a c ks. At 

a  d e p ositi o n  t e m p er at ur e  of  1 0 0 0 ° C,  t h er e  w as  a  r e a cti o n  b et w e e n  t h e  Si  s u bstr at e  a n d  t h e 

d e p osit e d l a y er, r es ulti n g i n t h e f or m ati o n of a L a 2 Si O 7  l a y er. I n t hi n fil ms d e p osit e d o n Y S Z 9 5, 

at t his t e m p er at ur e, a n a d diti o n al L a 2 O 3  p h as e w as i d e ntifi e d i n t h e d e p osit e d l a y er. T hi n fil ms 

d e p osit e d at 7 5 0 ° C w er e s u bj e ct t o cr a c ks, a n d m a n y dr o pl ets ( n a n o cl ust ers) at t h eir s urf a c e. 

B e c a us e t h e d e p osit e d t hi n fil ms di d n ot m e et t h e crit eri a s et o ut i n t h e t h esis, t h e y w er e n ot 

s u bj e ct e d t o t ests i n g as es. 

C h e mi c al  a n al ysis  ( E D S,  X P S)  s h o w e d  t h at  L a M O 3   ( M = C o,  F e)  t hi n  fil ms  ar e  n o n-

st oi c hi o m etri c, wit h 5 5 at. % L a, 4 5 at. % M, a n d t h e f or m ul a s h o ul d b e writt e n L a M 0. 8 O 3 – d . T his 

c o ul d b e li n k e d t o t h e o x y g e n g as pr ess ur e i n t h e d e p ositi o n c h a m b er. X P S r e v e al e d a s m all 
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a m o u nt of F e 4 +  i n t h e L a F e O3  l a y ers. W h at e v er t h e s u bstr at e, t h e gr ai ns h a d a c ol u m n ar gr o wt h, 

wit h  gr ai n  wi dt h  i n  t h e  n a n o m et er  r a n g e.  T h e  m or p h ol o g y  of  s u bstr at e  ( T- Y S Z)  str o n gl y 

aff e ct e d  t h e  m or p h ol o g y  of  t h e  d e p osit e d  t hi n  fil ms.  C o ntr ar y  t o  Si  a n d  C- Y S Z,  w hi c h  ar e 

m o n o cr yst alli n e wit h a ( 1 0 0) ori e nt ati o n, T- Y S Z s u bstr at e is p ol y cr yst alli n e wit h a gr a n ul ar 

str u ct ur e  a n d  a  hi g hl y  d e v el o p e d  b u m p y  s urf a c e.  H o w e v er,  t h e  t hi n  fil ms  d e p osit e d  o n  t his 

s u bstr at e  c o m pl et el y  c o v er e d  t h e  s u bstr at e,  u p  t o  t h e  gr ai n  b o u n d ari es,  m ai nt ai ni n g  t h e 

c ol u m n ar str u ct ur e t y pi c al of P L D.  

T hi n l a y ers of L a C o O 3  d e p osit e d at T = 7 5 0, 8 5 0 ° C h a v e t h e e x p e ct e d r h o m b o h e dr al cr yst alli n e 

str u ct ur e, wit h c ell p ar a m et ers l o w er t h a n t h e b ul k m at eri al. C h a n g es i n t h e si z e of t h e u nit c ell 

c a n b e e x pl ai n e d b y t h e pr es e n c e of C o v a c a n ci es t h at aff e ct als o t h e c o b alt o xi d ati o n st at e, 

h e n c e t h e i o ni c r a di us. T h e cr yst allit e si z e d et er mi n e d b y t h e W- H m et h o d a n d o bs er v ati o n b y 

S E M s h o w e d a n i n cr e as e i n t h e si z e of cr yst allit es a n d gr ai ns wit h t h e d e p ositi o n t e m p er at ur e. 

T h e s urf a c e m or p h ol o g y is als o aff e ct e d b y d e p ositi o n t e m p er at ur e. 

I n t h e c as e of t hi n fil ms of L a C o O3 - 8 5 0- Si, L a C o O3 - 8 5 0- Y S Z 9 5 t h e gr ai ns ar e f a c ett e d wit h 

tri a n g ul ar s h a p e, w hil e L a C o O3 - 7 5 0- Si, L a C o O3 - 7 5 0- Y S Z 9 5 t h e gr ai ns ar e s m all er a n d d o n ot 

a p p e ar f a c ett e d. O nl y t h e d e p ositi o n t e m p er at ur e is diff er e nt f or t h es e t hi n fil ms, t h us t h e r ati o 

of s u bstr at e t e m p er at ur e t o t h e m elti n g p oi nt of L a C o O 3 . A c c or di n g t o t h e T h or nt o n m o d el, at 

u n c h a n g e d g as pr ess ur e, a T/ T m  r ati o fr o m 0. 4- 0. 4 5 c orr es p o n ds t o t h e b or d er of z o n e 3 a n d 

z o n e  2,  w h er e  a  c h a n g e  of  m or p h ol o g y  is  n oti c e a bl e.  T E M  a n al ysis  s h o w e d  t h at  t hi n  fil ms 

d e p osit e d  at  T  =  7 5 0,  8 5 0 ° C  h a v e  c ol u m n ar  str u ct ur e,  wit h  a  gr ai n  wi dt h  ar o u n d  3 0  n m at 

7 5 0 ° C a n d v ar yi n g fr o m 3 0 t o 7 5 n m at 8 5 0 ° C. T h e t hi c k n ess of t h e fil ms v ari es fr o m 6 0 n m 

( 7 5 0 ° C Y S Z) t o 1 8 0 n m ( 8 5 0 ° C Si). C ol u m n ar gr ai ns h a v e m ai nl y a tri a n g ul ar s e cti o n a n d fl at 

t er mi n ati o n, b ut s o m e of t h e gr ai ns h a v e r e ct a n g ul ar s e cti o n wit h a 4-f a c ets ti p t er mi n ati o n. T h e 

d et er mi n ati o n  of  t h e  cr yst all o gr a p hi c  e x p os e d  f a c ets  b y  H R E M  i n di c at es  t h at  f or  t h e  t w o 

s h a p es, t h e s a m e pl a n es ar e e x p os e d, c orr es p o n di n g t o { 1 0 0 } C  i n c as e of Si s u bstr at e. S o m e w h at 

diff er e nt r es ults w er e o bt ai n e d o n C- Y S Z s u bstr at e, wit h { 1 1 0 } C  e x p os e d f a c ets, b ut f urt h er 

i n v esti g ati o ns o n t h e C- Y S Z s a m pl es ar e n e e d e d t o c o nfir m t his r es ult. T h e r es ults of T E M 

a n al y z es  ar e  v er y  i m p ort a nt  b e c a us e  it  is  t h e  s urf a c e  ori e nt ati o n  t h at  aff e cts  t h e  pr o p erti es 

(s e nsiti vit y) of g as-s e nsiti v e l a y ers. 
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L a F e O 3   p er o vs kit e  w as  t h e  s e c o n d  m at eri al  t est e d  as  p ot e nti al  S E  l a y er  i n  g as  s e ns ors 

a p pli c ati o n. T hi n fil ms w er e pr o d u c e d wit h t h e s a m e p ar a m et ers as t hi n l a y ers of L a C o O 3 . 

T hi n fil ms of L a F e O 3  als o h a v e t h e e x p e ct e d ort h or h o m bi c cr yst alli n e str u ct ur e wit h a m e a n 2 8 

n m cr yst allit e si z e f or T = 7 5 0 ° C a n d 4 0 n m f or T = 8 5 0 ° C. L a F e O 3  si mil ar l y t o L a C o O3  

pr es e nt a d e cr e as e of t h e c ell v ol u m e c a us e d b y t h e F e d efi ci e n c y a n d a c h a n g e i n t h e o xi d ati o n 

st at e . T h e m or p h ol o g y of t h e l a y er’s s urf a c e d e p osit e d at T = 7 5 0, 8 5 0 ° C d o es n ot c h a n g e wit h 

t h e d e p ositi o n t e m p er at ur e a n d is t h e s a m e f or t hi n fil ms d e p osit e d o n Si a n d Y S Z 9 5. O n t h e 

s urf a c e t h er e ar e t w o t y p es of s h a p e, el o n g at e d fl at gr ai ns s urr o u n d e d b y b u n c h e d of s m all er 

gr ai ns  wit h  ti p  t er mi n ati o n.  N a n o cl ust ers  wit h  si z es  of  5 0 – 1 0 0  n m  ar e  als o  o bs er v e d. A F M 

a n al ysis s h o w e d a d e cr e as e i n R m a x  a n d Rq  p ar a m et ers as t h e t e m p er at ur e i n cr e as e as a r es ult of 

gr ai n a n d cr yst allit e gr o wt h. R es e ar c h usi n g T E M r e v e al e d c ol u m n ar str u ct ur e of t hi n fil ms a n d 

t h e f a ct t h at t h e c ol u m ns, si mil arl y t o L a C o O3  t hi n fil ms, h a v e t w o t y p es of t er mi n ati o n, fl at 

o n e  a n d  ti p  li k e,  alt h o u g h  t h e  m or p h ol o g y  of  t h e  s urf a c e  if  t h e  l a y ers  l o o ks  diff er e nt.  Hi g h 

r es ol uti o n  tr a ns missi o n  mi cr os c o p y  all o w e d  t o  d et er mi n e  cr yst all o gr a p hi c  pl a n es  of  t h e 

e x p os e d f a c ets. F or b ot h s h a p es, t h e e x p os e d f a c ets ar e { 1 0 1 } O  = { 0 0 1 }C . D F T c al c ul ati o ns b y 

X.  W a n g et al. [ 1 1 9] s h o w e d t h at i n L a F e O 3  o n s urf a c e cr e at e d b y ( 0 1 0)O  pl a n es hi g h o x y g e n

a ds or pti o n o c c urs. T his l e a ds t o hi g h r e a cti vit y t o w ar ds o x y g e n. B ut n o st u d y a b o ut { 1 0 1 } O

pl a n es r e a cti vit y c o ul d b e f o u n d i n lit er at ur e.

T h e  s e nsi n g  pr o p erti es  of  t h e  t hi n  fil ms  w er e  st u di e d  b y  r esist a n c e  a n d  el e ctr o c h e mi c al 

m e as ur e m e nts i n t h e pr es e n c e of N O 2 . T h es e t ests w er e c arri e d o ut o n t h e l a y ers L a C o O3 - 7 5 0-

Y S Z 9 5,  L a C o O 3 - 8 5 0- Y S Z 9 5,  L a C o O3 - 8 5 0- Y S Z 3 5,  L a F e O3 - 7 5 0- Y S Z 9 5,  L a F e O3 - 8 5 0-

Y S Z 9 5, a n d L a F e O 3 - 8 5 0- Y S Z 3 5. 

B y a n al y zi n g t h e c h a n g es i n r esist a n c e of L a C o O 3 - Y S Z 9 5 t hi n fil ms u n d er N O 2  it w as  o bs er v e d 

t h at t h e fil ms w e a kl y r e a ct e d t o N O2  fr o m 2. 5 p p m t o 1 0 0 p p m i n r a n g e of t e m p er at ur es fr o m 

4 5 0 ° C t o 5 5 0 ° C, wit h l o w s e nsiti vit y v ar yi n g b et w e e n 4 t o 1 5 % f or l a y ers o n C- Y S Z s u bstr at e. 

T hi n fil m d e p osit e d at 8 5 0 °  C s h o ws hi g h er s e nsiti vit y t o w ar ds N O2  t h a n t hi n fil m d e p osit e d at 

7 5 0 ° C. As N O 2  c o n c ert ati o n i n cr e as e d, s e nsiti vit y i n cr e as e d u p t o 1 0 0 p p m. S e nsiti vit y als o 

i n cr e as e d  wit h  t h e  m e as ur e m e nt  t e m p er at ur e  a n d  t h e  hi g h est  s e nsiti vit y  w as  at  T  =  5 5 0° C. 

B as e d o n t h e r es ults o bt ai n e d, t h e r e a cti o n ti m e w as d et er mi n e d, w hi c h f or T = 5 5 0 ° C is 2 5 s 

u n d er 5 0 p p m of N O 2 . T hi n fil ms of L a C o O3 - 8 5 0- Y S Z 3 5 ar e c h ar a ct eri z e d b y f ast r es p o ns e 

ti m e a n d wi d e r a n g e of w or ki n g t e m p er at ur es fr o m 5 0 ° C t o 4 5 0° C, a n d hi g h er s e nsiti vit y t h a n 
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t hi n fil m d e p osit e d o n C- Y S Z ( u p t o 4 5 %). T h e i n cr e as e of s e nsiti vit y b et w e e n L a C o O3 - 8 5 0-

Y S Z 9 5 a n d L a C o O 3 - 8 5 0- Y S Z 3 5 is i n d u c e d b y c h a n g e of t hi n fil m m or p h ol o g y. 

As f or L a C o O 3 , t hi n fil ms of L a F e O3  d e p osit e d at 7 5 0 ° C o n C- Y S Z h a v e l o w er s e nsiti vit y t h a n 

t h os e d e p osit e d at 8 5 0 ° C. T his c o ul d b e li n k e d t o t h e o c c urr e n c e of hi g h d e nsit y of n a n o cl ust ers 

o n t h e s urf a c e of t hi n fil m d e p osit e d at 7 5 0 º C a n d t h us, t o a r e d u cti o n of t h e a cti v e s urf a c e.  

T h e L a F e O 3 - 8 5 0- Y S Z 9 5 t hi n fil m s h o w e d v er y hi g h s e nsiti vit y, u p t o 4 0 0 0 % at 1 5 0 ° C f or 5 0 

p p m N O 2 . L a F e O3 - 8 5 0- Y S Z 9 5 s h o w e d r es p o ns e t o w ar ds N O2  e v e n at a m bi e nt t e m p er at ur e. 

T h e a n al ysis of r esist a n c e c h a n g es of L a F e O 3 - Y S Z 9 5 as a f u n cti o n of t e m p er at ur e s h o w e d a 

c h a n g e i n t h e t y p e of r es p o ns e f or L a F e O 3 - 8 5 0- Y S Z 9 5 at T = 3 5 0° C fr o m t y p e n t o t y p e p. 

C h a n g e i n r es p o ns e t y p e w as alr e a d y o bs er v e d i n lit er at ur e. At hi g h t e m p er at ur e ( 4 0 0 ° C), wit h 

a p -t y p e r es p o ns e, t h e t hi n fil ms ar e c h ar a ct eri z e d b y a s h ort r es p o ns e ti m e; t = 5 s f or T = 4 5 0 

° C. T h e r es p o ns e of L a F e O 3 - 8 5 0-Y S Z 9 5 t o w ar ds r e d u ci n g g as s u c h as N H 3  a n d C O is v er y l o w 

c o m p ar e d t o t h e s e nsiti vit y t o w ar ds N O 2 , i n di c ati n g a s el e cti vit y of t h e t hi n fil m. L a F e O3  t hi n 

fil ms d e p osit e d o n Y S Z 3 5 ar e c h ar a ct eri z e d b y n o s e nsiti vit y t o w ar d N O 2 . 

El e ctr o c h e mi c al  s e ns ors  o p er ati n g  t e m p er at ur es  ar e  i n  r a n g e  of  4 0 0 ° C  t o  1 0 0 0 ° C. 

El e ctr o c h e mi c al t est w as d o n e i n r a n g e 4 0 0 – 6 0 0 ° C wit h diff er e nt N O 2  a n d O2  c o n c e ntr ati o n. 

4 0 0 ° C is n ot a hi g h e n o u g h t o st art i o n c o n d u cti vit y of t h e s u bstr at e. T e m p er at ur es hi g h er t h a n 

6 0 0 ° C w er e n ot p ossi bl e d u e t o e x p eri m e nt al s et u p. B e c a us e of t h e w or ki n g pri n ci pl e of E G S 

s e ns ors, s u bstr at e pl a ys a n  i m p ort a nt r ol e i n s e ns or p erf or m a n c e. At 5 0 0° C, t hi n fil ms d e p osit e d 

at  8 5 0 ° C  o n  Y S Z 3 5  ar e  c h ar a ct eri z e d  b y  f ast er  r es p o ns e  ti m es  t h a n  t hi n  fil ms  d e p osit e d  o n 

Y S Z 9 5. T his c a n b e e x pl ai n e d b y t h e f a ct t h at, d u e t o pr es e n c e of gr ai n b o u n d ari es, Y S Z 3 5 h a v e 

hi g h er i o n c o n d u cti vit y i n l o w er t e m p er at ur es t h a n Y S Z 9 5. L a C o O 3 - 7 5 0- Y S Z 3 5 is n ot s e nsiti v e 

t o w ar ds N O2 . As f or c h e mi c al s e nsi n g, el e ctr o c h e mi c al s e nsi n g wit h L a F e O3 - 8 5 0- Y S Z 9 5 a n d 

L a F e O 3 - 8 5 0- Y S Z 3 5 ar e s h o wi n g hi g h er a cti vit y t o w ar ds N O2  t h a n L a C o O3  t hi n fil ms.  

L a C o O 3 - 8 5 0  - Y S Z 9 5  or  - Y S Z 3 5  as  w ell  as  L a F e O3 - 8 5 0  - Y S Z 9 5  or  - Y S Z 3 5  d o  n ot  s h o w 

s e nsiti vit y t o w ar ds N O 2  at 6 0 0° C. N o n s e nsiti vit y t o w ar ds N O 2  at 6 0 0º C c a n b e e x pl ai n e d b y 

d e c o m p ositi o n of N O 2  at  t his t e m p er at ur e ( N O2  →  N O + O2 ). 
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P ers p e cti v es: 

L a F e O 3  l a y ers s h o w e d m u c h b ett er p erf or m a n c es t h a n L a C o O3  l a y ers. Cr e at e d wit h t h e s a m e 

pr ot o c ol, t h es e l a y ers t h o u g h diff er c h e mi c all y ( M = C o, F e), a n d i n str u ct ur e ( ort h or h o m bi c, 

r h o m b o h e dr al); h o w e v er, b ot h ar e d ef or m e d c u bi c p er o vs kit es. T h e m or p h ol o g y of t h e gr ai ns 

is als o diff er e nt r es ulti n g i n t h e e x p os ur e of diff er e nt f a c ets t o t h e g as of i nt er est. I n t h e f ut ur e, 

f urt h er  i n v esti g ati o ns  ar e  s h o ul d  b e  c o m pl et e d  i n  or d er  t o  li n k  t h e  e x p os e d  f a c ets  t o  t h e 

s e nsiti vit y of t h e l a y ers, c o u pl e d wit h D F T c al c ul ati o ns a b o ut t h e r e a cti vit y of t h es e f a c es. 

I n  a d diti o n,  t o  c h e c k  t h e  i nfl u e n c e  of  t h e  n o n-st oi c hi o m etr y  of  t h e  l a y er  i n  t h e  s e nsi n g 

pr o p erti es, st oi c hi o m etri c t hi n fil ms s h o ul d b e gr o w n a n d t h eir s e nsi n g pr o p erti es c o m p ar e d t o 

t h os e of t his w or k  

Hi g hli g hts : 

1. P L D m et h o d all o w e d t o d e p osit L a M O 3  ( C o, F e) t hi n fil ms wit h c ol u m n ar n a n o gr ai ns

w h at e v er t h e s u bstr at e ( Si, C- Y S Z, T- Y S Z).

2. A d e p ositi o n t e m p er at ur e of 8 5 0 ° C a n d a n o x y g e n pr ess ur e of 4 0 m T orr l e d t o si n gl e

p h as e d l a y ers, sli g htl y M d efi ci e nt.

3.  T h e  e x p os e d  f a c ets  of  t h e  L a F e O 3   gr ai ns  c orr es p o n ds  t o  { 1 0 1 }O   = { 0 0 1 }C   pl a n es,

b uil di n g t o t y p es of s h a p e t er mi n ati o n.

4.  T hi n fil m L a F e O 3 - 8 5 0- Y S Z 9 5 s h o w e d v er y hi g h s e nsiti vit y t o w ar ds N O2 a s r esist a n c e

g as s e ns or a n d w or ks als o as el e ctr o c h e mi c al g as s e ns or.

5.  T hi n fil ms of L a C o O 3 - T- S s h o w e d l o w s e nsiti vit y t o w ar ds N O2  as r esist a n c e g as s e ns or

a n d as el e ctr o c h e mi c al o n e

6.  T h e diff er e n c e i n s e nsiti vit y c o ul d b e li n k e d t o diff er e nt e x p os e d f a c ets i n L a F e O 3  a n d

L a C o O 3 . T h e e x p os e d f a c ets of t h e L a C o O3  gr ai ns c orr es p o n d t o { 1 1 0 }C , b ut t his h as

t o b e c o nfir m e d b y f urt h er i n v esti g ati o ns

7.  Us e of Y S Z 3 5 as a s u bstr at e i n el e ctr o c h e mi c al g as s e ns or all o ws t o d e cr e as e w or ki n g

t e m p er at ur e a n d d e cr e as e r es p o ns e ti m e. Y S Z 3 5 c a n r e pl a c e st a n d ar d C u bi c- Y S Z f or

el e ctr o c h e mi c al s e ns or as n e w fl e xi bl e s u bstr at e.
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a r e vi e w, " S e ns. A ct u at ors B- C h e m., v ol. 1 0 7, n o. 2, p p. 6 6 6- 6 7 7, J u n. 2 0 0 5.

[ 9] J.  W.  F er g us,  " A  r e vi e w  of  el e ctr ol yt e  a n d  el e ctr o d e  m at eri als  f or  hi g h  t e m p er at ur e 

el e ct r o c h e mi c al C O 2 a n d S O 2 g as s e ns ors, " S e ns. A ct u at ors B C h e m., v ol. 1 3 4, n o. 2, 

p p. 1 0 3 4- 1 0 4 1, 2 0 0 8.



1 4 3  

[ 1 0] Y. W a n g a n d J. T. W. Y e o w, " A r e vi e w of c ar b o n n a n ot u b es- b as e d g as s e ns ors, " J. 

S e ns., v ol. 2 0 0 9, p p. 1- 2 4, 2 0 0 9.

[ 1 1] C. S. M o o n, H.- R. Ki m, G. A u c ht erl o ni e, J. Dr e n n a n a n d J.- H. L e e, " Hi g hl y s e nsiti v e 

a n d f ast r es p o n di n g C O s e ns or usi n g S n O 2 n a n os h e ets, " S e ns. A ct u at ors B- C h e m., v ol. 

1 3 1, n o. 2, p p. 5 5 6- 5 6 4, M a y 2 0 0 8.

[ 1 2] R. M. Pr as a d, A. G url o, R. Ri e d el, M. H ü b n er, N. B ars a n a n d U. W ei m ar, " Mi cr o p or o us

c er a mi c  c o at e d  S n O 2  s e ns ors  f or  h y dr o g e n  a n d  c ar b o n  m o n o xi d e  s e nsi n g  i n  h ars h 

r e d u ci n g c o n diti o ns, " S e ns. A ct u at ors B- C h e m., v ol. 1 4 9, n o. 1, p p. 1 0 5- 1 0 9, A u g. 2 0 1 0. 

[ 1 3] M.  Z h a n g,  T.  X u e,  S.  X u,  Z.  Li,  Y.  Y a n  a n d  Y.  H u a n g,  " A d v ers e  eff e ct of  s u bstr at e 

s urf a c e  i m p uriti es  o n  O 2  s e nsi n g  pr o p erti es  of  Ti O 2  g as  s e ns or  o p er ati n g  at  hi g h 

t e m p er at ur e, " C er a m. I nt., v ol. 4 3, n o. 7, p p. 5 8 4 2- 5 8 4 6, M a y 2 0 1 7.

[ 1 4] X. D e n g, L. Z h a n g, J. G u o, Q. C h e n a n d J. M a, " Z n O e n h a n c e d Ni O- b as e d g as s e ns ors

t o w ar ds et h a n ol, " M at er. R es. B ull., v ol. 9 0, p p. 1 7 0- 1 7 4, J u n. 2 0 1 7.

[ 1 5] B.  Ur asi ns k a- W oj ci k,  T.  A.  Vi n c e nt,  M.  F.  C h o w d h ur y  a n d  J.  W.  G ar d n er, 

" Ultr as e nsiti v e W O 3 g as s e ns ors f or N O 2 d et e cti o n i n air a n d l o w o x y g e n e n vir o n m e nt, "

S e ns. A ct u at ors B- C h e m., v ol. 2 3 9, p p. 1 0 5 1- 1 0 5 9, F e b. 2 0 1 7.

[ 1 6] A. D a n k e a w, G. P o u n g c h a n, M. P a n a p o y a n d B. Ks a p a b utr, "I n-sit u o n e- st e p m et h o d 

f or  f a bri c ati n g  t hr e e- di m e nsi o n al  gr ass-li k e  c ar b o n-d o p e d  Zr O 2  fil ms  f or  r o o m 

t e m p er at ur e al c o h ol a n d a c et o n e s e ns ors, " S e ns. A ct u at ors B- C h e m., v ol. 2 4 2, p p. 2 0 2-

2 1 4, A pr. 2 0 1 7.

[ 1 7] Y. H u, O. K. T a n, J. S. P a n, H. H u a n g a n d W. C a o, " T h e eff e cts of a n n e ali n g t e m p er at ur e 

o n t h e s e nsi n g pr o p erti es of l o w t e m p er at ur e n a n o- si z e d Sr Ti O 3 o x y g e n g as s e ns or, "

S e ns. A ct u at ors B- C h e m., v ol. 1 0 8, n o. 1- 2, p p. 2 4 4- 2 4 9, J ul. 2 0 0 5.

[ 1 8] R.  S orit a  a n d  T.  K a w a n o,  " A  hi g hl y  s el e cti v e  C O  s e ns or  usi n g  L a M n O 3  el e ctr o d e-

att a c h e d zir c o ni a g al v a ni c c ell, " S e ns. A ct u at ors B- C h e m., v ol. 4 0, n o. 1, p p. 2 9- 3 2, M a y 

1 9 9 7.
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[ 1 9]  S.  C z e k aj,  F.  N olti n g,  L.  H e y d er m a n,  P.  Will m ott  a n d  G.  v a n  d er  L a a n,  " Si g n 

d e p e n d e n c e of t h e X -r a y m a g n eti c li n e ar di c hr ois m o n t h e a ntif err o m a g n eti c s pi n a xis 

i n L a F e O 3 t hi n fil ms, " P h ys. R e v. B, v ol. 7 3, p p. 1 -4, J a n. 2 0 0 6.  

[ 2 0]  N.  Mi ur a,  T.  S at o,  S.  A.  A n g gr ai ni,  H.  I k e d a  a n d  S.  Z h ui y k o v,  " A  r e vi e w  of  mi x e d -

p ot e nti al t y p e zir c o ni a -b as e d g as s e ns ors, " I o ni cs, v ol. 2 0, n o. 7, p p. 9 0 1 -9 2 5, J ul. 2 0 1 4.  

[ 2 1]  S. C a p o n e, P. Si cili a n o, F. Q u ar a nt a, R. R ell a, M. E pif a ni a n d L. V as a n elli, " M oist ur e 

i nfl u e n c e a n d g e o m etr y eff e ct of A u a n d Pt el e ctr o d es o n C O s e nsi n g r es p o ns e of S n O 2 

mi cr os e ns ors b as e d o n s ol – g el t hi n fil m, " S e ns. A ct u at or B -C h e m., v ol. 7 7, n o. 1 -2, p p. 

5 0 3 -5 1 1, J u n. 2 0 0 1.  

[ 2 2]  S. S a u k k o a n d V. L a ntt o, "I nfl u e n c e of el e ctr o d e m at eri al o n pr o p erti es of S n O 2 -b as e d 

g as s e ns or, " T hi n S oli d Fil ms, v ol. 4 3 6, n o. 1, p p. 1 3 7 -1 4 0, J ul. 2 0 0 3.  

[ 2 3]  H.  G o ur ari,  M.  L u m br er as,  R.  V a n  L a n ds c h o ot  a n d  J.  S c h o o n m a n,  " El e ctr o d e  n at ur e 

eff e cts o n st a n ni c o xi d e t y p e l a y ers pr e p ar e d b y el e ctr ost ati c s pr a y d e p ositi o n, " S e ns. 

A ct u at ors B C h e m., v ol. 5 8, n o. 1 -3, p p. 3 6 5 -3 6 9, S e p. 1 9 9 9.  

[ 2 4]  X. Z h o u, Y. X u, Q. C a o a n d S. Ni u, " M et al -s e mi c o n d u ct or o h mi c c o nt a ct of S n O 2 -b as e d 

c er a mi c g as s e ns ors, " S e ns. A ct u at ors B -C h e m., v ol. 4 1, n o. 1 -3, p p. 1 6 3 -1 6 7, J u n. 1 9 9 7.  

[ 2 5]  T. Pis ar ki e wi c z, " Mi kr os e ns or y g a z ó w / g as mi cr os e ns ors, " U c z el ni a n e W y d a w. N a u k. -

D y d a kt. A G H i m. S. St as zi c a, Kr a k ó w, 2 0 0 7.  

[ 2 6]  N.  D.  T h o  a n d  e.  al.,  " Hi g h  t e m p er at ur e  c al ci n ati o n  f or  a n al y zi n g  i nfl u e n c e  of  3 d 

tr a nsiti o n m et als o n g as s e nsi n g p erf or m a n c e of mi x e d p ot e nti al s e ns or Pt/ Y S Z/ L a M O 3 

( M = M n, F e, C o, Ni), " El e ctr o c hi mi c a A ct a, v ol. 1 9 0, p p. 2 1 5 -2 2 0, F e b. 2 0 0 6.  

[ 2 7]  Z. D u a n, Y. Z h a n g, Y. T o n g, H. Z o u, J. P e n g a n d X. Z h e n g, " Mi x e d -P ot e nti al -T y p e G as 

S e ns ors B as e d o n Pt/ Y S Z Fil m/ L a F e O 3 f or D et e cti n g N O 2, " J. El e ctr o n. M at er., v ol. 

4 6, n o. 1 2, p p. 6 8 9 5 -6 9 0 0, D e c. 2 0 1 7.  

[ 2 8]  F. Li u a n d e. al., " Y S Z -b as e d N O 2 s e ns or utili zi n g hi er ar c hi c al I n 2 O 3 el e ctr o d e, " S e ns. 

A ct u at ors B -C h e m., v ol. 2 2 2, p p. 6 9 8 -7 0 6, J a n. 2 0 1 6.  
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[ 2 9]  K.  C v eji n,  M.  Śli w a,  L.  M a nj a k k al,  J.  K ul a wi k,  G.  St oj a n o vi ć  a n d  D.  S z w a gi er c z a k, 

"I m p e d a n c e m etri c N O s e ns o r b as e d o n Y S Z/ p er o vs kit e n e o d y mi u m c o b altit e o p er ati n g 

at hi g h t e m p er at ur es, " S e ns. A ct u at ors B -C h e m., v ol. 2 2 8, p p. 6 1 2 -6 2 4, J u n. 2 0 1 6.  

[ 3 0]  A.  C h a m b erl a n d  a n d  M.  G a ut hi er,  " S oli d‐ St at e  D et e ct ors  f or  t h e  P ot e nti o m etri c 

D et er mi n ati o n  of  G as e o us  O xi d es, " J.  El e ctr o c h e m.  S o c., v ol.  1 2 4,  n o.  1 0,  p p.  1 5 8 4 -

1 5 8 7, 1 9 7 7.  

[ 3 1]  G. H ot z el a n d W. W e p p n er, " A p pli c ati o n of f ast i o ni c c o n d u ct ors i n s oli d st at e g al v a ni c 

c ells f or g as s e ns ors, " S oli d St at e I o n., V ols. 1 8 -1 9, p p. 1 2 2 3 -1 2 2 7, J a n. 1 9 8 6.  

[ 3 2]  N. Mi ur a , S. Y a o, Y. S hi mi z u a n d N. Y a m a z o e, " N e w a u xili ar y s e nsi n g m at eri als f or 

s oli d el e ctr ol yt e N O 2 s e ns ors, " S oli d St at e I o n., V ols. 7 0 -7 1, p. 5 7 2 – 5 7 7, M a y 1 9 9 4.  

[ 3 3]  P.  P asi er b  a n d  M.  R e k as,  " S oli d -st at e  p ot e nti o m etri c  g as  s e ns ors — c urr e nt  st at us  a n d 

f ut ure tr e n ds, " J S oli d St at e El e ctr., v ol. 1 3, n o. 1, p p. 3 -2 5, 2 0 0 9.  

[ 3 4]  R. R a m a m o ort h y, P. K. D utt a a n d S. A. A k b ar, " O x y g e n s e ns ors: M at eri als, m et h o ds, 

d esi g ns a n d a p pli c ati o ns, " J. M at. S c., v ol. 3 8, n o. 2 1, p p. 4 2 7 1 -4 2 8 2, N o v. 2 0 0 3.  

[ 3 5]  A. Ii o, H. I k e d a, S. A. A n g gr ai ni a n d N. Mi ur a, " S e nsi n g c h ar a ct eristi cs of Y S Z -b as e d 

o x y g e n s e ns ors att a c h e d wit h B a x Sr 1 -x F e O 3 s e nsi n g -el e ctr o d e, " S oli d St at e I o n., v ol. 

2 8 5, p p. 2 3 4 -2 3 8, F e b. 2 0 1 6.  

[ 3 6]  A. C y z a, Ł. Ci e ni e k a n d A. K o pi a, " P er o vs kit e L a 1 -x Sr x F e O 3 T hi n Fil ms D e p osit e d b y 

L as er A bl ati o n Pr o c ess, " Ar c h. M et all. M at er., v ol. 6 1, n o. 2, p p. 1 0 6 3 -1 0 6 7, J u n. 2 0 1 6.  

[ 3 7]  A. C y z a, A. K o pi a, Ł. Ci e ni e k a n d J. K usi ńs ki, " Str u ct ur al C h ar a ct eri z ati o n of Sr D o p e d 

L a F e O 3 T hi n Fil ms Pr e p ar e d B y P uls e d  El e ctr o n D e p ositi o n M et h o d, " M at er. T o d a y 

Pr o c., v ol. 3, n o. 8, p p. 2 7 0 7 -2 7 1 2, 2 0 1 6.  

[ 3 8]  A.  K o pi a,  Ł.  Ci e ni e k,  K.  K o w als ki  a n d  J.  K usi ńs ki,  "I nfl u e n c e  of  Sr -D o pi n g  o n  t h e 

Str u ct ur e  of  L a C o O 3  T hi n  Fil ms  Pr e p ar e d  b y  P uls e d  L as er  D e p ositi o n, " S oli d  St at e 

P h e n o m., v ol. 2 3 1, p p. 1 9 -2 4, J u n. 2 0 1 5.  
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[ 3 9]  T. U e d a, M. S a k ai, K. K a m a d a, T. H y o d o a n d Y . S hi mi z u, " Eff e cts of c o m p ositi o n a n d 

str u ct ur e of s e nsi n g el e ctr o d e o n N O 2 s e nsi n g pr o p erti es of mi x e d p ot e nti al -t y p e Y S Z-

b as e d g as s e ns ors, " S e ns. A ct u at ors B -C h e m., v ol. 2 3 7, p p. 2 4 7 -2 5 5, D e c. 2 0 1 6.  

[ 4 0]  P.  El u m al ai,  J.  W a n g,  S.  Z h ui y k o v,  D.  T er a d a,  M.  H as ei  a n d  N.  Mi ur a,  " S e nsi n g 

C h ar a ct eristi cs  of  Y S Z -B as e d  Mi x e d -P ot e nti al -T y p e  Pl a n ar  N O x  S e ns ors  Usi n g  Ni O 

S e nsi n g El e ctr o d es Si nt er e d at Diff er e nt T e m p er at ur es, " J. El e ctr o c h e m. S o c., v ol. 1 5 2, 

n o. 7, p p. H 9 5 -H 1 0 1, 2 0 0 5.  

[ 4 1]  P.  P asi er b,  " P ot e n cj o m etr y c z n e  c z uj ni ki  g a z ó w  /  P ot e nti o m etri c  g as  s e ns or, "  A G H, 

Kr a k o w, 2 0 1 0.  

[ 4 2]  C. O. P ar k a n d N. Mi ur a, " A bs ol ut e p ot e nti al a n al ysis of t h e mi x e d p ot e nti al o c c urri n g 

at t h e o xi d e/ Y S Z el e ctr o d e at hi g h t e m p er at ur e i n N O x -c o nt ai ni n g air, " S e ns. A ct u at ors 

B -C h e m., v ol. 1 1 3, n o. 1, p p. 3 1 6 -3 1 9, J a n. 2 0 0 6.  

[ 4 3]  S. Z h ui y k o v a n d N. Mi ur a , " D e v el o p m e nt of zir c o ni a-b as e d p ot e nti o m etri c N O x s e ns ors 

f or a ut o m oti v e a n d e n er g y i n d ustri es i n t h e e arl y 2 1st c e nt ur y: W h at ar e t h e pr os p e cts 

f or s e ns ors ?, " S e ns. A ct u at ors B -C h e m., v ol. 1 2 1, n o. 2, p. 6 3 9 – 6 5 1, F e b. 2 0 0 7.  

[ 4 4]  L. P et er M arti n, A. Q u o c P h a m a n d R. S. Gl ass, " Eff e ct of Cr 2 O 3 el e ctr o d e m or p h ol o g y 

o n t h e nitri c o xi d e r es p o ns e of a st a bili z e d zir c o ni a s e ns or, " S e ns. A ct u at ors B -C h e m., 

v ol. 9 6, n o. 1 -2, p. 5 3 – 6 0, N o v. 2 0 0 3.  

[ 4 5]  N. Y a m a z o e, G. S a k ai a n d K. S hi m a n o e, " O xi d e S e mi c o n d u ct o r G as S e ns ors, " C at al ysis 

S ur v e ys fr o m Asi a, v ol. 7, n o. 1, p p. 6 3 -7 5, A pril 2 0 0 3.  

[ 4 6]  T. L. Hill, " T h e or y of P h ysi c al A ds or pti o n, " i n A d v a n c es i n C at al ysis , v ol. 4, V. K. E. 

R. W. G. Fr a n k e n b ur g, E d., A c a d e mi c Pr ess, 1 9 5 2, p p. 2 1 1 -2 5 8.  

[ 4 7]  F. R o u q u e r ol, J. R o u q u er ol a n d K. Si n g, "I ntr o d u cti o n, " i n A ds or pti o n b y P o w d ers a n d 

P or o us S oli ds: Pri n ci pl es, M et h o d ol o g y a n d A p pli c ati o ns , J. R. a. K. S. F. R o u q u er ol, 

E d., A c a d e mi c Pr ess, 1 9 9 9, p p. 1 -2 6.  
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[ 4 8]  M. A. P e ñ a a n d J. L. G. Fi err o, " C h e mi c al Str u ct ur es a n d P erf or m a n c e of P er o vs kit e 

O xi d es, " C h e m. R e v., v ol. 1 0 1, n o. 7, p. 1 9 8 1 – 2 0 1 8, J ul y 2 0 0 1.  

[ 4 9]  T. Ari m a, Y. T o k ur a a n d J. B. T orr a n c e, " V ari ati o n of o pti c al g a ps i n p er o vs kit e -t y p e 

3 d tr a nsiti o n -m et al o xi d es, " P h ys. R e v. B, v ol. 4 8, n o. 2 3, p. 1 7 0 0 6 – 1 7 0 0 9, D e c e m b er 

1 9 9 3.  

[ 5 0]  Y. T o k ur a, " M et al -i ns ul at or p h e n o m e n a i n p er o vs kit es of tr a nsiti o n m et al o xi d e, " P h ys. 

B C o n d e ns. M att er, V ols. 2 3 7 -2 3 8, p p. 1 -5, J ul y 1 9 9 7.  

[ 5 1]  P. W u, J. H. S u n, Y. Y. H u a n g, G. F. G u a n d D. G. T o n g, " S ol uti o n pl as m a s y nt h esi z e d 

ni c k el o xi d e n a n ofl o w e rs: A n eff e cti v e N O 2 s e ns or, " M at er. L ett., v ol. 8 2, p. 1 9 1 – 1 9 4, 

S e pt e m b er 2 0 1 2.  

[ 5 2]  N. G. C h o, I. -S. H w a n g, H. -G. Ki m, J. -H. L e e a n d I. -D. Ki m, " G as s e nsi n g pr o p erti es of 

p -t y p e h oll o w Ni O h e mis p h er es pr e p ar e d b y p ol y m eri c c oll oi d al t e m pl ati n g m et h o d," 

S e ns. A ct u at ors B -C h e m., v ol. 1 5 5, n o. 1, p. 3 6 6 – 3 7 1, J ul y 2 0 1 1.  

[ 5 3]  N. G. C h o, H. -S. W o o, J. -H. L e e a n d I. -D. Ki m, " T hi n -w all e d Ni O t u b es f u n cti o n ali z e d 

wit h  c at al yti c  Pt  f or  hi g hl y  s el e cti v e  C 2 H 5 O H  s e ns ors  usi n g  el e ctr os p u n  fi b ers  as  a 

s a crifi ci al t e m pl at e, " C h e m. C o m m u n., v ol. 4 7, n o. 4 0, p p. 1 1 3 0 0 -1 1 3 0 2, 2 0 1 1.  

[ 5 4]  B.  Li u  a n d  e.  al.,  " S y nt h esis  a n d  e n h a n c e d  g as -s e nsi n g  pr o p erti es  of  ultr al o n g  Ni O 

n a n o wir es ass e m bl e d wit h Ni O n a n o cr yst als, " S e ns. A ct u at ors B -C h e m., v ol. 1 5 6, n o. 1, 

p. 2 5 1 – 2 6 2, A u g ust 2 0 1 1.  

[ 5 5]  X.  S o n g,  L.  G a o  a n d  S.  M at h ur,  " S y nt h esis,  C h ar a ct eri z ati o n,  a n d  G as  S e nsi n g 

Pr o p erti es of P or o us Ni c k el O xi d e N a n ot u b es, " J. P h ys. C h e m. C, v ol. 1 1 5, n o. 4 4, p. 

2 1 7 3 0 – 2 1 7 3 5, N o v e m b er 2 0 1 1.  

[ 5 6]  D. G o p al a kris h n a, K. Vij a y al a ks h mi a n d C. R a vi d h as, " Eff e ct of p yr ol yti c t e m p er at ur e 

o n t h e pr o p erti es of n a n o -str u ct ur e d C u o o pti mi z e d f or et h a n ol s e nsi n g a p pli c ati o ns, " J. 

M at er. S ci. M at er. El e ctr o n., v ol. 2 4, n o. 3, p. 1 0 0 4 – 1 0 1 1, M ar c h 2 0 1 3.  
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[ 5 7]  M. -R. Y u, G. S u y a m br a k as a m, R. -J. W u a n d M. C h a v ali, " P erf or m a n c e e v al u ati o n of 

Z n O – C u O  h et er o  j u n cti o n  s oli d  st at e  r o o m  t e m p er at ur e  et h a n ol  s e ns or, " M at er.  R es. 

B ull., v ol. 4 7, n o. 7, p. 1 7 1 3 – 1 7 1 8, J ul y 2 0 1 2.  

[ 5 8]  X. Li u, J. Z h a n g, Y. K a n g, S. W u a n d S. W a n g, " Br o c h a ntit e t a b ul ar mi cr os pi n dl es a n d 

t h eir c o n v ersi o n t o w or mli k e C u O str u ct ur es f or g as s e nsi n g, " Cr yst E n g C o m m, v ol. 1 5 8, 

n o. 1, p. 2 9 9 – 3 0 3, N o v e m b er 2 0 1 1.  

[ 5 9]  Q. W a n a n d e. al., " F a bri c ati o n a n d et h a n ol s e nsi n g c h ar a ct eristi cs of Z n O n a n o wir e  g as 

s e ns ors, " A p pl. P h ys. L ett., v ol. 8 4, n o. 1 8, p. 3 6 5 4 – 3 6 5 6, M a y 2 0 0 4.  

[ 6 0]  T.  Si cili a n o,  A.  T e p or e,  G.  Mi c o c ci,  A.  S err a,  D.  M a n n o  a n d  E.  Fili p p o,  " W O 3  g as 
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 M at e us z J E D R U SI K  

I nstit ut d e M at éri a u x Mi cr o él e ctr o ni q u e et N a n os ci e n c es d e 
Pr o v e n c e, U ni v ersit é d e T o ul o n,  

D é p art e m e nt d’I n g é ni eri e d es S urf a c es et C ar a ct éris ati o n d es 
M at éri a u x F a c ult é d es S ci e n c es et t e c h n ol o gi es, A G H, 

Cr a c o vi e  

Mi cr o str u ct ur e et pr o pri ét é s d e d ét e cti o n  d e fil m s 
mi n c e s d e L a M O 3 ( M = C o, F e) 

 

D es fil ms mi n c es d e L a C o O 3  et L a F e O 3  o nt ét é d é p os és s ur d es s u bstr ats d e  Si, Y S Z c u bi q u e 
et Y S Z q u a dr ati q u e , p ar P L D . L e  b ut ét ait d’ o bt e nir d es fil ms mi n c es n a n o crist alli ns s e nsi bl e à  
N O 2 . L es  fil ms  mi n c es  d é p os é s  s ur  Y S Z  o nt  ét é ét u di és  c o m m e  c o u c h es  s e nsi bl es  d a ns  d es 
c a pt e urs  r ésistifs  et  él e ctr o c hi mi q u es. L es  fil ms  o nt  ét é  c ar a ct éris és p ar  D R X , M E B ,  A F M, 
X P S, M E T -E D S. U n e  t e m p ér at ur e  d e  d é p ôt  d e  8 5 0 ° C  p er m et  d’ o bt e nir  d es fil ms mi n c es 
m o n o p h as és et n a n o crist alli ns, a v e c u n f ai bl e n o m br e d e g o utt es e n s urf a c e, a n d s a ns fiss ur es . 
L es  fil ms  mi n c es  L a C o O 3  et  L a F e O 3  o nt  r es p e cti v e m e nt d es str u ct ur e s r h o m b oé dri q u e  et  
ort h or h o m bi q u e . Ils s o nt n o n-st oi c hi o m é tri q u es, a v e c u n e f or m ul e c himi q u e  L a M 0. 8 O 3 – d . L es 
f a c ett es crist all o gr a p hi q u es e x p os é es a u x g a z s o nt  { 1 0 1 } O  = { 0 0 1 } C  p o ur  L a F e O 3  et   { 2 -1 0 } H  
= { 1 0 1 } C p o ur L a C o O 3  , s ur C -Y S Z.  L es  fil ms  mi n c es  L a F e O 3  o nt  m o ntr é  u n e  tr ès  gr a n d e 
s e nsi bilit é  à N O 2 , u n e b o n n e r é p o ns e m ê m e à t e m p ér at ur e a m bi a nt e, ai nsi q u’ u n e s él e cti vit é à 
N H 3  et C O . L es fil ms L a C o O 3  o nt f ai bl e m e nt r é a gi à N O 2 . E n t a nt q u e  c a pt e ur él e ctr o c hi mi q u e , 
L a F e O 3  s ur T -Y S Z a m o nt r é d e b o n n es p erf or m a n c es, o u vr a nt l e c h a m p d e c a pt e urs s ur s u p p ort 
fl e xi bl e.  

M ot cl és  : Fil ms mi n c es,  p ér o vs kit es, c a pt e urs d e g a z  

  
Mi cr o str u ct ur e a n d s e n si n g pr o p erti e s o f L a M O 3 ( M =( C o, F e) t hi n fil m s 

T hi n  fil ms  of  L a C o O 3  a n d  L a F e O 3  w er e  d e p osit e d  o n  Si,  Y S Z  c u bi c  a n d  Y S Z  t etr a g o n al 
s u bstr at es , usi n g P uls e d L as er D e p ositi o n. T h e ai m w as t o pr o d u c e n a n o cr yst alli n e t hi n fil ms 
s e nsiti v e t o w ar ds N O 2 . T h e t hi n fil ms d e p osit e d o n Y S Z w er e i n v esti g at e d as s e nsi n g el e ctr o d e 
i n  c h e mi c al  a n d el e ctr o c h e mi c al  s e ns ors.  T h e t hi n  fil ms w er e  c h ar a ct eri z e d  b y  X R D,  S E M, 
A F M, X P S, T E M c o u pl e d wit h E D S. A  d e p ositi o n t e m p er at ur e  of  8 5 0 ° C l e d t o si n gl e p h as e d 
n a n o cr yst alli n e t hi n fil ms, wit h a l o w n u m b er of dr o pl ets o n  t h e s urf a c e, a n d wit h o ut cr a c ks. 
T h e  t hi n  fil ms L a C o O 3  a n d  L a F e O 3  h a v e  r es p e cti v el y  r h o m b o h e dr al  a n d  ort h or h o m bi c 
str u ct ur es.  T h e y  ar e  n o n -st oi c hi o m etri c, wit h  a  c h e mi c al f or m ul a  L a M0. 8 O 3 – d . T h e 
cr yst all o gr a p hi c  f a c ets  e x p os e d  t o  t h e  g as ar e  { 1 0 1 } O  = { 0 0 1 } C  f or  L a F e O3  a n d { 2 -1 0 } H  
= { 1 0 1 } C  f or L a C o O3  , o n C-Y S Z.  T h e L a F e O 3  t hi n fil ms s h o w e d v er y hi g h s e nsiti vit y t o N O 2 , 
g o o d r es p o ns e e v e n at a m bi e nt t e m p er at ur e as w ell as s el e cti vit y t o w ar ds N H 3  a n d C O . L a C o O 3  
t hi n fil ms w e a kl y r e a ct e d t o N O2 . I n el e ctr o c h e mi c al s e ns ors, L a F e O 3  o n T -Y S Z s u bstr at e h a d 
g o o d p erf or m a n c es, o p e ni n g t h e fi el d f or n e w el e ctr o c h e mi c al s e ns ors o n fl e xi bl e s u bstr at es.  

K e y w o r ds:  t hi n fil ms, p er o vs kit es, g as s e ns ors 
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